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Figure 3. Positive translocation of SOD1 aggregates to ER, but not to the mitochondria, Golgl apparatus, or lysosomes. (A-l, A'-1
i localiza of 5001 to the ER. LB4V S0D1-e g SK-N-SH cells were incubated for 24 h without (A-l) or with 1 pg/ml of tun
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(KDEL) containing protein and GRP78/BiP, suggesting SOD|
localization in ER (Fig. 3A-F, A'-F'
SOD! colocalization with ER, we utilized GFP conjugated
cytochrome b5, a typical C-terminal anchored ER membrane
protein, As expected, SOD1 showed the positive staining with
cytochrome b), indicating mutant SODI1 localization to ER
(Fig. 3G-1, G'-I'}. In the absence of stress, ER was located to the
perinuclear region, However, treatment with tun yein seemed
to cause its relocation to an abnormal region near the cell
periphery, The aberrant distribution of ER following tunicamyein
treatment was not observed in cells expressing wild type SODI
(Fig. SIC’, ¥' and 1'), These results suggest deterioration of ER
function and localization due to aggregation of mutant SOD1.

In hight of previous reports identifying mutant SODI1 coloca-
lization to the mitochondria [34,35,37], we also examined the
potental colocalization of mutant SODI with mitechondria. In
contrast to the results with markers for ER, the SOD1 aggregates
induced by wnicamycin did not colocalize with the mitochondria
marker Mitotracker, with Tim!17 which marks the mitochondrial
mner membrane nor Tom20 which marks the mitochondrial outer
membrane (Fig. 3]"-R'l. The localization of these SODI
aggregates also did not correspond with the Golgi apparatus or
the lysosomes, which were stained by anti-GM130 antibody and
Lyso-tracker, respectively (Fig. 38"-X").

Our previous resulis in figure 3C', F' and ' revealed aberrant
redistribution of ER membranes in tunicamycin-treated mutant
SOD| expressing cells to the cell periphery region. To directly
visualize the localization of ER, we performed electron micro-
scopic analysis of tunicamycin-stressed cells expressing mutant
SODI. Figure 4A and B showed abnormal aggregates of rough
ER, sac-like structures with surface ribosomes, associated with
numerous free fbosomes, Mutant SOD1 localization to these

. In order to confinm the

Figure 4, ER and SOD1 co-localizati

in perl-cy
region. (A) Electron micrograph of LB4Y S0D1- expreﬁsmg SK-N-5H cells
after treatment with 1 pg/ml of tunicamycin for 24 h as described in
Materials and Methods. (B) Enlargement of part of (A). Arrowheads
indicate abnormal ER aggregates, where mutant SQD1 is localized as in
Fig. 3C" and 3E'. Scale bar=1pum. (C) SOD1 localization in peri-
cytoplasmic membrane region, Cells were treated as described in (A)
and immune electron micrograph was obtained as described in
Materials and Methods. Arrows show S50D1 immunoreactive in ER.
doi:10.1371/journal pone.0001030.g004
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peripheral ageregates was confirmed by immunoelectron mirros-
copy (Fig. 4C), implying defective functional activities of ER and
free ribosomes in cells expressing mutant SODI.

LBHI/Ast-HI-like Inclusions are induced by ER stress.
Wate et al. [28] reported thar neuronal LBHI in G93A SODI
transgenic mice are immune reactive for GRP78/BiP, an ER
resident component of the UPR response, As shown in figures 34
I' and 4C, mutamt 50D localized 1o the ER following stress
induction by tunicamycin. These SOD1 agoregates shared
additional feares with LBHI/Ast-HI, namely cosin positivity
and ublquitin immune reactivity. Those observations led us to
consider whether ER stress would eventually induce the formation
of full-fledged LBHI/Ast-HL. To test this hypothesis, we examined
whether inclusion bodies contaiming mutant SOD1 developed in
L84V SOD!-expressing cells subjected to ER stress. Consistent
with this idea, eosinophilic hyaline inclusions (—10 10 20 pm in
diameter) with a pale core, which are similar to neuronal LBHI/
Ast-HI in the spinal cord of ALS patients harboring a SODI
mutation, developed within 24 hrs of exposure to tunicamycin
(Fig. 5A), but not in cells expressing wild type SODI (data not
shown). In fact, the eosin-positive LBHI/Ast-HI-like hyaline
inclusions (LHIs) were morphologically similar to the Ast-HI seen
in the spinal cord of transgenic L84V SODI at the
symptomatic stage (Fig. 5A and D). Furthermore, ultrastructual
analysis revealed that the LHIs in neuroblastoma cells were
composed of granule-coated fibrils (approximately 15-25 nm in
diameter) and granular materials, which are the typical morpho

mice

Figure 5. LHIs containing granule-coated fibrils are morphologically
identical with Ast-HI from LB4V transgenic mice. (A-F) Comparison of
a LH! induced by ER stress in an L84V S0D1-expressing SK-N-SH cell {A-
C} and Ast-Hl in the spinal cord of a transgenic LB4YV S0D1 mouse (D-F).
(A} An eosinophilic LHI in the cytoplasm of the SK-N-SH cell expressing
L8B4V S0D1 cell was induced by treatment with 1 pg/ml of tunicamycin
for 24 h (scale bar=20 um). (B) Electron micrograph of a hyaline
inclusion (arrow) obtained by the direct epoxy resin-embedding
method after decolorization of the HE-stained section shown in (A),
N, nucleus; 3000 (scale bar=1 pm). {C) At a high magnification, the
inclusion is compaosed of granule-coated fibrils (arrows) approximately
15-25 nm in diameter and granular materials, x16000 (scale
bar=1 um). (D) An eosinophilic Ast-HI from a transgenic LB4V SOD1
mouse. (E) Electron micrograph of an Ast-HI obtained by the direct
epoxy resin-embedding method mentioned in (B). N, nucleus; =x2000
(scale bar=1 um). {F) Enlargement of (E). x16000 (scale bar=1 pm).
Nate that the fibrils observed in (C) and (F) are ultrastructually identical,
doi:10.1371/journal.pone.0001030.9005
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logical hallmarks of mutant SOD!-linked FALS, and were
identical with the Ast-HI found in L84V SOD! mice (Fig. 5C,
F; [38]}. These results suggest that LBHI/ Ast-HI in FALS patients
might be provoked by ER stress as we observed for LHIs

We further explored the molecular similanity between the LHI
and LBHI/Ast-HI, using double-label immunocytochemistry. As
shown in figure 6A-D, LHIs induced by tunicamycin are
immunopositive for anti-SOD] and anti-ubiquitin antibodies,
consistent with the LBHI/Ast-HI features. In the spinal cord
of G93A SOD! mutant mice at the symptomatic stage,
neuronal LBHI show GRP78/BiP immunoreactive, suggesting
the involvement of ER resident protein [28). Therefore, we
examined whether LHIs also contain ER resident protein. As
expected, LHI showed anti-KDEL positivity, indicating the
involvement of ER resident proteins such as calreticuling GRP
94, PDI and GRP78/BiP in LHI development (Fig. 6E and F)
Funthermore, Ast-HI in spinal cord of L84V SOD! transgenic
mice at symptomatic stage also showed KDEL positive (Fig. 6G
and H), meaning that the principle features of these inclusions in
neuroblastoma cells and the LBHI/Ast-HI of FALS patients are
the same and unplyving LHI and LBHI/Ast-HI might develop in
sumilar procedure,

LHI

|

Ast-HI

Figure 6, Positive immunoreactive against ubiquitin, SOD1 and KDEL
of LHIs. (A-D) LHIs show immunoreactive against ubiquitin and 5001,
Eosinophilic LHIs in SK-N-5H cells (arrowheads in A and C) induced by
tunicamycin were | ined for ubiquitin (B} and 50D (D} after
de-colorization. (E~H) KDEL immunareactive in both LHI and Ast-HI,
Eosinophilic LHI in SK-N-SH cells {amowhead in E) and Ast-HI in spinal
cord of LB4V S0D1 mouse (arrowhead in G) were immunostained
against anti-KDEL antibody after de-colorization (F, H). Scale
bar=20 ym

doir10.1371/journal. pone.0001030.g006
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Abnormal ER aggregated around peri-nuclear
region with numerous free ribosomes at
presymptomatic stage of Ast-Hl in L84V SOD1 mice.

To further explore the relationship of LHI to the development of
LBHI/Ast-HI in FALS patients with mutant SODI, we
performed ultrastructual examination of transgenic L84V SODI
mice, which show neuronal LBHI and Ast-HI at symptomatic
stage (Fig. 3D-F, 6G-H; [35]). We examined the mice at the
presymptomatic stage in the hope of detecting precursors to
hyaline inclusion bodies. In spinal cord neurons of the pre-
symptomatic L84V SOD| transgenic mice, we observed aberrant
aggregation of electron-dense rough ER around the peri-nuclear
region with numerous free ribosomes, which were suspected to be
producing mutant SOD (Fig. 7). This suggests that the aberrant
SOD1 fibrils ohserved in spinal neurons of these mice at later

Figure 7. ER shows abnormal aggregation with numerous free
ribosomes in L84V SOD1 mouse at presymptomatic stage. (A-C)
Electron micrographs of a neuron obtained from an L8aV SOD1
transgenic mouse containing ER aggregates. The inset in (A) shows a
cytoplasmic inclusion-like structure (arrowhead) stained with toluidine
blue. (A) x3500 (scale bars=20 um), (B) x8000 (scale bar=1 pm),
(C) x15000 (scale bar=1pum). Arrowheads indicate abnormal ER
aggregates.
doi:10.1371/journal.pone.0001030.g007
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stages might be produced by cooperative activity of ER and
ribosomes. These inclusion-like structures with abnormal aceu-
mulation of ER seemed likely to represent a precursor to the later
neuronal LBHI observed in this line. These results imply that the
deterioration of ER function and the involvement of ER might be
important for formation and developing neuronal LBHI/ Ast-HI
in mutant SOD1 harboring FALS patients.

DISCUSSION

Ageregated proteins or inclusions are a pathological hallmark and
possible causative agent of several neurodegenerative disorders
mdud.mg ALS [39]. While LBHI/Ast-HI have been established as
rks of SOD!-linked FALS, litte is
kno\m about the formation of these structures in neurons [6].
Several in vitro systems have been provided for analysis mutant
S0D! aggregation [35,36,40], however, the relationship berween
mutant SOD! aggregation i wio and pathological hyaline
inclusions i two remains unclear. The LHI we observed in SK-
N-SH cells expressing mutant SOD1 provide a direct link between in
vitro and in o SOD| aggregation. To our knowledge, this is the first
study to show reproducible induction of LBHI/ Ast-HI like structures
meeting the criteria of inclusion bodies [24,26,31,38,41).
LBHIs/Ast-HlIs in human FALS consist of a chaotic mixture of
cytoplasmic proteins (such as SOD1, copper chaperone for SOD
(CCS), peroxiredoxin 2, and glutathione peroxidase 1), cytoskeletal
proteins (such as tubulin, tau protein, and phosphorylated- and
nonphosphorylated  neurofilament), nuclear proteins (such as
neuron-specific enolase) and synaptic proteins (such as synapto-
physin [24,38,41-43]). Recently, it has been published that
GRP78/BiP, an ER resident chaperon protein, is also co-localized
with LBHI of G93A SOD! mice [28]. GRP78/BiP 15 molecular
chaperone protein induced by IRE] in response to aberram
protein folding and promotes proper protein folding. In this
context, GRP78/BiP may be acting as part of the UPR response
to resolve granule coated fibrils. Tobisawa et al. [35] reported
ncreased protein levels of GRP78/BiP in motor neurons of
mutant SOD] transgenic mice, suggesting that the motor neurons
in their model suffer from 'ER stress’. While the importance of ER
stress or proteosome malfunction in formation of mutant SOD
aggregates has been established [35,36,40], the mechanisms by
which mutant SOD] forms LBHI/Ast-HI in FALS remain poorly
understood. In this study, we present three lines of evidence for the
involvement of ER stress in early events in LBHI/Ast-HI
formation. First, ER stress in neuroblastoma cells cxp:essmg

logical hall
&

LBHI/Ast-Hi-Like Inclusions

outcome of mutant SOD1 aggregation in the neurohlastoma? 2)
Are the smaller aggregates competent to develop 1o LHIs? Ta
answer these questions, we sought without success to idemify the
origin of the granule coated fibrils or SOD! containing
filamentous structure (e.g. less densely coated fibrils) in the smaller
SODI aggregates localized to ER in L84V SODI expressing cells.
Nevertheless, we found common features between the small
aggregates in LB4V SOD] expressing SK-N-SH cells and neuronal
LBHI-precursor in L84V transgenic mice, including regions of
abnormal ER aggregation surrounded by abundant free ribosomes
(Fig. 4B and Fig 7C). Furthermore, LHI and Ast-Hl were
immunopositive for the KDEL peptide present in ER-resident
proteins, suggesting the involvement of ER isell in formation or
development of LBHI/ Ast-HI (Fig. 6E-H). We suggest that aberrant
SOD! fibril might be produced by cooperative activity of ER and
nbosomes. To answer the questions, careful observation of LHI with
time lapse analysis is needed.

It remmns unclear why the major symptoms of ALS in patients
with mutant SOD-linked FALS do not develop unul middle age,
but we speculate that age-dependent changes in responses o ER
stress might provide an answer. Under normal conditions, newly
synthesized and misfolded prateins are refolded by chaperons such
as GRP78, 94, calnexin, and calreticulin. This UPR response may
be maore robust in younger FALS patients and might be the reason
the proteins aggregates are not observed in young patients even
though mutant SOD] is expressed. However, a decrease in
protein folding or chaperone capability may occur with aging, and
accumulation of misfolded proteins in the ER lumen may
gradually lead to ER stress [44]. Consistent with this idea,
Tobisawa et al. reported mutant SOD| retention in the ER in
COS7 cells [35] and Kikuchi et al. reported age-dependent
increase of mutant SODI aggregation to ER in spinal cord of
G93A SOD] mice, suggesting ER dysfuncrion might be caused by
mutant SODI [36]. Prolonged ER stress associated with in-
sufficient degradation of misfolded proteins would subsequently
activate apoptotic pathways, Nakagawa et al. reported  that
caspase-12, the ER resident caspase, is specifically cleaved and
activated by ER stress, and that cells derived from mice lacking
caspase-12 are resistant to ER stress [16]. In the spinal cords of
GY3A SODI mice, caspase-12 is activated in symptomatic period
and can be inhibited by overexpression of XIAP (X-linked
inhibitor of apoptosis protein [45,46]. Then, we analyzed
activation of caspase-4 (the human orthologue of rodent caspase-
12) following wmicamycin treatment. As expected, the SOD]

mutant SODI results in SODI1- and ubiq
LHIs, compatible with LBHI/ Ast-HI, composed ol'gmnu.le -coated
fibrils approximately 15-25 nm in diameter and granular
materials (Figs. 5 and 6). Secondly, we observed similar structures
in the spinal cord of LH4V SODI wansgenic mice at pre-
symptomatic stages, incloding abnormal electron dense, ie.
stressed, ER and numerous free ribosomes. (Figs. 4 and 7). Third,
positive staining agamnst anti-KDEL antibody, which recognizes
ER resident protwins such as calreticulin, GRP 94, PDI and
GRP78/BiP, were observed in both the LHI and Ast-HI of LB4V
SODI1 transgenic mice at symptomatic stages (Fig, 6E- H). These
findings support the hypothesis that ER stress induces LBH s/ Ast-
Hls creation in FALS patems with mutant SODI. Taken
together, these observations suggest that LHI in neuroblastoma
cells and LBHI/Ast-HI in FALS patients might develop through
similar processes,

In this study, we presented evidences that ER stress causes
ageregates of mutant SOD1 and formation of LHI which is
compatible with LBHI/Ast-H1. However, other questions arise
from these results. 1) Why did same stress induce the different

-lualuu:
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AgEre of the LB4V SODI-expressing neuroblastoma cells
colocalized with caspase-4 (unpublished data), implying caspase-4
might contribute 1o cell death in our model system.

Although it can take longer than 30 years for LBHI/Ast-HI to
develop in FALS patients, we could induce the formation of
morphologically similar LHI within 24 hours in our simple model
Detection of the molecular targets for ER stress-induced hyaline
inclusions of mutant SOD! in our model might lead to the
development of therapy that can prevent the progression of mutant
SOD1-linked FALS. Ultimately, our study should contribute to the
development of a simple system to analyze novel therapies for ALS,

MATERIALS AND METHODS

Transgenic Mice

Transgenic mice for mutant human SODI™" (C387BL/6
background) were created (M. Kato, et al. Transgenic mice with
ALS-linked SOD! mutant L84V. Absract of the 31st Annual
Meeting of Society for Neuroscience, San Diego, 2001). Mice were
genotyped by PCR to detect the mutant SOD! transgene using
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the following primers: forward, TTGGGAGGAGGTAGT-
GATTA; reverse, GCTAGCAGGATAACAGATGA. The onset
ol symptoms was at 5-6 months and the mitial sign of the disease
was usually weakness m their hindlimbs, while approximately 10%
of the mice first showed weakness in their forelimbs.

Chemicals and antibodies

We used the following antibodies: anti-SOD1 palyclonal antibody
(pAb; Chemicon, Temecula, CA); anti-ubiquitin pAb and anti-
KDEL mAb (Stressgen, Victona, BC. Canada); anti-Tim!7 pAb
and anti-Tom20 pAb (grateful gifis by Dr. Otera and Prof, Mihara
[47.48]); Alexa Fluor 488-conjugated anti-sheep IgG, Alexa Fluor
588-co «d anti-mouse IgG bady, and Alexa Fluor 588-
conjugated anti-rabbit 1gG antbody (Molecular Probes, Eugene
OR); biotinylated anti-sheep IgG (Vector Laboratories, Burlingame,
CA); onti-FLAG mAb (Sigma, woodlands, USA); anti-myc pAb and
anti-GFP-mAb (Santa Cruz, Santa Cruz, CA); HRP-conjugated
anti-sheep 1gG (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA); and HRP-conjugated anti-mowse lgG and HRP-
conjugated anti-rabbit IgG antibody (Cell Signaling Technology,
Beverly, MA). Tunicamycin was obtained from Sigma.

Cell culture and induction of ER stress

SK-N-SH human neuroblastoma cells were obtained from the
Riken Cell Bank (Tsukuba, Japan), and were cultured in a-MEM
(Invitrogen) containing 10% fetal bovine serum at 37°C under 5%
CO;. These cells were transfected with pcDNA3 1-hSOD! and
pecDNAS.I-hL84V-SOD] 1o cause overexpression of wild-type or
LE4V muant SODI, respectively. G418 resistant stable neurc-
blastoma cell lines expressing equal levels of endogenous and
exogenous SOD! were established. In all experiments, we used
cultures that were at 70-80% confluence to avoid the influence of
stress induced by overgrowth. On the day of stimulation, fresh
medium was added more than 1 h before exposure to stress in
order to ensure the same conditions for each culture.

Western blot analysis

SK-N-SH cells stably expressing wild-type or L84V SOD1 were
washed with PBS, harvested, and lysed in TNE buffer containing
I mM PMSF and 1% SDS. 10 ug of protein was subjected 1o 12%
SDS-PAGE and transferred 0 a PVDF membrane (Millipore
Corp.} The membrane was blocked with 5% skim milk and
incubated with anti-SOD| antibody (1:1500 dilution), followed by
incubanion with an HRP-conjugated secondary antibody. Proteins
were visualized with an ECL detection system (Amersham-
Pharmacia).

Immunocytochemistry

SK-N-SH cells stably expressing wild-type SODI or L4V SODI
were treated with | pg/ml of tunicamycin for 24 h. Then the cells
were fixed with Zamboni's solution (0.1 M phosphate-buffered
saline (PBS; pH 7.4) containing 2% paraformaldehyde (PFA) and
21% picric acid), nnsed n 0.1 M PBS, and incubated for 30 min
in 0.3% Hy0, to eliminate endogenous peroxidases. Next, the
cells were incubated overnight at 4°C with the primary antibody (a
polyclonal sheep anti-SOD1 antibody; Calbiochem) at 1:1000 in
0.1 M PBS containing 0.3% Triton X-100 and 3% bovine serum
albumin (BSA). After washing in 0.1 M PBS, cells were incubated
for 30 min with the secondary antibody (biotinylated anti-sheep
IgG) (Vector Laboratories). After amplification with avidin-biotin
complex from the ABC kit (Vector Laboratories), reaction
products were visualized with 0.05 M Tris-HC] buffer (TBS; pH
7.6) « 0.02% diaminobenzidine tetrahydrochloride

k]
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(DAB) and 0.01% hydrogen peroxide: Finally, the cells were
counterstained with Mayer's hematoxylin and eosin (HE)

Co-immunoprecipitation assay utilizing ubiquitin
Lysates of pcDNA3. I-myc-tagged ubiquitin (a kind gift from Dr,
Niwa and Prof. Sobue [32]}transfecied SK-IN-SH cells stably
expressing wild-type SOD! or LB4V SOD! were prepared using
TNE buffer (10 mM Trs-HCL (pH 7.4, 150 mM NaCl, and
| mM EDTA) contaimng | mM phenylmethylsulphonyl fluoride
(PMSF), 2 pg/ml aprotinin, and 1% Nonidet P-40 after treatment
with or without 4 pig/ml ALLN for 12 h. Then, | pg of anu-
FLAG antibody was added to 400 pg of lysate, followed by
incubation at 4°C for at least 3 h. Protein G-Sepharose (10 pl gel)
was then added and incubation was done with rotation ar 4°C for
| h. The immunoprecipitate was subjected w SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane. The
membrane was blocked with 5% skim milk and then was
incubated with anti-Myc antibody (1:1000 dilution), followed by
mecubation with an HRP-conjugated secondary antibody. Proteins
were visualized with an ECL detecuon system (Amersham-.
Pharmacia).

Immunofluorescence and chemifluorescence
SK-N-SH cells expressing wild-type SOD] or L84V SOD| were
incubated with or without tunicamycin or ALLN, rinsed in
0.02 M PBS, and fixed in Zamboni's fixative. Then the cells were
incubated overnight at 4°C with an anti-SODI antibody (1:1000
dilution] and either anti-KDEL (1:300 dilution), anu-GM130
(1:500 dilunion) or anv-ubiquitin (1:500 dilution] anvbbody m
.02 M PBS containing 0.3% Trton X-100 and 3% BSA. Next,
the cells were treated with fluorescent dye [Alexa Fluor 488)
conjugared donkey anti-sheep lgG (SODI; 11000 dilution),
fluorescent dye (Alexa Fluor 568)-conjugated goar anti-mouse
IgG (KDEL, GM130; 1:1000 dilution), and goat anti-rabbit 1gG
(ubiquitin; 1:1000) as the secondary antibodies for [ h at RT in
0.02 M PBS containing 3% BSA. Examination was done under
a Zeiss LSM 510 microscope. For detection of SOD| colocaliza-
tion with eytochrome b3, pCMV b5-EGFP vector was transfected
to the cells (kind gift from Dr. Otera and Prof, Mihara; [49]), The
GFP signal was enhanced by ant-GFP antibody staining (1:100),
In order to determine the localization of SOD] in living cells, SK-
N-SH cells expressing wt and L84V SOD! were transfected with
a pcDNA3.1-GFP-tagged wt and L84V SODI] plasmid, re-
spectively. After treatment with wunicamyem for 24 hr, the cells
were  further incubated with Miw-tracker or Lyso-tracker
(Molecular Probes) for 30 min to visualize the mitochondria or
lysosomes, respectively. Then the cells were rinsed at least three
times in 0.1 M PBS and fixed with Zamboni's solution for
exarmination under a LSM 510 confocal microscope (Leiss, Osaka,
Japan).

Electron microscopy

SK-N-SH cells stably expressing L84V SODI were exposed 10
1 pg/ml tunicamyein for 24 h and then fixed at room temperature
(RT) for 1 h in 0.1 M phosphate buffer (PB) containing 2.5%
glutaraldehyde (GA) and 2% paraformaldehyde. Subsequemtly,
the cells were post-fixed in 1% OsOy at RT for | h, dehydrated in
a graded ethanol series, and embedded in epoxy resin (Quetol 812;
Nisshin EM Co.). Areas containing cells with aggregates were
block-mounted in epoxy resin by the direct epoxy-resin embedding
method and cut into 90-nm sections. The sections were counter-
stained with uranyl acetate and lead citrate, and then examined
using an H-7100 electron microscope (Hitachi).
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Immune Electron microscopy

As with immunocytocemistry methods above, after fixation with
Zamboni solution containing 0.1% GA, the cells with anti-S0DI
antibody were developed with DAB. Then, they were post-fixed in
1% OsO4 in 0.1 M PB ar RT for 30 min after 1% GAin 0.1M PB
re-fixation. The samples were dehydrated in a graded ethanol
series and then embedded in Quetol 812, Areas containing cells
with aggregate morphology were block-mounted and cut into 90-
nm sections. The sections were counterstained with uranyl acetate
and lead citrate, and then examined with an H-7100 electron
microscope.,

Analysis of inclusion bodies (light microscopy and

electron microscopy)

Sections of SK-N-SH cells containing eosinophilic hyaline
inclusion bodies and spinal cord sections from transgenic SOD1
L84V mice were decolorized, rehydrated, rinsed in 0.1 M PBS,
and then blocked for 1 hin 0.1 M PBS containing 0.3% Triton X-
100 and 3% BSA. Next, the sections were incubated overnight at
4'C with the primary antibody (polyclonal sheep anti-SODI
antibody at 1:500) in 0.1 M PBS containing 0,3% Triton X-100
and 3% BSA. After washing in 0.1 M PBS, sections were
incubated for 30 min with the secondary antibody (biotinylated
anti-sheep IgG). Subsequently, incubation was performed for
30 min in 3% H,0; to eliminate endogenous peroxidases. After
amplfication  with avidin-biotin complex (ABC kit, Vector
Laboratones), visualization of reaction products was done with
0.05 M IBS (pH 7.6) conuining 1.25% DAB and 0.75%
hydrogen peroxide.

For electron microscopy, samples of SK-N-8H cells expressing
L84V SOD! and spinal cords from transgenic SOD1 L4V mice
were decolorized, reliydrated, and rinsed in 0.1 M PBS, The
samples were further fixed and dehydrated. Then the samples
were embedded direcily in epoxy resin, sectioned, counterstained,
and examined as described under electron microscopy section.

SUPPORTING INFORMATION

Figure S1 Cytosolic localization of SODI! in wt SODI
expressing cells under ER stress. (A-F, A'-F') Analysis of
localization of SOD1 on ER, WT SOD!-expressing SK-N-SH
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cells were incubated for 24 h withouwt (A-F) or with 1 ug/ml of
winicamyein (A'-F'). Then the cells were fixed and stained using
an anti-50D] antibody (green; A, D, A’, D') and an anti-KDEL
antibody (red; B, B') or an ant-GRP78 antibody (red; E, E'). GFP-
cytochrome b5 were transfected to the cells and stained with anti-
GFP (green; G, G') and anti-SOD! (red; H, H') antibodies.
Merged images (C, F, 1, C' F', I'). (J-R, J'-R") Analysis of SODI
localization to the mitochondna. WT SOD-expressing SK-N-SH
cells were treated as described in above. The locations of the
mitochondria and SOD| were visualized in W1 SOD | -expressing
SK-N-SH cells using 100 nM Mito-tracker (red; K, K), an anti-
Tim17 antibody (red; N, N') or an anti-Tom20 antibody (red; Q,
Q') and an anu-SOD! anubody (green: |, M, P, J', M', P').
Merged images (L, O, R, L', O R'), (S-U, 8'-U’) Investigation of
SOD1 localization to the Golgi apparatus. L84V SODI-expres-
sing SK-N-5H cells were treated as described in above, Then the
cells were staimed with anti-SOD | antibody (green; S, $') and anti-
GMI130 antibody (red; T, 1"} Merged images (U, U"), (V-X, V'-
X'} Analysis of the localization of SOD1 to the lysosomes. A GFP-
tagged WT S0D1 vector was transfected into WT SODI-
expressing SK-N-SH cells. After 24 h of incubation with | ug/ml
of tunicamyein, the cells were incubated for a further 30 min with
100 nM Lyso-tracker (red; W, W'} to visualize the lysosomes, GFP
channel (V, V') Merged images (X, X'). Scale bars = 20 um.

Found au doi:10.1371/journal. pone.0001030.5001 (3.70 MB 11
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Abstract

Hepatoeyte growth factor (HGF) 15 one of the most potent
survival-promoung [sctors for motor neurons. We showed that
mtroduction of the HGF gene into neurons of GY3A transgenic
mice anenuates motor neuron degeneration and increases the
Iifespan of these mice Currently. treatment regimens using
recombinant protein are closer to clinical application than pene
therapy. To examine its protective effect on motor neurons and
therupeutic potentinl we adminmistered human recombinant HGF
(hrHGF) by continuous mtrathecal delivery to GY3A transgenic rars
at doses of 40 or 200 pg and 200 g at 100 days of age (the age at
which pathologic changes of the spinal cord appear, but ammals
show no clinical weakness) and at 115 davs (onset of paralysis),
respectively, for 4 weeks each. Intrathecal administration of hrHGF
attenuates motor neuron degeneration and prolonged the duration of
the disease by 63%, even with admimstration from the onset of
paralysis. Our results indicated the therapeutic efficacy of contin-
vous intrathecal admmsiration of hrHGF m iransgenic rats and
should lead 1o the consideration for further chnical mals in
amyotrophic lmeral sclerosis using continuous intrathecal admin-
istration of hrHGF.

Key Words: Amyotrophic lateral sclerosis, Continuous intrathecal
delivery, Hepatocyte growth factor, Neurodegeneration, Superoxide
dismutase-1 (50D ), Transgenic rat
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a faal neuro-
degenerative discase caused by selective motor neuron death
(1). Approximately 10% of cases of ALS are inherited,
usually as an autosomal dominant trait (2). In ~25% of
famihal cases, the disease is caused by mutations in the gene
encoding cyvtosolic copper-zine superoxide dismutase
(SODI) (3-3). The cause of ALS is still unclear, and clinical
trials have as yet failed w identify any truly effective
therapeutic regimens for ALS, with only riluzole providing a
modest improvement in survival. Various substances have
been shown 1o have therapeutic effects in a murine model of
ALS. However. there have been a few reports of prolonga-
tion of survival with treatment starting around the time of
disease onsel (b—12),

We (13) and another group ( 14) developed a rat model
of ALS expressing a human SODI transgene with 2 ALS-
associated mutations: glycine to alanine at position 93
(GY93A) and histidine to arginine at position 46 (1146R)
(3, 5). Similar to its murine counterpart, this rat transgenic
(Tg) ALS model reproduces the major phenotypic features
of human ALS. Some experimental manipulations are
difficult in Tg mice because of size limitations; however,
this Tg rat model allows routine implantation of infusion
pumps for intrathecal drug delivery. Intrathecal drug
application 15 a well-established method for therapy and
has been used in clinical trials in patients with ALS (15).
This route of administration bypasses the blood-brain
barrier. allowing rapid access to potential binding sites for
the test compound in the spinal cord (16).

Hepatocyte growth factor (HGF) was first identified as
a potent mitogen for mature hepatocytes and was first cloned
in 1989 (17)., Dewailed studies indicated that HGF is
expressed i the CNS (18) and is a novel neurotrophic
factor (19, 20). HGF 1s one of the most potent survival-
promoting factors for motor neurons, comparable to glial
cell line-derived neurotrophic factor in vitro (21). Sun et al
(22) reported that introduction of the IHGF gene into neurons
of GY3A Tg mice attenuates motor neuron degeneration
and increases the lifespan of these mice. Thus, HGF is a
good candidate agent for treatment of ALS. Currently.
treatment using recombinant protein is closer o clinical
application than gene therapy. However, HGF has a very
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short half-life (23-25) and shows poor penetration into the
CNS. Therefore, we examined the effecis of continuous
intrathecal delivery of human recombinant HGF (hrHGF)
into Tg rats using implanted infusion pumps for selective
and less invasive supply of HGF to the spmal cord

MATERIALS AND METHODS

Animal Preparation and Clinical Evaluation

G93A Tg rais were genotyped by polymerase chain
reaction (PCR) assay using DNA obtained from the tail as
described (13). To examine the dose and effects of hrHGF
on disease onser, we began administration of 40 or 200 pg of
hrHGF (provided by H. Funakoshi and T Nakamura, Osaka
University, Osaka, Japan) or vehicle (0.1 M sulfoxide PBS)
for 4 weeks to groups of eight 100-day-old Ty rats, when the
pathologic changes of the spinal cord appeared. but the
animals did not show weakness. All amimals were killed at
130 days by deep anesthesia, and the spinal cords were
examined. Because treatment of patients with ALS patients
1s imtated only after diagnosis based on clinical signs and
symptoms, we tested the effects of hrHGF on survival with
administration beginning at around the age of onset of
paralysis, We administered 200 pg of hrHGF or vehicle
alone to groups of eight 115-day-old G93A Tg rais for 4
weeks, and the ammuals were observed until their death. To
analyze the mechanism of action of hrlIGF admimistration
beginning at onset of paralysis we treated groups of six 115-
day-old G93A Tg rats with 100 g of hrHIGF or with vehicle
alone for 2 weeks (a dose comparable to 200 pg for 4
weeksi. All rats were killed 2 weeks after commencement of
administration of hrllGF, and their lumbar spinal cords were
examined, Further groups of 3 G93A Tg rats and 3 non-Tg
rats at 70, 100, and 130 days were used to measure the levels
of rat HGF and e-Met. All rats were handled according to
approved animal protocols of our institution and had free
access 1o food and water throughout the experimental period
and before and after pump implantation

The onset of ALS was scored as the first observation
of abnormal gau, evidence of limb weakness, or loss of
extension of the hindlimbs when picked up at the base of the
1ail. We defined the appearance of paralysis as disease onset,
although this is not a sensitive indicator and appears later
than the decrease in activity ( 10). However, the appearance
of paralysis is a suitable marker of disease onset because it is
closer o the state at which patients will be diagnosed with
the discase

Footprints were collected every 3 days by letting the
rats walk on a straight path after dipping their hind paws in
black mk. We measured 3 strides within the area showing
regular gait and calculated the means. Foolprint measure-
ments were made for rats that began treaument at 115 days.
Examiners were blinded to which group each of the rats
belonged in.

Preparation of the Osmotic Pumps
and Transplant Surgery

Osmotic pumps (model number 2004 or 2002, Durect
Corporation. Cupertino, CA) were mcubated in sterile saline
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at 37°C for 40 hours to attain a constant flow rate before use.
Pumps were filled to capacity with hrHGF solution or
vehicle using a filling needle. An infusion tube was made by
connecting a 1-cm length of polyethylene tbing (PE 60;
Becton Dickinson, Franklin Lakes, NJ) 1o a small caliber
tube 9 cm in length (PE 10; Becton Dickinson) using an
adhesive (ARON ALPHA, Konishi Co., Osaka. Japan). The
end of the infusion tube was connected to the shorter end of
the flow moderator. the longer end of which was inserted
into the pump.

Surgery for placement of the pump and intrathecal
administration was performed as follows. Tg rats were
anesthetized using diethyl ether and 1% halothane in a
mixture of 30% oxygen and 70% nitrous oxide. The skin
over the third to fifth lumbar spinal process was incised and
the paraverichral muscles were separated from the vertebral
lamina with scissors. The fifth lumbar vertebra was
laminectomized, and the dura mater was exposed for
insertion of the infusion tube, Particular care was taken not
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FIGURE 1. Increased levels of rat hepatocyte growth factor
(HGF) and c-Met expression in the spinal cords of G93A
transgenic (Tg) rats (n = 3) and non-Tg rats (n = 3), (A) Levels
of endogenous rat HGF expression. Open bars, non-Tg rats;
closed bars, G93A Tg rats. (B) Levels of c-Met mRNA of G93A
Tg rats compared with non-Tg rats,
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Intrathecal Administration of HGF in ALS Rats

to injure the dura mater during laminectomy. A small hole
was bored through the dura mater with a 24-gauge needle,
and a polyethylene tube (PE 10, Becton Dickinson) was
inserted into the subarachnoid space approximately 3 em
rostrally. A subcutaneous pocket was made nio which the
osmotic pump and pump side tube were implanted. The
infusion tube was attached to the fascia over the para-
vertebral muscles at the incision margin with silk string. A
drop of adhesive (ARON ALPHA) was applied. and the
incision was closed by suturing the muscles and skin.

Measurement of Rat and Human HGF
in the Lumbar Spinal Cord

Shees of the fifth lumbar cord from 3 GI93A Ty rms
and 3 non-Tg rats at 70, 100, and 130 days as well as from

130-day-old G93A Tg rats treated with 40 or 200 g of

hrHGF or vehicle alone for 4 weeks starting at 100 days
were homogenized in buffer (20 mM Tris-HCI, pH 7.5, 0.1%
Tween-80, 1 mM phenylmethylsulfonyl fluoride, and | mM
EDTA) and centrifuged at 15,000 pm for 30 minutes.
Supernatants were separated and the concentrations of rat
endogenous HGF were measured using an enzyme-linked
immunosorbent assay (ELISA) ki which is specific for rat

HGF wiuithout detecting human HGF (22) (Institute of

Immunology, Tokyo. Japan). For measurement of human
HGF in the weated rats we used a human HGF-specific
ELISA kit (IMMUNIS, Institute of Immunology). which is
not reactive with rat HGF (26, 27

Measurement of c-Met mRNA in the Lumbar
Spinal Cord of Tg Rats

Aliquots of | pg of total RNA from the lumbar cords
ol rats were used as templates for synthesis of double-
stranded ¢cDNA, Real-time quantitative PCR was performed
for e-Met and glyceraldehyde-3-phosphate dehydrogenase
(GAPDI) [GAPDH forward primer, S-CCATCACTGC-
CACTCAGAAGAC-3". GAPDH reverse primer, 3-TCA-
TACTTGGCAGGTTTCTCCA-3, GAPDII TagMan probe,
SYFAM)-ACCACGAGCACTGTTTCAATAGGACCC-
(TAMRA)3, ¢-MET forward primer. 5-GTACGGTGTC-
TCCAGCATTTTT-3" c-Met reverse primer, 5-AGAG-

FIGURE 2. Intrathecal administration of hepatocyte growth
factor (HGF) to G93A transgenic (Tg) rats at 100 days showed
a protective effect against motor neuron death. (A-D)
Histologic evaluation of the anterior horn with Nissl staining
at 130 days: (A) lumbar cord of non-Tg rats; (B) 200 ug of
human recombinant HGF (hrHGF)-treated; (€) 40 pg of
hrHGF-treated; and (D) vehicle-treated G93A Tg rats. Scale
bar = 40 um. (E) Quantitative morphometric evaluation of
surviving motor neurons of the fifth lumbar anterior horn at
130 days. We counted neurons that were >40 um in
diameter Significantly larger numbers of motor neurons
survived in hrHGF-treated G93A Tg rats (p < 0.01 and p <
0.001, 40 and 200 g of hrHGF, respectively), compared with
vehicle-treated G93A Tg rats (n = 8 in each group). (F) Levels
of human HGF concentration in lumbar spinal cords of G93A
Tqg rats treated with 200 pg of hrHGF, 40 ug of hrHGF, and
vehicle.

2007 American Association of Newropathologisis, Ine

CACCACCTGCATGAAG-3; TagMan probe, 5 (FAM)-
COGTGTTCCTACCCCCAATGTATCCGT- (TAMRA)3|
An ABI Prism 7700 Sequence Detection System (Applied
Biosystems Perkin-Elmer, Foster City. CA) was used to
monitor emission intensities using the above primer pairs
and TagMan fluorogenic probes. The c-Met mRNA level of
G93A Tg rats relative to non-Tg rats was calculated using
the Comparative Cy Method (Applied Biosystems).
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FIGURE 3. Intrathecal administration of hepatocyte growth
factor (HGF) fram 115 days (just before disease onset)
retarded disease progression. (A) Survival periods were
143.25 + 17.0 days in the vehicle-treated group (solid blue
line) and 1543 = 16.4 days in the 200 pg of human
recombinant HGF (hrHGF)-treated group (solid red line),
Survival of hrHGF-treated animals was extended significantly
(p =0.0135), although there were no significant differences in
onset (dotted lines, n = 8 in each group, p = 0.6346). (B)
Footprint analysis demonstrated a delay in decline of stride
length in G93A transgenic (Tg) rats treated with 200 pg of
hrHGF relative to vehicle-treated G93A Tg rats (error bars, +
SD). (€, D) Quantitative morphometric evaluation of surviv-
ing motor neurons that were >40 um in diameter (€) and
neuron size distribution (D) in the fifth lumbar anterior horn
of GI3A Tg rats 2 weeks after administration from 115 days.
Significantly larger number of motor neurons survived in the
hrHGF-treated G93A Tg rats compared with vehicle-treated
G93A Tg rats (6.7 + 1.6 vs 2.3 + 0.9; p=0.002, n = 6 in each
group) (€).
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Histopathologic and Immunohistochemical
Analyses

To examine the dose and effects of hrHGF against
disease onset. we began admimstration of 40 or 200 pg of
hrHGF or vehicle alone 10 groups of eight 100-day-old Tg
rats each for-4 weeks. At 130 days, G93A Tg rats were
administered hrHGF or vehicle, and non-Tg rats were deeply
anesthetized with diethyl ether and killed for histopathologic
evaluation. To examine the effects of rtHGF administration
beginning at onset of paralysis, 100 pg of HGF or vehicle
alone was administered to groups of six |15-day-old Tg ras
for 2 weeks. These animals were killed by deep ancsthesia
with diethyl ether 2 weeks afier the operation. Under deep
anesthesia these animals were perfused via the aorta with
physiologic saline at 37°C and their lumbar spinal cords
were removed. The fifth lumbar spinal cord tissue was
embedded in OCT compound (Sakura Finetek Japan Co.,
Tokyo, lapan), frozen in an acetone/dry ice bath after
fixation with 4% paraformaldehyde, and supplemented with
0.1 M cacodylate buffer (pH 7.3) containing 30% sucrose.
Other spinal cord tissue specimens were frozen in dry ice
and cut into frozen sections ( 1 2-pm-thick) and then washed
with PBS. To evaluate the effects of HGF on motor neuron
loss we compared the numbers of lumbar motor neurons
m each group by counting as mentioned below. To eva-
luate the effects of HGF on apoptosis and to determine
whether HGF receptors were activated, we compared the
results of immunohistochemical staining of the lumbar
cords for activated caspase-3, activated caspase-9 (Cell
Signaling Technology, Inc., Beverly, MA), and phosphory-
lated c-Met (activated HGF receptor) (BioSource Interna-
tional, Camerillo, CA). The smining specificity of the
antibodies was assessed by preabsorption of the primary
antibody with excess peptide, omission of the primary
antibody. or replacement of the primary anubody with
normal rabbit lgG (22). We examined every seventh section
from 42 serial sections of the fifth lumbar spinal cord, We
counted neurons that had a clear nucleolus and were
multipolar with neuronal morphology (13, 22), >40 um in
diameter, and located in a defined area of the anterior homn
of the spinal cord. Cell counts were performed using Image)
software (National Institutes of Health, Bethesda, MD) on
images captured electronically (28),

Western Blotting

Lysates from the lumbar spinal cord of cach rat were
prepared in RIPA buffer (150 mM NaCl, 1% Nonidet P-40.
0.5% deoxycholate, 0.1% sodium dodecyl sulfate, and 30
mM Trs, pH 8.0). Equal amounts of proteins from the
lysates (50 pg) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred onto poly-
vinylidene diflouride membranes, and immunoblotted. The
primary antibodies used were anti-caspase-3 (Sigma-
Aldrich. St. Louis, MO). anti-caspase-9 (Stressgen Biotech-
nologies Corporation, Victoria. BC, Canada), anti-X-linked
inhibitor of apoptosis protein (XIAP) (Cell Signaling
Technology. Inc.), and anti-excitatory amino acid transporter
2 (EAAT2) antibodies (Chemicon International, Temecula,
CA). After incubation of membranes with HRP-coupled
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secondary antibodies, proteins were visualized using ECL or
ECL Plus Western Blotting Detection Reagents (Amersham
Biosciences Inc.. Piscataway, NJ) and a Fluorochem image
analyzer (LAS-3000 mini; Fuji Photo Film Co., Tokvo,
Japan)

Statistical Analysis

The Kaplan-Meier and log-rank test were used for
statistical analyses of differences in onset and survival
between groups
body weight, footprint, motor neuron cell count, and West-
ern blotting we used analysis of variance and post hoe tests
I'he data are reported as means ¢ SD

For stanstical analyses of differ

Ces

RESULTS

Measurement of the Levels of Rat HGF and
c-Met Expression in Untreated Animals

Groups of 3 G93A Tg rats and non-Tg rats at 70, 100,
and 130 days were used 1o measure the levels of rat HGI
without any treatment. In the lumbar cords of unireated
G93A Tg rats, the HGF concentrations increased with
disease progression (Fig. 1A). At 70 d:
HGEF n the lumbar cords of G93A Tg
mg and was the same as that of non-Tg rats, Increases of
35% and 107% were observed in the rat HGF level at 100
and 130 days, respectively, compared with non-Tg rats,

s the level of rm

s was 4.05

N ng

[n addition. we measured the levels of c-Met mRNA in
the lumbar spinal cords of Tg rats relative 10 non-Ty rits by
real-tme quantitative PCR. In the lumbar cords of G93A Tg
ruts the level of e-Met mRNA expression was the same as
that in non-Tg rats at 70 davs, However, & 55% increase in
the level of c-Met mRNA expression compared with that of
s was observed a1 100 days and the lngher level of

non-1g
expression was retained at 130 days (Fig. 1B).

Administration of hrHGF to 100-Day-Old G93A
Tg Rats for 4 Weeks

To examine the efficacy of hrHGF on motor neurons
in the spinal cords of Tg rats against onsel of disease we
admimstered 40 and 200 g of hrilGF or vehicle alone 10
100-day-old G93A Tg ras for 4 weeks (n

8 1n each group)

FIGURE 4. Sections of the fifth lumbar anterior horn trom
G93A transgenic (Tg) rats treated with hurman recombinant
hepatocyte growth factor (hrHGF) (A, C, E, G) or vehicle (B,
D, F, H) for 2 weeks starting at 115 days were stained with
hematoxylin and easin (A, B) and antibodies to phosphory-
lated c-Met (€, D), activated caspase-3 (E, F), and activated
caspase-9 (G, H). Scale bar = 50 um. There were larger
numbers of remaining large motor neurons in hrHGF-treated
G93A Tg rats (6.7 = 1.6) (A) than in vehicle-treated G93A Tg
rats (2.3 + 0.9) (B). Phosphorylated c-Met staining was more
distinct in hrHGF-treated G93A Tg rats (€) than in vehicle-
treated G93A Tg rats (D). In contrast, activated caspase-3
staining was stronger in vehicle-treated G93A Tg rats (F) than
in hrHGF-treated G93A Tg rats (E). Activated caspase-9
staining was detectable in vehicle-treated G93A Tg rats (H)
compared with little reactivity in hrHGF-treated G93A Tg

rats (G)

20007 Amervican Association of Newropath

Animals were Killed at 130 days. and their lumbar spinal
cords were examined. Because administration of hrllGF for
more than 30 days may induce antibodies agamst hrHGF, we

acl
d

did not treat rats for longer than this penod. We confirm
elevation of human HGF concentrations in the lumbar cords
of hrlGF-treated rats using a specific sandwich immuno-
I'he mean human HGF concentrations were 83.9

25.1, 15.6 * 5.4, and 0 ng/mg for rats treated wath 200 g of
hrHGF. 40 pp of hrtHGF, and vehicle, respectively (Fig. 2F)
he endogenous rat HGF concentrat
this age (Fig. 1A). The human HGF concentration in the
spinal cord of G93A Tg rms treated with 200 pg of hrliGE

assay

ion is 4 to 5 ng/mg at
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was increased by approximately 20-fold relative to the
endogenous ral HGF. All vehicle-treated GY93A Tg rais
developed weakness in the hindlimbs with a mean onset of
1I8.8 + 42 days. Seven of 8 GI3A Tg rats treated with 40
pg of thHGF developed the disease before 130 days. In
contrast, only 3 of 8 animals treated with 200 pg of rhHGF
developed paralysis before this stage. At 130 days the
average numbers of motor neurons in the ventral homn were
as follows: non-Tg rats, 19.2 ¢ 3.3; vehicle only, 2.9 *+ 1.3;
40 pg of hrHGF. 6.3 * 2.1, and 200 pg of hrHGF, 11.2

4.2. Significantly more motor neurons survived in hrHGF-
treated (40 pg, p < 0.01; 200 pg, p < 0.001) than in vehicle-
treated GY3A Tg rats (Fig. 2A-E). hrHGF prevented motor
neuron death in G93A Tg rats in a dose-dependent manner.

Administration of hrHGF to 115-Day-Old G93A
Tg Rats for 4 Weeks

We next examined the therapeutic potential of MGF
when administration was started at around the age of onset
of paralysis. We administered 200 pg of htHGF or vehicle
alone to 113-day-old GY3A Tg rats for 4 weeks. There were
no statistically significant differences (p = 0.6346) in onset
between the groups (200 pg of hrHGF. 126.8 ¢ 13.1 days:
vehicle, 1263 13.8 days) (Fig. 3A. dotted lines). In
contrast, 200 pg of hrHGF extended mean survival by 11
days compared with vehicle-treated G93A Tg rats (p =
0.0135) (Fig. 3A, solid lines), although G93A Tg rats
showed very rapid disease progression and died within 20
days of disease onset. The average periods from the onset 1o
death were 16,9 + 8,17 and 27.5 + 11.1 days in vehicle (n =
8) and hrllGF (n = 8) groups. respectively. The latter
represented an increase of 62.7% relative to vehicle-treated
controls, Foolprint analysis of stride length in 200 pg of
hrHGF-treated G93A Tg rats showed sigmficant improve-
ment compared with vehicle-treated G93A Tg rais at 118
days (p = 0.0424) (Fig. 3B). Thus, despite the very rapid
disease progression in this model and short treatment period
of 4 weeks, hrHGF treatment improved motor performance
and prolonged survival even with treatment beginning
around the onset of paralysis

Histologic evaluation of the lumbar spinal cord
indicated that hrHGF treatment prevented the pathologic
changes typical of Tg rats. Two weeks afier commencement
ol administration at 129 days, vehicle-treated rats showed
substanuial loss of motor neurons (2.3 + 0.9) compared with
hrHGF-treated rats (6.6 + 1.6) (Figs. 3C, 4A, B). A signil-
icantly larger number of motor neurons survived in hrHGF-
weated G93A Tg rats than in vehicle-treated G93A Tg rats
(p = 0.002). Histologic evaluation of the lumbar spinal cord
revealed much greater numbers of phosphorylated c-Met-
positive cells (which were presumed to be motor neurons
because of their large size, muhipolar form. and localization
in the anterior horn of the spinal cord) in hrllGF-treated
G93A Tg rats compared with vehicle-treated G93A Tg rats
at 2 weeks after the stanl of admimstration at 129 days
{Fig. 4C, D). These observations indicated that the admin-
istered hrHGF was used in the spinal cord in G93A Tg rats.
Consistent with the observation that apoptosis is involved in
the pathogenesis of ALS (29-32), immunohistochemical
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analyses indicated large numbers of cells positve for
activated caspuse-3 and caspase-9 in vehicle-treated rats
(Fig. 4F, H), compared with little or no reactivity in
hrHGF-treated rats (Fig. 4E, G). To assess the mechanisms
of suppression of caspase-3 and caspase-9 activation n
hrHGF-treated rats, we next examined the level of XIAP by
Western blorting, as XIAP inhibits activation of these pro-
caspases and its levels are decreased in ALS mice (31)
Western blotting analysis revealed increased XIAP expression
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FIGURE 5. Caspase-3 and -9, glial fibrillary acidic protein
(GFAP), excitatory amino acid transporter 2 (EAAT2), X-linked
inhibitor of apoptosis protein (XIAP), and B-tubulin expression
in the lumbar spinal cord. Western blotting of lumbar spinal
cord lysates from G93A transgenic (Tg) rats treated with 100
ng of human recombinant hepatocyte growth factor (hrHGF)
or vehicle for 2 weeks from 115 days. Western blotting
analysis revealed increased levels of EAAT2 and XIAP expres-
sion in the spinal cords of hrHGF-treated G93A Tg rats
compared with vehicle-treated G93A Tg rats (XIAP, p =
0.0099; EAAT2, p = 0.0417; n = 4). On the other hand,
activated caspase-3 and -9 expression levels were decreased in
hrHGF-treated G93A Tg rats. There were significant differ-
ences in caspase-3 expression between hrHGF- and vehicle-
treated G93A Tg rats (pro-caspase-3, p = 0.0031; activated
caspase-3, 0.0154; n = 4). GFAP expression was equivalent in
both groups.
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in the spinal cord of G93A Tg rats, and the increase in
hrl1GF-treated rats was only 60% of that in vehicle-treated
GY3A Tg rats. On the other hand. activaied caspase-3 and 9
levels were decreased in hrlGF-treated GY3A Tg rats (p =
(L0154 and p = 0.2364, 75% and 69% of vehicle-treated G93A
Tg rats, respectively). These were all considered to be effects
of HGF on motor neurons. Finally, we examined whether
HGF improves the function of other cell types, such as
astrocytes. There was a 60% increase in glial-specific gluta-
mate transporter (EAAT2) in hrHGF-treated rats compared
with vehicle-treated controls, although there was little differ-
ence in GFAP expression levels between the 2 groups (Fig. 5).

DISCUSSION

In this study, we demonstrated dose-dependent elfects
of heHGF on motor neurons in the G93A Te rat model of
ALS, with administration starting at 100 days. Furthermore,
we showed that hrHGF retards disease progression n this
animal model treated from 115 days at the time of disease
onset. There have been many studies of possible treatments
in a mouse model of ALS (33, 34). but few agents have been
shown to prolong survival with administration starting
around disease onset (6-12). In this study, recombinant
hrHGF retarded disease development even with administra-
tion beginning around the age onset of paralysis. Here, we
showed the therapeutic effects of intrathecal delivery of a
neurotrophic factor as a protein. rather than a transgene, on
ALS beginning at the onset ol paralysis. The average
survival period of hrHGF-wreated rats was 62.7% longer
than that ol vehicle-treated conirols, comparable with the
improved survival obtained by viral delivery of insulin-like
growth factor-1 (6). We defined the appearance of paralysis
as discase onsel, although this is not a sensitive indicator and
appears later than the decrease in activity (10). However, the
appearance of paralysis is a clinically relevam marker of
disease onset because it is closer to the state at which
patients will be diagnosed with the disease.

We confirmed elevation of the human HGF concen-
tration i the lumbar cords of hrHGF-treated G93A Ty rais
using a specific sandwich immunoassay. Histologic evalua-
tion of the lumbar spmal cord revealed greater numbers of
phosphorylated c-Met-positive motor neurons in hrHGF-
treated GY3A Tg rats. This finding suggested that HGF
receptors of motor neurons were activated well by admin-
istered hrHGF (35). These observations indicated that the
administered hrHGF penetrated into the spinal cord and was
utilized in the motor neurons of spinal cord. Previous studies
demonstrated that many trophic factors have protective
effects on motor neurons. In human trials of neurotrophic
factors, such as bran-derived neurotrophic factors, glial cell
line-derived neurotrophic factor, and insulin-like growth
factor-1, the delivery (accessibility) of the protein to the
motor neurons and glia in the spinal cord has been argued to
be essential. Our results confirmed that chronic intrathecal
administration with implanted infusion pumps supplied
appropriate therapeutic doses to spinal cord motor neurons,

The HGF concentrations in cerebrospinal Auid are
increased in many neurologic disorders, including ALS (26)
Im GO3A Tg rats. the level of endogenous HGF in the spinal

& 2007 American Association of Neuropathologists, Ine

cord showed significantly greater elevation when the patho-
logic changes began in the spinal cord and increased with
progression of the disease compared with the level of
endogenous HGF in the spinal cord of non-Tg rats. Afier
onset, the level of endogenous HGF almost doubled relative 1o
that in non-Tg rats (Fig. 1A). These results were compatible to
observations in patients with sporadic as well as familial ALS
(36, 37). The level of c-met RNA expression in the lumbar
cord of G93A rats increased to 155% of the normal level from
before onset. and this elevated expression was retained after
onset of disease (Fig. 1B). Kato et al (36) demonstrated that
autocrine and paracrine trophic support of the HGF-c-met
system coniributes 10 atlenuation of the degeneration of
residual spinal cord motor neurons in ALS, whereas disruption
ol the HGF-c-met system at an advanced stage of disease
accelerates cellular degeneration (37). Administration of
hrHGF delayed the pathologic changes in G93A Tg rats. This
¢ffect of HGF may be due 1o replenishment of the relative
insufficiency of HGF in G93A Tg rats in the present study

Consistent with the findings that apoptosis is involved in
ALS (29-31), large numbers of cells immunopositive for
activated caspase-3 and -9 were observed in vehicle-treated
ammals in contrast to little or no reactivity in hrtHGF-treated
rats, This result was verified by quantitative Westemn blotting
analysis, which indicated that HGF could block caspase
activation of apoptosis. Caspase-3 and -9 are the main factors
mvolved m execution of the caspase cascade. The survival-
prolonging effect of HGF may be explained by suppression of
induction and activation of caspase-9, as this enzyme is
mvolved in deternuning disease duration (31). These obser-
vations suggest that the mechanism of the therapeutic effect
of HGF in GY3A Tg rats includes inhibition of the caspase
cascade or of the cell death mechanism preceding the caspase
cascade. In addition, EAATZ and XIAP expression levels
were increased in the hrHGF-treated group compared with
vehicle-treated controls, indicating that HGF affected not only
motor neurons via inhibition of the caspase cascade but also
other cell types, such as astrocytes. which support motor
neurons by maintaining or reinforcing internal cell protective
functions. such as EAAT2 and XIAP

Our results demonstrate pathologic improvements and
retarded progression of ALS in G93A Tg rats by intrathecal
administration of hrHGF from around the time of disease
onset. Because HGF and ¢-Met are thought 10 be regulated
in cases of not only familial but also sporadic ALS in a
manner similar to the Tg mouse model of ALS (36), our
findings suggest the possibility of clinical use of HGF in
both familial and sporadic ALS. The results indicating the
efficiency of hrHGF administration even from the onset of
paralysis should prompt further clinical trials in ALS.
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Many therapeutic interventions using neurotrophic fac-
tors or pharmacological agents have focused on second-
ary degeneration after spinal cord injury (SCI) to reduce
damaged areas and promote axonal regeneration and
functional recovery. Hepatocyte growth factor (HGF),
which was identified as a potent mitogen for mature hepa-
tocytes and a mediator of inflammatory responses to
tissue injury, has recently been highlighted as a potent
neurotrophic and angiogenic factor in the central nerv-
ous system (CNS). In the present study, we revealed
that the extent of endogenous HGF up-regulation was
less than that of c-Met, an HGF receptor, during the
acute phase of SCI and administered exogenous HGF
into injured spinal cord using a replication-incompetent
herpes simplex virous-1 (HSV-1) vector to determine
whether HGF exerts beneficial effects and promotes
functional recovery after SCI. This treatment resulted in
the significant promotion of neuron and oligodendro-
cyte survival, angiogenesis, axonal regrowth, and func-
tional recovery after SCI. These results suggest that
HGF gene delivery to the injured spinal cord exerts
multiple beneficial effects and enhances endogenous
repair after SCI. This is the first study to demonstrate
the efficacy of HGF for SCI. © 2007 Wiley-Liss, Inc.

Key words: hepatocyte growth factor; spinal cord
injury; repair; functional recovery

Spinal cord mjury (SCI) 1s followed by secondary
degeneration, which is characterized by progressive tissue
necrosis, and many  experimental interventions  using
neurotrophic factors have focused on this posttraumatic
infammarory process to reduce damaged area and pro-
mote axonal regeneration throughout the lesion epicen

€ 2007 Wiley-Liss, Inc.

ter. Neurotrophins such as nerve growth factor (NGF:
Tuszynski et al,, 1994, 1996), brain-derived growth fac
tor (BDNF; Jakeman et al., 1998; Vavrek er al, 2006),
neurotrophin-3 (NT-3;: Gnll ec al., 1997; McTigue
et al., 1998), and ghal cell hne-denved neurotrophic fac-
tor (GDNF; Lin er al,, 1999; Blesch and Tuszynsk:,
2001) have been reported to enhance axonal growth in
injured spinal cord, and some of the studies cited above
showed that neurotrophins promoted behavioral recov-
ery atter SCI (Jakeman et al., 1998; L er al., 1999).
Not only neurotrophic support bue also angiogenesis
after SCI s a enncal factor i the endogenous regenerative
response to trauma (Casella et al., 2002; Loy et al.. 2002)
[nitial damage to local blood vessels 1s decisive for the pro-
gression of destructive events during secondary degenera
non (Mautes et al., 2000) and strategic treatments to
improve angiogenesis after SCI showed a relationship
between blood flow and funcnonal recovery (Glaser et al.,
2004: Guizar-Sahagun et al., 2005). Hepatocyte growth
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factor (HGF) was first identified as a potent mitogen for
mature hepatocytes (Nakamura et al.. 1984; Nakamur
et al., 1989) and a natwral higand for the c-Met protoonco-
gene product (Bottaro et al., 1991), Recent studies have
revealed that HGF acts as a neurotrophic tactor in a variety
type of nevurons (Hamanoue et al.. 1996; Maina and Klen,
1999; Caton er al., 2000) and that HGF admunistration
enhances angiogenesis, improves nucrocirculation, inhibis
the destruction of the blood-brain barmer (Date et al,
2004), and exerts a nevrotroprotective effects after cereh-
eral 1schemia (Mivazawa er al., 1998; Shimamura et al.,
2006). In the present study, we first examined the changes
in endogenous HGF and c-Met expression after rat SCI
and then determined whether the administration of exoge-
nous HGF mto the injured spinal cord using HSV-1 vector
had positive effects on listological changes and the motor
function atter SCI. Ta the best of our knowledge, this i
the first study to examine the efficacy of HGF tor SCI

MATERIALS AND METHODS

Administration of HGF by HSV-1 Vector and S5CI

Adult female Sprague-Dawley mts (230-250 go Clea,
Tokyo, J;IPZII'I} were used for all the ﬂ\.pt‘null:nl.l] groups, All
amimals were handled i accordance with the Laboratory Ammal
Welfare Act, the Guide for the care and nse of laboratory anintals
(Natonal Institutes of Health), and the guidelines and policies
for anmmal surgery provided by the Anmimal Study Commurtee
of the Central Insnture for Experimental Ammals of Keio Umi-
veraty. Rreplicaton-incompetent HSV-1 vectors, HSV-HGF
and HSV-LacZ, were obtained as described by Zhao et al,
(2006). Rats were anesthetized, their spinal cords were exposed
by lamincctomy at TI0, and 10 pl of HSV-HGF or HSV-
LacZ feach titer 1.3 % 10" ptu/ml) was injected into the spinal
cord in the HGF group or the LacZ group, respectively (n =
62 vach). At 3 days after HSV-1 vector injection, the spinal
cords were again exposed at the site of mjecnon, and the
region was contused by using the Infimte Honzon impactor
(2000 kdyn; Precsion Systems, Lexmngron, KY). In the SCI
group, contusive SCI was induced ar T10 using the IH impac-
tor without the prior injection of HSV-1 vectors (n = 75).

Enzyme-Linked Immunosorbent Assay

Plasma samples were withdrawn transcardhally, and 4 4-
mm-long segment of spinal cord at T10 was isolated and lysed
at the indicated times. The spinal cord lysates were prepared
with 50 mM Tris-HCl (pH 7.4). 2 M NaCl, 25 mM [-glve-
crophosphate, 25 mM NaF, 1% Triton X-100, 1 mM phenyl-
methylsulfonyliuonde (PMSF; Wako, Osaka, Japan), 2 mg/
ml annpain (Pepude Insutute Inc., Osaka. Japan), 2 mg/ml
leupepun  (Pepude Insutute Inc), and 2 mg/ml pepstaun
(Pepride Institute Inc.). The concentrations of HGF protein in
the extracts of spinal cords lysates and plasma were determined
by using ELISA kits (Insutute of Immunology. Tokyo. Japan).

Real-Time Quantitative RT-PCR

A 4-mm-long spmal cord segment at T10 was collected
at indicated times, and total RNA was isolated from each spi-
mal cord sample using an RNeasy Kit (Qiagen, Bethesda,

Joumal of Neurescienee Riocarch DOL 10102/ jur
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MI}). The levels of HGF and c-Met mRINA were measured
as previously descnibed (Sun et al. 2000), The gquanotatve
data for each sample ar indicated umes was used to determine
the ratio relative to that in intact spinal cord

Immunoblotting Analysis

Lysates from each 4-mm-long spinal cord at T10 were
prt:p:lrrd mn T.ht' s|me huﬂi‘r us(d i an ['I-l\l’\ at lnd:r.‘ltcd
times, Proteins (20 pg) were resolved via SDS-PAGE, wrans-
ferred to a polyvinylidene diffuonide membrane, and immuno-
blotted with a polyclonal anubody (anticleaved caspase-3;
15008 Cell Signaling Technology, Beverly, MA). Bands
were visualized by using an ECL Blomng Analysis System
(Amersham Bioscience, Arlington Heighs, IL), and the band
intensities were measured with an NIH image analyzer. The
quantitative data for each band show the relanve ratio to that
of the spinal cord lysate at 3 days after SCI without any HSV-1
vecrtor ]II)L“:I“}"

1 hi }
Ir hemistry

Spinal cords were perfusion fixed with 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS) and postfixed
the same fixative (24 hr), 1% sucrose mn 0.1 M PBS (24 hr), and
30% sucrose in 0.1 M PBS (24 hr). Segments of spinal cords were
embedded in optimal cutting temperature compound and cut on
a eryostat into 20-pim-thick sections, For immunofluaroscence
stamning, the sections were ineubated at 4°C with monoclonal
anu-MNeuM (1:200; Chermicon, Temecula, CA), monoclonal
anughal fibnllary acidic protean (GFAP; 1:500); Sigma. St. Louss,
MO), monoclonal  ant-GST-m  (1:500; BD  Bosaence
Pharmingen, San Diego, CA), and polyclonal antu-c-Met (1:50;
Santa Cruz Biotechnology, Santa Cruz, CA), followed by Alexa
Fluoro-conjugated secondary anubodies  (1:500; Molecular
Probes, Eugene, OR ) and polyclonal anti-rat HGF (1:1; Institure
of Immunology) and polyclonal anticleaved caspase-3 (14000,
Cell Signaling), followed by biotnylated secondary antibodies
{1:500; Jackson Immunoresearch, West Groove, PA). For duami-
nobenzidine staning, the sections were mcubated at 4°C with
polyclonal ant-3-hydroxytryptamine (3-HT, 1:100; Dia Sorn,
Stillwater, MNJ, polyclonal anucholine aceryltransterase (ChAT;
I;ﬁt); Ch!.‘l'nin:nn]. I'nnrmr]nna] anti-rat endothelial cell .IIIH!!,(‘I)‘ 1
(RECA-1: 1:25: Serotec. Raleigh, NC), monoclonal anti-
growth-associated protein-43 (GAP-43; 1:2,000; Chenucon),
and monoclonal antneurofilament 200 kD (RTY7; 1:2.000;
Chemicon), followed by biotinylated secondary antibodies
(1:300; Jackson Immunoresearch). Biotinylated anubodies were
visualized using the Vectastun Ehite ABC kit (Vector Laborato-
ries, Burlingame, CA), followed by TSA (Vector Laboratories)
or diaminobenzidine (Sigma), All the images were abrained via
microscopy (Axioskop 2 Plus; Zeiss, Oberkochen, Germany) or
confocal microscopy (LSM310: Zess).

Quantitative Analyses

To quantify the RECA-1-positive area and Luxol fast
blue (LFB)-stained myelinated arca, the images of axial sections
were obtained. To quantify the area of the GAP-43-posinve
fibers and the RT97-positive fibers, the midsagittal sections
were scanned and tiled transversely throughout 4 cephalocaudal




2334 Kitamura et al,

length of 175 pm at the mdicated levels of mjured spinal cords
with 4 CCID camera (DXC-390; Sony, Tokyo. Japan) using a
Micro Computer Imaging Device (MCID; lmaging Research
Inc., St Cathannes, Onwano, Canada). The obtined images
were analyzed using gran countng with the light intensity by
MCI. Threshold values were maintained at constant levels for
all analyses. Images of axial sections stained with hematoxylin
i'l'[]d COMIT Were l)l‘l[ﬂ]lird, Jl'ld “LII'[H.'[“\' ('I'Ll'[h”ell areas ”f‘..l\‘i[.l-
von were also quanttied by MCID. Images of axual sections
stained with anti-ChAT antibody and anu-RECA-1 annbody
were obtained, and the numbers of ChAT-posiive moto-
neurons i the ventral horns and the numbers of RECA-|-posi-
tive vessels with lomina larger than 20 puin were counted.

Behavioral Testing

Motor function of the hindlimbs was evaluated by
open-field testing using the methodology of the Basso-
Beattie-Bresnahan (BBB) scale at 4, 7, 14, 21, 28, 35, and 42
duys after SCI (n = 14 for each group). Throughour the sur-
gery, behavioral tesnng, and histological analyses, the three
rescarchers who performed the procedures were unaware of
the groups to which the rats belonged.

Statistical Analysis

All data are reported as the mean = SEM. An unpaired
two-tatled Student’s -test was used for single comparisons.
The results of the real-ume PCR and ELISA  experiments
were analyzed via Dunnett test. The Mann-Whitnev U-test
was used for the BBB score

RESULTS

Endogenous Up-Regulation of HGF in Injured
Spinal Cord Was Insufficient Compared With the
Sharp Increase of c-Met Expression During the
Acute Phase of SCI

To detenmine the dynamics of the HGF-c-Met
system in adule rac spinal cord after SCI, the levels of
HGF and c-Met mRINA expression in mjured spinal cord
were analyzed via real-ume RT-PCR, and the amounts
of HGF protein in injured spinal cord and plasma were
also analyzed by an ELISA i the SCI group. Whereas
the level of c-Met mRNA expression in injured spinal
cord drastically mcreased from 1 day after SCI (Fig. 1A),
the level of HGF mRNA expression gradually increased
and peaked at 2 weeks after SCI (Fig. 1B). Thus HGF
and ¢-Met mRINA expression peaked at different time
points after SCL. Consistently with the level of HGF
mRNA expresion, the amount of HGF protein n
injured spinal cord gradually increased, peaking at about
4 weeks after SCI (Fig. 1C). In contrast, the amount of
HGF protein in the plasma did not increase atter SCI
(Fig. 1D). Next, we exanuned the localizaton of c-Met
in normal and injured rat spinal cord. In intact thoracic
spinal cord, c-Met immunoreactivity  (c-Met-IR) was
detected in NeuN-positive neurons and GST-n-positive
oligodendrocytes, but not in astrocytes (Fig. 2A-I).
However, at 1 week after SCI, ¢-Met-1R was clearly
observed in GFAP-positive reactive astrocytes (Fig. 2)-L;
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Fig. 1. Endogenous regulanon of HGF and c-Mer expression after
SCIL The levels of e-Met mRNA and HGF mRNA expresson after
SCI in a 4-mm segment of spinal cord from the lesion epicenter
were analyzed by using real-time RT-PCR. In contast to a drasoc
mcrease i c-Mer mRNA expression dunng the acute phase of SCI
(A). HGF mRINA expression showed a gradual increase only during
the subacute phase (B). ELISA data show that the amount of HGF
protem i a d-min segment of spmal cord from the lesion epreenter
gradually wereased during the subacute phase of SCI (C). similar to
the pattern of HGF mRINA expression. and the plasma HGF levels
did notncrease sigmiticandy after SCI (D). All data were reported as
the mean = S5EM. **P < (.01 n > 3 each.

axial section at 5 mm rostral to the epicenter) as well as
in neurons and oligodendrocytes (data not shown).

To exanmine the distnbution and amount of HGF
protein in uninjured spinal cord after gene delivery, the
spmal cord tissues were harvested and processed for an
ELISA and HGF immunostaining at 3 days and 4 wecks
atter the HSV-1 vectors (HSV-HGF and HSV-LacZ)
mjection.  Although HGF-IR  showed a remarkable
expansion putatively in the extracellular matnx in the
HGF group at 3 days after injection, very little HGF-IR
was observed in the LacZ group (Fig. 3A). Injection of
the HSV-1 vectors resulted in a significanty higher
amount of HGF protemn in the HGF group (11.5 = (.8
ng/g tissue) compared with that m the LacZ group (3.4
+ 0.1 ng/g tssue) at 3 days after injecton (Fig. 3C).
Double immunostaining using anni-B-galactosidase anu-
body showed that LacZ gene expression was maintained
in NeuN-positive neurons until 4 weeks after the injec-
tion (Fig. 3B). There was no significant difference in the
amount of HGF protein between the HGF group (4.9
= 1.5 ng/g tissue) and the LacZ group (2.9 % 0.1 ng/g
tissue) at 4 weeks after the mjecton (Fig. 3C).

HGF Promotes Survival of Neurons and
Oligodendrocytes After SCI

To determine the effects of HGF gene delivery on
the injured spinal cord. we performed several quantita-
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