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GENE EXPRESSION ANALYSIS FOR MUTANT SOD1 MOUSE
MODEL OF ALS

We analyzed both temporal and differential gene expressions in the lumbar
spinal anterior horn tissues of the transgenic mouse models expressing the
SODI1 gene with a G93A nmutation and the controls.® In this analysis, we de-
tected a significant upregulation of 30 specific transcripts and downregulation
of 7 transcripts in the spinal cords of mutant SOD1 mice® (TabLE 1). Before
11 weeks of age, nutant SODI mice are free of a disease phenotype, but they
begin to decline rapidly in motor finction after 14 weeks. The employiment of
mice for gene expression analysis provides a great advantage in obtaining data
in the preclinical stage.

Interestingly, we found an upregulation of genes related to an inflanmma-
tory process together with a change in apoptosis-related gene expression at
11 weeks of age in the preclinical stage prior to motor neuron death.®> The
representative inflanmimatory-related genes elevated in their expression at this
stage were the tumor necrosis factor (TNF)-a gene, which is a proinflanmma-
tory cytokine, and the Janus tyrosine-protein kinase 3 (JAK3), a necessary
component of cytokine receptor signaling (TABLE 1). At a subsequent dis-
ease stage of 14 or 17 weeks of age, many more genes associated with an
inflammatory process such as cathepsin D, serine protease inhibitor (SPI) 2—-4,
and cystatin C precursor, CD68, CD147, and clusterin increased their expres-
sion (TABLE 1). A histopathological evaluation showed glial cell activation
and proliferation as early as 11 weeks of age and continuing to advance until
17weeks.'® A temporal increase in the expression level observed in these genes
might reflect an inflanmatory response with activated microglia and reactive
astrocytes.

On the other hand, caspase-1, an initiator of the neuronal apoptotic cascade,
was also upregulated at a presymptomatic 11 weeks of age (TABLE 1). An in-
terrelationship between the inflammatory reaction and apoptotic pathway has
been demonstrated. In addition to its role as an initiator of neuronal apop-
totis, extracellular caspase-1 converts interleukin-18 (IL~1p) into a mature
form Thus, caspase-1 activation in motor neurons contributes to an inflam-
matory pathway with early astrocytosis and microglial activation in nutant
SODI mice. In contrast, there is strong evidence for an inflammatory response
involving microglial activation that leads to neuronal apoptosis.!! Activated
microglia express neurotoxic cytokines and substances such as TNF-o, pro-
teases, oxyradicals, and small reactive molecules.? A nearly sinultaneous
upregulation of genes related to an inflanmatory process and apoptotic initia-
tionat the preclinical stage might contribute to the relentless neurodegenerative
process making for a detrimental cycle. At 14 weeks of age, an early phase
of the synptomatic stage, a key executioner of apoptosis, caspase-3, resulting
from caspase- 1 activation, began to be upregulated.'® This finding agrees with
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the result that at 14 weeks of age XIAP mRNA downregulation occurred in the
spinal cords of mutant SOD1 mice (TABLE 1) since XIAP is a direct inhibitor
of caspase-3, -7, and -9.14

DISCOVERY OF NOVEL GENES ASSOCIATED
WITH ALS PATHOGENESIS

To identify genes differentially expressed in the anterior horn tissues of the
human SALS spinal cord, we adopted molecular indexing, a modified version
of the differential display.® The entire mRNA population is identified and
displayed by 3" end cDNA fragments generated by class IIS restriction enzyme
digestion and PCR.® Accordingly, molecular indexing provides a significant
advantage in expression analysis for unknown genes. Among 84 fragnents
differentially expressed in SALS cloned in the first screening procedure, we
noticed a fragment with an unknown sequence overexpressed in SALS spinal
cords. We cloned it using RACE methods and named it dorfin (double ring-
finger protein)’ (TABLE 1).

Dorfin contains a RING-IBR (in between ring finger) domain at its N ter-
minus and mediated ubiquitin ligase (E3) activity.’ Interestingly, dorfin is pre-
dominantly localized and overexpressed in the ubiquitinated neuronal hyaline
inchusion bodies found in the motor neurons of SALS patients as well as FALS
patients with a SODI nmutation and of mutant SODI-transgenic mice.!>1® An
in vitro assay revealed that dorfin physically bound and ubiquitylated various
SODI1 muttants and enhanced their degradation, and that its overexpression
protected newral cells against the toxic effects of mutant SOD1 and reduced
SODI inclusions.!>!” These findings suggest that dorfin, an E3 ligase, may
play some protective role in the pathogenesis of FALS and SALS via the ubig-
uitylation and degradation of its substrates, mutant SOD1, and others yet to be
identified.

Besides dorfin, we have detected 30-kDa TATA binding protein-associated
factor (TAFII30) and neugrin as upregulated genes in the SALS spinal cord'®
(TaBLE 1). Onthe other hand, metallothionein-3, macrophage-inhibiting factor-
related protein-8 (IMRP-8) and ubiquitin-like protein 5 were downregulated in
their expression'® (TABLE 1).

MOTOR NEURON-SPECIFIC GENE
EXPRESSIONPROFILE IN SALS

As noted above, even using spinal anterior horn tissues consisting of het-
erogeneous cell types including motor neurons and glial cells as starting ma-
terials, gene expression studies have successfully shed light on the genes re-
lated to the pathogenesis of FALS and SALS.>”'® However, the constitution
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FIGURE 1. Laser microdissection of motor neurons in spinal anterior hormn. sections
were stained with hematoxylin and margins of motor neurons were dissected by the laser
beam (A); motor neurons were isolated from slides by laser pressure catapulting (B).

of spinal anterior hom tissues is overwhelmingly dominated by glial cells in
conparison with motor neurons. Furthermore, in the lesions of ALS spinal
cords, there are reduced numbers of motor neurons with glial cell prolifera-
tion. When the genes display a drarmatic change of expression in ALS motor
neurons, they can be detected (TABLE 1) even by using spinal anterior hom
tissues. In fact, we have successfilly cloned dorfin overexpressed in SALS
motor neurons’ as described above. However, a small change of gene expres-
sion in motor neurons might be masked by a large quantity of glial cells and
such genes might be those we are seeking as the essential ones for ALS path-
omechanisns. The technologies of laser capture microdissection have been
developed to provide a reliable method of procuring pure populations of cells
from specific microscopic regions of tissue sections under direct visualiza-
tion.®1° The pulsed laser microbeam cut precisely around the targeted motor
neurons in the spinal anterior hom (FIG. 1). Each laser-isolated specimen was
subsequently transferred to the cap of a PCR tube that was activated by laser
pulses.

Using this technology combined with T7 RINA polyimerase-based RINA am-
plification®” and cDNA microarrays, we have obtained motor neuron-specific
gene expression profiles of SALS patients® (TABLE 1). Simmiltaneously, we also
conducted conventional gene expression analysis using spinal anterior homn
tissues and validated the differential characteristics’ (TABLE 1). As a result,
spinal motor neurons showed a gene expression profile distinct from that of
spinal anterior horn tissues (TABLE 1). Of the genes examined 3% (144/4845)
were downregulated and 1% (52/4845) were upregulated in motor neurons.
Downregulated genes included those associated with cytoskeleton/axonal
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transport, transcription, and cell surface antigens/receptors such as dynactin 1,
microtubule-associated proteins, and early growth response 3 (EGR3). In con-
trast, cell death-associated genes were mostly upregulated. Promoters for a cell
death pathway, death receptor 5 (DRS5), cyclins Al and C, and caspases-1, -3,
and -9, were upregulated as were cell death inhibitors, acetyl-CoA transporter,
and NF-«B (TaBLE 1). Moreover, neuroprotective neurotrophic factors such
as ciliary neurotrophic factor (CINTF), hepatocyte growth factor (HGF), and
glial cell line-derived neurotrophic factor (GDNF) were upregulated. However,
inflammation-related genes such as those belonging to the cytokine family were
not significantly upregulated in SALS motor neurons.

One of the interesting genes downregulated in motor neurons was dyn-
actin 1, recently identified as a causative gene for human motor neuron
disease.?! =% Other motor proteins including the kinesin family responsible
for antegrade axonal transport and dyneins for retrograde axonal transport
were not changed significantly, but the expression levels of microtubule-
associated proteins (MAPs) 1A, 4, and tau were reduced (TABLE 1).
The impainment of axonal transport is thought to be an early event in mo-
tor neuron degeneration, and the protein levels of MAPs 1A and tau have
especially been reported to decrease well before the onset of symptons in
nutant SODI transgenic mice also.?*

As shown in the exanples of MAPs 1A and tau, gene expression profiles
of SALS patients may share soime features with those of SOD1 mutant mice.
However, taking into account our overall differential gene expression profiles
between mice and humans drawn from spinal anterior horn tissues (TABLE 1),
the disease in transgenic mouse may mimic but not be identical to the patho-
physiology in human SALS. Consequently, we should be cautious about ap-
plying the research results of the pathophysiological process or therapeutic
strategy obtained from SOD1 muttant mice to human SALS patients.

Seen in this light, the gene expression data of SALS motor neurons obtained
by our analysis are of particular value and contribute a starting point for clarify-
ing the pathomechanisiys of a great many more SALS than FALS. At present,
it isnot easy to determine the genes of primary pathological significance from
a total of 144 downregulated and 52 upregulated genes in SALS notor neu-
rons. The primary molecular events should occur in the preclinical phase of the
disease. Unlike the case of mice, it is impossible to obtain human spinal cord
specimens at a preclinical stage. However, even in postmortem tissue, some
motor neurons remmain intact and have not yet started to degenerate. From this
standpoint, a detailed investigation of the gene expression level, particularly
in motor neurons, verified to be intact by reliable neurodegenerative markers
would lead to the successful detection of genes related to primary molecular
events. Detecting such genes would provide a first step toward a new molecu-
lar targeted therapy for SALS by developing animal or cell models mimicking
those upstream and primary molecular events determined in human SALS
patients.
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INTEGRATED RESEARCH FOR NEURODEGENERATION
AND TUMORIGENESIS

Ammong the genes in which we have detected an alteration in their expression
in SODI mutant mice or SALS patients, a nurmber of them are well known to
be related to tumorigenesis rather than neurodegeneration (TABLE 1). Evidence
has been steadily accurmuilating for the existence of many common molecu-
lar pathways between neurodegeneration and tumorigenesis.>> Based on the
concept of “Integrated Molecular Medicine for Neuronal and Neoplastic Dis-
orders” proposed by The 21st Century Center of Excellence (COE) Program
at Nagoya University,*® the contribution of these tumor-related genes to the
molecular mechanismof ALS should be clarified to advance our understanding
of this devastating disease.
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Neurobiology of Discase

Reversible Disruption of Dynactin 1-Mediated Retrograde
Axonal Transport in Polyglutamine-Induced Mbtor
Neuron Degeneration

Mhsahisa Katsuno, Hiroaki Adachi, Makoto Minamiyama, Masahiro Waza, Keisuke Tokui, Haruhiko Banno,
Keisuke Suzuiki, Yu Onoda, Funiiaki Tanaka, Manabu Doyu, and Gen Sobue
Departivent of Naurology, Nagova University Graduate School of Medicine, Showe-ku, Nagoya 406-8550, Japan

Spinal and bulbar muscular atrophy (SBVI) is a hereditary neurodegenerative discase caused by an expansion of a trinuclectide CAG
repeat encoding the polyelutamine tract in the androgen receptor (AR) gene. To elucidate the pathogenesis of polyalutamine-nmediated
rmotor neuron dysfunction. we investigated histopathological and biological alterations in a transgenic mouse model of SBMAcarrying
humen pathogenic AR In affocted mice, neurofilarments and synaptophysin accurmulated at the distal motor axon. Asimilar intramus-
cular accunmulation of neurofilament was detected in the skeletal imuscle of SBVIApatients. Fuoro-gold labelingand sciaticnerve ligation
demonstrated an impaired retrograde axonal transport in the transgenic mice. The mRNA Jevel of dynactin 1, an axon motor for
retrograde transport, was significantly recuced in the SBVIAmice resulting frompathogenic AR-induced transcriptional dysregulation.
These pathological events were observed betore the onset of naurological syimptorms, but were reversed by castration, which prevents
nuclear accurmulation of pathogenic AR Overexprression of dynactin 1 mitigated neuronal toxicity of the pathogenic AR ina ecll culture
model of SBVIA. These observations indicate that polyglutamine-dependent transeriptional dysregulation of dynactin | plays a crucial

role inthe reversible neuronal dysfunction in the carly stage of SBVIA

Key words: polyglutarmine; spinal and bulbar muscular atrophy; androgen; newrofifarment; axonal transport; retrograde; dynactin

Introduction

Spinal and bulbar muscular atrophy (SBMA), or Kennedy's dis-
ease, is a hereditary neurodegenerative disease resulting from a
loss of bulbar and spinal motor neurons (Kennedy et al., 1968;
Sobue et al., 1989). Patients present with muscle atrophy and
weakness of proximal limbs associated with bulbar palsy, tongue
atrophy and contraction fasciculation (Katsuno et al., 2006). The
disease affects exclusively adult males, whereas females carrying
the mutant androgen receptor (AR) are seldom symptomatic
(Schmidt et al., 2002). The molecular basis of SBMA is an expan-
sion of a trinucleotide CAG repeat, which encodes the polygu-
tamine tract in the first exon of the AR gene (La Spada et al.,
1991). This type of mutation has also been found to cause a
variety of neurodegenerative disorders, termed polyglutamine
diseases, such as Huntington’s disease (HD), several forms of
spinocerebellar ataxia, and dentatorubral pallidoluysian atrophy
(Gatchel and Zoghbi, 2005). Although expression of the causative
genein each ofthese diseases is ubiquitous, selective neuronal cell
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death is observed in discase-specific areas of the ONS, suggesting
a common molecular basis for these polyglutamine diseases.

Nuclear accurmulation of pathogenic protein containingelon-
gated polyglutamine is a crucial step in the pathophysiology of
these diseases, providingan important therapeutic target ( Adachi
et al., 2005; Banno ct al., 2006). The aberrant polyglutamine pro-
tein has a propensity to form ageregates in the nucleus and inhib-
itsthe function of transcriptional factors and coactivators, result-
ing in transcriptional perturbation (Cha, 2000; Gatchel and
Zoghbi, 2005). In support of this hypothesis, altered expression
ofa variety of genes has been demonstrated in transgenic mouse
models of polygutamine diseases (Sugars and Rubinsztein,
2003). Although polyglutamine-induced transcriptional dys-
regulation 1s likely to be central to the pathogenesis of polyglu-
tamine diseases, it has yet to be elucidated which genes are re-
sponsible for the sclective neurodegeneration (Gatchel and
Zoghbi, 2005).

No treatments have been established for polyglutamine dis-
eases, but the androgen blockade therapy, surgical or medical
castration, has shown striking therapeutic effects in the SBMA
transgenic mouse model (Katsuno et al., 2002, 2003; Chevalier-
Larsen et al., 2004). Androgen deprivation strongly inhibits the
higand-dependent nuclear accumulation of pathogenic AR pro-
tein, resulting in a striking improvement in neurological and
histopathological findings of male mice.

In the present study, we investigated the molecular patho-
physiology of motor neuron dysfunction in a transgenic mouse
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model of SBMA. Polyglutamine-induced transcriptional dys-
regulation of the dynactin p130 subunit (dynactin 1), an axonal
motor-associated protein, resulted in perturbation of retrograde
axonal transport in spinal motor neurons in the carly stage of the
disease. These processes were reversed by castration, which mn-
hibits nuclear accumulation of pathogenic AR, Adefect in axonal
trafficking of neurofilaments and synaptic vesicles, the potential
molecular basis for the reversible pathogenesis, appears to con-
tribute to the initiation of symptoms, and may account for the
selective degeneration of motor neurons in SBMA

Mhaterials and Methods

Generation and mamtenance of transgenic mouse. AR-24Q) and AR-97Q
mice were generated as described previously (Katsuno et al.. 2002).
Briefly, the full-length human AR fragiment harboring 24 or 97 CAGs was
subcloned into the HindllI site of the pCAGGS vector (Niwa et al., 1991)
and microinjected into BDF1-fertilized eges. Five founders with AR-970)
wereobtained. Thesemouse lines were maintained by backcerossing them
to C57BL/6J mice. All symptomatic lines (2- 6, 4- 6, and 7- 8) were ex-
amined in the present study. All animal experimments were approved by
the Animal Care Committee of the Nagoya University Graduate School
of Medicine. Mice were given sterile water ad libitum In the experiments
where it was called for. sodium butyrate [a histone deacetvlase (HDAC)
inhibitor] was administered at a concentration of 4 /L in distilled water
from 5 weeks of age until the end of the analysis, as described previously
(Minamivama ct al.. 2004).

Neurological testing and castration after onset. Mice were subjected to
the Rotarod task (Economex Rotarod; Colombus Instruments, Colum-
bus, OH), and cage activity was measured (AB systenmy; Newroscicnee,
Tokyo. Japan) as deseribed previously (Katsuno et al., 2002). Gait stride
was measured in 30 om of footsteps. and the maximum value was re-
corded for each mouse. The onset of motor impairment was determined
using weekly rotarod task analyses. Male AR-97Q) mice were castrated or
sham-operated via the abdominal route under ketamine-xylazine anes-
thesia (50 mg/kg ketamine and 10 mgrkg sylazine, ip.) within 1 week
after the onset of rotarod impairment.

Immunohistochemistry and immunofluorescent analysis. Ten-
micrometer-thick sections were prepared from parafiin-embedded tis-
sues, and immunohistochemistry was perforimed as described previousty
(Katsuno et al., 2002). Formalin-fixed tail samples were washed with
706 ethanol and decaleified with 7% formic acid-70%% ethanol for 7 d
before embedding in paratlin. Sections to be immunostained for dynac-
tin 1, dynein intermediate chain, dynein heavy chain, and dynamitin
were first microwaved for 20 min in 50 mum citrate buffer, pH 6.0. See-
tions to be immunostained for polyglutamine (1C2 antibody) were
treated with formic acid for 5 min at room temperature. The following
prirary antibodics were used: anti-dynactin 1 (p150#%, 1:250: BD
Transduction, San Diego, CA), anti-dynein intermediate chain (1:500;
Millipore, Temecula, CA), anti-dynein heavy chain (1:100; Sigma-~
Aldrich, St. Louis, MO), anti-dynamitin ( 1:1000; BD Transduction), an-
ti-polyglutamine, 1C2 (1:10,000: Millipore), antiphosphorylated high
molecular weight neurofilament (NF-H) (SMI31, 1:1000; Sternberger
Monoclonals, Lutherville, MD). anti-nonphosphorylated NF-H (SMI32,
1:5000; Sternberger Monoclonals), and anti-synaptophysin (1:10,000;
Dako, Glostrup. Denmark).

For immunofluorescent analysis of skeletal muscle, mice were deeply
anesthetized with ketamine-xylazine and perfused with PBS followed by
4% paraformaldehyde fixative in phosphate buffer. pH 7.4. Gastrocne-
mius muscles were dissected free, firozen quickly by immersion in cooled
acetone and powdered CO,. Longitudinal, 30 gy, cryostat sections were
placed on a silane-coated slide in adrop of 3% disodium EDTA, air dried
at room terperature, and fixed in methanol/acetone (50:50 v/v). After
blocking with PBS containing 5% goat serum and 1% BSAfor 30 min at
room temperature, sections were incubated with 5 pg/ml Oregon green-
conjugated e-bungarotoxin (Invitrogen. Fugene, OR) for 60 min at
room temperature. Sections were incubated with antiphosphorylated
NF-H (SMI31, 1:5000; Sternberger Monoclonals), anti-synaptophysin
(1:50,000; Dako), or anti-Rab3A (1:5000; BD Transduction) antibodics
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at 4°C overnight, and then with Alexa-546-conjugated goat anti-mouse
[eG(1:1000; Invitrogen). Sections were examined with an IX71 inverted
microscope (Olympus, Tokyo, Japan). For double stainingofthe skeletal
muscle, paraffin-embedded sections were treated with TINB blocking
butter (PerkinElmer. Boston, MA) and incubated with anti-AR antibody
(N-20, 1:500; Santa Cruz Botechnology, Santa Cruz, CA) together with
antiphospho-NF-H.

For immunostaining of human tissues, autopsy specimens of lumbar
spinal cord and intercostal muscle obtained froma genetically diagnosed
SBVIA patient (78-year-old male) and those from a neurologically nor-
mal patient (75 years old) were used. The collection of tissues and their
use for this study were approved by the Ethics Committee of Nagoya
University Graduate School of Medicine. Spinal cord sections at 10 wm
were incubated with anti-dynactin 1 antibody (p130#°, 1:250; BD
Transduction). Thirty-micrometer-thick cryostat sections of intercostal
muscle were mcubated with 150 pg/ml  Alexa-488-conjugated
a-bungarotoxin (Invitrogen) and then with antiphosphorylated NF-H
(SMI31, 1:200: Sternberger Monoclonals).

Retrograde Fluoro-gold neurotracer labeling For labeling neurons with
intramuscular injection of tracer, mice wereanesthetized with ketamine—
xylazine, and a small incision was made in the skin of the left calf' to
expose the gastroenemius muscle. A total volume of 4.5 ul of 2.5%
Fuoro-gold solution (Biotium, Hayward, CA) in PES was injected in
three different parts of the muscle (proximal, middle. and distal) usinga
10 g1 Hamilton syringe. For fabeling by the nerve stump method, the
sciatic nerve was exposed and transected at mid-thigh level. A small
polyethylene tube containing 2.5% Fluoro-gold solution was applied to
the proximal stump of the cut sciatic nerve, and sealed with Vaseline to
prevent leakage. Mice were anesthictizod 44 h after Fluoro-gold adminis-
tration with ketarnine-xylazine and perfused with PBS followed by 496
paratormaldehyde in phosphate buffer, pli 7.4. Spinal cords were re-
moved and postfixed with 4% paraformaldehyde in phosphate bufler for
2 h. floated in 10 and 153% sucrose for 4 h each and in 20% sucrose
owvernight. The samples were sectioned longitudinally on a cryostat at 30
wm and mounted on silane-coated slides. The number of Fluoro-gold
labeled motor neurons was counted in serial spinal cord sections with an
IX71 inverted microscope (Olympus) usinga wide-band UV ilter. Some
specimens were immunostained for dynactin immediately after the
number of Fluoro-gold-labeled motor neurons was counted.

Western blot analyds. SH-SYSYeells were lysed in CellLytic lysis buffer
(Sigma-Aldrich) containing a protease inhibitor mixture (Roche, Mann-
heim, Germany) 2d after transfection. Mice were killed under ketamine—
xylazine anesthesia. Their tissues were snap-frozen with powdered CO,
in acetone and homogenized in 50 mm Tris, pH 8.0, 150 mv NaCl, 19%
NP-40. 0.5% deoxycholate, 0.1% SDS and 1 mv 2-mercaptoethanol
containing 1 mv PMSF and 6 pg/ml aprotinine and then centrifiiged at
2500 X gfor 15 min at 4°C. The supernatant fractions were separated on
5-200%6SDS-PAGE gels (10 pgprotein for the nerveroots or 40 pg for the
spinal cord, per lane) and then transferred to Hybond-P membranes
(Amersham Pharmacia Botech, Buckinghamshire, UK), using 25 mm
Tris. 192 mm glycine. 0.1% SDS and 10% methano} as transfer buffer.
Immunoblotting was performed using the following primary antibodies:
anti-dynactin 1 (plSO‘v‘”““‘, 1:250; BD Transduction), anti-dynein inter-
mediate chain (1:1000; Millipore}, anti-dynein heavy chain (1:200;
Sigma-Aldrich), anti-dynamitin (1:250; BD Transduction), anti-a-
tubulin (1:5000; Sigma-Aldrich), antiphosphorylated NF-11 (SMI31,
1:100,000; Sternberger Monoclonals), and anti-nonphosphoryiated
NF-H (SMI32, 1:1000; Sternberger Monoclonals). The immunoblots
weredigitalized (1 AS-3000 imagingsystenm; Fujifilm, Tokyo, Japan). sig-
nal intensities of three independent blots were quantified with Image
Gauge software version 4.22 (Fujifilm), and the means = SD were ex-
pressed in arbitrary units.

Ligation of mouse saaticnerve. Under anesthesia with ketamine-xyla-
zine. the skin of the right lower limb was incised. The right sciatic nerve
was exposed and ligated at mid-thigh level using surgical thread. For
immunofluorescent analysis, operated mice were decapitated under deep
anesthesia with ketamine—xylazine 8 h after ligation and perfused with
4% paraformaldehyde fixative in phosphate bufier, pH 7.4. The right
sciaticnervesegment, includingat least 5 mmboth proximal and distal to
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the ligated site, was removed. The nonligated, left sciatic nerve was also
taken out in the same manner as the right nerve. The removed nerves
were placed into fixative for 4 h, transferred consecutively to 10, 15, and
20%% sucrose in 0.01 M PES, pH 74, for 4 h each at 4°C, mounted in
Tissue-Tek OCT compound (Sakura, Tokyo, Japan), and frozen with
powdered CO- in acetone. Ten-micrometer-thick cryostat sections were
prepared from the frozen tissues, blocked with normal goat serum ( 1:20),
incubated with anti-synaptophysin (1:30.000; Dako) at 4°C overnight,
and then with Alexa-546-conjugated goat anti-mouse 1gG (1:1000; In-
vitrogen). Immunofluorescent images were recorded with an IX71 in-
verted microscope (Olyimpus), and the signal intensities were quantified
using Image Gauge software, version 4.22 (Fujifilm) and expressed in
arbitrary units.

For immunoblotting of axonal proteins, the sciatic nerve segments 1
mm both proximal and distal to the ligated site were removed without
paraformaldehyde fixatrion. and frozen in with powdered CO. in acetone.
Protein extraction and Western blotting were performed as described
above.

I situ hybridization. Formalin-fixed, paratfin-embedded 6-pm-thick
sections of the spinal cord were deparathinized, treated with proteinase K,
and processed for in situ hybridization usingan 1SHR kit (Nippon Gene,
Tolkyo, Japan) according to the manufacturer’s instructions. Dynactin 1
cDNA was obtained firom spinal cords of wild-type mice. The primers,
S -AGATGGTGOAGATGCTGACC-3 and  5'-GAGCCTTGGTCT-
CAGCAAAC-3', were phosphorylated with Tdpolynucleotide kinase
(Stratagene Cloning Systemns, La Jolla, CA). The cDNAwas inserted into
the pSPT 19 wector (Roche). Dioxigenin-labeled ¢RNA antisense and
senseprobes. 380 bp long, were generated fromthis plasmid using T7 and
SP6 polyimerase (Rochie), respectively. Spinal cord sections were hybrid-
izedd for 16 h at 42°C washed in formamide-4X SSC (30:50 v/v) at the
sarme termperature, treated with RNase A at 37°C and washed again in
0.1X S at 42°C. The signals were detected immunologically with alka-
line phosphatase-conjugated anti-dioxigenin antibody and incubated
with NBT/BCIP (Roche) for 16h at 42°C. Shices were counterstained with
methyl green. To quantify the intensity of the signals in the cell bodics of
gpinal motor neurons, three nonconsecutive sections from a wild-type
littermate and those of a transgenic mouse from lines 7- 8 or 4- 6 were
analyzed using the NIH Image program (version 1.62). Sections adjacent
to those used for in situ hybridization were processed for immunohisto-
chernistry using anti-polygiutamine antibody as described above.

Quantitativereal-time PCR. Dynactin 1 mRNAlevels were determined
by real-time PCR as described before (Ishigaki et al., 2002; Ando et al.,
2003). Briefly, total RNA(S pgeach) from AR-97Q and wild-type spinal
cord were reverse transcribed into first-strand cDNA using SuperScript
11 reverse transcriptase (Invitrogen). Real-time PCR was performed in a
total volume of 50 pl, containing 25 pl of 2X QuantiTect SYBR Green
PCR Master Mix and 0.4 um of each primer (Qiagen, Valencia, CA), and
the product was detected by the iCycler system (Bio-Rad Laboratories,
Fercules, CA). Thereaction conditions were 93°C for 15 min and then 45
cyeles of 15 s at 95°C followed by 60 s at 55°C. For an internal standard
control, the expression level of glyceraldehwde-3-phosphate deliydroge-
nase (GAPDH) was simultaneously quantified. The following primers
used were 5 -CTCAGAGGAGCOCAGATGAS' and 5'-GCTGGICTTG-
CGGTACAGT-3 for dynactin 1, 5'-GAGAGCATGGAGCTGGTGTAS
and 5 -CCAACCAOGAAGTTGTTGAC-3' for dynein intermediate chain,
5 -TACCAGGTGGGAGTGCATTAY and 5'-CAGTCACTATGCCOCA-
TGAOC-3' for dynein heavy chain, 5'-ACAAGOGTGGAACACATCAT-3
and 5 -TCTTTOCAATGUGATCTGAG-3' for dynamitin, and 5-CCTG-
GAGAMOCTGCCAAGTAT-3 and  5'-TGAAGTOGCAGGAGACA-
ACCT-3 for GAPDH. The threshold cycle of each gene was determined as
the number of PCR ¢ycles at which the increase in reporter fluorescence was
10timesthe bascline signal. The weight ofthe gene contained in cach sample
was equal to the logofthe starting quantity and the standardized expression
level in each mouse was equal to the weight ratio of cach gene to that of
GAPDH.

For the real-time PCR with mRNAextracted from SH-SYSY eells, the
following primers were used: 5 -CTTGGAAGOGATGAATGAGA-3'
and 5'-TAGTCTGCAACGTCTOCTGY for dynactin 1. and §'-AGOCT-
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CAAGATCATCAGCAAT-3" and 5 -CGCACTGTGGTCATGAGTCCTT-3
for GAPDH.

Plasmid vectorsand o2l audture. Human AR cDNAs containing24 or 97
CAG repeats were subcloned into pcDNAS. | (Invitrogen) as described
previousty (Kobayashi et al., 2000). Human dynactin 1 ¢DNA was also
subcloned into pcDNA3. T (Invitrogen). The lvman neuroblastoma cells
(SH-SYSY, #CRE-2266; American Type Culture Collection, Manassas,
VA) were plated in 6-well dishes in 2 ml of DMEM/FI2 containing 1076
fetal bovine serum with penicillin and streptomycin. and cach dish was
transfected with 2 pgofthe vector containing AR24, AR97. or mock and
with 2 pgof'the vector containing dynactin 1 or mock using Opti-MEM
(Invitrogen) and Lipofectamine 2000 (Invitrogen) and then differenti-
ated in differentiation medium (DMEM/F12 supplemented with 5% fe-
tal calf'serum and 10 pn retinoic acid) for 2 d. Two days after transfec-
tion, cells were stained with propidium iodide (Invitrogen, Eugene, OR)
and mounted in Gelvatol. Quantitative analyses were made from tripli-
cate determinations. Duplicate slides were graded blindly in two inde-
pendent trials as described previously (Katsuno et al.. 2005).

Statistical analyses. We analyzed data using the Kaplan-Meier and log-
rank test for survival rate. ANOVAwith pogt hectest (Dunnett) for mul-
tiple comparisons, and an unpaired t test from Statview software version
5 (Hulinks. Tokyo, Japan).

Results
Accumulation of axonal proteins in distal motor axons of
SBMA mouse
To dlarify the molecular basis of neurcnal dysfunction in SBMA,
we analyzed histopathological allerations in the spinal cords of
transgenic mice carrying full-length human AR with 97 CAGs
{ AR-97() mice) (Katsuno ¢t al., 2002, 2003). We first focused on
the expression and phosphorylation level of NF-H because af~
fected mice demonstrate axonal atrophy in the ventral nerve root
(Katsuno et al., 2002). Although it has been widely accepted that
NF-H phosphorylation is a crucial factor determining axon cali-
ber, neither the amounts nor the phosphorylation levels of NF-H
in spinal cord or ventral root were decreased in male AR-97Q
mice compared with wild-type littermates (supplemental Fig
1 A-C, available at www jneurosci.orgas supplemental material).
The distribution of NF-H in the anterior horn of AR-97Q mice
was also indistinguishable from that of wild-type or AR-240Q
mice bearing human AR with a normal polyglutamine length
(Fig 1A). However, AR-97Q mice demonstrated a striking accu-
mulation of both phosphorylated and nonphosphorylated NF-H
in skeletal muscle, a phenomenon not observed in AR-24Q or
wild-types (Fig. 1 A). Although motor neurons originating in the
anterior horm are always affected in SBMA, because the primary
motor neurons projectingtheir axonsto theanterior horn arenot
affocted, no accumulation is seen in this region. The damage to
motor neurons originating within the anterior horn results in
accumulation of NFs in the skeletal muscle, instead of the spinal
cord. Asimilar accumulation of the middle molecular weight NF
was also observed (data not shown). To clarify whether this phe-
nomenon is specific to neurofilaments, we performed immuno-
histochemistry on both spinal cord and muscle with an antibody
against synaptophysin, a transmembrane glycoprotein of synap-
tic vesicles that is also retrogradely transported in axons (Li et al.,
1995). In AR-97Q mice, synaptophysin accumulated among the
muscle fibers in a pattern similar to that of NF-H, whereas no
such accumulation was observed in unatlected mice (Fg 1B).
We then investigated the time course of abnormally accumu-
lated NF in skeletal muscle. Because the onset of motor dysfunc-
tion occurs at 9-10weeks in AR-97Q mice, NF pathology before
and afier the onset was examined. Anti-NF immunostaining
demonstrated that intramuscular NF accumulation was detect-
ableasearlyas 7 weeks before the onset of muscle weakness in this

- 68 -



Koo al e Ritrogack Fargpat nSBVAMue

A ~ AR-97Q AR-24Q WT

Skeletal muscle
Phospho
NF-H

Non-phospho
NF-H

Spinal cord
Phospho
NF-H

Non-phospho
NF-H

AR-24Q

B AR-97Q WT

Svynaptophysin
Skeletal muscle

Spinal cord

Fgure 1.

J N, Noverrbar 22 206+ 260475 12106- 12117« 12100

C AR-97Q
4weeks 7 weeks 10 weeks

13 weeks

E SBMA Normal

Aomulstionof nevreffament andlsyreptophysimimthe distad endlofimetor axas. A rmunchisodenigryof dedetal msde and spiral cad fromARIXYE- 6), AR2AQarrd

wildtype imice (12 veds)usngan atibody £ phoptonlated arnonphogphaylated NEHIB brmrchistadenistry & sprsptaptnysingons findings pazalie] tothose o reurcfilanert. C
Ap-doperdot dange natiphoyhonaed NeHmmundistod ooy indedetal mede of S3vivriae D iminoffuoeene of mue doletal madewsing e-hungartadin(green)
anbimationwithantiphophoNeFartibody(rod). Fiogdonleed NEHaumiates inthe ditdd enddfimtarasans nAR97imice (7 § R2veds), E Aniphoyho-NEFimmornofooesenee
withe-oneaaodinganngndeletal mede o honan Bvpatiernt dowingsnilarmaroibnet acumndation. E Inble-labeling ofdeletal msde fomen AR hose@- 6 12
wods) wsrgantphogho NEHasbody(geen) andanti-AR(rad) shows thit acomuiated NeHdoos ot addolize with AR Salebars, 100pum

mouse model, and aggravated thereafler (Fig 10). These obser-
vations sugeest that intramuscular accumulation of NF plays a
role in the motor neuron dysfunction n this mouse model of

To confirm the distribution of NF-H and synaptophysin in
skeletal muscle, we examined the localization of these proteins
in relation to the neuromuscular junction. Immunohisto-
chemistry using a-bungarotoxin to mark the junctions, and
fluorescent-labeled antibodies showed that both NF-H and
synaptophysin accumulated in the most distal motor axon
adjacent to neuromuscular junctions (Fig. 1D). Asimilar in-
tramuscular accumulation of neurofilament was detected in
the skeletal muscle of SBMA patients (Fig. 1E). Although

pathogenic AR accumulated in the nuclei of skeletal muscle in
the AR-97Q mice, the accumulation of NF-H did not colocal-
ize with AR (Fig. 1F). Moreover, immunoprecipitation dem-
onstrated no interaction between AR and NF-H (data not
shown). These findings exclude the possibility that pathogenic
AR directly interrupts the axonal trafficking.

Retrograde axonal transport is disrupted in SBMA mousc

To elucidate the molecular basis of the abnormal distribution of
NFand synaptophysin, westudied axonal transport in thismouse
model of SBMA Axonal components undergo anterograde
and/or retrograde axonal transport. Proteins including NF and
syanaptophysin are bidirectionally transported, whereas some

- 69 -



12110+ J Nuresd. Noarrber 22 X006+ 2047 12106- 12117

A

Rab3A
AR-97Q)

Synaptophysin

AR-87Q WT WT

B 2 2006+ proximal  distal
&
fod
&
WT &
E
j<]
wn
2
2
2
AR-97Q Tw =
ki
by
©
@
=
@
5
AR-B7Q13 w E
w®
&
Koy
w T ¥ ‘E
-0.5 0 0.5
{mmy) {rm}
C Tolal Progimal Distal
WT AR-B70 WY AR-G70  WT AR-G70
Bw 7w 13w 13w Tw 13w 13w Tw 13w
Synaptophysin e . =

Rab3A

hgure 2.

Ktsupat al o Rtropracde Targot mSBvAMuse

Phase contrast

Fluoro-gold

D

AR-24Q AR-97Q

WT

% D085 for AR-240 =
Fk p w0001 for ARZA0

% p e D08 for AR-240
wde p e 0001 for AR-240

jo4]
]
g
b
<
v}
L=

1000

Number of labeled neurons [T}

Number of labeled neurons

12w 13w 67w 13_14;; 1Bw §-7w Bl willdw
WY AR-24Q  ARBYQ AR-23Q AR-GTQ

Rertubetion of retrograde anomal trasport in Sviric: A munoffuoeseenee of rouse dederal mesde usingz a-bongarctosin (groon) abeling the endplite togethar with

atksyapiop pnantbody(redyarati-RiBAatibody (red). Anmistiono RiBAs ot detededinwikd ypear ARG Qrice(F & 12veds). B nmond sstodermistry rsyraptepnsing
mthesdaticrene Shatter ligstianandiepressrtathe quantfiationd irmunaeadt ity Acumuiationofsymaptep ysinimmnoread ity isceaeasad anthedigal sce (arows) o e ligation
site{mrowhesdhinpreomset (Fweeks)andladbencedistage (T3wedsH ARIT Qrie Chmndiasoithesiationenescgrensonbrthpresinul anddigtal sices oftheligation. Tetotal anount
o prateirsextratad fiomthre anpralataal nonligetedsciaticrene vesamtyaedas aconticl DE Retrograde labelingof Tnbermotar neuars o ARIAY 7 8), AR Qarwild-yperviee(12
wecks) by Huao-gdationintothe gastrooeniss msde(Dandttennber o Hxelednoaaos(Bin= Sfreachgop). E Tennberafimanaas bbeladbyPuao-godusngthe
wigticrenesurpnathad(n= Sfreadigap). Sakebas ABD 1 0wm orbas ndicte S

components such as Rab3A, a small GTP binding protein, are
transported only anterogradely (Li et al., 1995; Roy et al., 2000).
'The distribution of Rab3A in skeletal muscle of SBMA mice was
equivalent to that of wild-type mice, whereas synaptophysin and
neurofilaments accumulated in the most distal motor axons of
the SBMA mice only (Figs. 1D, 2A).

To further examine the nature of the axonal transport
anomaly in SBMA mice, the sciatic nerve was ligated at mid-
thigh level. Because the transport rate of NF is slower than
other axonal components, we analyzed the transport of syn-
aptophysin and Rab3A in this ligation study (Fig. 2B C). In
wild-type mice, synaptophysin accumulated predominantly
on the proximal side of the ligation, but also on the distal side.
Although synaptophysin and Rab3A accumulations proximal
to the site of ligation were notable in both preonset and ad-
vanced stages of AR-97Q) mice, their accumulation on the
distal side was decreased before the onsct of symptoms and
was progressively inhibited. These findings suggest that dis-
rupted retrograde axonal transport gives rise to the accumu-
lation of axonal proteins in the distal motor axon terminals of
SBMA mice before the onset of motor impairment.

To confirm this hypothesis, we analyzed retrograde neuronal

labeling with the fluorescent tracer Fluoro-gold after its injection
mto the mouse calf muscle. The number of Fluoro-gold-labeled
spinal motor neurons was significantly less in affected AR-97Q
mice compared with AR-24Q or wild-type mice (Fig 2D, E). To
exclude the possibility that synaptic pathology contributed to
diminished uptake of the tracer, we also examined Fluoro-gold
labeling using direct application of the tracer into the sciatic
nerve stump (Sagot et al,, 1998). Again, AR-97Q mice showed
fewer motor neurons labeled by Fluoro-gold applied directly to
theproximal stimp of the sciatic nerve than did the AR-24Q mice
(Fig 2F), sugeesting that neither synaptic retraction nor discon-
nection 1s the basis for disruption of axonal transport. Further-
more, it should be noted that the decrease in the number of
labeled neurons preceded the onset of motor symptoms in both
ofthese experiments. These observations suggest that the discup-
tion of retrograde transport plays an earlyrole in the pathogenesis
of motor neuron degeneration m SBMA

Transcriptional dysregulation of dynactin 1in SBMA

Retrograde axonal transport is microtubule-dependent and is
regulated by the axon motor protein dynein and its associated
protein complex, dynactin. To elucidate the molecular

-70 -



Kigrod d e Rtogacde Fargpat in SV J MNuesd, Noerbar 22, X006+ 26475 12106- 12117+ 12111

A Dynactini Dynein IC Dynein HC Dynamitin
o i ~ Dynactin1 Dynactin1 1C2
x °
< 8
.
@
. a
. (G}
<
Q.
'
< ;
£
[0l
w
g
= S
= s}
B WT 24Q 97Q — 2500 % p<0.05for AR-24Q g_
13w 13w 7w 13wE %% p<0.001forAR-24Q £
4 ; _ {20007 8
Dynactin! G0 @i wims wwew C o
e z i g
Dynein IC s s wis s 5 £
@ 1000 ;
3 .
E 500 o
w +
5 3.
@ 1Bw 13w 7w 13w ©
C WT 24Q = 97Q 2
Ventral horn Ventral root ‘
Normal

3 Normal » SBMA

SBMA

Hare3. Dousxdiecsodradinl nSBVAA lrmndhislodenistyformota proteirs gt ingretrogradeanoral trarspart, dyractin 1, dyein rtemadiate dein (1G], dyeinbeavy
dain(t O, addyanitinintheginl cad ionARIAI4- 6), R2AQardwild-hypeimice( 12weds). Bmctin | snmledydimnidednthenotarmaras o ARIA drice. B Wistembict
arphyss o notorpoterns mthevertral el oot fromprespmpramaricorachanead ARIXQrice (@- G anpaadwith those i AR24Qed wikdtype mice. Chnactin 1immuandtisto-
dayistry in the antenor hom and the veneral roct ofan SvApetiant and a nonval sibjet. D Avidyactin T imindigodaristry inarioss afficted (gral cod and brainsteryy aand
noatfcted(tppoenpsandvisal aate) tisues frarwikd-ype and ARG Qrice Da fromARIviccarecrparedwithimmundhitadhemistryusingthe antipohyehutamne antibady,

12 Szlebas A 1 Dpm CH Onm lortas indcte D

mechanism compromising retrograde axonal transport in
SBMA mice, we examined the levels of various dynein and
dynactin protein subunits. Immunochistochemistry of spinal
cord sections demonstrated that the spinal motor neurons
from AR-97Q mice had lower levels of dynactin 1, the largest
subunit of dynactin, than did those from either wild-type or
AR-24Q) mice (Fig 3A). In the ventral root, significantly de-
creased levels of dynactin 1 were apparent before the onset of
motor symptoms (Fig. 3B). Although the level of dynein heavy
chain was diminished in the advanced disease stage in SBMA
mice, this phenomenon was not obscrved before the onset of
symptoms (Fig 3B). No alterations were observed in the levels
of dynein intermediate chain or dynamitin, the p50 subunit of
dynactin, throughout the disease course (Fig. 3 A, B). To con-
firm the role of dynactin 1 in the pathogenesis of human
SBMA, we also examined the protein level in autopsy speci-
mens. As observed in the mouse model, the protein level of
dynactin 1 was decreased in the anterior horn cells and in the
ventral roots of SBMA patients (Fig. 3C).

To examine the cell specificity of reduced dynactin 1 levels we
compared anti-dynactin 1 immunohistochemistry with that of
anti-polyglutamine using the 1C2 antibody in various tissues
from wild-type and AR-97Q mice (Fg, 3D). The immunoreac-
tivity of dynactin 1 was markedly diminished in 1C2-positive
tissues, but not in those lacking nuclear polyglutamine staining.
This observation suggests that the reduction in dynactin 1 isrel-
evartt to the polyglutamine-mediated neuropathology. In addi-
tion, to investigate whether reduced levels of dynactin 1 were
correlated with defective retrograde axonal transport, we ana-
yzed anti-dynactin 1 inimunohistochemistry in spinal cord sec-
tions labeled by Fluoro-gold (supplemental Fig 2, available at
www neurosci.org as supplemental material). The levels ofdyn-
actin 1 were decreased in the spinal motor neurons of AR-97Q
mice concomitantly with decreased intensities of Fluoro-gold la-
beling Together, these data strongly suggest that depletion of
dynactin 1 is responsible for the disruption of retrograde axonal
transport in SBMA.

To clarify the pathological mechanism responsible for reduc-
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ing the levels of dynactin 1 protein
SBMA. mRNA levels were determined by
in situ hybridization in AR-97Q and wild-
typemice. Although dynactin 1 mRNAwas
expressed in virtually all motor neurons in
the anterior horn, the expression was
markedly repressed in AR-97Q mice
(Fig. 4A). Moreover, the levels of dynac-
tin 1 mRNA were significantly lower in
those motor neurons demonstrating nu-
clear accumulation of pathogenic AR
compared with those without 1C2 nu-
clear staining (Fig. 4B). Real-time quan-
titative PCR also demonstrated a signifi-
cant decrease in dynactin 1 mRNA levels
in the spinal cords of AR-97Q mice at all

- disease stages compared with those of
wild-types (Fig. 4C). The level of dynein
heavy chain mRNA was decreased in the
advanced stage, but not in the preonset
period. The levels of dynein intermediate
chain mRNAand dynamitin mRNAwere
not altered either before or after the on-
set of motor symptoms.

To investigate the role that diminished
levels of dynactin 1 play in neurodegenera-
tion in SBMA we tested whether overex-
pression of this protein suppressed the cel-
lular toxicity usually observed in the
presence of expanded polyglutamine. In
SH-SYSY cells bearing truncated AR con-
taining an expanded polyglutamine, the
level of dynactin 1 was decreased both in
mRNAand in protein (Fig 4D, 5. In this
cellular model of SBMA, overexpression of
dynactin 1 alleviated cell death exerted by
pathogenic AR (Fg 4E).

In SBMIA mice, the level of dynactin 1
protein in spinal motor neurons was re-
stored by oral administration of sodium
butyrate, an HDAC inhibitor that in-
creases the level of histone acetylation
leadingto promotion of gene transcription
(supplemental Fig 3, available at www.
jneurosci.org as supplemental material)
{(Minanivama ¢t al, 2004). Sodium
butyrate-mediated upregulation of dynac-
tin 1 also eventually alleviated the neuro-
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filament accumulation in skeletal muscle (supplemental Fig 3,
available at wwwi.ineurosci.org as supplemental material), al-
though this treatiment had no influence on the subcellular distri-
bution of pathogenic AR protein (Minamiyama et al., 2004).
These observations indicate that nuclear accumulation of aber-
rant AR in the nuclei of motor neurons leads to a decrease at the
transcription level of dynactin 1, resulting in perturbation ofret-
rograde axonal transport and subsequent motor neuron
dystinction.

Castration reverses symptoms and pathology of SBMA mouse
To examine the reversibility of the phenotypes resulting from
polyglutamine-induced neuronal dysfunction, we investi-
gated the effect of castration on early symptomatic SBMA
mice. Male AR-97Q mice (7- 8 and 4- 6) demonstrate a rapid

aggravation of neuromuscular phenotypes and usually suc-
cumb 3-4 weeks after the onset of motor impairment. The
motor-impaired phenotype of the SBMA mouse is dependent
on circulating testosterone levels, and we reported previously
that castration during the presymptomatic period (4 wecks),
to eliminate testosterone, drastically prevents the develop-
ment of neurological symptoms such as weakness, anyotro-
phy, and shortened life span (Katsuno et al.,, 2002). In the
present study, we castrated male AR-970Q) mice within 1 weck
afler the onset of rotarod task mmpairment. Castration re-
versed motor dysfunction in AR-97Q mice, even though it was
performed afier the onset of symptoms (Fig 3A). Most mice
showed areduction in dailyactivity and body weight loss at the
onset of rotarod task defect: these symptoms were also re-
versed by castration. In accordance with these observations,
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postonset castration significantly prolonged the life span of

the male AR-97Q mice. We confirmed the reversal of motor
symptoms by analyzing gait strides in a series of mouse foot-
steps (Fig. 5B).

To confirm the rescue effects of castration on histopathol-
ogy, we investigated the nuclear accumulation of pathogenic
AR i the skeletal muscle of tail sections sampled over time
from the same mouse. Although the number of nuclei posi-
tively stained with 1C2 continued to increase for 2 weeks afier
the castration, at 4 weeks there was a significant decrease in
expanded polyglutamine AR-positive nuclei (Fig. 5C, D). This
time course corresponds approximately to the that of the
svinptomatic improvements, suggesting that nuclear accumu-
lation of pathologic AR contributes to neuronal dysfunction
and consequent symptomatic manifestation in SBMA mice.

Castration reverses dynactin 1 expression and restores
retrograde axonal transport

Itisimportant to determine whether disrupted retrograde axonal
transport resulting from transcriptional dysregulation of dynac-
tin 1, contributes to thereversible motor neuronal dysfunction in
the early disease stage of SBMA mice. We therefore investigated
axonal transport and the level of dynactin 1 expression in trans-
genic mice within 1 week afier the onset of rotarod task impair-
ment. In this early stage of the disease. the mice already demon-
strated a reduction in the number of spinal motor neurons
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labeled by Fluoro-gold (Fig 6A). Castration ol symptomatic AR-
97Q mice restored Fluoro-gold staining in the spinal motor neu-
rons to a similar level as seen in wild-types (compare Figs. 2D,
6A). Castration afier the onset of muscle weakness reduced the
intramuscular accumulation of neurofilaments and synaptophy-
sin in AR-97Q mice (Fig 6B C). bnmunohistochemistry of spi-
nal cord showed that postsymptomatic castration also elininated
nuclear accumulation of pathogenic AR as detected by the 1C2
antibody, and restored anti-dynactin 1 immunorcactivity in mo-
tor neurons (Fig. 6D). Immunoblotting demonstrated that the
level of dynactin 1 protein, but not that of dynein heavy chain,
was decreased in the ventral root of AR-97Q) mice in the early
symptormatic stage (Fig 6E). Castration afier the onset of motor
impairment restored dynactin 1 to itsnormal levels in the ventral
rool, whereas it had no effect on dynactin 1 expression in wild-
type mice (Fig 6E). These observations indicate that the
castration-mediated restoration of dynactin 1 expression im-
proves retrograde axonal transport and contributes to the rever-

sal of neuromuscular phenotypes in SBMAmice at an early stage
of the disease process.
Discussion

Reversibility of neuronal dysfunction in SBMA

The fundamental pathological feature of polyglutamine diseascs

isthelossofneuronsin selected regions of the CNS. Neuronal cell
death, however, is often undetectable in mildly affected HD pa-
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tients despite the presence of definite clin-
ical features (Vonsattel et al., 1985). The
earty HID symptoms may thus result from
functional alterations within neurons
rather than cell death (Walker et al., 1984).
In mouse models of polyglutamine dis-
cases, it has been postulated that neuronal
dwsfinction, without cell loss, 1s sufficient
to cause newrological symptoms (Mangia-
rini et al., 1996; Clark et al., 1997). These
observations indicate that the pathogenesis
of polyglutamine diseascs is potentially re-
versible at an carly stage. Thishypothesisis
supported by the observation that arrest of
gene expression after the onset of symp-
toms reverses behavioral and neuropatho-
logical abnormalities in conditional mouse
models  of  polyglutamine  diseases
Yamamoto et al., 2000, Zu ¢t al., 2004).
The present study supports this hypothesis
in that castration after the onset of motor
deficit reverses behavioral and histopatho-
logical abnormalities by preventing nu-
clear accumulation of the pathogenic AR
protein. These findings imply that cellular
protective responses successfully abrogate
the toxicity of polyglutamine-containing
pathogenic protein, unless it perpetually
accumulates in the nucleus.

Protein quality control systems, includ-
ing molecular chaperones, the ubiquitin-
proteasome system, and autophagy have
been shown to reduce polyglutamine tox-
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icity in various animal models of polygiu-
tamine diseases ( Adachi et al., 2003; Ravi-
kumar et al., 2004; Katsuno et al., 2005;
Waza ct al., 2005). It is thus logical that inhibition ol AR translo-
cation into the nucleus restores the protein degradation machin-
ery, such as ubiguitin-proteasome system, leading to the reduc-

tion in the amount of agaregates as well as the improvement of

neuronal dysfunction in the SBMA mice (Waz et al., 2005).

Defective retrograde axonal transport in SBMA

The SBMA mice we examined demonstrated impairment of ret-
rograde axonal transport, resulting in the accumulation of neu-
rofilaments and synaptophysin i the distal motor axon. Many
proteins required for neuronal survival are synthesized within
neuronal perikarya and are transported along the axon toward
the synaptic terminals (Shea, 2000). Abidirectional delivery sys-
tem consisting of anterograde and retrograde transport enables
the recycling of cytoskeletons and synaptic vesicle-associated
proteins. A histopathological hallmark of amyotrophic lateral
sclerosis (ALS) is the accumulation of neurofilaments in cell bod-
ies and proximal axons of atfected motor neurons, presurnably
caused by compromised anterograde axonal transport; neverthe-
less, this finding has not been observed in SBMA (Sobue et al.,
1990; Julien 2001). Transgenic SBMA mice demonstrate marked
neurofilament storage in the distal motor axons, but not in the
proximal axons or cell bodies. Neurofilament accumulation at
motor endplates has also been reported in a transgenic mouse
model of spinal muscular atrophy, another lower motor neuron
disease (Cifuentes-Diaz et al., 2002). Axonal transport of NF de-
pends on thedynein/dynactin system, disruption of which results

duin(F0, ande-tibdin Salebas: A-D 100pm Hiorbas idate Sn= 3 fareachgap).

in accumulation of neurofilaments at the distal axon in both
cultured cellsand transgenic mice (LaMonteet al.,, 2002; Heet al.,
2005). When combined, these findings indicate that the accumu-
lation of axonal components in distal motor axons appears to be
a substantial pathology associated with degeneration of lower
MOtOr neurons.

Inn the present study, synaptophysin showed an accumula-
tion pattern similar to that of neurofilaments, whereas the
distribution of Rab3A, another synaptic vesicle-associated
protein, was not altered in this mouse model. Crush injury
experiments have shown that although both proteins are de-
hivered from cell bodies into axons, of the two only synapto-
physin undergoes retrograde transport (Li et al., 1995, 2000).
In addition, Fluoro-gold labeling experiments clearly demon-
strated the disruption of retrograde, but not anterograde ax-
onal transport in the spinal motor ncurons of SBMA mice
before the onset of muscle weakness. Together, the pathogen-
esis of motor neuronal dysfunction in SBMA is likely to be
based on the perturbation of retrograde axonal transport, and
not on an excessive transport of total axonal proteins.

Axonal trangport impairment has been implicated in the
pathogenesis of HD and SBMA (Gunawardena et al., 2003; Sze-
benyi et al., 2003). Although axonal inclusion interferes with ax-
onal transport in a cell model of SBMA (Piccioni et al., 2002), AR
containing expanded polyglutamine may also mnhibit antero-
grade and/or retrograde axonal transport without visible agere-
gate formation (Szebenyi et al., 2003; Morfini et al., 2006). Accu-
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mulation of neurofilaments at nerve terminals has also been
documented in amouse model of HD(Ribchester et al., 2004). In
our SBMA mice, pathogenic AR did not colocalize with accumu-
lated neurofilament, nor did 1t form axonal inclusions. More
mtriguingly, sodium butyrate-mediated gene upregulation at-
tenuated the accumulation of neurofilaments, but did not alter
the intracellular distribution of AR. These obscrvations suggest
that thedefective retrograde axonal transport in SBMAmice does
not resuit from the direct interaction between aberrant AR and
axonal components, but rather from a secondary mechanismre-
sulting from expanded polyglutamine.

Dynactin in motor ncuron discase

The present study indicates that a decrease in the level of dynactin
1, the p150 subunit of dynactin, in affected neurons is a funda-
mental carly event in the pathogenesis of SBMA Dynactin is a
multiprotein  complex regulating dynein, a microtubule-
dependent molecular motor for retrograde axonal transport. A
mutation in DCTNI, the gene encoding dynactin 1, has been
identified in a family with an autosomal dominant form of lower
motor neuron disease and in another with ALS(Pulset al., 2003;
Minch et al., 2005). A gene expression analysis of sporadic ALS
patients revealed a significant decrease in dynactin 1 mRNA
(Jiang et al., 2005). Overexpression of dynamitin dissociates the
dynactin complex, resulting in late-onset motor neuron degen-
eration in a transgenic mouse model of motor neuron disease
(LaMonte et al.. 2002). These observations specifically link an
impaired dynactin function to the pathogencsis of motor neuron
discases.

"The pathological alteration in individual polyglutamine dis-
cases Is imited to distinct subsets of neurons, suggesting that the
causative protein context influences the distribution of lesions.
Motor neurons are selectively affected in SBMA, although patho-
genic ARs are expressed in a wide range of neuronal and non-
neuronal tissues (Dowu et al., 1994). Adecreased level of dynactin
1 may contribute to this pathological selectivity, because a muta-
tion in the DCTNI gene causes a lower motor neuron discase
resembling SBMVIA (Puls et al., 2003, 2005).

Link between altered transcription and neuronal dysfunction
Numerous studies have shown that nuclear accumulation of
pathogenic polygutamine-proteins is essential for neurodegen-
eration, although cytoplasmic events may also contribute to the
pathogenesis (Gatchel and Zoghbi, 2005). Polyglutamine aggre-
gation sequesters a variety of fundamental cellular factors includ-
ing heat shock proteins and proteasomal components as well as
transcriptional factors and coactivators. cAMP response element-
binding protein-binding protein (CBP), a transcriptional coacti-
vator, colocalizes with intranuclear inclusions in SBMA patients
as well as in transgenic SBMA mice (McCampbell et al., 2000;
Nucifora et al., 2001). In addition to its sequestration in inclusion
bodies, the histone acetyltransferase activity of CBP is also inhib-
ited by soluble polyglutamine-protein (Steflfan et al., 2001). This
theory suggests that HDAC inhibitors, which upregulate tran-
scription through acetylation of nuclear histone, may open new
avenues n the development oftherapeutics. In a flymodel of HD,
the HDAC inhibitors, sodium butyrate and suberoylanilide hy-
droxamic acid, increased histone acetylation, leading to the mit-
igation of neurodegeneration (Steffan et al., 2001). These com-
pounds also improve motor dysfunction in mouse models of HD
and SBMA (Hockly et al., 2003; Minamiyama et al.. 2004).
In the present study, a reduction in the level of dynactin 1

protein is ascribed to polyglutamine-mediated transcriptional

3 N, Noverrbar 22, 2006+ 2647y 12106~ 12117+ 12115

dysregulation, because the mRNA level of this protein is de-
creased in expanded polyglutamine AR-positive spinal motor
neurons. It should be noted that this diminution was signifi-
cant in the neurons demonstrating nuclear accumulation of
pathogenic AR, implying that polyglutamine-induced tran-
scriptional perturbation underlies this pathological process.
This hypothesis is confirmed by the observation that admin-
istration of sodium butyrate, an HDAC inhibitor, restores dy-
nactin 1 expression, resulting in elimination of neurofilament
accumulation at distal motor axons. Although, because of the
nonspecific nature of sodium butyrate, we cannot at this time
rule out the possibility that expression of some other protein
was also elevated, leading to the elimination of neurofilament
accumulation.

Given that the expression of other axon motor proteins
regulating retrograde axonal transport, such as dynein inter-
mediate chain, dynein heavy chain and dynamitin are not al-
tered before the onset of symptoms, the reduction in dynactin
1 appears to instigate the neurodegeneration in SBMA. In
addition to our study, the selective perturbation of certain
subsets of gene transcription has been demonstrated in other
animal models of polyglutamine discases (Sugars and Rubin-
sztein 2003 Sopher et al., 2004), although the precise mecha-
nism has yet to be elucidated.

In summary, the present study demonstrates that the patho-
genesis of SBMIA is a reversible dysfunction of motor neurons
that occurs in the carly stages of the discase. Polyglutamine-
induced transcriptional alteration of dynactin 1 appears to dis-
rupt retrograde axonal transport, contributing to the carly re-
versible neuronal dysfunction. These observations suggest that
transcriptional alteration and subsequent involvernent of retro-
grade axonal transport are substantial therapeutic targets for
SBVIA
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