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Figure 3 Enhanced neuronal dunh in the SNpec of pazkm

mice by the wp-regulation of Pael-R. (A) Adenoviral \LCU)I'S 2 pl
(s x 10° p.fu), S2NPNCre (1° p.fu) and LoxPael-R (10 p.fu) were injected unilaterally in the striatum of either parkin™™

R
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including LoxEGFP
or parkin™' " mice, as described

in Figure 1. As a control, LoxPacl-R was replaced by LoxLacZ (10 p-fu), and S2NPNCre + Loxl.acZ was injected on the contralateral side. Brains of animals
were then perfusion- fixed 7 days later, and midbrain sections were stained using the Nissl method (upper two panels). One of consecutive sections was also
immunostained with anti-Pael-R antibody (lower panels). Images at —3.52 mM from the Bregma are shown. The open boxes in the upper panel are magnified
in Jower two panels. Typical examples of neurons positive with both TH and Pael-R are indicated by white arrowheads in the lower panels. Typical examples of
degenerating newrons are identified by the open arrowheads in the middle panels. (B) Nissl positive neurons were counted on the ipsilateral (closed bars) and
contralateral sides (opux bars) as described in the text, 7 and 14 days after the injection. In each case, 7 = 6, and the mean + SD is shown. ** denotes £ < (.01
compared to parkin™™ mice injected with LoxLacZ. (€) 10 days after the injection, midbrain sections were stained with anti-TH antibody as described in text.

[mages at ~ 3.28 mM (upper panels) and ~ 3.52 mM from the Bregma (lower panels) are shown. (D) TH positive neurons were counted 7 days after the injection
(left panel). DA content was also measured by the HPLC-EC method 7 days after the injection (right panel). In each case, closed and open bars correspond 1o the
ipsilateral (closed bars) or wmulatcml striatum (open bars) of parkin™™ or parkin™™ mice, respectively. In each case, n = 6, and the mean + SD is shown. *

denotes P < 0.01 compared to parkin™* mice injected with LoxLacZ.

side received injection of S2NPNCre, LoxPael-R and Material, Fig. S2C). In other brain sublesions which have

LoxEGFP) based on EGFP fluorescence or Nissl staining
(Supplementary Material, Fig. S2B), diminished dopamine
content most likely reflects loss of functional dopaminergic
neurons in the ipsilateral SNpc. Moreover, injection of
S2NPNCre and LoxPael-R resulted in the expression of
Pael-R (marked by expression of EGFP) also in the motor
cortex by retrograde infection (Supplementary Material,
Fig. S2A). In contrast to the SNpc, no neuronal death was
observed in either motor cortex or striatum {(Supplementary

the connection to the striatum (i.e. the thalamus, the interpe-
duncular nucleus, the locus coeruleus and the raphe
nucleus), no EGFP signals were detected, which may be due
to the fewer communication to the striatum (not shown).
The loss of TH immunointensity in the SNpc mainly occurred
in neurons expressing Pael-R (Supplementary Material,
Fig. S3A~C). These data suggest that Pael-R overexpression
caused neuronal cell death, rather selectively in dopaminergic
neurons in the SNpc.
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Figure 4. Assessment of neuronal cell death in parkin™’™ mice (A,B) After infection of adenoviral vectors by the same protocol as used in Figure 3, brains of
animals were perfusion-fixed 7 (upper panels for TUNEL) and 5 (Jower panels for activated caspase-3 staining) days later, and midbrain sections were stained
using either the TUNEL method or anti-activated caspase-3 antibody («Casp3). Images at —3.52 mM from the Bregma were obtained to visualize the indicated
antibody and the EGFP signal (green). In each panel, areas indicated by arrowheads are magnified in the insets at the lower comer of the panel. Note that
TUNEL-positive and activated caspase-3-positive cells are increased in the P positive area. Scale bar: 200 pm. [mages shown in this figure (panels
A.B) are representative of six repeated experiments. (C,D) Quantitation of TUNEL-positive signals (number of positive signals) 7 days after injection (panel
C) or the percentage of cells positive for activated caspase-3 («Casp3) in the population of EGFP-positive neurons § days after injection (panel D) on the ipsi-
lateral (closed bars) or contralateral SNpe (open bars) of either parkin™’" or parkin™? mice. In each case, n = 6. and the mean + SD is shown. ** denotes
P < 0.01 compared to parkin™™" mice injected with LoxlLacZ.

ORP150 suppresses Pacl-R-mediated neuronal cell death

These observations led us to hypothesize that ER stress might
trigger loss of dopaminergic neurons due to accumulation of
toxic Pael-R. To gain further insight into mechanisms under-
lying this observation, we focused on the function of an ER
chaperone, ORP150, which promotes protein folding/degra-
dation (17). We reasoned that if the ER stress is the cause
of Pael-R-mediated dopaminergic neuron death, even in the
presence of wild-type Parkin, decreased levels of ORP150
should accentuate Pael-R-induced neuronal death in the
SNpe, whereas overexpression of ORP150 might be protec-
tive. Using targeted injection of adenoviral vectors (as
above), Pael-R was overexpressed in the SNpc of either het-
erozygous Orpl50 truncation mutants [Orpl 507 mice;
note, homozygous Orpl50™"" mice have a developmental
lethal phenotype 13)], strain-matched controls (Orpl50*"™*
mice) or Orpl50 overexpressing wild-type f{ransgenics
[Orp150 TG mice, driven by pCAGGS promoter (21)]. Elev-
ated levels of ORP150 were confirmed in SNpc neurons of
Orpl50 TG mice by immunohistochemical analysis (Sup-
plementary Material, Fig. S4 upper panels; levels of
ORP150 in strain-matched normal animals are also shown in
lower panels). Degeneration of dopaminergic neurons was
assessed by TUNEL staining and expression of activated
caspase-3 (Fig. 5A and B), since these methods appeared to
have adequate sensitivity, as shown in Figure 4. A gene
dosage effect was observed; increased levels of ORP150
afforded protection to dopaminergic neurons. Orpli0*'~
mice, with the lowest levels of functional ORP150, displayed
exaggerated damage to dopaminergic neurons; TUNEL stain-
ing and activated caspase-3 were enhanced on the ipsilateral
SNpc (the side in which injection of adenoviral vectors

resulted in over-expression of Pael-R; Fig. 5A and B),
whereas no significant cell death was observed on the contral-
ateral side where LoxLacZ was expressed (data not shown).
Each of these indices of neuronal stress/toxicity in this
setting was decreased, in a manner dependent on the ‘dose’
of Orpl50, when the same experiment was performed in wild-
type (Orpl50%™") or mice overexpressing ORP150 (Orpl50
TG mice) (Fig. SA and B).

These data suggest an essential contribution of ER function
in protecting neurons from lethal toxicity when Pael-R is over-
expressed. According to this concept, we further reasoned that
such neurons in Parkin ™'~ mice might be rescued by either
expression of Parkin or ER chaperones capable of promoting
protein folding/renaturation, such as GRP78. Though adeno-
viral expression of LacZ in neurons failed to rescue SNpc
neurons from Pael-R-mediated cell death, overexpression of
Parkin minimized neuronal damage (Fig. 5C). Similarly, over-
expression of GRP78 could substitute for Parkin in preventing
Pael-R-mediated neuronal death in Parkin™'~ mice. Western
blot analysis of brain stem samples confirmed the expression
of transfected gene products (Fig. 5C, right panel). These
data indicate that the ER chaperones, such as GRP78 and
ORP150, have the capacity to relieve ER stress due to
increased expression of Pael-R, thereby exerting a protective
effect on dopaminergic neurons in the SNpc.

Suppression of Pael-R-mediated cell death by
inhibition of dopamine synthesis

Increased dopamine content in the striatum of Parkin ™ mice
has been noted by some investigators, though the increase is
small (18,19). Furthermore, Pael-R has been implicated in
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Figure 5. E ﬂul of ORP150, Parkin, and GRP7§ on Pael-R-mediated cell death in the SNpe. (A) Adenoviral vectars (2 p), including LoxEGFP (5 x 10 p.fu.),
S2NPNCre (10° p.fiu ), and LoxPael-R (10° p.fiu), were injected unilaterally into the striatum of either ORP150%™ (left pancls) QRPISO™™ (middle panels) or
ORP150 mansgenic mice {ORP150 TG; right panels) mice. Where indicated, LoxPael-R was replaced with LoxLacZ ao° p.fun), and the latter mixture was
injected on the contralateral side. Brains were then perfusion fixed at 7 (for TUNEL analysis; upper panels) and 5 (for activated caspase-3 staining: aCasp3,
lower panels) days after the injection. Images were overlapped with the EGFP signal (green). In each panel, the area indicated by the arrowhead is magnified
in a small inset in the lower comer. Note ﬂu increase in cells staining positively by TUNEL analysis and for activated caspase-3 antigen in the EGFP positive
arca. This was most apparent in ORP150™™ mice. Scale bar: 200 wm. All images shown in this figure are representative of six repeated experiments. (B) Total
number of TUNEL-positive signals {left panel) and the percentage of activated caspase-3 (aCasp3) positive cells in the population of EGFP- posm\e, neurons
(right panels) determined in the ipsilateral SNpe. In mch case, 7 = 6, and the mean + SD is shown. ** denotes P <2 0.01 compared to ORPIS0™™ (wild type)
mice. (C) A mixture (total 2 wl) of LoxEGFP (5 x 10° plu), S2NPNCre (10° p.fa), LoxPael-R (10° p.fa), and LoxLacZ (1.5 x 10° pfu) was iy J&ctad uni-
laterally into the striatum of pmkm“’"~ mice. On the contralateral side, LoxLacZ was replaced with either AxCMParkin (Parkin; 1.5 x 10° p.fu.) or
AxCAGRPT8 (GRP7S: 1.5 x 10° p.fu). Midbrain sections were stained with anti-activated caspase-3 antibody (S days later). The percentage ol activated
caspase-3-positive neurons was determined on the ipsilateral (closed bars) and conualama] sides. In the latter case, data is shown following injection of the
vector e\pmxsmo parkin (gray bars) and GRP78 (open bars) are shown. In each case, » = 6, and the mean + S.D is shown. Midbrain samples collected
from parkin” '~ mice as described in text were also subjected to Western blot analysis using either anti-B-galactosidase, anti-GRP78, anti-Parkin or anti-B-actin
antibody (for an internal control). A typical example of five repeated experiments is shown. * denotes P < 0.01 compared to the group injected with the vector

expressing LacZ.

the regulation of dopamine levels; increased Pael-R is
associated with increased dopamine content in the striatum
(Imai, Y. et al., manuscript in preparation). Based on these
observations, we reasoned that Pael-R-mediated cell death in
the SNpc of Parkin™'~ mice might be associated with
elevated levels of dopamine. Since dopamine has considerable
potential toxicity (8,22), we further hypothesized that
dopamine-derived metabolites/catabolites might contribute to
loss of TH-positive (+) neurons. To address this issue directly,
we determined whether suppression of DA synthesis by
AMPT, a specific inhibitor of TH (15), would have a neuro-
protective effect on TH(+) neurons overexpressing Pael-R
in the SNpc of Parkin ™' mice. Accidental death of mice
occurred in ~4% of animals within 36 h after the first admin-
istration of AMPT. This might be due to the shifts of circadian
temperature rhythms (23). The systemic toxicity of AMPT
was not observed at later phase. Repeated administration of
AMPT over a 7 day period lowered dopamine content of the
striatum to =30% of that observed in untreated controls
(Supplementary Material, Fig. S$5). Using this protocol of
AMPT treatment, adenoviral veclors were injected into
the striatum to increase neuronal Pael-R levels in Parkin ™~
mice. Compared with Parkin ™'~ mice treated with phosphate-
buffered saline (PBS), animals receiving AMPT displayed

striking neuroprotection. Inhibition of TH in Parkin '~ mice
overexpressing Pael-R in the SNpc suppressed the number
of TUNEL-positive nuclei and generation of activated
caspase-3 epitopes, compared with animals treated with PBS
alone (Fig. 6A-C). AMPT treatment was also effective in
preventing Pael-R-mediated cell death in the SNpc of
Orpl150"" mice, compared with animals treated with saline
{Fig. 6C), suggesting a toxic effect of DA in ER dysfunction.
These data suggest that dopamine enhances neurotoxicity
associated with overexpression of Pael-R, especially in the
absence of Parkin.

DISCUSSION

QOur data indicate that in vivo overexpression of Pael-R in
neurons of the SNpc results in enhanced ER stress, which,
especially in a setting with decreased functional Parkin,
targets TH-positive neurons for accentuated cytotoxicity.
Whereas expression of a protein as difficult to properly fold
as Pael-R has been shown to cause ER stress in a range of
cell types in vitro (9), we believe that cellular vulnerability
in this situation is critically exaggerated in dopaminergic
neurons in vivo due to the superimposed toxicity of dopamine
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Figure 6. Suppression of neuronal death in the SNpe of mice overexpressing Pacl-R by inhibition of dopamine synthetase using AMPT. (A) Parkin™ ~ mice were
treated with ellhm PBS or AMPT up to 7 days after unilateral injection of adenoviral vectors, mcludm0 LoxEGFP (5 x 10S p.fu), SINPNCre (10‘> p.fu) and
LoxPael-R (10° p.fu). As a control, the same vectors, with LoxPael-R replaced by LoxLacZ (]0 p.ful), were injected on the contralateral side. Brains were
perfusion-fixed at 7 (upper panels; for TUNEL analysis) and 5 (lower panels; staining for activated caspase-3, aCasp3) days afier injection of the vectors, and
were then subjected to histochemical analysis as described above. The above images were overlapped with EGFP (green). Scale bar: 200 pm. All images
shown in this figure are representative of six repetitions of the experimental protocol. In each panel, the area indicated by the arrowliead is magnified in a
small inset in the lower comer. Note that TUNEL-positive and activated caspase-3-positive cells were diminished by AMPT treatment (i.e. in the presence of
the latter, the area/level of dmptom, cells approxnma&d that observed in controls overexpressing LacZ). (B,C) Statistical analysis was performed as described
above, in either Parkin ™" mice (B) or Orpl50~ " mice (C). The number of TUNEL- positive signals (left panels), and % of activated caspase-3-positive cells
in the population of EGFP-positive neurons (right panels) in-the ipsilateral SNpe are shown (1 = 6; the mean + SD). P-values.obtained by Student’s t-analysis,

are shown in each panel.

(DA) itself. These data also emphasize the potential relevance
of parkin targets, such as Pacl-R, in addition to the
aminoacyl-tRNA synthetase cofactor p38, to neurotoxicity in
dopaminergic neurons (24).

The technical approach employed in our experiments, injec-
tion of adenovirus under stereotactic guidance into the stria-
tum with selective neuronal expression of gene products, is
quite unique. First, such results have been difficult to
achieve in the mouse because of anatomic limitations.
Though adenovirus vectors are more immunogenic than ade-
novirus associated virus, they still have greater merits in retro-
grade transfection (25). We have taken this advantage into our
experimental system, to achieve an efficient gene transfer to
SNpe, where direct injection of viral vectors will be inapplic-
able because of anatomical limitations. Second, adenovirus
infection predominately affects glia, rather than neurons.
Modification of the SCGI10 (superior cervical ganglion) pro-
moter by tandem insertion of two neuron-restrictive silencers
produced almost 100% expression of transgenes in neuronal
cultures, and considerably lower expression in astrocytes
(not shown). Coinjection of S2NPNCre with LoxEGFP into
the striatum resulted in expression of transgenes in neurons
of the mouse SNpc. This approach allowed us to obtain
neuron-specific expression of Pael-R enabling study of its
effect(s) on neuronal physiology in vivo. The proximal result
of such Pael-R expression included upregulation of ER cha-
perones, such as GRP78 and ORP150, whereas the distal
result was loss of TH-positive neurons, especially in
Parkin™'" mice. In contrast, expression of Pael-R had no
effect on the constitutively expressed form of HSP70, import-
ant for housekeeping functions in the cytoplasm (Fig. 2D).

Several observations are consistent with the importance of
ER stress as a mechanism underlying Pael-R-induced cetlular
toxicity. In previous studies using cultured neuroblastoma
cells, Pael-R has been identified as a substrate of Parkin, an
E3 ubiquitin ligase (6). Thus, in the absence of Parkin,
Pael-R may accumulate since it is not subject to efficient
removal. In contrast, no detectable change of Pael-R levels
has been reported in SNpc of Parkin null mice (24). Since
there is no evidence of progressive neuronal cell death in
Parkin null mice, there would appear to be redundant mechan-
isms able to compensate for loss of Parkin under physiologic
conditions. The ability of neurons to withstand ER stress
imposed by expression of Pael-R is likely to be dependent
on the effectiveness of the ER-stress response; higher levels
of Pael-R would require a facile ER-stress response (l.e. ade-
quate or increased levels of parkin, ORP150, GRP78 etc),
whereas diminished levels of ORPI150 or GRP78 would
render neurons vulnerable to toxicity because of a compro-
mised stress response. These predictions have been borne
out by our experimental results. Therefore, the possible
toxicity of Pael-R cannot be completely ignored, especially
in pathological conditions. Increasing expression of GRP78
had a protective effect in Parkin™~ mice overexpressing
Pael-R. Furthermore, expression of ORP150, an important
factor modulating ER stress even in the presence of Parkin,
modulated the toxicity of Pael-R for domminm'Oic neurons;
increased levels of ORP 150 in transgenic mice were neuropro-
tective, whereas diminished levels in ORP150 in OrpJ 50+
mice ]Cbullbd in enhanced cell death (i.e. increased TUNEL
staining and immunoreactivity for activated caspase-3 in the
SNpc).
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Our experimental system produced Pacl-R overexpression
and subsequent cell death in the SNpc of mouse, whereas no
apparent cell death occurred either in the striatum or in the
motor cortex (Supplementary Material, Fig. S2C). Further-
more, we observed a neuroprotective effect of a TH inhibitor
in the SNpc of mouse, suggesting that DA also contributes to
Pael-R-induced cell death of dopaminergic neurons. Consist-
ent with these results in our mouse models, studies in trans-
genic flies overexpressing Pael-R in most of neuronal
populations also showed sclective loss of dopaminergic
neurons, though the mechanism of cellular degeneration is
not fully understood (10). One plausible explanation for focus-
ing toxicity on dopaminergic neurons is the oxidative stress
caused by the presence of DA and its derivatives (1).
Another possibility that DA might compromise the survival
of dopaminergic neurons is a chemical inactivation of cellular
proteins by addition of DA to sulfhydryl group of proteins.
Recently, it has been reported that dopamine covalently mod-
ifies Parkin, a protein rich in sulfhydryl group, in dopamin-
ergic cells, leading to increased Parkin insolubility and
inactivation of its E3 function (22). Vulnerability of Parkin
to modification by DA further impairs degradation of
Pael-R. Thus, even in sporadic PD, DA might interfere in
the degradation of certain proteins, such as Pael-R, by the
inactivation of Parkin. Collectively, these data propose a
model in which a combination of ER stress and DA-related
stress plays an important role in degeneration of dopaminergic
neurons in sporadic PD as well as PD caused by parkin
mutations.

MATERIALS AND METHODS

Targeted disruption of the mouse parkin gene

Parkin™"" mice were generated using standard gene targeting
techniques (26). A targeting vector was constructed with a
15.7 kb genomic DNA fragment containing exon 3 of the
parkin gene (Supplementary Material, Fig. S1). The region
containing exon 3 was replaced with a Floxed pgk-neo cas-
sette. A DT-ApA cassette was flanked at the 5'-end of the
homologous arm for negative selection (27). The linearized
targeting vector was transfected into E14 (129sv) ES cells.
Positive clones were selected by Southem blotting, and then
injected into C57B/6J (B6) blastocysts. Offspring harboring
the targeted allele were generated by crossing chimeric mice
with B6 mice. Results of such crosses were confirmed by
Southern analysis.

Reverse transcription—polymerase chain reaction
analysis of parkin null mice

Total RNA was extracted from whole brain tissue uéing Isogen
(Nippon gene). RT reactions containing 1 pg of total RNA
were performed using the SuperScript 1T First-Strand Syn-

cDNA was added to PCR reactions containing 1 unit of Ex
Tag DNA Polymerase (Takara) for 35 PCR cycles. PCR pro-
ducts were separated on a 1% agarose gel. Primers were as
follows: RT primer, 5-agt ttc cct tga ggt tgt ge; Primer A,
5-cgt agg tee tte feg acc; Primer B, 5'-ttg agg ttg tge gtc

cag g; Primer C, 5'-acc tca gag gge tcc ata tg; and, Primer
D, 5'-cte tet cta cac gic aaa cca gtg.

Construction of adenoviral vectors

Modified SCG10 (S2NP10) promoter [2 kb (28)] and mouse
GFAP promoter region (2.5kb; kindly provided by Dr
lkenaka, National Institute for Physiological Science) were
cloned into pAxAwNCre (kindly provided by Dr Saito,
Tokyo University), a promoter-less cosmid vector for prepar-
ing cell type-specific Cre-recombinase expressing adenovirus
(Fig. 2A; AxS2NPNCre and AxGFAPNCre). Human Pael-R
(9) was cloned into pAxCALNLw (Takara Bio Inc., Shiga,
Japan) in order to control Pael-R expression using Cre recon-
binase (AxLNLPael-R). The Pael-R gene is silenced because
of the presence of the staffer of the neo-resistant gene, and
is activated by Cre-mediated excisional deletion of the
stuffer when a sufficient amount of Cre recombinase is
expressed (Fig. 3). To prepare an adenoviral vector of
parkin (AxCMParkin), the human parkin gene was cloned
into pAxCMwt. Recombinant adenovirus was generating
using the COS-terminal protein complex (TPC) method and
the Takara adenovirus expression kit (Takara Bio Inc.).
AxILNLNZ (Takara Bio Inc.), which overexpresses LacZ
with a nuclear localization signal mediated by Cre recombi-
nase, was used for control experiments. Cre-mediated
EGFP-expressing adenovirus, AXLNLEGFP, was kindly pro-
vided by Dr Okado (Tokyo Metropolitan Institute of Neuro-
science). An adenoviral vector for overexpression of GRP78/
Bip (AxCAGRP78) was generously provided by Drs
S. Tanaka and T. Koike [(29) Graduate School of Science,
Hokkaido University]. Each adenovitus was amplified in
HEK293 cells and purified using VIRAPREP Adenovirus
Purification Kit (Virapur LLC,, San Diego, CA, USA). Viral
titers were determined by a plaque-forming assay in
HEK?293 cells.

Western blotting

Levels of Pael-R in tissue extracts were determined by
Western blotting as described (9). Mouse brain was quickly
removed and placed on a cold plate. Brain slices (200 pum)
were obtained at —3.5 mM from the Bregma on a vibratome.
Substantia nigra was then carefully removed under guidance
of a sterecoscopic microscope according to the mouse brain
atlas (Paxinos and Franklin, Academic Press, 1997, San
Diego) using the cerebral peduncle and medial lemniscus as
landmarks. Tissue extracts were prepared from SNpc in PBS
containing NP-40 (1%). Proteins were separated by
SDS-PAGE, and transferred to PVDFE. PVDF was then incu-
bated with antibody to either human Pael-R or B-actin, the
latter as an internal control (1000 x dilution, Sigma,
St Louis, MO, USA). Levels of chaperones in tissue extracts
were determined by Western blotting, as described (30).
PVDF was incubated with either anti-human ORP150 anti-
body (1 pg/ml), anti-GRP78 monoclonal antibody (Stressgen,
Canada; 0.2 wg/ml), or anti-HSP73 antibody (0.1 pg/ml;
Stressgen). Where indicated, either anti-B-galactosideas
antibody (1000 x dilution, Sigma) or anti-Parkin antibody
(1000 x dilution, Cell Signaling Technologies Inc.) was



used to access the level of these proteins. Images were further
subjected to densitometric analysis using NI image software.

Injection of adenoviral vectors into the striatum and
treatment of animals

Animals were housed and treated according to institutional
and national guidelines. Mice were stereotactically positioned
under deep anesthesia, and the indicated combination of
adenovirus vectors was injected unilaterally (a different
combination, including a LacZ control, was injected on the
contralateral side) into the striatum at six points (AP/ML/
DV/=0.8/1.2/—2.5, 0.8/1.2/-3.2, 0.8/1.7/-25, 08/1.7
—3.2,0.8/2.2/~2.5 and 0.8/2.2/—3.2; units are mm), followed
by free access to food and water. Retrograde passage and
infection of adenoviruses was confumed 5~12 days after the
injection by detection of a green fluorescent signal in the
SNpc by fluorescence microscopy. Where indicated, animals
were pretreated with  o-methyl-DL-Tyrosine (AMPT) to
suppress DA synthesis. AMPT-HCL (150 mg/kg, Sigma) was
intra-peritoneally administrated twice per day for 5 days
before injection of adenoviral vectors, as well as after the
latter and until the day of sacrifice.

Assessment of nearonal death in vive

At the indicated time points, animals were perfused with 4%
paraformaldehyde under deep anesthesia, the brain was
excised and coronal brain sections (14 pm) were cut on a
cryostat. Sections were processed for cresyl violet staining
or immunohistochemistry using either mouse anti-tyrosine
hydroxylase antibody (TH; I pg/ml, Sigma), rabbit anti-
human ORP 150 antibody [5 pg/ml (30)], rabbit anti-activated
casepase-3  antibody(0.1 pwg/ml, Genzyme/Teche), rabbit
anti-Pael-R antibody [10 pg/ml, (9)] or goat anti-GFAP anti-
body (4 wg/ml. Santa Cruz Biotechnology, Santa Cruz, CA).
Sections were also subjected to TUNEL staining using a com-
mercially available kit (ApopTag, Intergen, Purchase, NY). To
evaluate neuronal death in the SNpc, either Nissl or EGFP
positive cells were counted in each coronal slice obtained at
five different levels (—3.16, —3.28, —3.40, —3.52 and
—3.64 mM [rom the Bregma), as described (31) by acquiring
digital images using a CCD camera (Nikon, Coolscope).
Cell death was semi-quantitatively assessed by counting
TUNEL-positive cells/nuclei in the EGFP-positive area, and
evaluating the percentage of activated caspase-3-positive
cells in the population of EGFP-positive cells. Sections. were
analyzed using a laser scanning confocal microscope system
(Leica, TCS SP2). In each case, two observers without knowl-
edge of the experimental protocol evaluated sections and
experiments were repeated at least three times.

DA content in the striatum was measured in the SNpc as
described (32). In brief, striatal tissue was homogenized in
solution H (0.4 M HCIO,4 containing 4 mM NayS;0s, 4 mm
diethylenetriaminepentaacetic  acid, and Smm  14-
dithiothreitol). Crude tissue lysate was separated on a C-18
reversed-phase column (MCM HPLC, 4.6mm x 15cm,
Sml, ESA, Chelmsford, MA, USA), followed by
electrochemical detection (Coulochem II1, ESA).
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Statistical analysis

Data shown represent the mean + SD Multiple group compari-
sons were performed by one-way ANOVA, followed by
Newman-Kuels test as a post hoc analysis. Comparison
between two groups was analyzed by two-tailed Student’s
1-test.,

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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ABSTRACT

5100 protein is expressed primarily by astroglia in the brain, and accumulates in and around
the ischemiclesions. Arundic acid, a novel astroglia-modulating agent, is neuroprotective in
acute cerebral infarction, whereas the protective effects remain unknown during chronic
cerebral hypoperfusion. Rats undergoing chronic cerebral hypoperfusion were subjected to
a bilateral ligation of the common carotid arteries, and were allowed to survive for 3, 7 and
14 days. The animals received a daily intraperitoneal injection of 5.0, 10.0 or 20.0 mg/kg of
arundic acid, or vehicle, for 14 days. Alternatively, other groups of rats received a delayed
intraperitoneal injection of 20.0 mg/kg of arundic acid or vehicle, which started from 1,3 or 7
days after ligation and continued to 14 days. The degree of white matter (WM) lesions and
the numerical density of $100 protein-immunoreactive astroglia were estimated. In the WM
of rats with vehicle injections, the number of S100 protein-immunoreactive astroglia
increased significantly after chronic cerebral hypoperfusion as compared to the sham-
operation. A dosage of 10.0 and 20.0 mg/kg of arundic acid suppressed the numerical
increase in S100 protein-immunoreactive astroglia and the WM lesions. These pathological
changes were suppressed with delayed treatment up to 7 days in terms of astroglial
activation, and up to 3 days in terms of the WM lesions. The protective effects of arundic acid
against WM lesions were demonstrated in a dose-dependent manner, and even after
postischemic treatments. These results suggest the potential usefulness of arundic acid in
the treatment of cerebrovascular WM lesions.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

lacunar cerebral infarction, and non-occlusive arteriopathy
causes chronic cerebral hypoperfusion and WM lesions

Ischemic white matter (WM) lesions are frequently observed (Pantoni and Garcia, 1997). Indeed, WM lesions can be induced
in human cerebrovascular diseases (CVD), and are believed to by a ligation of the bilateral common carotid arteries (CCAs) in
be responsible for cognitive impairments in the elderly. It is rats, which leads to a 50-70% decrease in normal cerebral
believed that the occlusion of the small vessels results in blood flow (CBF) over an extended period of time (Tsuchiya

Corresponding author. Fax: +81 75 751 3766.

E-mail address: tomimoto@kuhp kyoto-u.ac.jp (H. Tomimoto).
Abbreviations: WM, white matter; CVD, cerebrovascular disease; CCAs, common carotid arteries; CBF, cerebral blood flow; iNOS,
inducible nitric oxide synthase; PBS, phosphate-buffered saline; KB, Kliiver-Barrera; BBB, blood~brain barrier; TNF , tumor necrosis factor

alpha; COX2, cyclooxygenase 2
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et al., 1992; Wakita et al., 1994). The myelins become rarefied
with a proliferation of the astroglia and an activation of
microglia, plus oligodendroglial cell death with DNA frag-
mentation in the WM (Tomimoto et al., 2003).

5100 is a 20-kDa Ca-binding protein composed of and
subunits, and is primarily expressed by astroglia in the brain.
This protein may play a dual role in the regulation of cell
function, being beneficial to cells at low doses but detrimental
at high doses (Hu et al, 1996). In human CVD, a significant
correlation has been reported between the plasma concentra-
tion of S100 protein and the volume of the cerebral infarct
{Aurell et al,, 1991). Although low concentrations of $100 protein
protect cultured neurons from glutamate-induced excitotoxic
damage, a high concentration of this protein upregulates the
expression of inducible nitric oxide synthase (iNOS) in cultured
astroglia with the subsequent production of NO and death of
astroglia and neurons (Hu et al., 1996, 1997; Murphy, 2000).

Indeed, arundic acid, an agent that inhibits the astrocytic
synthesis of S100 (Asano et al., 2005), has been shown to be
neuroprotective in a rat model of acute cerebral infarction
(Tateishi et al,, 2002). Arundic acid may interfere with the
intricate pathways of astrocytic activation upstream to the
mRNA expression of various proteins, and is considered to be
a modulator of the gene expression and functions of astroglia
{(Asano et al,, 2005; Shinagawa et al,, 1999).

In the present study, we examined the protective effects of
arundic acid on WM lesions during chronic cerebral hypoper-
fusion, and also investigated its therapeutic window for
delayed treatment. Our results support the potential use of
arundic acid as a therapeutic intervention in human cerebro-
vascular WM lesions with cognitive impairment.

2. Resulis
2.1.  Mortality rates and laboratory data

In the first series of experiments, 1 out of 7 arundic acid-
treated rats died at a dosage of 5.0 mg/kg (14.3%), and none
died at dosages of 10.0 and 20.0 mg/kg (0.0%). The laboratory
data (erythrocyte count, leukocyte count, GOT, GPT, BUN and
creatinine levels) and rectal temperature were not significant-
ly different between the vehicle-treated and arundic acid-
treated rats (Table 1).

2.2.  Dose-dependent effect of arundic acid on S100 protein
expression

In the WM of the sham-operated animals, only a few astroglia
showed positive immunostaining for the S100 protein. From 3 to
14 days after the operation, the brains of the vehicle-treated
animals showed a numerical increase in astroglia, which were
immunoreactive for $100 protein in various WM regions such as
the optic nerve, optic tract, corpus callosum, and internal
capsule (Figs. 1A-D). These S100 protein-immunoreactive astro-
glia increased in number after BCAO as compared to the sham-
operated control group in these WM regions (Fig. 1E, Table 2).
In the 10.0 and 20.0 mg/kg arundic acid-treated rats, S100
protein-immunoreactive astroglia appeared to be less numer-
ous in the WM regions as compared to the vehicle-treated
animals for 14 days. In the semi-quantitative analysis, the
number of S100 protein-immunoreactive astroglia was re-
duced in both 10.0 and 20.0 mg/kg arundic acid-treated groups
as compared to the vehicle-treated group (p<0.001; Figs. 2A~
D). The number of astroglia decreased in the 5.0, 10.0 and
20.0 mg/kg arundic acid-teated groups compared to the
vehicle-treated group. The number was also reduced in the
20.0 mg/kg arundic acid-treated animals as compared to the
10.0 mg/kg arundic acid-treated animals (p<0.05), indicating
a dose-dependent effect for arundic acid (Fig. 2E, Table 2).

2.3.  Dose-dependent effect of arundic acid on WM lesions’

This dose-related protective effect was similarly observed with
respect to the WM lesions. In the 10.0 and 20.0 mg/kg arundic
acid-treated groups, the scores were lower as compared to the
vehicle-treated group (two-factor factorial ANOVA; p<0.001).
There were no significant differences in grading scores between
the 5.0 mg/kg arundic acid-treated group and vehicle-treated
group. However, the 20.0 mg/kg arundic acid-treated animals
showed a significant reduction (p<0.05) as compared to the
10.0 mg/kg arundic acid-treated animals (Fig. 2F, Table 2).

2.4.  Effects of delayed treatment

In the delayed-treatment group, which started from 1, 3, or 7
days after the operation, the number of S100 protein-
immunoreactive astroglia showed a significant decrease in
the WM regions as compared to the vehicle-treated animals
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Fig. 1 - Photomicrographs of the immunohistochemical staining for S100 protein in the corpus callosum. The rats were
subjected to a sham operation (&), or bilateral ligation of the carotid arteries for 3 days (B), 7 days (C) or 14 days (D). An insetin (D)
indicates that 5100 protein is intensely expressed in astroglial foot processes around the blood vessel. Bars indicate 100 m.
E: Histograms of the numerical densities of 5100 protein-immunoreactive astroglia in the WM of the rats after a bilateral
common carotid artery occlusion. Six animals were used in each group. The asterisks indicate statistical significance at p<0.01
by Mann-Whimey U test when compared with the sham-operated controls. cc, corpus callosum, ic, internal capsule.

for 14 days (Figs. 3A-E, Table 2). The WM lesions were less
severe (two-factor factorial ANOVA; p<0.001) as compared to
the vehicle-treated group in the groups starting at 1 day and
3 days after the operation (Fig. 3F, Table 2), but there were no
significant changes in the group starting at 7 days.

3. Discussion

In the present study, we demonstrated a protective effect for
arundic acid against astroglial activation and WM lesions
during chronic cerebral hypoperfusion. Arundic acid sup-
pressed both the activation of the astroglia and the WM
lesions in a dose-dependent manner. Both the astroglial
activation and WM lesions were suppressed at dosages over
10 mg/kg, whereas the dosage of 5.0 mg/kg suppressed the
astroglial activation exclusively. Therefore, it4ds unlikely that
the activation of the astroglia was secondary to the WM

damage, but rather seems to be related to the causative
mechanism.

Microglia and astroglia are activated in the WM aberrantly
after chronic cerebral hypoperfusion (Wakita et al., 1994). This
activation occurs in a manner that predicts the extent and
severity of the subsequent WM damage, suggesting an
important role of glial activation in the pathogenesis of WM
lesions. In the susceptible WM, apoptosis of the oligodendrog-
lia is induced with an upregulation of inflammatory cytokines
including tumor necrosis factor alpha (TNF ), and free radicals
released from activated microglia and astroglia {Tomimoto et
al,, 2003). In addition, the compromised BBB (Uenio et al., 2002)
may allow the entry of macromolecules and other blood
constituents such as proteases, immunoglobulins, comple-
ments, and cytokines into the perivascular WM tissues.

In studies using a neuronal and astroglia co-culture
system, a high concentration of $100 protein upregulated NO
release from the astroglia, which was shown to be neurotoxic
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Fig. 2 - Photomicrographs of the immunohistochemical staining for S100 protein in the corpus callosum, The animals received
an intraperitoneal injection of vehicle (A) or 5.0 mg/kg (B), 10.0 mg/kg (C) and 20.0 mg/kg (D) of arundic acid for 14 days.

In the arundic acid-treated animals, astroglia immunoreactive for 5100 protein were less numerous as compared with the
vehicle-treated animals. Bars indicate 100 m. The histograms show the numerical densities of $100 protein-immunoreactive
astroglia (E), and the grading scores for the WM lesions (F) in rats receiving either vehicle or arundic acid for 14 days.
*p<0.05; **p<0.01 by Fisher’s protected least significant difference procedure, as compared to the vehicle-treated animals.
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Fig. 3 ~ Photomicrographs of the immunochistochemical staining for 5100 protein in the corpus callosum. The animals received
an intraperitoneal injection of 20.0 mg/kg of arundic acid from 1 day (B), 3 days (C) or 7 days (D) after the operation, until

14 days. The control animals (A) received a daily injection of vehicle 1 day before the operation until 14 days. In the delayed
treatment with arundic acid, the number of $100 protein-immunoreactive astroglia was significantly reduced as compared with
the control animals, Bars indicate 100 m. The histograms show the numerical density of $100 protein-immunoreactive
astroglia (E) and the grading scores for the WM lesions (F) in rats receiving either vehicle or arundic acid from 1 day, 3 days or
7 days after the operation until 14 days. *p<0.05; *p<0.01 by Fisher’s protected least significant difference procedure, as

compared to the vehicle-treated animals.
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(Hu et al, 1997, Nawashiro et al, 2000). Although the
mechanism of responsible for this astroglial activation by a
low concentration of S100 protein remains unclear, this
protein is believed to be further activated by a positive
feedback loop (Guo et al., 2001; Murphy, 2000). It is postulated
that these excessively activated astroglia may cause second-
ary tissue damage by the production of cytotoxic cytokines
such as TNF , and cyclooxygenase 2 (COX2) and iNOS (Lam et
al,, 2001; Sharp et al., 2000). Indeed, the delayed expansion of
the cerebral infarction was accompanied by astroglial activa-
tion as well as by an increased tissue level of $100 protein in
the peri-infarct area. Thus, the astroglial overexpression of
S100 protein is considered to play a pivotal role in infarct
expansion by causing alterations in the activities of multiple
intracellular signaling pathways and the expression of various
downstream proteins {Asano et al., 2005; Matsui et al., 2002).

Several in vitro and in vivo studies have determined the
pharmacological actions of arundic acid on astroglia. Arundic
acid acts selectively on astroglia and modulates their
activation, or prevents excessive activation that may be
harmful to neighboring neurons. It does not act on neuronal
cultures directly, but suppresses the changes induced in the
co-cultured astroglia, such as an increase in S100 content,
the secretion of nerve growth factor, a reduction in glutamate
transporter (GLT-1 and GLAST) expression and the disap-
pearance of GABAA receptors, in a dose-dependent manner,
without affecting GFAP expression {Asano et al, 2005;
Himeda et al., 2006; Katsumata et al.,, 1999; Matsui et al,
2002). In addition, arundic acid inhibits the expression of
cyclooxygenase-2 or inducible nitric oxide synthase mRNA
induced by lipopolysaccharide in cultured astroglia (Shimoda
et al.,, 1998).

The dosage ranging from 5 to 20 mg/kg in the present
study was comparable to that used in clinical application
(8 mg/kg/h in acute stroke patients) (Pettigrew et al., in press).
Furthermore, arundic acid was effective in delayed treatment
starting from 7 days in terms of astroglial activation, and
3 days in terms of the WM lesions. This broad therapeutic
time window is of clinical relevance, because the patients
with subcortical vascular dementia, a form of vascular
dementia characterized by diffuse WM lesions, frequently
undergo a latent deterioration and hospitalization delay
(Roman, 2005).

4, Experimental procedures
4.1.  Animals

Chronic cerebral hypoperfusion was induced in male Wistar
rats (150 to 200 g; Shimizu Laboratory Supplies Co. Ltd., Kyoto,
Japan) as previously described (Wakita et al., 1994). The ani-
mals were anesthetized with sodium pentobarbital (25 mg/kg,
i. p.) and were allowed spontaneous respiration throughout
the surgical procedure. Through a midline cervical incision,
both CCAs were exposed and double-ligated with silk sutures.
Their rectal temperature was monitored and maintained
between 36.0 and 37.0 °C during the surgical procedure, and
the rats were kept in animal quarters with standard rodent
chow and tap water ad libitum after the operation.

4.2, Treatment with arundic acid

The rats with vehicle (saline) treatment were sacrificed at 3, 7
and 14 days (body weight, 300 g; n=6, for each group) to study
the temporal profile of the S100 protein-immunoractive
astroglia and the WM lesions. In the first series of experiments
with arundic acid, the animals received a daily intraperitoneal
injection of 5.0, 10.0 or 20.0 mg/kg of arundic acid, or vehicle,
from 1 day before the operation to 14 days afterwards (n=6 for
each group). At 14 days after ligation, the animals were
sacrificed and subjected to the experiments detailed below.
The sham-operated animals were treated similarly to the
operated ones, except the CCAs were not occluded. In the
second series with a delayed-treatment, the animals received
a daily intraperitoneal injection of 20.0 mg/kg of arundic acid
or vehicle from 1 day, 3 days or 7 days after the operation until
14 days {n=6 for each group). At 14 days after ligation, the
animals were sacrificed and subjected to the experiments
detailed below. The control animals received a daily injection
of vehicle 1 day after the operation until 14 days.

4.3.  Standard histological and immunohistochemical
study

After the operation, the animals were deeply anesthetized
with sodium pentobarbital and were perfused transcardially
with 0.01 mol/L phosphate-buffered saline (PBS), and then
with a fixative containing 4% paraformaldehyde and 0.2%
picric acid in 0.1 mol/L PB (pH 7.4). The brains were then stored
in 20% sucrose in 0.1 mol/L PBS (pH 7 4). These specimens were
embedded in paraffin and sliced into 2 m-thick coronal
sections. Kliiver—-Barrera (KB) staining was used to observe any
histological changes. The severity of the WM lesions was
graded as normal (grade 0), disarrangement of the nerve fibers
(grade 1), formation of vacuoles (grade 2) and loss of
myelinated fibers (grade 3) by two independent investigators
blinded to the type of treatment, as described elsewhere
(Wakita et al., 1994). For the immunohistochemistry, poly-
clonal antibodies directed against the S100 protein (diluted
1:1000; Dakopatts, 4.5 mg/L) were used in the present study.
After incubation with the primary antibodies, the sections
were treated with a biotinylated anti-rabbit antibody (IgG)
(diluted 1:200; Vector Laboratories), and an avidin biotin
complex (diluted 1:200; Vector Laboratories) in 20 mmol/L
PBS containing 0.3% Triton-X. The sections were finally
incubated in 0.01% diaminobenzidine tetrahydrochloride and
0.005% H;0, in 50 mmol/L Tris HCl (pH 7.6). To test the
specificity of the immunohistochemical reaction, coronal
sections were treated with normal mouse IgG instead of the
primary antibodies. The number of nuclei with S100 protein-
immunoreactive cytoplasm was counted against a square test
grid in 20 representative fields (per 0.3 mm? of the corpus
callosum and internal capsule {(n=6) by two independent
investigators blinded to the type of treatments as described
previously (Tomimoto et al., 1996).

4.4.  Statistical analysis

The data were expressed as means+SD. Differences in rectal
temperature between the groups were determined by a
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repeated-measure ANOVA. Differences in terms of laboratory
blood data were determined by a one-factor ANOVA between
each group. Differences in the grading scores were determined
by a two-factor factorial ANOVA followed by Fischer’s
protected least significant difference procedure between
each group. The Kruskal-Wallis test followed by post-hoc
test was used to compare the ischemic group with the sham-
operated control group in the semiquantification for $100
protein-immunoreactive astroglia. A p value 0f<0.05 was
considered to be statistically significant.
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Article history: Heat shock proteins (HSPs) are molecular chaperones which can be induced by several kinds
Accepted 9 December 2006 of stresses, and Hsc70 and Hsp70 are two major members of the family of 70 kDa HSPs. A
Available online 22 December 2006 major component of Lewy bodies (LBs) is -synuclein, and Hsp70 has been observed in the
LBs of brains with Parkinson’s disease. Hsp70 has also been demonstrated to have the ability
Keywords: to suppress -synuclein toxicity in vitro and in vivo. To investigate the precise role of Hse70
-Synuclein and Hsp70 in patients with multiple system atrophy (MSA), which is another -synuclein-
Glial cytoplasmic inclusion related disease, we performed immunohistochemical studies on Hsc70 and Hsp70 using
Hsc70 autopsied brains from 7 normal subjects and 15 patients with MSA. In the normal human
Hsp70 brains, both neurons and glial cells, including oligodendrocytes, showed only weak Hsc70
Multiple system atrophy and Hsp70 immunoreactivities. In contrast, in the brains with MSA, numerous glial

cytoplasmic inclusions {GCIs) were intensely immunostained with Hsc70, and strong Hsc70
immunoreactivity was also found in glial intranuclear inclusions {GNIs), neuronal
cytoplasmic inclusions (NCIs) and neuronal intranuclear inclusions (NNIs) as well as
dystrophic neurites. The immunolabeling pattern for Hsp70 in the MSA brains was slightly
different from that of Hsc70, and Hsp70 immunoreactivity was observed in many reactive
astrocytes as well as some glial and neuronal inclusions. Our results suggest that the
widespread accumulation of Hsc70 and Hsp70 may occur in brains with MSA, and that Hsc70
and Hsp70 may be associated with the pathogenesis of MSA.
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1. Introduction {Graham and Oppenheimer, 1969). MSA is characterized clini-

cally by varying degrees of autonomic failure, cerebellar ataxia,
Multiple system atrophy (MSA) is a single nosological entity parkinsonism and pyramidal tract signs (Wenning et al., 1994).
which encompasses olivopontocerebellar atrophy (OPCA), stria- Recently, MSA has been divided into two groups: one group
tonigral degeneration (SND) and Shy-Drager syndrome (SDS) contains those patients with predominant cerebellar features
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Fig. 1 ~ Western blot analysis of normal human brain
homogenates (a, d), recombinant Hsp70 protein (b, €) and
recombinant Hsc70 protein (c, f). Lanes a, b and ¢ were
incubated with the anti-Hsc70 antibody, and lanes d, e and f
were incubated with the anti-Hsp70 antibody.

(MSA-C), and the other represents patients with predominant
parkinsonian features (MSA-P) (Gilman et al,, 1999). Specific
oligodendroglial cytoplasmic inclusions, which are also referred
to as glial cytoplasmic inclusions (GCls), are the pathological
hallmark of MSA (Nakazato etal., 1990; Papp et al,, 1989), and the
presence of GCIs strongly supports the concept of MSA as a
single entity (Papp et al., 1989). GCIs are argyrophilic inclusions
that can be detected at high sensitivity by the Gallyas silver
staining technique (Papp et al,, 1989), and are ultrastructurally
composed of loosely packed filaments coated by granular
materials (Nakazato et al,, 1990; Papp et al., 1989).
Human -synuclein is a presynaptic protein of 140 amino
acid residues (Jakes et al,, 1994), and missense mutations in the
-synuclein gene have been linked to some cases of autosomal
dominant familial Parkinson's disease (PD) (Kriiger et al., 1998;
Polymeropoulos et al, 1997). Lewy bodies (LBs) are neuronal
inclusions characteristic for PD (Pollanen et al,, 1993), and -
synuclein is a major component of both LBs {Spillantini et al,,
1997; Wakabayashi et al., 1997, 1998b) and GClIs {Gai et al., 1998;
Wakabayashi et al,, 1998a,b); therefore, -synuclein-related
disorders, including PD and MSA, are now collectively referred
to as “ -synucleinopathy”. In addition to GCIs, -synuclein-
immunopositive inclusions are also observed in the neuronal
cytoplasm and nuclei of neurons and oligodendrocytes, and
they are termed neuronal cytoplasmic inclusions (NCIs), neuro-
nal intranuclear inclusions (NNIs) and glial intranuclear inclu-
sions (GNIs), respectively (Lin et al,, 2004; Wakabayashi et al.,
1998a,b). Furthermore, a reduction in the solubility of -
synuclein has been shown to occur in brains affected by MSA
(Dickson et al., 1999; Tu et al,, 1998). These data suggest that the
neuronal and oligodendroglial accumulation of insoluble -
synuclein may be closely related to the pathogenesis of MSA.
Heat shock proteins (HSPs) are molecular chaperones which
are induced in response to heat shock, ischemia and other
stresses (Ohtsuka and Suzuki, 2000; Sharp et al, 1999). The
family of 70 kDa HSPs has two major members: Hsp70, an
inducible form, and Hsc70, a constitutively expressed form
{Ohtsuka and Suzuki, 2000; Sharp et al,, 1999). The localization of

Hsp70 in LBs from brains with PD has been previously reported
(Auluck et al, 2002; Shin et al, 200S), and Hsp70 has been
demonstrated to have the ability to suppress -synuclein
toxicity in vitro (Dedmon et al., 2005; Klucken et al.,, 2004) and in
vivo (Auluck et al, 2002; Klucken et al., 2004). However, the data
regarding Hsc70 and Hsp70 in patients with MSA are very limited
(Uryu et al,, 2006), and therefore, we performed immunohisto-
chemical studies on Hsc70 and Hsp70 using autopsied brains
from patents with MSA. We observed the enhanced immu-
noexpression of both chaperones in those brains affected by
MSA.

2, Results
2.1.  Western blot analysis

A single band at a molecular weight of approximately 70 kDa was
immunostained by the anti-Hsc70 antibody in the normal
human cerebellar homogenate (Fig. 1a), and the anti-Hsc70
antibody also recognized the recombinant Hsc70 protein (Fig. 1c),
but not the recombinant Hsp70 protein (Fig. 1b). On the other
hand, a single band of about 70 kDa was immunolabeled with the
anti-Hsp70 antibody in the normal human cerebellar homo-
genate (Fig. 1d), and the anti-Hsp70 antibody reacted with the
recombinant Hsp70 antibody (Fig. 1e), but not the recombinant
Hsc70 protein (Fig. 1f). Furthermore, both the antibodies detected
only a single band of the same molecular weightin the cerebellar
homogenate from the patient with MSA (Figs. 2a, b). These
results indicate that the anti-Hsc70 and anti-Hsp70 antibodies
were specific for human Hsc70 and Hsp70, respectively.

2.2.  Hsc70and Hsp70 immunoreactivities in normal brains

In the normal human brains, the neurons generally showed
weak Hsc70 immunoreactivity (Fig. 3A), and faint Hsc70

Fig. 2 — Western blot analysis of brain homogenates from the
patient with multiple system atrophy. Lanes a and b were
incubated with the anti-Hsc70 and anti-Hsp70 antibodies,
respectively.
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immunoreactivity was observed in a few glial cells, including
oligodendrocytes (Fig. 3B).

The immunolabeling pattern of Hsp70 in the normal
human brains was similar to that of Hsc70, and both neurons
and glial cells were mildly immunoreactive for Hsp70 (Figs.
3C, D).

2.3.  Hsc70 immunoreactivity in brains with MSA

In contrast to the weak Hsc70 immunoreactivity observed in
the oligodendrocytes from the normal brains, numerous GCIs
were intensely immunostained with Hsc70 in various lesions
of the MSA brains, including the pontine nucleus (Fig. 44),
middle cerebellar peduncle (Fig. 4B) and cerebellar white
matter (Fig, 4C). In addition, Hsc70-immunopositive GNIs,
which consisted of a few filamentous structures, were found
in some oligodendrocytes (Fig. 4D).

Similar to the normal controls, the remaining neurons
were generally immunostained weakly in the brains with
MSA, but strong Hsc70 immunoreactivity was localized
throughout the cell bodies and proximal processes of some
neurons (Fig. 4E). In the pontine and inferior olivary nuclei
from the MSA cases, NCIs and NNIs in some surviving neurons
were intensely immunolabeled (Figs. 4F, G). The NCIs were
round or oval in shape (Fig. 4F), and the NNIs were wisps
containing several filamentous structures (Fig. 4G). Further-
more, some dystrophic neurites were also densely immunor-
eactive for Hsc70 (Fig. 4H).

No significant difference was detected in the immunola-
beling patterns of the neuronal and oligodendroglial inclu-
sions between the MSA-C and MSA-P cases.

2.4.  Hsp70 immunoreactivity in brains with MSA
Similar to Hsc70, the GCIs were intensely immunostained with

Hsp70 (Figs. 5A, B), but serial sections immunostained
alternately with the antibodies against Hsc70 and Hsp70

showed that the proportion of Hsp70-immunopositive GCIs
was less than that of Hsc70-positive GCIs. The remaining
neurons generally showed weak Hsp70 immunoreactivity (Fig.
5C), and some surviving neurons contained Hsp70-immuno-
positive NCIs (Fig. 5D). In comparison to Hsc70, the Hsp70-
immunolabeled GNIs, NNIs and dystrophic neurites were very
few. In addition to the oligodendrocytes, many reactive
astrocytes were also strongly immunoreactive for Hsp70 (Fig.
5E), and immunopositive reactive astrocytes were distributed
abundantly in the severely affected lesions, where the
neuronal loss and astrogliosis were conspicuous (Fig. 5F).
Hsp70-immunopositive reactive astrocytes were also
observed in the areas where no -synuclein-positive inclu-
sions were found. No significant difference was detected in
the immunostaining patterns of the -synuclein-containing
inclusions and reactive astrocytes between the MSA-C and
MSA-P cases.

2.5.  Double-labeling immunohistochemistry for
-synuclein and HSPs

The double-immunofluorescence staining sections showed
that -synuclein and Hsc70 were co-localized in most GCIs
(Figs. 6A-C), and the co-localization of -synuclein and Hsp70
was also observed in some GCIs (Figs. 6D-F). No significant
differences were detected in the co-localization of -synuclein
and Hsc70 or Hsp70 in the GCIs among the cerebellat white
matter, pontine base and putamen. The semiquantitative
analyses demonstrated that the average percentage of Hsc70-
or Hsp70-immunopositive GCIs in the -synuclein-immuno-
labeled GCIs was approximately 82.1% and 59.8%, respectively.

2.6.  Double-labeling immunohistochemistry for Hsc70 and
glial markers

The double-immunofluorescence staining sections revealed
that Hsc70-immunopositive glial cells were mainly transferrin-

Fig. 3 - Immunohistochemical staining with Hsc70 (A: Control 3; B: Control 5) and with Hsp70 (C: Control 3; D: Control 5) in the
normal pontine nucleus (A, C) and cerebellar white matter (B, D). Scale bars=50 m.
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Fig. 4 ~ Immunohistochemical staining with Hsc70 in the pontine nucleus (A, D-H), middie cerebellar peduncle (B) and
cerebellar white matter (C) from the patients with multiple system atrophy (A, C, H: MSA 2; B: MSA 3; D, F, G: MSA 11; E: MSA 14).
Note that strong Hsc70 immunoreactivity was observed in the glial cytoplasmic inclusions {GCIs; A~C), glial intranuclear
inclusions (GNIs; D, arrow), neuronal cyioplasmic inclusions (NCis; F), neuronal intranuclear inclusions (NNIs; G, arrow) and
dystrophic neurites (H). Scale bars=A-C,E50 m;D15 m;F-H25 m.

positive oligodendrocytes (Figs. 7A-C). In contrast, very few
Hsc70-immunopositive structures were located to glial fibrillary
acidic protein (GFAP)-positive astrocytes (Figs. 7D-F) and
leukocyte common antigen (LCA)-positive microglia (Figs. 7G-1I).

3. Discussion

The widespread distribution of GCIs in the central nervous
system is the main pathological feature of patients with MSA
(Papp and Lantos, 1994). In the present study, we performed
immunohistochemical studies on Hsc70 and Hsp70 using
autopsied brains from 7 normal subjects and 15 patients with

MSA, and then compared the immunostaining patterns
between the two groups. We found that a few glial cells,
including oligodendrocytes, showed weak Hsc70 and Hsp70
immunoreactivities in the normal brains, but the GCIs were
strongly immunoreactive for Hsc70 and Hsp70 in the brains
with MSA. Our observations suggest that Hsc70 and Hsp70
may be expressed aberrantly in oligodendrocytes, and may be
associated with the formation of GCIs in those brains affected
by MSA.

Recently, Uryu et al. (2006) demonstrated that among the
various types of HSPs, Hsp90 was most prominently and
consistently co-localized with -synuclein in LBs and GCIs,
and in contrast to Hsp90, very few GClIs were immunopositive
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Fig. 5 - Immunohistochemical staining with Hsp70 in the pontine nucleus (8, G, D), cerebellar white matter (B) and putamen
(E, F) from the patients with muliiple system atrophy (A: MSA 2; B: MSA 3; G, E: MSA 11; D, F: MSA1). Some glial cytoplasmic
inclusions (GCls; A, B) and neuronal cytoplasmic inclusions (NCis; D) were intensely immunostained. In conirast to the strongly
immunopositive GCIs (C, arrows), the remaining neurons showed weak Hsp70 immunoreactivity {C). Reactive astrocytes as
well as GCIs were immunoreactive for Hsp70 (E), and immunopositive reactive asirocytes were abundant in the severely
affected areas (F). Scale bars=A-C,E, F50 m; D25 m.

Fig. 6 ~ Double-immunofluorescence staining for -synuclein (A, D; red) and Hsc70 (B; green) or Hsp70 (E; green) in the
cerebellar white matter from the patient with multiple system atrophy (MSA 3). The merged images showed that -synuclein
and Hsc70 were co-localized in most glial cytoplasmic inclusions (GCIs; C), and -synuclein and Hsp70 were co-localized in
some GClIs (F). Scale bar=F (also for A~E) 20 m.
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Fig. 7 - Double-immunofluorescence staining for Hsc70 (A, D, G; green) and transferrin (B; red), GFAP (E; red) or LCA (H; red) in
the pontine base from the patient with multiple system atrophy (MSA 5). The merged images showed that Hsc70-
immunopositive glial cells were mainly oligodendrocytes (C), and very few Hsc70-immunopositive structures were localized to

astrocytes (F) and microglia {I). Scale bar=I (also for A-H) 20 m.

for Hsc70 and Hsp70. Conversely, our present results showed
that numerous GCIs were strongly immunoreactive for Hsc70,
and to a lesser extent for Hsp70. Uryu et al. (2006) reported that
they used the anti-Hsc70 and anti-Hsp70 antibodies pur-
chased from W. Welsh. On the other hand, we selected the
anti-Hsc70 antibody from Stressgen and the anti-Hsp70 anti-
body from Santa Cruz Biotechnology, suggesting that the
different immunolabeling patterns for Hsc70 and Hsp70 in the
GCIs between Uryu’s results and our study may be partly due
to the properties of the different antibodies.

The accumulation of insoluble -synuclein occurs widely
in brains with MSA (Dickson et al., 1999; Tu et al,, 1998), and -
synuclein immunoreactivity is localized not only to GCIs {Gai
etal, 1998; Wakabayashi etal., 1998a,b), but also to GNIs, NClIs,
NNIs and dystrophic neurites (Lin et al., 2004; Wakabayashi et
al, 1998a,b). In the present study, we observed the same
immunolabeling pattems for neuronal and oligodendroglial
inclusions between -synuclein and Hsc70, and confirmed the
localization of Hsc70 immunoreactivity in GCIs, GNIs, NCIs,
NNIs and dystrophic neurites. According to the previous paper
(Uryu et al., 2006), co-immunoprecipitation analyses in
cultured cells showed that -synuclein interacted predomi-
nantly with HspS0 and Hsc70. Furthermore, Westermn blot
analyses using brain homogenates from patients with -
synucleinopathies and -synuclein transgenic mice revealed
that Hsp90 and Hsc70 accumulated selectively in the deter-
gent insoluble fractions. These data suggest that both Hsp90
and Hsc70 may be closely related to the formation of these
neuronal and oligodendroglial inclusions through their inter-
actions with insoluble -synuclein in brains with MSA.

LBs have been reported to be immunostained with Hsp70
(Auluck et al,, 2002; Shin et al., 2005), and recent immunochis-
tochemical studies using anti-Hsc70 and anti-Hsp70 antibo-
dies showed that Hsc70 immunoreactivity in the LBs in nigral
neuromelanin-containing neurons from patients with PD was
detected more frequently than Hsp70 {Andringa et al., 2006).
Our immunohistochemical studies demonstrated that similar
to the LBs, Hsc70-immunopositive inclusions were observed
more frequently than Hsp70 in those brains with MSA. On the
other hand, our studies showed that many reactive astrocytes
were intensely immunolabeled with Hsp70 in the brains with
MSA, but only a few reactive astrocytes were immunopositive
for Hsc70 in the same areas. These results suggest that the
ligand of Hsp70 may be different from that of Hsc70, and that
there may be a difference between the significance of Hsp70
and Hsc70, and Hsc70 may make a greater contribution to the
formation of MSA-related neuronal and oligodendroglial
inclusions than Hsp70. Moreover, Hsp70 may be induced
more abundantly in reactive astrocytes than Hsc70 in the
affected brain areas of patients with MSA.

The aggregation of abnormally misfolded proteins, leading
to selective neuronal death, is generally thought to be a
common pathological feature of neurodegenerative diseases
{Agorogiannis et al., 2004). There are two major protective
mechanisms against abnormally misfolded proteins: one is
the molecular chaperones which regenerate the misfolded
proteins, and the other is the ubiquitin-proteasome system
which targets misfolded proteins for degradation and pre-
vents their accumulation (Agorogiannis et al., 2004). GCIs are
usually ubiquitinated (Kato et al., 1991; Murayama et al., 1992),
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and several chaperone proteins, including B-crystallin (Kato
etal.,, 1991; Murayama et al., 1992}, 14-3-3 proteins (Kawamoto
et al., 2002; Komori et al., 2003) and HspS0 (Uryu et al., 2006),
have been reported to be localized immunohistochemically to
GClIs. Our present results support the immunohistochemical
localization of Hsc70 and Hsp70 in GCIs. These results suggest
that these two major protective systems may be operating in
brains with MSA, and these molecular chaperones, including
Hsc70 and Hsp70, may be overexpressed in brains with MSA to
regenerate the abnormally misfolded proteins in GCIs, but that
these systems may not work well in terms of protein quality
control. Furthermore, the accumulation of molecular chaper-
ones in GCIs might cause a lack of these chaperones in
surviving neurons in brains with MSA, which may partially
contribute to the neuronal cell death. Taken together, further
research on the regulation of molecular chaperones, including
Hsc70 and Hsp70, will lead to the establishment of new
treatments for MSA.

4, Experimental procedures
4.1.  Tissue preparation

We studied autopsied brains from 7 control subjects without
_any neurological abnormalities {(age range 5475 years, mean:
SD 67.0+7.1 years) and 15 patients with MSA (age range 52—
78 years, mean+SD 68.5+7.6 years). These materials were
selected from the brain bank at the Neuropathology Labora-
tories of Kyoto University and Medical University Vienna.
Among the 15 patients with MSA, 10 patients were classified
as MSA-C and the other 5 patients were MSA-P, and the
clinical profiles from all cases are summarized in Table 1. All
brains were fixed in 10% neutral formalin for 2 weeks at room
temperature. Several paraffin-embedded tissue blocks,
including the basal ganglia, brainstem and cerebellum, were
prepared and cut into 6- m-thick sections on a microtome.
The paraffin-embedded sections were deparaffinized in
xylene, followed by rehydration in a decreasing concentration
of ethanol solutions. For routine pathological evaluation, the
deparaffinized sections from all cases were stained with
hematoxylin and eosin, Kliver-Barrera and modified
Bielschowsky stains. No histological abnormalities were
detected in the sections from all of the control cases, and
numerous GCIs were observed in the sections from all MSA
cases. The experiments were undertaken with the under-
standing and written consent of each subject.

4.2, Immunchistochemistry

To examine the immunchistochemical localization of Hsc70
and Hsp70 in normal and MSA human brains, we used a rat
anti-Hsc70 monoclonal antibody (SPA-815; Stressgen, Victoria,
BC, Canada, 5 g/ml) and a goat anti-Hsp70 polyclonal antibody
(K-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA, 2 g/ml).
The deparaffinized sections were pretreated with 0.3% hydro-
gen peroxide (Santoku, Tokyo, Japan) in 0.1 M phosphate-
buffered saline (PBS) for 30 min at room temperature to inhibit
the endogenous peroxidase activity. After washing with 0.1 M
PBS, the sections were blocked with 0.1 M PBS with 3% skimmed

Case Age Diagnosis Duration of illness/

(years)/ Postmortem delay
Sex

Control 1 62/M Pancreatic NA/3.0h
carcinoma

Control 2 68/M Rheumatoid NA/2.0h
arthritds

Control 3 73/M Hepatocellular NA/45h
carcinoma

Control 4 68/F Breast cancer NA/2.5h

Control 5 75/M Pulmonary NA/2.0h
emphysema

Control 6 69/M Lung cancer NA/UD

Control 7 54/M Pneumonia NA/2.0h

MSA 1 78/M MSA-C 7 years/48 h

MSA 2 66/M MSA-C 4 years/3.5 h

MSA 3 72/F MSA-C 5 years/2.0h

MSA 4 7UF MSA-C 4 years/82h

MSA 5 78/M MSA-C 3 years/1.8 h

MSA 6 66/M MSA-C 7 years/14 h

MSA7 76/M MSA-C 8 years/UD

MSA 8 67/F MSA-C 2 years/UD

MSA 9 S8/F MSA-C UD/UD

MSA 10 66/F MSA-C Ub/UD

MSA 11 52/F MSA-P 3 years/25 h

MSA 12 77/F MSA-P 5 years/1.4 h

MSA 13 69/F MSA-P 8 years/6.1 h

Msa 14 72/F MSA-P 12 years/1.2h

MSA 15 60/M MSA-P 6 years/3.5h

F: female; M: male; MSA: multiple system atrophy; MSA-C: MSA of
the cerebellar type; MSA-P: MSA of the parkinsonian type; NA: not
applicable; UD: undetermined.

milk for 2 h at room temperature. After rinsing with 0.1 M PBS,
the anti-Hsc70 or anti-Hsp70 antibody diluted in 0.1 M PBS was
applied onto the sections, and the sections were incubated at
room temperature overnight in a humidified chamber. After
washing with 0.1 M PBS, the sections were reacted with a
biotinylated anti-rat or ant-goat IgG (Vector Laboratories,
Burlingame, CA, USA) diluted in 0.1 M PBS (1:200) for 1 h at
room temperature, followed by an incubation with an avidin-
biotin-peroxidase complex kit (Vector Laboratories) diluted in
0.1 M PBS (1:400) for 1 h at room temperature. After rinsing with
0.1 M PBS and then 0.05 M Tris-HCl (pH 7.6), the sections were
developed in a colorizing solution containing 0.02% diamino-
benzidine tetrahydrochloride (Dojin, Kumamoto, Japan), 0.6%
ammonium nickel (II) sulfate (Wako, Osaka, Japan) and 0.005%
hydrogen peroxide in 0.05 M Tris-HCl (pH 7.6) for 10 min at room
temperature. As negative immunohistochemical controls,
some sections were incubated with normal rat or goat serum,
and no specific immunopositive staining was detected in these
control sections (data not shown).

4.3. Double immunofluorescence staining

To compare the anatomical distribution of immunopositive
GCIs containing -synuclein and Hsc70 or Hsp70, we per-
formed double-labeling immunochistochemistry using a
monoclonal mouse anti- -synuclein antibody (211; Santa
Cruz Biotechnology) plus the anti-Hsc70 or anti-Hsp70






