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Fig. 1 Diffusion weighted image (DWI) on day 6
a: DWI showed high signals in the dorsolateral pons, bilateral middle cerebellar peduncles and bilateral cerebel-

lar hemispheres at mid-pontine level. b : DWI showed high signals in the right cerebral peduncle and the cerebel-
lar hemisphere at midbrain level.
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Fig. 2 Magnetic resonance angiography (MRA) on day 6

MRA showed disappearance of bilateral vertebral arteries, basi-

lar artery, and bilateral posterior cerebral arteries.
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Fig. 3 3D-CT angiography (3D-CTA) on day 17
3D~CTA showed severe stenosis of bilateral vertebral arter-
ies.
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a:day 14 b : day 42

Left 90 dB

Right 90 dB

P LL R R et

Left 90 dB

Fig. 4 Auditory brain stem response (ABR)

a : ABR on day 14 showed normal wave I and ab-
sence of waves II-V on the left ; prolonged wave 1
peak latency and absence of waves II-V on the
right. b : ABR on day 42 showed normal waves I
and II on both sides, and prolonged wave V peak la-
. tency on the right. ¢ : ABR on day 61 showed all
waves on the both sides, but waves III, IV and V
* peak latencies and I-III interpeak interval on the

Right 90 dB A
right were prolonged.




R A L S i

Bk - 5859 %

ERgEtk & LCHIBT 28R, AICA OFKEIRTS
LAESROEMICEADDTHEIETHEBLTY
% 9,1())o

gerd ATHEEEY & - THES T, BRICHES
MESROSEONERENEEL, BERIERY
WES 2, REOTFRIKBMHEITTHL I LV
BMTHHEEILNT,

X ®

1) TS, SR, BEET, MREIMN, HERES
FEEEESEETRE LB MR EEZEN 1
. BRPR AR 34 : 569-575, 1994

2) IGIEE, TEET, BONE, BFHRid: TRIEET
Fefie L7 /NIRAEZEAE B, Otol Jpn 4 : 67-73, 1994

3) AERAGE, BE i CRILAE, Bk T, mE IW|
BERBETHRE LB EE MERE 40 188-190,
1994

4) Lee B, Whitman GT, Lim JG, Park YC : Bilateral sudden
deafness as a prodrome of anterior inferior cerebellar
artery infarction. Arch Neurol 58 : 12871289, 2001

5) Toyoda K, Hirano T, Kumai Y, Fujii K, Kiritoshi S,
Ibayashi S : Bilateral deafness as a prodromal symptom
of basilar artery occlusion. J Neurol Sci 193 : 147-150,
2002

6) Carpenter MB : Human Neuroanatomy. 7 th ed, Wil-
lams & Wilkins Company, Baltimore, p621, 1976

7) Huang MH, Huang CC, Ryu SJ, Chu NS: Sudden bilat-
eral hearing impairment in vertebrobasilar occlusive
disease. Stroke 24 : 132-137, 1993

) EAAFIEL, KB : 3 T/MuEIR (AICA) FEBR. i
PRl 46 : 350-358, 1997

9) Lee H, Sohn SI, Jung DK, Cho YW, Lim JG, Yi SD, Lee
SR, Sohn CH, Baloh RW : Sudden deafness and anterior
inferior cerebellar artery infarction. Stroke 33 : 2807-
2812, 2002

10) Lee H, Cho YW : Auditory disturbance as a prodrome of
anterior inferior cerebellar artery infarction. J Neurol
Neurosurg Psychiatry 74 : 1644-1648, 2003

MEDICAL BOOK INFORMATION

- 2006 49 A 795

Abstract

A Case of Infarction in Brainstem and Cerebellum
as a Initial Symptom with Bilateral Hearing Loss

by

Eiko Sunami*, Hiroshi Nagayama,
Mineo Yamazaki, Toshiya Katsumata,
Yasuo Katayama

from

* The Second Department of Internal Medicine,
Nippon Medical School, 1-1-5 Sendagi, Bunkyo—
ku, Tokyo 113-8603, Japan

A 56-year old male presented with a sudden onset of
bilateral hearing difficulty. He complained of dizziness
and gait disturbance at the onset and subsequently de-
veloped bilateral hearing loss and tinnitus. Brain MRI
revealed multiple infarcts in bilateral middle cerebellar
peduncles, bilateral cerebellar hemispheres and the
right cerebral peduncle. Three dimentional computed
tomography angiography (3D-CTA) showed severe
stenosis of bilateral vertebral arteries. Infarcts were lo-
cated in the border zone between anterior inferior cere-
bellar artery (AICA) and superior cerebellar artery
(SCA), suggesting hemodynamic infarctions. Auditory
brain stem responses (ABR) were recorded three
times. The initial ABR demonstrated all waves except
for wave I on day 14. Wave I on the left was normal,
while wave I peak latency on the right was prolonged.
On day 61, all waves were recorded, although peak la-
tencies of waves Il to V and interpeak intervals of the
wave I to IT on the right side were prolonged. Involve-
ments of the cochlear nerve and pontine auditory path-
way were suggested from the ABR abnormalities in this
case.

(Received : November 22, 2005)
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Hepatoma-derived growth factor, a new trophic factor for motor

neurons, is up-regulated in the spinal cord of PQBP-1 transgenic
mice before onset of degeneration
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Abstract

Hepatoma-derived growth factor (HDGF) is a nuclear protein
homologous to the high-mobility group B1 family of proteins. It
is known to be released from cells and to act as a trophic
factor for dividing cells. In this study HDGF was increased in
spinal motor neurons of a mouse model of motor neuron
degeneration, polyglutamine-tract-binding protein-1 (PQBP-1)
transgenic mice, before onset of degeneration. HDGF pro-
moted neurite extension and survival of spinal motor neurons
in primary culture. HDGF repressed cell death of motor neu-
rons after facial nerve section in newbom rats in vivo. We also
found a significant increase in p53 in spinal motor neurons of

the transgenic mice. p53 bound to a sequence in the upstream
of the HDGF gene in a gel mobility shift assay, and promoted
gene expression through the cis-element in chloramphenicol
acetyl transfer (CAT) assay. Finally, we found that HDGF was
increased in CSF of PQBP-1 transgenic mice. Collectively,
our results show that HDGF is a novel trophic factor for motor
neurons and suggest that it might play a protective role
against motor neuron degeneration in PQBP-1 transgenic
mice.

Keywords: degeneration, motor neuron, polyglutamine,
polyglutamine-tract-binding protein-1, trophic factor.

J. Neurochem. (2006) 99, 70-83.

Hepatoma-derived growth factor (HDGF) was originally
purified from the conditioned medium of the human
hepatoma-derived cell line, HuH7, by monitoring the
growth-stimulating activity on Swiss 3T3 cells (Nakamura
et al. 1994). Molecular cloning of the cDNA revealed that
HDGF is homologous (32% in amino acid sequences) to high
mobility group protein-Bl (HMGB1) (Nakamura et al.
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Abbreviations used: ALS, amylotrophic lateral sclerosis; BDNF,
brain-derived neurotrophic factor; bFGF, basic fibroblast growth
factor; CAT, chloramphenicol acetyl transfer; ChAT, choline
acetyltransferase; CNTF, ciliary neurotrophic factor; Cont, con-
trol; DMEM, Dulbecco’s modified Eagle’s medium; En, embryonic
day m GAPDH, glyceraldehyde-3-phosphate-dehydrogenase;
GFAP, glial fibrillary acidic protein; GST, glutathione transferase;
HDGF, hepatoma-derived growth factor; HEK, human embryonic
kidney; HMG, high-mobility group; IFN, interferon; IL, interleu-
kin; JNK, c-Jun N-terminal kinase; MMLYV, Moloney murine
leukemia virus; PBS, phosphate-buffered saline; PC, phase con-
trast; PQBP, polyglutamine tract-binding protein-1; RAGE, recep-
tor for advanced glycation end-products; SDS, sodium dodecyl
sulfate; SSC, saline sodium citrate buffer; SOD, superoxide
dismutase; Tg, transgenic.
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1994), although HDGF lacks the HMG box, a DNA-binding
domain shared by HMG proteins. HDGF contains a nuclear
localization signal sequence, and it is actually located in the
nucleus (Kishima et al. 2002). On the other hand, HDGF is
released from cells in a similar manner to the way in which
HMGB proteins are released in necrosis (Scaffidi ef al.
2002). The released HDGF promotes proliferation of fibro-
blasts, HuH7 cells (Nakamura er al. 1989), endothelial cells
(Oliver and Al-Awqati 1998) and smooth muscle cells
(Everett et al. 2000). These findings collectively suggest that
HDGF is a growth factor involved in the tissue damage
response.

We have investigated molecular mechanisms underlying
neurodegeneration of polyglutamine diseases and have found
a candidate mediator molecule of the pathology, polygluta-
mine-tract-binding protein-1 (PQBP-1) (Waragai ef al. 1999;
Okazawa et al. 2002). Interestingly, transgenic (Tg) mice
overexpressing PQBP-1 show a late-onset motor neuron
disease phenotype (Okuda et al. 2003). We performed
microamay analysis of gene expression profiles in PQBP-1
Tg mice and reported that a major group of changed genes
are those transcribed from the mitochondrial genome Ma-
rubuchi ef al. 2005). Simultaneously, we found up-regulation
of HDGF in the spinal cord of PQBP-1 Tg mice, and
analyzed the pathophysiological significance in this study.

Western blot and immunohistochemistry showed that
HDGF is increased in the nuclei of motor neurons of
presymptomatic PQBP-1 Tg mice. HDGF had trophic effects
on motor neurons in our analyses with primary motor
neurons and facial motor neurons after nerve section. In
addition, p53, which was increased in spinal motor neurons
of PQBP-1 Tg mice, activated transcription from the HDGF
gene through binding sites in the upstream region. Further-
more, HDGF was increased in the CSF of these Tg mice.
Collectively, these results suggest that HDGF might be a new
motor neuron trophic factor that plays a protective role
against motor neuron degeneration in PQBP-1 Tg mice.

Materials and methods

Total RNA preparation

For each microarray analysis, spinal cords at the level from L1 to L2
were removed from three PQBP-1 Tg mice or from three age-
matched littermates at 2 and 12 months. The anterior halves of the
spinal cords were dissected using razor blades under microscopy.
Dissected tissues from each group were transferred into a glass
homogenizer and homogenized with Trizol reagent (Invitrogen,
Carlsbad, CA, USA). Total RNA was prepared according to the
manufacturer’s protocol.

Cy3- or Cy5- labeled amplified RNA preparation for
microarray analyses

Labeling and amplification of RNA was performed using the Agilent
Fluorescent Linear Amplification kit (Agilent Technologies, Palo
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Alto, CA, USA) according to the manufacturer’s protocol. First,
double-stranded ¢DNAs with T7 promoter were synthesized from
2 ug total RNA by Moloney murine leukemia virus (MMLV)
reverse transcriptase using oligo dT primer, which contains the T7
promoter sequence, and random hexamers (40°C, 4 h). Then, using
these double-stranded cDNAs as templates, cRNA was synthesized
by T7 RNA polymerase using Cy3- or CyS5- labeled CTP (40°C,
1 h). cRNAs from PQBP-1 Tg mouse and age-matched littermates
were Iabeled with Cy3 and Cy5 respectively. Synthesized cRNA was
precipitated with lithium chloride, rinsed with ethanol and dissolved
in nuclease-free water. To check the quality of cRNA, ODsgp,
ODag, Assa (for Cy3) and Agse (for Cy5) were measured.
Then, OD,ge/OD5g0, amplification rate and dye incorporation rate
(pmol/pg RNA) of the cRNA were calculated. Our samples were of
high quality based on these criteria (OD260/OD2ss 2.0 >, amplifica-
tion rate 400 >, Cy3 incorporation > 15 pmol/ug RNA and Cy5
incorporation > 12 < pmol/pg RNA). Microarray analysis with the
mixture of total RNA from three mice was repeated twice.

Hybridization of microarrays

Hybridization procedures were performed using In Situ Hybridiza-
tion Plus kit (Agilent Technologies) according to the manufacturer’s
manual. First, Cy3- and CyS- labeled cRNAs (I ug each) were
mixed and incubated with fragmentation buffer (Agilent Technol-
ogies) at 60°C for 30 min. Then, Mouse Development Oligo
Microarray (Agilent technologies), which contains 20 371 60mer
oligonucleotides from mouse cDNA, was hybridized with fragmen-
ted cRNA target at 60°C for 17 h. Hybridized microarrays were
rinsed twice and dried by spraying N» gas (99.999%) using a filter-
equipped air-gun (Nihon mycrolis KK, Tokyo, Japan).

Signal detection and data analysis of microarrays

The fluorescence signal was read using a microarray scanner,
CRBIO® Ile (Hitachi Software Engineering Co., Ltd, Tokyo, Japan).
Data were analyzed using the software DNASIS® amay (Hitachi
Software Engineering Co., Ltd). Briefly, data either from control
spots or from spots containing high intensities of artificial signals
were removed. Then, the signal intensity of each spot was
normalized to equalize total signal intensity. The normalized signal
intensity of each spot was plotied on a scatter plot with Cy3
fluorescence on the y-axis, and CyS fluorescence on the x-axis. The
ratio of Cy3 fluorescence (gene expression in PQBP-1 Tg mice) to
CysS fluorescence (gene expression in age-matched littermates) were
calculated, and genes with a Cy3/Cy5 ratio of more than 1.5 or less
than 0.67 were listed (Marubuchi e al. 2005). To identify genes of
interest, the sequences of 60mer oligonucleotides on the spots of
interest were retrieved from Agilent Technology and the sequences
were searched for in a mouse cDNA database using National Center
for Biotechnology Information at NIH (NCBI) BLAST. Most of the
selected spots of interest were identified with aid of the manufac-
turer’s annotation information, although there were several uniden-
tified genes.

Northern blot analysis

Northern blot analysis was performed basically as described
previously (Okamoto ef al. 1990; Okazawa et al. 1991). Some
15 pg total RNA was separated on a 1% agarose gel and blotted to
Hybond-N (Amersham Biosciences, GE Health Care BioSciences,
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Kwai Chung, Hong Kong). Hybridization was performed in
5 x saline sodium citrate buffer (SSC) containing 0.5% sodium
dodecyl sulfate (SDS), 5 x Denhardt’s solution and 20 pg/mL
salmon sperm DNA at 60°C for 24 h. The membrane was
washed twice in 2 x SSC-0.1% SDS at 50°C for 20 min and
twice in 0.1 x 88C~0.1% SDS at 55°C for 20 min. The
membrane was exposed to Hyperfilm ECL (Kodak, New Yoik,
USA) for 72 h.

Generation of antibody against HDGF

An antiserum against HDGF was raised by immunizing rabbits with
the peptide KEEAEAPGVRDHESL (C-erminal 15 amino acids
of mouse HDGF) or with the peptide KEDAEAPGIRDHESL
(C-terminal 15 amino acids of human HDGF) conjugated to the
carrier protein by cysteine. The specificity of these antibodies in
western blot and immunohistochemistry was reconfirmed by
preabsorption with glutathione transferase (glutathione S-transferase
[GST))-HDGF (data not shown).

Immunohistochemistry

PQBP! Tg and control mice at 7, 16 and 20 months were
transcardinally perfused with cold 4% paraformaldehyde. The
brains and the spinal cords were post-fixed in 4% parafolmaldehyde
for 24 h. Paraffin sections (5-10 um) were de-paraffinized in
xylene and rehydrated through an ethano! dilution series. Endog-
enous peroxidase was inactivated with 0.3% hydrogen peroxide in
phosphate-buffered saline (PBS) for 30 min. Paraffin sections were
treated with 3% goat serum for 30 min. For HDGF staining, anti-
HDGF C-terminal polyclonal rabbit serum (1 : 1000 dilution) with
or without anti-glial fibrillary acidic protein (GFAP) rabbit
polyclonal antibody (1 : 500; Chemicon, Temecula, CA, USA)
was used as primary antibody. For p53 staining, p53 rabbit
polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) was used at I:100 dilution and another rabbit
polyclonal anti-p53 antibody {(CMS5; Novocastra) was used at
1:200 dilution. Horseradish peroxidase-conjugated anti-rabbit
antibody (Envision; DAKO, Glostrup, Denmark) was used as a
secondary antibody according to the protocol and visualized with
diaminobenzidine (Sigma, St Louis, MO, USA). Antibodies against
phospho-p53 at Serl5, Ser20 or Ser389 (Cell Signaling, Beverly,
MA, USA) were diluted at | : 200 and used for imunohisto-
chemistry. The first two antibodies did not show any signal in the
spinal cord of control and Tg mice.

Generation and purification of recombinant HDGF

To express GST-HDGF fusion protein, full-length mouse HDGF
c¢DNA amplified by PCR with the primers HDGF-F (AAAGGG-
ATCCGATCCAACCGGCAGAAAGAG) and HDGF-R (AAAGA-
ATTCTACAGGCTCTCATGATCTCT) was subcloned between
BamHl and EcoRl restriction sites of pGEX-3X (Amersham
Biosciences). As a result of this subcloning the first two N-terminal
amino acids of HDGF were changed from M-S to G-L After 5 h of
induction with Isopropyl-beta-D-thiogalactoside (IPTG) at 0.1 mm,
Escherichia coli cells were collected by centrifugation and sonicat-
ed. GST-HDGF was recovered from the lysate using a glutathione
sepharose 4B column (Amersham Biosciences). HDGF was cleaved
from the fusion protein by Factor Xa, and purified with a heparin-
sepharose column (HiTrap Heparin HP; Amersham Biosciences).

© 2006 The Authors

Spinal cord tissue culture and analyses of neurite outgrowth
Spinal cords of embryonic day 14 (El4) Sprague-Dawley rat
embryos were dissected and dorsal root ganglia and meninges
were stripped away. The ventral half of the spinal cord was
separated under the microscope and cut into a I-mm cube of
tissue, whereas the dorsal half of the spinal cord was discarded.
The ventral tissue was plated on to a poly-r-lysine-coated 35-mm
dish (Falcon, BD Biosciences, San Jose, CA, USA) which had
been incubated ovemight with Dulbecco’s modified Eagle’s
medium (DMEM), and cultured in 5% CO» at 37°C. Three
HDGF concentrations, 3, 10 and 30 ng/ml, were examined for
neurite-promoting activity, and 6-10 explants were used at each
concentration. The culture medium was exchanged every other
day. Neurite outgrowth of explants was evaluated after 7 days by
using WinROOF software (Mitani Corporation, Tokyo, Japan). For
anti<choline acetyl transferase (ChAT) antibody staining, the
tissues were fixed with 0.1% paraformaldehyde and incubated
with goat anti-ChAT polyclonal antibody (Chemicon) at a dilution
of 1:500 for 12-24 h at 4°C. The stain was visualized with
donkey anti-goat IgG labeled with Alexa Fluor 488 (Molecular
Probes, Fugene, OR, USA) and observed by fluorescence
microscopy (IX-71; Olympus, Tokyo, Japan) and Aquacosmos
software (Hamamatsu Photonics, Hamamatsu, Japan).

Primary culture of spinal motor neurons and analysis of
survival effects

Rat embryo (E14) spinal cords were dissected, and the dorsal half of
the spinal cord was removed under the microscopy. The ventral half
was chopped into small pieces using razor blades, incubated in PBS
containing 0.05% trypsin for 15 min at 37°C, and dissociated
mechanically. After filtration, the cells were plated in 24-well plates
(Greiner, Kremsmiinster, Austria) that had been coated with
polyomithine (Sigma) and laminin (Invitrogen) at a density of
6 x 10* cells’well. The cells were cultured in neurobasal medium
(Gibeo, Rockville, MD, USA) supplemented with B27 (Gibco),
glutamate (Wako, Tokyo, Japan), glutamine (Wako), 3-mercapto-
ethanol (Nakarai, Tokyo, Japan) and Gentamicin (Gibco). Recom-
binant mouse HDGF (3 or 30 ng/mL) or recombinant human BDNF
(30 ng/mL; Pepro Tech, London, UK) were added to the culture
medium simultaneously. Twelve hours afier plating, cytosine
arabinoside (Sigma) was added to the medium at 4 m final
concentration. The cells were cultured at 37°C in 5% CO, for
7 days, fixed with 2% paraformaldehyde in 0.1 M phosphate buffer,
and stained with anti-ChAT antibody (Chemicon). ChAT-positive
cells were counted as motor neurons.

Facial nerve section of newborn rats and survival of

facial motor neurens

The main trunk of the facial nerve was sectioned unilaterally in
newbom pups (P1). The proximal nerve stump was treated with a
piece of Spongel (Yamanouchi, Astellas, Tokyo, Japan) containing
5 pg HDGF in 4 pL PBS with 1% bovine serum albumin (Sigma).
Human BDNF was applied in a similar manner as positive control
and a piece of Spongel soaked in 4 puL PBS with 1% bovine serum
albumin was implanted as a negative control. After 7 days, the
animals were transcardially perfused with icecold 20 mL 4%
paraformaldehyde in 0.1 M phosphate buffer. The brains were
dissected and soaked in the similar solution for 12 h. The brainstem
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was embedded in paraffin, and 6 pm-thick serial coronal plane
sections were prepared using a microtome. The serial sections were
stained with cresyl violet and the neurons in the facial nucleus were
counted on injured and uninjured sides. The percentage of motor
neurons on the injured side compared with the uninjured side was
calculated in each mouse.

Primary culture of cortical neurons

Cerebral cortical tissues were isolated from EI17 Wistar rat
embryos, minced using razor blades, and treated with 0.25%
trypsin (Gibeo) in PBS (pH 7.5) at 37°C for 20 min, with gentle
shaking every 5 min. Afier stopping the reaction with DMEM
containing 50% fetal bovine serum, Dnase I (Bochringer Mann-
heim, Indianapolis, IN, USA) was added to the solution at a final
concentration of 100 pg/mL, and tissues were dissociated gently by
pipetting with blue tips. Cells filtered through nylon mesh (pore
size 70 mm; Falcon) were collected by centrifugation, resuspended
in DMEM supplemented with 20 mm glucose, 16 mM sodium
bicarbonate, 4 mm glutamine, 25 pg/mL gentamicin and 10% fetal
bovine serum, and then plated on 24-well dishes (Coming,
Corning, NY, USA) coated with polylysine (Sigma) at 3 x 10°
cells/well. Twelve hours after plating, cytosine arabinoside was
added to the culture medium at 4 M final concentration to prevent
growth of glial cells.

Construction of adenovirus vector

Adenovirus vectors for expression of PQBP-l proteins were
constructed by subcloning full-length PQBP-1 ¢cDNA (Waragai
et al. 1999) into the Swal site of a cosmid vector, pAxCAwt (Takara,
Tokyo, Japan). These cosmids were transfected into HEK 293 cells
with the fragmented adenovirus DNA (DNA-TPC) by the calcium
phosphate method, so that adenovirus containing the insert was
generated by recombination. The transfected cells were harvested
afler 12 h, dissociated and cultured in 96-well collagen-coated
dishes for 3 weeks. From wells in which cells showed lysis between
7 and 15 days afier transfection, the medium was recovered as the
primary virus solution. The solution (Ax-PQBP1) was amplified two
or three times in 293 cells, and the working virus solution was
prepared by sonicating the final 293 cells 3 days after transfection.
We confimed the insert in adenovirus vector by PCR before use.
These steps were performed according to the protocol of Adenovirus
Expression Vector kit (Takara).

Gel mobility shift assay

Gel mobility shift assay was performed as described previously
{Okamoto et al. 1990; Okazawa ef al. 1991). To make the probes,
sense and antisense oligonucleotides of the sequences shown in
Supplementary figure 2 and possessing additional 5-GGG were
synthesized, annealed and radiolabeled with [0-*P}CTP and
Klenow enzyme (Takara). Some 10 000 cpm of probes were
incubated with 5ng human recombinant p53 protein that was
purified by affinity chromatography and gel filtration (Active Motif,
Carisbad, CA, USA).

Chloramphenicol acetyi transfer (CAT) assay

CAT assay was perfonned according to the method described
previously (Okamoto ef al. 1990; Okazawa ef al. 1991). In brief,
1 x 107 HEK293 or P19 cells were cultured in 10-cm dishes and
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after 12 h they were transfected with plasmids using Superfect
(Qiagen, Valencia, CA, USA). Transfection efficiency was verified
by pCH110 (Promega, Madison. W1, USA), a eukaryotic expression
vector containing the simian virus early promoter and the E. coli B-
galactosidase (LacZ) structural gene. After further 24 h, cells were
harvested and used for CAT assay. pHDGFe2-IFN-CAT, containing
the el/2 sequence upstream of the interferon (IFN) promoter and
CAT gene, was constructed by subcloning the region around the €2
sequence amplified by PCR between Notl and Xbal sites of pIFN-
CAT (Okazawa et al. 1991). The PCR reaction was performed with
mouse genomic DNA using the primers SF1 (CAGCGGC-
CGCCTTTAAGTCAGGATCTT) and SF2 (GTTCTAGAAGGA-
GCAGAAGTTCCAGGCCAT). p53 expression vector, pCl-pS3,
was constructed by subcloning full-length rat p53 ¢cDNA between
EcoRl and Sall sites of pClneo (Promega).

CSF collection
CSF was collected from three Tg and three littermate mice under
deep anesthesia by tapping cistema magna with a 23-G needle.

Mutant SOD1
A human SODI1 transgenic strain, B6SJL-TgN (SOD1-G934) | Gu
(The Jackson Laboratories) was used for morphological analyses.

Results

HDGF expression is up-regulated in the spinal cord of
motor neuron degeneration model mice

PQBP-1 Tg mice show progressive weakness of hind limbs
when they become more than 18 months old. Pathological
analyses have revealed that motor neurons in the lumbar
spinal cord are degenerated (Okuda er al. 2003). To under-
stand the molecular mechanisms underlying the pathology,
we analyzed gene expression in the lumbar spinal cord of
presymptomatic PQBP-1 Tg mice (2 and 12 months old)
using Mouse Development Oligo Microarray (Agilent Tech-
nologies). We did not perform microarray analysis with older
Tg mice after the onset of symptoms because dysfunction
and loss of motor neurons prevented us from getting primary
changes in gene expression profiles. The probes were
synthesized from RNA samples of three Tg or age-matched
littermate mice, and the microarray experiments were
repeated twice. We compared the expression profiles, and
selected 14 genes whose expression was constantly changed
more than 1.5-fold in Tg mice (Marubuchi er al. 2005).
Thirteen genes were up-regulated whereas one gene was
down-regulated. The up-regulated group included six mito-
chondrial genes, suggesting that a kind of mitochondrial
stress is involved in the pathology of PQBP-1 Tg mice
(Marubuchi et al. 2005). The down-regulated gene was
neural tropomodulin. Al these data were reported previously
{Marubuchi et al. 2005). Interestingly, the list included a
trophic factor, HDGF, which was increased to 2.301 fold. We
performed northern blot analysis and confirmed that HDGF
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(a) Cont Tg (b) Cont Tg
HDGF ———
HDGF GAPDH WSS asmmm
1.0 23
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Fig. 1 HDGF mRNA and protein expression is increased in the spinal
cord of PQBP-1 Tg mice. (a) Northern blot analysis confirmed up-
regulation of HDGF mRNA in the spinal cord of PQBP-1 Tg mice at
12 months. Cont, age-matched littermates; Tg, PQBP-1 Tg mice; 288,
288 ribosomal RNA. (b) Western blot analysis of the anterior horn of
spinal cord from Tg mice (12 months old) and age-matched littermates
(each n = 3). The expression ratios corrected with respect to glycer-
aldehyde-3-phosphate-dehydrogenase (RAPDH) are shown below the
panels. HDGF protein expression was increased in the spinal cord of
Tg mice.

mRNA was actually increased (Fig. la) HDGF was not
increased at 2 months (Marubuchi et al. 2005).

To investigate the protein expression level of HDGF in Tg
mice, we generated antibodies against human and rat C-
terminal sequences. In parallel, we made recombinant mouse
HDGF to test the specificity of these antibodies. HDGF was
cleaved from GST-HDGF fusion protein by factor Xa, and
purified with heparin column (Supplementary Fig. Sla). We
generated specific antibodies against mouse and human
HDGF C-terminal peptides (Fig. S1b), and confirmed by
western blot that the 37-kDa band of HDGF was increased in
the spinal cord of Tg mice (Fig. 1b).

The genes changed in the spinal cord of Tg mice include
mitochondrial genes tRNA(Cys), tRNA(Glu), cytochrome C
oxidase (CCO)1, CCO2, and Proteind, RNA polymerase |
(Pol 1) transcription-related factor [rRNA promoter-binding
protein (Ribin)] (Kermekchiev and Ivanova 2001), hetero-
geneous nuclear ribonucleoproteins methyltransferase-like 2/
protein arginine methyltransferase (Hrmtl2/PRMT) (Gary
et al. 1996; Lin et al. 1996), a growth factor (HDGF)
(Nakamura ef al. 1994), receptor type Z protein tyrosine
phosphatase (Krueger et al. 1990; Krueger and Saito 1992),
MOR 6.5 (mouse genomic sequence relevant to ouabain
resistance) (Zhou et al. 1993), and two unknown genes. We
reported previously that PQBP-1 overexpression leads to a
kind of mitochondrial stress and up-regulation mitochondrial
genes (Marubuchi ef al. 2005). The pathological relevance of
the other genes will be reported elsewhere (Marubuchi et al.,
unpublished observations).

© 2006 The Authors

HDGEF protein is up-regulated in spinal motor neurons
before degeneration

To identify the spinal cord cells that up-regulate HDGF
protein, we performed immunohistochemical analysis of the
lumbar spinal cords of PQBP1 Tg mice and littermates at
16 months (Fig. 2a). HDGF antibody (mC15-1) stained the
largest neurons in the anterior horn that were not stained
with GFAP antibody, i.e. motor neurons (Fig. 2a). Interest-
ingly, nuclei of the anterior horn neurons were stained
strongly in Tg mice but not in control mice (Fig. 2a). These
data showed that HDGF expression in the nuclei of spinal
motor neurons was remarkably up-regulated in PQBP-1 Tg
mice. It is of note that anti-HDGF antibody stained some
medium- or small-sized cells, which could be interneurons
(Fig. 2a, thin arrows). HDGF was also expressed in the
other neurons of the CNS including cortical neurons, as
reported previously (Abouzied et al. 2004). However, no
remarkable change in immunostaining was detected in
neurons of PQBP-1 Tg mice other than spinal motor
neurons (data not shown).

To understand the relevance of HDGF to amylotrophic
lateral sclerosis (ALS), we asked whether the increased
HDGF expression is observed in the motor neurons of
mutant superoxide dismutase I (SOD1) mice (G93A). At
2 months, when the mutant SOD1 mice have not yet shown
symptoms, HDGF was strongly stained in a part of the motor
neuron nuclei, whereas staining in motor neurons was very
weak in the age-matched control mice (Fig. 2b).

HDGF promotes neurite extension of motor neurons

in vitro

HDGF is known to act as a trophic factor for dividing cells
(Nakamura et al. 1989; Oliver and Al-Awqati 1998; Everett
et al. 2000). Therefore, up-regulation of HDGF in spinal
motor neurons of the mouse model of neurodegeneration
prompted us to test whether HDGF acts as a trophic factor for
motor neurons.

First, we observed its effect on neurite extension of spinal
motor neurons. We synthesized recombinant mouse HDGF
and added it to slices of lumbar spinal cord of El4 rat
embryos cultured in medium with neither serum nor growth
factors. As a control, mock solution, which was prepared
from non-transformed E. coli cells exactly in the same
manner as HDGF, was used. The comparison revealed that
HDGF remarkably enhanced neurite extension (Fig. 3a). To
distinguish neurites of motor neurons, we stained the slices
with ChAT antibody. Extension of ChAT-positive neurites
was also remarkably enhanced by HDGF (Fig. 3a). Quan-
titative analyses confirmed the effect of HDGF on neurite
extension of spinal motor neurons (Fig. 3b). Most ChAT-
positive neurons prepared from the anterior hom were
considered to be motor neurons because E14 is the devel-
opmental stage at which motor neurons increase very rapidly
and because we carefully separated the anterior horn from the
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Fig. 2 HDGF is increased in spinal motor
neurons of Tg mice. (a) Immunochisto-
chemistry showing that HDGF protein was
increased in spinal motor neurons of PQBP-
1 Tg mice at 16 months. The upper panels
show single staining with anti-HDGF anti-
body (mC15-1) and the lower panels show
double staining with anti-HDGF (brown) and
anti-GFAP antibody (blue). Higher magnifi-
cations (2nd and 4th rows) show that HDGF
was increased in the nuclei of motor neu-
rons (thick white arrows) and some other
cells (thin white arrows) of Tg mice. On the
other hand, the nuclei were not stained in
most motor neurons of control mice (black
arrows). GFAP staining (4th row) revealed
that the large HDGF-positive cells were
neurons. Glial cells (black) are indicated by
white amowheads. Scale bars 50 pum. (b)
HDGF expression was increased in the
motor neurons of mutant SOD mice
(G93A). At 2 months when no symptoms
were observed, HDGF was strongly stained
in some of the motor neuron nuclei of (b)
mutant SOD mice (right panel, white
arrows), whereas the nuclei of motor
neurons were very weakly stained in the
age-matched control mice (left panel, black
arrows). Smaller cells other than motor
neurons were stained by HDGF antibody in
control mice. Scale bar 50 pm.

o-HDGF
+ 0-GFAP

o-HDGF

lateral horn under the microscope to prevent contamination
by preganglionic autonomic neurons in the lateral horn.

We next compared the neurite-promoting activities of
HDGF and other trophic factors, and found that the activity
of HDGF was equivalent to that of ciliary neurotrophic factor
(CNTF), BDNF, interleukin (IL)-6 and basic fibroblast
growth factor (bFGF) (Fig. 3c). The trophic effect of HDGF
was increased additively by any one of these trophic factors
(data not shown), indicating that HDGF bound to a distinct
receptor.

It is of note that a number of ChAT-positive neurons
spread around the slice tissue in the presence of HDGF
(Fig. 3a). This suggests enhanced migration by HDGF,

© 2006 The Authors
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although further investigations are necessary to confirm this
assumption.

HDGF promotes survival of motor neurons in vitro

To test whether HDGF promotes survival of motor neurons
in primary culture, spinal cord tissues of E14 rat embryos
were dissected, mechanically dispersed, cultured for 7 days
in serum-fiee medium with or without HDGF, and stained
with ChAT antibody (Fig. 4a). As a control, we used the
mock solution described above. Survival of the ChAT-
positive neurons was clearly increased by addition of 3 or
30 ng/mL HDGF, and the effect of HDGF was almost
equivalent to that of BDNF (Fig. 4a). Quantitative analyses
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of ChAT-positive motor neurons in 20 visual fields con-
formed that HDGF elongated survival of motor neurons
(Fig. 4b). Together with the result of Fig. 3, these results
strongly suggest that HDGF is a trophic factor for spinal
motor neurons.

We also performed the neurite extension and neuron
survival assays with spinal cords from E14 rat embryos of
PQBP-1 Tg mice. Motor neurons from the transgene-positive

© 2006 The Authors

Fig. 3 HDGF promotes neurite extension
of spinal motor neurons in vitro. (a)
Recombinant mouse HDGF was added to
slice cultures of rat embryonic spinal cord
(E14). Phase-contrast images (PC) show
that neurite extension was remarkably pro-
moted 2 days after addition of HDGF (upper
panels). HDGF also promoted neurite
extension of ChAT-positive motor neurons
(lower panels). Scale bars 10 um. (b)
Quantitative analysis by WinROOF (Mitani
Corporation) confirmed dose-dependent
neurite outgrowth in response to HDGF.
Mock solution prepared from non-trans-
formed E. coli cells was used as a control.
Mean = SD, *p <0.05, **p < 0.01 versus
control (Dunnet test). (c) Comparison of the
ChAT-positive neurite outgrowth between
HDGF and other trophic factors. Mean =
SD, *p<0.05, *p<0.01 versus mock
control (Student’s ttest).

embryos and those from negative embryos showed a similar
response to HDGF in both assays (data not shown).

HDGF promotes survival of facial motor neurons in vivo
We examined the effect of HDGF on the survival of motor
neurons in newborn rats after facial nerve section, which has
been used to evaluate the effect of CNTF and BDNF on
motor neurons (Sendtner et al. 1990, 1992). The proximal
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Fig. 4 HDGF promotes survival of spinal
motor neurons in vitro. (a) Embryonic rat
(E14) neurons form the anterior horn were
mechanically dissociated and cultured in
medium containing no serum or trophic
factors. Seven days aiter addition of mock
solution, HDGF or BDNF, survival of motor
neurons was estimated by immunostaining
with ChAT antibody. The number of ChAT-
positive neurons was increased by addition
of HDGF or BDNF. HDGF clearly promoted
neurite outgrowth (white arrows). Scale bar
10 pm. (b) Quantitative analysis of survival
of ChAT-positive neurons in 20 visual fields.
Mean == 8D **p <0.01 versus mock control
(t-test).
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nerve end after operation was treated with a piece of gel foam
soaked with mock, HDGF or BDNF solution (each n = 5)
and the survival of motor neurons in the facial nerve nucleus
was analyzed morphologically after 7 days (Fig. 5). We
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made serial sections of 6 pum thickness from paraffin-
embedded blocks of the brainstem, stained one every six
sections with cresyl violet (Niss! staining), counted neurons
in the facial nerve nucleus on injured and uninjured sides,
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Fig. 5 HDGF promotes survival of facial motor neurons in vivo. (a)
Representative pictures of the facial nuclei in mock-, HDGF- and
BDNF-treated newborn rats (each n = 5). The slides were stained by
cresyl violet to visualize rough endoplasmic reticulum (Niss! body) of
‘neurons. High-power magnification of facial nuclei on sectioned and
non-sectioned sides (left and right panels respectively) shows facial
motor neurons distributed in the areas indicated by white circles in the
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low-power magnification images (central panels). Residual neurons
became small and pyknotic. Proliferation of small reactive astrocytes
(gliosis) was remarkable especially in mock-treated animals. Scale
bars.10 um. (b) The percentage survival was calculated as the ratio of
the total number of facial motor neurons on sectioned side to that on
non-sectioned side in each animal. A nucleolus was judged as a
neuron. Mean = SD **p < 0.01 versus mock control (+-test).
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