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Fig. 1. PS1 is involved in BACE! maturation post-translationally.
A: HA-tagged BACE1 and GFP cDNA were transiently cotransfected
into mouse embryonic fibroblasts (MEFs) derived from either wild-
type (wt) or PS1/PS2 double-knockout (PS—/—) mice. T'wenty-four
hours after transfection, the cells were collected and each cell lysate
was subjected to Western blot analysis and probed by either monoclo-
nal anti-HA antibody or anti~-GFP antibody. The level of mature
BACE1 was apparently decreased in PS—/— MEFs as compared to
that in wt MEFs, whereas the levels of GFP were almost similar
between them. One representative immunoblot is shown. B: The
band densites of either mature BACE1 or control GFP in four inde-
pendent experiments were quantified by INIH imaging. The ratio of
mature BACEL:GFP was calculated and analyzed by Student’s t-test.
The ratio of mature BACEL:GFP in PS—/— MEFs was significantly
reduced, compared to that in wt MEFs (n = 4, P < 0.0005). C: The
ratio of mature:proBACE1 was quantified by NIH imaging and
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analyzed by Student’s t-test. The ratio of mature BACE1:proBACEL1
in PS—/— MEFs was apparently reduced, compared to that in wt
MEFs (n = 4, P < 0.0005). D: Equal amounts of cell lysates obtained
from wt and PS—/— MEFs were subjected to Western blotting using
the indicated antibodies. Lysates of mouse brain tissue and mouse pri-
mary neurons were used as positive controls. The endogenous level of
mature BACE1 was drastically reduced in PS—/~ MEFs as compared
to those in wt MEFs, whereas the levels of proBACE1 were almost
constant between them. One representative immunoblot is shown.
E: Plasmids to encode either GFP, wt PS1, or P117L PS1 were
cotransfected with HA-tagged BACE1 plasmid into PS—/— MEFs by
1:1 ratio. Each cell lysate was subjected to Western blotting analysis
using the indicated antibodies. The levels of mature and proBACE!
were drastically increased in the cells expressing either wt PS1 or
P117L PS1 as compared to those in the control cells. One representative
immunoblot is shown.
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Fig. 2. A: Protein levels of BACE1 were compared between control
SH-SY5Y cells and SH-SYSY cells stably expressing either wt PS1 or
D385A PS1. Equal amounts of whole cell lysates were subjected to
Western blotting using the indicated antibodies. Mature BACE1 poly-
peptide was identified as a higher band of 70-75 kDa, whereas pro-
BACE! polypeptide was identified as a tighter band of 65 kDa. B: Im-
munoblotting of the mature BACE1 in each cell line was quantified
by NIH imaging and analyzed by one-way ANOVA. The level of
mature BACE1 was significantly reduced in D385A PS1 cells and

(a 624-bp PCR product) and GAPDH mRNA (a 251-bp
PCR product), 2 house keeping gene, were identified in
these cell lines by RT-PCR analysis. The levels of BACE1
mRNA were comparable among these cell lines, whereas
the levels of GAPDH mRNA were almost constant among
them (Fig. 2D). Quantitative analysis, using GAPDH as an
internal standard, showed that the levels of BACE1 mRNA
expression were not statistically different among these cell
lines (data not shown). These results indicate that the differ-
ence in BACE! protein levels is not caused by a transcrip-
tional regulation.

The above results suggest that wt PS1 significantly
upregulates BACE1 maturation, presumably via facilitat-
ing the conversion of proBACE! into mature BACE1 or
stabilizing proBACE1. Conversely, PS deficiency and

mature BACEL

R

Relabive Biid Doosity.

increased in wt PS1 cells (n = 3, P < 0.01 vs. control, *P < 0.0001).
C: The ratio of mature:proBACEL in each cell line was quantified by
NIH imaging and analyzed by one-way ANOVA. The ratio of mature:
proBACE1 in D385A PS1 cells was significantly reduced (n = 3, P <
0.001 vs. control). D: The representative data of semi-quantitative RT-
PCR analysis are shown. The processed ¢cDNA. was amplified by PCR
using primers specific for either the huran BACE! gene or the human
GAPDH gene. No significant differences in the levels of expression of
BACE!1 or GAPDH mRNA were observed among the cell lines.

dominant-negative PS1 strongly downregulate it, indicat-
ing a novel role of PS1 for regulating BACE1 maturation.

Effect of y-Secretase Inhibitors on BACE1
Maturation in Mouse Primary Neurons

To test whether PS1/-y-secretase activity directly affects
the trafficking and maturation of BACE1 or not, we used
two well-characterized y-secretase inhibitors, L-685,458 and
DAPT. Mouse primary neurons were treated with either
2 pM L-685,458, 1 pM DAPT or vehicle (DMSO) for
4 days. Equal amount of each cell lysate was subjected to
Western blotting analysis using anri-BACE1 antibody
(EE-17), anti-proBACE1 antibody, and anti-APP antibody
(against the C terminus). As shown in Figure 3, we observed
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Fig. 3. Mouse primary neurons were treated with either 2 pM 1-685,458, 1 uM DAPT or vehicle
(DMSO) for 4 days. Equal amount of each cell lysate was subjected to Western blotting analysis using the
indicated antibodies. No significant difference was seen in the levels of mature and proBACEL between
each treatment group (A), whereas APP CTF remarkably accumulated after each y-secretase inhibitor, in-
dicating that y-secretase activity was effectively inhibited (B). One representative immunoblot is shown.

no significant difference in the levels of mature and pro-
BACE1 between each treatment group (left panel),
whereas APP C-terminal fragment remarkably accumu-
lated after 1-685,458 or DAPT treatment, indicating that
y-secretase activity was effectively inhibited (right panel).
Thus, we consider that PS1/v-secretase activity itself is less
likely to be involved in the maturation process of BACE1.

PS1 and BACE1 Immunoprecipitation
in the Cell and the Brain Tissue

A recent report showed that PS1 directly interacts
with BACE! in double transfected human embryonic
kidney 293T cells (Hebert et al., 2003). We investigated
whether wt PS1 and/or D385A PS1 can be associated
with BACE1 in our experimental system. To answer this
question, HA-tagged BACE1 and either wt PS1 or
D385A PS1 were transiently co-expressed in PS—/—
MEFs. The cells were harvested about 24 hr after transfec-
tion, and equal amounts of each cell lysate was immunopre-
cipitated using the anti-PS1 antibody against the N termi-
nus, followed by the Western blot analysis using monoclo-
nal anti-HA antibody. As shown in Figure 4A, wt (lane 1)
and D385A PS1 (lane 2) were apparently associated with
proBACE1 but not mature BACE1 in the transfected cells.

Next, we extended our findings obtained from the
analysis of MEF cells to the SH-SY5Y cell lines. Equal
amounts of cell lysate obtained from each cell line were
immunoprecipitated using the anti-BACE1 antibody (tar-
geting amino acids 487-501; Calbiochemy). The cell lysates
(Lys) as well as the immunoprecipitates (IP) were then sub-
jected to Western blotting using the MAB5232 antibody
(against the loop domain of PS1). As shown in Figure 4B,
more PS1 C-terminal fragment (CTF) immunoreactivity
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was observed in wt PS1 cells (lane 7) than in control cells
(lane 6), whereas almost no PS1 CTF bound to BACE1
was detected in D385A PS1 cells (lane 8; lower panel),
reflecting the diminished endoproteolysis of D385A PS1
(lane 3). Conversely, solid association between the full-
length D385A PS1 and BACE1 was observed (Fig. 4B,
lane 8; upper panel). Furthermore, we showed the in vivo
interaction between PS1 CTF and BACE1, using adult
mouse brain tissue (Fig. 4C). The above results indicate
that PS1 is preferably bound to proBACE1 rather than
mature BACE1 and the functional binding can be contrib-
uted to the maturation of BACE1.

PS1 and BACEL1 Colocalization in the SH-SY5Y
Cells and Primary Neurons

To support the interaction between PS1 and BACE1
obtained from the immunoprecipitation experiment, we
examined the intracellular localization of these two bio-
chemical partners by immunofluorescent confocal micros-
copy, using control, wt PS1, and D385A PS1 SH-SY5Y
cells. After permeabilization, cells were doubly stained
with the antibody MAB5308 to visualize BACE1 and the
anti-PS1 antibody (against the N terminus) to visualize
PS1. As shown in Figure 5A-C, the PS1 in each cell line
largely colocalized with the endogenous BACE1. Consist-
ent with the above result shown in Figure 2A, an increase
in wt PS1 immunoreactivity was apparently accompanied
by an increase in endogenous BACE1 immunoreactivity
(Fig. 5B, compared to 5A).

To further confirm the colocalization of PS1 and
BACE]! in physiologically relevant system, endogenous
PS1 and BACE1 were doubly immunostained in rat pri-
mary cultured cortical neurons at 5 days in vitro, using
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Fig. 4. PS1 and BACE1 physically interact with each other. A: HA-
tagged BACE1 and either wt PS1 or D385A PS1 were transiendy
cotransfected into PS—/— MEFs. Each cell lysate was immunoprecipi-
tated with anti-PS1 antibody against the N terminus. The cell lysate
(Lys) as well as the immunoprecipitates (IP) were subjected to Western
blotting with anti-HA antibody. ProBACE1, but not mature BACE1,
was co-immunoprecipitated with either wt PS1 or D385A PS1.
Almost no BACE1 immunoreactivity was observed from the samples
of normal rabbit IgG used as negative controls. B: Equal amounts of
cell lysates obtained from each SH-SYS5Y cell line were immunopreci-
pitated using the anti-BACE1 antibody against the C terminus (Cal-
biochem), followed by Western blotting with the MAB5232 antibody
against the loop domain of PS1. More PS1 C-terminal fragment
(CTF) immunoreactivity was detected in wt PS1 cells (lane 4) than in

control cells (fane 5). In D385A PS1 cells, almost no PS1 CTF bound
to BACE1 was observed (lane 8: lower panel), reflecting the dimin-
ished endoproteolysis of D385A PS1 (lane 3). Conversely, solid associ-
ation between full-length D385A PS1 and BACE! was observed (lane
8: upper panel). Note that full-length wt PS1 was also associated with
BACE1 in wt PS1 cells (lane 8: upper panel). No PS1 immunoreactiv-
ity was observed from the samples of normal rabbit IgG used as nega-
tive controls (lanes 5,6). C: Equal amounts of cell lysates obtained
from adult mouse brain tissue were immunoprecipitated using the
anti-BACE1 antibody (Calbiochem), followed by Western blotting
using the MAB5232 antibody against the loop domain of PS1. PS1
CTF immunoreactivity was detected in the immunoprecipitates with
the anti-BACE1 antibody (Calbiochem), whereas no PS1 CTF immu-
noreactivity was observed in the samples with normal rabbit IgG.
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Fig. 5. PS1 and BACE1 colocalization
in the SH-SY5Y cells and primary neu-
rons. Each SH-SY5Y cell line (A-C) and
rat primary cultured cortical neurons (D)
were doubly stained with antd-BACE1
antlbody against the C terminus (MAB5308)
and anti-PS1 antibody against the N ter-
minus. In each SH-SY5Y cell line, PS1
was largely colocalized with endogenous
BACE1l (A-C, merged images). Note
that an increase in wt PS1 immunoreac-
tivity was accompanied by an increase in
endogenous BACE!1 immunoreactivity
(A,B). Endogenous PS1 and BACE1
were considerably colocalized in a pri-
mary neuron, especially in a perinuclear
area (arrowhead), compared to glial cells
(arrows) (D, merged image). Scale bar =

20 pm.

D385A [
PS1 [

D

Primary
cultures

anti-PS1 antibody against the N terminus and the
MAB5308 antibody. As shown in Figure 5D, endogenous
PS1 and BACE1 were considerably colocalized in a pri-
mary neuron, especially in a perinuclear area (arrowhead),
compared to glial cells (arrows).

BACEI1 in D385A PS1 Cells Fails to be Properly
Transported From the ER to the Golgi

As shown in Figures 4 and 5, D385A PS1 is associated
with endogenous BACE1 as well as wt PS1 in the immuno-
precipitation and immunofluorescent experiments. How-
ever, BACE! maturation is markedly downregulated in
D385A PS1 cells in contrast to in wt PS1 cells (Fig. 2C).
Because BACE1 undergoes trafficking-dependent matura-
tion through the secretory pathway from the ER to the
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Golgi, we hypothesized that the transport of endogenous
BACET1 from the ER to the Golgi was suppressed signifi-
cantly in D385A PS1 cells. We first examined the intracel-
lular localization of BACE1 in wt and D385A PS1 cells by
immunofluorescent study using markers specific for the
ER and the Golgi. Each cell line was double stained with
the MAB5308 antibody to visualize BACE1 and either the
anti-calnexin antibody to visualize the ER or the anti-
mannosidase Il antibody to visualize the Golgi. Interest-
ingly, we found that a part of BACE1 in wt PS1 cells was
apparently colocalized with mannosidase II in the perinu-
clear area (Fig. 6A, arrowhead), whereas the colocalization
was negligible in D385A PS1 cells (Fig. 6B). Moreover, in
D385A PS1 cells, most of BACE1 was colocalized with
calnexin, a marker for the ER (Fig. 6C). These results sug-
gest that proper transport of BACE1 from the ER to the
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Fig. 6. Endogenous BACE1 in D385A
PS1 cells is largely retained in the ER and
fails to be transported to the Golgi. A,B:
Wt PS1 cells and D385A PS1 cells were
doubly stained with anti-BACE!1 ant-
body against the C terminus (MABS5308)
and anti~-mannosidase II antibody. No ap-
parent colocalization of endogenous BACE1
with mannosidase II, a marker for the
Golgi, was observed in D385A PS1 cells
B), whereas endogenous BACE1L in wt
PS1 cells was partially colocalized with
mannosidase II (A, arrowhead). C: D385A
PS1 cells were doubly stained with anti-
BACE! antibody (MABS5308) and anti-
calnexin antibody. Endogenous BACE1
in D385A PS1 cells was colocalized
mostly with calnexin, a marker for the
ER (C, merged image). Scale bar = 20 pm.
D: Equal amounts of whole cell lysates
from wt PS1 and D385A PS1 cells were
immunoprecipitated with anti-BACE1

antd anti

BACE]1 BACE1

beads

antibody (MABS5308). Cell lysate (Lys) as
well as immunoprecipitates (IP) were
subjected to immunoblotting with anti-

antd
Flag

Blot: anti-BiP sy

BiP antibody. The immunoprecipitates
from D385A PS1 cell lysate showed BiP
Immunoreactivity. No BiP immunoreac~
tivity was observed in the immunopreci-

wt D38SA
P51 PS1

wt
PS1

Golgi is impaired in D385A PS1 cells, and are compatible
with the previous observation that BACE1 maturation is
downregulated in D385A PS1 (Fig. 2C).

BiP, an ER-resident molecular chaperone, binds to
misfolded, underglycosylated, or unassembled proteins and
assists with protein folding and retention of misfolded pro-
teins in the ER (Gething, 1999). We examined the possi-
bility that BACE1 in D385A PS1 cells, which might
become terminally misfolded after release from the ER
folding machinery, was preferentially associated with BiP.
Equal amounts of cell lysate obtained from either wt PS1
or D385A PS1 cells were immunoprecipitated using the
MAB5308 antibody, and the immunoprecipitate was sub-
jected to Western blotting using an anti-BiP antibody.
The immunoreactivity of BiP co-immunoprecipitated
with BACE1 was observed in D385A PS1 cells, whereas it
was not detected in wt PS1 cells (Fig. 6D).

D38SA
PS1

= pitate from the wt PS1 cell Iysate, or
from the samples of Protein G-Sepharose
beads alone (beads) or anti-Flag anti-
body, used as negative controls.

These results suggest that proper transport of endoge-
nous BACE1 from the ER to the Golgi is impaired in
D385A PS1 cells, resulting in aberrant retention of BACE1
within the ER, and its association with BiP as unfolded or
misfolded proteins.

DISCUSSION

Despite of extensive research, the pathogenesis of AD
is still in an enigma. Several recent reports showed elevated
B-secretase expression and enzymatic activity in the ab-
sence of the alteration of message expression in AD brains
(Fukumoto et al., 2002; Holsinger et al., 2002; Yang et al.,
2003), indicating the dysregulation of B-secretase activ-
ity may be involved in AD pathogenesis. Interestingly,
amino-terminally truncated AR peptides, which are known
to be B-secretase cleavage products, were more abundant in
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the brains of subjects carrying PS1 gene mutations causing
FAD than in those with sporadic AD and FAD associated
with a point mutation in APP gene (Russo et al., 2000),
indicating that FAD-linked mutations in PS1 can somehow
affect B-secretase activity. However, the functional link
between PS1 and BACE! has never been elucidated,
although they are supposed to be the ‘key players” of AD
pathogenesis.

In the present study, we showed a solid evidence for
a novel function of PS1 in regulating BACE1 maturation.
The levels of mature BACE1 either endogenously or ex-
ogenously expressed in PS—/— MEFs were reduced sig-
nificantly, as compared to that in wt MEFs. These results
suggest that the presence of presenilins can promote
BACE! maturation. To validate this effect of PS1 in neu-
ronal cells endogenously expressing BACE1, we analyzed
stably transfected SH-SYS5Y cells with either wt PS1 or
dominant-negative (D385A) PS1. Interestingly, the over-
expression of D385A PS1 decreased the level of mature
BACE!1 protein by 50%, accompanied by a 60% reduc-
tion in the ratio of mature:proBACE1 as compared to
control cells. Conversely, the overexpression of wt PS1
upregulated the level of mature BACE1 protein. Given
that the levels of BACE1 mRINA were comparable be-
tween wt PS1 and D385A PS1 cells, these results indicate
that functional PS1 positively regulates BACE1 matura-
tion post-translationally.

Intriguingly, a recent study showed that targeting
BACE1 to lipid rafts, cholesterol- and sphingolipid-
enriched microdomains within cellular membranes, upre-
gulated the B-site processing of APP, leading to a drastic
increase in AB generation in SH-SY5Y cells (Cordy et al,,
2003), indicating that proper distribution of BACE1 is cru-
cially important for regulating AB generation. Although a
growing number of evidence has strongly supported a
direct role for PS1 in the y-secretase cleavage of APP as
the catalytic component of the y-secretase complex (Wolfe
et al., 1999a,b}, a function of PS1 in protein trafficking has
also been shown, especially with regard to APP and nicas-
trin (Kim et al., 2001; Edbauer et al., 2002; Leem et al,,
2002a,b; Cai et al.,, 2003; Herreman et al., 2003). This
function is consistent with a functional analogy to the weakly
homologous SPE4 protein of C. elegans, which has been
implicated in the maintenance of a Golgi-derived mem-
branous organelle and is thought to be important in the
partitioning of protein and cell membrane products in
maturing spermatocytes (L'Hernault and Arduengo, 1992).
These previous findings provide support for the idea that
PS1 may regulate BACE1 trafficking, thereby modulating
its maturation.

Indeed, we found that BACE1 in D385A PS1 cells
was mostly retained within the ER and was negligibly
localized within the Golgi (Fig. 6B,C), whereas a part of
BACE! in wt PS1 cells was apparently localized within the
Golgi (Fig. 6A). Moreover, we found that BACE1 in
D385A PS1 cells was associated significantly with BiP, an
ER resident molecular chaperone, in contrast to in wt PS1
cells (Fig. 6D), presumably attributable to its aberrant
retention within the ER. Interestingly, a splice variant of
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BACE]1, lacking terminal two-thirds of exon 3, is ex-
pressed in pancreas. This isoform of BACEI, lacking B-
secretase activity, colocalizes with BiP and its transport
along the secretory pathway is blocked at the level of the
ER, indicating that misfolded or non-functional BACE1
can associate with BiP in the ER (Bodendorf et al., 2001).
These results indicate that wt PS1 upregulates BACE1
maturation, whereas the absence of PS1 or non-functional
D385A PS1 downregulates its maturation as a result of its
inefficient transport from the ER to the Golgi.

The above data raises the question whether PS1/vy-
secretase activity directly affects the trafficking and matura-
tion of BACE1 or not. We observed no significant effect
of the y-secretase inhibitors on BACE1 maturation in pri-
mary neurons. Thus, we consider that PS1/y-secretase ac-
tivity itself is less likely to be involved in the maturation
process of BACE1. Nevertheless, further experiments will
be needed to elucidate a relationship between the PS1/
y-secretase activity and the novel function of PS1 in the
trafficking and maturation of BACE1.

Finally, how dose PS1 regulate BACE1 trafficking
and maturation? Although this question was not clarified
in the present study, it was reported recently that PS1 and
BACET1 are transported in the same membrane vesicles
along the axons in vivo, via the direct binding of APP to
the kinesin light chain subunit of kinesin-I, 2 microtubule
motor protein (Kamal et al., 2001). Moreover, it was also
shown that PS1 and nicastrin, the major components of
the y-secretase complex, interact with BACE1, suggesting
that they may regulate B-secretase activity via the interac-
tion with BACE1 (Hattori et al., 2002; Hebert et al,,
2003). Consistent with these reports, we showed PS1-
BACE] interaction in the cell lines, primary neurons, and
brain tissue and found that PS1 interacted preferably with
proBACE!1 rather than mature BACE1. Interestingly, we
observed the solid binding between D385A PS1 and pro-
BACET1. Although we cannot clarify a mechanism how
D385A PS1 downregulates BACE1 maturation despite the
solid interaction in the present study, one explanation is
that the transport of proBACE1 to the Golgi after the
interaction in the ER can be a process required for
BACE!1 maturation. We think there is a possibility that
D385A PS1 is defective in this trafficking function,
although the solid interaction with proBACE1 occurs in
the ER. Taken together, PS1 may directly be involved in
BACE1 maturation via stabilizing proBACE1 or promot-
ing its efficient transport from the ER to the Golgi,
although further experiments are needed to elucidate this
mechanism.

In summary, our results show that PS1 is involved
significantly in BACE1 maturation. This finding, for the
first time, provided us the solid link between B- and -
secretase. From observations obtained from the present
study, we would like to extend our view of PS1 function
further, and suggest that PS1 contributes to the dual regu-
lation of B- and «y-secretase by regulating the intracellular
trafficking of B-secretase and acting as a key component
of vy-secretase. Consequently, PS1 may determine the
magnitude of amyloidogenic processing of APP, thereby
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contributing to the amyloid pathology. Although the reg-
ulatory mechanisms remain unknown, aberrant trafficking
function of PS1 may lead to increased AP generation, and
may underlie the pathogenesis of AD. In a future study, it
will be significant to investigate effects of the clinical PS1
mutations or lipid raft on the novel function of PS1 in
the intracellular trafficking of BACE1.
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Selective loss of dopaminergic neurons is the final common pathway in Parkinson’s disease. Expression of
Parkin associated endothelin-receptor like receptor (Pael-R) in mouse brain was achieved by injecting ade-
noviral vectors carrying a modified neuron-specific promoter and Cre recombinase into the striatum.
Upregulation of Pael-R in the substantia nigra pars compacta of mice by retrograde infection induced endo-
plasmic reticulum (ER) stress leads to death of dopaminergic neurons. The role of ER stress in dopaminergic
neuronal vuinerability was highlighted by their decreased survival in mice deficient in the ubiquitin-protein
ligase Parkin and the ER chaperone ORP150 (150 kDa oxygen-regulated protein). Dopamine-related toxicity
was also a key factor, as a dopamine synthesis inhibitor blocked neuronal death in parkin null mice.
These data suggest a model in which ER- and dopamine-related stress are major contributors to decreased
viability of dopaminergic neurons in a setiing relevant to Parkinson’s disease.

INTRODUCTION

Though Parkinson’s disease (PD) is a major contributor to dis-
ability and death in the aging population, the molecular basis
of selective dopaminergic neuronal toxicity is still under
investigation. Progression of the clinical syndrome associated
with PD, which includes a well-characterized movement dis-
order, cotrelates closely with inexorable loss of neurons in
the substantia nigra pars compacta (SNpc) (1).

Mutations in the Parkin gene (2) have been identified in the
autosomal recessive form of PD (AR-JP), a major cause of

juvenile PD. Parkin is a 465 amino acid polypeptide with
properties of an ubiquitin-protein ligase (E3) whose
N-terminus displays homology to ubiquitin and C-terminus
is comprised of two RING fingers flanking a cysteine-rich
domain, termed in between RING fingers (IBR) (3-5). Con-
sistent with this view, AR-JP-linked parkin mutants are defec-
tive in E3 activity (6-8).

A putative G protein-coupled transmembrane polypeptide,
Pael Receptor [Parkin-associated endothelin-receptor like recep-
tor (Pael-R)], has been identified as a Parkin substrate (9).
Expression of Pael-R in cultured cells results in accumulation
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of unfolded, insoluble and ubiquinated Pael-R in the ER, even-
tuating in BR stress, as indicated by upregulation of chaper-
ones, such as GRP78/BiP, and subsequent neuronal death
(10). Overexpression of Parkin in this iz vitro model resulted
in removal/degradation of accumulated Pael-R and increased
cell viability. The relevance of ER stress in the central
nervous system to pathologic situations and normal neuronal
development is suggested by induction of the unfolded
protein response (UPR) in cell stress associated with cerebral
ischemia (11,12) and exposure to excitatory amino acids (13),
as well as during rapid neuronal growth in the neonatal period
(14). Salient features of the UPR include upregulation of ER
chaperones, suppression of general translation, and activation
of the upiquitin-proteasome pathway.

A key facet of the pathology of PD is limitation of cell loss
to dopaminergic neurons, especially in the SNpc. In this
context, studies of Pael-R might be especially relevant, Pan-
neuronal expression of Pael-R in Drosophile brain caused
selective, age-dependent degeneration of dopaminergic
neurons (10). Thus, increased levels of Pael-R render dopa-
minergic neurons vulnerable to cell death. In the current
study, we have found that increased expression of Pael-R in
mice in the SNpc results in neuronal death which is accentu-
ated by suppression of Parkin (in Parkin™"~ mice) or an ER
chaperone (in Orpl50™ ™ mice). In contrast, a dopamine
(DA) synthesis inhibitor had neuroprotective properties in
this system. Thus, we propose a unified model for cytotoxicity
in PD through which a combination of ER stress and dopa-
mine toxicity, potentially acting in concert with mitochondrial
dysfunction, result in an ascending cycle of cellular pertur-
bation and, ultimately, death of dopaminergic neurons.

RESULTS

Retrograde and neuron-specific gene expression
by adenoviral vectors in the SiNpc

It was essential to develop a system with cell-specific protein
expression which could be targeted to the SNpc. For this
purpose, we established two adenoviral vectors in which
nuclear Cre-recombinase was driven by cell-specific promo-
ters; for neuronal expression, we employed AxS2ZNPNCre
(abbreviated as S2NPNCre) with a modified SCG10 promoter
(superior cervical ganglia neural-specific 10 protein), and for
glial-specific expression, we utilized AXGFAPNCre (abbre-
viated as GFAPNCre) with the glial fibrillary acidic protein
promoter (Fig. 1A). When either of these adenoviral vectors
was co-infected with AxCALNLEGFP (abbreviated as
LoxEGFP), specific expression of EGFP occurred in neurons
{with S2NPNCre) or astrocytes (with GFAPNCre) in a cell
culture system (not shown). In vivoexpression studies were
performed in mice by co-infecting either S2NPNCre with
LoxEGFP, or GFAPNCre with LoxEGFP. Spatial limitation
of gene expression was achieved by injecting viral vectors
into the striatum (Fig. 1B), resulting in expression of EGFP
protein in the ipsilateral SNpe (Fig. 1C, top panel). When
S2NPNCre was injected with LoxEGEFP, expression of
EGFP (marking neurons) and tyrosine hydroxylase [TH;
marking dopaminergic neurons in the SNpc (15)] overlapped
(Fig. 1C; middle set of panels); quantitation of this overlap
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by image analysis, based on studying multiple fields, con-
firmed extensive coexpression of BEGFP with TH (Fig. 1D).
In contrast, there was no overlap of EGFP, following injection
of S2NPNCre with LoxEGFP, when imnunostaining was per-
formed to visualize GFAP (Fig. 1C, lowest set of panels and
Fig. 1D). These data indicate that co-infection of the striatum
with recombinant adenoviral vectors encoding cell-specific
Cre recombinase and EGFP (or other transgenes) flanked by
lox P sites, leads to retrograde transport of adenovirus in the
nigrostriatal system resulting in gene expression in the SNpc.

Expression of Pael-R in the SNpe activates the unfolded
protein response '

Using this adenoviral system, we sought to express Pael-R in
the SNpc. For this purpose, an adenoviral vector was made
with expression of Pael-R under control of the SCG10 promo-
ter regulated by the LoxP system (16), AxCALNLPael-R
{abbreviated as LoxPael-R; Fig. 2A). Co-injection of the two
adenoviral vectors, SZNPNCre and LoxPael-R, into the stria-
tum increased expression of Pacl-R in the SNpc (Fig. 2B,
referred to as ipsilateral side). Enhanced expression of
Pael-R required both vectors to be co-injected, and was
specific for neurons.

Based on previous in vitro findings, increased expression of
Pael-R in dopaminergic neurons might result in ER stress and
diminished cell viability (9). Control experiments were per-
formed by co-injecting three adenoviral vectors, S2ZNPNCre,
LoxEGFP and LoxlacZ, into the striatum on one side of the
brain, referred to as contralateral (Fig. 2C, upper panels).
Expression of an ER chaperone, ORP150 (oxygen-regulated
protein 150), known to increase with ER stress (11), was
assessed in neurons expressing EGFP (Fig. 2C, upper
panels). ORP150 levels, assessed by Western blotting, were
unchanged in the SNpc following injection of this combi-
nation of adenoviral vectors (Fig. 2D, left portion and
Fig. 2E, middle panel, open bars). Faint ORP150 staining
was demonstrated in multiple cells and a much stronger
signal for EGFP was observed (Fig. 2C, upper panels).
ORPI150 has a putative ATPase domain and protein binding
site, suggesting that it may have a chaperone-like role in main-
taining ER function under stress [(17), and see below]. In this
context, we have demonstrated that overexpression of ORP150
rescues neurons from cell death mediated by ischemia (11,12)
and excitatory amino acids (13}, When S2NPNCre, LoxEGFP
and LoxPael-R were injected into the striatum on the ipsilat-
eral side of the brain (the vectors with LoxLacZ in place of
LoxPael-R were injected on the contralateral side), a promi-
nent increase in Pael-R in the SNpc (Fig, 2D, right portion)
was accompanied by increased expression of ORPI150
(Fig. 2C, lower panels) in Pael-R expressing neuron (labeled
with EGFP). Western blotting indicated that increased
expression of ER chaperones, GRP78 and ORP150, reached
a maximum by 7-12 days after infection (Fig, 2D, right
portion). In contrast, there was no increase in these chaperones
on the contralateral side (i.e. the side where the LoxPael-R
adenoviral vector was replace by a LoxLacZ vector; Fig. 2D
and E). Levels of a cytoplasmic chaperone, the 70 kDa heat
shock protein, remained unchanged on both sides of the
brain (Fig. 2D). These data indicate that co-infection of
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Figure 1. Neuron-specific expression of a nansgene in the SNpc alter adenoviral infection of the striatuni. Two adenoviral vectors were constructed to drive cell
type-specific expression of Cre recombinase in neurons {AxS2NPNCre also tcnmd SZNPNCre) and astrocytes (AxGFAPNCre also termed GFAPNCre) (A).
S2NPNCre was injected unilaterally along with LoxEGFP into the striatum (10° p.fau, in each case) as shown (B, upper panel). 7 days after injection, brain
slices corresponding to the sm.num (B. upper panel) or SNpc (B, lower panel) were analyze,d by Nissl staining. On the contralateral side, GFAPNCre was
injected along with LoxEGEP (10° p.fa, in each case). SNpe sections were analyzed by fluorescence microscopy using antibodies to TH or GFAP (C).
Merged images are shown on the top and the far right (marker bar corresponds 10 200 wmy; note that magnification is greater in the lower panels compared
with the top panel), and are representative of six repeat experiments, obtained at - 3.1 mm from the Bregma. (D) Combinations of adenoviral vectors at the
indicated concentrations were injected into the striatum of wild-type mice, and, 7 days later, animals were sacrificed and sections of SVpL were analyzed at
five different levels (—3.16, -3.28, ~3.40, —3.52 and ~3.64 mM from the Bregma). Scmona were subjected to image analysis in order to determine
the area of TH-positivity [TH(-)] as a percemtage of the area of EGFP-positivity [%TH(-+VEGFP(+-)]. The mean + SP is shown (n = 6), and ** denotes
P < 0.01, compared to S2NPNCre infection alone.

body weight) and had normal lifespans (18,19). Moreover,
Parkin™"" mice were comparable, in terms of the number of
TH-positive neurons in the SNpc, compared to wild-type litter-
mates. However, Parkin ™'~ animals displayed a slight increase
in striatal dopamine content, compared with wild-type litter-
mates (not shown).

Parkin has been shown to ubiquinate Pael-R, thereby pro-
moting degradation of insoluble and toxic Pael-R overex-

LoxPacl-R and S2NPNCre in the striatum caused expression
of Pael-R in SNpc neurons, and triggered the ER stress.

Expression of Pael-R in SNpc of parkin™'— mice

resulted in neuronal death

Parkin null mice (Parkin ™'~ ) were generated by uplacino the

proximal exon 3 with a neo cassette (PGK-neo) and two lox P
sites (Supplementary Material, Fig. S1A). Southern blotting
revealed homologous recombination of the mutant allele
(Supplementary Material, Fig. S1B). Reverse transcriptase -
polymerase chain reaction (RT-PCR) to detect Parkin
transcripts confirmed the absence of normal transcripts in homo-
zygous mutant mice (Supplementary Materal, Fig. S1C).
Sequencing of RT - PCR products confirmed complete deletion
of exon 3 and a frame-shift downstream of exon 2 in mutant
mice (Supplementary Material, Fig. S1D). Consistent with
these data, western blotting with anti-Parkin  antibodies
showed the absence of Parkin antigen in bmin samples
(Supplementary Material, Fig. SI1E). Parkin homozygous
mutant mice were born at the expected mendelian ratio,
showed no overt abnormalities (except a slight decrease in

pressed in cell culture systems (6). Thus, we hypothnslnd
that similar ovuuxplessmn of Pael-R in Puarkin™" mice
might result in severe ER stress and cell death in the SNpc.
Using Parkin 4 and  Parkin T mice, LoxPael-R was
co-injected unilaterally into the striatum with LoxEGFP (as
a neuronal marker) and S2NPNCre. Whereas up-regulation
of Pael-R was confirmed by immunohistochemical analysis
in the ipsilateral SNpc of both types of mice (white arrow-
heads in the lower panels of Fig. 3A indicate neurons positive
with both TH and Pael-R), a marked decrease in the number
of Nissl-positive neurons was demonstrated in Parkin ™'~
mice, (Fig. 3A and B). Neurodegeneration in the SNpc was
accompanied by loss of TH immunointensity and
decreased dopamine content in the striatum (Fig. 3C and D).
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(green) are shown in yellow. Open boxes indicated in the far left panels are mAOthd in the three panels on the right. Images are representative of six
repeat experiments and the marker bar U‘ldlLdkS 200 pm. (D) S2NPNCre + LoxLacZ (107 p.f.u., each) were injected unilaterally (termed ipsilateral) into the
striatum, and S2NPNCre + LoxPael-R (1() p.lu., each) were injected on the contralateral side. At the indicated time points, the brainstem was removed.
The SNpc was separated and Westem blotting was performed using antibodies to ORP130, GRP78, HSP70 and B-actin (images are representative of six
repeat experiments). (E) Expression of Pael-R (left panel), ORPI50 (middle panel), and GRP78 (right panel) on the ipsilateral (open bars) or contralateral
side (closed bars) was assessed by densitometric analysis and is expressed as fold-increase versus control (day 0 indicates the day of the operation without injec-
tion of adenoviral vectors {# == 6, mean = S.D is shown). ** denotes P < 0.05 by multiple comparison analysis compared 1o day 0 on the ipsilateral side.

No significant neuronal damage was observed in Parkin H
mice after the overexpression of Pael-R using these methods.

To determine whether loss of TH staining in the SNpec,
associated with increased expression of Pael-R, was due to
neuronal death, we performed TUNEL analysis and monitored
expression of a neo-epitope for activated caspase-3 (20).
Increased expression of Pael-R in the SNpe, achieved as
above (by unilateral injection of S2NPNCre, LoxPael-R and
LoxEGFP; the contralateral side was injected with
S2NPNCre, LoxLacZ and LoxEGFP as a control), demon-
strated a small increase in DNA fragmentation even in the ipsi-
lateral SNpc of wild-type mice (Fig. 4A and C). Increased
DNA fragmentation was more striking in the ipsilateral SNpc
of Parkin™'~ mice, with -maximal intensity 7 days after
infection (Fig. 4B and C). The number of EGFP-and TUNEL-
positive cells is significantly increased in the SNpc of Parkin ™
mice (Fig. 4B and C). It should be noted that there was a small
increase in TUNEL staining on the contralateral side (Fig. 4C)

observed most consistently in caudal sections (—3.4 and —3.6
from the Bregma). This might be due, at least in part, to
crossed projections from the striatum to the contralateral
SNpc. Pilot studies showed EGFP expression in the contralat-
eral SNpc after unilateral injection of S2NPNCre and
LoxEGFP, though this was <5% of the EGFP expression
observed in the ipsilateral SNpc (not shown). Increased
expression of Pael-R in the SNpc, achieved as above, demon-
strated a small increase in the intensity of activated caspase-3
staining in the ipsilateral SNpc of Wild -type mice (Fig. 4A and
D). Expression of activated caspase-3 antigen was more strik-
ing in the ipsilateral SNpc of Parkin™™ mice (Fig. 4B and D),
with maximal intensity 5 days after infection (not shown). The
number of EGFP-positive cells costaining with activated
aspasc is significantly increased in the SNpc of Parkin ™~
mice (Fig. 4B and D).
Since there was no apparent damage, due to experimental
manipulation or other factors, in the ipsilateral striatum (this
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Figure 3 Enhanced neuronal death in the SNpc of paka "7 mice by the up-regulation of Pael-R. (A} Adenoviral vectors (2 pb), including LoxEGFP
(5 x 10% p.fu), S2NPNCre (10° p.fu. yand LoxPael-R (10° p.fu) were injected unilaterally in the striatum of either parkin™* or parkin™" mice, as described
in Figure 1. As a control, LoxPael-R was replaced by LoxLacZ ae® p.f), and S2NPNCre + LoxlacZ 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 m from the Bregma are shown. The open boxes in the upper panel are magnified
in lower 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 neurons are identified by the open arrowheads in the middle panels. (B) Nissl positive neurons were counted on the ipsilateral {closed bars) and
contralateral sides (open bars) as described in the text, 7 and 14 days after the injection. In each case, # = 6, and the mean + SI) is shown. ** denotes P < 0.01
compared to parkin®’* mice injected with LoxLacZ. {C) 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 mu 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 to the
ipsilateral (closed bars) or Lomulalcml striatum (open bars) of parkin™" or parkin®* mice, 1e<pw11\cly. 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
S2ZNPNCre 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 SNpe.
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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 (lower 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 af the lower comer of the panel. Note that
TUNEL-positive and activated caspase-3-positive cells are increased in the EGFP 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 5 days after injection (panel D) on the ipsi-

lateral (closed bars) or contralateral SNpe (open bars) of either parkin™"
P < (.01 compared to parkin™ " mice injected with LoxLacZ.

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
SNpc, whereas overexpression of ORP150 might be protec-
tive. Using targeted injection of adenoviral vectors (as
above), Pael-R was overexpressed in the SNpe of either het-
erozygous Orpl30 truncation mutants [Qrpl30™™ mice;
note, homozygous OrpI350™'" mice have a developmental
lethal phenotype 13)], strain-matched controls (Orp/50*™*
mice) or Orpl50 overexpressing wild-type transgenics
[Orp150 TG mice, driven by pCAGGS promoter (21)]. Elev-
ated levels of ORP150 were confirmed in SNpc neurons of
Orpl30 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. Orp/ 50t
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

or parkin‘”"’ mice. In each case, n = 6, and the mean + SD is shown. ** denotes

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 Orpl150, 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 Pacl-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 mininmized neuronal damage (Fig. 5C). Similaily, over-
expression of GRP78 could substitute for Parkin in preventing
Pacl-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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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 intemal 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. ef 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 230% of that observed in untreated controls
(Supplementary Material, Fig. S5). Using this protocol of
AMPT weatment, adenoviral vectors were injected 111}0
the striatum to increase neuronal Pael-R levels in Purkin ™"

mice. Compared with Parkin ™~ mice treated with phosphate-
buffered saline (PBS), animals receiving AMPT displayed

striking neuroprotection. Inhibition of TH in Parkin '~ mice
overexpressing Pacl-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
Orpl 50"'" 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

Qur data indicate that in vivo overexpression of Pacl-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



Human Molecular Genetics, 2007, Vol 16, No. 1 57

A Parkin-i- B rarkin--
S2NPNCre+LoxPael-R  S2NPNCre+LoxPael-R

FOITUNEL 7 CGIP/TUNEL

S2NPNCre+LoxLacZ
SERITUNEL

# of TUNEL/EGFP(+) _,
th (o)
(] (=)
(=] Qo

%oCasp3(+EGFP(+)

(=]

PBS AMPT

PBS AMPT
+AMPT

+PBS +ANPT

C omp150+-

1000

]
]
o
s
5
o

g P=0.0052

# of TUNEUEGFP(+
3
O
%aCasp3(+YEGFP(+)

o

PBS AMPT

PBS AMPT

+AMPT

+PBS +AMPT
Figure 6. Suppression of neuronal death in the SNpe of mice overexpressing Pacl-R by inhibition of dopamine synthetase u»mn AMPT. (A) Parkin™ " mice were
treated with either PBS or AMPT up to 7 days after unilateral injection of adenoviral vectors, mcludma LoxEGFP (5 x 10° p.fu.), S2NPNCre (10° p.fu.) and
LoxPael-R (107 p.fiu). As a control, the same vectors, with LoxPacl-R replaced by LoxlacZ (10 p.fu.), 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 after injection of the vectors, and
were then subjected to histochemical analysis as described above. The above images were overlapped with EGEFP (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 amowhead is magnified in a
small inset in the lower corner. 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 apopmuc cells dnmo\um‘md that observed in controls overexpressing LacZ). (B,C) Statistical analysis was performed as described
above, in either Parkin™™ mice (B) or Orpl30” "~ 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 SNpc are shown (n = 6; the mean £ SD). P-values,obtained by Student’s t-analysis,
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(DA) itself. These data also emphasize the potential relevance
of parkin targets, such as Pael-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 ORPI150, 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 cellular
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 (i.e. ade-
quate or increased levels of parkin, ORP150, GRP78 etc),
whereas diminished levels of ORP150 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. Increasin; 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 dopaminemic neurons;
increased levels of ORP150 in transgenic mice were neuropro-
tective, whereas diminished levels in ORP150 in Orpl50° e
mice resulted 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 Pael-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 selective 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 sulthydryl 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 Southemn blotting, and then
injected into C57BI/GJ (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 using Isogen
(Nippon gene). RT reactions containing 1 g of total RNA
were performed using the SuperScript 1 First-Strand Syn-

c¢DNA 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 tcc tte teg acc; Primer B, 5'-ttg agg ttg tgc gtc

cag g; Primer C, 5'-ace tca gag ggc tee ata tg; and, Primer
D, 5'-cte tet cta cac gtc 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
Ikenaka, 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, AxXLNLEGFP, 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 adenovirus 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
HEK293 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 pm)
were obtained at —3.5 mM from the Bregma on a vibratome.
Substantia nigra was then carefully removed under guidance
of a stercoscopic 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 exfracts
were determined by Western blotting, as described (30).
PVDF was incubated with either anti-human ORP150 anti-
body (1 wg/ml), anti-GRP78 monoclonal antibody (Stressgen,
Canada; 0.2 wg/ml), or anti-HSP73 antibody (0.1 pg/mi;
Stressgen). Where indicated, either anti-B-galactosideas
antibody (1000 x dilution, Sigma) or anti-Parkin antibody
(1000 x dilation, Cell Signaling Technologies Inc.) was



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

Injection of adenoviral vectors into the striatum and
treatment of animals

Animals were housed and treated according fo 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, 038/1.2/—3.2, 0.8/1.7/-2.5, 0.8/1.1/
-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 confirmed 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-HCI (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 neuronal death in vivo

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; 1 pg/ml, Sigma), rabbit anti-
human ORP 150 antibody [5 pg/ml (30)], rabbit anti-activated
casepase-3  antibody(0.1 wg/ml, Genzyme/Teche), rabbit
anti-Pael-R antibody [10 pwg/ml, (9)] or goat anti-GFAP anti-
body (4 pg/ml. Santa Cruz Biotechnology, Santa Cruz, CA).
Sections were also subjected to TUNEL staining using a comi-
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 from 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, containing 4 mmM NapS,0s, 4 mm
diethylenetriaminepentaacetic  acid, and Smm  14-
dithiothreitol). Crude tissue lysate was separated on a C-18
reversed-phase column (MCM HPLC, 4.6mmM x 15 cm,
Sml, ESA, Chelmsford, MA, TUSA), 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 apalysis. 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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