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Physical and Functional Interaction between Dorfin and VCP

The amount of Dorfin bound with VCP was saturated at even
molar ratio in vitro (Fig. 3, B and C). Since VCP exists as a
homohexamer (Fig. 3D), the in vivo observed size of ~600 kDa
appears to be too small for the Dorfin-VCP complex if one VCP
molecule binds to more than one Dorfin as shown in in vitro
experiments, However, it is noteworthy that the size of mole-
cules estimated by glycerol density gradient centrifugation
analysis used in this study is not accurate and sufficient to
discuss the molecular interaction of Dorfin and VCP in the
cells. To date, various adaptor proteins, with which VCP forms
multiprotein complexes, have been identified, such as Npl4,
Ufdl (18, 20), Ufd2 (34), Ufd3 (35), p47 (36), or SVIP (37).
Although our in vitro study showed direct physical interaction
between Dorfin and VCP, the envirenment with those adaptor
proteins might reflect in vivo conditions. This also may explain
the apparent discrepancy of the Dorfin-VCP binding fashions
between in vivo and in vitro analyses.

Treatment with a proteasomal inhibitor causes the translo-
cation of endogenous VCP and Dorfin to the aggresome in
cultured cells (4, 15). Cur results showed that these two pro-
teins indeed colocalized perinuclearly in the aggresome follow-
ing treatment with a proteasomal inhibitor (Fig. 4). Further-
more, we were able to demonstrate both Dorfin and VCP
immunoreactivities in LB-like inclusions in ALS and LBz in PD
(Fig. 5). In the majority of LBs, indistinguishable peripheral
staining patterns were observed with both anti-Dorfin and
anti-VCP antibodies. These results confirmed that both Dorfin
and VCP are associated with the formation processes of aggre-
somes and inclusion bodies through physical interaction.

We showed here that co-expression of VCPX244 resulted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VCP¥? or control. On the other hand,
VCPES24A failed to decrease autoubiquitylation activity of Par-
kin. VCP¥524A did not change the level of polyubiguitylated
protein accumulation in the cell lysate in this study (Fig. 7).
Knockdown experiments using the RNA interference technique
showed accumulation of polyubiquitylated proteins (38). Com-
bined with the chservation that inhibition of VCP did not
decrease the general accumulation of polyubiquitylated pro-
teins, our results indicated that the E3 regulation function of
VCP may be specific to certain E3 ubiquitin ligases such as
Dorfin. VCP is an abundant protein that accounts for more
than 1% of protein in the cell cytosol and is known to have
various chaperone-like activities (39); therefore, it may func-
tion as a scaffold protein on the E3 activity of Dorfin. The
localization of Dorfin and VCP in UBIs in various neurcdegen-
erative disorders indicates the involvement of these proteins in
the quality control system for abnormal proteins accumulated
in the affected neurons in neurodegenerative dizorders.

Since the unfolded protein response and ERAD are dynamie
responses required for the coordinated disposal of misfolded
proteing (40), the ERAD pathway can be critical for the etiology
of neuronal cell death caused by various unfolded proteins.
VCP is required for multiple aspects of the ERAD system by
recognition of polyubiquitylated proteins and translocations to
the 26 S proteasome for processive degradation through the
VCP-Npl4-Ufd1 complex (18, 41). Our results suggest the in-
volvement of Dorfin in the ERAD system, which is related to
the pathogenesis of neurodegenerative disorders, such as PD or
Alzheimer’s disease, Further study including Dorfin knockout
and/or knockdown models should examine the pathophysiotogy
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of Dorfin in association with the ERAD pathway or other cel-
lular functions. Such studies should enhance our understand-
ing of the pathogenetic role of Dorfin in neurodegenerative
disorders.

REFERENCES

. Julien, J. P. (2001) Cell 104, 581-591
. Rowland, L. P., and Shneider, N. A. (2001) N. Engl. J. Med. 344, 1888-1700
. Ishigaki, S., Niwa, J., Ando, Y., Yoshihara, T., Sawada, K, Doyu, M,
Yamamoto, M., Kato, K, Yotsumoto, Y., and Sobue, G. (2002) FEBS Lett.
831, 354358
4. Niwa, J., Ishigaki, S., Doyu, M., Suzuki, T, Tanake, K, and Sobue, G. (2001)
Biochem. Biophys. Res. Commun. 281, 706-T13
. Niwa, J., Ishigaki, S., Hishikawa, N., Yamamots, M., Doyu, M., Murata, 8.,
Tanaka, K, Taniguchi, N., and Sobue, G. (2002) J. Biol. Chem. 277,
36793-36798
, Ciechanover, A., and Brundin, P. (2003) Neuron 40, 427-446
. Hishikawa, N., Niwa, J., Doyu, M., Ito, T., Ishigaki, S., Hashizume, Y., and
Sobue, G. (2003) Am. J. Pathol. 163, 609-619
Magyer, R. J., Lowe, J., Lennox, G., Doherty, F.,, and Landon, M. (198%) Prog.
Clin. Biol. Res. 317, 809-818
Johnston, J. A, Ward, C. L., and Kopito, R. R. (1998) J. Cell Biol. 143,
1883-1898
. Kopito, R. R. {2000) Trends Cell Biol. 10, 524530
. Kobayashi, T., Tanaka, K., Inoue, K, and Kakiruka, A. (2002} J. Biol. Chem.
277, 4735847365
. Shimura, H., Hattori, N., Kube, 8., Mizuno, Y., Asskawa, S., Minochima, 8.,
Shimizu, N., Iwai, K., Chiba, T., Tanaka, K., and Suzuki, T. (2000) Nat.
Genet, 25, 302-305
13. Fukuchi, M., Imamura, T., Chiba, T., Ebisawa, T., Kawabata, M., Tanaka, K.,
and Miyazono, K. (2001) Mol. Biol. Cell 12, 1431-1443
14. Ishigaki, S., Liang, Y., Yamamoto, M., Niwa, J., Ando, Y., Yoshihara, T,
Takeuchi, H., Doyu, M., and Sobue, G. (2002} J. Neurochem. 82, 676-584
15. Hirabayashi, M., Inoue, K, Tanaka, K., Nakadate, K., Chsawe, Y., Kamei, Y.,
Popiel, A. H., Sinohara, A, Iwamatsu, A., Kimura, Y., Uchiyama, Y., Hori,
S., and Kakizuka, A (2001} Cell Death Differ. 8, 977-984
18. Natsume, T., Yameuchi, Y., Nakayama, H., Shinkawa, T., Yanagida, M.,
Takahashi, N., and Isobe, T, (2002) Anal. Chem. 74, 4725-4733
17. Matsuda, N., Suzuki, T., Tanaka, K., and Nakano, A. (2001) J. Cell Sci. 114,
19491957
18, Bays, N. W., and Hampton, R. Y. (2002} Curr. Biol. 12, R366-R371
19. Ye, Y., Meyer, H. H., and Rapoport, T. A. (2001) Nafure 414, £52-656
20, Braun, 8., Matuschewski, K., Rape, M., Thoms, 8., and Jentsch, 3. (2002)
EMBO J. 21, 615-621
21. Jarosch, E., Taxis, C., Volkwein, C., Bordallo, J., Finley, D., Wolf, D. H., and
Sommer, T. (2002) Nat. Cell Biol. 4, 134-139
22. Rabinovich, E., Kerem, A., Froblich, K U., Diamant, N.,, and Bar-Nun, S,
(2002) Mol, Cell. Biol. 22, 626—634
23. Mizuno, Y., Hori, S., Kakizuka, A, and Okamoto, K. (2003} Neurosci. Lett. 348,
77-80
24. Tto, T., Niwa, J., Hishikawa, N., Ishigaki, 8., Doyu, M., and Sobue, G. (2003)
o, Biol. Chem. 278, 29106-29114
25, Meyer, H. H,, Kondo, H., and Warren, G. (1998) FEBS Lett. 437, 255-257
26. Kondo, H., Rabouille, C,, Newman, R., Levine, T, P., Pappin, D., Freemont, P.,
and Warren, G. (1997) Nature 388, 75-78
27. Rabouille, C., Kondoe, H.,, Newman, R., Hui, N., Freemont, P., and Warren, G.
(1983) Cell 92, 603-810
28, Hetzer, M., Meyer, H. H., Walther, T, C., Bilbao-Cortes, D., Warren, G., and
Mattaj, I. W. (2001) Nat, Cell Biol. 8, 1086-1091
20. Frohlich, K. U., Fries, H. W., Rudiger, M., Erdmann, R., Botstein, D., and
Mecke, D. (1991) J. Cell Biol. 114, 443453
80. Asai, T., Tomita, Y., Nakatsuka, 5., Hoshids, Y., Myoui, A, Yoshikaws, H.,
and Aozasa, K. (2002) Jon. J. Cancer Res, 93, 296304
31. Kawaguchi, Y., Okamoto, T., Taniwaki, M., Aizawa, M., Inoue, M., Katayama,
S., Kawekami, H., Nakamura, S., Nishimura, M., Akiguchi, I, Kimura, J.,
Narumiya, S., and Kakizuka, A. (1994) Nat. Genet. 8, 221-228
92, Matsumoto, M., Yada, M., Hatakeyama, S., Ishimoto, H., Tanimura, T., Teuji,
8., Kakizuka, A., Kitagawa, M., and Nakayama, K. 1. (2004) EMBO J. 23,
659-669
33. Watts, G. D., Wymer, J., Kovach, M. J., Mehta, 8. G., Mumm, S., Darvish, D.,
Pestronk, A., Whyte, M. P., and Kimonis, V. E. (2004) Nat. Genet. 38,
877-381
34, Koegl, M., Hoppe, T., Schlenker, 8., Ulrich, H. D., Mayer, T. U,, and Jentsch,
8. (1999) Cell 98, 635-644
25, Ghislain, M., Dohmen, R. J., Levy, F., and Varshavsky, A. (1506) EMBO J. 15,
4884-4899
36. Meyer, H. H., Wang, Y., and Warren, G. (2002) EMBO J. 21, 5645-5652
37. Nagahama, M., Suzuki, M., Hamada, Y., Hateuzawa, K., Tani, K, Yamamoto,
A., and Tagaya, M. (2003) Mol. Biol, Cell 14, 262-273
38. Wojcik, C., Yano, M., and DeMartino, G. N. (2004) J. Cell Sci. 117, 281-292
39. Dalsl, 8., and Hanson, P. L. {2001) Cell 104, 5-8
40. Travers, K. J., Patil, C. K., Wodicka, L., Lockhart, D. J., Weissman, J. 5., and
Walter, P. (2000) Cell 101, 249258
41. Dai, R. M., and Li, C. C. (2001} Nat. Cell Biol. 3, 740-T44

gn 3 B0

® ® 2o

|l =
O

S



Neuroscience 129 (2004} 109-117

WIDE RANGE OF LINEAGES OF CELLS EXPRESSING NERVE
GROWTH FACTOR mRNA IN THE NERVE LESIONS OF PATIENTS
WITH VASCULITIC NEUROPATHY: AN IMPLICATION OF
ENDONEURIAL MACROPHAGE FOR NERVE REGENERATION

N. MITSUMA, M. YAMAMOTO, M. IIlJIMA, N. HATTORI,
Y. ITO, F. TANAKA AND G, SOBUE*

Department of Neurology, Nagoya University Graduate School of
Medicine, 65 Tsurnumai, Showa-ku, Nagoya 466-8550, Japan

Abstract—In situ localization of nerve growth factor (NGF)
mRNA was examined In the nerve lesions of patients with
vasculitic neuropathy. Double labeling of /n situ hybridization
for NGF mRNA and immunohistochemistry for cell markers
showed that NGF mRNA was expressed in a wide range of
lineages of cells: Schwann cells, infiltrating macrophages, T
cells and perivascular cells, Round-shaped macrophages
with early-phase features expressed high levels of NGF
mRNA, in contrast to late-phase polymorphic macrophages,
which expressed low levels of NGF mRNA. NGF mRNA was
alsc expressed universally in T cells with various cell surface
markers. Epineurial macrophages surrounding vasculitic le-
sions and endoneurial T cells expressed high levels of NGF
mRNA in the damaged nerves. Moreover, the extent of endo-
neurial NGF expression lavel in macrophages was closely
related to the degree of axonal regeneration. These results
suggest that NGF Is expressed in a wide range of lineages of
cells but Is differentially expressed spatially in vasculitic
nerve leslons, and that the expressed NGF, particularly In
macrophages, may play an important role in the nerve regen-
eration process. © 2004 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: nerve growth factor, macrophages, T cells,
Schwann cells, vasculitic neuropathy.

Numerous neurotrophic factors and cytokines are pro-
duced in nerve lesions of various neuropathies. They form
a multi-factorial regulation network in lesions in the acute
and chronic phase and function in nerve regeneration.
Cell-type-specific trophic activity and production of neuro-
trophic factors have been reported {Snider and Wright,
1996; Molliver et al., 1997). We have previously demon-
strated that the neurotrophic factors and cytokines are up-
or down-regulated temporally in the nerve lesions in hu-
man neuropathies as well as in rodent neuropathic models
{Sobue et al., 1988, 1998; lto et al., 1998).

Among these factors, nerve growth factor (NGF) is con-
sidered to play an important role in recovery of neuropathy.
NGF was found as a protein influencing nerve growth in the
1950s, and is known to affect sensory neurons of dorsal root
*Corresponding author. Tel: +81-52-744-2385; fax: +81-52-744-2384,
E-mail address: scbueg@med.nagoya-u.acjp (G. Sobue).

Abbreviations: CT, computed tomography; DRG, dorsal root ganglion;
MR, magnetic rescnance imaging: NGF, nerve growth factor.

ganglia (DRG), autonomic sympathetic neurons, and basal
forebrain cholinergic neurons {Levi-Mentalcini et al., 1986},
NGF and other related neurotrophic factors structurally sim-
ilar to NGF form a family of neuratrophins that bind to their
cognate specific high-affinity receptors, which contain a ty-
rosine kinase domain, and also bind to low-affinity receptor
p75 (Hantzopoulous et al., 1984). NGF binds to its high-
affinity receptor TrkA, which interacts with p?5 as a positive
modulator for myelination, in order to promote neurotraphic
effects by activating signaling pathways initiated by tyrosine
kinase activity (Chao and Hempstead, 1995; Cosgaya et al.,
2002).

NGF has a neurotrophic effect on neuropathies in animal
and explant models caused by physical and chemical dam-
age {Miyata et al., 1986; Hayakawa et al., 1998; Fischer et al,,
2001). When NGF is administered prior to experimental neu-
ropathy caused by axotomy, NGF promotes survival and
regeneration of neurons (Rich et al., 1987; Apfet et al., 1992).
NGF expression in the lesions of experimental neuropathy
shows a two-peaked up-regulation pattemn in the cut-crush
mouse mode! (Heumann et al., 1987; lto et al., 1998). This
expression pattem is caused by infiltrating cells at the first
peak, and then by lesioned Schwann cells at the second
peak. TrkA and p75 are also up-regulated and maintained
after nerve crush injury (Greeson et al., 1952; Yamamoto et
al., 1998a).

The histopathological expression profile of NGF in the
lesions of human neuropathies is not yet fully understood. In
nerve lesions of human neuropathies, various types of pa-
thology including inflammatory, ischemic, and metabolic
changes, are present in different phases. In necrotizing vas-
culitic neuropathies, nerve pathology consists almost exclu-
sively of axonal degeneration with Wallerian degeneration
due to ischemic damages (Hawke et al., 1991; Hattori et al.,
1999). We previously reported that NGF mRNA expression
was increased in nerve lesions of vasculitic neuropathies,
and that the increase was well correlated with the extent of
invasion of macrophages and T cells (Yamamoto et al.,
2001). investigation of the histopathological distribution of
NGF mRNA will help to advance our understanding of the
mechanism of nerve regeneration by NGF, and be of impor-
tance from the point of view of clinical therapeutic implica-
tions. In this study we examined the histopathological local
ization of NGF mRNA in nerves of patients with vasculitic
neuropathies using double staining consisting of in situ NGF
hybridization and immunohistochemistry against various
types of cell-specific markers, and here we report those re-
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Table 1. Clinical features of patients®

Duration prior to

Diagnosis No. of cases Age (years) Sex (M/F) biopsy (days)
Microscopic polyangiitis 5 64.8+17.5 (44-84) 23 5.6(2-8)
Non-systemic vasculitic neuropathy 3 . B7.5+3.5(64-T1) 21 7.3(2-14)
Normal-appearing nerves 5 63.2+5.6 (56-76) a2 -

* Age is expressed as mean=S.D. (range). Duration prior to biopsy is expressed as mean (range). —, not applicable.

sults and discuss the role of NGF produced in different cell
types.

EXPERIMENTAL PROCEDURES
Patients and sural nerve biopsies

Sural nerve specimens were obtained from diagnostic sural nerve
blopsies from eight patients with vasculitic neuropathies (four
women, four men; mean age, 66.6 years; age range, 44-84
years). The patients consisted of five patients with microscopic
polyangiitis and three with non-systemic vasculiic neuropathy
(Table 1). Patients underwent neurological assessment, cerebro-
spinal fluid analysis, cranial magnetic resonance imaging (MRI)
computed tomography (CT), routine blood and urine studies,
nerve conduction studies, sural nerve biopsies and therapeutic
trials with corticosteroids. The diagnosis of the varlous categories
of vasculitic neuropathy was based on the criteria adopted by the
Chapel Hill Consensus Conference in 1994 (Jennette ef al., 1994).
Sural nerve biopsies were performed within 2 weeks {usually 1
week) after the onset of neuropathy prior to treatment (2-14 days,
mean 6.5 days}, and the samples were histologically examined as
described previously (Hattori et al., 1999). Five sural nerve spec-
imens with normal morphology were obtained from age-matched
(56-76 years) individuals and served as controls. Informed con-
sent was obtained from each patient. The study was approved by
the ethics committee of Nagoya University Graduate School of
Medicine.

Pathologic study

Cther portions of the nerve segments were processed to prepare
glutaraldehyde-fixed, epoxy-resin embedded semithin sections
and formalin-fixed, paraffin-embedded sections to assess the
morphology of the nerve fibers and any invading cells. Specimens
were fixed in 2% glutaraldehyde in 0.025 M cacodylate buffer at
pH 7.4, and processed for semithin, ultrathin, or teased-fiber
studies. The density of myelinated fibers was assessed directly
from the Toluidine Blue-stained semithin transverse sections of
sural nerves using a computer-assisted image analyzer (Luzex
FS; Nikon, Tekyo, Japan) as described previously (Sobue et al.,
1988, 1998; Hattori et al., 1999). Teased fibers were Isolated from
one portion of glutaraldehyde-fixed specimens, and the patholog-
ical condition of each isolated fiber was evaluated (Sobue et al.,
1988, 1928; Hattori et al., 1999). Axonal histopathologic fealures
analyzed include axonal loss, and axcnal degeneration in the
teased-fiber preparations. In the transverse sections, clusters of
two or three small myelinated fibers surrounded by basal lamina
were designated as axonal regenerating sprodts, as described
previously (Hattori et al., 1999; Koike et al., 2001). The population
of fibers manifesting active axonal degeneration or a normal ap-
pearance per square millimeter was assessed by calculating the
incidence of such fibers multiplied by the total population of my-
elinated fibers per square millimeter as described previously
(Yamamoto et al., 1998b).

In situ hybridization, immunohistochemical study
and quantitative analyses

One portion of the sural nerve specimens was immediately frozen
in liquid nitrogen and stored at —80 °C until use. Ten-micrometer
thick frozen sections of sural nerves were prepared for in situ
hybridization and immunohistochemical staining. Frozen sections
were treated with proteinase K, refixed in 4% paraformaldehyde,
and processed for in situ hybridization and immunchistochemistry,
For in situ hybridization, digoxigenin-labeled cRNA probes were
generated from linearized plasmids for NGF using SP6 or T7 RNA
polymerase (Roche Diagnostics, Basel, Switzerland). Sliced sural
nerves were hybridized for 16 h at 40 °C with the probes in a
solution (50% formamide, 10 mM Tris—HCI, pH 7.8, 1 mM EDTA,
0.6 M NaCl, 0.25% SDS, 0.1 mg/ml yeast tRNA, 10% dextran
sulfate, and 1X Denhardt's solution), washed and detected immu-
nologically with alkaline phosphatase- or FITC-conjugated anti-
digoxigenin antibody. Immunchistochemistry was performed by
the ABC method for rhodamine signals according to the manufac-
turer's protocol, using antibodies against the following cell-specific
markers: $100 (Sigma) antibody for Schwann cells; CD68
{DAKOQ), MRP14 {(Dianova) and MRP8 (Dianova) for macro-
phages; CD4 (DAKO), CD8 (DAKQ), UCHL-l (DAKO) and CD3
{DAKO) for T-celis. The cell infiltrates immunoreactive for macro-
phage marker (CD68) and T cell marker (UCHL-1) were counted
to assess the degree of inlammatory cell invasion in the epineurial
and endoneurial areas of the nerve segments.

To assess the degree of NGF mRNA expression in the nerve
segments, the signal intensity of NGF mRNA was quantified using a
CCD image analyzer {Zeiss Axiovert S100TV) as previously de-
scribed (Mitsuma et al., 1999; Yamamoto et al., 2001). Perivascular
inflammatory lesions in the epineurium were identified as regions of
infiltrating cefls surrounding necrotizing vasculilic vessels, in most
cases vessel walls (from intima to adventitia) of vasculitic vessels.
Lesions in the endoneurium were also identified as regions of nerve
fiber damage accompanied by infiltrating cells. Within these lesions,
macrophages (CD68-positive cells), T cells (UCHL-1-positive cells),
Schwann cells (S-100-positive cells), and antigen-specific cells with
different profiles (MRP-14-, MRP-8-, CD3-, CD4-, and CDB8-positive
cells) were identified and assessed to determine the cellular profiles
of active lesions in vasculitic neuropathy. The cells with cell-specific
markers and NGF mRNA signals were assessed on the captured
images of the desired magnification using a fluorescence micro-
scope with a CCD image analyzer and image analyzing software
{NIH image): approximately 300 MRP-14-positive cells, 200 MRP-8-
positive cells, 100 CD3-positive positive cells, 100 CD4-positive pos-
itive cells, and 100 CD8-positive positive cells were observed per
lesion of interest. The frequency of a specific lineage of cells
(MRP14, MRP8, CD3, CD4, CD8 or $100) producing NGF mRNA
was quantified as the percentage of cells with NGF mRNA signals
among the total cells with the cell-specific marker. The signal inten-
sity of celklineage-specific NGF mRNA was quaniified by measuring
cellular NGF mRNA signals with the cell-specific marker in the lesion
of interest (100X 100 pm), and exprassed as NGF mRNA signals per
square millimeter for each specific lineage of cells in the epineurium
and endoneurium.
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Fig. 1. In situ hybridization of NGF mRNA in vasculitic neuropathy.fn situ hybridization with anti-sense (A and C) and sense probes (B) is shown. In
situ hybridization of NGF mRNA indicated that NGF mRNA was expressed in the endoneurium and perineurium (arrows}. Arrowhead indicates that
perivascular celis expressed NGF mRNA. Scale bars=50 pm (A and B); 30 um (C).

Statistical analysis

For statistical analysis, the Mann-Whitney U test was used for
comparison of in sitt mRNA levels between pairs of individual
groups. A simple correlation test was performed for correlation
analysis.

RESULTS

NGF mRNA expression in a wide range of lineages
of cells in nerve lesions

In vasculitic neuropathies, NGF mRNA signals were ob-
served in the endoneurium and epineurium, where vesse!
wall cells were also positive for NGF mRNA (Fig. 1},
whereas in control nerves only the endoneurial cells were
slightly positive for NGF mRNA. NGF mRNA was also
detected in the perineurial cells in vasculitic neurcpathies
{Fig. 1). Fluorescent double staining of NGF mRNA and
cell-specific antigens revealed that NGF mRNA was highly
expressed in macrophages, T cells and Schwann cells.

Macrophage marker staining showed that the expres-
sion level of NGF mRNA in round or oval shaped macro-
phages was higher than that in polymorphic macrophages
(Fig. 2A-F). NGF mRNA levels in MRP14+ macrophages
(Fig. 2G-1) were higher than those in MRP8+ cells (Fig.
2J-L). NGF mRNA expression levels, which were ex-
pressed as signa! intensities per square milimeter and
percentages of cells with NGF signals, were higher in
MRP14 + macrophages compared with MRP8+ macro-
phages in the endoneurial lesions accompanying active
axcnal degeneration (Figs. 3A and 4A). NGF mRNA ex-
pression in MRP8+ macrophages was significantly greater
in the epineurial space than in the endoneurial space, but
that in MRP14+ macrophages did not differ between the
epineurial and endoneurial spaces (Figs. 3A and 4A). Fur-
thermore, overall NGF mRNA signal intensity, expressed
as signal intensity per square millimeter, did not differ
significantly between MRP8- and MRP 14+ macrophages
in the epineurial lesions {Fig. 4A).

T cells with various cell surface markers expressed
NGF mRNA (Fig. 2M~-R). T cells expressed strong signals
of NGF mRNA regardless of their surface markers, and
almost all T cells produced NGF mRNA, especially in the

endoneurial space (Fig. 3 B). The proportions of epineurial
CD4, CD8, or CD3 immunoreactive cells expressing NGF
mRNA were slightly lower as compared with those of the
corresponding endoneurial T cells (Fig. 3B). Since the
proporticns of T cell subtypes were similar in the endo-
neurial and epineurial lesions, the overall levels of NGF
mRNA signals of each T cell subtype did not significantly
differ from each other (Fig. 4B).

S$100-immunopositive Schwann cells expressed NGF
mRNA in the diseased nerves, whereas in control nerves
NGF mRNA was expressed at a low level in Schwann cells
(Figs. 25-U, 3C and 4C). Even in the nerve lesions, the
NGF mRNA signals of Schwann cells themselves were
lower than those of the infiltrating cells, but the overall
signal count was high due to the relatively higher Schwann
cell population in neuropathic lesions (Fig. 4C). Moreover,
NGF mRNA was also present in vessel wall cells in both
the epineurium and endoneurium.

NGF mRNA was expressed in macrophages and T
cells in perivascular lesions of the epineurial space, while
in the endoneurium, Schwann cells, in addition to invading
cells, synthesized NGF mRNA. The overall intensity of
NGF mRNA levels per area in the endoneurium was high
in Schwann cells and MRP14+ macrophages compared
with other cell types, including T cells (Fig. 4). On the other
hand, MRP14+ and MRP8+ macrophages were major
cell types expressing NGF mRNA in the epineurial lesions.

NGF mRNA expression and nerve regeneration

Patholegical findings in the sural nerves of individual pa-
tients who had various vasculitic neurcpathies and dis-
played the different NGF mRNA expression patterns are
shown in Table 2. The pathological findings were highly
variable among the patients, and independent of the un-
derlying diseases causing vasculitic neuropathies. Axonal
degeneration characleristic of vasculitic neuropathies was
seen in all the patients, and axonal sprouts of regeneration
were also associated with axonal patholegy. The patients
with more axonal sprouts demonstrated higher NGF
mRNA [evels not only in the endoneurium but also in the
epineurium, as compared with those with fewer axonal
sprouts (Fig. 5A and B). The endoneurial NGF mRNA
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Fig. 2. Representative double staining of NGF mRNA in cells with various cell-specific markers, Double staining {merged yeliow) of cells with varicus
cell-specific markers (red) and NGF mRNA {green} is shown. NGF mRNA was strongly expressed in round and MRP14+ macrophages. T cells
expressad strong signals of NGF mRNA. NGF mRNA signals in Schwann cells were weaker than those in the infiltrating cefls. (A-C) Epineurial CD88 +
cells; {D-F) endoneurial CDEB+ cells; (G~} endoneurial MRP14+ cell; (J-L) endoneurial MRP8+ cell; (M-O} epineurial UCHL-1+ cells; (P-R)

endoneurial CD8+ cells; (S-U) 5100+ cells. Scale bars=15 pm (A-F); 5 pm

expression was more significantly correlated with axonal
regenerating sprouts than epineurial one (r=0.84, P<0.01
vs. r=0,52, P=0.18). Furthermore, in situ Schwann cell
NGF mRNA levels were correlated with the extent of ax-
onal sprouts {r=0.75, P<0.05, Fig. 5C). The degree of
NGF mRNA expression was well correlated with the extent
of active axonal sprouting, but not with that of axonal

(G-L); 10 pm {M-R); 30 pm (S-U).

degeneration, independent of the distribution of NGF
mRNA expression.

DISCUSSION

NGF is known to support mainly small-diameter sensory
neurons in DRG, and to express tropic activity for small



N. Mitsuma et al. / Neuroscience 129 (2004) 109-117

113

A. Macr . T cells C. Schwann cells
ophages [3 Epineurium B.Tee [ Epineurium
B Erdoneurium H Endoneurium B Endooturium
.\3 |—'|.‘. 2 ' " . r * \ p . . &\:
5100 - ' 2100 7 £100
-
(33 E —h
& T -3 S —I— E ]
<]} b [T] =1 5
Q z ¥
Z £=
£ 2 =
3 50 - a : 50
o J = a2 J
= & a
£ & g
0 0 0
MRP14+ MRP8+ CDd+ CDSs+ CD3+ 5100+

Fig. 3. Cell populations with NGF mRNA in the epineurial and endoneurial spaces. The cell populations with NGF mRNA signals and cell-specific
markers were quantified as described in the text, and were expressed as percentages of cells with NGF mRNA signals in the epineurium and
endoneurium in each patient. Mean=5.E. from the eight patients is indicated. * P<0.05, ** P<0.01, *** P<0.001.

myelinated and unmyelinated fibers of sensory nerves even
in the adults (Rich et al., 1984; Unger et al., 1998). The
high-affinity receptor TrkA for NGF is expressed in these
neurons and their axons, but Schwann cells associated with
small myefinated and unmyelinated fibers do not express
TrkA. We demonstrated here for the first time the histological
localization of NGF mRNA expression in the nerves of human
neuropathy, using double staining with FITC and rhodamine
to detect NGF mRNA and cell-specific antigens, respectively.
NGF mRNA was expressed in the infiltrating macrophages
and T cells, Schwann cells and perivascular cells in the nerve
lesions. Expression of NGF mRNA in the infiltrating cells and
other cells varied depending on the histological profiles and
cell types. We have previously reported that in vasculitic
neuropathies, the expression of NGF mRNA changed to a
variable extent, and the mean levels of NGF mRNA were
markedly increased compared with those of controls
(Yamamoto et al., 2001). We also showed previously by a
multiple regression analysis that NGF mRNA expression in

A. Macrophages B. T cells

the nerve lesions was closely related to the invasion of mac-
rophages and T cells {Yamamoto et al., 2001). Our previous
study using whole nerve homogenates, however, failed to
determine which specific lineages of cells express NGF
mRNA to what extent, and how cell-type-specific NGF ex-
pression is comelated with axonal pathology.

Macrophage recruitment is an important component of
NGF synthesis and of sensory axon maintenance and
re-growth (Brown et al., 1991; Luk et al., 2003). Endoneur-
ial infiltration by macrophages is observed in Wallerian
degeneration as well as in autoimmune polyneuropathies,
which show phenotypic and functional heterogeneity of
macrophages with respect fo morphology, specific marker
antigens and residency (Kiefer et al., 1998). The expres-
sion of NGF mRNA was higher in oval or round-shaped
macrophages than in macrophages with an irregular or
ramified appearance. Round-shaped macrophages are re-
ported to be activated for secretion of humoral immune
factors such as cytokines, whereas irregular-shaped mac-

C. Schwann cells
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Fig. 4. Signal intensity of NGF mRNA in the epineurial and endoneurial macrophages, T cells and Schwann cells.The intensity of NGF mRNA signals
with specific cell-specific markers was quantified as described in the text, and was expressed as signal intensity per square miliimeter in the epineurium
and endoneurium in each patient. Mean*S.E. from the eight patients and five controls is indicated. The white bar in C denotes Schwann cell
expression of NGF mRNA in control nerves. * P<0.05, ** P<0.01, *** P<0.001.
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Table 2. Pathological findings of sural nerve biopsies in the patients with vasculitic neurcpathies®

Axonal Infiltrates
Axonal Active axonal  regeneration:  in epineutium  Infiltrates in
MF density degeneration degeneration  sprouts M/T cells endoneurium M¢/T

Case Age (vears)/Sex Diagnosis (No/mm?} (%) (No./mm?) {No./mm?) (No.fmm?) cells {No./mm?)
1 44M MP 2884 14 404 193 228/28 213/24

2 84/F MP 209 a5 864 59 352/19 323/38

3 66/F MP 3081 9 277 262 449/38 407/25

4 S1IF MP 303 93 282 53 511/51 272115

5 79/M MP 1264 28 1239 a3 288/20 148/8

6 7UM Non-systemic 7467 4 299 15 21512 181/9

7 T4/F Non-systemic 6557 Kk 2163 30 31818 151/9

a 64/M Non-systemic 3318 93 3086 10 18915 88/11

* Active axonal degeneration, axonal degenerationxXMF density; MF, myelinated fiber; MP, microscopic polyangilis.
The immunoreactive cell infillrates for macrophage marker (CD6B) and T cell marker (JCHL-1) were counted lo assess the degree of inflammatory

cell invasion in the epineurial and endeneurial areas of the nerve segments.

rophages act as scavengers of tissue degradation prod-
ucts and myelin debris (Marcinkiewicz et al., 1999), Mac-
rophages bearing MRP14, a macrophage differentiation
antigen associated with early active lesions (Kiefer et al.,
1998), expressed more NGF mRNA in both the epineurial
and endoneurial spaces of the lesioned nerves. Most of
MRP14+ macrophages were round-shaped. In contrast,
macrophages expressing MRP8, a macrophage differenti-
ation antigen in chronic lesions (Kiefer et al., 1998) ex-
pressed less NGF mRNA, especially in the endoneurium.
These findings suggest that NGF expressed in round-
shaped and MRP14+ macrophages can be an early signal
for the regeneration and repair process in vasculitic nerve
lesions. NGF expression by macrophages in the endo-
neurium has been reportad to be up-regulated by inflam-
matory reactions where cytokines such as (L-1p are ex-
pressed, and to lead to the establishment of a favorable
environment for nerve repair and recovery (Deprez et al.,
2001: Shamash et al., 2002}, NGF-negative or weakly
positive macrophages, most of which are MRP8+ and
irregular-shaped, are thought to function in phagocytosis of
myelin debris in the endoneurium, also promoting nerve
regeneration (Marcinkiewicz et al., 1989). Moreover,

A. Epineurial infiltrates

B. Endoneurial infiltrates

epineurial MRP8+ macrophages harbor relatively higher
levels of NGF mRNA compared with endoneurial cells, and
may collaborate with T cells in an immunoregulatory cas-
cade of vasculitic neuropathy. Epineurial NGF from
MRP14+ and MRP8+ macrophages may play an instru-
mental role in the perivascufar inflammatory circuit, or
alternatively may direct the repair of injured axons through
the damaged permeable perineurium (Sugimoto et al.,
2002).

In addition to macrophages, infiltrating T cells also
expressed NGF mRNA, regardless of whether their sur-
face markers identified them as helper CD4+, suppressor
CD8+, or activating CD3+. The expression pattern of
NGF mRNA in T cells was different from that in macro-
phages: in macrophages, the level of NGF mRNA was
heterogeneous depending on the cell shape and surface
markers, but T cells in the endoneurium expressed NGF
mRNA regardless of the T cell markers. It has been dem-
onstrated previously that activated T cells produce NGF in
tesions of the injured CNS or PNS to enhance nerve repair
(Santambrogio et al., 1994; Moalem et al., 2000). The
present study showed that T cells infiltrating the endoneur-
ial space appear to be authorized to express NGF in. NGF

C. Schwann cells
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Fig. 5. Relationship between nerve regeneration and N

GGF mRNA expression in the epineurial and endoneurial spaces. The intensity of NGF mRNA

signals was quantified as described in the text, and was expressed as signal intensity per square millimeter for the epineurial and endoneurial infiltrates
and Schwann cells in each patient. Simple corelation analysis was performed between regional NGF mRNA expression and axonal regenerating

sprouts.
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expressed in T cells in the epineurial perivascular lesions
plays a secondary role to generate inflammation that may
then function to bias toward a Th2 environment, which
helps the interstitial reaction and subsequent recovery
from a pathological condition (Santambrogio et al., 1994).
T cells are obviously involved in the complex mechanism
of formation and recovery of inflammatory pathology. NGF
itself reportedly promotes differentiation of T cells (Mat-
suda’et al., 1988; Ehrhard et al,, 1993). NGF mRNA ex-
pression in CD4+ and CD8+ cells in the epineurial and
endoneurial spaces may suggest that such up-regulation
of NGF mRNA is one aspect of the complex network of
events constituting nerve regeneration and repair.

Schwann cells are ancther NGF producer, as shown in
the present study. NGF mRNA expression in Schwann
cells was up-requlated and occurred diffusely in the endo-
neurium of the vasculitic lesions, suggesting that lesion-
induced expression of NGF occurs in Schwann cells. In the
endoneurium of the lesioned nerves, NGF is produced
abundantly by Schwann cells as well as MRP14+ macro-
phages, and acts as a neurotrophic signal to promote
axonal regeneration with TrkA in sensory axons. This pu-
tative cascade was supported by the present finding that
NGF mRNA expression in Schwann cells was closely cor-
related with the degree of axonal regeneration sprouts.

Nerve injury by axotomy, in which axonal pathology
with Wallerian degeneration is the major pathological pro-
cess, is considered to be an analogous animal model of
the endoneurial lesions in acute vasculitic neuropathies in
human (lto et al., 1998). In the axotomy model, 1L-18 and
IL-6 mRNAs rapidly increase after nerve damage, while
NGF mRNA shows a two-peaked increase in the early and
late phases (lto et al., 1998). The early and late peaks of
NGF mRNA expression are thought to oceur in round-
shaped epineurial hematogenous macrophages and
Schwann cells, respectively. In human acute necrotizing
vasculitic neuropathies in the present study, the nerve
tissues were mostly obtained within 1 week after the onset
of neuropathy. Pathological findings in the endoneurial
space seem to correspond to the late phase of axotomized
nerves in animals. This notion agrees with the findings that
endoneurial NGF mRNA was mainly derived from
Schwann cells as well as MRP14+ macrophages. As dem-
onstrated here, MRP14+4 early macrophages were also
present concomitantly with MRP8+ late macrophages in
the endoneurium of biopsied specimens. In addition to
Schwann cells and macrophages, endoneurial fibroblasts
may be another cellular source of NGF in the endoneurium
of injured nerves as reported previously (Marcinkiewicz et
al,, 1999), since NGF mRNA signals was not completely
consistent with the cellular markers for Schwann cells and
macrophages.

We demonstrated that NGF mRNA expression in the
infiltrating cells and Schwann cells showed a good corre-
lation with the extent of axonat sprouts of regeneration but
not with that of axonal degeneration. This finding is well
consistent with our previous finding using multivariate
analysis that NGF mRNA levels were not related to the
extent of axonal degeneration (Yamamoto et al., 2001;

Sobue et al., 1998). NGF is known to induce axona! col-
lateral sprouting in cell culture (Gallo and Letourneay,
1998; ltoh et al., 1998). Axonal regeneration is likely as-
sociated with NGF mRNA expression in the endoneurium
mainly derived from MRP14+ macrophages as well as
Schwann cells, and both types of cells collaborate in de-
nervated nerves (Tofaris et al., 2002). The extent of axonal
regeneration was very slight in the acute phase of vascu-
litic neuropathies, particularly as compared with the extent
in chronic axonal neuropathy such as Charcot-Marie-Tooth
disease type X (Hattori et al., 2003), showing abundant
axonal sprouts. Direct evidence that activated macro-
phages are present at the sprouting sites was not found in
this study, since the lesions caused by human vasculitic
neuropathies are temporally and spatially multifocal and
dispersive, not synchronous (Batchelor et al., 2002). As a
correlation between the degree of axonal regeneration and
the number of infitrated macrophages is not significant in
the present data, it is likely that NGF itself enhances ax-
ona! regeneration in nerve lesions of vasculitic neuropa-
thies. Moreover, other neurotrophic factors such as brain-
derived neurotrophic facter and neurotrophin-3 may be
involved in axonal regeneration, since their mRNA expres-
sion Jevels were correlated with the extent of macrophage
invasion in injured human nerves as reported in our previ-
ous studies (Sobue et al., 1998; Yamamoto et al., 1998b;
Ito et al., 2001). Further studies whether axonal regener-
ating sprouts are the neuritis of peptidergic DRG neurons
with TrkA will be needed.

Taken together, our findings on the double labeling of
NGF mRNA and cellular markers clearly demonstrated
that early-activated macrophages and Schwann cells are
the major source of NGF expression in human nerve le-
sions of acute necrofizing vasculitic neuropathies, provid-
ing a clue about axonal regeneration and nerve repair.
Targeted modulation of hematogenous macrophage NGF
will help to promote nerve regeneration for the treatment of
acute vasculitic neuropathies (Heuss et al., 2000). Further
investigations will be required to determine how macre-
phage NGF, with the cytokine network, operates differen-
tially in the epineurial and endoneurial areas for the recov-
ery of vasculitic neuropathies.
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Spinal and bulbar muscular atrophy (SBMA) is an Inherited motor neuron disease caused by the expansion of
a polyglutamine (polyQ) tract within the androgen receptor. Unifying mechanisms have been implicated in
the pathogenesis of polyQ-dependent neurodegenerative diseases including SBMA, Huntington disease
and spinocerebellar ataxias. It has been suggested that mutant protein containing polyQ Inhibits histone
acetyltransferase activity, resulting in transcriptional dysfunction and subsequent neuronal dysfunction.
Histone deacetylase (HDAC) inhibitors alleviate neurological phenotypes in fly and mouse models of
polyQ disease, although the therapeutic effect Is limited by the toxicity of these compounds. We studied
the therapeutic effects of sodium butyrate (SB), an HDAC inhibitor, in a transgenic mouse model of SBMA.
Oral administration of SB ameliorated neurological phenotypes as well as increased acetylation of nuclear
histone in neural tissues. These therapeutic effects, however, were seen only within a narrow range of SB
dosage. Our results indicate that SB Is a possible therapeutic agent for SBMA and other polyQ diseases,

although an appropriate dose should be determined for clinical application.

INTRODUCTION

Polyglutamine (polyQ) diseases are inherited neurodegenera-
tive disorders caused by the expansion of a trinucleotide
CAG repeat in the causative genes (1,2). To date, nine polyQ
diseases have been identified (3). Spinal and bulbar muscular
atrophy (SBMA) is a polyQ disease affecting males, and is
characterized by proximal muscle atrophy, weakness, contrac-
tion fasciculations and bulbar involvement (4—6). The number
of CAG repeats in the first exon of androgen receptor (AR)
gene is polymorphic with a range of 11-35 in normal popu-
lation; the repeat expands to 40—62 CAGs in SBMA patients
(7.8) with minimal somatic mosaicism (9). There is an
inverse correlation between the CAG repeat size in AR and
the age at onset, or the disease severity (10-12) as observed
in other polyQ diseases (1). The major pathological finding of
SBMA is motor neuron loss in the spinal cord and brainstem
accompanied by a subclinical loss of sensory neurons in the
dorsal root ganglia {5). Nuclear inclusions (NIs) containing
mutant AR have been observed in the residual motor neurons
and non-neuronal cells (13,14). The presence of Nls, which is

a clue to the pathogenesis, is also striking in other polyQ dis-
eases (15). These observations pointed to the cell nucleus as a
crucial site of polyQ toxicity in the majority of polyQ diseases,
although the exact role of NIs in the pathogenesis is yet to be
elucidated (16). Our previous studies with a transgenic (Tg)
mouse model of SBMA clearly demonstrated that reduction
in the amount of nuclear-accumulated mutant AR results in
marked improvement of SBMA phenotypes (17—-19).
Numerous studies have indicated that transcriptional dysregu-
lation is the pivotal mechanism of neuronal dysfunction in polyQ
disease. Transcriptional co-activators such as cAMP-response
element binding protein-binding protein (CBP) are sequestrated
into the NIs through protein—protein interaction in mouse
models and patients with polyQ diseases (20,21). Alternatively,
the interaction between transcriptional co-activators and soluble
mutant protein has also been demonstrated in fly and mouse mod-
els as well as in post-mortem tissues of Huntington disease (HD)
patients (22,23). The histone acetyltransferase (HAT) activity of
CBP is inhibited in a fly model of HD and restored by histone dea-
cetylase (HDAC) inhibitors, resulting in less neurodegeneration
(24,25). Oral administration of suberoylanilide hydroxamic acid

*To whom correspondence should be addressed at: Department of Neurology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho,
Showa-ku, Nagoya 466-8550, Japan. Tel: +81 527442385; Fax: +81 527442384; Email: sobueg@med nagoya-u.acjp
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(SAHA), an HDAC inhibitor, ameliorates motor impainment in 2
mouse model of HD (26), but its beneficial effect is restricted by
lethal toxicity. In the present study, we report that oral adminis-
tration of sodium butyrate (SB) ameliorates symptomatic and his-

topathological phenotypes of a mouse model of SBMA through

upregulation of histone acetylation in nervous tissues. Although
SB is less toxic than SAHA, this compound yielded beneficial
effects within a narrow therapeutic window of dosage. Our
results indicate the importance of dose deterrination in the clini-
cal application of HDAC inhibitors, which are a promising new
therapy for polyQ disease.

RESULTS

SB improves motor impairment in SBMA mouse model
within a narrow optimal dose

SB did not alter the neuromuscular phenotypes in wild-type (Wt)
mice at any of the doses we tested (data not shown). Oral admin-
istration of SB markedly ameliorated muscle atrophy, body
posture and footprint pattern on walking in male Tg mice at a
dose of 4 g/ (Fig. 1A and B). We quantitatively assessed
motor impairment by rotarod analysis and cage activity measure-
ment, and found remarkable amelioration of motor impairment
with oral SB administration in a narrow SB dose range (Figs 2
and 3A-C). SB significantly delayed the onset (at 4 and 8 g/1)
and the progression (at 4 g/} of motor deficit detected by
rotarod performance (Figs 2 and 3C). SB also elongated the
period during which each motor activity declines to 50% of its
maximal value (Fig. 3B). SB did not produce a substantial
improvement in such motor performance at 2 g/l (Figs 2 and
3A-C). It should be noted that 16 g/1 of SB accelerated the
onset by ~2 weeks (Figs 2 and 3C). The number of days for
50% impairment of rotarod and cage activity were not changed
with 2 and 8 g/1, but even worsened with 16 g/ (Fig. 3B). Tg
mice treated with 16 g/1 of SB showed swelling of the kidneys
(data not shown), which was also obvious in Wt mice treated
with a higher dose, 40 g1, of SB.

Assessment of survival rate also demonstrated a similar
pattern of dose-dependent response to that of motor perform-
ance. SB significantly improved the survival rate (4 g/l,
P < 0.0001; 8 g/l, P=0.004) and time to 50% survival at
the dose of 4 and 8 g/l (Figs 2 and 3B), whereas 2 g/l doses
of SB did not alter the survival rate (Figs 2 and 3B). On the
other hand, the lifespan of Tg mice was shortened at the
dose of 16 g/ (Fig. 2, P=0.0009). SB treatment at 4 g/l
resulted in body weight gain, whereas Tg mice given other
doses of SB showed earlier declines in weight, as did those
not treated with SB (Fig. 2).

These observations indicate that oral administration of SB
improves motor impairment, survival rate and failure of
weight gain in the male Tg mice within a narrow dose
range. Nevertheless, a higher dose of SB has deleterious
effects on the neurological phenotypes of Tg mice.

SB ameliorates histopathological impairments of
motor neurons and muscles

Oral administration of SB at the dose of 4 g/l significantly
improved histopathological impairments in the muscles,
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Figure 1. SB ameliorates ncuromuscular phenotypes of SBMA Tg mouse. (A)
The male Tg mouse treated with 4 g/l of SB does not show the muscular
atrophy seen in the non-treated male mouse (12 weeks old). (B) Footprints
of the SB-treated and non-trcated male Tg mice. Front paws are in red, and
hind paws in blue. $B markedly ameliorated gait disturbance.

spinal motor ncurons and their axons in the male Tg mice
(Fig. 4). The SBMA Tg mice show atrophy of spinal motor
neurons and their axons in the ventral nerve root accompanied
by neurogenic amyotrophy (17). SB administration signifi-
cantly increased the diameter of muscles, spinal roots and
motor neurons as compared with non-treated mice. Although
small angulated fibers and grouped atrophy were observed in
the muscles of the non-treated group, SB markedly amelio-
rated these histopathological appearances of denervation
pattern {Fig. 4A—C). SB also improved axonal atrophy in
the L5 ventral nerve root (Fig. 4D-F). There was a significant
difference in the size of large motor neurons in the lumbar
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Figure 2. $B ameliorates motor abilities of SBMA Tg mice. Rotarod activity, cage activity, body weight and survival rate (Kaplan-Meier) of Tg mice treated
with or without SB{(n =6inSB2and 16/, n=12inSB4and 8¢/, n= 15 in water).

anterior horn between SB-treated and non-treated male Tg mice
(Fig. 4G-I). Quantitative assessment showed a significant
improvement in the mean diameter of muscles (45.7
5.7 um in the SB-trecated Tg mice versus 27.2 + 12 pm in
the non-treated Tg mice, P = 0.005), the diameter of large
axons in the ventral root (>6 pm) (11.2 4+ 0.7 pm in the
SB Tg mice versus 9.5 + 0.4 pm in non-treated Tg mice,
P = 0.02) and the size of large (>300 pm?) motor neurons
in the lumbar anterior hom (453.0 + 32.4 um® in the
SB-treated Tg mice versus 372.0 + 38.1 um? in non-treated
Tg mice, P=0.04) with oral SB administration at 4/
(Fig. 4C, F and I).

SB does not inhibit nuclear localization and aggregation
of mutant androgen receptor protein

As we reported earlier (17), nuclear localization and aggregate
formation of the mutant AR protein are the major pathways of
neuronal dysfunction and phenotypic expression in SBMA.
Thus, we examined whether SB administration alters the
amount of nuclear-localized mutant AR and the large
complex form of mutant AR protein in male Tg mice, using
immunohistochemistry with an anti-polyQ antibody, 1C2 and
western blotting analysis. As predicted, SB did not decrease
the number of neurons and glial cells harboring diffuse

nuclear stain with 1C2 and nuclear inclusions in the spinal

cord and other central nervous tissues (Fig. 5A). Similarly,

SB did not change the 1C2 nuclear staining in visceral
organs such as muscle (Fig. 5A). The amount of slowly
migrating large complex mass and aggregates of the mutant
AR in the spinal cords and muscles (Fig. 5B) as well as
in their nuclear fractions (Fig. 5C) was assessed by western
blotting with an anti-AR antibody, N-20. SB did not alter
the amount of smearing mutant AR protein in the stacking
gel. Although CBP was sequestered into the nuclear inclusion
in Tg mice, oral SB had no influence on CBP distribution
(Fig. 5D).

Oral SB increases histone acetylation level in the
central nervous system

It is important to assess the augmentation of histone acetylation
in the central nervous system tissue by the oral administration of
SB. To determine whether SB increases the acetylation level of
histone, we analyzed western blotting of spinal cord homo-
genate with antibodies against histones H2A, H2B, H3 and
H4, and those for acetylated isoforms (Fig. 6A). Without SB
treatment, histone acetylation levels are significantly reduced
in Tg compared with Wt. Oral SB resulted in a significant
increase in the H3 histone acetylation level in male Tg mice
at 4 g/l or higher doses, although this effect was not observed
at the dose of 2 g/l. The acetylation of histone H3 was also
significantly enhanced in Wt mice treated with oral SB (Fig. 6A
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Figure 3. SB exerts therapeutic effects within a narrow dose range. (A) Rotarod performance of Tg mice at 8, 12, 16 and 20 weeks of age. The dose effect was
bell-shaped at each examined week of age. (B) At the dose of 4 g/l, SB prolonged the period during which motor function, assessed by rotarod task and cage
activity, declines 1o 530% of its maximal value, as well as 50% survival. These effects are also observed at B g/l, although to a lesser cxtent than at 4 g/l. (C)

The onset of rotared task decline and the period from the onset to death in

each treatment group. The symptomatic onset is retarded by SB at 4 or 8 g/l,

whereas the progression is slowed only at the dose of 4 g/1. (A, Band C: n= 6 in SB 2 and 161, n=12in $B 4 and 8 g/, n = 15 in water).

and B). In contrast to H3, acetylation of histones H2A, H2B and
H4 was not significantly augmented by oral SB administration
at any dose (Fig. 6A). Similar effects were observed in the brain
and muscle (data not shown).

Immunohistochemistry with the antibody specific to acetyl-
ated H3 demonstrated that the nuclei of the spinal cord motor
neurons and glial cells were more densely stained in mice
given oral SB than in non-treated mice. The staining intensity
was proportional to the oral SB doses (Fig. 6C). The numbers
of anti-acetylated histone H3 positive neurons and glia cells
were significantly greater in SB-treated Tg mice than in
non-treated mice (Fig. 6D). .

These observations indicate that SB is capable of crossing
the blood—brain barrier and increasing the level of H3 acety-
lation in the spinal cord and brain, providing the theoretical
basis for this SBMA treatment.

DISCUSSION

A growing number of polyQ diseases share salient clinical
features including anticipation and selective distribution of
pathology, and their symptoms are influenced by the number
of CAG repeats in the causative gene (1,2). Although the
gene products are unrelated except for the presence of polyQ
tract, some nervous tissues, including the spinal anterior hom,
brainstem and cerebellum, are preferentially affected in polyQ
diseases. NIs detected in these lesions are the pathological
hallmark of the disorders. The observations of common
phenotypes led to the hypothesis that unifying mechanisms
underlie the pathogenesis of polyQ diseases. Transcriptional
dysregulation (16,27,28), aggregate formation (29,30), pro-
teolysis of causative protein (31), transglutaminase_ activation
(32) and mitochondrial deficits (33) have been implicated
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mice of each treatment group {G and H), and the histogram of motor neuron size (I, 7 = 3).

in the pathogenesis, and have been expected to be targets
of medical intervention. Among these hypotheses, altered
transcription appears to be convincing, supported by the
fact that most polyQ proteins have been implicated in tran-
scriptional regulation {34).

Gene expression analysis indicates that transcriptional
disruption is an early change in the pathogenesis of mouse
models of polyQ diseases (35,36). The expression of genes
regulated through cAMP-response element-mediated tran-
scription is decreased in HD mouse models (37,38). The
transcription co-activators are sequestrated into aggregation,

and their function is inhibited by soluble polyQ-containing
protein (2). As the HAT activity of CBP is suppressed in
cellular models, a decrease in histone acetylation is likely to
underlie the neurodegeneration in polyQ diseases. Although
this hypothesis has been confirmed in vitro, it remains
unclear whether the histone acetylation level is decreased in
animal models (26,39). The present study demonstrates that
the acetylation of nuclear histone is diminished in SBMA
Tg mice, suggesting that the HAT activity of CBP is
suppressed in vivo. The restoration of histone acetylation by

"HDAC inhibitors has been considered to be of therapeutic
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Tg mice {12 weeks old) regardless of SB treatment.

benefit in polyQ diseases (40). Although HDAC inhibitors
mitigate polyQ-induced neurodegeneration in cell and fly
models of polyQ diseases (24,25), SAHA is of limited thera-
peutic benefit in a mouse model of HD owing to its toxicity
(26). Based on their ability to regulate transcriptional activity,
HDAC inhibitors have also been employed in experimental
therapies for malignancies and endocrinological disorders
(41). In experimental cancer therapy, as observed in polyQ
models, higher doses of HDAC inhibitor are required in
animal models than in vitro, presumably because of the fast
elimination and low biocavailability of these compounds
in vivo. The cytotoxicity of HDAC inhibitor is considerable,
especially in dividing cells, and this needs to be overcome for
clinical use. SAHA demonstrated remarkable side effects,
including leukopenia, thrombocytopenia, hypotension, acute
respiratory distress, renal insufficiency, tumor-related pain
and fatigue, in a phase I clinical trial for malignancies (42).
Dose-limiting toxicities were neuro-cortical events such as

somnolence and confusion in another phase 1 clinical trial
with phenylbutyrate (43).

SB is less potent than SAHA, but has the advantage of less
serious toxicity. Our present study demonstrates that oral SB
exerts therapeutic effects with subtle side effects when it is
used at an appropriate dose. Our results revealed that the
most beneficial effects were achieved at the oral SB dose of
4 g/l, whereas the compound was partially effective at the
dose of 8 g/l. The acetylation level of histone is increased
at these doses, implying that improvement of transcription
contributes to the amelioration of symptomatic and histo-
pathological phenotypes. SB caused no amelioration of the
pathogenesis at 2 g/l, presumably because it failed to augment
histone acetylation.

It is intriguing that Tg mice had lower tolerance to the
toxicity of SB than did Wt. The dosc of 16 g/l, which did
not harm Wt mice, aggravated motor dysfunction in the Tg
mice. This appears to result from the adverse effect of SB,
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glial cells are upregulated at 4 g/1 of SB.

as the histone acetylation level was successfully increased
in the central nervous system at this dose. SB induces meta-
bolic acidosis and even death at high doses in mice (44).
Immobility, dehydration and exhaustion may lower the
threshold for adverse effects of SB in Tg mice. This observa-
tion should also be kept in mind during clinical trials.
Intraperitoneal delivery of SB has also been reported to
ameliorate neurodegeneration in an HD mouse model (39).

This study supports our findings that SB improves the patho-
genesis of polyQ diseases at an appropriate dose. Although
intraperitoneal administration of SB upregulates acetylation
of both histones H3 and H4, the present study demonstrated
H3 selectivity of the effect of oral SB treatment. As SB is
rapidly eliminated in vivo (44), the route of SB administration
. may influence its effect on histone acetylation as well as its
side effects. Alternatively, a higher dose of SB might be
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required for H4 acetylation; indeed, the most effective dose of
SB in HD mouse study, 1200 mg/kg/day, was higher than that
in our analysis, 800900 mg/kg/day.

We have previously described therapeutic approaches for
SBMA using our Tg mouse mode! (45). Reduction in the
testosterone level by castration or leuprorelin administration
diminished nuclear-localized mutant AR and markedly pre-
vented phenotypic expression in the male Tg mice (17,18).
Overexpression of heat shock protein 70, which is a molecular
chaperone refolding mutant protein (46), resulted in accelera-
tion of mutant AR degradation and phenotypic amelioration
(19). Although these strategies show therapeutic promise,
single therapeutic agents possess limited potential because of
their side effects. As suggested for other neurodegenerative
diseases (47), combinations of drugs appear to be useful in
the attempts of obtaining maximal therapeutic effects and
reducing harmful events. Although the exact mechanism
remains to be clarified, SB also ameliorates neuromuscular
phenotypes of spinal muscular atrophy, which is another lower
motor neuron disease arising from a different gene mutation
(48). This result might indicate the relatively potent effects
of SB on affected lower motor neurons. SB is a promising
candidate for combination therapy for SBMA, although its
dose should be very carefully determined for clinical use.

MATERIALS AND METHODS

Generation and maintenance of Tg mice
and genotyping

Chicken B-actin promoter-driven AR-24Q and AR-97Q con-
structs were prepared by digestion of pCAGGS vector as
described earlier (17,49,50). Genotyping of mice was performed
by PCR using mouse tail (17). Tg mice were maintained by
crossing to F1 of C57BL/6J and BDF1. We analyzed a sympto-
matic line #4-6 of this mouse model throughout the present

study.

Assessment of motor ability

All animal experiments were performed in accordance with
the National Institute of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Nagoya
University Animal Experiment Committee. Rotared perfor-
mance was assessed weekly using an Economex Rotarod
(Colombus Instruments, Colombus, OH, USA) as described
previously (51). Cage activity was measured weekly, with
each mouse in a transparent acrylic cage within a soundproof
box as described previously (17).

Administration of SB

Wt and SBMA Tg (AR-97Q #4-6) mice were orally supplied
sterile water ad libitum. Three mice shared the same drinking
water in each cage. SB was administered at a concentration of
2,4, 8, 16 or 40 g/l in distilled water from 5 weeks of age until
the end of analysis. Before the onset of motor symptoms,
between the age of 6 and 8 weeks, the approximate daily
amount of drinking water was similar for each treatment
group of Tg mice; 4.0+ 026, 3.7+ 051, 45+ 0.19,

4.1 + 029 and 4.4 + 0.15ml at the dose of 0, 2, 4, 8 and
16 g/l, respectively. There was no difference in the amount
of water intake and body weight between Wt and Tg mice
in that period.

Immunohistochemistry

An aliquot of 20 m! of 4% paraformaldehyde fixative in 0.1 M
phosphate buffer (pH 7.4) was perfused through the left
cardiac ventricle of mice (12 weeks old) deeply anesthetized
with ketamine-xylazine, the tissues post-fixed in 10%
phosphate-buffered formalin and then processed for paraffin
embedding. Tissue sections (4 pm thick) were then deparaffi-
nized, dehydrated with alcohol, and then treated for antigen
retrieval (17). For the mutant AR immunohistochemical
study, the paraffin sections were pretreated with formic acid
for 5min at room temperature. The tissue sections were
blocked with normal horse serum (1:20) and incubated with
mouse anti-expanded polyQ, 1C2 (1:10000, Chemicon,
Temecula, CA, USA). The sections were then incubated
with biotinylated anti-mouse IgG (1:1000, Vector Labora-
tories, Busrlingame, CA, USA). Immune complexes were visu-
alized using streptavidin—horseradish peroxidase (Dako,
Glostrup, Denmark) and 3,3’-diaminobenzidine (Dojindo,
Kumamoto, Japan) substrate. Sections were counterstained
with methyl green. For immunostaining of histone, sections
were autoclaved at 121°C for 15 min, and incubated with
anti-histone H3 (1: 100, Upstate Biotechnology, Lake Placid,
NY, USA) or anti-acetylated histone H3 (1:500, Upstate
Biotechnology) antibodies.

The number of 1C2 or anti-acetylated H3-positive cells for
one individual mouse was counted using a light microscope
with a computer-assisted image analyzer (Luzex FS, Nikon,
Tokyo, Japan). Fifty consecutive transverse sections of the
thoracic spinal cord were prepared, and 1C2 or anti-acetylated
H3-positive cells in the anterior horn on every fifth section
were counted as described previously (51,52). For quantitative
assessment, 1C2-positive cells in the muscle were calculated
from counts of more than 500 fibers in randomly selected
areas, and were expressed as the number per 100 muscle
fibers.

Muscle histology and morphometric analysis of spinal
motor neurons and ventral spinal roots

Cryostat sections of the gastrocnemius muscles (6 pm thick)
were air-dried and stained with hematoxylin and eosin
(H&E). The muscle fiber diameter was measured in randomly
selected areas for three mice of each treatment group (12
weeks old) using a Luzex FS image analyzer (Nireco). To
assess the neuronal populations and cross-sectional area of
the anterior hom cells, 20 serial 5 pm thick sections from
the fifth lumbar spinal cords of three mice of each group (12
weeks old) were prepared. Every other section was stained
by the Nissl technique, and all neurons with an obvious
nucleolus in the anterior hom were assessed using a Luzex
FS image analyzer as described earlier (17). The diameter of
myelinated fibers in the ventral spinal roots was measured
on the transverse sections stained with toluidine blue, also as
described earlier (17).



Western blots

Mice (12 weeks old) were exsanguinated under ketamine—
xylazine anesthesia, and their tissues snap-frozen with pow-
dered CO; in acetone. Frozen tissue (0.1 g wet weight) was
homogenized in 1000 pl of CelLytic-M mammalian cell lysis/
extraction reagent (Sigma Chemical, St Louis, MO, USA)
with 1 mM phenylmethylsulfonyl fluoride and aprotinin at
6 ng/ml. Homogenates were spun at 2500g for 15 min at 4°C.
The protein concentration of the supernatant was determined
using DC protein assay (Bio-Rad Laboratories, Hercules, CA,
USA). Each lane on a 5-20% SDS-PAGE gel was loaded
with 200 g protein for the spinal cord and 80 pg for the
muscle from the supernatant fraction, which was transferred
to Hybond-P membranes (Amersham Pharmacia Biotech,
Buckinghamshire, UK) using 25mM Tris, 192 mM glycine
and 10% methanol as transfer buffer. Kaleidoscope prestained
standards were used as size markers (Bio-Rad Laboratories).
Proteins were then transferred to Hybond-P membranes
(Amersham Pharmacia Biotech), which were subsequently
blocked in 5% milk in Tris-buffered saline containing 0.05%
Tween-20, and incubated with appropriate primary antibodies
using standard techniques. Primary antibodies were used at
the following concentrations: anti-histone H3, 1:500 (Upstate
Biotechnology); anti-acetylated histone H3, 1:250 (Upstate
Biotechnology); anti-histone H4, 1 : 500 (Upstate Biotechnology);
anti-acetylated histone H4, 1:200 (Upstate Biotechnology); anti-
histone H2A, 1:500 (Upstate Biotechnology); anti-acetylated
histone H2A, 1:200 (Upstate Biotechnology); anti-histone H2B,
1:500 (Upstate Biotechnology) and anti-acetylated histone
H2B, 1:200 (Serotec, Kidlington, UK). Second antibody
probing and detection were performed using the ECL + plus
kit (Amersham Pharmacia Biotech) as described earlier (17).
The signal intensity of the bands smearing from the top of the
gel were quantified using the NIH Image program (NIH Image
version 1.62). The quantitative data of three independent
western blots were expressed as mean + SD.

Statistical analyses

Data were analyzed using Kaplan—Meier and log-rank test for
survival rate in Figure 2, Dunnett test for multiple comparison
in Figures 3A—C and 6B and unpaired ¢-test in Figures 4, 5
and 6D from Statview software version 5 (HULINKS, Tokye,
Japan).
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