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ment of CBF at 2 and 24h after administration of L-
745,870 (210mg/kg) or vehicle. Cerebral blood flow was
measured by the hydrogen clearance method via a
platinum wire electrode stereotaxically inserted into the
right hippocampus using coordinates of 2mm posterior
and 2mm lateral to the bregma, and 2.5mm below the
brain surface in a flat cranial presentation, as previously
reported (Osuga et al, 2000).

Histopathology

After 3 days of reperfusion, animals were anesthetized
with 4% halothane and perfused with 60mL of 4%
paraformaldehyde in phosphate buffer (pH 7.4) via a
catheter placed in the heart. The brains were removed,
fixed in 10% formalin for 10 days, and embedded in
paraffin. Paraffin sections were sliced at a thickness of
7 um for histopathologic and immunochistochemical eva-
luation. Neuronal cell density of the CA1 subfield of the
hippocampus, that is, the number of intact CA1 pyramidal
neurons per 1mm linear length of pyramidal cell layer,
was measured by counting 7 um sections stained with
hematoxylin and eosin from 3 to 7 independent animals in
a double-masked manner.

Immunohistochemistry

Brain sections were subjected to NAIP and XIAP im-
munohistochemistry with polyclonal anti-human NAIP
(ME1) and XIAP antibodies (R&D Systems Inc.), respec-
tively, and stained using the Vectastain elite ABC kit
(Vector Laboratories Inc., Burlingame, CA, USA) according
to the manufacturer’s instructions. In brief, after depar-
affinization, the sections were washed with 0.01 mol/L
PBS (pH 7.2) for 5mins and were incubated with anti-
NAIP (5 ug/mL) or anti-XIAP (5 pg/mL) antibody overnight
at 4°C. The sections were rinsed three times with PBS
containing 0.05% Triton X-100 for 10mins, incubated
with biotinylated secondary antibody for 3h, and then
incubated with avidin—biotin—peroxidase complex for 1h
at room temperature. Finally, the sections were treated
with 0.5% 3,3'-diaminogenzidine (DAB) and 0.01% H,0,
in Tris-HCI buffer (pH 7.5), and the DAB reaction products
were observed under a microscope.

Statistical Analysis

All data in this study are presented as mean+s.e. Data
were analyzed for significance using Student’s t-test for
pair-wised comparisons or ANOVA followed by Scheffe’s
test for multiple comparisons between groups (Statview
5.0 software; SAS, Cary, NG, USA). A P-value <0.05 was
considered as reaching statistical significance.

Results
Identification of NAIP Upregulating Compounds

To identify compounds with the ability to induce
NAIP expression, 953 compounds {Tocris) were
screened using NAIP-ELISA. Compounds were
arbitrarily categorized as ‘downregulator’ (n=16) if
the resulting NAIP level was less than 70% of the
normal endogenous level (i.e., ~12ng/mL), or
‘upregulator’ (n=230) if the resulting NAIP level
was more than 200% of the normal endogenous
NAIP level (Table 1).

To examine whether the 30 identified NAIP
upregulators suppressed menadione-induced cell
death, THP-1 cell viability assays were performed
in cells pretreated with menadione followed by the
addition of each NAIP upregulator. All 30 com-
pounds exerted a protective effect against mena-
dione-induced cell death with variable degrees
(Table 1). The compound that exerted the most
potent protective effect was L-745,870, a dopamine
D4 receptor antagonist (Figure 1A). This compound
was used for subsequent experiments.

L-745,870 Protects a Variety of Cultured-Cells Against
Menadione-Induced Cell Death

To determine whether the protective effect of L-
745,870 on THP-1 cells was specific to cell type, cell
viability studies were also conducted in HeLa and
SH-SY5Y (differentiated neuroblastoma by all-trans-
retinoic acid {reatment) cells after exposure to the
compound. L-745,870 protected both cell lines from
menadione-induced cell death (Figures 1A, THP-1;
B, Hela; and C, SH-SY5Y). Further, the dose-

Table 1 Screening of 953 Tocris compounds by NAIP-ELISA, and viability assays after challenging with menadione-induced

oxidative stress in THP-1 cells

NAIP level NAIP concentration Cell viability (%)
Mean-+ts.e. Minimum Maximum n
(ng/mlL) (ng/mL) (ng/mL) (menadione; 40 umol/L)

Untreated (control) 12.44 0.3 (240) 12.7 31-37% (30}
Compound treated

Unchanged 12.9+0.4 (907) 21.3 ND*

Upregulator 54.8+12.1 (30} 78.8 45-93% (30)

Downregulator 8.6+0.8 (16) 9.1 ND*

NAIP, neuronal apoptosis inhibitory protein; ELISA, enzyme-linked immunosorbent assay; *ND, not determined. Number in each parenthesis indicates the

number of tested compounds.
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Figure 1 The effect of L-745,870 on oxidative stress-induced cell death. Cell viability after menadione treatment in (A) THP-1, (B)
Hela, and (C) differentiated SH-SY5Y cells was assayed. Cells that were pretreated with vehicle or L-745,870 (10 umol/L) for 24 h
were challenged with menadione (0 to 100 umol/L) for 4 h. Each value represents the percentages of the cell viability relative to those
of control (Triton X-100-treated cells) (means+-s.e.; n=8). *P<0.01; **P<0.001, versus each corresponding vehicle. Statistical
analysis was performed using Student's t-test. (D and E) Effect of various concentrations of L-745,870 on neuronal apoptosis
inhibitory protein (NAIP) expression and cell viability after menadione treatment in Hela cells. (D) Cells were pretreated with vehicle
or L-745,870 (1 and 100 umol/L) for 24 h and then challenged with menadione (0 to 100 umol/L) for 4 h. *P <0.01; **P<0.001,
versus each corresponding vehicle. Statistical analysis was performed using ANOVA with Scheffe's post hoc test. (E) Western blotting
analysis of NAIP in HeLa cells treated with L-745,870 (1 and 100 pumol/L) or vehicle for 24 h. The arrowhead indicates the position
of NAIP (150 kDa). Expression of S-fubulin was not affected by L-745,870 treatment and shows that equal amount of proteins
loaded in each lane of the blot. (F) Effects of L-745,870 on cell viability after exposure to cell death-inducing agents in Hela celis.
Cells were pretreated with vehicle or L-745,870 (10 umol/L) for 24 h and then exposed to various reagents, including DMNQ,
menadione (mena), a-naphthoquinone (z-na), H,0., staurosporine (stauro), oligemycin (oligo), cis-platinum (cis-pla), okadaic acid
(okadaic), actinomycin D (actino), and etoposide (etopo). *P<0.01; **P<0.001, versus each corresponding vehicle. Statistical
analysis was performed using Student's ¢-test.

dependent increase in cell viability correlated with
a concomitant increase in NAIP level in HeLa cells
{Figures 1D and 1E).

L-745,870 Selectively Protects Cells Against Oxidative
Stress-Induced Apoptosis

To gain insight into the suppression of the cell death
with 1.-745,870, Hela cells pretreated with L-
745,870 were challenged with various apoptosis-
inducing stimuli and chemical cell-stressors. L-
745,870 specifically suppressed cell death induced

by oxidative stressors, including cell death in
response to menadione, hydrogen peroxide (H,0,),
DMNQ, and ¢-naphthoquinone, but did not protect
against cell death induced by nonoxidative stressors
(e.g., staurosporine, oligomycin, cis-platinum, oka-
daic acid, actinomycin D, and etoposide} (Figure
1F).

To confirm the antiapoptotic effect of L-745,870
against oxidative stress-induced cell death, flow
cytometric analysis of cell treated with L-745,870
and menadione and double-stained with Annexin
V-FITC and PI was performed. Half of the popula-
tion of the menadione-treated cells that were not
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exposed to 1.-745,870 were distributed in the LR
quadrant (early stage of apoptosis) in an early
phase of incubation (60mins) but subsequently
shifted to the UR quadrant (apoptosis/necrosis)
during the late phase of incubation (4h) (data not
shown). These data suggest that cell death in
response to menadione is the result of apoptosis
rather than necrosis. L-745,870 treatment reduced
the apoptotic cell population in the UR quadrant
from 45% to 20% and increased the LL and LR
quadrant populations from 32% to 59% and 15% to
19%, respectively (Figure 2A). 1-745,870 treatment
also reduced the apoptotic cell population in the UR
quadrant from 78% to 53% and increased the
normal cells in the LL quadrant from 6% to 28%
in the cells exposed to H,0, for 40mins (Figure 2B).
These results suggest that 1-745,870 specifically
protects cells from apoptosis induced by oxidative
stress.

L-745,870 Specifically Upregulates NAIP

To examine whether 1-745,870 specifically induces
NAIP expression level among the antiapoptotic
proteins, expression levels of the IAP family (XIAP,
cIAP-1, cIAP-2, and survivin) and Bcl-2 family (Bcl-
2 and Bcl-XL) proteins were assessed in HelLa and
SH-SY5Y cells by Western blotting. 1.-745,870
specifically elevated the endogenous level of NAIP
(Figure 3A) but had no effect on the levels of other
antiapoptotic proteins (Figures 3B—3G). This obser-
vation was consistent with results obtained by the
DNAChip analysis (8,300 genes, including all of the
known antiapoptotic proteins with the exception of
the NAIP/BIRC1 gene: the Atlas Plastic Arrays
analysis; Beckton Dickinson), in which no up-
regulation of the antiapoptosis relating genes was
observed (data not shown). Slight decreases in the
levels of XIAP and clAP-1 were noted only in
differentiated SH-SY5Y cells (Figures 3B and 3C),
although the physiologic significance for this small
effect may not be significant. These results indicate
that L-745,870 selectively enhances endogenous
NAIP levels.

L-745,870 Inhibits Oxidative Stress-Induced’
Apoptosis Via NAIP Upregulation

To investigate whether the elevation of the endo-
genous NAIP level by L-745,870 is responsible for
the protection against oxidative stress-induced
apoptosis, NAIP gene expression was suppressed
using NAIP-RNAI. Transfection of HeLa cells with
NAIP-US resulted in a marked decrease in endogen-
ous NAIP levels (Figure 4A) and a concomitant
increase in susceptibility to menadione (Figure 4B).
Further, L-745,870-treated/NAIP-U6 transfected
Hel.a cells showed higher susceptibility to mena-
dione than cells with NAIP-U6 treatment alone
(Figure 4B). These results indicate that the increased

Journal of Cerebral Blood Flow & Metabolism (2005), 1-13

A ~ menadione (-} menadione (+)
0% 3%| “18% | 45%
s 1w |
@ %, o
Rl
N e
=t LL

B Pt
|'J“ N‘ (D}

o
_—
T -
N
(=]
B
&
I
<
iy
L L T L T T
AnnexinV-FITC
B Hz0x (- H202 (+)
- 202 (-) . He 2 (+
T 0% 3%
2] Ryl
© =1 e
e .
Ry %
- . : =
5 g 1% =
. coul PR [
T? et o w® ! Tw e mE me 1o
E "o Yz
_"lo% 4%) © 53%
e o o,
~ 27 X
S %
19 - -
& e 1%l = 14%
3,

.
10

S — RURBE—
¢ e 1% it

AnnexinV-FITC

Figure 2 Effect of the neuronal apoptosis inhibitory protein
(NAIP) upreguiating compound (L-745,870) on the oxidative
stress-induced apoptotic cell death, and a flow-cytometric
analysis of the apoptotic and/or necrotic cell death in Hela
cells. Hela cells that were precultured with vehicle or L-
745,870 (10umol/L) for 24h were challenged with (A)
menadione (+: 50umol/L, for 4h) or (B) H,0, (+:
250 umol/L, for 40 mins). Cell death was detected by staining
with Annexin V-FITC and P! in conjunction with flow cytometry.
FACS quadrant analysis allows the classification of the cells into
four distinct categories based on the areas in the quadrant:
upper left (UL), upper right (UR), low left (LL), and low right
(LR). Percentage of the cell numbers in each quadrant is shown
on the right.

endogenous NAIP level by L-745,870 likely med-
iates its ability to protect cells from oxidative stress-
induced apoplosis.

Systemic Administration of L-745,870 Results
in a Transient Upregulation of NAIP in Gerbil
Hippocampal CA1 Neurons

1-745,870 administration had no effect on CBF
(control/vehicle; 103.94+13.2mL/100 g/min, 2 h after
administration;  100.3+12.0mL/100 g/min, and
24 h after administration; 98.9+13.2 mL/100 g/min;
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Figure 3 Western blot analysis of antiapoptotic proteins in Hela and differentiated SH-SY5Y cells after treatment with L-745,870
{(+, 10 umol/L) or vehicle (—) for 24 h. Seven antiapoptotic proteins, including (A) neuronal apoptosis inhibitory protein (NAIP),
(B) X-linked inhibitor of apoptosis (XIAP), (C) clAP-1, (D) clAP-2, (E) survivin, (F) Bcl-2, and (G) Bcl-xL, were analyzed. Each arrow-
head indicates the position of each protein (NAIP: 150 kDa, XIAP: 47 kDa, clAP-1: 65kDa, clAP-2: 64 kDa, survivin: 16.5kDa,
Bcl-2: 27kDa, Bel-xL: 28kDa). (H) Expression of B-tubulin was not affected by L-745,870 treatment, showing that equal

amounts of proteins were loaded in each lane of the blots.

control versus 2h; P>0.1, control versus 24h;
P>0.1), blood pressure, and heart rate in gerbils
(data not shown), which were consistent with
results from a previous study (Patel et al, 1999).
However, administration of 1-745,870 (210 mg/kg)
resulted in increased NAIP-immunoreactivity in the
hippocampal CA1 neurons at 2h (Figures 5A and
5B). Further, the increase in NAIP-immunoreactivity
peaked at 24h and then gradually returned to
baseline at 72 h after administration (Figures 5A—
5D). Results of the Western blotting were consistent
with those obtained by the immunohistochemical
studies (Figure 5E).

Administration of [-745,870 Attenuates Ischemia-
Induced neuronal Cell Death in the Hippocampal CA1
Region

To determine whether administration of 1-745,870
exerted neuroprotective against ischemic insults in
vivo, gerbil forebrain ischemic models were estab-
lished by transient BCCAQO, which induces a
selective loss of CA1 pyramidal cells in the
hippocampus (Kirino and Sano, 1984). Because the
time course of changes in NAIP expression occurred
over a 72 h period after administration of L-745,870,
the experimental protocol used induction of a
relatively severe ischemic condition (10min
BCCAQ), followed by the analysis of delayed

neuronal loss in the CA1 region over the subsequent
72h. At 72h after the ischemic insult, vehicle
treated animals showed widespread hippocampal
CA1 neuron death with very few surviving
neurons present in the pyramidal layer {Figures 6A
and 6B). Further, a large number of glial cells
were also observed in this area (Figures 6A and
6B). However, these animals showed little or no cell
loss in the CA3 region or dentate gyrus (data not
shown).

Administration of 1.-745,870 at 60 mins before the
ischemic surgery exerted significant neuroprotective
effects against ischemic insults in a concentration-
dependent manner. A decreased dosage of L-745,
870 (7 mg/kg) showed the most modest protection
in the hippocampus CA1 neurons (data mnot
shown), whereas medium to high dosages (70 and
210 mg/kg) exhibited prominent protective effects
(Figures 6C-6F). The quantitative scoring of the
neuronal cell damage was consistent with these
results (Figure 6I). Moreover, the highest dose of L-
745,870 (210mg/kg) was not associated with any
CA1 neuron toxicity (Figures 6G and 6H). Further,
these protective effects were significant even at 5
days after reperfusion in this experimental condi-
tion, despite the fact that progressive cell death in
CA1 neurons was observed (data not shown).
Together, these results indicate that L-745,870
inhibits progression of the ischemia-induced CA1
neuron death.
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Figure 4 Effect of inhibition of neuronal apoptosis inhibitory
protein (NAIP) expression on menadione-induced cell death in
Hela cells. Neuronal apoptosis inhibitory protein RNAi was
achieved by ectopically expressing the small interference RNA
(siRNA) corresponding to a portion of the 3/-UTR of the NAIP
gene using the pSilencer 1.0-U6 system. (A) Western blot
analysis of the NAIP expression in the RNAI treated Hela cells.
The lower panel represents the expression of p-tubulin and
showed that equal amounts of protein were loaded in each lane
in the biot. (B) Effect of the NAIP RNAi on menadione-induced
cell death, and on the protection of cell death by L-745,870.
Concentration of menadione used in this experiment was
between 30 and 50umol/L. Cell viability is shown as
percentages of the alamarBlue values in U6 or NAIP-UG6-
transfected cells relative to those of controls (menadione non-
treated). Values represent the means +s.e. of eight independent
experiments. *P<0.01 and **P<0.001 for U6 L-745,870
(—) cells versus NAIP-U6 L-745,870 (+) cells or U6 L-
745,870 (+). #P <0.001 for U6 L-745,870 (+) cells versus
NAIP-U6 L-745,870 (+) cells. Statistical analysis was
performed using Student's t-test.

Hippocampal CA1 Neurons Rescued by the
Administration of L-745,870 Show Strong NAIP-
Immunoreactivity

To investigate whether L-745,870-mediated hippo-
campal CA1 neuronal protection was associated
with elevation of neuronal NAIP levels, immuno-
histochemical and Western blot analyses of endo-
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genous NAIP were performed in CA1 neurons using
an NAIP antibody. After 72 h of reperfusion, the CA1
neurons showed significant enhancement of the
NAIP-immunoreactivity in the rescued neurons in a
dose-dependent manner (Figures 7A-7F). Results of
the Western blotting were consistent with results
obtained by immunohistochemical studies (Figure
7H). In contrast, L.-745,870 produced no detectable
upregulation of XIAP-immunoreactivity in the res-
cued hippocampus (Figures 7G and 7H). These
results show that L-745,870 selectively upregulates
NAIP in vivo, which represent a potential mechan-
ism by which L-745,870 exerts a neuroprotective
effect against ischemia in hippocampal CA1 neu-
rons.

Discussion

Neuronal apoptosis inhibitory protein (BIRC1) is the
founding member of the TAP family of proteins, and
has been shown to inhibit apoptosis of neurons and
other types of the cell in vitro and in vivo. Increases
in NAIP, by either viral-mediated NAIP gene transfer
or by enhancement of endogenous levels, results in
the attenuation of ischemic neuronal cell death (Xu
et al, 1997). Further, ectopic NAIP expression
enhances rescue of motor neurons from peripheral
nerve axotomy (Perrelet et al, 2000) and leads to
preservation of nigrostriatal dopaminergic neurons
in the intrastriatal 6-OHDA rat Parkinson’s disease
model (Crocker et al, 2001). Neuronal apoptosis
inhibitory protein also contributes to motor neuron
survival through intracellular signaling of GDNF
(Perrelet et al, 2002). Ischemic neuronal injury is
associated with excessive generation of reactive
oxygen species (ROS) and oxidative stress in the
brain (Chan, 1994; Mattson et al, 2001; Friedlander,
2003), and the present study showed that NAIP
suppresses neuronal cell death by exerting an
antiapoptotic function against oxidative stress.
Most tissues and cells, with the exception of
hematopoietic tissues, express NAIP in very low
levels (Yamamoto et al, 1999). Thus, upregulation of
endogenous NAIP in neuronal cells may represent a
potent therapeutic strategy for prevention of neuro-
degeneration. Among the 30 NAIP upregulating
compounds identified, two compounds, 1.-745,870
(dopamine D4 receptor antagonist) and bromocrip-
tine (dopamine D2 receptor agonist; data not
shown), exerted particularly prominent protection
against neurodegeneration in an ischemia gerbil
model. A previous study showed that bromocriptine
protected neuronal cells from oxidative stress-
induced apoptosis (Schapira, 2002), while another
study showed that a number of other dopamine D2
receptor agonists attenuated neuronal cell death
under ischemic conditions (Liu et al, 1995). L-
745,870 was originally identified as a specific
antagonist for the dopamine D4 receptor and as a
drug candidate for antipsychotic treatment because
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Figure 5 Upregulation of neuronal apoptosis inhibitory protein (NAIP) by L-745,870 in CA1 neurons. Adult gerbils were treated with
vehicle (A) or L-745,870 (210 mg/kg; B-D). Representative coronal brain sections at the level of the dorsal hippocampus at 2, 24,
and 72 h after administration of L-745,870 (210 mg/kg) are shown (B-D). Tissues were immunostained with the NAIP polyclonal
antibody (ME1). Scale bar: 20 um in higher magnification ( x 400; A~-D). (E) Western blot analysis of NAIP in hippocampus at 2, 24,
and 72h (L-745,870; 210 mg/kg) and 72 h {vehicle) after the administration of either L-745,870 or vehicle. Upper and fower
panels represent the expression of NAIP and fS-tubulin, respectively. Arrows indicate the proteins of interest (NAIP: 150 kDa).

Expression of S-tubulin demonstrates equal loading in each lane.

of its excellent oral bioavailability and brain
penetration (Patel et al, 1997). The present study
showed the novel finding that 1.-745,870 specifically
elevated the endogenous NAIP level and enhanced
neuronal cell resistance to oxidative stress-induced
apoptotic cell death and ischemic neurodegenera-
tion.

The dopamine D4 receptor is a G-protein-coupled
receptor that shares sequence homology with the D2
and D3 receptors and is classified as a member of the
dopamine D2-like receptors group (Baldessarini,
1997). However, the action of 1.-745,870 in the
present study is likely not mediated via dopami-

nergic receptors, because the antiapoptotic proper-
ties of 1-745,870 against oxidative stress-induced
cell death were observed in both differentiated
dopaminergic SH-SY5Y cells, in which several
types of dopamine receptors are expressed (Kama-
kura et al, 1997), and in nonneuronal cells, which
do not express these receptors. Indeed, recent
reports suggest that the dopamine agonists, bromo-
criptine and pergolide, act as free radical scavengers
(Yoshikawa et al, 1994; Sam and Verbeke, 1995;
Griinblatt et al, 1999) and exert their neuroprotec-
tive effects in nonreceptor-mediated fashions (Uber-
ti et al, 2002). The present finding that 1-745,870

- 19
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Figure 6 Effects of L-745,870 on ischemia-induced neuronal cell death in gerbils. Adult gerbils were treated with L-745,870 and
then subjected to forebrain ischemia (bilateral common carotid artery occlusion (BCCAO) for 10 mins; A-F) or sham-operation
(G and H). Representative coronal brain sections at the level of the dorsal hippocampus at 72h (3 days) after reperfusion are
shown. Tissues were stained with hematoxylin—eosin. Dosages of L-745,870 administered were 0 mgkg (A and B), 70 mg/kg (C and D),
and 210 mg/kg (E-H). Forebrain ischemia resulted in a significant loss of CA1 pyramidal cells. Scale bar: 100 um in lower
magnification ( x 100; A, C, E, and G); 20 um in higher magnification ( x 400; B, D, F, and H). Arrowheads and arrows indicate dark
(damaged) and clear (living) cells, respectively. (I) Number of pyramidal cells in the CA1l subfield of the hippocampus (cells/mm
length of pyramidal cell layer). Both living (clear) and damaged (dark) CA1 neurons were count from six to seven animals in each
experiment in a double-masked manner, and the values are represented as means +s.e. Total numbers of CAl pyramidal neurons
(filled triangles; clear + dark cells) are also shown. *P<0.01; **P<0.001, compared with dark cells of vehicle-treated control
(Omg/kg). #P<0.001; * #P<0.001, compared with clear cells of vehicle-treated control (Omg/kg). Statistical analysis was
performed using ANOVA with Scheffe’s post hoc test.
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may exert its neuroprotective via increases in NAIP,
either by increasing its expression or stabilization,
may provide a mechanism by which all of these
effector molecules exert their effects.

The present study showed that 1.-745,870 upregu-
lated NAIP but not other antiapoptotic proteins.
Further, L-745,870 specifically protected both neu-
ronal and nonneuronal cultured cells from apop-
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tosis induced by several oxidative stressors, includ-
ing DMNQ, menadione, a-naphthoquinone, and
H,0,. This increase in NAIP likely mediates the
protective effect of 1-745,870 because reduction of
NAIP expression with RNAi inhibited the neuro-
protective effect. Recent studies have shown that
NAIP suppresses caspase-dependent and -indepen-
dent apoptosis (Deveraux et al, 1997, 1998; Roy et al,
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Figure 7 Effect of L-745,870 on expression of neuronal apoptosis inhibitory protein (NAIP) in CA1 neurons of ischemic gerbils. Adult
gerbils were treated with L-745,870 and then subjected to forebrain ischemia (bilateral common carotid artery occlusion (BCCAO)
for 10 mins; A-G). Representative coronal brain sections at the level of the dorsal hippocampus at 72 h (3 days) after reperfusion are
shown (A-G). Tissues were immunostained with NAIP polyclonal antibody (ME1). Dosages of 1-745,870 administered were O mg/
kg (A and D), 7mg/kg (B and E), and 210 mg/kg (C, F, and G). Scale bar: 100 um in lower magnification ( x 100; A-C); 20 um in
higher magnification (x 400; D-G). (F) Arrow and arrowhead indicate the NAIP-positive and negative cell, respectively. (G)
Immunostaining of X-linked inhibitor of apoptosis (XIAP) in CAl neurons of ischemic gerbil pretreated with L-745,870 (210 mg/kg).
(H) Western blot analysis of NAIP and XIAP in hippocampus at 72 h (3 days) after ischemia. Upper, middle, and lower panels
represent the expression of NAIF, XIAP, and S-tubulin, respectively. Each arrow indicates a position of the protein of interest (NAIP:
150 kDa, XIAP: 47 kDa). Expression of -tubulin demonstrates equal loading in each lane.

1997; Seshagiri and Miller, 1997; Takahashi et al,
1998; Maier et al, 2002), while we previously
showed that the antiapoptotic effect of NAIP was
mediated by the caspase-3-independent pathway
(Sakai et al, unpublished). Further studies to
characterize the molecular mechanisms of NAIP
upregulation and subsequent inhibition of oxidative
stress-induced cell death would be of benefit.

It is notable that L-745,870 slightly but consis-
tently downregulates the levels of both XIAP and
cIAP-1 in differentiated SH-SY5Y cells. Recent
studies have shown that a group of the ring finger-
containing members of IAP family protein, such as
XIAP and cIAP, can function as ubiquitin protein
ligases, and regulates the levels of not only their

target proteins but also themselves through ubiqui-
tylation (Yang et al, 2000; Salvesen and Duckett,
2002). Thus, it is possible that L.-745,870 may affect
the stability of these IAP proteins via regulating the
proteasome-dependent protein degradation. Equally
likely is that this compound directly or indirectly
modulates the expression of these genes and/or
proteins in SH-SY5Y cells. Further studies will be
needed to clarify the molecular mechanism under-
lying this inhibitory effect. Nevertheless, as the
downregulation of XIAP and cIAP-1 is expected to
exert the opposite effect to antiapoptosis, the
decreases in XIAP and clAP-1 observed in this
study may not be a primary determinant for the anti-
apoptotic function associated with L-745,870.

11

Journal of Cerebral Blood Flow & Metabolism (2005), 1-13



NAIP-upregulating compound attenuates ischemia-induced celf death
Y Okada et al

12

We also showed that L-745,870 attenuated ische-
mia-induced CA1 neuronal cell death with conco-
mitant increase in the NAIP expression in rescued
CA1 neurons. Indeed, selective upregulation of
NAIP might mediate a broad range of protection
against oxidative stress-induced cell death. For
example, a previous study has shown that the small
molecule alkaloid, K252a, which is structurally
quite different from L-745,870, upregulated NAIP
levels and exerted a significant protective effect
against ischemic damage in hippocampal CA1
neurons (Xu et al, 1997).

In conclusion, the dopamine D4 receptor anta-
gonist, L-745,870, exerts a potent neuroprotective
effect against ischemia-induced cell death via
increases in NAIP. Since L-745,870 is clinically well
tolerated (Bristow et al, 1997), this compound may
represent an effective therapeutic strategy for the
clinical prevention of neuronal cell death after
ischemia. Future studies not only on the molecular
mechanism by which 1-745,870 induces the NAIP
expression but also on the effectiveness of this
compound in various ischemic conditions will
clarify therapeutic potentials of 1-745,870 in the
treatment of several types of acute as well as chronic
neurodegenerative diseases caused by oxidative
stress. Further, our NAIP-ELISA-based drug screen-
ing may facilitate the discovery of novel neuropro-
tective compounds.
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B ZEE{LE (amyotrophic lateral sclero-
sis: ALS) &, 1 kBIU2KRE -2 -0 D
ROE L2 s 3 2 BTHNMERERETH S, B
KBTS ALS OBRFIZADIOTAL2E 1~
3LEXNTHEY, LIPEECBWCHREOEWEIE
EERYERTH A, 1869 4£12 Charcot A% ALS
ORBMAZ ML L TSR 130 F LR L Ty
B, WEALS OG- FREMRBEITHECIEZ <,
FOWRBPEIHEIIN T AV, ALSBREOKRS
BUIIMREBITH BAY, 5~10% OBEIIFREYE ALS
EEZOLNTWES, HEORENL T TEETFED
AL D, FEEALS B FEISKL EHL D
a8 hTws, B/E BHEREAT L5 3T
»ALS, BLUGHEEBEREY &5 2HEHD ALS
DEETFEFRESN TS (F). 51, ALS
RIE #E{EF & L T neurofilament & % \» & vascular
endothelial growth factor (VEGE) 7% & 0BT FR
HASALS 8E - #ITICHS LTWwaZ L b WL H
iZEhooHhb (F]). LTI, IhETLEES
N/-fAERE 2 ALS BIR - BFEBERF IOV T
T4, FEEICE LTI, BE (ERPX) o0
KRR A BB LT E & v,

1. SODI: BHEEEXERT ALSI EREEF

1993 4£, Rosen b (3 & G+ AE RN 2 R
THREN ALS] B0 B K& EF Cu/Zn superoxide
dismutase (SOD1) % &R L7z, SODI1 #fz+ 13,
HhEP I T IV BBEIS LN S VEREY
- R4 2B EFTHDHH, TTIZI00 L EDE
ETEREPHE XN TS (http: Valsodliopkel.
acuk/). HIETIE, ALSL B3 SOD1 A& 3k 0 ## RE
DERIZEN L 63 NEOTIEEL, ERED
BT 2B ESE TS, Whwh [gain-
of-toxic-function] 2L Wl&RI ENE LD LE
25N TWw5h, IO gain-of-toxic-function M FEf
LTI, BEY) VB, BEEEREERN,
EBITEIUIE D IEREEREE, MRN/NEESE
BRELREDERPFE IR IN TS,

2. ALS? . HMEEHER & TY ALS2 BREEEF

2001 4, EFLITEROARSEREER L L5
HEFIEL ALS2 Bl FIRBEZF (ALS2) #* W5
U7z S olliiE, ALSS #EF45, ALS2 B
A TCREREFERENFEEEAUET(LE (primary
lateral sclerosis, juvenile : PLS]) & & OV/hES&E I
[P R (infantile-onset ascending hereditary
spastic paralysis: IAHSP) OERREEEF ThH5H 2
EHHBALAY, ALS2 BEEIX, Rab5 S T8 G
EAEDOFERALOMERFTHY, MEATIEED
ERENA LTy P — ABEEHET - WEREC
Wb oTwhEBEINTVEY LizdisT,
ALS2/PLS]/IAHSP BEIZBWTIE, ALS? EizF
ERIZL - T U A MR EREERORE HET
Za—-0YOHERE - Mg EsIERILTwS
LDEEZLND.

3. ALS BSEERFH

ALS OFHED 5 W IFHE T & OREE AT & i &
NTOVBLHEFIZ, TNTTEHRERESN TS
(XR). #H»hTY, VEGFEBEEF T Et— ¥ —
DB T LR B L Ol VEGE 2% ALS 54E & 56
CEAEL, VEGFDPAILSDY AT 77745 —Th
B ENPEGHIIEINT EIIFRETREMATH
5. $ 7284 Tid, Dynein/Dynactin 72 & oK
MEBERD FHORELEH -0V EBRLD
BAELIEH SR TS,

ALSORERRIZ1I DT AL, HEDE
IZHERPESE L TWwEEEZLNL. Lizho
T, ALSBRIEOD T AH XL e FHT LI
i, S%b S HICKREEDORENE ALS O JF K &
ZF% o UIZIMEN ALSORRE L OVRERT
b EOLHERTFZREEOTO I EPEE
THA»H., EEOAILSEEH/EE =2 —10
AR O#ESRITE L. LUTIWBT /2 Web
1 MIFEBBRROEHRCT-oTBY, BRIFTOEE
Za—DOVRBMECETAIMEEELZ LAT
%% (NEUROMUSCULAR DISEASE CENTER,
Washington University;http:/www. neuro. wustl.
edu/neuromuscular/index. html, Online Mendelian
Inheritance in Man (OMIM) ; http: /www.ncbi.
nlm. nih. gov/entrez/query. fcgi?db=0MIM).

BEXH
1) Julien J-P:Amyotrophic lateral sclerosis : Unfolding
the toxicity of the misfolded. Cell 104 : 581-591. 2001.
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* AHEMTENEECE (ALS) FIA - BEEfsT

‘:LE{I: g_{i?

£ il AN EIE T FEAEH  OMIM X 18
KM ALS
ALSI & SODI 21q22.1 LA #105400 Rosen, et al:Nature 362:59.
/%147450 1993
ALS2 (juvenile type3) %t ALS2 2q33 EE #205100 Hadano, et al: Nature Genet
/#606352 29166, 2001
PLSJ* S ALS2 2933 FHE  #606353 Yang, et al:Nature Genet
29:160, 2001 .
IAHSP? L ALS2 2433 FHE #607225 Eymard-Pierre, et al:Am J
Hum Gener 71:518, 2002
ALS3 yEaie ? 18¢21 BN *606640 Hand, et al: Am J Hum Genet
70:251, 2002
ALS4 B SETX 9q34 FEAE %602433  Chen et al: Am J Hum Genet
74:1128, 2004
SPG19* i ? 9q34 FIE 607152
distal HMN* EiH ? 9q34 = Jonghe, et al: Brain 125:1320,
2002
ALS5(juvenile typel) B ? 15q15-q22 HE 602099 Hentati, et al: Neurogenetics
2:55, 1998
ALS6 B ? 16q12.1-g12.2  AA  %608030 Abalkhail, et al:Am | Hum
Genet 73:383, 2003
ALS7 B ? 20p A *608031  Sapp, et al:Am ] Hum Genet
73:397, 2003
ALS8 B VAPB 20pl3.3 BN %608627  Nishimura, et al:Am J Hum
Genet 75:822, 2004
ALSX X J#EH ? Xpll-ql2 A Siddique, et al:Am ] Hum
Genet 63: A308, 1998
ALS-FTD* B ? 9q21-q22 BN #105550  Hosler, et al: JAMA 2841664,
2000
ALS-FTDP/DDPAC B MAPT 17921 B #600274 Wilhelmsen, et al:Am J Hum
/%157140  Genet 55:1159, 1994
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vascular endothelial growth VEGF  6pl2 %192240 Lambrechts, et al:Nature
factor Genet 34 :383, 2003
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Exp Neurol 51:531, 1992
glutamate transporter SLCIAZ 11pl3-pl2 *600300  Rothstein, et al: Ann Neurol
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Mutant Androgen Receptor Accumulation in
Spinal and Bulbar Muscular Atrophy Scrotal
Skin: A Pathogenic Marker

Haruhiko Banno, MD, Hiroaki Adachi, MD, Masahisa Katsuno, MD, Keisuke Suzuki, MD, Naoki Atsuta, MD,
Hirohisa Waranabe, MD, Fumiaki Tanaka, MD, Manabu Doyu, MD, and Gen Sobue, MD

Objective: Spinal and bulbar muscular atrophy (SBMA) is a hereditary motor neuron disease caused by the expansion of
a polyglutamine tract in the androgen receptor (AR). The nuclear accumulation of mutant AR is central to the patho-
genesis of SBMA. Androgen deprivation with leuprorelin inhibits mutant AR accumulation, resulting in rescue of neu-
ronal dysfunction in a mouse model of SBMA. This study aimed to investigate whether mutant AR accumulation in the
scrotal skin is an appropriate biomarker of SBMA. Methods: Immunohistochemistry of both scrotal skin and the spinal
cord was performed on five autopsied SBMA cases. Neurological severity and scrotal skin findings were studied in
another 13 patients. Five other patients received subcutaneous injections of leuprorelin and underwent scrotal skin
biopsy. Results: The degree of mutant AR accumulation in scrotal skin epithelial cells tended to be correlated with that
in the spinal motor neurons in autopsy specimens, and it was well correlated with CAG repeat length and inversely
correlated with the amyotrophic lateral sclerosis functional scale. Leuprorelin treatment inhibited mutant AR protein
accumulation in the scrotal skin of SBMA patients. Interpretation: These obsetvations suggest that scrotal skin biopsy

findings are a potent pathogenic marker of SBMA and can be a surrogate end point in therapeutic trials.

Ann Neurol 2006;59:520-526

Spinal and bulbar muscular atrophy (SBMA), also
known as Kennedy’s disease, is an adult-onset motor
neuron disease characterized by muscle atrophy, weak-
ness, contraction fasciculations, and bulbar involve-
ment."”* SBMA exclusively affects men in their 30s or
40s, and disease progression is slow.*® The molecular
basis of SBMA is the expansion of a trinucleotide CAG
repeat, which encodes a polyglutamine (polyQ) tract,
in the androgen receptor (AR) gene.6 The CAG repeat
numbers range from 38 to 62 in SBMA patients,
whereas healthy individuals have 10 to 36 CAGs.*”
The number of CAGs is correlated with disease severity
and is inversely correlated with age of onset,”” as ob-
served in other polyQ-related neurodegenerative dis-
eases including Huntington’s disease and several forms
of spinocerebellar ataxia.'®

Histopathologically, lower motor neurons are mark-
edly depleted in the spinal cord and brainstem, and
nuclear inclusions (NIs) containing the mutant and
truncated AR with expanded polyQ are present in the
residual moror neurons, as well as in cells of the scrotal
skin and other visceral organs.3 12 Although Nls are

a disease-specific pathological marker, they may reflect
a cellular protective response against the toxicity of ab-
normal polyQ-containing protein.’> In contrast, the
therapeutic effect of testosterone deprivation in our
SBMA transgenic mouse model suggested that diffuse
nuclear accumulation of mutant AR is a cardinal
pathogenic process underlying neurological manifesta-
tions.'*'® This hypothesis has also been clearly illus-
trated by the observation that the extent of diffuse nu-
clear accumulation of mutant AR, but not NIs, in the
motor neurons of the spinal cord was closely related to
CAG repeat length in autopsied SBMA cases.'® Nu-
clear localization of the mutant protein has now been
considered essential for inducing neuronal cell dysfunc-
tion and degeneration in the majority of polyQ
diseases.'®

A characteristic clinical feature of SBMA is that the
disease occurs in male but not female individuals, even
when they are homozygous for the murtation."”"'® Sev-
eral studies have clarified that the sex dependency of
disease  manifestation in  SBMA  arises from
testosterone-dependent nuclear accumulation of mu-
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tant AR.'*'3192% Leuprorelin, a leuteinizing hor-
mone-releasing hormone agonist that reduces testoster-
one release from the testis and inhibits nuclear
accumulation of mutant AR, rescued motor dysfunc-
tion in male transgenic mice carrying the full-length
human AR with expanded polyQ."”

Although data from transgenic mice studies indi-
cated that androgen deprivation from leuprorelin treat-
ment is a potent therapeutic agent for SBMA, 1 clin-
ical experience using this drug for SBMA patients is
limited.”" Because long-term clinical trials are needed
to establish the efficacy of therapeutics ameliorating
disease progression in slowly progressive neurodegen-
erative diseases such as SBMA, an appropriate biomar-
ker reflecting pathogenic processes of the disease is nec-
essary. The aim of this study was to test the hypothesis
that peripheral accumulation of mutant AR in the scro-
tal skin represents a suitable biomarker of SBMA that
can be applicable as a surrogate end point in therapeu-
tic trials.

Patients and Methods

Patients

Twenty-three patients with clinically and genetically con-
firmed SBMA were examined. Patient characteristics are
shown in the Table. Five of the 23 patients underwent au-
topsy, and both the scrotal skin and the spinal cord were
examined; another 13 patients underwent biopsy of the scro-
tal skin. The remaining five patients were enrolled in a leu-
prorelin study and also underwent biopsy of the scrotal skin.
All patients were hospitalized and underwent follow-up ex-
aminations at Nagoya University Hospital (Nagoya, Japan)
and its affiliated hospitals.

For each of the 18 patients who underwent biopsy of the
scrotal skin, three scrotal skin specimens were made by
punch biopsy using a 3mm diameter Dermapunch (Nipro,
Tokyo, Japan) under 10m! lidocaine acetate local anesthesia.
All patients who underwent biopsy sterilized the wound for
several days by themselves and received 4 days of cefaclor
(250mg three times a day) antibiotic therapy after the pro-
cedure. The 13 patients who underwent biopsy who were

Table. Patient Characteristics

not enrolled in the leuprorelin trial were also assessed on the
amyotrophic lateral sclerosis functional scale (limb Norris
score), as described previousl)n22

Five other male subjects (age, 60-74 years; mean, 67.3
years) who died of nonneurological diseases served as control
subjects. The Nagoya University Hospital Institutional Re-
view Board approved the collection of data and specimens,
and all patients gave their written, informed consent to par-
ticipate.

Lewprorelin Adwministration

Five patients received subcutaneous injections of 3.75mg leu-
prorelin once every 4 weeks. The patients, aged 43 to 68
years, were capable of walking with or without a cane and
expressed no desire to father a child. They were observed for
6 months (24 wecks), and scrotal skin biopsies were taken
from each patient at 0, 4, and 12 weeks after initial leupro-
relin administration. Serum creatine kinase (CK) was deter-
mined by ultraviolet measurement using hexokinase and
glucose-6-phosphate. Serum  testosterone levels were mea-
sured by radioimmunoassay using the DPC total testosterone
kit (Diagnostic Products Corporation, Los Angeles, CA).

Immunobistochemical Detection of the Mutant
Androgen Receptor in the Scrotal Skin
and Spinal Cord

Immunohistochemistry of scrotal skin specimens and the spi-
nal cord were conducted as described previously.’® In brief,
we prepared Spm-thick, formalin-fixed, paraffin-embedded
sections of scrotal skin and spinal cord from SBMA patients.
Sections were deparaffinized and rehydrated through a
graded series of alcohol-water solutions. For the mutant AR
immunohistochemical study, sections were pretreated with
immersion in 98% formic acid for 5 minutes, and then with
microwave oven heating for 15 minutes in 10mM citrate
buffer at pH 6.0. Sections were incubated with a mouse anti-
expanded polyQ antbody (1:20,000; 1C2; Chemicon, Te-
mecula, CA)?? to evaluate the nuclear accumulation of mu-
tant AR Immune complexes were visualized using the
Envision-plus kit (Dako, Glostrup, Denmark). Sections were
counterstained with Mayer’s hematoxylin. For electron mi-
croscopic immunohistochemistry, the sections were processed

Autopsy Study

Biopsy Alone Study Leuprorelin + Biopsy

Characteristics (N = 5) (N = 13) Study (N = 5)
Age (mean = SD), yr 64.8 = 10.8 54.8 + 9.6 50.2 = 10.8
Duration of weakness (mean * SD), yr 38.4 *+ 14.7 11.0 + 7.4 8.8+ 49
(CAG)n (mean * SD) 474+ 4.9 48.2 = 3.0 492 * 4.9
ADL (cane/independent ratio) 4/9 2/3

Limb Norris score (mean + SD) NA 53.4 * 6.9 52.0 + 6.8
Norris bulbar score (mean * SD) 322 * 34 32.8 6.2
ALSFRS-R (Japanese edition) (mean * SD) 40.3 + 3.2 392 £ 38
Cause of death Pneumonia (n = 4); NA NA

Lung cancer (n = 1)

The amyotrophic lateral sclerosis functional rating scale-revised.

SD = standard deviation; (CAG)n = number of expanded CAG repeats in the SBMA allele; NA = not applicable; ADL = activities of daily

living.
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as described for light microscopic immunohistochemistry,
and then fixed with 2% osmium tetroxide in 0.1M phos-
phate buffer at pH 7.4, dehydrated in graded alcohol-water
solutions, and embedded in epoxy resin. Ultrathin sections
were cut for observation under an electron microscope (H-
7100; Hitachi High-Technologies Corporation, Tokyo, Ja-
pan).

Quantification of Cell Population with Diffuse

Nuclear Staining

For quantitative assessment of scrotal skin cells, the fre-
quency of diffuse nuclear staining was calculated from counts
of more than 500 nuclei in 5 randomly selected fields of
each section photographed at 400X magnification (BX51TF;
Olympus, Tokyo, Japan). To assess the nuclear accumulation
of mutant AR in spinal cord motor neurons, we preparcd at
least 100 transverse sections each from the cervical, thoracic,
and lumber spinal cord for anti-expanded poly(Q) antibody
staining with 1C2. The numbers of 1C2-positive cells in the
ventral horn on both the right and left sides were counted on
every 10th section under the light microscope with a
computer-assisted image analyzer (BX51TF; Olympus), as
described previously.'®** Populations of 1C2-positive cells
were expressed as percentages of the total skin cell or neuro-
nal count.

Statistical Analysis

We analyzed the data by Pearson’s coefficient, Spearman’s
rank correlation, and Student’s paired # test as appropriate
using StatView software (version 5; Hulinks, Tokyo, Japan)
and considering p values less than 0.05 to be indicative of
significance.

Results

Mutant Androgen Receptor Nuclear Accumulation in
the Scrotal Skin and Spinal Motor Neuron

In the five autopsied cases, murant AR nuclear accu-
mulations were clearly visualized with anti-expanded
polyQ immunostaining with 1C2 in the scrotal skin
and spinal cord specimens (Fig 1A). Pathological accu-
mulation of mutant AR was distributed in all layers of
the epithelium. Diffuse nuclear accumulations were
predominantly observed, and the occurrence of Nls
was less frequent. This was also the case in the spinal
cord specimens. Electron microscopic immunohisto-
chemistry with the 1C2 antibody demonstrated granu-
lar dense and amorphous aggregates corresponding to
diffuse nuclear staining in both spinal motor neurons
and epithelial cells of scrotal skin (see Figs 1B, C). Fil-
amentous structures such as those reported in Hun-
tington’s disease,” dentatorubal-pallidoluysian atrophy
(DRPLA),?® and Machado—Joseph disease?” were not
seen. No diffuse nuclear staining was seen in the con-
trol subjects. The extent of mutant AR accumulation
in the scrotal skin epithelial cells showed a tendency to
correlate with that in the anterior horn cells (» = 0.84;
» = 0.08; see Fig 1D). Mutant AR accumulation was
remarkable in both the spinal motor neurons and the
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scrotal skin of Patient 1, but was far less remarkable in
Patient 2 (see Figs 1A, D).

Correlations of the Mutant Androgen Recepror
Accumulation in the Scrotal Skin to CAG Repeat
Length and Amyorrophic Lateral Sclerosis Score

Mutant AR nuclear accumulations in scrotal skin biop-
sies from the 13 SBMA patients who did not receive
leuprorelin were assessed by 1C2 antibody staining of
expanded PolyQ. The 1C2-positive cell population in
the scrotal skin biopsies was significantly correlated
with CAG repeat length (» = 0.61; p = 0.03; Fig 2A)
and was inversely correlated with the functional scale
assessed by the Norris score on limbs (» = —0.63; p =
0.02; see Fig 2B).

Leuprorelin Treatment Depletes Mutant Androgen
Receptor Accumulation in the Scrotal Skin

In all five padents in which leuprorelin was adminis-
tered (see the Table), both the intensity and the fre-
quency of diffuse nuclear 1C2 staining in the scrotal
cpithelial cells was decreased after the first 4 wecks of
administration compared with the preadministration
values, and this effect was markedly enhanced after 12
weeks of treatment (Figs 3A, B). Quantitative analysis
demonstrated a significant decrease in the frequency of
1C2-positive cells both 4 and 12 weeks after the initi-
ation of leuprorelin treatment (p < 0.01) (see Fig 3C).
Serum testosterone levels decreased to the castration
level after 1 to 2 months of treatment (see Fig 3D),
and serum CK values were also significantly decreased
in all patients (see Fig 3D).

None of the patients showed the hot flush or obesity
often reported in leuprorelin trials for prostate cancer.
Although a loss of sexual function including erectile
disorder was observed in all patients, no patients expe-
rienced depression. No marked exacerbations were ob-
served in total cholesterol, triglyceride, fasting blood
sugar, or HbAlc (data not shown). We could not find
significant motor function changes assessed by amyo-
trophic lateral sclerosis functional scores in 24 weeks,
but three of the five enrolled patients expressed appar-
ent subjective improvement.

Discussion

This study demonstrated that scrotal skin biopsy with
anti-expanded polyQ staining is a strong candidate for
an appropriate biomarker with which to monitor
SBMA pathogenic processes. Previous studies showed
that the severity and progression of motor dysfunction
and abatement of abnormalities in mice that were cas-
trated or given leuprorelin paralleled the extent of dif-
fuse nuclear mutant AR accumulation in their spinal
motor neurons. *'? Furthermore, we demonstrated
previously a significant, close correlation between the
length of CAG repeat expansion and frequency of dif-
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Fig 1. Mutanr androgen receptor (AR) nuclear accumulation in scrotal skin and spinal motor newrons. (A) Mutant AR accumula-
tion was remarkable in both spinal motor neurons (arrows) and scrotal skin of Patient 1, but was less remarkable in both motor
neurons (arrows) and skin in Patient 2. Bar = 30umm. (B, C) Electron microscopic immunohistochemistry for 1C2 demonstrated
granular dense and amorphous aggregates corvesponding to diffuse nuclear staining in both spinal motor neurons and epithelial cells
of scrotal skin. Bar =3pm. (D) The extent of mutant AR accumulation in scrotal skin epithelial cells showed a tendency to corre-
late with that in anterior horn cells. Circles (Pr. 1, Pt. 2) corvespond to Patient 1 and 2 in Fig 1A.
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Fig 2. Correlation of the frequency of scroval skin staining to
CAG repeats and limb Norris score. The frequency of 1C2-
positive cells in the scrotal skin biopsies correlared significantly
with (A) CAG repeat length and (B) inversely correlated with
the amyotrophic lateral sclerosis functional scale assessed by the
Norris score on limbs. (CAG)n = number of expanded CAG
repeats in the spinal and bulbar muscular atrophy allele.

fuse nuclear mutant AR accumulation, but not that of
Nis, in the spinal cord.'® Accordingly, neuronal dys-
function is likely to be caused by diffuse nuclear accu-
mulation of mutant AR in the affected tissues. In this
study, the extent of mutant AR nuclear accumulation
in scrotal skin cells paralleled that in the anterior horn
cells in autopsied cases. Electron microscopic immuno-
histochemistry for 1C2 anti-expanded PolyQ demon-
strated granular dense and amorphous aggregates cor-
responding to diffuse nuclear staining in both spinal
motor neurons and epithelial cells of scrotal skin. Fur-
thermore, the fine structure of the aggregates in spinal
motor neurons and epithelial cells was quite similar.
Biopsy analyses in this study also suggested that scrotal
skin findings were correlated with the motor functional
scores of SBMA patients.

Our findings suggest that nuclear mutant AR as-
sessed by 1C2 immunostaining in the scrotal skin is a
practical procedure to estimate the severity of SBMA
pathogenesis in the nervous system. In support of this
view, decreases in mutant AR accumulation in the mo-
tor neurons paralleled that in nonneuronal cells in the
androgen deprivation therapy tested in the mouse
model of SBMA. In addition, leuprorelin treatment
markedly reduced serum testosterone levels, as well as
nuclear accumulation of mutant AR in the scrotal skin,
suggesting that medical castration with leuprorelin in-
tervenes in the pathogenic process of human SBMA, as
demonstrated in the animal study. Moreover, serum
CK levels were significantly decreased in this leuprore-
lin study. Because high CK values are common in
SBMA patients and histopathological examinations
have shown myogenic changes together with neuro-
genic findings in this disease,"” presumably, a decrease
in CK values with leuprorelin treatment implies mus-
cular protection. Serum CK levels, however, did not
significantly correlate with the Norris score on limbs or
with scrotal skin biopsy findings in our cross-sectional
study.
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As defined by the Biomarkers Definitions Working
Group, a disease biomarker should be objectively mea-
surable and evaluated as an indicator of pathogenic
processes or pharmacological responses to a therapeutic
intervention.”® Based on the observations described
carlier, 1C2-stained mutant AR accumulation in the
biopsied scrotal skin is likely to be a potent biomarker
reflecting pathogenic processes of SBMA. Particularly,
the correlation of the extent of mutant AR nuclear ac-
cumulation in the spinal motor neurons with that in
scrotal skin biopsies in the autopsied cases suggests that
findings in the scrotal skin can predict pathogenic pro-
cesses in the motor neurons.

Although its precise natural history has not been
evaluated, SBMA is a slowly progressive disease."®
Thus, extremely long-term clinical trials are necessary
to assess whether certain drugs can alter the natural dis-
ease progression by targeting clinical end points such as
occurrence of aspiration pneumonia or becoming
wheelchair bound. Suitable surrogate end points, which
reflect the pathogenesis and severity of SBMA, are sub-
stantial to assess the therapeutic efficacy in drug trials.
Although it is not practical to obtain biopsy specimens
from the central nervous system (CNS), a punch bi-
opsy of the scrotal skin enables a safe and accessible
examination for patients.

It has also been suggested that reliance on surrogate
end points can be misleading because they may not
accurately predict the actual effects that treatments
have on the health of a patient, as was seen with the
CD4 counts in human immunodeficiency virus trials,
the bone mineral density in osteoporosis trials, and
others.”” However, several factors have been suggested
to consider the decision to rely on a surrogate.”® In
SBMA, mutant AR accumulation assessed by scrotal
skin biopsy can be a candidate for a surrogate end
point in light of several pieces of evidence. First, a
credible SBMA animal model demonstrated dramatic
functional motor recovery in response to testosterone
deprivation therapy that depleted mutant AR accu-
mulation in the central nervous system, as well as in
nonneuronal tissues.'®'” Second, the degree of dif-
fuse nuclear accumulation of mutant AR in both the
CNS and scrotal skin correlates well with CAG repeat
length and disease severity, indicating that it is a nat-
ural phenomenon of and reflects the undetlying pa-
thology of the disease. Third, autopsy studies show
that levels of nuclear AR accumulation in the scrotal
skin are correlated with those in the CNS. Moreover,
levels of nuclear translocated mutant AR in the scro-
tal skin decreased significantly in response to drug
therapy that has been shown to deplete such accumu-
lations in the CNS of SBMA mice, to significantly
rescue motor dysfunction in these mice, and to pat-

tially stabilize neurological symptoms in one reported
case of human SBMA.?*!
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Fig 3. Effects of leuprovelin on mutant androgen veceptor (AR) accumulation in scrotal skin, serum testosterone, and creatine kinase
(CK). (A) Scrotal skin shows intense and frequent staining for anti-polygluramine antibody in the nucleus before therapy. (B)
Twelve weeks after therapy, both intensity and frequency of nuclear staining markedly decreased. Bar = 30pm. (C) Quantitative
analysis of immunohistochemistry demonstrated a significant decrease in the number of positively stained nuclei. (D) Serum testoster-
one and CK decreased significantly in 6 months. Frequency of staining was calculated from counts of more than 500 nuclei in ran-

domly selecred areas and was expressed as mean & standard deviation for 5 patients. **p < 0.01;

Although our results were obtained from a small
sample, nuclear accumulation of mutant AR in the
scrotal skin appears to be a potent pathogenic biomar-
ker of SBMA. A correlation between decline in vali-
dated clinical scales and nuclear mutant AR accumula-
tions must be demonstrated in a longitudinal study to
verify this histopathological feature as a biomarker for
clinical severity. Similarly, validation of the scrotal skin
biopsy findings as a surrogate end point in clinical tri-
als will require a longitudinal study verifying that sup-
pression of nuclear staining correlates with improve-

L3

p < 0.0001.

ment on a validated clinical scale and the true clinical
outcome events such as the need for a wheelchair, the
presence of aspiration pneumonia, or death.
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