Fig. 3 Phase-contrast and
immunofluorescence
microscopy of 1113C1 cells.
Phase-contrast microscopy of
living cells (a), and
immunofluorescence for S100
(b), laminin (¢), and GFAP (d).
Bars, 50 pm

RT-PCR demonstrated mRNA expression of S100,
p75NTR L1, PO, PMP22, and GAP43 (Fig. 2), and
immunocytochemical analysis also revealed protein
expression of S100, laminin, and GFAP in 1113ClI
(Fig. 3). These results indicate the distinct Schwann cell
phenotype of 1113C1.

To investigate the localization and accumulation of
GM2 ganglioside in the cultured Sandhoff Schwann
cells, double staining was performed with a monoclonal
antibody for GM2 ganglioside and polyclonal antibod-
ies for LAMP-1 as a lysosomal marker. Intense granular
immunofluorescence for GM2 ganglioside was observed
in 1113C1 while only faint fluorescence was found in
IMS32, and the localization was coincident with that of
LAMP-1 (Fig. 4a). Enhanced immunofluorescence for
LAMP-1 was also observed in 1113C1. These results
suggested increased and enlarged lysosomes containing
abundant gangliosides in Schwann cells derived from a
Sandhoff mouse. The intensity of the immunofluores-
cence for GM2 ganglioside in 1113C1 was almost the
same as that in cultured human Sandhoff fibroblasts
(Fig. 4b). The MUGS-degrading and MUG-degrading
activities in 1113C1 were 19% and 5% of the control
values, respectively (Table 1). The MUGS-degrading
and MUG-degrading activities are slightly higher than
those for cultured human Sandhoff fibroblasts (Table 1).

Enzyme replacement effect of recombinant human
Hex isozymes on the intracellular Hex activities and
cleavage of GM2 ganglioside in cultured mouse
Sandhoff Schwann cells

We investigated the uptake of the recombinant human
Hex isozymes by mouse Sandhoff Schwann cells in culture
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and compared it with that in the case of cultured human
Sandhoff fibroblasts. The conditioned medium from the
CHO transformants expressing the human o-subunit and
B-subunit cDNAs was administered to mouse Sandhoff
Schwann cells and human Sandhoff fibroblasts. The
MUGS-degrading and MUG-degrading activities in the
conditioned medium were 299 and 758 nmol/h per milli-
liter, respectively. As shown in Table 1, the intracellular
MUGS-degrading and MUG-degrading activities in the
mouse Sandhoff Schwann cells were increased by 30%
and 33% compared with the normal control values after 3
days of culture in the conditioned medium while those in
the human Sandhoff fibroblasts were restored by 66% and
99%, respectively. The uptake of the recombinant Hex
isozymes was inhibited in the presence of 5 mM MG6P in
the culture medium.

We also investigated the effect of incorporated Hex A
on the degradation of GM2 ganglioside accumulated in
the mouse Sandhoff Schwann cells (Fig. 5a) and human
Sandhoff fibroblasts (Fig. 5b). The GM2 ganglioside
accumulated in the mouse Sandhoff Schwann cells was
cleaved on 3 days of culture with the conditioned med-
ium containing Hex A as well as in the human Sandhoff
fibroblasts. The enhanced immunofluorescence for
LAMP-1 was also normalized by this procedure. The
effect was inhibited by the addition of M6P to the cul-
ture medium.

Discussion

In this study, we established a spontaneously immor-
talized Schwann cell line, 1113C1, from DRG and
peripheral nerves of Sandhoff mice. The 1113C1 cells
possess the disrupted Hexb gene allele and exhibit a
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a Mouse Schwann cells
Wild type Sandhoff
(IMS32) (1113C1)

Merge LAMP-1 GM2

Fluorescence/
Phase contrast

Fig. 4 Immunocytochemical analysis of intracellular GM2 gangli-
oside. Double staining of cultured mouse Schwann cells (a) and
human fibroblasts (b) was carried out using a monoclonal antibody
for GM2 ganglioside (GM2, green) and polyclonal antibodies for

distinct Schwann cell morphology and biochemical
phenotypes such as S100, p75N™%, L1, PO, PMP-22,
GAP-43, laminin, and GFAP, as shown on RT-PCR
and/or immunocytochemical analysis. Moreover,
immunocytochemical analysis revealed the accumula-
tion of GM2 ganglioside in lysosomes of 1113C1 cells as
well as in those of cultured human Sandhoff fibroblasts.
The reason the 1113C1 cells have residual MUGS-
degrading and MUG-degrading activities has not been
clarified yet. However, as the disruption of the mouse Hex
B-subunit gene and the accumulation of GM2 ganglioside
due to decreased Hex A activity are characterized in this
cell line, the residual activity must be mainly resulted from

b Human fibroblasts

Sandhoff

Merge LAMP-1 GM2

Fluorescence/
Phase contrast

LAMP-1 (LAMP-I1, red). Overlapped images with these two
fluorescent probes are shown in yellow (Merge). Fluorescence/
Phase contrast shows overlapped Merge and phase-contrast
images. Bars, 50 pm

Hex S (0o homodimer). Culture condition and/or tissue
specificity might influence the formation of oo homodi-
mer. Considering the analytical data, the 1113C1 cell lines
are thought to be useful for clarifying the pathophysiol-
ogy of Sandhoff disease and for examining effects in the
therapeutic experiments on this disease.

We obtained the recombinant Hex isozymes from the
CHO cell line coexpressing the human Hex a-subunit and
B-subunit cDNAs. The MUGS-degrading and MUG-
degrading activities increased in 1113Cl1 cells on culturing
them in conditioned medium containing the expressed
Hex isozymes although the degrees of the increases of the
enzyme activities were lower than that in the cultured
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Table 1 Restoration of MUGS-degrading and MUG-degrading activities in cultured mouse Sandhoff Schwann cells and cultured human
Sandhoff fibroblasts after addition of conditioned media from the transformed Chinese hamster ovary (CHO) cell lines

Conditioned medium 5 mM M6P  MUGS-degrading activity MUG-degrading activity
(nmol/h/mg) (%) (nmol/h/mg) (%)
Cultured mouse Schwann cells
Wild type IMS32) — - 992 100 2491 100
Sandhoff (1113C1) - - 188 19 177 5
+ - 300 30 811 33
+ + 203 20 316 13
Cultured human fibroblasts
Normal - — 981 100 42438 100
Sandhoff - - 52 5 63 1
+ - 649 66 4201 99
+ + 92 9 381 9

Cultured mouse Sandhoff Schwann cells (1113C1) and cultured human Sandhoff fibroblasts were cultured with conditioned media
containing Hex isozymes from CHO transformants, as described in Materials and methods. Some experiments were performed in the
presence of 5 mM M6P. After 3 days, the cells were harvested, and MUGS-degrading and MUG-degrading activities were measured. As a
control, IMS32 cells from a wild-type mouse and human cultured fibroblasts from a normal subject were used. (n=2)

a Mouse Sandhoff Schwann cells
(1113C1)
SmM M6P - +
conditioned medium + +
o
=
&)
MG
-
=
<
|
o S
o0
5
= #
™y
~ ; \ Uy
S E A N
5 g -
23
¥
= =
= A

Fig. 5 Administration of the recombinant human Hex isozymes
to mouse Sandhoff Schwann cells and human Sandhoff
fibroblasts. Cultured mouse Schwann cells (a) and human
fibroblasts (b) with Sandhoff disease were stimulated with the
conditioned media containing Hex isozymes from Chinese
hamster ovary (CHO) transformants for 3 days. Double staining

b Human Sandhoff fibroblasts
| | 1
5mM M6P - +
conditioned medium + +

Merge LAMP-1 GM2

Fluorescence/
Phase contrast

of these cells was carried out with a monoclonal antibody for
GM2 ganglioside (GM2, green) and polyclonal antibodies for
LAMP-1 (LAMP-1, red). Fluorescence/Phase contrast images
with these two fluorescent probes are shown in yellow. Some
experiments were performed in the presence of 5 mM MG6P.
Bars, 50 pym
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human Sandhoff fibroblasts. Incorporation of the Hex
isozymes was inhibited in the presence of 5 mM M6P in
the culture medium, indicating that these Hex isozymes
are taken up via cation-independent M6P receptors on the
surface of cultured Schwann cells and cultured fibroblasts.
Hex isozymes are known to be synthesized in the rough
endoplasmic reticulum and are modified through the
addition of high-mannose oligosaccharides. The Hex
isozymes are transferred to the Golgi apparatus where
further modification, including the addition of M6P res-
idues to the nonreducing ends of the sugar chains and
binding to the cation-independent M6P receptors, occurs.
Then, the enzymes are transported to endosomes/lyso-
somes. In cultured fibroblasts, Hex isozymes are thought
to be transported from the extracellular milieu to lyso-
somes through cation-independent M6P-receptor-medi-
ated endocytosis (Kornfeld and Sly 2001). The
recombinant Hex isozymes could also be incorporated
into the cultured Schwann cells via cation-independent
M6P receptors although the total number of cation-
independent M6P receptors on the surface of cultured
Schwann cells might be less than that on cultured fibro-
blasts.

The incorporated recombinant human Hex A de-
graded the accumulated GM2 ganglioside in the cultured
mouse Sandhoff Schwann cells as well as in the cultured
human Sandhoff fibroblasts. The enhanced immunofiu-
orescence for LAMP-1 in these cells was normalized after
the administration of Hex isozymes although an addition
of M6P inhibited that. It suggests that the increased and
enlarged lysosomes caused by the accumulation of GM2
ganglioside could be normalized by the uptake of Hex
isozymes through cation-independent M6P receptors.
This encourages us to develop ERT for Sandhoff disease
although the problem of the blood-brain barrier and
blood-nerve barrier must be solved in the near future.

In conclusion, we established immortalized Schwann
cells from Sandhoff mice. The cells are useful for investi-
gation and development of therapies for Sandhoff disease,
1.e., we will be able to examine incorporation of a modified
enzyme developed for therapy into neuronal cells using
this cell line before performing an experiment with
Sandhoff mice.

Acknowledgement We wish to thank Dr. Richard L. Proia (Section
on Genetics of Development and Disease Branch, National Insti-
tute of Diabetes and Digestive and Kidney Disease, National
Institutes of Health) for providing us with the Sandhoff mice. This
work was partly supported by grants from CREST, JST, the Tokyo
Metropolitan Government, the Japan Society for the Promotion of
Science, the Ministry of Education, Science, Sports and Culture,
and the Ministry of Health, Labor and Welfare of Japan.

References

Barton NW, Brady RO, Dambrosia JM, Di Bisceglie AM, Doppelt
SH, Hill SC, Mankin HJ, Murray GJ, Parker RI, Argoff CE
(1991) Replacement therapy for inherited enzyme deficiency-
macrophage-targeted glucocerebrosidase for Gaucher disease.
N Engl J Med 23:1464-1470

Dobrenis K, Joseph A, Rattazzi MC (1992) Neuronal lysosomal
enzyme replacement using fragment C of tetanus toxin. Proc
Natl Acad Sci USA §9:2297-2301

Eng CM, Guffon N, Wilcox WR, Germain DP, Lee P, Waldek S,
Caplan L, Linthorst GE, Desnick RJ (2001) Safety and efficacy
of recombinant human o-galactosidase A replacement therapy
in Fabry’s disease. N Engl J Med 345:9-16

Gravel RA, Kaback MM, Proia RL, Sandhoff K, Suzuki K, Suzuki
K (2001) The GM2 gangliosidoses. In: Scriver CR, Beaudet AL,
Sly WS, Valle D (eds) The metabolic and molecular bases of
inherited disease, 8th edn. McGraw-Hill, New York, pp 3827-
3876

Harmatz P, Whitley CB, Waber L, Pais R, Steiner R, Plecko B,
Kaplan P, Simon J, Butensky E, Hopwood JJ (2004) Enzyme
replacement therapy in mucopolysaccharidosis VI (Maroteaux—
Lamy syndrome). J Pediatr 144:574-580

Klinge L, Straub V, Neudorf U, Voit T (2005) Enzyme replacement
therapy in classical infantile Pompe disease: results of a ten-
month follow-up study. Neuropediatrics 36:6-11

Kornfeld S, Sly WS (2001) L-cell disease and Pseudo-Hurler poly-
dystrophy: disorders of lysosomal enzyme phosphorylation and
localization. In: Scriver CR, Beaudet AL, Sly WS, Valle D (eds)
The metabolic and molecular bases of inherited disease, 8th
edn. McGraw-Hill, New York, pp 3469-3482

Kotani M, Ozawa H, Kawashima I, Ando S, Tai T (1992)
Generation of one set of monoclonal antibodies specific for
a-pathway ganglio-series gangliosides. Biochim Biophys
Acta 1117:97-103

Mirsky R, Jessen KR (1999) The neurobiology of Schwann cells.
Brain Pathol 9:293-311

Muenzer J, Lamsa JC, Garcia A, Dacosta J, Garcia J, Treco DA
(2002) Enzyme replacement therapy in mucopolysaccharidosis
type II (Hunter syndrome): a preliminary report. Acta Paediatr
91(Suppl):98-99

Phaneuf D, Wakamatsu N, Huang JQ, Borowski A, Peterson AC,
Fortunato SR, Ritter G, Igdoura SA, Morales CR, Benoit G,
Akerman BR, Leclerc D, Hanai N, Marth JD, Trasler JM,
Gravel RA (1996) Dramatically different phenotypes in mouse
models of human Tay-Sachs and Sandhoff diseases. Hum Mol
Genet 5:1-14

Sakuraba H, Matsuzawa F, Aikawa S, Doi H, Kotani M, Lin H,
Ohno K, Tanaka A, Yamada H, Uyama E (2002) Molecular
and structural studies of the GM?2 gangliosidosis 0 variant.
J Hum Genet 47:176-183

Sakuraba H, Sawada M, Matsuzawa F, Aikawa S, Chiba Y, Jigami
Y, Itoh K (2005) Molecular pathologies and enzyme replace-
ment therapies for lysosomal diseases. Curr Drug Targets CNS
Neurol Disord (in press)

Sango K, Yamanaka S, Hoffmann A, Okuda Y, Grinberg A,
Westphal H, McDonald MP, Crawley JN, Sandhoff K, Suzuki
K, Proia RL (1995) Mouse models of Tay-Sachs and Sandhoff
diseases differ in neurologic phenotype and ganglioside
metabolism. Nat Genet 11:170-176

Sango K, Yamanaka S, Ajiki A, Tokashiki A, Watabe K (2002)
Lysosomal storage results in impaired survival but normal
neurite outgrowth in dorsal root ganglion neurons from a
mouse model of Sandhoff disease. Neuropathol Appl Neurobiol
28:23-34

Schiffmann R, Murray GJ, Treco D, Daniel P, Sellos-Moura M,
Myers M, Quirk JM, Zirzow GC, Borowski M, Loveday K,
Anderson T, Gillespie F, Oliver KL, Jeffries NO, Doo E, Liang
TJ, Kreps C, Gunter K, Frei K, Crutchfield K, Selden RF,
Brady RO (2000) Infusion of o-galactosidase A reduces tissue
globotriaosylceramide storage in patients with Fabry disease.
Proc Natl Acad Sci USA 97:365-370

Suzuki K (1987) Enzymatic diagnosis of sphingolipidoses. Methods
Enzymol 138:727-762

Van den Hout JM, Kamphoven JH, Winkel LP, Arts WF, De
Klerk JB, Loonen MC, Vulto AG, Cromme-Dijkhuis A,
Weisglas-Kuperus N, Hop W, Van Hirtum H, Van Diggelen
OP, Boer M, Kroos MA, Van Doorn PA, Van der Voort E,
Sibbles B, Van Corven EJ, Brakenhoff JP, Van Hove J,



Smeitink JA, de Jong G, Reuser AJ, Van der Ploeg AT
(2004) Long-term intravenous treatment of Pompe disease
with recombinant human alpha-glucosidase from milk. Pedi-
atrics 113:e448-457

Watabe K, Yamada M, Kawamura T, Kim SU (1990) Transfection
and stable transformation of adult mouse Schwann cells with
SV-40 large T antigen gene. J Neuropathol Exp Neurol 49:455-
467

Watabe K, Fukuda T, Tanaka J, Toyohara K, Sakai O (1994)
Mitogenic effects of platelet-derived growth factor, fibroblast
growth factor, transforming growth factor-B, and heparin-
binding serum factor for adult mouse Schwann cells. J Neurosci
Res 39:525-534

Watabe K, Fukuda T, Tanaka J, Honda H, Toyohara K, Sakai O
(1995) Spontaneously immortalized adult mouse Schwann cells
secrete autocrine and paracrine growth-promoting activities.
J Neurosci Res 41:279-290

467

Watabe K, Ida H, Uehara K, Oyanagi K, Sakamoto T, Tanaka J,
Garver WS, Miyawaki S, Ohno K, Eto Y (2001) Establishment
and characterization of immortalized Schwann cells from
murine model of Niemann-Pick disease type C (spm/spm).
J Peripher Nerv Syst 6:85-94

Watabe K, Sakamoto T, Kawazoe Y, Michikawa M, Miyamoto K,
Yamamura T, Saya H, Araki N (2003) Tissue culture methods to
study neurological disorders: establishment of immortalized
Schwann cells from murine disease models. Neuropathology
23:68-78

Wraith JE, Clarke LA, Beck M, Kolodny EH, Pastores GM,
Muenzer J, Rapoport DM, Berger K1, Swiedler SJ, Kakkis ED,
Braakman T, Chadbourne E, Walton-Bowen K, Cox GF (2004)
Enzyme replacement therapy for mucopolysaccharidosis I: a
randomized, double-blinded, placebo-controlled, multinational
study of recombinant human alpha-L-iduronidase (laronidase).
J Pediatr 144:581-588



g e et

Journal of Neuroscience Research 82:63—70 (2005)

Motoneuron Degeneration After Facial
Nerve Avulsion Is Exacerbated in
Presymptomatic Transgenic Rats
Expressing Human Mutant Cu/Zn

Superoxide Dismutase
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We investigated motoneuron degeneration after proxi-
mal nerve injury in presymptomatic transgenic (tg) rats
expressing human mutant Cu/Zn superoxide dismutase
(SOD1). The right facial nerves of presymptomatic tg
rats expressing human H46R or G93A SOD1 and their
non-tg littermates were avulsed, and facial nuclei were
examined at 2 weeks postoperation. Nissl-stained cell
counts revealed that facial motoneuron loss after avul-
sion was exacerbated in H46R- and G93A-tg rats com-
pared with their non-tg littermates. The loss of moto-
neurons in G93A-tg rats after avulsion was significantly
greater than that in H46R-tg rats. Intense cytoplasmic
immunolabeling for SOD1 in injured motoneurons after
avulsion was demonstrated in H46R- and G93A-tg rats
but not in their litermates. Facial axotomy did not
induce significant motoneuron loss nor enhance SOD1
immunoreactivity in these tg rats and non-tg littermates
at 2 weeks postoperation, although both axotomy and
avulsion elicited intense immunolabeling for activating
transcription factor-3, phosphorylated c-Jun, and phos-
phorylated heat shock protein 27 in injured motoneu-
rons of all these animals. The present data indicate
the increased vulnerability of injured motoneurons after
avulsion in the presymptomatic mutant SOD1-tg
rats. © 2005 Wiley-Liss, Inc.

Key words: axotomy; facial nerve; amyotrophic lateral
sclerosis; ALS; mutant Cu/Zn superoxide dismutase;
SOD1; transgenic rat

Since the discovery of the mutation of Cu/Zn
superoxide dismutase (SOD1) in patients with familial
amyotrophic lateral sclerosis (ALS) and the development
of transgenic (tg) mice and rats expressing human mutant
SOD1 that show clinicopathological characteristics com-

© 2005 Wiley-Liss, Inc.

parable to human familial ALS, the mutant SOD1-tg
animals have been the most widely used experimental
models for elucidating the pathomechanism of and the
therapeutic approach for familial ALS as well as sporadic
ALS (Cleveland and Rothstein, 2001). Although the
precise mechanism of motoneuron degeneration in
mutant SOD1-tg animals is largely unknown, the mutant
SOD1 is thought to have a gain of toxic function
(Cleveland and Rothstein, 2001). In another animal
model of motoneuron degeneration, peripheral nerve
avulsion exhibits extensive loss of motoneurons in adult
rats (Sereide, 1981; Wu, 1993; Koliatsos et al., 1994;
Watabe et al., 2000; Sakamoto et al., 2000, 2003a,b;
Ikeda et al., 2003; Moran and Graeber, 2004). The
mechanism of motoneuron degeneration after avulsion
also remains unclear, but peroxinitrite-mediated oxida-
tive damage and penkaryal accumulation of phosphory-
lated neurofilaments have been demonstrated in injured
motoneurons after avulsion (Martin et al., 1999). Both
of these pathological features have also been shown in
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spinal motoneurons in mutant SOD1-tg animals as well
as in patients with familial and sporadic ALS (Estévez
et al., 1998; Cleveland, 1999; Cleveland and Rothstein,
2001). If motoneuron degeneration after peripheral
nerve avulsion shares any underlying mechanisms of
motoneuron death associated with SOD1 mutation,
motoneurons in presymptomatic mutant SOD1-tg ani-
mals may be more susceptible to pathological insults fol-
lowing avulsion compared with their non-tg littermates.
If this is so, we may be able to utilize facial nerve avul-
sion as an animal model for understanding the mecha-
nisms of motoneuron degeneration in ALS. In the
present study, we examined injured motoneurons after
facial nerve avulsion in presymptomatic mutant human
SOD1-tg rats and their littermates.

MATERIALS AND METHODS
Animals and Surgical Procedures

The experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of Tokyo Metro-
politan Institute for Neuroscience and Tohoku University
Graduate School of Medicine. The tg rats expressing human
mutant SOD1 (H46R, G93A) were generated as described
previously (Nagai et al.,, 2001). Two types of rats with SOD1
mutations, H46R and G93A, were used for experiments. The
H46R -tg rats develop motor deficits at about 140 days of age
and die after 3 weeks, and G93A-tg rats show the clinical
signs at around 120 days of age and die after 10 days (Nagai
et al., 2001).

The presymptomatic female H46R. (90 days old)- and
G93A (80 days old)-tg rats were anesthetized with inhalation
of halothane. Under a dissecting microscope, the right facial
nerve was exposed at its exit from the stylomastoid foramen.
With microhemostat forceps, the proximal facial nerve was
avulsed by gentle traction and removed from the distal facial
nerve as described elsewhere (Sakamoto et al., 2000, 2003a,b;
Ikeda et al., 2003). As for axotomy, the right facial nerve was
transected at its exit from the stylomastoid foramen, and a dis-
tal portion of the nerve, 5 mm in length, was cut and
removed. The wound was covered with a small piece of gela-
tin sponge (Gelfoam; Pharmacia Upjohn, Bridgewater, NJ)
and closed by fine suture.

Motoneuron Cell Counting

At 2 weeks postoperation, rats were anesthetized with a
Iethal dose of pentobarbital sodium and transcardially perfused
with 0.1 M phosphate buffer, pH 7.4 (PB), followed by 4%
paraformaldehyde in 0.1 M PB. The brainstem tissue was
excised, postfixed in the same fixative for 2 hr, dehydrated,
and embedded in paraffin, and serial transverse sections (6-pm
thickness) were made. Every fifth section (24-pm interval)
was collected, deparaffinized, and stained with cresyl violet
(Niss] staining), and facial motoneurons having nuclei contain-
ing distinct nucleoli on both sides of the facial nuclei were
counted in 25 sections as described elsewhere (Sakamoto
et al., 2000, 2003a,b; lkeda et al., 2003). The data were

expressed as the mean = SEM, and statistical significance was
assessed by Mann-Whitney U-test.

Immunohistochemistry

Immunchistochemistry on paraffin sections was per-
formed with the following primary antibodies: sheep anti-
human SOD1 (1:1,000; Calbiochem, San Diego, CA), rabbit
anti-human SOD1 (1:10,000; kindly provided by Dr. K.
Asayama; Asayama and Burr, 1984), mouse monoclonal anti-
phosphorylated neurofilament SMI-31 (1:1,000; Sternberger
Monoclonals, Lutherville, MD), rabbit anti-ubiquitin (1:1,000;
Dako, Glostrup, Denmark), rabbit anti-glial fibrillary acidic
protein (GFAP; 1:1,000; Dako), rabbit anti-activating transcrip-
tion factor-3 (ATE3; sc-188, 1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit anti-c-fun (sc-1694, 1:200; Santa
Cruz Biotechnology), mouse monoclonal anti-phosphorylated
c-Jun (sc-822, 1:200; Santa Cruz Biotechnology), rabbit anti-
heat shock protein (Hsp) 25 that reacts with rat Hsp27 (SPA-
801, 1:200; Stressgen, Victoria, British Columbia, Canada),
and rabbit anti-phosphospecific (Ser™)Hsp27 (1:200; Onco-
gene, San Diego, CA). For immunohistochemistry, deparaffi-
nized sections were pretreated with 0.3% HpO; in methanol
and preincubated with 3% heat-inactivated goat or rabbit
serurn in 0.1% Triton X-100 in phosphate-buffered saline
(T-PBS). In cases of immunostaining with mouse primary
antibodies, MOM blocking kit (Vector, Burlingame, CA) was
used according to the manufacturer’s instructions to reduce
nonspecific background staining. Sections were then incubated
overnight at 4°C with the primary antibodies diluted in
T-PBS, followed by the incubation with biotinylated rabbit
anti-sheep, goat anti-rabbit, or goat anti-mouse IgG at a dilu-
tion of 1:200 and with ABC reagent (Vector), visualized by
3,3'-diaminobenzidine tetrahydrocholoride (DAB)-H,0; solu-
tion and counterstained with hematoxylin. For negative con-
trols, the primary antibodies were omitted or replaced by
nonimmunized animal sera.

RESULTS

Two weeks after avulsion of the right facial nerves
in non-tg littermates, the number of surviving facial
motoneurons declined to ~70% of that on the contrala-
teral side, similar to that in normal rats, as described pre-
viously (Sakamoto et al.,, 2000). In SOD1-tg rats, only
~30-50% of motoneurons survived 2 weeks after avul-
sion, indicating that the loss of motoneurons was exacer-
bated in SOD1-tg rats compared with their non-tg lit-
termates (Fig. 1, Table I). The numbers of surviving
motoneurons in G93A-tg rats after avulsion (~35% of
contralateral side) were significantly less than those in
H46R -tg rats (~50% of contralateral side; Table I). The
numbers of intact motoneurons at contralateral sides did
not differ between tg rats and non-tg littermates, indicat-
ing that cell loss does not happen at this moment in the
course of the disease with SOD1 mutations (Table I).
Facial nerve axotomy did not induce significant loss of
injured motoneurons in tg rats and non-tg littermates at
2 weeks postoperation (Fig. 1, Table I).
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Fig. 1. Facial motoneurons of H46R~- and G93A-transgenic (tg) rats and their non-tg littermates
on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after facial nerve avulsion
or axotomy. Niss] stain. Scale bar = 100 pm.

Examination of sections immunostained for SOD1
showed intense cytoplasmic immunolabeling for SOD1
in injured motoneurons after avulsion in H46R- and
G93A-tg rats compared with uninjured motoneurons on
the contralateral side that were not or were very faintly
immunoreactive for SOD1 (Fig. 2). We used sheep and
rabbit anti-SOD1 antibodies, both of which gave identi-
cal results. The cytoplasmic SOD1 immunolabeling pat-
terns of injured motoneurons appeared diffuse in H46R -

tg rats, whereas they were granular in G93A-tg rats. In
G93A-tg rats, there were axons and vacuolar changes in
the neuropil consistently immunoreactive for SOD1 at
both uninjured and injured sides of facial nuclei (Fig. 2).
There was no definite immunolabeling for SOD1 in
either injured or uninjured motoneurons and their axons
in non-tg littermates (Fig. 2). Facial nerve axotomy did
not increase immunoreactivity for SOD1 in injured
motoneurons of tg rats and non-tg littermates at 2 weeks
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TABLE I. Survival of Motoneurons After Facial Nerve Avulsion and Axotomy!

Ipsilateral motoneuron

Contralateral motoneuron

Rat (n) number number Survival %
Avulsion
NL (H46R) (n = 10) 598 + 18 813 £ 26 73.7 £ 1.2
H46R (n = 8) 402 * 36" 839 + 27 475 = 2.8
NL (G93A) (n = 6) 637 = 56 822 * 47 76.7 £ 3.0
GBA (=7 306 = 37" 884 + 44 347 + 3.6
Axotomy
H46R (n = 5) 751 19 843 + 23 89.2 = 1.4
NL (G934) (n = 6) 743 * 15 835 + 12 88.9 * 0.6
G3A (n=75) 741 * 42 781 £ 45 949 + 1.2

{Numbers of facial motoneurons and the percent survival at the ipsilateral (lesion) side relative to the contrala-
teral (control) side 2 weeks after avulsion or axotomy. Results are presented as mean & SEM. Statistical com-

parison was done by Mann-Whitney U-test. n =

number of animals. NL. nontransgenic littermates.

*P < 0.01 vs. NL (H46R) and NL (G93A) rats after avulsion.

**P < 0.05 vs. H46R ~transgenic rats after avulsion.

postoperation (Fig. 2). In contrast, immupohistochemical
examination showed perikaryal accumulation of phos-
phorylated neurofilaments in injured motoneurons both
after axotomy and after avulsion, as described previously
(Koliatsos et al., 1989, 1994; Koliatsos and Price, 1996).
There were no hyaline inclusions identifiable in HE-
stained sections or ubiquitin-immunoreactive structures
in both H46R- and G93A-tg rats and their non-tg litter-
mates on either operated or contralateral sides (data not
shown). Proliferation of astrocytes as evidenced by
immunostaining for GFAP was observed at the injured
sides in all the animals after avulsion and axotomy, and
the degree of the astrocytic response appeared to corre-
late with the extent of motoneuron loss after avulsion;
ie.,, more intense GFAP immunostaining was demon-
strated when less neuronal survival was observed (Fig. 3).

It has been shown that ATF3 is expressed, and
c-Jun and Hsp27 are up-regulated and phosphorylated,
in injured motoneurons after axotomy (Tsujino et al.,
2000; Casanovas et al., 2001; Benn et al., 2002; Kalmar
et al, 2002). Several reports have documented that
ATEF3, c-Jun, and Hsp27 cooperate to promote neuronal
survival in vitro and in vivo, suggesting neuroprotective
roles of these molecules (Pearson et al., 2003; Nakagomi
et al, 2003). We then examined the expression of
ATEF3, c-Jun, and Hsp27 in injured motoneurons after
facial nerve avulsion that causes extensive neuronal loss.
In wild-type adult rats, intact facial motoneurons were
constitutively immunoreactive for c-Jun and Hsp27 but
not for ATE3, phosphorylated c-Jun, or phosphorylated
Hsp27, whereas injured motoneurons become immuno-
reactive for ATF3, phosphorylated c-Jun, and phos-
phorylated Hsp27 within 1 day after facial nerve avulsion
and remain positive up to 4 weeks (Watabe et al,
unpublished observations). In a similar manner, virtually
all injured motoneurons were immunostained for ATF3,
phosphorylated c-Jun, and phosphorylated Hsp27 in
H46R- and G93A-tg rats and their non-tg littermates
2 weeks after avulsion and axotomy as examined in this
study (Fig. 3).

DISCUSSION

We demonstrated that only 50% (H46R-tg rats) or
35% (G93A-tg rats) of motoneurons in mutant SOD1-tg
rats survived 2 weeks after avulsion at their presympto-
matic stage compared with 70% survival of motoneurons
in their non-tg littermates, indicating that motoneuron
degeneration after avulsion is significantly more severe in
these presymptomatic mutant SOD1-tg rats. It is inter-
esting to note that the loss of motoneurons in G93A-tg
rats was significantly greater than that in H46R-tg rats
after avulsion, insofar as the onset of paralysis is earlier
and the disease progression is more rapid in G93A-tg rats
compared with the H46R rats used in the present study
(Nagai et al., 2001). The clinical courses of these tg rats
are also likely to be relevant to those of human mutant
SOD1-mediated familial ALS, in that the human H46R.
cases progress very slowly compared with the G93A
cases (Nagai et al., 2001; Aoki et al, 1993, 1994). In
contrast, we did not see significant motoneuron loss in
the presymptomatic SOD1-tg rats and their non-tg lit-
termates 2 weeks after facial nerve axotomy. Unlike
avulsion, axotomy does not generally induce significant
motoneuron death in adult rodents (Lowrie and Vrbova,
1992; Moran and Graeber, 2004), except that, in the
case of adult Balb/C mice, the facial nerve axotomy
leads to loss of >50% of the motoneurons at 30 days
postoperation (Hottinger et al., 2000), and C57BL mice
show late motoneuron loss (~60%) 8 weeks after facial
nerve axotomy (Angelov et al., 2003). Mariotti et al.
(2002) axotomized facial nerves of G93A-tg mice and
their non-tg littermates at their presymptomatic stage
and observed loss of facial motoneurons that was higher
in G93A-tg mice than in non-tg littermates at 30 days
postaxotomy; these data are relevant to our present data
acquired from avulsion, but not axotomy, in rats, which
probably is due to the use of different animal species. In
contrast, Kong and Xu (1999) described axotomy of
lumbar spinal or sciatic nerve in G93A-tg mice at the
presymptomatic stage reducing the extent of axon
degeneration at the end stage of the disease. They did
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Fig. 2. SOD1 immunohistochemistry of facial motoneurons of H46R~ and G93A-tg rats and their
non-tg littermates on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after
facial nerve avulsion or axotomy. Counterstained with hematoxylin. Note immunostained moto-
neurons (vertical arrows), axons (horizontal arrows), and vacuoles in neuropil (arrowheads) in

H46R - and G93A-tg rats. Scale bar = 50 pm.

not evaluate the response of the cell bodies of spinal
motoneurons, so it remains unknown whether SOD1
mutation affects the viability of spinal motoneurons after
axotomy. In the present study, we demonstrated that
motoneuron degeneration after facial nerve avulsion, but
not after axotomy, is exacerbated in presymptomatic
mutant SOD1-tg rats at 2 weeks postoperation. These

data clearly indicate the increased vulnerability of facial
motoneurons to proximal nerve injury in the presympto-
matic SOD1-tg rats.

It has been shown that SOD1 is abundantly
expressed in cell bodies, dendrites, and axons of wild-
type mouse and rat motoneurons in vivo (Pardo et al.,
1995; Moreno et al.,, 1997; Yu, 2002). In the present
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Fig. 3. Immunohistochemistry for ATF3, phosphorylated c-Jun (p-c-
Jun), phosphorylated Hsp27 (p-Hsp27), and GFAP of facial nuclei in

in these rats after avulsion or axotomy. The intensity of GFAP

H46R-tg rat, G93A-tg rat, and non-tg littermate on the ipsilateral immunoreactivity appears parallel to the extent of motoneuron loss

Counterstained with hematoxylin. Scale bar =

1).

(see also Fig.
50 pm.

(avulsion or axotomy) and contralateral sides 2 weeks after facial
nerve avulsion or axotomy. All injured motoneurons are immuno-



study, we did not observe immunoreactivity for SOD1
in facial motoneurons of nontransgenic littermates with
sheep and rabbit anti-human SOD1 antibodies; it is
postulated that the antibody concentrations (i.e.,
1:1,000-10,000) used in this study are below the detec-
tion levels for immunostaining rat SOD1 antigen on par-
affin sections. Instead, we demonstrated some facial
motoneurons showing very faint immunoreactivity for
SOD1 in H46R-tg rats on paraffin sections. In G93A-tg
rats, axons and vacuoles in neuropil were intensely
immunoreactive for SOD1 at both uninjured and
injured sides. The increased immunostaining for SOD1
in injured motoneurons of SOD1 (H46R and G93A)-tg
rats may therefore indicate that human mutant SOD1
protein is accumulated in the cytoplasm of facial moto-
neurons after avulsion. When several mutant SODI1
genes that include G93A were transfected to COS7 cells,
the mutant SOD1s, but not wild-type SOD1, aggregated
in association with the endoplasmic reticulum (ER) and
induced ER stress (Tobisawa et al., 2003). Accumulation
of mutant SOD1 in injured motoneurons after avulsion
may therefore potentiate ER stress and exacerbate moto-
neuron death in the presymptomatic mutant SOD1-tg
rats, although the mechanism of accumulation of SOD1
remains unknown. Whether up-regulation of cytoplas-
mic mutant SOD1 expression or retrograde accumula-
tion of mutant SOD1 from injured axons was induced
in these neurons awaits further investigations. In addi-
tion, facial nerve axotomy, as opposed to avulsion, did
not increase immunoreactivity for SOD1 in injured
motoneurons of SOD1-tg rats and their non-tg litter-
mates, which seems consistent with the absence of sig-
nificant motoneuron loss in these rats as described above.
As for wild-type SOD1, previous reports documented
no change in SOD1 mRNA levels or SOD1 immuno-
reactivity in injured motoneurons after facial or sciatic
nerve axotomy in wild-type rats (Yoneda et al,, 1992;
Rosefeld et al., 1997).

It has been demonstrated that ATF3 is expressed,
and c-Jun and Hsp27 are up-regulated and phosphory-
lated, in injured adult motoneurons after axotomy
(Tsujino et al., 2000; Casanovas et al., 2001; Benn et al.,
2002; Kalmar et al., 2002). As for the neuroprotective
nature of these molecules, it has been reported that
ATF3 enhances c-Jun-mediated neurite sprouting in
PC12 and Neuro-2a cells (Pearson et al.,, 2003), and
ATF3 and Hsp27 cooperate with c-Jun to prevent death
of PC12 cells and superior cervical ganglion neurons
(Nakagomi et al.,, 2003). Hsp27 is induced and phos-
phorylated in adult, but not in neonatal, motoneurons
after axotomy, and axotomized neonatal motoneurons
that lack Hsp27 die by apoptosis, suggesting that phos-
phorylated Hsp27 is necessary for motoneuron survival
after peripheral nerve injury (Benn et al., 2002). How-
ever, there have been no reports concerning the expres-
sion of ATF3, phosphorylated c-Jun, and phosphorylated
Hsp27 in injured motoneurons after avulsion. In the
present study, we have demonstrated that, even after
avulsion that causes extensive motoneuron death ATEF3,
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phosphorylated c-Jun, and phosphorylated Hsp27 were
fully up-regulated in both SOD1-tg and non-tg rats.
These results suggest that neuroprotective effects of
Hsp27 cannot overcome vyet unidentified stress(es)
induced by facial nerve avulsion. On the other hand, a
recent report demonstrated that facial motoneurons of
c-Jun-deficient mice are resistant to axotomy-induced
cell death, suggesting that c-Jun promotes posttraumatic
motoneuron death (Raivich et al., 2004). In addition, it
has been shown that mutant SOD1 binds to Hsp27 and
forms aggregates, suggesting that this binding of Hsp27
to mutant SOD1 blocks antiapoptotic function of Hsp27
and leads to motoneuron death (Okado-Matsumoto and
Fridovich, 2002). The effects of phosphorylated c-Jun
and Hsp27 and their association with mutant SOD1
accumulation should be further investigated to elucidate
the mechanism of exacerbated motoneuron death in
SOD1-tg rats after avulsion.

In this study, we have demonstrated that moto-
neuron degeneration after facial nerve avulsion is exacer-
bated in presymptomatic mutant SOD1-tg rats compared
with their non-tg littermates. Mutant SOD1 accumula-
tion and its association with c-Jun and Hsp27 may have
a key role leading to enhanced motoneuron death. In
this context, motoneuron death after avulsion may share,
at least in part, a common mechanism with the moto-
neuron degeneration associated with SOD1 mutation.
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Peripheral nerve avulsion injuries as experimental
models for adult motoneuron degeneration

Kazuhiko Watabe, Yuichi Hayashi and Yoko Kawazoe

Department of Molecular Neuropathology, Tokyo Metropolitan Institute for Neuroscience, Fuchu, Tokyo, Japan

We have used adult rat peripheral nerve avulsion models

! evaluate the effects of neuroprotective molecules on
motoneuron degeneration. The right facial nerves of adult
Fischer 344 male rats were avulsed and adenoviral
vectors encoding glial cell line-derived neurotrophic factor
(GDNF), brain-derived neurotrophic factor (BDNF),
transforming growth factor-f2 (TGFp2), and growth inhib-
itory factor (GIF) were injected into the facial canal. The
treatment with the vectors significantly prevented the loss
of lesioned facial motoneurons, improved choline acetyl-
transferase (ChAT) immunoreactivity and suppressed the
induction of nitric oxide synthase activity in these neurons.
In separate experiments, animals were orally administered
a solution of a neuroprotective compound T-588 after
avulsion. Both free oral administration and oral tube
administration of T-588 improved the survival of injured
motoneurons and ameliorated their ChAT immunoreactiv-
ity. These results indicate that the gene transfer of GDNE
BDNF, TGFp2, and GIF and oral administration of T-588

ay prevent the degeneration of motoneurons in adult
humans with motoneuron injury and motor neuron
diseases.

Key words: avulsion, adenovirus, facial nerve, motoneu-
ron, neurotrophic factor.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating neu-
rodegenerative disorder characterized by selective loss of
motoneurons leading to progressive paralysis and death
by respiratory failure. Approximately 10% of ALS cases
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are familial and include mutations in the Cu/Zn superox-
ide dismutase (SODI) gene and in the ALS2/alsin gene
putatively encoding a ras GTPase. Since the development
of transgenic (tg) mice expressing human mutant SODI
that show clinicopathological characteristics similar to
human familial ALS, the mutant SODI-tg animals have
been the most widely used experimental models to
elucidate the pathomechanism of and the therapeutic
approach against familial ALS as well as sporadic ALS.
Although the precise mechanism of motoneuron degener-
ation in mutant SODI-tg animals is largely unknown, the
mutant SODI is thought to have a gain of toxic function.
Most cases of ALS, however, are considered to be spo-
radic and of unknown etiology. With regard to another
animal model of adult motoneuron degeneration, avulsion
of peripheral nerves exhibits extensive loss of motoneu-
rons in adult rats?>'* The mechanism of motoneuron
degeneration after avulsion also remains unclear, but
peroxinitrite-mediated oxidative damage and perikaryal
accumulation of phosphorylated neurofilaments have
been demonstrated in injured motoneurons after avul-
sion.”® Both of these pathological features have also been
shown in spinal motoneurons in mutant SODI-tg animals
as well as in patients with familial and sporadic ALS.>'4"
To explore therapeutic strategies against motoneuron
injury and motoneuron degeneration such as ALS, we
have used adult rat peripheral nerve avulsion models and
examined the effects of neuroprotective molecules on
injured motoneurons.™*

ADULT RAT PERIPHERAL NERVE
AVULSION

In neonatal rats, peripheral nerve axotomy (transection)
causes extensive motoneuron death through an apoptotic
process associated with Bax and caspase-3 pathways.'*** In
adult rats, however, axotomy does not induce significant
motoneuron death.®? Adult motoneuron degeneration



372

and death can clearly be demonstrated after avulsion of
peripheral (facial, hypoglossal, vagal and spinal) nerves.??
In contrast to axotomy, avulsion causes complete
disappearance of peripheral nerve components including
Schwann cells that produce several molecules neuropro-
tective for motoneurons. The precise mechanism of adult
motoneuron death after peripheral nerve avulsion remains
unclear. Some investigators reported that the degeneration
of motoneurons following avulsion is due to apoptosis,>?
whereas others described that it more closely resembles
necrosis.” In our facial nerve and spinal root avulsion
models as described below, no typical morphological fea-
tures of apoptosis were identified in injured motoneurons,
as described by other investigators®? Herpes simplex
virus vector-mediated expression of Bcl-2 prevented
degeneration of spinal motoneurons after root avulsion,”
whereas caspase inhibitors failed to rescue avulsed spinal
motoneurons in adult rats® suggesting that adult
motoneuron death after avulsion is not simply due to an
apoptotic mechanism.

We have performed avulsion of facial nerve and cer-
vical spinal root in adult rats. Adult Fischer 344 male
rats (12-14 weeks old, 200-250 g) were anesthetized with
intraperitoneal injection of pentobarbital sodium (40 mg/
kg). As for facial nerve avulsion, the right facial nerve
was exposed at its exit from the stylomastoid foramen
under a dissecting microscope.*" Using microhemostat
forceps, the proximal facial nerve was avulsed by gentle
traction and removed from the distal facial nerve (Fig, 1).
As for cervical root avulsion, the right seventh cervical
segment (C7) nerve was exposed by separating the sur-
rounding cervical muscles and connective tissue until the
point where the vertebral foramen was identified.’ Using
microhemostat forceps, the C7 ventral and dorsal roots
and dorsal root ganglia (DRG) were avulsed and
removed from the peripheral nerve (Fig 2). After 2-
8 weeks, rats were anesthetized with a lethal dose of pen-
tobarbital sodium and transcardially perfused with 0.1 M
phosphate buffer, pH 7.4 (PB) followed by 4% paraform-
aldehyde in 0.1 M PB. The brain stem tissue containing
facial nuclei and their intramedullary nerve tracts or the
cervical spinal cord tissue was dissected and immersion
fixed in the same fixative for 2 h. The tissues were either
cryoprotected, or dehydrated and embedded in paraffin,
and serial transverse sections were made. For motoneu-
ron cell counting, every fifth section was picked up and
stained with cresyl violet (Nissl staining). In 25 sections,
motoneurons having nuclei containing distinct nucleoli on
both sides of the facial nuclei or the Rexed’s lamina IX of
C7 spinal cord were counted. The data were expressed as
the mean + SD and statistical significance was assessed by
Mann-Whitney U-test. Two to eight weeks after facial
nerve and C7 root avulsion, there was marked atrophy of
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facial nucleus and C7 spinal ventral horn, respectively,
and the loss of motoneurons with prominent glic
(Figs 1-3). The number of motoneurons gradually
decreased and reached 20-30% of contralateral side by
4-8 weeks after avulsion (Fig. 4).

ADENOVIRAL GENE TRANSFER OF
NEUROPROTECTIVE FACTORS

Several neurotrophic factors, such as brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT3), NT4/5,
ciliary neurotrophic factor (CNTF), leukemia inhibitory
factor (LIF), cardiotrophin-1 (CT1), insulin-like growth
factor-1 (IGF1), and glial cell line-derived neurotrophic
factor (GDNF), have been shown to prevent the death of
facial and spinal motoneurons, suggesting them as poten-
tial therapeutic agents for motoneuron injury and motor
neuron diseases such as ALS.?® Recombinant adenoviral
vectors encoding BDNF, NT3, CNTF, CT1, and GDNF
cDNAs have been used to protect neonatal rat facial ar-
spinal motoneurons from axotomy-induced death®% . ~
well as spinal motoneurons in the mouse mutant progres-
sive motor neuronopathy®* In adult rats, as described
above, axotomy does not generally induce significant
motoneuron death.”** Injured motoneuron death in adult
rats can be demonstrated 2-4 weeks after the avulsion of
facial and spinal nerves.>* Previously, local administration
of BDNF, GDNF, or transforming growth factor-B2
(TGFB2) protein has been reported to prevent the death of
adult rat motoneurons after avulsion of spinal root and
hypoglossal nerve.** We investigated whether adenoviral
gene transfer of these neurotrophic factors can prevent the
death of facial and spinal motoneurons after avulsion in
adult rats.>?°

Adenovirus preparation

Replication-defective recombinant adenoviral vectors
encoding human GDNF (AxCAhGDNF), mouse BDM
fused with Myc epitope-His/IRES-EGFP at the 3’ enu”
(AxCAmBDNFME), rat CNTF and CT1 fused with the
mouse nerve growth factor (NGF) signal sequence at
the 5" ends (AxCANrCNTF and AxCANrCT1, respec-
tively), human IGF1 (AxCAhIGF1), mouse TGFB2
(AxCAmTGFB2), and rat growth inhibitory factor (GIF),
also called metallothionein-III (MT-III), fused with Myc
epitope at the 3’ end (AxCArGIFM) were generated using
a cassette cosmid pAxCAwt (TaKaRa, Osaka, Japan)
carrying an adenovirus type-5 genome lacking the E3,
ElA, and EI1B regions to prevent virus replication
(Fig.5).>*'® The cosmid pAxCAwt contains the CAG
(cytomegalovirus-enhancer-chicken B-actin hybrid) pro-
moter on the 5" end and a rabbit globin poly (A) sequence
on the 3’ end. The cosmids were cotransfected to 293 cells
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g.1 Facial nerve avulsion of adult rat. (a—d) Avulsion sur-
gery: (a) the right facial nerve (VII) is exposed at its exit from
the stylomastoid foramen; (b) the distal portion of the facial
nerve is cut, and (c) the proximal facial nerve is avulsed by
gentle traction using microhemostat forceps; (d) an arrow
indicates the stylomastoid foramen after avulsion. Bars (a—d)
1 mm. (e) Perfusion-fixed brain tissue 4 weeks after avulsion
showing the absence of the extra-axial portion of the facial
nerve on the lesioned side (arrow). Bar, 2 mm. (f-g) Photo-
micrographs of facial motoneurons at the contralateral (fh)
and ipsilateral (g,i) side 4 weeks after the right facial nerve
avulsion stained with HE (fg) and immunolabeled with
GFAP (h,i). Bars (f-i) 100 pm. Note the loss of motoneurons
with gliosis on the lesioned side.
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Fig.2 Spinal root avulsion of adult rat. (a—d) Avulsion sur-
gery: (a) the right sixth (C6) and seventh (C7) cervical seg-
ment nerves are identified underneath the ventral plate (vent.
pl); (b) the C7 distal portion is cut, lifted upon the phrenic
nerve (ph. n), and the C7 nerve is exposed until the point
where the vertebral foramen is identified; (c) using microhe-
mostat forceps, the C7 ventral and dorsal roots and dorsal root
ganglia (DRG) are avulsed and removed; (d) an arrow indi-
cates the C7 intervertebral foramen after avulsion. Bars (a—d)
1 mm. (e,f) Perfusion-fixed spinal cord tissue 6 weeks after
avulsion showing the absence of C7 ventral (e) and dorsal
roots (f) and DRG on the lesioned side (arrows). Bars (e,f)
2 mm. (g,h) Photomicrographs of spinal cord 6 weeks after C7
root avulsion stained with KB (g) and immunolabeled with
GFAP (h). Bars (g,h) 200 um. Note the atrophy of C7 ventral
horn with loss of motoneurons and gliosis on the lesioned
(right) side.
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Fig.4 The percentages of surviving facial motoneurons at
the ipsilateral (lesion) side relative to the contralateral (con-
trol) side after facial nerve and seventh cervical (C7) root
avulsion.

with the adenovirus genome lacking the E3 region.”
Recombinant adenoviral vectors were propagated and iso-
lated from 293 cells, and purified by two rounds of CsCl
centrifugation. A recombinant adenoviral vector encoding
bacterial B-galactosidase gene (AxCALacZ) were used as
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Fig.3 Photomicrographs of Epon-
embedded semithin sections of facial
nucleus at the (a) contralateral and
(b-d) ipsilateral side 1 (b), 2 (c), and 4
(d) weeks after avulsion. Shrunken
motoneurons show dispersed Nissl
substance, nuclear caps (arrows) and .
intracytoplasmic  granules  (arrow-
heads) but no morphological features™
of apoptosis after avulsion. Decreased
numbers of neurites in neuropil and
degradation of myelin are also noted.
(Toluidine Blue). Bars (a—d) 30 um.

a reporter adenovirus.” The ability of recombinant aden-
oviral vectors to induce expression of neurotrophic factors
in vitro was confirmed by Western blot analysis of condi-
tioned media or total cell lysates derived from COS1 cells
infected with the vectors.>>™ In vitro neurotrophic activity
of conditioned media from COSI cells infected with the
vectors were checked by the survival assays using E14 rat
mesencephalic and E15 rat spinal motoneuron cultures,
and the proliferation assay using an immortalized Schwann
cell line TMS32 594545

Transduction of injured adult motoneurons by
adenoviral vectors

Immediately following the avulsion of facial nerve, a
microsyringe was inserted into the stylomastoid foramen
and 20 pL solution of either adenoviral vectors (1 x 10® pfu
each for single and combined injection) or PBS was
injected through the facial canal. The wounds were covered
with a small piece of gelatin sponge (Gelfoam; Pharmacia
Upjohn, Bridgewater, NJ, USA) and suture closed.® As for
spinal root avulsion, a small piece of Gelfoam presoaked
with 10puL  solution of either adenoviral vectors
(1x10®pfu) or PBS was placed in contact with the
lesioned C7 intervertebral foramen.’

One week after the avulsion and the treatment of
AxCALacZ,injured facial and C7 spinal ventral motoneu-
rons and their axons were stained with X-gal histochemis-
try.>® This indicates the diffusion of the virus through the
facial canal or intervertebral foramen, its adsorption tc
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injured axons, retrograde transport of the virus to soma of
the motoneurons, and successful induction of the virus-
induced foreign gene in these neurons. Retrograde trans-
port of adenovirus encoding B-galactosidase gene from
the proximal stump of axotomized peripheral nerves or
from the innervated skeletal muscles to soma of motoneu-
rons and successful B-galactosidase expression in these
neurons has been demonstrated in neonatal and adult
rodents.?-%4647 Because the avulsion of peripheral nerves
can cause significant injured motoneuron death in adult
rodents, we consider that facial nerve and spinal root avul-
sions are excellent model systems to examine the effects of
adenoviral vectors expressing various neurotrophic factors
and neuroprotective molecules on the survival of adult
toneurons.

In a similar manner, 1 week after avulsion and the treat-
ment with AXCAhGDNEF, AxCAmBDNFME, AxCAN-
rCNTF, AxCANrCT1, AxCAhIGF1, AxCAmTGFB2, and
AxCArGIFM, intense cytoplasmic immunolabeling for
GDNF, BDNF/Myc, CNTF, CT1, IGF1, TGF[2, and GIF/
Myc, respectively, was demonstrated in 10-20% of facial
motoneurons exclusively on the ipsilateral side of the facial
nucleus.* There was no definite immunostaining for these
factors in facial motoneurons on the side contralateral to
the adenovirus treatment as well as those in unoperated
control animals or operated animals without adenovirus
treatment. These results led us to expect the autocrine and
paracrine neurotrophic effects of these vectors on injured
motoneurons after avulsion.>™°

Neuroprotective effects of adenoviral vectors

1r weeks after facial nerve avulsion, the treatment with
AXCAhGDNF, AxCAmBDNFME, AxCAmTGFp2, and

AxCA1GIFM significantly prevented the loss of facial
motoneurons after avulsion as compared to the treatment
with PBS or AxCALacZ (Fig. 6). In addition, it has been
known that peripheral nerve avulsion as well as axotomy
induces rapid decrease of ChAT immunoreactivity in
injured adult motoneurons®*® We demonstrated that
the treatment with AXCAhGDNF, AxCAmBDNFME,
AXCAmTGFp2, and AXCArGIFM after avulsion attenu-
ated the decrease of ChAT immunoreactivity in lesioned
facial motoneurons.>® Similar immunohistochemical
results have been demonstrated by local or s.c. administra-
tion of BDNF and GDNF protein after facial nerve
axotomy®® or by continuous intrathecal infusion of
BDNF protein after sciatic nerve avulsion® in adult rats,
indicating neuroprotective effects of these factors on adult
motoneurons. Furthermore, AXCAhGDNE, AxCAmBD-
NFME, AxCAmTGFB2, and AxCArGIFM suppressed
nitric oxide synthase (NOS) activity in lesioned facial
motoneurons after avulsion.>® It has been reported that
NOS activity is induced in lesioned adult facial and spinal
motoneurons after avulsion, suggesting that the induction
of NOS activity plays a significant role in the initiation of
adult motoneuron death.>*® The NOS inhibitors, such as
nitroarginine or No-nitro-L-arginine methyl ester, have
been shown to prevent the induction of NOS activity and
the subsequent motoneuron death after avulsion.®! Taken
together, these results indicate the neuroprotective effects
of AxCAhGDNEF, AxCAmBDNFME, AxCAmTGFf2,
and AxCArGIFM on the injury and death of adult facial
motoneurons. In contrast, the treatment with AxCAN-
rCNTF, AxCANICT1 and AxCAhIGF1 failed to prevent
the loss of facial motoneurons after avulsion; neither
improvement of ChAT immunoreactivity nor suppression
of NOS activity was observed. Additionally, we also exam-
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ined pairwise combinations of these adenoviral vectors and
demonstrated additive neurotrophic effects of AxCAh-
GDNF and AxCAmBDNFME on injured motoneurons
after avulsion (Fig. 6). Such combined effects of GDNF
and BDNF have been demonstrated in vitro using fetal rat
motoneurons.”

Neuroprotective activity of GIF (MT-III)

Among these neuroprotective factors that rescued injured
motoneurons in our avulsion experiments, GIF (MT-III) is
a unique molecule whose expression is reduced in Alzhe-
imer’s disease brains. GIF, a CNS-specific member of the
MT family, is a 68 amino acid small, cysteine-rich protein
that binds zinc and copper with high affinity.® GIF exhibits

* % . .
Fig.6 The percentages of surviv. _

facial motoneurons at the ipsilateral
(lesion) side relative to the contralat-
eral (control) side after avulsion and
treatment with PBS, AxCALacZ

(white bars), AxCAhGDNE,
AxCAmBDNFME, AxCANrCNTE,
AxCANrCT1, AxCAIIGF1,
AxCAmTGFB2, or AxCArGIFM

(shaded bars) as well as pairwise com-
binations of these vectors (black bars).
Results are presented as mean = SD
(PBS: n=8, others: n=4). Statistical
comparison was done by Mann-
Whitney U-test. *P <0.05 versus PBS-,
AxCALacZ-, AXCANrCNTEF-,
AxCANrCT1- and AxCAWIGF1-
treated groups; **P <0.05 versus
AxCAhGDNF- and AxCAmBDN
FME-treated groups.

protective effects against glutamate-, nitric oxide-, ana ,f
amyloid-induced neurotoxicity.*** GIF acts as a hydroxy
radical scavenger and inhibits tyrosine nitration by perox-
ynitrite.” The formation of hydroxy radical-modified DNA
and RNA as well as peroxynitrite-modified proteins has
been demonstrated in injured motoneurons after avul-
sion.” Our results therefore indicate that GIF may protect
injured motoneurons from oxidative stress by hydroxy rad-
ical and peroxynitrite.*

GIF mRNA is down-regulated in post-mortem spinal
cord tissues of human sporadic ALS,”” whereas up-
regulated in the spinal cord of human mutant SODI-tg
mice (G93A mice) as the animals age and develop weak-
ness.®*® G93A mice deficient of GIF exhibit reduced sur-
vival and accelerated motoneuron death compared with
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G93A mice with normal GIF expression.®® These reports
suggest that GIF may have protective roles against moto-
neuron degeneration in ALS. In addition, zinc is important
in maintaining the SODI structure, and some variants of
mutant SODI in vitro exhibit markedly reduced affinity for
zinc and enhanced nitration activity by peroxynitrite.” The
induction of either wild-type or mutant SODI, depleted of
zinc, into cultured motoneurons is found to provoke nitric
oxide-dependent neuronal death that is accompanied by
elevated level of nitrotyrosine.* As GIF is an important
regulator of zinc in CNS and has a scavenging effect for
peroxynitrite,® GIF may protect motoneurons in patients
with ALS by modulating zinc and/or preventing tyrosine
nitration by peroxynitrite. It is therefore conceivable that
GIF may prevent the degeneration of motoneurons in

~tients with motoneuron injury and motor neuron dis-
_ses such as ALS.®

ORAL ADMINISTRATION OF T-588

R(-)-1-(benzo[b]thiophen-5-y1)-2-[2-(N,N-diethylamino)
ethoxylethanol hydrochloride (T-588) has been developed
as a candidate for a neuroprotective agent against neuro-
degenerative diseases. This low molecular weight (330 Da)
compound is a synthetic derivative of acetylcholine.®
Orally administered T-588 is efficiently transported into
the CNS.% It has been demonstrated that T-588 promotes
neurite outgrowth of cultured spinal ventral horn cells®
and delays the progression of motor deficits in the wobbler
mouse.* We investigated whether oral administration of T-
588 can protect injured motoneurons after facial nerve
avulsion in adult rats."

After avulsion of the right facial nerve, the animals were
f-=ely administered a solution of 0.05% (w/v) T-588 or
. ceived T-588 (3-30 mg/kg per day) through an oral tube
for 1-4 weeks. The loss of injured motoneurons was signif-
icantly prevented in rats freely administered 0.05% T-588
solution (62.7+5.3%, n=8 and 50.1+4.8%, n=11 at 3
and 4 weeks postoperation, respectively) in comparison
with vehicle-treated animals (424+6.4%, n=8 and
31.2+6.4%,n =10 at 3 and 4 weeks postoperation, respec-
tively). In separate experiments, the loss of injured moto-
neurons was also significantly prevented by oral tube
administration of 30 mg/kg per day T-588 (52.4+8.0%,
n=10) as compared to vehicle (34.8+13.8%, n=8) at
4 weeks after avulsion. T-588 treatments also ameliorated
ChAT immunoreactivity in injured motoneurons and the
tissue ChAT enzyme activities at 1 week postoperation
examined. These results indicate that oral administration
of T-588 ameliorates the survival of injured motoneurons
and supports their neuronal function after facial nerve
avulsion in adult rats. It has been shown that T-588

ivates mitogen-activated protein (MAP)/extracellular
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signal-regulated kinase (ERK) pathway in cultured rat
newborn astrocytes and inhibits astrocyte apoptosis
induced by Ca* stress. T-588 may therefore modify the
MAP/ERK pathway in injured motoneurons and sur-
rounding glial cells after facial nerve avulsion. Our results
indicate that T-588 may be a promising therapeutic agent
for motoneuron injury and motor neuron diseases in
humans.

CONCLUSION

Using peripheral nerve avulsion models, we have identified
neuroprotective activities of GDNF, BDNF, TGFf2, GIF,
and T-588 against degeneration of adult motoneurons.
These factors may prevent the degeneration of motoneu-
rons in adult humans with motoneuron injury and motor
neuron diseases. Further investigations are required to
elucidate pathomechanisms of motoneuron degeneration
after peripheral nerve avulsion that may help understand
the pathogenesis of ALS in humans.
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