repeats were obtained by repetitive subcloning of the HindIIl/
BamHI fragment with molecular weight higher than that of the
major band visualized in the gel. The resulting colonies were
screened by PCR with primers as previously described (Mangiarini
et al. 1996). The CAG repeat number was verified by sequencing
(BigDye Terminator Cycle Sequencing kit; Applied Biosystems,
Foster City, CA, USA) and by microsatellite analysis on ABI 3700
using GeneScan 3.7.1 software (Applied Biosystems). Clones
containing expanded CAG repeats were selected for further use. A
Hindlll/Notl fragment from this plasmid (containing exon 1 and
EGFP) was introduced into pBluescript-KS vector. The huntingtin
promoter was ligated to the PsAd and Swul/Smal ends. SV40
polyadenylation signal was added to the Sacll site. The final
construct was microinjected into (C57BL/6:DBAZ2) fertilized eggs.

Mouse genotyping and copy number of transgene

Genomic DNA was extracted from mouse tail biopsies by the
phenol/chloroform method using the NA-1000 automatic isolation
system (Kurabo, Osaka, Japan) and genotyping by PCR was
performed as described earlier (Mangiarini ef al. 1996). From mice
carrying the transgene, two founder lines of fransgenic mice were
selected and backcrossed to C57BL/6J. All mice used in these
experiments were heterozygous for transgene and male.

To assess the copy number of the transgene in the transgenic
mice, TagMan quantitative RT-PCR was performed using the probe-
primer set specific for EGFP and TagMan Rodent glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) Control Reagents (Applied
Biosystems) for the internal control, on an ABI7700 thermal cycler
(Applied Biosystems) as described previously (Tateno et al. 2004).
The EGFP copy numbers in HD190QG (n = 3) and HD150QG
(n = 3) were thus calculated as 2.46 = 0.55 and 10.37 & 0.38
copies (mean + SD), respectively.

Immunohistochemistry

Frozen brains mounted in Tissue-Tek were sectioned using a freezing
microtome (20 pm thickness).” Sections were fixed with 4%
paraformaldehyde in phosphate-buffered saline for 20 min, washed
several times, blocked with 5% non-fat dried milk for 1 h and then
incubated overnight with primary antibody. In some cases, after
fixation, -the sections were washed with phosphate-buffered saline,
stained with propidium iodide, mounted in 50% glycerol and
observed under a confocal microscope (TCS SP2; Leica Microsys-
tems, Wetzlar, Germany). Staining was also carried out using an
ABC Elite kit (Vector Laboratories, Burlingame, CA, USA) for light
microscopic observation. For confocal microscopic observation,
staining was performed using the appropriate CY3-labeled secondary
antibody and then mounted with antifade solution (Vectashield
Mounting Media; Vector Laboratories). We used primary antibodies
against the N-terminal part of huntingtin (goat polyclonal, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), ubiquitin (Dako Japan
Co., Kyoto, Japan), GFP (rabbit polyclonal; Molecular Probes,
Eugene, OR, USA), neuron-specific nuclear protein (NeuN) (Chem-
icon Intermnational, Temecula, CA, USA) and secondary antibodies
conjugated with CY3 (Molecular Probes) at a 1 : 500 dilution.

Electron microscopy
Mice were anesthetized with diethyl ether and then perfused
intracardically with 0.1 M cacodylate buffer containg 2.5%
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glutaraldehyde and 1% paraformaldehyde, pH 7.4. Brains were
removed and immersed in the same mixture for 10 days. The tissue
blocks of the coronally sliced dorsal neocortex and dentate gyrus
and of the mid-sagittally sliced cerebellar vermis were post-fixed in
1% osmium tetroxide, dehydrated through a graded ethano] series
and then embedded in Epon 812. Toluidine blue-stained 1-pm-thick
sections were examined with a light microscope. Ulirathin sectjons
of the dorsal neocortex, dentate gyrus and vermis were stained with
lead citrate and urany! acetate and then examined under an electron
microscope at 100 kV (H-9000; Hitachi, Tokyo, Japan).

Subcellular fractionation

Mouse brains were homogenized in nine volumes (w/v) of 0.25 M
sucrose/buffer A (50 mm Tris-HCl, pH 7.4, 5 mm MgCl,, 2 mm
dithiothreitol and 1 mm phenylmethylsulfonyl) supplemented with
Complete EDTA-free protease inhibitor cocktail tablets (Roche
Diagnostics, Mannheim, Germany) in a digital homogenizer (As
One, Osaka, Japan) using eight strokes at 1000 r.p.m. A portion of
the homogenate was briefly sonicated and used as the total lysate
and the rest of the homogenate was centrifuged at 600 g for 10 min
at 4°C. The pellets were resuspended and homogenized in 5 mL of
2.1 m sucrose/buffer A by five strokes at 1000 r.p.m. with the digital
homogenizer. Nuclei were sedimented by centrifugation at 8000 g
for 80 min at 4°C. The pellet containing the nuclei was resuspended
in 0.2 mL of 10 mm Tris-HC! (pH 7.4) and 2 mm MgCl, with the
protease inhibitors.

Immunoblotting

Proteins were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred onto polyvinylidene finoride
membranes (Immobilon-P; Millipore, Bedford, MA, USA). The
membranes were incubated in blocking buffer [5% skim milk in
TBST (50 mm Tris-HCI, pH 7.5, 0.15 M NaCl, 0.05% Tween20)]
with primary antibody in TBST and then with horseradish
peroxidase-conjugated secondary antibody (Amersham Biosciences,
Piscataway, NJ, USA) in TBST. Detection was carried out with
enhanced chemiluminescence reagent (Amersham Biosciences). The
primary antibodies used in the immunoblotting experiments were
obtained from the following sources: mouse monoclonal antibody
1C2 and GAPDH from Chemicon International and goat polyclonal
lamin B from Santa Cruz Biotechnology. All primary antibodies
were used at a 1 : 1000 dilution for immunoblotting.

Direct observation of expanded polyglutamine-EGFP in
transgenic mouse brains by a fluorescent imager

Frozen brains mounted in Tissue-Tek were sectioned using a
freezing microtome (10 pwm thickness). Sections were directly
observed with a laser-scanning imaging system (Molecular Imager
FX; Bio-Rad Laboratories, Hercules, CA, USA) with a 488-um
external Ar ion laser (Gingrich et al. 2000). Sections were imaged
using the 488-nm laser with the standard 530 # 30 nm bandpass
emission filter (530DF30; Omega Optical, Brattleboro, VT, USA).

RNA extraction, preparation of labeled cRNA and array
hybridization

RNA was extracted from the cerebrum of transgenic mice using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Poly (A)" RNA was isolated from the
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samples using PMACS mRNA Isolation kit (Miltenyi Biotech,
Aubum, CA, USA). Biotinylated cRNAs were prepared according
to the Affymetrix (Santa Clara, CA, USA) protocol. MuliK and
U-74 oligonucleotide arrays (Affymetrix) were pre-hybridized,
hybridized, washed and stained as recommended by the manufac-
turer using a GeneChip Fluidics Station 400 (Affymetrix).

Microarray gene expression analysis

Four independent pair-wise comparisons were performed using
MAS 5.0 software (Affymetrix) to evaluate gene expression changes
in HD190QG and R6/2 when compared with their littermate
controls. Difference calls were scored and only mRNAs that
received difference calls in the same direction (increased or
decreased) in at least three of the four pair-wise comparisons were
included for presentation in the present study.

Verification of differential expression by real time TagMan
RT-PCR

We synthesized the TagMan priter and probe sets with the Primer
Express Software (Applied Biosystems). The nucleotide sequence of
the primers is shown in supplementary Table S1. Total RNA was
extracted from mice brains using TRIzol reagent. Contaminating
genomic DNA was removed with RNase-free DNase I (Takara Bio,
Shiga, Japan). Complementary DNAs were synthesized using
TagMan Reverse Transcription Reagents (Applied Biosystems).
We used 1 pg of total RNA for the 100-pL reaction. The TagMan
PCR reaction was performed as follows. We used 15 pL of TagMan
Universal PCR Master Mix (Applied Biosystems) for the 30-pl
reaction. Primers and probes were added in optimal concentrations.
We used 1 uL of RT mix for each PCR. PCR conditions were
standard for the 7700 Sequence Detector System (Applied Biosys-
tems): 2 min at 50°C, 10 min at 95°C followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. The mRNA quantity for the gene
of interest was normalized by the quantity of 18S rRNA in each
sample. Statistical comparisons of TagMan RT-PCR were carried
out by Student’s r-test.

It situ hybridization

We used IMAGE 2938032 (DARRP-32), IMAGE 640127 (oxyto-
cin), IMAGE 16180045 (vasopressin) and IMAGE 466874 (CART)
clones (Invitrogen) to synthesize probes. EGFP c¢DNA was
amplified by PCR from pEGFP-N1 (BD Biosciences) vector using
oligonucleotide primers of 5-ATGGTGAGCAAGGGCGAGGA
GCTG-3 and 5-TTACTTGTACAGCTCGTCCATGCC-3". The
fragments were subcloned into pGEM-T Easy™ vector (Promega,
Madison, WI, USA). The IMAGE clones and the plasmid with
EGFP ¢DNA were used as templates for in vitro transcription of
digoxigenin-labeled riboprobes (Roche Molecular Biochemicals,
Indianapolis, IN, USA) using T3, T7 and SP6 RNA polymerases
(Invitrogen). Sections were hybridized in situ using non-radioactive
digoxigenin-labeled cRNA. probes essentially as described previ-
ously (Nagai et al. 1997).

Counting of oxytocin-expressing neurons and neuronal nuclei in
the hypothalamus

Serial-cut frozen sections (20 pm) were used for in sifu hybridiza-
tion of oxytocin mRNA and immunohistochemistry with an
antibody to NeuN (Chemicon International). We adjusted the

contrast and brightness of the digital images so that the oxytocin-
expressing neurons and the anti-NeuN antibody stained only
neuronal muclei and counted the number of neurons with a
MacSCOPE program (Mitani, Tokyo, Japan).

Results

Expanded polyglutamine-EGFP transgenic mice exhibit
progressive behavioral and motor abnormalities and
shorter life spans

We generated two lines of transgenic mice that expressed
expanded polyQ-EGFP fusion protein under the control of
the human huntingtin promoter. The transgene construction
is shown in Fig. 1(a). One line contains a construct including
two main fragments, one having 190 CAG repeats and the
other 155, whereas the other line contains a construct
including three polymorphic fragments with a CAG repeat
number around 150, 120 and 33, respectively (Fig. 1b). The
genotyping results of R6/2 and Ré/1 lines, containing 145
and 130 CAG repeats, respectively, were included side by
side in the same PCR amplification for comparison. We
named these new HD transgenic lines based on the highest
number of CAG repeats and the presence of EGFP and they
were therefore designated HD190QG and HD150QG
(Q-glutamine; G-EGFP), respectively.

Although both lines of transgenic mice showed progres-
sive motor and behavioral deficits with a shorter life span
compared with their littermate controls, they differed in the
time of disease onmset, severity and survival rate. Median
survival values for HD190QG and HD150QG were 21 and
32 weeks, respectively (Fig. 1c). The motor and behavioral
symptoms included fine tremor, chorea-like movements,
ataxic gait and clasping of the limbs when held by the tail.
These symptoms were similar to those of R6/2 mice
(Mangiarini et al. 1996). The onset of motor symptoms such
as fine tremor and ataxic gait was around 5-6 weeks for
HD190QG and 9-11 weeks for HD150QG mice. At around
8 weeks (HD190QG) and 16 weeks (HD150QG), the mice
started to show irregular, jerky involuntary head movements
which were similar to chorea. These symptoms progressively
worsened. At around 16 weeks (HD190QG) and 30 weeks
(HD150QG), the mice had diffieulty in walking because of
severe ataxia and some of the HD190QG and HD150QG
mice showed clasping of limbs but the clasping phenomenon
was rarely observed compared with R6/2 mice. All 20
HD190QG and 79 HD150QG mice were dead by 25 and
58 weeks, respectively, whereas all 36 mice in the control
groups for HD190QG and HD150QG were alive and healthy.

Expression of the transgene was monitored using 1C2
antibody, which selectively recognizes expanded polyQ
tracts (Trottier ef al. 1995). As shown in Figs 1(d and e),
the 1C2 antibody detected two bands in brain samples from
both the HD190QG and HD150QG transgenic mice and also
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in various tissues that have the corresponding genotype. The
band corresponding to the 33 CAG repeats in HD150QG was
missing because 1C2 only recognizes expanded polyQ. We
also confirmed transgene expression using an antibody
against either EGFP or N-terminal huntingtin (data not
shown).

Visualization of expanded polyglutamine protein
aggregation

The mice of both lines displayed progressive neurological
phenotypes. As HD150QG mice showed a gradual progres-
sion of neuropathology when compared with HD190QG
mice, we checked expression of the transgene in different
parts of the brain of HD150QG by examining EGFP

Striatum Cortex

(b)

Hippocampus

Striatum

Fig. 2 Direct visualization and age-dependent changes in the forma-
tion of cytoplasmic and nuclear aggregates of human expanded
polyglutamine (polyQ)-EGFP fusion proteins in HD150QG mice. Fro-
zen brain sections from 35-week-old HD150QG mice were observed
under a confocal microscope. (a) The green flucrescent dots represent
the aggregates of the transgene product (expanded polyQ-EGFP) and
localize mostly in the cytoplasm. The yellow arrow indicates a green
fluorescent aggregate that appears in the nucleus stained with propi-
dium iodide (red). The striatum, cerebral cortex and hippocampus are
shown in (i-iii), respectively. GrDG, granular layer, dentate gyrus;
PoD@G, polymorph layer, dentate gyrus. Scale bar, 20 ym. Low mag-
nification view of section from hippocampus is shown in (iv). Scale bar,
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fluorescence using confocal microscopy. Sections collected
from 35-week-old HD150QG mice were fixed with parafor-
maldehyde and stained with propidium iodide, as described in
Materials and methods, and were observed under a confocal
microscope. The majority of dense EGFP-positive aggregates
were detected in the striatum, cortex and hippocampus of the
transgenic mouse brain and most of the green fluorescence
was localized in the cytoplasm while only a few aggregates
were detected in the nucleus (Fig. 2a, i-iii). The progressive
hippocampal pathology in the R6/2 mouse has been well
described (Morton et al. 2000; Meade et al. 2002). The
section at low magnification shows the distribution of EGFP
in the whole hippocampus (Fig. 2a, iv). Almost all the EGFP-
positive aggregates were in the cytoplasm in the older mice.

Hippocampus

v

200 um. (b) Frozen sections from HD150QG mice at different ages
were subjected to immunofluorescence staining of ubiquitin. Ubiquitin
was labeled with CY3-conjugated secondary antibody and the over-
lapping images of green (diffuse or aggregated transgene product)
and red (ubiquitinated aggregates) were collected and merged. (i-iv)
Hippocampus; (v--vili) striatum. (i and v) 2 weeks; (il and vi) 4 weeks;
(ifi and vii) 10 weeks; (iv and viii) 32 weeks. The yellow arrow indicates
the ubiquitin-positive nuclear aggregates that retained EGFP fluores-
cence, while the red arrow represents the ubiquitin-positive nuclear
aggregates that totally lost EGFP fluorescence. White arrowheads
indicate cytoplasmic aggregates and white arrows indicate nuclear-
accumulated transgene product or their aggregates.
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Expanded polyglutamine-EGFP cytoplasmic and nuclear
aggregates appear simultaneously

Brains from HD150QG transgenic mice of different ages were
stained for ubiquitin and visualized by fluorescence micro-
scopy. Although no fluorescent aggregates were observed in
2-week-old mice (Fig. 2b, i and v), EGFP-positive cytoplas-
mic aggregates were observed in the hippocampal area in
mice of about 4 weeks old, which is the same age that nuclear
accurnulation of EGFP fluorescence with few EGFP-positive
aggregates was seen in the striatum (Fig. 2b, ii and vi). With
increasing age, the number of cytoplasmic aggregates
increased, while the nuclei gradually lost EGFP fluorescence.
The ubiquitin antibody detected large nuclear aggregates in
10-week-old mice. Some of these ubiquitin-positive nuclear
aggregates also exhibited EGFP fluorescence, which gradu-
ally disappeared with increasing age (Fig. 2b, iii and vii). The
ubiquitin antibody also detected cytoplasmic aggregates but
they were sometimes obscured by the intense EGFP fluores-
cence and were difficult to see. We have also noticed that the
EGFP-positive cytoplasmic and nuclear aggregates appeared
almost simultaneously and that they initially appeared in the
striatum and hippocampus at around 4 weeks of age.

Ubiquitin-positive nuclear aggregates lose EGFP
fluorescence and undergo proteolytic processing
As older transgenic mice showed cytoplasimic accumulation of
EGFP aggregates, we further monitored age-dependent aggre-
gate formation using the fluorescence of EGFP as well as
antibodies against ubiquitin and N-terminal huntingtin. We
performed immunofluorescence as well as immunohistochem-
ical staining for ubiquitin in brains from 32- to 35-week-old
HD150QG mice. Although EGFP fluorescence was not lost
after 4% paraformaldehyde fixation, it was completely lost
after immunohistochemical staining by diaminobenzidine
(DAB) and subsequent mounting. The ubiquitin antibody
detected large nuclear aggregates (Fig. 3a, i-vi) similar to
those found in R6/2 HD transgenic mice (Davies ef al. 1997).
Some of the ubiquitin-positive nuclear aggregates also retained
weak EGFP fluorescence. Electron microscopic analysis
revealed the frequent presence of dark neurons (Fig. 3a, vii)
in the hippocampus and further confirmed the presence of
nuclear aggregates (Fig. 3a, viii). The presence of similar dark
neurons has been reported in the R6/2 transgenic mouse
(Turmaine et al. 2000).

To determine why EGFP fluorescence is lost in the nuclear

aggregates, we collected brain samples from transgenic mice -

of different ages and isolated the nuclear fraction for the
detection of the transgene product by anti-GFP and 1C2
antibodies. GFP antibody-positive sodium dodecyl sulfate-
insoluble polyQ-EGFP fusion proteins were not only detec-
ted around 75 kDa but also at the top of the gel (Fig. 3b).
These GFP-immunoreactive aggregates (gel-excluded mate-
rials) were concentrated in the nuclear fraction (which also
included cytoplasmic aggregates) and were age-dependently

increased. On the other hand, sodium dodecyl sulfate-soluble
polyQ-EGFP fusion proteins detected by 1C2 antibody were
age-dependently decreased (Fig. 3b).

To further confirm the nuclear accumulation of the
transgene product, we examined transgenic mouse brain
sections immunostained with polyclonal antibody against
N-terminal huntingtin and EGFP. As shown in Fig. 3(c), the
N-terminal huntingtin antibody strongly detected most of the
nuclear aggregates as well as cytoplasmic aggregates. This
finding was confirmed by double immunofiuorescence
staining using ubiquitin and N-terminal huntingtin antibody
(data not shown). However, anti-GFP polyclonal antibody
detected a few of the nuclear aggregates (weak staining) and
most of the cytoplasmic aggregates that exhibited EGFP
fluorescence (Fig. 3c). This result suggests that expanded
polyQ-EGFP fusion proteins and their aggregates are under-
going proteolytic processing in the EGFP part in nuclei and
losing EGFP fluorescence.

Visualization of cytoplasmic expanded polyglutamine-
EGFP aggregates in transgenic mice brains using a
fluorescent imager

The distribution of expanded polyQ-EGFP aggregates in the
brain was analysed using a fluorescent imager. Brain sections
from HD190QG mice were prepared and EGFP fluorescence
was directly observed as described in Materials and methods.
Macroscopic analysis indicated that EGFP fluorescence was
very weak but detectable at 4 weeks in brain sections of
HD190QG mice (Fig. 4a). The fluorescence was first detec-
ted in the hippocampus. EGFP fluorescence became wide-
spread, increased with age and occurred at a much higher
frequency in the striatum, hippocampus and hypothalamus in
the brains of 12-24-week-old HD190QG mice (Fig. 4a).

Widespread transgene expression in HD190QG mice
The expression of expanded polyQ-EGFP mRNA was
examined in whole brain sections by in situ hybridization
using an EGFP probe (Fig. 4b). Expression of the transgene
in the striatum, hippocampus, cortex and hypothalamus was
intermediate. Macroscopically, the expression level correlates
with neuronal cell density. In contrast, no positive signal was
observed in littermate control brains, confirming the specif-
icity of the EGFP probe for in situ hybridization. These
results clearly indicate that there is no correlation between
transgene expression and aggregate formation in the striatum,
hippocampus, cortex and hypothalamus.

GeneChip profiling

Our transgenic mice exhibited progressive behavioral and
motor abnormalities and formed expanded polyQ-EGFP
cytoplasmic and nuclear aggregates. To examine the neural
responses to expanded polyQ expression and aggregate
formation in vivo, we carried out comprehensive analysis
of the altered or compensatory gene expression using a
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Striatum Hippocampus
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Fig. 3 Analysis of cytoplasmic and nuclear aggregate formation in
HD150QG mice at an advanced stage. (a) Frozen sections from
32-week-old transgenic mice were processed for either immunofiuo-
rescence (i—iii) or immunohistochemical staining with anti-ubiquitin
(iv=vi). A CY3-labeled (red) secondary antibody was used to detect
ubiquitin and the images of EGFP aggregates and ubiquitinated
aggregates were then merged. Yellow arrows indicate ubiquitin-pos-
itive nuclear aggregates that still retained weak EGFP fluorescence,
while red arrows indicate ubiquitin-positive nuclear aggregates that
totally lost EGFP fluorescence. Scale bars, 20 ym. The white arrow-
heads point to cytoplasmic aggregates and the white arrows indicate
nuclear aggregates. Electron microscopic examination of brain sec-
tions from transgenic mice (vii, hippocampus area; viii, cerebral cortex
area) demonstrated the presence of dark neurons particularly in the
hippocampus (arrow) and nuclear aggregates in the cerebral cortex

high-density oligonucleotide array (GeneChip). GeneChip
profiling was performed in the cerebrum of HD190QG and
R6/2 mice and their littermate controls. Supplementary Table
S2 summarizes data on the differentially expressed genes
identified in all comparisons. We found that the expression
levels of 148 genes were altered in HD190QG mice when
compared with littermate controls. The number of genes
showing decreased or increased expression in the cerebrum of
transgenic mice was 100 and 48, respectively. A large fraction
of the altered genes in HD190QG was comparable with those
in the cerebrum of R6/2 mice (supplementary Table S2).

Decreased expression of hypothalamic neuropeptide
mRNAs in HD190QG mice

Although many altered genes have previously been reported
in the striatum of R6/2 mice (Luthi-Carter et al. 2000), we

Down-regulation of hypothalamic peptides in HD model mice 647

B-tubulin WWMMM wnt == 50

o il

Lamin B cew wee e .«.@

(c)
Anti-N-terminal Htt

Anti-GFP

(arrow). Scale bar, 10 and 5pm in (vii and vii), respectively.
(b) Nuclear accumulation of the transgene product. Brain samples
from 5-week-old (5W) and 33-week-old (33W) HD150QG mice were
subjected to subceliular fractionation as described in Materials and
methods. The transgene products were detected by anti-GFP or 1C2
antibodies in both fotal homogenates (Homo) and nuclei (Nuc). In the
brains of 33-week-old transgenic mice, the amount of nuclear-accu-
mulated transgene products or their cleavage products was reduced
due to aggregation. B-Tubulin and lamin B were used as markers for
cytoplasmic and nuclear protein, respectively. W: wildtype, T: trans-
genic (c) Evidence for proteolytic processing of the transgene prod-
ucts. Frozen brain sections from 32-week-old HD150QG mice were
immunohistochemically stained using either N-terminal huntingtin (Htt)
antibody (i) or GFP polyclonal antibody (ii). Arrows indicate nuclear
aggregates. Scale bar, 20 pm for both (i and ii).

found additional genes with altered expression in this
analysis (see supplementary Tables S2 and S3). In addition
to the dopamine- and cAMP-regulated phosphoprotein,
Mr 32 000 (DARPP-32) and enkephalin, which are predom-
inantly expressed in the striatum and were reported as down-
regulated in R6/2 mice (Luthi-Carter et al. 2000), expression
of six hypothalamic neuropeptides was significantly
decreased in the brains of 8-week-old HD190QG mice.
Oxytocin and vasopressin mRNAs, which are abundantly
expressed in the hypothalamus, were down-regulated in
HD190QG brains. In addition, we also found, through
GeneChip screening, that the expression of an Expressed
Sequence Tag (EST), Al322575, was significantly decreased
in HD190QG mice (supplementary Table §3). We predicted
the coding region of the EST using several bioinformatical
tools such as EST and mouse genome databases. AI322575 is
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Fig. 4 Distribution of EGFP-positive aggregates in HD190QG mice.
(a) Macroscopic analysis of the expanded polyglutamine (polyQ)-
EGFP aggregates by a fluorescent imager. The frozen coronal brain
sections were from 4-24-week-old HD190QG mice. Sections were
directly observed using a fluorescent imager. Different slices of cortex
(i~ii) and cerebellum (iv). (b} Widespread expression of transgene in
HD190QG mice. /n situ hybridization using an EGFP probe in slices
(i and ii) indicates that expanded polyQ-EGFP mRNA was observed in
afl brain regions of HD190QG [transgenic (TG)] of different ages
(4—24 weeks). in contrast, positive signals were not observed in
littermate control brains [wild type (WT)]. Scale bar, 5 mm.

a part of cDNA encoding the neuropeptide CART (Adams
et al. 1999), which is expressed in several hypothalamic
regions and has been shown to be involved in the central
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control of food intake (Kong et al. 2003). Furthermore,
expression of hypothalamic peptides, such as neuropeptide Y,
prepro-thyroid-stimulating hormone-releasing hormone and
prepro-somatostatin, was suggested to be decreased in
HD190QG mice by GeneChip analysis.

We then confirmed the altered gene expression in the
cerebrum by TagMan RT-PCR assay. As shown in
Figs 5(a and b), the levels of DARPP-32 and enkephalin
were decreased in HD190QG and R6/2 mice. In contrast, the
expression of prepro-tachykinin A mRNA, which is
expressed in medium spiny neurons, was unchanged between
the control and HD190QG brains (Fig. 5c).

The expression of six hypothalamic peptides of oxytocin,
vasopressin, CART, neuropeptide Y, prepro-thyroid-stimula-
ting hormone-releasing hormone and prepro-somatostatin
mRNAs was decreased in HD190QG brains (Figs 5d-i).
Similar results were also obtained in R6/2 mice (Fig. 5).

Distribution of the EGFP fluorescence in the HD190QG
mice corresponds to the regions where dopamine- and
cAMP-regulated phosphoprotein, Mr 32 000, oxytocin,
vasopressin and cocaine-amphetamine-regulated
transcript mRNAs are down-regulated
We investigated the distribution of DARPP-32 and oxyto-
cin, vasopressin and CART mRNA in brains of 12- and 24-
week-old HD190QG mice and their littermate controls by
in situ hybridization. The DARPP-32 mRNA was expressed
at high levels in the striatum, layer V of the cerebral cortex
and the olfactory tubercle in the littermate controls of
HD190HD mice (Fig. 6a). In contrast, the level of DARPP-
32 expression was decreased at 12 and 24 weeks in
HD190QG mice.

Oxytocin, vasopressin and CART mRNAs were expressed
prominently in the hypothalamus of control brains (Fig. 6b).
Both oxytocin and vasopressin mRNAs were expressed in

Fig. 5 TagMan RT-PCR analysis of differ-
entially expressed genes in 8-week-old
HD190QG and R6/2 mice. TagMan RT-
PCR analysis was carried out in wild-type
CART (WT) vs. HD190QG and R6/2 mice as
described in Materials and methods. Values
are given as mean £SD (n = 4). (a) Dop-
amine- and cAMP-regulated phosphopro-
tein, Mr 32000 (DARPP-32); (b)
enkephalin; {c) prepro-tachykinin A (PPTA);
(d) oxytocin; (e) vasopressin; (f) cocaine-
R amphetamine-regulated transcript (CART);
(g) neuropeptide Y; (h) prepro-thyroid-sti-
mulating hormone (TSH)-releasing hor-
mone; (i) prepro-somatostatin. *p < 0.05;
**p < 0.01; **p < 0.001. TG, transgenic.
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Fig. 6 In situ hybridization of genes differentially expressed in wild-
type (WT) and HD190QG [iransgenic (TG)] mice. Representative
patterns of hybridization signals for dopamine- and cAMP-regulated
phosphoprotein, Mr 32 000 (DARPP-32) in the striatum (a) and oxy-
tocin, vasopressin and cocaine-amphetamine-regulated transcript
(CART) mRNAs in the hypothalamus (b) were presented. (a) DARPP-
32 mRNA was expressed at high levels in the striatum, cerebral cortex
layer V and olfactory tubercle in WT mouse brain. mRNA expression
was significantly decreased in TG mouse brain. (b) Both oxytocin and
vasopressin mRNAs were expressed in supraoptic nuclei (SON) and

supraoptic nuclei and paraventricular nuclei, whereas CART
mRNA was abundant in the lateral hypothalamic area,
dorsomedial nuclei of the hypothalamus, basolateral nuclei of
the amygdala and arcuate nuclei. The levels of these mRNAs
were largely decreased in HD190QG mice (Fig. 6b).

Interestingly, the distribution of EGFP-positive cytoplas-
mic aggregates of expanded polyQ-EGFP fusion protein in
HD190QG mice corresponds to the regions where DARPP-
32 and oxytocin, vasopressin and CART mRNAs were
down-regulated (Figs 4a and 6).

We next checked how hypothalamic neuropeptide mRNAs
decreased in HD190QG. We examined the levels of oxytocin
mRNA by in situ hybridization. As shown in Fig. 6(c), the
mRNA levels of oxytocin did not change at 4 weeks of age
in HD190QG mice. In contrast, oxytocin mRNA is markedly
decreased at 12 and 24 weeks of age, with an almost constant
decrease observed in both cases.

We further studied the relationship between down-regula-
ted gene expression, transgene expression and aggregate
formation in the hypothalamus of HD190QG and littermate
controls (Fig. 7). Although oxytocin mRNA was signifi-
cantly decreased in HD190QG mice, there was no correlation
between the altered gene expression and transgene expres-
sion as analysed by in sifu hybridization using an EGFP
probe (Fig. 7a). However, we found that many anti-N-
terminal  huntingtin-immunoreactive  aggregates = were
observed in the paraventricular nuclei of the hypothalamus
of HD190QG, where the expression of oxytocin mRNA was

paraventricular nuclei (PVYN). CART mRNA was abundant in dorso-
medial nuclei of the hypothalamus (DMH) and ventromedial nuclei of
the hypothalamus. The levels of these mRNAs were significantly de-
creased in TG. Scale bar, 1 mm. (c) Decreased expression of oxytocin
mRNA was observed in the hypothalamus of HD190QG mouse brain.
A significant decrease in oxytocin mRNA was observed in the hypo-
thalamus of 12- and 24-week-old HD190QG mice. Scale bar, 300 um.
Arc, arcuate nuclei; BLA, basolateral nuclei of the amygdala; LHA,
lateral hypothalmic area.

down-regulated. Similar results were also obtained for CART
in the lateral hypothalamic area and dorsomedial nuclei of
the hypothalamus (Fig. 7b). Thus, there is a correlation
between aggregate formation and decreases in specific gene
expression in the hypothalamus.

Decreased gene expression of oxytocin without a
significant decrease in hypothalamic neurons in
HD190QG mice _

Scoring oxytocin-expressing neurons in the hypothalamus
of 24-week-old HD190QG clearly indicated that oxytocin-
positive neurons were markedly decreased in HD190QG
(Fig. 8a). We then counted the neuronal nuclei in the
striatum using an antibody which recognizes NeuN (Azzouz
et al. 2000). Quantification of neuronal nuclei in the
hypothalamus using NeuN indicated that hypothalamic
neurons were not lost in HD190QG mice at 24 weeks
(Fig. 8b).

Discussion

EGFP is widely used in many studies of HD for labeling
mammalian cells in culture or in multicellular organisms but,
as yet, has not been utilized for disease model mice. To study
aggregate formation of expanded polyQ in the brain, we have
established transgenic mouse lines expressing expanded
polyQ as a fusion with EGFP under the control of the
buntingtin promoter. By using these mice in combination
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Fig. 7 The relationship between altered gene expression, transgene
expression and aggregate formation in the hypothalamus. Serial sec-
tions (20 pm thick) were prepared from 24-week-old wild-type (WT) or
HD190QG [transgenic (TG)] mice and processed for in situ hybridization
and immunohistochemistry. Coronal sections were prepared according
to the regions of Bregma —0.94 mm (a; for oxytocin mRNA) and

Fig. 8 Counting of oxytocin mRNA-expressing neurons and neuron-
specific nuclear protein (NeuN)-positive neurons in the hypothalamus.
Serial sections (20 pm thick) were prepared from 24-week-old wild-
type (WT) or HD190QG [transgenic (TG)] mice and processed for
in situ hybridization (a) or immunohistochemistry using NeuN (b). The

(b)
TG

0.5 mm

GFpP

anti-
N-htt

—2.18 mm [b; for cocaine-amphetamine-regulated transcript (CART)
mRNA expression] based on the atlas of Franklin and Paxinos (1997).
Higher magnification views of sections corresponding to the hypothala-
mus are shown below. Transgene expression assessed using an EGFP
probe are also shown (shown as GFP). The sections were immunohis-
tochemically stained using N-terminal huntingtin antibody (anti-N-htt).

WT TG
WwT TG

WT TG

=

WT TG

number of oxytocin mRNA-positive or NeuN-positive cells in the areas
enclosed within the red lines were counted. Images show every 200~
um serial section. We analysed three WT and three TG mice. Values
are given as mean = 3SD.
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with confocal microscopy and fluorescent imaging, we found
that the transgene product forms aggregates in the hypotha-
lamus as well as in the striatum and hippocampus.

These mice could be useful for further HD studies. Firstly,
striatal and hippocampal neurons of our transgenic mice can
be maintained in culture and aggregate formation can be
observed in living cells by fluorescence microscopy. Sec-
ondly, using a fluorescence-activated cell sorter we can purify
the polyQ-EGFP aggregates in both cytoplasm and nuclei in
our mouse models. Indeed, we have purified the cytoplasmic
aggregates from neuro2a cells expressing expanded polyQ-
EGFP, with the aid of a fluorescence-activated cell sorter, and
identified several aggregate-interacting proteins (Mitsui et al.
2002). Finally, molecules that are able to suppress polyQ
aggregation are now considered potential therapeutic mole-
cules (Ferrante er al. 2003; Hockly er al. 2003; Sanchez ef al.
2003; Tanaka et al. 2004). Our EGFP mouse model, in
combination with a fluorescent imager, could provide a
simple and sensitive tool for ir vivo testing of potentially
therapeutic molecules for inhibiting aggregate formation.

R6/2 and our HD190QG mice (transgene, an EGFP-tagged
huntingtin exon 1) display progressive neurological pheno-
types which are very similar to those seen in the human
disease. There is a marked difference in survival between our
expanded polyQ-EGFP transgenic and R6/2 mice. This
might be due to the presence of EGFP in addition to the
expanded polyQ, which stabilizes the molecule and reduces
the formation of polyQ aggregates in vivo.

The cytoplasmic and nuclear aggregation of expanded
polyQ-EGFP fusion proteins were observed in striatal and
hippocampal neurons in younger mice and increased pro-
gressively with age. In older transgenic mice, the ubiquitin-
positive nuclear aggregates lost EGFP fluorescence although
they still had EGFP immunoreactivity. The loss of fluores-
cence in nuclear aggregates does not appear to be due to age
as the cytoplasmic aggregates increase progressively with
increased age. It is also unlikely to be due to the association of
nuclear proteins, as reported earlier (Perez et al. 1998;
Boutell ef al. 1999; Shimohata et al. 2000). Our results
suggest that proteolytic processing, particularly in the nuc-
leus, is involved in this loss of fluorescence. Although we do
not know the identity of the protease or the specific cleavage
site, it is possible that proteasomes may be involved in this
proteolytic processing as proteasomes associate with the
nuclear aggregates and have been shown to remove aggre-
gates (Yamamoto ef al. 2000; Martin-Aparicio et al. 2001).

Luthi-Carter et al. (2000) have identified genes that were
aberrantly expressed in the striatum of R6/2 mice using
GeneChip analysis. Their experiments showed a general
down-regulation of striatal signaling genes and up-regulation
of genes indicative of stress and inflammation. In this report
we compared differentially expressed genes between
HD190QG and control mice in the cerebrum and found that
expression of hypothalamic peptide mRNAs, such as oxy-
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tocin, vasopressin and CART, was reduced in HD190QG
mice in addition to the already reporied altered genes,
indicating the region-specific dysregulation of gene expres-
sion in the hypothalamus as well as the striatum in the brains
of HD190QG mice.

The polyQ-EGFP transgene was widely expressed in
transgenic mouse brain (Fig. 4b), which is consistent
with endogenous huntingtin (Gutekunst ef al. 1995;
Landwehrmeyer et al. 1995). However, EGFP fluorescence
in brain sections was more pronounced in the striatum,
hippocampus and hypothalamus in  12-24-week-old
HD190QG mice (Fig. 4a), indicating that there is no direct
correlation between transgene expression and aggregate
formation. The distribution of aggregates is nearly correlated
with the down-regulated expression of specific genes found
in the striatum and hypothalamus in HD190QG mice. Thus,
the presence of aggregates may lead to decreased levels of
specific mRNAs in both the striatum and hypothalamus in
our HD transgenic mice. As neurons accumulating expanded
polyQ-EGFP did not selectively express high levels of the
expanded polyQ mRNA in our mice (see Fig. 4b), the
region-specific accumulation of expanded polyQ-EGFP does
not result from local overexpression of the transgene.

Huntington disease is associated with weight loss in
patients from early stages of the disease (Djousse ef al.
2002). The complex neural circuits maintaining constancy of
weight consist of many groups of neurons in the hypotha-
lamus and other brain regions (Kalra et al. 1999). Selective
neuronal loss in the hypothalamic lateral nucleus in HD
patients has been demonstrated (Kremer er al. 1990, 1991)
and atrophy of hypothalamic nuclei was confirmed by
magnetic resonance imaging (Kassubek efal. 2004).
Recently, hypothalamic degeneration in HD transgenic mice
has been described (Li et al. 2003; Petersen et al. 2005). In
our study, the gene expression in distinct areas in the
hypothalamus was analysed by in situ hybridization and by
counting neuronal cell numbers. Clear differences in gene
expression were observed in this area, suggesting that
transcriptional dysregulation occurs in each diseased neuron.
In addition, our data reveal a down-regulation of mRNAs for
a number of hypothalamic peptides that are known to be
involved in feeding behavior and energy homeostasis.
Different types of neurodegeneration in HD may lead to a
variety of neurological symptoms. Dysfunction and degen-
eration of neurons in the striatum could be associated with
motor and behavioral abnormalities. Dysregulated gene
expression in the hypothalamus may lead to wasting and
body weight loss. Our present resulis reveal consistent
hypothalamic lesions in different HD mouse models.
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Within a few days, she had reverse “sniffing” when tired and said,
“Mom, I don’t mean to do this.” She also had stereotypical wiping
of her nose with the left hand. The following day, she had brief
nasal flaring and grunting in addition to arm abduction and head
protrusion. The medication was reviewed and found to contain 10
mg of mepyramine maleate in addition to 50 mg of guaifenesin per
dose. The movements improved within a few days of stopping the
medication. Of note, the child had no difficulty the previous month
when given an over-the-counter medication containing guaifen-
esin plus pseudoephedrine.

Discussion. Cetirizine is an over-the-counter highly selective
histamine H1l-receptor antagonist.! It is one of only two second-
generation antihistamines approved by the Food and Drug Ad-
ministration for children younger than 5 years old.? The large size,
lipophobic nature, and greater peripheral Hi-receptor affinity are
thought to minimize CNS penetration and central side effects.
However, one PET study of cetirizine shows approximately 30%
cerebral cortex H1l-receptor binding.! Cetirizine is a carboxylated
metabolite of hydroxyzine,! a first-generation piperazine HI-
receptor antagonist.? Piperazines have central D2-dopaminergic
blocking properties and are used as antipsychotic agents.? We
postulate that as a piperazine derivative, cetirizine has dopamine
receptor blocking properties in susceptible individuals and caused
the dystonic movements in our case.

There are cases of reversible cetirizine-induced oculogyric eri-
sis previously reported in the pediatric literature.* Furthermore, a
13-year-old girl developed dystonic movements after 2 months of
treatment with hydroxyzine’ IV cimetidine, a histamine H2-
receptor antagonist, is associated with acute dystonic reaction in a
39-year-old woman with masseter spasm and oculogyric crisis who
had a history of a similar reaction following IV prochlorperazine.

As this child tolerated guaifenesin in other formulations, we
believe mepyramine was the component triggering recurrence of
her symptoms. Mepyramine, an ethylenediamine, is a first-
generation H1 antagonist with CNS penetration.® Although
mepyramine is not known to interact with the dopamine system,
histamine is reported to in some human studies. This may repre-

sent a physiologic explanation for our observation, although ani-
mal studies reveal contradictory evidence.’

This young girl developed repetitive, stereotyped, involuntary
dystonic movements after nearly 3 weeks on daily cetirizine syrup
given at the recommended dose. She developed similar movements
within a few days of mepyramine exposure. These movements
likely represent dystonic ties. There was no sustained, fixed
posturing.
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Progression of the olivopontocerebellar form
of adrenocleukodystrophy as shown by MRI

S. Suda, MD; Y. Komaba, MD; T. Kumagai, MD;
M. Yamazaki, MD; T. Katsumata, MD; T. Kamiya, MD;
and Y. Katayama, MD

Adrenoleukodystrophy (ALD) is an X-linked recessive disorder
characterized by demyelination of the CNS, adrenal insufficiency,
and increased blood concentrations of very long chain fatty acids
(VLCFA).! The clinical phenotype of ALD is variable. The most
common type of ALD is the childhood cerebral form, in which
T2-weighted MRI of the brain typically shows areas of hyperin-
tense signal in parieto-occipital white matter.? In contrast, the
olivopontocerebellar form of ALD is an uncommon phenotype
identified in 1982 in an ALD family pedigree where clinical fea-
tures resembled those of spinocerebellar degeneration.? We report
progression demonstrated by MRI in a patient whose olivoponto-
cerebellar form of ALD included certain atypical lesions.

Case report. A 29-year-old man was hospitalized with pro-
gressive gait disturbance and dysarthria for 6 months. He had a
history of Addison disease beginning 3 years previously, treated
with dexamethasone. On admission, physical examination showed
increased skin pigmentation. Neurologic examination disclosed
cerebellar ataxia, exaggerated deep tendon reflexes, and patho-
logic reflexes in all extremities. No mental disorder, visual distur-
bance, sensory deficit, or sphincteric disturbance was present.
Results of CSF examination were normal. A rapid adrenocortico-
tropic hormone stimulation test showed a greatly decreased re-
sponse, suggesting adrenal insufficiency. T2-weighted MRI of the
brain showed hyperintense areas in both dentate nuclei and red
nuclei and in the pontine portion of the left corticospinal tract
(figure, A to E). No lesions were demonstrated by MRI in cerebral
white matter. Analysis of VLCFA in peripheral blood revealed
marked elevation of €24:0/C22:0, C25:0/C22:0, and C26:0/C22:0
ratios, The patient was diagnosed with the olivopontocerebellar
form of ALD. Despite the importance of information concerning
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genotype-phenotype correlation in this disorder, consent for ALD
genetic testing was withheld by the patient. At 24 months from
symptom onset, he had become bedridden because of progressive
ataxia and spastic tetraplegia. He had severe dysphagia and dys-
arthria. T2-weighted MRI of the brain now showed additional
hyperintense areas in the pontine portion of the right corticospi-
nal tract, left thalamus, and in both medullary pyramids (figure, F
to J). T2-weighted MRI of the spine showed mild atrophy of the
cervicothoracic spinal cord without obvious abnormal intensities
(figure, K and L). At 36 months after symptom onset, follow-up
T2-weighted MRI of the brain showed progressive enlargement of
lesions, and also new hyperintense areas bilaterally in the medial
lemniscus of the brainstem, cerebral peduncle, and internal cap-
sule and in the right thalamus (figure, M to Q). Follow-up T2-
weighted MRI of the cervicothoracic spinal cord showed bilateral
hyperintense areas in the lateral funiculi and posterior columns
(figure, R and 8).

Discussion. The olivopontocerebellar form accounts for only
1% to 2% of all cases of ALD. Few reported patients have been
followed up by serial imaging to identify and characterize progres-
sion. We longitudinally studied MRI findings in our patient with
this form of ALD. Progression of disease extent and distribution of
lesions in the present patient was compared with previously re-
ported brain MRI findings in patients with olivopontocerebellar
ALD. These reported images disclosed demyelination of the cere-
bellum, cerebellar peduncles, and the corticospinal tracts from the
medulla to internal capsule.*® In the present patient, serial MRI
indicated principal involvement of three functional types of tracts,
with progression of disease as follows: 1) demyelination of the
dentatorubrothalamic tract progressively extending from the red
nuclei upward to the thalamus; 2) demyelination of the corticospi-
nal tract extending downward from the pons to the spinal cord
and upward to the internal capsule; and 3) progression of the
posterior column-medial lemniscus lesion that was difficult to
clarify by MRI. On the other hand, MRI of the spine reportedly
has shown cord atrophy with no focal abnormality in intrinsic
signal intensity.s In the present patient, bilateral involvement of
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Figure. Serial MRI of the brain and cervicothoracic spinal
cord, showing progression of demyelination. A to E: Im-
ages obtained 6 months after symptom onset. T2-weighted
sequences show hyperintense areas in the dentate nuclei
and red nuclei bilaterally, and in the left corticospinal
tract at the level of the pons. F to L: Images obtained 24
months after symptom onset. T2-weighied sequences show
new hyperintense areas in the right corticospinal tract at
the level of the pons and left thalamus, and bilaterally in
the medullary pyramids. T2-weighted imaging of the spi-
nal cord at C5 and Th7 shows mild atrophy without obui-
ous abnormal intensities. M to S: Images obtained 36
months after symptom onset. T2-weighted sequences show
new hyperintense areas bilaterally in the brainstem me-
dial lemniscus, cerebral peduncle, and internal capsule
and in the right thalamus. T2-weighted image of the spi-
nal cord shows bilateral hyperintense areas in the lateral
funiculi and posterior columns.
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posterior columns and lateral funiculi ultimately could be identi-
fied by serial MRIL. Histologically, loss of axons and myelin has
been observed in the corticospinal tract and in the posterior col-
umns and medial lemniscus.” To our knowledge, the present re-
port is the first account of ALD to show T2-weighted hyperintense
areas in the spinal cord.

Early diagnosis of ALD phenotype, important for genetic coun-
seling and choice of therapy; is usually based on MRI findings and
clinical symptoms.
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Workshop: Recent Advances in Motor Neuron Disease

Is motoneuronal cell death in amyotrophic lateral
sclerosis apoptosis?

Mineo Yamazaki,”” Eisaku Esumi® and Imaharu Nakano*

Division of Neurology, 2nd Department of Internal Medicine, Nippon Medical School, 2Department of Neuropathology,
Tokyo Metropolitan Institute for Neuroscience, *Department of Neurology, Tokyo Tama Hospital, Tokyo and ‘Department
of Neurology, Jichi Medical School, Tochigi, Japan

To clarify the controversy concerning whether the cell
death of motor neurons in ALS is apoptosis, we investi-
gated the expression of Apaf-1 and caspase-9 mRNA in
spinal cord tissue obained at antopsy from patients with
ALS and controls using RT-PCR; the presence of in situ
nuclear DNA fragmentation in motor neurons by the
TdT-mediated dUTP-biotin nick end-labeling (TUNEL)
method; and immunocytochemical localization of Apaf-1
and caspase-3, which are known as promotors of apoptotic
processes. Although Apaf-1 and caspase-9 mRNAs levels
were increased im ALS, Apaf-1 immunoreactivity (IR)
showed no significant difference between ALS and the con-
trol, and caspase-3 IR was not observed in ALS motonen-
rons, casting doubt on the notion that motor neurons in
ALS undergo death by the classic apoptotic pathway.
Although TUNEL-positive motor neurons were frequently
observed in the anterior horn in ALS, these nenrons always
showed an atrophic cell body with a shrunken and pyknotic
pucleus, indicating that they were at the terminal stage of
degeneration. No apoptotic bodies were seen. These find-
ings suggest that the mechanism of motor neuronal cell
death in ALS might not be apoptosis, but some other as yet
unidentified mechanism.

Key words: amyotrophic lateral sclerosis, Apaf-1, apopto-
sis, caspase, cell death, DNA fragmentation.

INTRODUCTION

Since the discovery of missense mutations in the chromo-
some 21 gene which encodes copper/zinc superoxide
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dismutase-1 (SOD1) in the dominantly inherited ALS fam-
ily,"* ALS research has focused on this SOD1 gene muta-
tion.>* A number of authors have proposed the possibility
of programmed cell death, termed apoptosis, in the motor
neurons in SOD1 transgenic mice, and suggested that the
same cell death processes also occur in classic ALS in
humans.

The definition of apoptosis is so fuzzy, however, as to
confound attempts to interpret the results of apoptosis
studies over a range of degenerative diseases. This lack
of clarity is reflected in inconsistencies in the biochemical
and morphological features of motoneuronal cell death
observed in SOD1 transgenic mice and in patients with
ALS‘10—16

Several recent investigations of motor neuronal cell
death in ALS have focused on caspases and related pro-
teins in SOD1 transgenic mice."’® Caspases are gener-
ated in the form of pro-enzymes (inactive form), and are
activated by proteolysis to form active complexes which
kill neurons via the apoptosis process. The caspases
examined in the present study are thought to be associ-
ated with mitochondria and to be active in the final com-
mon pathway of the caspase cascade. Cytochrome C
(Apaf-2) and Apaf-1 are discharged together from mito-
chondria, and form a complex with caspase-9 through
caspase recruitment domain in the presence of dATP. As
a result, caspase-9 is changed to the activated form,
which in turn activates caspase-3, which finally induces
cell death.

To clarify whether apoptosis is in fact associated with
the cell death of motoneurons in ALS patients, we studied
the presence of DNA fragmentation, the definitive sign of
apoptosis, in these cells. In addition, we also analyzed
Apat-1 and caspase-9 mRNA, and immunocytochemically
investigated Apaf-1 and caspase-3 in spinal motoneurons
in ALS patients.
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MATERIALS AND METHODS

Tissue preparation

The brain and cervical and lumbar segments of the spinal
cord were rapidly obtained at autopsy of patients with
ALS (n=3), disease controls (n=2, ossification of the
posterior longitudinal ligament and MSA) and non-
neurological disease controls (n =2, acute myocardial inf-
arction and adrenal gland cancer). All ALS patients
showed symptoms of upper and lower motor neuron
involvement and fulfilled the pathological criteria of ALS.
The tissues obtained at autopsy were preserved, frozen at
—80°C until analysis. For the TdT-mediated dUTP-biotin
nick end-labeling (TUNEL) method, sections were made
from formalin-fixed and paraffin-embedded blocks of the
appropriate regions.

RT-PCR method

Total mRNA was isolated from the cerebral cortex (area
17), putamen and spinal cord of ALS patients. Poly A+
mRNA was controllied using a Quickprep mRNA purifica-
tion kit (Amersham Pharmacia Biotech, Uppsala, Swe-
den). RT-PCR was performed using the following primers
specific to Apaf-I and caspase-9 genes. The sense and
antisense primers for Apaf-lI were 5-ACATCACGAA
TCTTTCCCGC-3’, corresponding to APPN, and 5'-
AACACTTCACTATCACTTCC-3, corresponding to
APPC. The primers used for caspase-9 were 5'-GCCATG
GACGAAGCGGATCGGCGG-3 (sense) and 5-GGC
CTGGATGAAAAAGAGCTGGG-3 (antisense). PCR
was performed with a synthetic first-strand cDNA tem-
plate. Amplification was continued for 35 cycles (1 min
denaturation at 94°C, 1min annealing at 55°C, 2min
extension at 72°C).

M Yamazaki et al.

Immunohistochemistry

Immunohistochemical staining was performed using
mouse monoclonal anti-Apaf-1 antibody (MABS868; R &
D systems, Minneapolis, MN, USA), rabbit polyclonal anti-
CPP32 antibody* and mouse monoclonal anticaspase-3
antibody (sc-7272; Santa Cruz Biotechnology, CA, USA).
Frozen sections were incubated with 3% hydrogen perox-
ide for 30 min to block endogenous peroxidase activity.
The sections were incubated with the antibodies at 4°C
overnight and immunoreactivity was visualized with a His-
tostain SP kit (Zymed, San Francisco, CA, USA).

TUNEL method

Formalin-fixed, paraffin-embedded lumbar cord specimens
from six ALS patients were examined in comparison with
those from four controls. To facilitate the earliest possible
detection of changes in motor neurons, these six cases were
selected from among more than 50 ALS cases for their rel-
atively well-preserved anterior horn cells. Mean age of the
ALS and control (three with cerebral infarction and one
with Marchiafava-Bignami disease) patients was 67 years
(range 50-84 years) and S50years (range 18-70 years),
respectively.

DNA fragmentation was detected by the TUNEL
method, using an in situ cell death detection kit
(Boehringer-Mannheim, Indianapolis, MN, USA). Nega-
tive controls were examined using TUNEL reaction solu-
tion without TdT or fluorescein dUTP. Feasibility of the
nuclear labeling of cells by the TUNEL method was con-
firmed in intestinal tissue obtained at autopsy of patients
with malignant lymphoma. After oligonucleosomal DNA
cleavages were labeled, photos of each TUNEL-positive
neuron were taken, the same specimens were stained with
HE, and TUNEL-positive neurons identified from the

604bBP g 1 Detection of Apaf-1 mRNA in
the brains of controland ALS patients.
B-actinmRNA inthesamesampleswas
used as control. The Apaf-1 mRNA
band was detected in the cervical and
thoracic cord, and was compared with
cerebral cortex and putamen in
patientswithALS (N:negative control,
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photos were cytopathologically observed. TUNEL-
positive spinal motor neurons and all anterior motor
neurons in all sections were counted, and the frequency of
TUNEL-positive spinal motor neurons was measured.

RESULTS

PT-PCR

PCR using primers to amplify Apaf-1 clearly revealed pos-
itive bands of Apaf-1 mRNA in the cervical (C8) and tho-
racic cord (T12) in patients with ALS, but not in the
cerebral cortex and putamen as such. In contrast, Apaf-1
mRNA was scarcely detected in the spinal cord of control
cases (Fig.1). Apaf-1 mRNA was clearly expressed in the
putamen and cervical cord of patients with MSA (Fig. 2).
The caspase-9 mRINA band was detected in the spinal cord
of ALS patients and putamen and cervical cord of MSA
patients, but was hardly seen in control cases (Fig. 3).

Immunocytochemistry

To determine whether Apaf-1 and caspase-3 are acti-
vated in ALS, control and ALS brains were immun-
ostained with anti-Apaf-1 and anticaspase-3 antibodies.
For Apaf-1, anterior horn motoneurons in control and
ALS spinal cords showed weak cytoplasmic staining for
Apaf-1, whereas ALS brains showed no significant dif-
ferences to control brains (Fig.4a,b). Immunolabeling
using antibodies specific to caspase-3, rabbit polyclonal
anti-CPP32 antibody (Fig. 4c,d) and mouse monoclonal
anticaspase-3 antibody (Fig.4e,f) revealed only scarce
caspase-3 immunoreactivity in motor neurons in control
and ALS brains.

TUNEL method

TUNEL-positive motor neurons in the anterior horn were
observed in three of six ALS cases, whereas in control cases

Fig.3 Expression of caspase-9
mRNA in control, MSA and ALS
brains.The caspase-9 mRNA band was
detected in the spinal cord of ALS
patients and in the putamen and cervi-
cal cord of MSA patients, but not in
control case tissues (N: negative con-
trol, C: C8, T: Th12, P: putamen, 17:

area 17). ALS1
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only two TUNEL-positive neurons were seen, one each in
two cases. The TUNEL-positive motor neurons were atro-
phic and round in both groups, without large cell processes.
They were filled with lipofuscin and the nucleus was eccen-
tric, flat and pyknotic (Fig. 5a,b). Although TUNEL-
positive motor neurons with Lewy body-like hyaline
inclusions were occasionally found (Fig. 5¢,d), no TUNEL-
positive neurons carrying Bunina bodies were observed.
Not all atrophic anterior horn neurons were TUNEL-
positive; some had TUNEL-negative nuclei, which were
always a generally round shape with a light nucleoplasm.
(Fig. 5e,f). However, most TUNEL-negative neurons were
of normal size and had many processes in their cell bodies.
TUNEL-positive motor neurons represented 5.3-8.9% of

p-actin

| W
MSA ALS2

Fig.2 Detection of Apaf-1 mRNA in the brains of MSA
patients. Apaf-1 mRNA was expressed in the putamen and
cervical cord of a patient with MSA (N: negative control, C:
C8, P: putamen).

AlS2 MSA

Controll Controt2
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all anterior horn neurons (Table 1), and all motor neurons
with a normal appearance were TUNEL-negative. No apo-
ptotic bodies were seen in any ALS patient specimen.

DISCUSSION

For several reasons, the findings of this study on whether
neurons in ALS undergo apoptosis were inconclusive.
Although mRNAs of Apaf-1 and caspase-9 were appar-
ently expressed in ALS brains, indicating that apoptosis
through Apaf-I and caspase-2 may be, at least to some
extent, involved in this neuronal cell death, expression was
not restricted to the ALS brain but was also recognized to
some degree in the MSA brain. Further, we could not
determine whether Apaf-1 mRNA and caspase-9 mRNA

M Yamazaki et al.

Fig.4 Immunchistochemical expression of Apaf-1
and caspase-3 in the spinal cord of control and ALS
patients. (a,b) No difference in Apaf-1 immunostain-
ing between ALS (a) and control (b) cervical cords
(CB). (¢,d) Immunolabeling using rabbit polyclonal
anti-CPP32 antibody showed noimmunoreactivityin
anterior hornneurons of control (¢) or ALS (d) lum-
bar cords (L5).(e,f) Mouse monoclonal anticaspase-3
antibody revealed almost no immunoreactivity of
caspase-3 in motor neurons in ossification of the pos-
terior longitudinal ligament (¢) or ALS (f) cervical
cords (C8). Bar, 100 pm.

in the ALS brains were expressed by neurons, glia, or both,
Indeed, our immunocytochemical investigation of Apaf-1,
caspase-9 and caspase-3 failed to show any substantial
increase in the production of these proteins in ALS over
contro] brains. Against these findings, however, it was
recently reported that caspase-9 is activated in spinal
motor neurons of ALS patients? It thus remains unclear
whether caspase-9 is activated in motor neurons of ALS
brains. In our study, caspase-9 mRNA was expressed in
ALS brains and was clearly activated in motor neurons of
the ALS spinal cord. However, our data also suggest that
caspase-3 was not activated in the spinal motor neuron,
and it was unlikely that the apoptotic cascade from
caspase-9 to caspase-3 was present. '

The phenomenon apoptosis was originally defined as
fulfilling the following conditions: (i) DNA fragmentation;
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Fig.5 TdT-mediateddUTP-biotinnickend-labeling
(TUNEL) staining of anterior horn neurons in ALS
patients. (a,b) ATUNEL-positive lumbar motor neu-
ron is seen (case 1). The cell body is round and filled
with lipofuscin. The same section stained with HE
stain (a) and the TUNEL method (b). (c,d) TUNEL
staining was occasionally observed in motor neurons
with hyaline inclusions. (e,f) Some TUNEL-negative
anterior horn neurons were atrophic and filled with
lipofuscin. Bar, 50 pm.
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Table 1 Positive TdT-mediated dUTP-biotin nick end-labeling (TUNEL) of ALS spinal motor neurons

Case Age (years), sex Total no. neurons (no.sections) TUNEL-positive neurons Mean % positive per section
1 61, female 486 (10) 26 53
2 81, female 219 (5) 13 5.9
3 67, male 202 (10) 18 89

and (i) nuclear fragmentation and cellular budding (the
presence of apoptotic bodies). Given the inconclusive
PCR and immunocytology results here, we also checked
whether the morphological changes of motor neurons in
ALS were compatible with this definition. Results using
the TUNEL method showed the presence of in situ DNA
fragmentation in 5-9% of spinal motor neurons in ALS
patients, If this DNA fragmentation does in fact represent
a process of apoptosis, and if apoptotic cell death in moto-
neurons proceeds over a few hours as seen in other organs,
this high proportion of TUNEL-positive cells would result
in the total mathematical disappearance of spinal motor
neurons in only a few months, with patients of course dying
long before. In reality, however, the typical clinical course

of several years before death means that one or both of the
above assumptions is wrong. Although the possibility that
apoptosis occurs more slowly in ir situ motor neurons than
other organ cells cannot be denied, i vitro studies using
neuronal cell cultures® and our present finding that all
TUNEL-positive neurons had shrunken pyknotic nuclei
suggest that the mechanism of motor neuronal cell death in
ALS represents a different process to apoptosis as defined
above.

Moreover, it has been reported that the formation of
apoptotic bodies was completed within several minutes in
cells of a culture system.” Further, in vivo, apoptotic bod-
ies disappear within only a few hours after formation in
organs such as the liver.® If this is the case for motoneu-
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rons also, this rapid time course may explain why apoptotic
bodies can hardly be detected in human brain tissue. DNA
fragmentation detected by the TUNEL method, however,
is considered to represent an early stage of apoptosis, 50
specimens containing frequent TUNEL-positive neurons
undergoing apoptosis should show at least some apoptotic
bodies. This was not the case for our ALS specimens,
implying again that the DNA fragmentation we observed
may not be related to apoptosis. The present study thus
fails to corroborate several reports indicating the apoptotic
processes of motoneuronal cell death in ALS® % A1Sisa
lethal disease without effective therapy, so the exploration
of new drugs and therapies on the basis of immature
hypotheses of pathomechanisms is both valid and neces-
sary. At the same time, however, it is necessary to pursue
investigations into the cause and mechanism of this diffi-
cult disease via a rational and critical observation and anal-
ysis of patient tissues.
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