Physical and Functional Interaction between Dorfin and VCP

generative diseases, these observations suggest that Dorfin
may have a significant role in the quality control system in the
cell. The present study was designed to obtain further clues for
the pathophysiological roles of Dorfin. For this purpose, we
screened Dorfin-associated proteins using high performance
liquid chromatography coupled to electrospray tandem mass
spectrometry (LC-MS/MS). The results showed that Valosin-
containing protein (VCP), also called p97 or Cdc48 homologue,
obtained from the screening, physically and functionally inter-
acted with Dorfin. Furthermore, both Dorfin and VCP proteins
colocalized in aggresomes of the cultured cells and in UBIs in
various neurodegenerative diseases.

MATERIALS AND METHODS

Plasmids and Antibodies—pCMV2/FLAG-Dorfin vector (FLAG-Dor-
fin"T) was prepared by PCR using the appropriate design of PCR
primers with restriction sites (Clal and Kpnl). The PCR product was
digested and inserted into the Clal-Kpnl site in pCMV2 vector (Sigma).
pEGFP-Dorfin (GFP-Dorfin), pCMX-VCP%* (VCP™), and pCMX-
VCPXE24A (V(CPHR5244) yactors were described previously (5, 11). pcDNA/
HA-VCP™* (HA-VCPY) and pcDNA/HA-VCPX5244 (HA VCP®5244) were
subcloned from pCMX-VCP™* and pCMX-VCP®¥5244, regpectively, into
pcDNA3.1 vectors (Invitrogen). The HA tag was introduced at the N
terminus of VCP. pcDNAS.V/FLAG-Parkin (FLAG-Parkin) was gener-
ated by PCR using the appropriate design of PCR primers with restric-
tion sites (EcoRI and Notl) from pcDNA3.1/Myec-Parkin (12). The FLAG
tag was introduced at the N terminus of Parkin. To establish the RING
mutant plasmid of Dorfin (FLAG-DorfinC1828/C1858) phint mutations for
Cys at positions 132 and 135 to Ser were generated by PCR-based
site-directed mutagenesis using a QuikChange™ sgite-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). pcDNAS.IVHA-Ub (HA-Ub),
pcDNA3.1/Mye-SOD1V¥T (SOD1¥7"-Myc), pcDNA3./Myc-SOD16%%4A
(SOD19%%A.Myc), and pcDNA3.1/Myc-SOD1995R (SOD19%5RMyc) were
described previously (13, 14). Polyclonal anti-Dorfin (Dorfin-80 and
Dorfin-41) and monaclonal anti-VCP antibodies were used as in previ-
ous reports (5, 15). The following antibodies were used in this study:
monoclonal anti-FLAG antibody (M2; Sigma), monoclonal anti-Myc an-
tibody (SE10; Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal
anti-HA antibody (12CA5; Roche Applied Science), polyclonal anti-
maltose-binding protein (MBP) antibody (New England BioLabs,
Beverly, MA), polyclonal anti-Parkin (Cell Signaling, Beverly, MA), and
polyclonal anti-SOD1 (SOD-100; Stressgen, San Diego, CA).

Cell Culture and Transfection—All media and reagents for cell cul-
ture were purchased from Invitrogen. HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum, 5
unite/ml penicillin, and 50 pg/ml streptomycin. HEK293 cells at sub-
confluence were transfected with the indicated plasmids using Fu-
GENES reagent (Roche Applied Science). To inhibit cellular proteasome
activity, cells were treated with 1 uM MG132 (benzyloxycarbonyl-Leu-
leu-Leu-al; Sigma) for 16 h after overnight post-transfection. Cells
were analyzed at 24—48 h afier transfection.

Protein Identification by LC-MS/MS Analysis—FLAG-Dorfin™" was
expressed in HEK293 cells (semiconfluent in a 10-cm dish) and then
immunoprecipitated by anti-FLAG antibody. The immunoprecipitates
were eluted with a FLAG peptide and then digested with Lys-C en-
dopeptidase (Achromobacter protease I). The resulting peptides were
analyzed using a nanoscale LC-MS/MS system as described previously
(16). The peptide mixture was applied to a Mightysil-PR-18 (1-pm
particle, Kanto Chemical Corp., Tokyo) column (45 X 0.150 mm ID) and
separated using a 0-40% gradient of acetonitrile containing 0.1% for-
mic acid over 30 min at a flow rate of 50 nV/inin. Eluted peptides were
sprayed directly into a quadrupole time-of-flight hybrid mass spectrom-
eter (Q-Tof Ultima; Micromass, Manchester, UK). MS and MS/MS
spectra were obtained in data-dependent mode. Up to four precursor
ions above an intensity threshold of 10 cps were selected for MS/MS
analysis from each survey scan. All MS/MS spectra were searched
against protein sequences of Swiss Prot and RefSeq (NCBI) using batch
processes of the Mascot software package (Matrix Sciencs, London, UK).
The criteria for match acceptance were the following: 1) when the match
score was 10 over each threshold, identification was accepted without
further consideration; 2) when the difference of score and threshold was
lower than 10 or when proteins were identified based on a single matched
MS/MS spectrum, we manually confirmed the raw data prior to accept-
ance; 3) peptides assigned by less than three y series ions and peptides
with +4 charge state were all eliminated regardless of their scores.
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Recombinant Proteins and Pull-down Assay—We used pMALp2
(New England BioLabs) and pMALp2T (Factor Xa cleavage site of
pMALp2 was replaced with a thrombin recognition site) to express
fusion proteins with MBP. To produce the full-length (residues 1-838)
Dorfin (MBP-Dorfin™"), N-terminal (residues 1-367) Dorfin (MBP-Dor-
fin™), and C-terminal (residues 368—838) Dorfin (MBP-Dorfin®), the
PCR fragments were amplified from pcDNA4/HisMax-Dorfin (4) by
using the appropriate PCR primers with restriction sites (Fbal and
HindIIl) and then ligated into pMAL-p2 vectors. To produce the MBP-
Parkin protein, full-length PARKIN cDNA was ingerted into the EcoRI-
Notl sites of pMALpP2T. All of the MBP-tagged recombinant proteins
were purified from Escherichie coli BL21-codon-plus. The detail of the
purification method of MBP-tagged proteins was described previously
(17). Recombinant GST fusion VCPY" and VCP¥5242 proteins were also
generated from E. coli lysate and purified with glutathione-Sepharose.
Recombinant His-VCP®™ and His-VCP¥54A proteins were purified
from insect cells using baculovirus. The detail of purification of these
recombinant VCP proteins was described previously (15). Binding ex-
periments were performed with proteins carrying different tags. His- or
GST-VCP were mixed with MBP fusion proteins: MBP-Dorfin™!, -Dor-
fin™, -Dorfin®, -Parkin, and -mock. His-VCP and GST-VCP proteins
were precipitated by Ni®*-nitrilotriacetic acid-agarose (Qiagen, Valen-
cia, CA), and glutathione-Sepharose (Amersham Biosciences), respec-
tively. Binding was performed with 1-3 ug of each protein in 300 pl of
binding buffer (50 mm Tris-HCl, pH 7.5, 100 mu NaCl, 5§ mm MgCl,
10% glycerol, 0.5 mg/ml bovine serum albumin, 1 mu dithiothreitol) for
1h at 4 °C. Then 15 pl of beads were added and incubated for 30 min.
The beads were washed by binding buffer three times and eluted with
sample buffer and analyzed by SDS-PAGE followed by Western blotting
using specific antibodies.

Glycerol Gradient Centrifugation—Cultured cells or mouse tissues
were homogenized in 1 ml of PBS with protease inhibitor (Complete
Mini; Roche Applied Science). Supernatants (1 mg of protein for cul-
tured cells, 5 mg of protein for mouse tissues, and 0.1 mg of recombinant
His-VCP protein) were used as the samples after 10,000 X g centrifu-
gation for 20 min. The samples (1.0 ml) were loaded on top of a 34-ml
linear gradient of glycerol (10—40%) prepared in 25 mpM Tris-HCI buffer,
pH 7.5, containing 1 mM dithiothreitol in 40 PA centrifuge tubes
(Hitachi, Tokyo), and centrifuged at 4 °C and 80,000 X g for 22 h using
a Himac CP100a centrifuge system (Hitachi). Thirty fractions were
collected from the top of the tubes. Two hundred ul of each fraction was
precipitated with acetone, and the remaining pellet was lysed with 50
pl of sample buffer and then used for SDS-PAGE followed by Western
blotting.

Immunological Analysis—Cells (4 x 10° in a 6-cm dish) were lysed
with 500 ul of lysis buffer (50 my Tris-HCI, 1560 mM NaCl, 1% Nonidet
P-40, and 1 mm EDTA) with protease inhibitor mixture (Complete Mini)
24-48 h after transfection. The lysate was then centrifuged at 10,000 X
g for 10 min at 4 °C to remove debris. A 10% volume of the supernatants
was used as the “lysate” for SDS-PAGE. When immunoprecipitated, the
supernatants were precleared with protein A-Sepharose (Amersham
Biosciences), and specific antibodies, anti-FLAG (M2), anti-Mye (9E10),
or anti-Dorfin (Dorfin-30) were then added and then incubated at 4 °C
with rotation. Immune complexes were then incubated with protein
A-Sepharose for 3 h, collected by centrifugation, and washed four times
with the lysis buffer. For protein analysis, immune complexes were
dissociated by heating in SDS-PAGE sample buffer and loaded onto
SDS-PAGE. The samples were separated by SDS-PAGE (12% gel or
4-12% gradient gel) and transferred onto a polyvinylidene difluoride
membrane. Finally, Western blotting was performed with specific
antibodies. :

Immunohistochemisiry—HEK293 celis grown on glass coverslips
were fixed in 4% paraformaldehyde in PBS for 16 min. Then the cells
were blocked for 30 min with 5% (v/) normal goat serum in PBS,
incubated for 1 h at 37 °C with anti-HA antibody (12CAB), washed with
PBS, and incubated for 30 min with Alexa 496-nm anti-mouse antibod-
ieg (Molecular Probes, Inc., Eugene, OR). The coverslips were washed
and mounted on slides. Fluorescence images were obtained using a
fluorescence microscope (DMIRE2; Leica, Bannockburn, IL) equipped
with a cooled charge-coupled device camera (CTR MIC; Leica). Pictures
were taken using Leica Qfluoro software,

Pathological Studies—Pathological studies were carried out on 10%
formalin-fixed, paraffin-embedded spinal cords and brain stems filed in
the Department of Neurology, Nagoya University Graduate School of
Medicine, The specimens were obtained at autopsy from three sporadic
cases of ALS and four sporadic PD patients. The spinal cord and brain
stem specimens of these ALS and PD cases were immunohistochemi-
cally stained with antibodies against Dorfin (Dorfin-41) and VCP. Dou-
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Fic. 1. In vivo interaction between Dorfin and VCP. A, FLAG-Dorfin and HA-VCP are co-expressed in HEK293 cells. FLAG-mock vector
‘was used as a negative control. The amounts of HA-VCP in 10% of the lysate used are shown (Lysate); the rest was subjected to immunoprecipi-
tation (IP) with anti-FLAG (M2) antibody. Following immunoblotting (IB) with anti-HA (12CAS5) antibody revealed that HA-VCP was co-
immunoprecipitated with FLAG-Dorfin. B, § mg of protein of various mouse tissues (brain, liver, kidney, and muscle) and 1 mg of protein of
cultured cells (HEK293, HeLa, and Neuro2a) were each homogenized in 1 ml of PBS. Supernatants were fractionated by 10-40% glycerol gradient
centrifugation followed by separation into 30 fractions using a fraction collector. Immunoblotting using anti-Dorfin, anti-VCP, and anti-Parkin
antibodies was performed on the fractions (Fr.), including fractions 2-17, Endogenous Dorfin was co-sedimented with VCP in the fractions with
a molecular mass of around 400—600 kDa. The positions of co-migrated molecular mass markers are indicated above the panels. C, immunopre-
cipitation with polyclonal anti-Dorfin antibody (anti-Dorfin-30) was performed on fractions 11-14 collected by glycerol gradient centrifugation
analysis, where endogenous Dorfin was seen in B. As a negative control, immunoprecipitation with nonimmune rabbit IgG was used on the same

fractions.

ble staining of identical sections was performed as described previously
(7). In immunofluoreacence microscopy, Alexa-488- and Alexa-546-con-
jugated secondary antibodies (Molecular Probes) were used. Al human
and animal studies described in this report were approved by the
appropriate Ethics Review Committees of the Nagoya University Grad-
uate School of Medicine.

RESULTS

Identification of Dorfin-associated Protein in the Cells—In an
effort to identify protein(s) that physically interacts with Dor-

fin in the cells, FLAG-Dorfin was expressed in HEK293 cells
and then immunoprecipitated by anti-FLAG antibody. The im-
munoprecipitates were eluted with a FLAG peptide and then
digested with Lys-C endopeptidase (Achromobacter protease I),
and the cleaved fragments were directly analyzed using a
highly sensitive “direct nanoflow LC-MS/MS” system as de-
scribed under “Materials and Methods.” Following data base
search, a total of 13 peptides were assigned to MS/MS spectra
obtained from the LC-MS/MS analyses for the FLAG-Dorfin-
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Fio. 2. Loss of physical interaction between DorfinC'3%%C1388 and VCP, A, transfected Dorfin™®, but not DorfinC322/C1868
(Dorfin©1385-C1363)  foymg a high M, complex. Lysate of HEK298 cells overexpressed with FLAG-Dorfin™* or FLAG-DorfinCl325/C1858 a4
fractionated by 10-40% glycerol gradient centrifugation. The pelected fractions (Fr.), fractions 2-17, were subjected to immunoprecipitation (IP)
using anti-FLAG (M2) antibody. Immunoblotting (IB) with anti-Dorfin antibody revealed that exogenous FLAG-Dorfin™" formed a high molecular
weight complex, whose peak was at fraction 11, whereas FLAG-Dorfin®!328/C1358 migrated in fractions of smaller M, (around fraction 7). Ten
percent of the fractionated samples were shown as “lysate.” B, Dorfin™" can interact with VCP, but DorfinC1828C1858 canpot, FLAG-Dorfin%T or
FLAG-Dorfin®1828/C1868 ganq HA.VCP were co-expressed in HEK293 cells. FLAG-mock vector was used as a negative control. The amounts of
HA-VCP in 10% of the lysate used are shown (Lysate); the rest was subjected to immunoprecipitation with anti-FLAG (M2) antibody. Following
immunoblotting with anti-HA (12CA5) antibedy revealed that HA-VCP was co-immunoprecipitated with FLAG-Dorfin™ but not with

FLAG-Dorfin01828/C1368

asgociated complexes. These peptide data identified nine pro-
teins as candidates for Dorfin-associated proteins. One of these
identified proteins was VCP that has been proposed to have
multiple functions, such as membrane fusion or endoplasmic
reticulum-associated degradation (ERAD) (18-22). In the next
step, we examined the relationship between Dorfin and VCP,
because the latter has been reported to be linked to various
aspects of neurodegeneration (15).

Dorfin Interacts with VCP in Vivo~To verify the interaction
between Dorfin and VCP, FLAG-Dorfin and HA-VCP were
transiently overexpressed in HEK 293 cells. Immunological
analyses revealed that HA-VCP was co-immunoprecipitated
with FLAG-Dorfin but not with FLAG-mock (Fig. 14), confirm-
ing their physical interactions in the cells. To determine
whether endogenous Dorfin forms a complex, the lysate from
mouse brain homogenate was fractioned by glycerol density
gradient centrifugation. Each fraction was immunoblotted with
anti-Dorfin antibody. The majority of endogenous Dorfin was
co-sedimented with VCP around a size of 400600 kDa, al-
though endogenous Parkin, which is another RING-IBR type
E3 ligase (12), existed in the fractions of much lighter molecu-
lar weight (M,) (Fig. 1B, top panels). Moreover, Dorfin was
sedimented in the fractions of 400-600 kDa in other tissues,
such as the liver, kidney, and muscle of mouse, and various

cultured cells including Neuro2a, HeLa, and HEK293 cells
(Fig. 1B, bottom panels). To determine whether endogenous
Dorfin interacts with VCP, immunoprecipitation using poly-
clonal anti-Dorfin antibody (Dorfin-30) was performed on the
fractions shown in Fig. 1B, top penels. Endogenous VCP was
co-immunoprecipitated with endogenous Dorfin in the fractions
of high M, (fractions (¥r.) 13 and 14). No apparent band was
observed when precipitated with rabbit IgG (Fig. 1C).

Mutations of RING Finger Domain of Dorfin Results in Loss
of Dorfin-VCP Interactions—Next, we examined whether
transfected Dorfin (FLAG-Dorfin™™) and its RING mutant
(FLAG-Dorfin©1828/€1358) i, which the two Cys residues at
positions 132 and 135 within the RING finger domain were
substituted for Ser residues, form a complex. The results
showed overexpression of FLAG-Dorfin™" in high molecular
fractions (Fr. in Fig. 2), whose peak was between fractions 10
and 12, whereas overexpressed FLAG-DorfinC282%/C1358 gid not
consist of high molecular weight complex. Overexpression of
FLAG-Dorfin"" or FLAG-DorfinC328/C1368 giq not change the
sedimentation pattern of VCP (Fig. 24). Furthermore, immu-
noprecipitation analysis showed that FLAG-Dorfin™7, but not
FLAG-Dorfin®182%/C1368  ¢ould interact with HA-VCP in
HEK293 cells (Fig. 2B).

Dorfin Interacts with VCP in Vitro—To confirm the direct
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Fi6. 8. In vitro interaction between Dorfin and VCP. A, recombinant His- or GST-VCP protein was incubated with MBP-mock, MBP-
Dorfin®!, MBP-Dorfin™, MBP-Dorfin®, and MBP-Parkin proteins in vitro. Two pug of His- or GST-VCP proteins and MBP fusion proteins at similar
molar concentrations to VCP proteins were used for the assays. The amounts of MBP fusion and GST fusion Dorfin derivatives and His-VCP in
10% of the samples used are shown (10% input). NTA, nitrilotriacetic acid. IB, immunoblot. B, 2 ug of His-VCP was incubated with MBP-mock,
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binding between Dorfin and VCP and to determine the exact
portion of Dorfin that interacts with VCP in vitro, we per-
formed pull-down assays using recombinant proteins. Recom-
binant MBP-Dorfin or its deletion mutants (i.e, MBP-Dorfin®
and MBP-Dorfin”) and the same molar of recombinant His-
VCP or GST-VCP were mixed and incubated for 1 h at 4 °C.
MBP-mock protein was used as a negative control in these
experiments. A small portion of MBP-Dorfin®™! or Dorfin® (C-
terminal substrate-recognizing domain! bound to hoth His-
VCP and GST-VCP, whereas MBP-mock, MBP-Dorfin™ (N-
terminal RING-IBR domain), and MBP-Parkin did not bind to
His-VCP or GST-VCP (Fig. 34). We next determined the num-
ber of Dorfins that bind one hexamer of VCP. To investigate
this issue, we incubated His-VCP with increasing amounts of
MBP-Dorfin™!, MBP-Dorfin®, MBP-Dorfin®, MBP-mock, or
MBP-Parkin. As shown in Fig. 38, the amount of binding
portion of MBP-Dorfin®™! and -Dorfin® pulled down with His-
VCP was not saturated below the even molar ratio. The pull-
down experiments using excess amounts of MBP-Dorfin®! re-
vealed that MBP-Dorfin™" was saturated at the even molar
ratio (Fig. 3C). As reported previously (15), recombinant His-
VCP sedimented in high molecular weight fractions, indicating
that it fortned 8 hexamer in vitre (Fig. 3D). These findings
indicated that six Dorfin molecules were likely bind to a VCP
complex in vitro.

Subcellular Localization of Dorfin and VCP in HEK293
Cells—In previous studies, we showed that exogenous and en-
dogenous Dorfin resided perinuclearly and was colocalized with
Vimentin in cultured cells treated with a proteasome inhibitor
(4). The staining patterns of Dorfin were indistinguishable
from those of the aggresome, namely a pericentriolar, mem-
brane-free, cytoplasmic inclusion containing misfolded ubiqui-
tylated proteins packed in a cage of intermediate filaments (4).
VCP immunostaining was also observed throughout aggre-
somes in cultured neuronal cells when induced by treatment
with a proteasome inhibitor (15). In order to examine the sub-
cellular localization of Dorfin and VCP, GFP-Dorfin and HA-
VCP were co-expressed in HEK293 cells. Without proteasome
treatment, GFP-Dorfin-expressing cells showed granular fluo-
rescence in the cytosol, and the HA-VCP-expressing cells
ehowed diffuse and uniform cytoplasmic staining (Fig. 44).
Treatment with MG132 (1 uw, 16 h) resulted in accumulation
of both GFP-Dorfin and HA-VCP and perinuclear colocalization
as a clear large protein aggregate that mimics aggresomes
(Fig. 4B).

Colocalization of Dorfin and VCP in the Affected Neurons of

ALS and PD—In previous studies, immunoestaining of Dorfin
and VCP was independently noted in LBs of PD, and the
peripheral staining pattern of both proteins in LBs was similar
(7, 23). To confirm the immunoreactivities of Dorfin and VCP in
the affected neuronsg in ALS and PD, we performed a double-
labeling immunofluorescence study using & rabbit polyclonal
anti-Dorfin antibody (Dorfin-41) and a mouse monoclonal VCP
antibody on the postmortem samples of ALS and PD. In the
ALS spinal cords, both proteins were colocalized in the LB-like
inclusions (Fig. 5, A-F). The margin of LBs in PD) was intensely
immunostained for Dorfin and VCP, and merged images con-
firmed their strong colocalization (Fig. 8, G-L). Dorfin and VCP
were also positive in Lewy neurites in the affected neurons of
PD (Fig. 5, M-0).
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Fii. 4. Subcellular localization of GFP-Dorfin and HA-VCP in
HEK293 cells treated or untreated with a proteasome inhibitor.
GFP-Dorfin and HA-VCP were co-expressed transiently in HEK 282
cells. Cells were treated with (B) or without (A) 1 ux MG132 for 16 h.
HA-VCP was stained with aati-monoclonal HA antibody (12CAB). Nu-
clet were stained with 4',6-diamidino-2-phenylindole (DAPT. Without,
the treatment of MG132, GFP-Dorfin was spread through the cytosol,
and it appeared like small aggregations. HA-VCP was algo seen mainly
in the cytosol and partly colocalized with GFP-Darfin (A). After treat-
ment with 1 x5 MG132 for 16 h, both GFP-Dorfin and HA-VCP showed
perinuclear accumulation and colocalization and appeared as clear
large protein aggregates (B; arrows).

Dorfin Ubiquitylates Mutant SODI in Vivo—Unlike the
wild-type form, mutant SOD1 proteins are rapidly degraded by
the ubiquitin-proteasome system. Consistent with our previous
results (5), SOD19%%4 and SOD19% were polyubiquitvlated,
and co-expression with FLAG-Dorfin™ " enhanced polyubigui-
tylation of these mutant SOD1s compared with co-expression
with FLAG-BAP, a negative control construet (Fig. 64). Boiling
with 1% SDS-containing buffer did not change the level of
ubiquitylated mutant SOD1, indicating that mutant SOD1 it-
self was ubiquitylated by Dorfin (Fig. 6B). We also performed
the same in vivo ubiquitylation assay using Neuro2a cells to
examine for E3 activity of Dorfin in neuronal cells. The en-
hanced polyubiquitylation of these mutant SOD1s by Dorfin
was observed in NeuroZa cells as well as in HEK293 cells (Fig.
6C). FLAG-Dorfin“1#2%C135 gid not enhance polyubiquityla-
tion of mutant SOD1s, indicating that this RING finger mutant
form was functionally inactive (Fig. 6D).

VCP%524A Suppresses the E3 Activity of Dorfin—VCP has two
ATPasge binding domains (D1 and D2). A D2 domain mutant.
VCPX5244 induces cytoplasmic vacuoles, which mimics vacuole
formation seen in the affected neurons in various neurodegen-
erative diseases (11, 15). The D2 domain represents the major
ATPase activity and is essential for VCP function (11). The
ATPase activity of VCP¥*4A is much lower than that of
VCPYT, and VCPX5%4A cauged accumulation of polyubiquity-
lated proteing in the nuclear and membrane fractions together
with elevation of ER stress marker proteins due to ERAD

MBP-Dorfin™", MBP-Dorfin™, MBP-Dorfin®, and MBP-Parkin with increasing amounts (moler ratio to VCP: 0.5, 0.5, and 1.0). The amounts of
MBP fusion Dorfin derivatives and His-VCP in 10% of the samples used are shewn (10% input). C, 2 pg of His-VCP was incubated with
MBP-Dorfin™! with increasing amounts (molar ratio to VOP: 0.25, 0.5, 1, 2, and 4). The amounts of MBP-Dorfin®™® and His-VCP in 10% of the
samples used are shown (10% input). D, His-VCP protein (0.5 ug! was fractionated by 10-40% glycerol gradient centrifugation followed by
separation into 30 fractions using a fraction collector. Immunoblotting using anti-VCP antibody was performed on the selected fractions (fractions
2--17). *, The molar ratio was calculated by the amount of VCP monomers, not VCP complexes.
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Fic. 5. Colocalization of Dorfin-41 immunoreactivity with
VCP in neuronal inclusions in ALS and PD. Sections were doubly
labeled with anti-Dorfin-41 antiserum and monoclonal VCP antibedy
and analyzed with a laser-scanning confocal microscope. The left panels
{green) correspond to Dorfin, middle panels (red) correspond to VCP,
and right panels correspond to merged images; structures in yellow
indicate colocalization. Colocalization of Dorfin and VCP is geen in
LB-like inclusions in motor neurons of the spinal cord of ALS (A-F).
Dorfin is also colocalized with VCP in the margin of LBs (G-I), prema-
ture LBs (J-L), and Lewy neurites (M-0) in the nigral neurons of PD.
Seale bars, 20 pm {(A-L) and 10 um (M-0).

inhibition, whereas its expression level, localization, and com-
plex formation were indistinguishable from those of VCPWT
(11). In order to examine the functional effect of VCP on Dorfin,
VCPWT, VCPXS24A o LacZ was co-expressed with SOD16868,
FLAG-Dorfin, and HA-Ub in HEK293 cells. Co-expression with
VCPER24A ghowed a marked decline of polyubiquitylation of
SOD1%8R compared with co-expression with VCPWT or LacZ
(Fig. 74, tap and middle). Since Dorfin physically interacts
with mutant SOD1s (5), we next investigated whether this
decline of polyubiquitylation of SOD1%%® was mediated by
reduced affinity between SOD1%**® and Dorfin. Immunopre-
cipitation by anti-FLAG antibody showed that VCP¥524 did
not change affinity between SOD1%%® and Dorfin (Fig. 74,
bottom). Neither VCPVT nor VCP¥5%4 changed the level of
polyubiquitylation protein in the total lysate (Fig. 7B). To clar-
ify whether this negative effect of VCPX®242 ig gpecific for
Dorfin, we assessed the autoubiquitylation of FLAG-Parkin in
the presence of VCPWT, VCPK524A or LacZ. Co-expression of
VCP¥524A did not decrease autoubiquitylation of FLAG-Parkin
compared with co-expression of LacZ or VCPWT (Fig. 7C). We
performed the same experiments using Neuro2a cells to see
whether VCP¥5244 gyppress the E3 activity of Dorfin in neu-
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ronal cells. The marked decline of polyubiguitylation of
SOD1%%E Ly VOPRS24A exnression was also seen in Neuro2a
cells (Fig, 7Dy,

DISCUSSION

UBIs in the affected neurons are histopathological hallmarks
in various neurodegenerative disorders (8). Dorfin is an E3
ligase, which can ubiquitylate mutant SOD1s and synphilin-1
{5, 24). These substrates and Dorfin were identified in UBIs in
various neurodegenerative diseases, such as LB-like inclusions
in ALS and LBs in PD and dementia with Lewy bodies (7). This
finding suggests that Dorfin may play a crucial role in the
process of generating inclusions in the affected neurons. In the
present study, we identified VCP as one of the Dorfin-associ-
ated proteins using mass spectrometry, and VCP-Dorfin phys-
ical interaction was confirmed by an immunoprecipitation ex-
periment using FLAG-Dorfin and HA-VCP overexpressed in
HEK293 cells (Fig. 14). VCP is an essential and highly con-
served protein of the AAA-ATPase family, which iz considered
to have diverse cellular functions, such as membrane fusion
(25-27), nuclear trafficking (28), cell proliferation (29, 30), and
the ERAD pathway (18-22). Many reports have implied that
VCP is involved in the pathogenesis of various neuromuscular
diseases. VCP has been implicated as a factor that modifies the
progress of polyglutamine-induced neuronal cell death (15). In
addition, histopathological studies revealed positive staining
for VCP in UBIs in PD and ALS with dementia (23). VCP is also
associated with MJD protein/atxin-3, in which abnormal ex-
pansion of polyglutamine tracts causes Machado-Joseph dis-
ease/spinocerebellar ataxia type 3 (31). VCP is also required for
the degradation of ataxin-3 in collaboration with E4B/Ufd2a, a
ubiquitin chain assembly factor (E4) (32). Recent studies have
indicated that missense mutations in the VCP gene cause in-
clusion body myopathy associated with Paget’s disease of bone
and frontotemporal dementia, which is characterized by the
presence of vacuoles in the cytoplasm in muscle fibers (83).

Our results showed that endogenous Dorfin formed a 400
600-kDa complex in various tissues and various cultured cells
(Fig. 1B8). Dorfin is a ~-91-kDa protein; therefore, this high M,
complex should include Dorfin-associated proteins, although
the possibility that Dorfin itself oligomerizes in the cell cannot
be excluded. Glycerol gradient centrifugation analysis and im-
munoprecipitation experiments in the present study showed
that endogenous Dorfin interacted with endogenous VCP in a
complex of approximately 600 kDa, possibly including a Dorfin
molecule and a hexametric form of VCP (Fig. 1C).

The first RING mutant of Dorfin, in which Cys at positions
132 and 135 changed to Ser, was prepared. This mutant Dorfin,
Dorfin®325/C1358 " 64uld not ubiquitylate mutant SOD1s (Fig.
6D). Glycerol gradient centrifugation analysis revealed that
Dorfin“182%C1368 4id not form a high M, complex, whereas
exogenous wild type Dorfin (Dorfin%*™) formed a high M, com-
plex similar to endogenous Dorfin (Fig. 24). Furthermore, an
immunoprecipitation experiment wusing Dorfin™"" and
Dorfin¢132%C1358 pevenied that Dorfin™T could interaet with
VCP, whereas Dorfin®1925/C1355 vquld not (Fig. 2B).

Our in vitro study using recombinant proteins showed that
full-length (MBP-Dorfin®™") and the C terminus of Dorfin
(MBP-Dorfin®) directly interacted with VCP, whereas the
MBP-Dorfin™ mutant, containing the entire RING finger domain
(amino acid residues 1--367), did not bind to VCP (Fig. 3A). This
finding was unexpected, since in vivo binding analysis suggested
that Dorfin could interact with VCP at the RING finger do-
main. It is plausible that certain structural changes in
Dorfin®132¥/C1358 might render the C-terminal VCP-binding por-
tion incapable of accessing VCP molecules. This may explain the
result that Dorfin®1#%C1355 qid not form a high M, complex.
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Fic. 6. Dorfin ubiguitylates mutant SOD1s in vive. A, increased ubiquitylation of mutant SOD1 proteins by overespression of Dorfin.
HEK293 cells were co-transfected with SOD1%7-Myc, SOD19934.Mye, or SOD1%%5®.Myc and HA-Ub with or without FLAG-Dorfin. FLAG-bovine
a_lkaline phosphatase (RAP) was used as a negative control. Immunoprecipitation (IP) was performed with Myc antibody (9£10). IB, immunoblot-
ting. B, SDS boiling was performed prior to immunoprecipitation. To examine covalently ubiquitylated molecules, the cell Iysate was boiled with
the buffer containing 1% SDS for 5 min. Immunoprecipitation with Myc antibody (9E10) showed that the SDS-hoiling procedure did not change
polyubiquitylation level of SOD1%%R.Mye by Dorfin. C, increased ubiquitylation of mutant SOD1 proteins by overexpression of Dorfin in Neuro2a
cells. The same in vivo ubiquitylation assay as in A was performed using Neuro2a cells. D, DorfinC1828/C1888 (Doyfjy,C2928/C1358) did not have E3
activity on mutant SOD1. HEK293 cells were co-transfected with SOD1%"-Mye, SOD1%%%A.Myc, or SOD1%***.Myc and HA-Ub with FLAG-
Dorfin™" or FLAG-DorfinC3828/01358 The gsterisks indicate IgG light and heavy chains.
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negative form mutant VCP¥®2¢A o the E3 ubiquitin ligase activity of Dorfin. HEK293 cells were co-transfected with SOD19%5R.Myc, HA-Ub,
FLAG-Dorfin, and VCPWT, VCP¥52¢4 or LacZ. Immunoprecipitation (IP) was performed with Myc antibody (S9E10) and FLAG antibody (M2). IB,
immunoblotting. B, neither VCP¥T nor VCP¥5244 changed the level of total polyubiquitylated protein in the cell lysate. Ten percent of the volume
of HEK293 cells used in A was subjected to immunoblotting using anti-HA (12CA5) antibedy. C, autoubiguitylation of FLAG-Parkin was not
influenced by the dominant negative form VCP¥5244, HEK293 cells were co-transfected with FLAG-Parkin, HA-Ub, and VCPWT, VCP¥524A or LacZ.
Immunoprecipitation with FLAG antibody (M2) was performed. D, inhibition of VCP®52¢A on E3 ubiquitin ligase activity of Dorfin in Neuro2a cells,
Neuro2a cells were co-transfected with SOD1%85F.Mye, HA-Ub, FLAG-Dorfin, and VCPWT, VCPF524A or LacZ. Immunoprecipitation was performed
using Myc antibody (9E10) and FLAG antibody (M2). The asterisks indicate IgG light and heavy chains.
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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 complexz 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,
Ufd1 (18, 20), Ufd2 (34), Ufd3 (85), p47 (36), or SVIP (37).
Although our in vitro study showed direct physical interaction
between Dorfin and VCP, the environment 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). Our 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 LBs 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 VCPX524A regulted in a
marked decrease of ubiquitylation activity of Dorfin compared
with co-expression of VCP™T or control. On the other hand,
VCPX524A failed to decrease autoubiquitylation activity of Par-
kin. VCP¥524A did not change the level of polyubiquitylated
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 observation 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 neurodegen-
erative disorders indicates the involvement of these proteins in
the quality control system for abnormal proteins accumulated
in the affected neurons in neurodegenerative disorders.

Since the unfolded protein response and ERAD are dynamic
responses required for the coordinated disposal of misfolded
proteins (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 translecations to
the 26 S proteasome for processive degradation through the
VCP-Npl4-Ufdl 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 pathophysiology
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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.
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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. lIJIMA, N. HATTORI,
Y. ITO, F. TANAKA AND G. SOBUE*

Department of Neurology, Nagoya University Graduate School of
Medicine, 65 Tsurumai, 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 in 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
also 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 level 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 lesions, 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; ito 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-mall address: sobueg@med.nagoya-u.ac.jp (G. Sobue).

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

ganglia (DRG), autonomic sympathetic neurons, and basal
forebrain cholinergic neurons (Levi-Montalcini et al., 1996).
NGF and other related neurotrophic factors structurally sim-
ilar to NGF form a family of neurotrophins 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., 1994). NGF binds to its high-
affinity receptor TrkA, which interacts with p75 as a positive
modulator for myelination, in order to promote neurotrophic
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; Apfel et al., 1992).
NGF expression in the lesions of experimental neuropathy
shows a two-peaked up-regulation pattern in the cut-crush
mouse model (Heumann et al., 1987, lto et al., 1998). This
expression pattern 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., 1992; 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 immunohistochemisiry against various
types of cell-specific markers, and here we report those re-

0306-4522/04$30.00+0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reserved.
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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+x17.5 (44-84) 213 5.6 (2-8)
Non-systemic vasculitic neuropathy 3 67.5+3.5 (64-71) 21 7.3(2-14)
Normal-appearing nerves 5 63.2+5.6 (56-76) 312 -

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
biopsies 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 vasculitic 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 various categories
of vasculitic neuropathy was based on the criteria adopted by the
Chapel Hill Consensus Conference in 1994 (Jennette et 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

Other 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, Tokyo, Japan) as described previously (Sobue et al.,
1988, 1998; Hattori et al., 1999). Teased fibers were isoiated from
one portion of glutaraldehyde-fixed specimens, and the patholog-
ical condition of each isolated fiber was evaluated (Sobue et al.,
1988, 1998; Hattori et al., 1999). Axonal histopathologic features
analyzed include axonal loss, and axonal degeneration in the
teased-fiber preparations. In the transverse sections, clusters of
two or three small myeiinated fibers surrounded by basal lamina
were designated as axonal regenerating sprouts, 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, immunehistochemical study
and quantitative analyses

One portion of the sural nerve specimens was immediately frozen
in liquid nitrogen and stored at —80 °C until uss. 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 immunohistochemistry.
For in situ hybridization, digoxigenin-iabeled 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 7.6, 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. Immunohistochemistry was performed by
the ABC method for rhodamine signals according to the manufac-
turer's protocol, using antibodies against the following celi-specific
markers: S100 (Sigma) antibody for Schwann cells; CD68
(DAKO), MRP14 (Dianova) and MRP8 (Dianova) for macro-
phages; CD4 (DAKO), CD8 (DAKO), UCHL-l (DAKO) and CD3
(DAKO) for T-celis. The cell infiltrates immunoreactive for macro-
phage marker (CD68) and T celi marker (UCHL-1) were counted
to assess the degree of inflammatory 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 cells surrounding necrotizing vasculitic 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 celis (S-100-positive cells), and antigen-specific cells with
different profiles (MRP-14-, MRP-8-, CD3-, CD4-, and CD8-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 celi-specific marker. The signal inten-
sity of cell-lineage-specific NGF mRNA was quantified by measuring
cellular NGF mRNA signals with the cell-specific marker in the lesion
of interest (100X 100 pm), and expressed as NGF mRNA signals per
square millimeter for each specific lineage of cells in the epineurium
and endoneurium.
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A B

Fig. 1. In sity hybridization of NGF mRNA in vasculitic neuropathy.ln situ hybridization with anti-sense (A and C) and sense probes (B) is shown. /n
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 um (A and B); 30 um (C).

Statistical analysis

For statistical analysis, the Mann-Whitney U test was used for
comparison of in sity 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 vessel
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 neuropathies
{(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-i) were higher than those in MRP8-+ cells (Fig.
2J-L). NGF mRNA expression levels, which were ex-
pressed as signal intensities per square millimeter and
percentages of cells with NGF signals, were higher in
MRP 14+ macrophages compared with MRP8+ macro-
phages in the endoneurial lesions accompanying active
axonal 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 MRP14-+ 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 celis (Fig. 3B). Since the
proportions 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).

§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 celis, 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

Pathological findings in the sural nerves of individual pa-
tients who had varicus vasculitic neuropathies 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 vascuiitic neuropathies. Axonal
degeneration characteristic of vasculitic neuropathies was
seen in all the patients, and axonal sprouts of regeneration
were also associated with axonal pathology. The patients
with more axonal sprouts demonstrated higher NGF
mRNA levels 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 yellow) of cells with various
cell-specific markers (red) and NGF mRNA (green) is shown. NGF mRNA was strongly expressed in round and MRP14+ macrophages. T celis
expressed strong signals of NGF mRNA. NGF mRNA signals in Schwann cells were weaker than thoss in the infiitrating cells. (A-C) Epineurial CD68+
celts; (D~F) endoneurial CDBB+ celis; (G-} endoneurial MRP14+ cell; (J-L) endoneurial MRP8+ cell; (M-0) epineurial UCHL-1+ cells: (P-R}
endoneurial CD8~ celis; (S~U) S100+ cells. Scale bars=15 pm (A-F); 5 pm (G-L); 16 pm (M=R}; 30 um (8-U).

expression was more significantly correlated with axonal

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

degeneration, independent of the distribution of NGE
mRNA expression.

DISCUSSION

NGF is known to support mainly smail-diameter sensory
neurons in DRG, and fo express fropic activity for small
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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=S.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 myelinated 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
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the nerve lesions was closely related fo 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 correlated 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 to 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-
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Fig. 4. Signal intensity of NGF mRNA in the epineurial and endoneurial macrophages, T cells and Schwann celis.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 millimeter 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 neuropathies®

Axonal infiltrates
Axonal Active axonal  regeneration:  in epineurim  infiltrates in
MF density degeneration degeneration  sprouts Md/T cells endoneurium Md/T

Case Age (years)/Sex Diagnosis (No./mm2) (%) (No./mm?) {No./mm?3) (No./mm?) cells (No./mm?)
1 44/M MP 2884 14 404 193 228/28 213724

2 84/F MP 909 95 864 59 352/19 323/38

3 B6/F MP 3081 9 277 262 449/38 407/25

4 51/F MP 303 93 282 53 511/51 272115

5 79/M MP 1264 98 1239 93 288/20 148/8

6 71M Non-systemic 7467 4 299 15 21512 181/9

7 TAIF Non-systemic 6557 33 2163 30 318/18 151/9

8 64/M Non-systemic 3318 93 3086 10 189/15 88/11

® Active axonal degeneration, axonal degenerationxMF density; MF, myelinated fiber; MP, microscopic polyangitis.

The immunoreactive cell infiltrates for macrophage marker (CD68) and T cell marker (UCHL-1) wers counted to assess the degree of inflammatory
cell invasion in the epineurial and endoneurial 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.,
1988), 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 reported to be up-regulated by inflam-
matory reactions where cytokines such as IL-1B 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., 1999). Moreover,

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 perivascular 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 regardiess of the T cell markers. It has been dem-
onstrated previously that activated T cells produce NGF in
lesions 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

A. Epineurial infiltrates B. Endoneurial infiltrates C. Schwann cells

5250 1 r=082 5350 1 r=084 1301 r=075
2 P=0.18 o - ] P<0.01 fs) < P<0.08 o
- = 300 Z10
P01 o 1 g
Z 2
© 2250 B
= o @ o 90 7
5.1 -0 E N o
g150 200 1 = o
8 o : ] 70 1 (o]
K o 2150 g
%100 - © 5 § |°
g & = 50 1
£ £100 7 &
. =
50 T T v y T T 80 T v ¥ v T r 39 T T T v v T
0 S0 100 150 200 250 300 6 50 100 150 200 250 300 6 50 100 150 200 250 300

Axonal sprouts Axonal sprouts Axonel sprouts

Fig. 5. Relationship between nerve regeneration and NGF 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 correlation 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 another NGF producer, as shown in
the present study. NGF mRNA expression in Schwann
cells was up-regulated 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, iL-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 occur 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+ early macrophages were also
present concomitantly with MRP8+ late macrophages in
the endoneurium of biopsied specimens. In addition to
Schwann celis 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 axonal 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 axonal col-
lateral sprouting in cell cuiture (Gallo and Letourneau,
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 infilirated macrophages is not significant in
the present data, it is likely that NGF itself enhances ax-
onal regeneration in nerve lesions of vasculitic neuropa-
thies. Moreover, other neurotrophic factors such as brain-
derived neurotrophic factor and neurotrophin-3 may be
involved in axonal regeneration, since their mRNA expres-
sion levels 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 necrotizing 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 macro-
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
acetyliransferase activity, resulting in transcriptional dysfunction and subsequent neuronal dysfunction.
Histone deacetylase (HDAC) inhibitors alleviate neurologiecal 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 NIs, 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 Nls 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
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(SAHA), an HDAC inhibitor, ameliorates motor impairment in a
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 viclded beneficial
effects within a parrow therapeutic window of dosage. Our
results indicate the importance of dose determination 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 foofprint pattern on walking in male Tg mice at a
dose of 4g/1 (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/)
and the progression (at 4 g/l) 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/l 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/l. but even worsened with 16 g/l (Fig. 3B). Tg
mice treated with 16 g/l of SB showed swelling of the kidneys
(data not shown), which was also obvious in Wt mice treated
with a higher dose, 40 g/l, 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; 8g/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/
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/1 significantly
improved histopathological impairments in the muscles,

SB-treated Non-treated

SB-treated Non-treated

Figare 1. SB ameliorates neuromuscular phenotypes of SBMA Tg mouse. (A)
The male Tg mouse treated with 4 g/ of SB does not show the muscular
atrophy seen in the non-treated male mouse (12 weeks old). (B) Feotprints
of the SB-treated and non-treated male Tg mice. Front paws are in red, and
hind paws in blue. SB markedly ameliorated gait disturbance.

spinal motor neurons 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 1.5 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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