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signaling, was also induced in 1l-week-old mutant SODI
mice. Histopathological evaluation showed glial cell activa-
tion and proliferation as early as 11 weeks of age, and
continuing to advance until 17 weeks of age (Hall er al.
1998), which is consistent with the temporal gene expression
pattern of the inflammatory process-related genes mentioned
above. These results indicate that an inflammation was not
simply a reaction to massive neuron death as motor neuron
loss in spinal cords began to occur around 14 weeks of age at
comparable levels. In particular, TNF-% produced by
activated microglia, which is a proinflammatory cytokine
having both neurotoxic and neuroprotective effects (Terrado
et al. 2000), was greatly clevated in its gene expression even
in 11-week-old mutant SOD1 mice. It has been reported that
TNF-u protein was increased in the blood of patients with

ALS (Poloni et al. 2000), and mRNA levels of TNF-a and
interleukin-1f (IL-1B) were elevated in spinal cord of
wobbler mice, which is another model of human ALS
(Schlomann et al. 2000). We also noted that spinal motor
neurons expressed TNF-o and cathepsin D of the lysosomal
system, which might implicate neuron-glial interactions
during the inflammatory process of neurodegeneration. In the
symptomatic stage, the change of gene expression of
clusterin in the complement system was associated with the
inflammation. Taken together, these results suggest that the
inflammatory components play an instrumental role in
neurodegeneration in spinal cords of mutant SOD1 mice.

In mutant SOD1 mice, caspase-1 localized in spinal motor
neurons was activated earliest, 3 weeks prior to motor neuron
death, as reported by other investigators (Li ef al. 2000;
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Pasinelli ef al. 2000). We demonstrated that the gene
expression of TNF-a and CD68 was up-regulated together
with caspase-1 at 11 weeks of age in mutant SODI1 mice. In
addition to the role of an initiator of the neuronal apoptotic
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cascade, extracellular caspase-1 converts [L-1B into mature
form. Thus, caspase-1 activation in motor neurons contri-
butes to an inflammatory pathway with early astrocytosis
and microglial activation in mutant SOD1 mice. A key
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GenBank Expression ratio
GGenes accession number 11w 17w
vimentin ®51438 1.6 8.6
TNF-a M38296 5.3* 8.0*
snail protein homotog (SNAI1) Mg5604 0.9 6.3
prothyrnosinp4 X16053 1.0 54
WNT7A M89801 2.0 5.3
clusterin precursor L08235 1.1 53
¢-fos proto-oncogene voo727 1.2 4.9
developing brain homeobox protein 575837 1.6 4.2
P-selectin glycoprotein ligand 1 X91144 1.0 42
cD147 Doos11 1.4 4.0
low-density lipoprotein receptor Z19521 22 37
Janus tyrosine-protein kinase 3 (JAK3) L33768 20 3.7
junD1, jun proto-oncogene-related gene JO5205 1.2 36
cathepsin D (CTSD) X53337 1.4 35
BCL2-like protein 1 (BCL2L1),Bel-xL L35049 1.0 35
Tiam-1 invasion inducing protein U05245 1.3 35
CD68 NM_008853 23" 35"
preproenkephalin 2 (PENK2) M55181 1.7 34
serine protease inhibitor 2-2 MBac86 1.0 34
cystatin C precursor M59470 1.0 34
sine oculis-related homeobox protein homolog (S1X2) X80338 0.8 3.3
a-internexin neuronal intermediate filament protein L27220 1.5 33
CD?7 antigen D10329 1.3 33
serine protease inhibitor 2-4 X69832 1.4 3.2
linker for activation of T-cells (LAT) AFQ36807 14 32
kinesin motor protein 3C (KIF3C) AFO13116 241 32
retinoid X receptor-o M84817 22 3.2
platelet-derived growth factor A M29464 1.4 341
genomic screened homeobox protein 2 (GSH2) §79041 1.0 31
GFAP K1347 1.8* 3.1
CREB-binding protein S66385 1.1 3.0
gastrulation brain homeobox 2 (GBX2) L39770 2.2 3.0
SHC-transforming protein U15784 15 30
caspase-1 L28095 2.8 3.0"
mlAP3, xiap 88930 1.0 0.3
otegelin (QTOG) Uss411 1.6 0.3
Aab GDP-dissociation inhibitor-a; GDI-1 Uo7950 1.0 0.3
calbindin 2 X73985 2.0 03
fibroblast growth factor 6 precursor Maz2415 29 0.3
transducin-like enhancer of split protein 3 X73360 1.7 0.1
GABA, receptor al M86566 1.0 0.1

The expression ratio was calculated by dividing fluorescence intensity of gene eements in mSOD mice by fluorescence intensity of gene elements

in control mice. *Genes calculated by RT-PCR analysis,

executioner of apoptosis, caspase-3, resulting from caspase-1
activation, began to be up-regulated at 14 weeks of age (Li
et al. 2000). This finding agree with the present result that at
14 weeks of age xiap mRNA down-regulation occurred in
the spinal cords of mutant SOD1 mice since Xiap is a direct
inhibitor of caspase-3, -7 and -9 (Deveraux et af. 1997; Datta
et al. 2000). Neuronal apoptosis has been shown to underlie

several neurodegenerative diseases including Alzheimer’s
disease (Lassmann et al. 1995; Stadelmann ef al. 1999),
prion discases {Gray ef al. 1999) and HIV-dementia (Gray
et al. 2000). In these reports, there is strong evidence for an
inflammatory response involving microglial activation that
leads to neuronal apoptosis. Activated microglia express
neurotoxic c¢ytokines and substances, such as TNF-g,
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proteases, oxyradicals and small reactive molecules (Min-
ghetti and Levi 1998). The lines of evidence validate an
interrelationship between the inflammatory reaction and
apoptotic pathway, both of which participate in the relentless
neurodegenerative process, making for a detrimental cycle.

The transcripts that were highly up-regulated in spinal
cords of mutant SOD1 mice include those related to the
differentiation and maturation of the spinal cord cell
pepulation. Retinoic acid is known to be an inducer of
neuronal differentiation, The increased expression of retinoid
X receptor o from the early symptomatic stage may be
a compensatory response for motor neuron degeneration,
The importance of retinoid signaling in motor neuronal
differentiation in spinal cord has been clearly demonstrated
(Sockanathan and Jessell 1998). Moreover, homeobox pro-
teins, which are transcription factors for the differentiation
and maturation of motor neurons in the spinal cord
originating from multipotent neural stem cells in the neural
tube, were up-regulated in expression levels in mutant SOD1
mice. These results imply a potential involvement of the
differentiation signals in maintaining motor neuron integrity
with great interest, which might be impaired in the neurode-
generative process of mutant SOD1.

We detected the significant up-regulation of 34 specific
transcripts and down-regulation of seven transcripts in the
spinal cords of mutant SOD1 mice. These include genes
known to be involved in the inflammatory and anti-apoptotic
cascades, comprising proinflamunatory cytokines, cathepsin
and caspase protcases. The expression of cyclooxygenase
type-2 (Cox-2), a key enzyme in the synthesis of prostanoid,
has been reported to increase in early symptomatic mutant
SOD1 mice (Almer et al. 2001). Although the up-regulation
of the protease inhibitors, such as cystatin C of cathepsin
protease inhibitors, and serine protease inhibitors occurred
intrinsically, these inhibitors cannot rescue spinal motor
neurons from degenerative and death processes. The suffi-
cient and early inhibition of the inflammatory process, using
the inhibitors for protease, Cox-2 and TNF-a, may be a
valuable therapeutic avenue for the amelioration of FALS
and possibly other neurodegenerative disorders. The simul-
taneous blocking of the apoptotic cascade by caspase
inhibitors, which would result in anti-inflammatory effects
based on the interaction of inflammation and apoptosis,
could help to hamper the disease progression.

In conclusion, the present study identified alterations in the
expression levels of numerous transcripts in spinal cords of
mutant SOD1 mice compared with comparable data obtained
from normal littermates, employing large-scale and customn
¢DNA microarrays. Recently, Malaspina et al. (2001) have
reported up-regulation of transcripts involved in neuro-
inflammatory cascades in human ALS spinal cords using
gridded microarrays, being consistent with our findings. We
speculate that the differential changes of inflammation- and
apoptosis-related gene expression reflect the mechanism of

neurodegeneration during the onset and progression of
FALS. To develop a new therapcutic strategy against
inflammatory and apoptotic cascades, the expression profiles
specific to individual spinal motor neurons and glial cells in
particular, remain to be elucidated.
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Amyotrophic lateral sclerosis (ALS) is a progressive
paralytic disorder resulting from the degeneration of
motor neurcons in the cerebral cortex, brainstem, and
spinal cord. The cytopathological hallmark in the re-
maining motor neurons of ALS is the presence of ubig-
uitylated inclusicns consisting of insoluble protein ag-
gregates. In this paper we report that Dorfin, a RING
finger-type E3 ubiquitin ligase, is predominantly local-
ized in the inclusion bodies of familial ALS with a cop-
per/zinc superoxide dismutase (SOD1) mutation as well
as sporadic ALS, Dorfin physically bound and ubiquity-
lated various SOD1 mutants derived from familial ALS
patients and enhanced their degradation, but it had no
effect on the stability of the wild-type SOD1. The over-
expression of Dorfin protected against the toxic effects
of mutant SOD1 on neural cells and reduced SODI1 in-
clusions. Qur results indicate that Dorfin protects neu-
rons by recognizing and then ubiquitylating mutant
SOD1 proteins followed by targeting them for proteaso-
mal degradation.

Amyotrophic lateral sclerosis (ALS)! is a neurodegenerative
disease characterized by the loss of motor neurons in the cer-
ebral cortex, brain stem, and spinal cord (1, 2). Although most
patients with ALS are sporadic cases, 5-10% of ALS patients
show a familial trait, and in 10-20% of these patients this trait
is associated with mutations in the SODI gene (3). Although
many scenarios for understanding ALS pathogenesis have been
proposed (4-6), to date the exact mechanisms causing the
disease are still unknown. In considering the pathogenesis of
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ALS, it is important that the inclusion bodies, which consist of
aggregated, ubiquitylated proteins surrounded by disorganized
filaments, are frequently seen in the surviving motor neurons
in both sporadic and familial ALS (7-12). Interestingly, SOD1
is reported to be the major component of the neuronal hyaline
inclusion (NHI) of familial ALS associated with SOD1 muta-
tion (13). In addition, the NHI in the motor neurons of familial
ALS is commonly stained with anti-ubiquitin (Ub}-antibody,
but it remains uncertain whether SOD1 itself is ubiquitylated
with respect to the inclusion body formation. To clarify the
mechanisms underlying the inclusion body formation and con-
sequent motor neuron degeneration in ALS, it is important to
know how SOD1 and/or other protein component(s) are
ubiquitylated.

Dorfin is a gene product we cloned from the anterior horn
tissues of the human spinal cord (14), Dorfin contains two
RING finger motifs and an in-between RING finger (IBR) do-
main at the N terminus (14). The RING finger/IBR motif was
identified in several protein sequences through a data base
search (15}, It was reported that HHART (human homologue of
ariadne) and H7-AP1 (UbcH7-associated protein), which are
both RING finger/IBR motif-containing proteins, interact with
the ubiquitin-conjugating enzyme (E2) UbcH7 through the
RING finger/IBR motif and that a distinet subclass of RING
finger/IBR motif-containing proteins represents a new family
of proteins that specifically interact with distinet E2 enzymes
(16, 17). Parkin, a gene product responsible for one of the most
common forms of the familial Parkinson’s disease (PD) (18),
has a RING finger/IBR metif, binds with UbcH7 and UbcHS,
and has ubiquitin-protein ligase (E3) activities (19-21). Sev-
eral proteins with RING finger motifs have been characterized
as E3 ubiquitin ligases (22-24). In RING-type E3s, the RING
finger motifs function as recruiting motifs for specific E2s (25—
28). These facts suggest that RING finger/iBR family proteins
are new members of the RING-type E3 family. We found that
Dorfin interacts with UbcH7 or UbcHS through the RING
finger/IBR domain and mediates E3 activity (14).

We reported previously (14) that Dorfin is mainly localized in
the centrosomal region and forms an aggresome-like structure.
Apgresomes are pericentriolar cytoplasmic inclusions contain-
ing misfolded ubiquitylated proteins, which appear when the
cell fails to further degrade misfolded proteins (29). In addition,
cultured cells expressing mutant SOD1 have been demon-
strated to form an aggresome-like structure (30). Based on this
background, we postulated that Dorfin could be critically im-
portant in the formation of ubiquitylated inclusion bodies in
ALS. We show here that Dorfin is localized in the inclusion
bodies found in the motor neurons of familial ALS with a SOD1
mutation as well as sporadic ALS and mutant SOD1-trans-
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Fic. 1. Localization of Dorfin in inclusion bedies in spinal cord motor neurons of ALS and mutant SOD1-transgenic mice. The
transverse sections of the spinal cord from familial ALS (FALS, panels A-C), SOD19%**-transgenic mice (GI3A-Tg, panel D), and sporadic ALS
(SALS, panel E} were immunohistochemically stained with the anti-Dorfin antibody. The hyaline inclusions in familial ALS were stained with
anti-SOD} (a-SOD1, panels F and H) or anti-Dorfin (a-Dorfin, panels G and I} antibodies. Note that panels F and G or H and [ are the identical
sections doubly immunostained. Spinal cord sections from familial (parels J-L) and sporadic {(panels M—() ALS were double labeled by indirect
immunofluorescence with anti-Dorfin antibody (panels J and 3) and monoclonal antibedy to Ub {a-UB, panels K and N) and observed by a
laser-scanning confocal microscope. Parel L is panels J and K merged; panel O is panels M and N merged. Magnification, X225 (panels A-C, E and

F-I) and X675 (parels D and J-O).

genic mice and is involved in the ubiguitylation and targeted
degradation of mutant SOD1.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Immunechistochemical studies were carried
out on 10% formalin-fixed, paraffin-embedded spinal cords filed in the
Department of Neurology, Nagoya University Graduate School of Med-
icine. The specimens were obtained at antopsy from two familial ALS
patients with mutant SOD1%%® (male aged 57 years and female aged
54 years), three sporadic cases of ALS (all males, aged 46, 59, and 67
vears) and four age-matched, non-neurologic disease patients. The spi-
nal cord specimens of these ALS cases and those of mutant SOD 15934
transgenic mice (B6SJL-TgN(SOD1-G93A)1Gur; The Jackson Labora-
tory} were immunchistochemically stained with antibodies against
Dorfin (14), SOD1 {SOD-100; StressGen Biotechnologies, La Jolla, CA),
and Ub (P4D1; Santa Cruz Biotechnology). Double staining of identical
sections was performed as described (31). In immunofluorescence mi-
croscopy, Alexa-488- and Alexa-546-conjugated secondary antibodies
(Molecular Probes) were used. The human and animal studies described
in this report were approved by the Ethics Review Committees of the
Nagoya University Graduate School of Medicine.

Expression Plasmids, Cell Culture, and Transfection—Human wild-type
S0D1 and mutant SOD1%%™® SOD1H4R SOD1%%R, and SOD17%** ¢cDNAs
containing the entire coding region were inserted in-frame into the BamHI
and XRol site of pcDNA3.1(+)¥MycHis vector {Invitrogen) or into the Xhol
and BamHI site of the pEGFP-N1 vector (CLONTECH). Construction of a
peDNA3.1(+¥FLAG-Ub vector and the Dorfin or Dorfin deletion mutant
(Dorfin-N and Dorfin-C) pcDNA4/HisMax vectors was reported elsewhere
(14). Human embryonic kidney 293 (HEK293) cells and Neuro2a cells were
maintained in Dulbecco's modified Eagle’s medium with 107t fetal calf
serum. Transfections were performed using the Effectene transfection rea-
gent (Qiagen). Cells were lysed in lysis buffer (50 mn Tris, 150 mym NaCl, 1%
Nenidet P-40, and 0.155 SDS) with a protease inhibitor mixture. To inhibit
cellular proteasome activity, cells were treated with 0.5 pM MG132 V-
benzyloxycarbonyl-Leu-Leu-leucinal; Sigma) for 16 h after overnight
post-transfection,

In Vitro Ubiquitylation Assay and Pulse-Chase Analysis—~Immunopuri-
fied (IP) Xpress-Dorfin bound to anti-Xpress antibody (Invitrogen) with
pratein G beads (Amersham Biosciences) was prepared from lysates of
HEK293 cells transfected with 1.5 ug of pcDNA4/HisMax-Dorfin or Dorfin

" deletion mutants. JP-S0D1-Myc was prepared with anti-Mye IgG-linked
protein A beads (Santa Cruz Biotechnology) from lysates of HEK283 cells
transfected with 1 pg of peDNA3S.1(+)MycHis wild-type or mutant SOD1,
Slurries of IP-Xpress-Dorfin were mixed with IP-Myc-S0D1 and incubated
at 30 °C for 90 min in 50 pl of reaction buffer containing ATP (4 mM ATP in
50 mM Tris-HCl, pH 7.5, and 2 m» MgCL,), 100 ng of rabbit E1 (Calbiochem),
2 ug of UbcH7 (Affiniti, Exeter, United Kingdom), and 2 pg of His-Ub
{Calbiochem). The reaction was terminated by adding 20 ul of 4X sample
buffer, and 20-u1 aliquots of the reaction mixtures were subjected to SDS-

PAGE followed by Western blotting. Pulse-chase analysis of SOD]-trans-
fected HEK293 cells was performed as described previously (30). Pulse
labeling was performed with 250 uCi/ml [*®8]Cys for 45 min. After washing
in phosphate-buffered saline (PBS), the cells were chased for the indicated
time intervals in complete medium. Samples were immunoprecipitated with
anti-Myc antibody, separated on 5-20% SDS/PAGE, and analyzed by phos-
phorimaging (BAS2000; Fujix, Tokyo, Japan).

Neurotoxicity Analysis and Quantification of SODI Aggregates—4 % 10*
Neuro2a cells were grown overnight on 2-well collagen-coated slides. They
were transfected with 0.4 pg of pcDNA3.1(+)MycHis-SOD1, 0.4 pg of
pcDNA4/HisMax-Dorfin, and 0.4 pg of pEGFP-C3 vecter (CLONTECH).
peDNA4/HisMax-LacZ was used as control instead of Dorfin. Cells were
incubated for 16 h, and the medium was then replaced with serum-free
medium. Cell death was determined in propidium iodide (PI}-stained prep-
arations at 48 h after serum deprivation. The ratio of dead cells was ex-
pressed as the percentage of PI- and GFP-positive cells in GFP-positive cells.
For cell viability assay, 5 % 10° NeuroZa cells were grown in 96-well colla-
gen-coated plates overnight. They were then transfected with 0.1 pg of
pcDNA3.1(+¥MycHis-S0D1 and 0.1 pg of pcDNA4/HisMax-Dorfin.
pcDNA4/HisMax-LacZ was used as control instead of Dorfin. The 3-(4,5-
dimethylthiazol-2y1)-2,5-diphenyltetrazotium bromide (MTT)-based cell pro-
liferation assay was then performed using CellTiter 96 (Promega) at 0, 24,
and 48 h after incubation. The assay was carried out in triplicate. Absorb-
ance at 490 nm was measured in a multiple plate reader. For quantification
of SOD1 aggregates, NeuroZa cells transfected with pEGFP-N1-S0D1 and
peDNA4/HisMax-Dorfin or -LacZ were examined using a confocal micro-
scope {Radiance; Bio-Rad). All cells were counted in fields selected at ran-
dom from four different quadrants of the culture well. Counting was per-
formed by an investigator blind to the experimental condition.

RESULTS

Dorfin Is Localized in the Inclusion Bodies in ALS Motor
Neuron—Immunohistochemical analysis revealed that Dorfin
was predominantly localized in the NHI found in familial ALS
(Fig. 1, A-C) and mutant SOD1%%2 transgenic mice (Fig. 1D)
as well as in sporadic ALS (Fig. 1E). About 50% of NHIs were
positively stained for Dorfin. Dorfin immunoreactivity was con-
centrated either at the periphery of the inclusion (Fig. 14) or
throughout it (Fig. 1B). Some aggregates localized in neuronal
processes (Fig. 1C). Furthermore, Dorfin colocalized not only
with SOD1-positive inclusions (Fig. 1, F-I) but also with Ub in
NHI in both familial (Fig. 1, J-L) and sporadic (Fig. 1, M-0}
ALS. Neither neural tissues not affected in ALS nor tissues
other than central nervous tissue were stained with Dorfin.
Only weak staining of Dorfin was diffusely observed through-
out motor neurons in normal human spinal cords without neu-
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Fic. 2. Association of Dorfin with mutant SOD1 but not wild-
type SOD1 in HEK293 cells. A, various Myc-tagged mutant SOD1s as
indicated were co-transfected with Xpress-tagged Dorfin. After immu-
noprecipitation was performed with anti-Xpress antibody, the resulting
precipitates and the cell lysate were analyzed by Western blotting with
anti-Myc-HRP or anti-Xpress-HRP antibodies. Arrowheads on the right
indicate the position of SOD1 or Dorfin. B, schematic representation of
Dorfin and deletional mutants of Dorfin (i.e. Dorfin-N and Dorfin-C}
used in this study. RING and IBR domains were schematically repre-
sented. C, binding of mutant 80D1 to the C-terminal portion of Dorfin,
After Myc-tagged mutant-SOD19%°® and Xpress-tagged full-length Dor-
fin or Dorfin-mutants were transfected, immunoprecipitation and
Western blotting were performed as described in A.

rologic disease and non-transgenic littermate mice {data not
shown). These findings suggest that Dorfin is involved in in-
clusion body formation via the ubiquitylation of substrate(s)
yet to be identified in NHI and that SOD1 is a plausible target
for ubiquitylation by Dorfin in familial ALS.

Dorfin Interacts with Mutent SOD1 but Not Wild-type
SOD1—We examined whether Dorfin interacts with SOD1 in
vive. To this end, Xpress-tagged Dorfin was coexpressed with
C-terminal Mye-tagged wild-type or various mutant forms of
S0D1 in HEK293 cells. Western blotting analysis revealed that
Dorfin co-immunoprecipitated with all mutant S0OD1s exam-
ined here but not with wild-type SOD1 (Fig. 24). However,
Dorfin failed to bind either of the androgen receptors with
normal (Q24) and extended (Q97) polyglutamine tracts or wild-
type and mutant (A30P,A53T) a-synuclein (data not shown).
Dorfin has a unique primary structure containing a RING
finger/IBR motif at its N terminus and can be structurally
divided into two parts, i.e. the N-terminal region containing a
RING finger/IBR motif (Dorfin-N) that interacts with E2 and
the C-terminal region with no similarity to any other known
proteins (Dorfin-C) (Fig. 2B). We found that Dorfin-C but not
Dorfin-N specifically bound mutant SOD1%%5F (Fig. 20), indi-
cating that Dorfin binds to the mutant SOD1 via its C-terminal
region.

Dorfin Ubiquitylates Mutant SODI in Vitro and Promotes
Ubiquitylation and Degradation of SODI in Vivo—Physical
interaction between Dorfin and mutant SOD1 prompted us to
investigate whether SOD1 itself is ubiquitylated by Dorfin, We
first examined whether SOD1 is ubiquitylated in a culture cell
model. C-terminal Myc-tagged wild-type or mutant SOD1 was
co-transfected with FLAG-tagged Ub in HEK293 cells. When
S0D1 was immunoprecipitated after treatment with the pro-
teasome inhibitor MG132, all mutant SOD1s, unlike wild-type
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S0D1, were found to be polyubiquitylated (Fig. 3A). In addi-
tion, ectopic expression of Dorfin increased the ubiquitylation
of mutant SOD1%%® without affecting the wild-type SOD1
(Fig. 3B).

We next examined whether Dorfin directly ubiquitylates
S0D1 in vitro. For this purpose, we prepared IP Xpress-Dorfin
or its deletion mutants and IP wild-type or mutant SQD1G858.
Myc without proteasome inhibitor after transfection into
HEK293 cells, independently. When these immunoprecipitates
were incubated with recombinant E1, E2 (UbeHT), His-tagged
Ub, and ATP, high meolecular weight ubiquitylated bands were
observed in the presence of IP-Xpress-Dorfin with mutant
SOD1%%R, whereas no signal was noted in wild-type SOD1 or
mutant SOD1%%F in the absence of either Dorfin, E1, or E2
(Fig. 3C). Deletion mutants of Dorfin (Dorfin-N or Dorfin-C) did
not show a significant activity upon ubiquitylation against
mutant SOD1%%5® (Fig. 3C), indicating that both E2-recruiting
N-terminal and substrate-binding C-terminal portions are re-
quired for Dorfin-mediated ubiquitylation. Further in vitro
studies using other mutants showed that Dorfin also ubiquity-
lated SOD1%*"® and SOD1%%** sigmificantly and ubiquitylated
SOD1H*R 35 well, although to a lesser extent (Fig. 3D).

Mutant SOD1 protein has a short half-life compared with
wild-type 80D1 as shown previocusly by pulse-chase experi-
ments (30, 32, 33). By blocking the ubiquitin-proteasome path-
way, its half-life can be elongated (30, 33). We examined
whether the in vivo stability of wild-type and mutant SOD1 is
affected by Dorfin. We used pulse-chase analysis to evaluate
the stability of wild-type and mutant Myc-tagged SOD1 ex-
pressed in HEK293 cells in the presence or absence of Dorfin.
Pulse-chase experiments revealed that 3°S-labeled SOD1%%%R
was fairly unstable compared with its wild-type version, and
the degradation of SOD1%85® was greatly accelerated when
Dorfin was overexpressed, whereas the stability of wild-type
SOD1 was unaffected (Fig. 3E).

Dorfin Protects Neuronal Cells from Mutant SOD1-mediated
Neurotoxicity through Its E3 Activity and Reduces SOD1 Inclu-
sion Bodies—DBased on these observations, we inferred that
Dorfin proteets cells against mutant SOD1-mediated neurotox-
icity. To study neuronal cell death induced by mutations in
S0D1, we used a mouse neuroblastoma cell line (Neuro2a)
transiently transfected with wild-type and a mutant (G85R and
G93A). These cells are maintained as nondifferentiated divid-
ing cells but can be induced to differentiate to be neural cells by
serum deprivation (34). We transfected SOD1 with Dorfin or
LacZ into Neuro2a cells and induced neural differentiation by
serum deprivation after overnight post-transfection. Co-ex-
pression of Dorfin significantly reduced the percentages of PI-
positive dead cells in both mutant SOD1%%%E. and SOD169%A.
transfected cells compared with those in cells co-expressing
LacZ (Fig. 44). In contrast, Dorfin-N and Dorfin-C had ne
protective activity, indicating that the E3 activity of Dorfin is
essential for the suppression of mutant SOD1-induced neuro-
nal cell death. We alse found a similar Dorfin-dependent pro-
tective effect against the loss of neuronal cell viability evoked
by mutant SOD1 using the MTT assay (Fig. 4B). One hypoth-
esis argues that toxicity results from the tendency of mutant
SOD1 to aggregate into the cytoplasmic inclusion bodies (35)
that are evident in cultured spinal motor neurons (36) and
COST7 cells (37) expressing mutant SOD1 ¢cDNA or in motor
neurons from SOD1 transgenic mice (38, 39). In our experimen-
tal model, the expression of mutant SOD1%%F induced perinu-
clear intracytoplasmic inclusion bodies in Neuro2a cells (Fig.
4C, left panel). The overexpression of Dorfin significantly re-
duced the number of aggregates in SOD1%®5E._transfected
Neuro2a cells (Fig. 4C, right panel, and 4D).
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Fig. 3. Ubiquitylation of mutant SOD1 by Dorfin. 4, mutant SOD1s were ubiquitylated in HEK293 cells, which were co-transfected with
Myc-tagged wild-type SOD1 or SOD1 mutants (as indicated) and FLAG-tagged Ub. These cells were treated with 0.5 py MG132 for 16 h after
overnight post-transfection. Immunoprecipitates prepared by an anti-Mye antibody were used for immunoblotting with the anti-FLAG antibody,
The high molecular-mass ubiquitylated SOD1s are shown as SOD1.(Ubin on the right (upper panel). Asterisks indicate IgG light and heavy chains.
The blot shown is a representative blot from three independent experiments. Total lysate was used for Western blot with the anti-Myc antibody
(lower panel), Asterisk on the right indicates the position of SOD1. B, increased ubiquitylation of SOD1%%5® by overexpression of Dorfin. HEK293
cells were co-transfected with Mye-tagged wild-type SOD1 or SOD19%*F mutants and FLAG-tagged Ub in the presence of Dorfin or LacZ.
Immunoprecipitation and immunoblotting were performed as described in A. C, in vitro ubiquitylation assay of SOD19%5®R by Dorfin. Xpress-tagged
Dorfin and Myc-tagged S0D1 were transfected into HEK293 cells independently. Immunoprecipitated Dorfin (IP Xpress-Dorfin) and S0D1
(IP-SOD1-Myc) were prepared and mixed in an assay mixture for ubiquitylation. For this assay, wild-type and mutant SOD1%%°® and full-length
Dorfin, Dorfin-N, and Dorfin-C were used. After a 90-min incubatien at 30 °C, SDS-PAGE was performed followed by Western blotting for SOD1
with the anti-Myc antibody. Monomeric, dimeric, and the bigh molecular mass-ubiquitylated SOD1 are shown on the right. Note that only mutant
S0OD1 showed SDS-resistant dimeric banding indicated by (S0D1)2. D, in vitro ubiquitylation assay of various SOD1 mutants by Dorfin. The
ubiquitylation assay was carried out as described in C except that various SOD1 mutants were used as indicated, and Western blotting was also
conducted with an anti-Myc antibody (left panel} for the detection of SOD1 as well as anti-Ub antibody (right panel). E, accelerated degradation
of mutant SOD1%%5% by Dorfin. HEK293 cells transiently expressing wild-type (open circles and open squares) or mutant SOD19%® (closed circles
and closed squares) were pulse-labeled with [**S]Cys for 45 min and chased for the time intervals indicated under the overexpression of Dorfin
(open squares and closed squares) or LacZ {open circles and closed squares). Data are mean values of three independent experiments,

DISCUSSION
In the present study, we showed for the first time that

ity of the proteasome to degrade toxic SOD1 and subsequently
leading to the accumulation of ubiquitylated SOD1 and motor

mutant SOD1s are selectively degraded through a Dorfin-me-
diated Ub-proteasome pathway and that Dorfin protects neu-
ronal cells against the toxic effects of mutant SOD1. Whereas
Dorfin can ubiquitylate mutant SOD1s, probably because of
their fragile or misfolded conformation, the constant produc-
tion of high amounts of impaired SOD1 in familial ALS be-
cormes a burden on the protein degradation process through the
Ub-proteasome pathway, eventually overwhelming the capac-

neuron death. Consistent with this scenario, recent studies
reported that impairment of the Ub-proteasome system is
caused by protein aggregation (40). Thus, up-regulation or ex-
ogenous expression of Dorfin may be therapeutically beneficial
in familial ALS. Our results also showed that Dorfin colocalized
with ubiquitylated inclusions not only in familial ALS but also
in sporadic ALS. Based on this finding, it is conceivable that
familial and sporadic forms of ALS share a common mechanism
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Fic. 4. Dorfin protects neural cells against mutant SOD1-me-
diated toxicity. A, cell death assay using PI staining. Neuro2a cells
were grown on collagen-coated 2-chamber well slides and transfected
with Myec-tagged SOD1 (wild-type, SOD1%%%® and SOD1°%*%) and
Xpress-tagged Dorfin (full-length, red bars; Dorfin-N, yellow bars; Dor-
fin-C, green bars). Xpress-tagged LacZ (white bars) was used as control.
The pEGFP-C3 vector was also transfected as a marker of transfected
cells. After 48 h of serum withdrawal, the proportions of PI- and GFP-
positive cells among the GFP-positive cells were counted. Data are
mean * S.D. values of triplicate assays. Statistical analyses were car-
ried out by one-way analysis of variance (ANOVA). * p < 0.001. B, the
rescue effect of Dorfin expression in mutant SOD1-transfected cells on
an MTT assay. Neuro2a cells were grown on collagen-coated 96-well
plates and transfected as described in A. After changing the medium to
serum-free, MTT assays were performed after 0, 24, and 48 h of incu-
bation. Viability was measured as the level of absorbance at 490 nm,
Data are mean = 5., values of triplicate assays. Statistical analyses
were carried out by one-way ANOVA. * p < 0.001. C and D, the
reduction of mutant SOD1 aggregates by Dorfin. Neuro2a cells grown
on collagen-coated 2-chamber well slides were transfected with a GFP-
tagged wild type or mutant SOD1%%" in the presence of Dorfin (red
bars) or LacZ (white bars). After 48 h of serum withdrawal, slides were
examined using a laser-scanning confocal microscope. Panel C shows a
typical example in which the overexpression of Dorfin reduces
SOD19%5F agpregate-bearing Neuro2a cells. The percentages of aggre-
gate-positive cells among the GFP-positive cells were determined in D.
Data are the mean * S.D. values of triplicate assays. Statistical anal-
yses were carried out by Mann-Whitney's IJ test. *, p < 0.01.

involving the dysfunction of the Ub-proteasome pathway de-
spite distinct etiological mechanisms.

Studies of parkin have provided new insights into the impor-
tance of the ubiquitin-proteasome pathway in the neuronal
degeneration of PD. Parkin was shown to have E3 activity
(19-21). Recently, an O-glycosylated form of a-synuclein and
synphilin-1 were shown to be substrates of parkin (41, 42).
Both a-synuclein and synphilin-1 are major components of
Lewy bodies, which are ubiquitylated inclusion bodies charac-
teristic of sporadic PD. A link between sporadic and familial PD
through e-synuclein, synphilin-1, and parkin suggests that
common molecular pathogenic mechanisms underlie PD. The
accumulation of toxic or undesired proteins in neurons may
result from the failure of degradation systems and could sub-
sequently lead to neurcdegeneration. From this point of view,
in sporadic ALS post-translationally modified SOD1 (43) or
other unknown substrates might accumulate in the ubiquity-
lated form and play a role in the pathogenesis of the disease.

Our results raise an important question related to the func-
tion of Dorfin; what is the biological role of Dorfin and how does
Dorfin recognize the abnormal mutant SOD1? Because we used
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IP-Dorfin and IP-mutant SOD1 for an ubiquitylating assay
here, it is possible that Dorfin interacts with mutant SOD1
indirectly. Recently CHIP (carboxy! terminus of Hsc70-inter-
acting protein), an U-box type E3, has been shown to interact
with Hsp90 or Hsp70 and ubiquitylate unfolded proteins cap-
tured by these molecular chaperones in a selective manner,
thus acting as a “quality control E3” (44, 45). Likewise, because
Dorfin can discriminate between the normal and abnormal
status of SOD1 proteins, it can be regarded as another quality
control E3. However, preliminary results showed that CHIP
did not ubiquitylate mutant SOD1s (data not shown); there-
fore, Dorfin possesses a distinet way for recognition of the
abnormality of SOD1. It is possible that a novel sequence
within the C terminus of Dorfin may associate with a sub-
strate-recognizing molecule(s) (corresponding to Hsp in CHIP)
or facilitate a unique mechanism for trapping the target in a
direct or indireet manner. Further studies should be designed
to determine this mechanism, which should enhance our un-
derstanding of Dorfin function in vive and its relationship to
ALS pathogenesis.
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Adenovirus-mediated gene transfer of glial cell
line-derived neurotrophic factor prevents motor
neuron loss of transgenic model mice

for amyotrophic lateral sclerosis
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Effects of adenovirus-mediated gene transter of glial cell
line-derived neurotrophic factor (GDNF) were studied in
transgenic (Tg) mice model foramyotrophic lateral sclero-
sis (ALS). Adenoviral vector containing GDNF gene (Ad-
GDNF), E. coli lacZ (Ad-LacZ), or vehicle was injected
once a week from 35 weeks of age into the right gas-
trocnemius muscle of Tg mice carrying mutant human
Cu/Zn superoxide dismutase (SOD1) gene, and histologi-
cal analysis was performed at 46 W. Clinlcal data showed
atendency of improvement, but was not significantly dif-
ferent among the three animat groups. In contrast, total
number of and phospho-Akt {p-Akt) positive large motor
neurons in the treated side was significantly preserved
in Ad-GDNF-treated group than in vehicle- and Ad-LacZ-
treated groups {*p < 0.05). immunoreactivity of phospho-
ERK (p-ERK) and active caspases-3 and -9 showed no
difference. These results Indicate that the Ad-GDNF treat-
ment prevented motor neuron loss with preserving sur-
vival p-Akt signal and without affecting caspase activa-
tions, suggesting a future possibility for the therapy of
the disease. i

Keywords: adenovirus; amyotrophic lateral sclerosis; GDNF;
gene therapy.

Introduction

Amyortrophic lateral sclerosis (ALS) s a neurodegenera-
tive disease characrerized by selective loss of motor neu-
rons, causing muscular atrophy, complete paralysis and

Correspondence to: Yasuhiro Manabe, Department of Neurclogy,
Graduate School of Medicing and Dentistry, Okayama University,
2-5-1 Shikatacho, Okayama 700-8558, Japan. Tel: (81)-86-
235-7365; Fax: (81)-86-235-7368; e-mail: manabe @cc.okayama-
u.ac.jp

death. A variety of mutations in Cu/Zn superoxide dis-
mutase (SOD1) gene are presene in about 20% of cases
with familizl ALS (FALS).! The toxicity of mucant SOD
has been proposed to involve one or more of the following;
an increase in peroxynirrite formation,®™ an increase in
peroxidase activity,™ and aggregation of the enzyme’
A slowly degeneracive death of selective neuronal popula-
tion has been reported to occur under a disequilibrium be-
tween death and survival signals such as caspase-3 and Ake
cespectively.” Although several lines of transgenic (Tg)
mice have been established that expeess 2 mutant SOD1
gene and provide valuable models for human ALS,'® the
primary pathogenic mechanisms of ALS remain to be
elucidated.

In vizo and invitro experiments have suggested ehat mo-
tor neuron diseases might benefic from neurocrophic factor
administration.!! Por example, brain-derived nerurotro-
phic factor (BDNF), neurotrophin-3 (NT-3), ¢iliary neu-
rotrophic factor (CNTE), and glial cell line-derived neu-
rotrophic factor (GDNF) protected motor neurons from
acute deach induced by peripheral nerve axotomy in neo-
nate rodents.'>"!> GDNF is the most potent protector for
motor neuron, and is present at a high level in embryonic
limb and muscle ac the time of innervation.'* GDNF
prevents motor neuron degeneration in mouse line with
progressive motoneuropathy in the pmn mouse.’ How-
ever, the effects of GDNF on motor peuron degeneration
ina genetic mouse model of FALS have not been reported.

Since the neuropathology of motor neurons in these
mice develops over several months, consistant delivery
of GDNF may be necessary to show zn evident effective-
ness. Adenoviral vectors represent an interesting means to
achieve high and stable expression of neurotrophic factors
in viva 'V [0 this study, we treated Tg mice carrying an
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AlLS-linked mutant SOD1 gene with intramuscular aden-
oviral gene transfer of GDNFE, and observed a histological
improvement.

Materials and methods

The recombinant adenoviral vector used in this study was
based on type 5 adenovirus that was essentially the same
as in previous reports.'®1? In brief, the E3 region of the
adenovirus genome was deleted, and a cassette contain-
ing ¢<DNA for mice GDNF or Escherichia ¢oli lacZ {used
as a control vector) driven by cytomegalovirus promoter
and SV40 polyadenylation signal was inserted inco the
El region of the adenovirus genome by homologous ce-
combination. With this promoter, the mice GDNF or E.
coli lacZ gene of the episomally located adenovirus vec-
tor may be transcribed as mRNA in the nucleus, and
the mRNA rranslated into the protein in the cyroplasm.
The adenoviral vector, designated as Ad-GDNF or Ad-
LacZ, was propagated in 293 cells {CRL1573; American
Type Collection) and purified and titered as previously
described. 181

Tg mice expressing a murant human SOD1 with a
Gly” — Ala (G93A-Tg) substitution were used in this
study,’®? and the G93A-Tg progeny was identified by
polymerase chain reaction (PCR) amplification according
to our previous reports.??! Ad-GDNF, Ad-LacZ (10%
plaque forming unirs (p.fu.) in 10 4L of vector vehicle
consisting of 10 mmol/L Tris-HCl, pH 7.4, I mmol/L
MgCl., and 0% glycerol), or vehicle solution was in-
jected into the right gastrocnemius muscle at 35 (presym-
ptomatic, ¥ = 5) weeks age mice. At around 3940
weeks of age, the Tg mice developed progressive paralysis
beginning with a posterior limb leading to death about
8 weeks later. Therefore, the GDNF gene therapy started
at 35 W for applying human in the future. To evaluate
clinical effects of Ad-GDNEF, body weight, clinical grade
(CG, normal, 1; slightly symptomaric, 2; symptomatic,
3; heavy symptomatic, 4; death, 5), rolling number of cir-
cular cage (CCR), and grasping on a rolling column (RC)
were measured at 33, 40, 42, and 46 W. The CCR was
measured as a voluntary movement of mice in an unilat-
eral direction (forward or back) for 30 min in the narrow
circular cage, which represents a locomotor activity of
the mice. For RC, the rate of rolling of the rransverse
column {rota rod, diameter 3.5 cm, Acceler Rora-Rod
7650, UGO BASILE, Varese, Italy) was accelerated from
0 to 10/min.?' The toral rolling number before they fall
down was recorded as an indicarer of grasping power of
the mice. All expetimental protocols and procedures were
approved by the Animal Commirttee of the Okayarna Uni-
versity Graduate School of Medicine and Dentistry, Japan.

For measurement of tree-GDNF protein content, serum
was collected as a sample for GDNF enzyme-linked im-
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munoassay with a chicken polyclonal antibody for human
GDNF was petrformed in the 96-well immunoassay plate
(Nunc MaxiSorp Nalge Nunc Int., Rochester, NY, UL.S.A),
which was precoared wich the anti-GDNF monoclonal an-
tibody, using the kit (GDNF E ., Immunocassay System,
Promega). After overnight incubation at 4°C, reaction of
a second antibody-HRP conjugate (kit component) for
chicken IgY was performed, followed by color develop-
ment with TMB solution (kit component). Afrer the stop
reaction with I mol/L phosphoric acid, OD.sg was mea-
sured by 2 90 well plate reader, and GDNY protein con-
tent of each sample was calculared. Using this system,
immunoreactive GDNF in the sample can be quantirared
in the range of 16 to 1,000 pg/mL.

Fot histological study, mice were decapitated with a
deep anesthesia by ether at the end of experiment (48
weeks), and the lumbar spinal cord was removed and
quickly frozen in a powdered dey ice. Transverse sections
of 10 um thickness were cut on a cryostat at —20°C, and
were stained with hematoxylin and eosin (HE). The sec-
tions were examined by light microscope. For immuno-
histochemistry, the sections were treated with a rabbic
polyclonal anribady specific for phospho-Ake {p-Ake, I:
50, #9277, Cell Signaling Technology, MA), phospho-
ERK (p-ERK, 1:100, #3101, Cell Signaling Technology,
MA), mouse anti~cleaved caspase-3 polyclonal antibody
(1:50, #9661, Cell Signaling Technology, MA), or rebbit
anti-cleaved caspase-9 polyclonal antibody (1: 50, #9501,
Cell Signaling Technology, MA) in 10% normal rabbic
serum and 0.3% Triton X-100 at 4°C for 16 h, and de-
veloped by the standard avidin-biotin complex mechod
as our previous report.?? For quantification of immuno-
histochemistry, the average optical densities were mea-
sured using a computer-based systern (NIH Image Ver.
1.62,NII1, USA). The background density was subtracted
from the positive signal. The species specificity of the sec-
ondary antibody was verified by omitting the primary
antibodies.

Number of large ventral horn neurons was measured on
the spinal cord sections. At least five transverse sections
from each lumbar cord were examined by light micro-
scope. The pumber in anterior horn areas in each sec-
tion was combined and averaged in order to provide the
number of neurons in bilateral anterior horns per sec-
tion. Values are expressed as mean =+ SE. Comparisons
of vehicle and drug-treated groups were made with a
non-parametrical rest such as che Wilcoxon rank-sum
{Wilcoxon's U} test for a pare of clinical data (CG, body
weight, CCR, and RC} and biological data.

Resuits

At around 39-40 weeks of age, the Tg mice developed
progressive paralysis beginning with a posterior limb.
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Figure 1. Clinical data in CG, CCR, and RC indicate no significant difference between vehicle-, Ad-LacZ, and Ad-GDNF-treated groups.

Data represent mean + SE.
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Figure 2. Serum level of GONF by ELISA assay after treatment.
Serum level of GDNF was significantly higher in Ad-GDNF-treated
group than that in the vehicle- and Ad-LacZ- treated groups (n=5,
*p < 0.05). Data represent mean = SE.
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Although clinical data in CG, CCR, and RC showed
no significant difference berween vehicle-, Ad-LacZ-, and
Ad-GDNF-ureated groups, there were tendency of im-
provements in three clinical scores in Ad-GDNF group
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(Figure 1, solid lines) compared to other two groups
(Figure 1). With ELISA assay, serum level of GDNF
was higher in Ad-GDNF-treated group than the
vehicle-and Ad-LacZ-treated groups (n = 5, p < 0.05,
Figure 2}.

In the HE staining (Figures 3A and 4), number of the
large motor neuron in the created side was significantly
preserved in Ad-GDNF-created group (Figures 3A and
4e) than in vehicle- (Figure 42) and Ad-LacZ- (Figure 4¢)
treated groups (*p<0.03). Immunoreactivity of p-Ake
was present predominanely in the neuronal cytoplasm
(Figure 3A, arrows), and the number of p-Akr positive
large motor neurons was significantly higher in the treated
side of Ad-GDNF-treated group than in vehicle- and Ad-
LacZ-rreated groups (Figure 3B, *p<0.05; 5A, arrows).
Immunoreactivity of p-ERK was present predominantly
in the nucleus and/oe perinucleus (Figure 5B, arrows), but
number of p-ERK positive large motor neurons was not
different in the three groups (Figure 5B).

In contrase, immuonoreactivity of active caspases-3 and
-9 showed no significant difference between vehicle-, Ad-
LacZ-, and Ad-GDNF-treated groups (Figures 6A and

Figure 3. (A) HE stainings show a preserved number of the ipsilateral large motor neurons {R) in Ad-GDNF- than in vehicle- and
Ad-LacZ-treated groups ("p < 0.05). Data represent mean + SD. WT, wild type. R: right side, L: left side. (B) P-Akt stainings show a
preserved number of the ipsilateral large motor neurons (R) in Ad-GDNF- than in vehicle- and Ad-LacZ-treated groups (*p < 0.05). Data

represent mean £ SD. R: right side, L: left side.
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Figure 4. Representative microphotographs of HE staining show
a significant preservation of large motor neurons in the treated
side (Rt} of Ad-GDNF-treated group than in vehicle- and Ad-LacZ-
treated groups (a,¢,e, arrows *p < 0.05). Scale bars: 100 sem.

HE staining
Rt Lt

Vehicle

Ad-LacZ

Ad-GDNF

B, arrows). Any cells in the posterior horn did not show
obvious immunoreactiviry for the antibodies (not shown),
and the sections without the primary or secondary anti-
body gave no sraining (not shown).

Discussion

In the present study, number of motor neuron and im-
munoreactivity of p-Akt were significantly preserved in
Ad-GDNF-rreated group than in vehicle- and Ad-LacZ-
treated groups (Figures 3-3). The intramuscular injection
of Ad-GDNF to 'Tg mice resuleed in the long-term ex-
pression of adenoviral GDNF with elevated serum level
(Figure 2). The Ad-GDNE treatment prevented motor
nevron loss with preserving p-Akt staining (Figure 5A)
and without affecting p-ERK and caspases-3 and -9
(Figures 5B and 6). Because concralaceral side (Le) did
not show such a protective effect (Figures 5-3), the effect
of Ad-GDNF was not simply due to serum elevation of
GDNF (Figure 2}, but possibly to a retrograde rransporr
of adenovirus that expressed GDNF in the motor neu-
rons. The present resules are consistent with such previous
findings as early and progressive loss of survival signals
phosphatidylinositol-3 kinase (PI3K)and Ake, and as late
activation of caspase-3 in this Tg mice.”

Recent studies showed that BDNF, N'T-3, CNTF, and
cardiotrophin-1 supported survival of embryonic motor
neurons in culture.!b!%%% CN'TE, NT-3, and BDNF, as
well as GDNE, prevented motor neuren death in mouse
models of motor neuron disease, such as wobbler and
pmn mice.!> GDNF was protective against motor neu-
ron injury after axotomy of peripheral nerves in neonatal
rats with adenoviral gene eransfer. Grafting of GDNEF-
secrecing myoblases inco two hindlimb muscles of a mouse
mode! for ALS protected the innervating motor neurons
from degeneration and delayed che onset of the disease

Figure 5. Immunohistochemistry for p-Akt (A) shows a predominant location of p-Akt in the cytoplasm (A, arrows), and preserved
number of p-Akt positive large motor neurons in the treated side in Ad-GDNF-treated group (A, a,¢,8, arrows). Immunohistochemistry
for p-ERK (B} shows a predominant location of p-ERK in the nucleus and/or perinucleus (B, arrows), but no significant difference in the
number of positive large motor neurons in three groups. Scale bars: 100 gm.
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Figure 6. Immunohistochemistry for active caspase-3 (A) and -9 (B) show no significant difference between vehicle-, Ad-LacZ-, and

Ad-GDNF-treated groups (A.B, arrows). Scale bars: 100 xm.

A. Active Caspase 3
Ri. Lt

Yehicle

symptoms.?? This is the first reporr of a therapeutic effect
of the incramuscular injection of Ad-GDNF in Tg model
mice for ALS,

Both PI3K and its key downstream molecule Akt play
a critical role in neuronal survival, and are supported by
neurotrophic factors such as nerve growth facror (NGE)
and insulin-like growth factor-1 (IGF-1)%> Akt prevents
apoprosis of many cells under pathological conditions. 2547
The signaling through PI3K/Akt may be the most impor-
tant pathway for neuronal survival. Our study indicates
that the Ad-GDNF treatment prevented motor neuron
loss through preserving survival signaling pathway Akr,
bur not affecting p-ERK and active caspases-3 and -9
immunostainings. Although clinical dara in CG, CCR,
and RC showed a tendency of improvement, the differ-
ence was not significant among vehicle-, Ad-LacZ-, and
Ad-GDNF-treated groups (Figure 1), Because 35 W of
age, when the GDNF gene therapy starred, is just before
the disease development, clinical improvement should be-
come significant when the therapy started from earlier
stage. Alcernatively, che present results indicate that sup-
porting survival Ake signal of motor neurons by GDNF
mighc not be sufficient to successfully treac motor neuron
disease. In fact, the maintenance of motor neurons also
depends on many other different peurotrophic tactors.?®

Because the present GDNF gene therapy started just
before or acr around the disease beginning for aiming
to apply human ALS patients, clinical effectiveness was
not strong and significant. However, GDNF gene cher-
apy significantly prevented motor nearon loss in ‘Fg mice
model for ALS, still suggesting a possibility of GDNF

B. Active Caspase 9
Rt Lt

gene therapy to ameliorate the progression of human ALS,
Treatment with suitable combinations of neurotrophic
factors might be much more beneficial than treatment
with one factor alone.
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VENTRAL ROOT AVULSION LEADS TO DOWNREGULATION OF
GluR2 SUBUNIT IN SPINAL MOTONEURONS IN ADULT RATS
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Abstract—It has been observed that motor neuron death Is
induced In adult rats by ventral root avulsion which involves
pulling out the spinal cord root. Since motor neurons are
reported to be selectively vufnerable to a-amino-3-hydroxy-
5-methyl-4-isoxazole propionate receptor-mediated injury in
vitro, we investigated changes in the expression of a-amino-
3-hydroxy-5-methyl-d-isoxazole propionate-receptor sub-
units in rat spinal mofor neurons after ventral root avulsion.
The L4-L5 ventral roots of adult Sprague-Dawley rats were
avulsed by an extravertebral extraction procedure. After an
appropriate survival time, o-amino-3-hydroxy-5-methyl-4-
isoxazole propionate-receptor subunits were detected immu-
nohistochemicalty in the L4-L5 segments. Ventral root avul-
slon resulted In a 60% loss of motor neurons by 14 days after
surgery. GIuR2 fabeling in motor neurons was markedly de-
creased after avuision, but before the onset of motor neuron
death, while the GluR1 and GluR4 labeling of motor neurons
remained unchanged. Intrathacal adminlstration of ¢-amino-
3-hydroxy-5-methyl-4-Isoxazole proplonate-receptor antago-
nists rescued a significant number of injured motor neurons
from cell death. In contrast, N-methyl-p-aspartate-receptor
antagonists did not prevent motor neuron death. Since the
presence of GluR2 subunit renders heteromeric a-amino-3-
hydroxy-5-methyl-4-isoxazole propionate receptors Ca®*-im-
permeable, the downregulation of GIuR2 may result In in-
creased formation of GluR2-lacking, Ca?*-permeable a-ami-
no-3-hydroxy-5-methyl-4-isoxazole proplonate receptors In
motor neurons and could contribute to motor neuron death
after ventral root avulsion, ® 2003 IBRO. Published by
Elsevier Science Ltd. All rights reserved.
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motor neuron spinal cord,
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Transection of axons of motor neurons during early neo-
natal development results in massive motor neuron celf
loss, whereas axotomy of adult peripheral nerve induces
little, if any, neuronal death (Schmalbruch, 1984). A differ-
ent type of lesion, ventral root avulsion, which involves
pulting the root out of the spinal cord, induces the death of
virtually all motor neurons in the adult rat (Koliatsos et al.,
1994). In humans, brachial plexus root avulsion results in
permanent disability of a paralyzed extremity unless con-
tinuity is restored between the spinal cord and nerve roots
(Doi et al., 2002). Martin et al. have recently reported that
moter neurcn death following avulsion injury has some of
the characteristics of apoptosis (Martin et al, 1999a),
which resembles motor neuron degeneration in human
amyotrophic lateral sclerosis (ALS) (Martin, 1999b). ALS is
a progressive, fatal neurcdegenerative disease and char-
acterized by the selective loss of motor neurons in the
spinal cord, brainstem and motor cortex. Up to 10% of ALS
cases are familial, and approximately 25% of these are
linked to mutation in superoxide dismutase (SOD) 1, an
antioxidant enzyme that protects cells against superoxide
toxicity (Rosen et al., 1893). Over the years, a variety of
studies, including investigations of SOD1-mutant mice that
develop motor neuron disease (Gurney et ak., 1994; Wong
et al., 1995), have established that mutant SOD1 causes
motor neuron loss through the gain of toxic properties
(Cleveland and Rothstein, 2001). However, the mecha-
nisms underlying the selective degeneration of motor neu-
rons in familial and sporadic ALS still remain unknown.
Avulsion injury can possibly be used as a model for as-
sessing the mechanisms of motor neuron death occurring
in ALS and for testing the in vivo effects of various thera-
peutic agents on degenerating motor neurons.

Glutamate excitotoxicity has been implicated in the
pathogenesis of motor-neuron death both in vitro and in
vivo {Hugon et al, 1989; Rothstein and Kuncl, 1995b;
Carriedo et al.,, 1996). In ALS patients, considerable in-
creases in the levels of glutamate have been found in the
cerebrospinal fluid, indicating abnormalities in glutamate
handiing (Rothstein et al., 1990; Shaw et al., 1995). Direct
measurement of functional glutamate transport in ALS re-
vealed a marked diminution in the affected brain and spinat
cord regions, which was the result of a pronounced loss of
the astroglial glutamate transporter (Rothstein et al.,
1995a). Thus, glutamate toxicity would also play a role in
the pathogenesis of ALS, Atthough N-methyl-p-aspartate
{NMDA)} receptors may mediate the most acute neuronal
injuries, a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onate (AMPA) receptors seem to be of great importance to
the slow degeneration of motor neurons (Weiss and Choi,

0306-4522/03$30.00+0.00 ® 2003 IBRQ, Published by Elsevier Science Ltd. All rights reserved.

doi:10.1016/50306-4522{02)00816-3

139



140

1991). Supporting this hypothesis, motor neurons are se-
lectively vulnerable to AMPA receptor-mediated injury in
vitro {Carriedo et al., 1598), and selective AMPA-receptor
antagonists protect motor neurons against the degenera-
tion caused by chronic blockade of the glutamate uptake in
spinal cord culture (Rothstein et al., 1993). AMPA recep-
tors containing the GluR2 subunit exhibit low Ca®* perme-
ability, whereas AMPA receptors lacking GluR2 are much
more Ca®"-permeable (lino et al., 1990; Brorson et al.,
1992; Bumnashev et al., 1992). It has been reported that
GIR2 messenger RNA (mRNA) is preferentially de-
creased in CA1 neurons after transtent globat ischemia but
before neuronal cell death (Gorter et al., 1897). The au-
thors anticipated that this reduction in GluR2 expression
would facilitate toxic AMPA-mediated Ca?™ entry into CA1
neurons and be relevant to the neurcnal cell death. Thus,
it Is conceivable that glutamate toxicity via GluR2-lacking
AMPA receptors would be implicated in the motor neuron
death induced by avulsion injury and possibly in ALS. To
verify this hypothesis, we examined the change in the
expression of AMPA receptor subunits in the spinal motor
neurons of avulsed rats, and investigated whether the
change was related to motor-neuron death following avul-
sion injury,

EXPERIMENTAL PROCEDURES
Animal surgery and motoneuron counting

All procedures were approved and in accord with guidelines set by
our Institutional Anima! Care and Use Committee. All possible
efforts were made to minimize the number of animals used and
their suffering. Male Sprague-Dawley rats (250-300 g, 8-9
weeks old) were anesthetized with ketamine (50 mg/kg) and xy-
lazine (12 my/kg). The right L4 and L5 spinal roots of the rats were
avulsed by an extravertebral procedure. The avulsed ventral and
dorsal roots were cut away from the peripheral nerve and exam-
ined to confirm the success of the avulsion.

In another series of experiments, continuous infusion of var-
ious glutamate antagonists dissolved in sterile artificial cerebro-
spinal fluid (aCSF; NaCl 122 mM, KCI 3.1 mM, NaHCOQ, 5 mM,
KH,PQ, 0.4 mM, CaCl; 1.3 mM, MgSQ, 1.0 mM, o-glucose 10
mM, pH 7.4) into the intrathecal lumbar spinat cord region was
performed in avulsed animals using miniosmotic pumps {mode!
#2002, Alzet, Palo Alto, CA, USA; nominal infusion rate, 0.5 ubh)
attached to polyethylene cannulas. The minipump was placed
subcutaneously at a lumbar site, and a rostrally directed cannula
was threaded through tha muscle close fo the exposed region of
the spinal column. A small area of muscle and vertebral bane was
cleared from the dorsal L4-L5 segments, and the tip of the
cannula was placed through a small incision, under the dura, and
eased down the dorsal spinal cord by a pre-measured distance, to
within the region of the lumbosacral segments (L6-S1). The po-
sition of the tip of the cannula with respect to the level of the spinal
segment was ascertained at the end of each experiment, and only
data from animals with correct cannula placement (L6-S1) were
used in the analysis. MK-801 [(+)-MK-801 hydrogen maleate;
RBI, Natick, MA, USA] and D {-)-2-amino-5-phosphonopentanoic
atid (D-AP5; Tocris Cookson, Ballwin, MO, USA) were used as
NMDA receptor antagonists, and 1,2,3,4-tetrahydro-6-nitro-2,3-
dioxo-benzofflquinoxatine-7-sulfonamide (NBQX disodium; RBI)
angd 6-cyano-7-nitroquinoxatine-2,3-dione (CNQX disodium; RBI)
were used as AMPA receptor antagonists. These antagonists
ware water-soluble and dissolved easlly in aCSF. The concentra-
tion of the antagonists was 2 mM and the infusion rate was 1
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nmolesh, As a controf, aCSF was infused into avulsed animals in
the same manner.

The rats were killed at 0 h (n==3), 24 h {n=8), 3 days (=8},
7 days {n=9), 14 days (n=9), 21 days (n=8) or 28 days (n=4}
following the avulsion injury. At the end of the survival time, the
animals were anesthetized with a lethal dose of pentobarbital, and
perfused with phosphate-buffered saline (pH 7.4) followed by 4%
paraformaldehyde in 0.1-M phosphate buffer. The region of the
spinal cord spanning L3—L6 was fixed by immersion in the fixative
noted above. Serial transverse sections were cut at 10 pm
through the L4—-L5 segments using a cryostat. For motor neurcn
counting, sections were stained with Cresyl Violet (Nissl stain) and
motor neurons (neurons with a diameter larger than 30 pm in the
ventral horn) with clear nucleoli were counted by blind investiga-
tors in every fifth section on both sides of the spinal cord as
described previously (Oppenheim, 1986).

fmmunohistochemical analysis for AMPA receptor
subunits

Immunchistochemicai detection of each AMPA-receptor subunit
was performed using a polyclonal anti-GluR1 (1.0 pg/mi), mono-
clonal anti-GluR2 {2.0 pg/ml), polyclonal antt-GluR2 (0.5 pgimf),
or polycionat anti-GfuR4 (1.0 pg/ml) antibedy (all obtained from
Chemicon, Temecula, CA, USA). These anlibodies have been
extensively tested and are of a high specificity (Vissavajihala et
al,, 1996; Bernard et al., 1897, Petralia et al., 1997; Vandenberghe
et al,, 2001). In addition. an NMDA recepior subunit, NR1, was
also detected in the spinal cord sections using a monoclonal
anti-NR1 antibody (3.6 pg/ml; Chemicon). The immunohistochem-
ical staining was developed using a Vector ABC kit (Vector Lab-
oratory, Buringame, CA, USA) with 3,3"-diamincbenzidine (DAB)
as the chromogen. After DAB treatment, all sections were washed
and coverslipped without counterstaining, For each AMPA-recep-
tor subunit, every tenth section through the L4-L5 segments was
immunostained and the number of motor neurons positive for
each subunit was counted by blind investigators.

RESULTS
Motoneuron loss following avulsion

L4 and L5 nerve root avulsion lead to profound retrograde
degeneration of the comresponding spinal motor neurons
(Fig. 1). While no apparent cell loss was observed at 24 h
and 3 days after avulsion, 1 week after injury there was a
36% motoneuron loss on the lesion side of the spinal cord
(Fig. 2). However, morphological changes such as cell
shrinkage and nuclear pyknosis were observed 3 days
after avulsion. At day 14, more than 56% of the motor
neurons had degenerated. The cell loss steadily continued
and by 4 weeks there was a 78% loss of the motor neu-
rons. In addition, extensive gliosis was observed on the
side of the lesion.

GluR2 expression [s decreased in motoneurons after
avulsion

In unlesicned spinal cord, GIuR2 was highly expressed in
the substantia gelatinosa and superficial faminae of the
dorsal horn, and was also present in the motor neurons in
the ventral horn (Fig. 3). At high magnification, immunore-
activity for GluR2 was observed in the cell bodies and
dendrites {Fig. 4A) of motor neurons. GluR1 immunoreac-
tivity was strong in the superficial laminae of the dorsal
horn, with low levels in the ventral motor neurons (data not
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lesioned side

Flg. 1. Cresyt Violet (Nissl})-stained sections show tha effects of ventral root avulsion in L4—L5 spinal motor neurons. Moloneuron loss on the lesioned
side is apparent at 7 days after avulslon, (A} @ h, (B) 3 days, (C) 7 days, and (D) 14 days after avulsion. Scala bar in D=400 um (also applies to A,

B and C).

shown). GluR4 was deatectable in the substantia gelati-
nosa, with moderate to strong labeling of the ventral motor
neurons (data not shown). Immunoreactivity for NR1 was
found in neurons throughout the spinal gray matter, with
motor neurons being weakly positive (data not shown).
Twenty-four hours after avulsion, the number of
GluR2-positive motoneurons had significantly decreased
on the lesion side of the spinal cord to 82.9%7.8% of the
number of GluR2-positive motoneurons on the intact side,
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Fig. 2. No apparent cell loss is detected at 1 or 3 days after avulsion.
One week after injury a 36% cell logs is observed on the lesioned side.
By 4 weeks, there is a 78% loss of motoneurons. The number of
GluR2-positive motoneurons is significantly decreased at 3 days after
avulsion. One and 2 weeks after avulsion, GIUR2 expression is mark-
edly reduced, to 54.3+4.4 and 38.524.9% of the intact side, respec-
tively. Thus, the reduction in GIUR2 expression in moloneurons pre-
cedes motoneuron death. Data are expressed as the percentage
{mean=8.EM.) of the contralateral {control) motoneuron numbers,
which represent 100%. * £<0.01 versus number of surviving motoneu-
rons at 3 days postlesion, and GluR2-paositive motoneurons at 0 h,
Statistical comparisons were perfarmed using one-way analysis of
variance followed by Newman-Keuls test.

suggesting that downregulation of GluR2 preceded motor
neuron death (Figs. 2 and 3). Three and 7 days after
avulsicn, GluR2-positive motoneurons were markedly re-
duced on the lesion side to 64.1+5.2% and 54.3+4.4% of
motoneurons on the intact side, respectively (Figs. 2, 3 and
4). In contrast, there were no conspicuous changes in
GluR2 expression in other neurons including the dorsal
homn neurons and interneurons in the ventral horn. No
obvious changes in the staining of the motor neurons were
detected for the other subunits, GiuR1, GluR4 and NR1, 3
days after avulsion (Fig. 5).

Effects of glutamate receptor antagonists on
lesioned motoneurons

Treatment of avulsion-lesioned rats with the AMPA recep-
tor antagonists, NBQX and CNQX, rescued a significant
number (20%) of injured moloneurons from cell death at 2
weeks after avulsion, whereas the NMDA receptor antag-
onists, MK-801 and D-APS5, had no effect on motor neuron
survival (Figs. 6 and 7).

DISCUSSION

In the present study we have demonstrated that after
avulsion injury of the L4 and L5 nerve roots the corre-
sponding motoneurons in the spinal cord showed a
marked reduction in immunoreactivity for the GluR2 sub-
unit, whereas GIUR1 and GluR4 labeling remained un-
changed, suggesting that the reduction in GIUR2 expres-
sion was nat an epiphenomenon caused by the injured
motoneurons. Furthermore, this decrease preceded mo-
toneuron death in the L4 and L5 spinal cord segments. We
found that in normal controls, motor neurons expressed
GluR2 at relatively high levels, with the other AMPA recep-
tor subunits and the NR1 subunit at various levels. The



