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Fig. 1 Brain distribution and subceliular localization of Pael-R and
HRD1. (a) Immunolocalization of HRD1 in the coronal section of the
murine brain. HRD1 localization was detected by DAB immunostaining
using anti-HRD1 polyclonai antibody (pAb). The magnification of the
box in the left panel (x40) is part of the SNC, which is shown in the
right panel (x200). The arrowheads indicate the expression of HRD1.
(b) Localization of HRD1 in neurons and glia. The green signal (HRD1)
was obtained with anti-HRD1 pAb and anti-rabbit igG Alexa 488-
conjugated secondary Ab, while the red signal (Pael-R) was obtained
with either anti-NeuN monocional Ab (mAb; dentate gyrus; upper pa-
nel) or anti-GFAP mAb (CA4; iower panel) and anti-mouse IgG Alexa
546-conjugated secondary Ab. (¢} Colocalization of HRD1 and tyro-
sine hydroxylase in the SNC of the coronal section of murine brain.
HRD1 was detected by anti-HRD1 pAb (green); tyrosine hydroxylase
was detected by antityrosine hydroxylase mAb (red). Yeffow indicates
the co-expression of H-RD1 in the SNC. (d) Colocalization of HRD1

between Pael-R and HRD1 in native SH-SYSY cells under
endoplasmic reticulum stress. HRD1 was precipitated with
Pael-R that tends to exist in an unfolded state under
endoplasmic reticulum stress conditions (Fig. 2d, lane 4);
this indicates that HRDI interacts with the unfolded form of
Pael-R.
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and Pael-R in the endoplasmic reticulum. COS-1 cells were transiently
transfected with HRD1-myc and Pael-R-FLAG. At 24 h after
transiection, the cells were fixed and subjected to indirect immuno-
fluorescence staining with anti-myc mAb and anti-FLAG pAb, or
anti-calreticulin pAb. The green signal (HRD1) was obtained with anti-
mouse IgG Alexa 488-conjugated secondary Ab and the red signal
(Pael-R or calreticulin} with anti-rabbit IgG Alexa 594-conjugated
secondary Ab. Superimposing the two colors (merge) resulted in a
yellow signal, indicating the colocalization of the two proteins. (e)
Colocalization of HRD1 and Pael-R in the endoplasmic reticulum of
SH-SY5Y cells. The SH-SY5Y cells expressing Pael-R-FLAG were
fixed and subjected to indirect immunofiuorescence staining with anti-
FLAG mAb (red) and anti-HRD1 pAb (green). The green signal
{HRD1) was obtained with anti-rabbit IgG Alexa 488-conjugated sec-
ondary Ab and the red signal (Pael-R) with anti-mouse 1gG Alexa 594-
conjugated secondary Ab.

HRD1 interacts with and ubiquitinates Pael-R through
the proline-rich region

To investigate which HRD1 region interacts with Pael-R, a
series of HRD1 mutants was prepared (Fig. 3a). HEK293
cells were transiently transfected with Pael-R-FLAG along
with an empty vector (Mock), wild-type (wt)-HRD1-myc,
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Fig. 2 Interaction of HRD1 with aggregated Pael-R. (a) Pael-R tends
to exist in an aggregated form. HEK293 cells were transiently trans-
fected with hemagglutinin-ubiquitin and an empty vector (Mock) or
Pael-R-FLAG and incubated in the presence or absence of 5 um
MG132 (proteasome inhibitor). Equal amounts of proteins were im-
munoprecipitated with anti-FLAG mAb, and the immune complex was
then analyzed by western blotting using anti-FLAG mAb (left) or anti-
hemagglutinin pAb (right). (b) Interaction of Pael-R with HRD1 in
HEK293 cells. HRD1 and Pael-R were coimmunoprecipitated in
HEK293 cells transiently transfected with or without Pael-R-FLAG and
HRD1-myc. At 48 h after transfection, the fotal cell lysates (Input) were
analyzed by western blotting to check the expression of Pael-R and
HRD1 proteins. Equai amounts of the proteins were immunoprecipi-
tated with normal mouse IgG, anti-myc mAb, or anti-FLAG mAb. The
immune complex was lysed in SDS sample buffer, resolved by SDS-
PAGE, and analyzed by western blotting using anti-myc mAb or anti-

membrane (M)-HRD1 Amembrane {(AM)-HRDI1-myc, or
membrane-RING (MR)-HRD1-myc. Wt-HRD1 and AM-
HRD1 were detected in immunoprecipitates with anti-FLAG,
whereas (M)-HRD1 and (MR)-HRD1 were not detected
(Fig. 3b, upper, lanes 3, 5), suggesting that HRD1 requires a
proline-rich region for association with Pael-R. We examined
whether Pael-R interacts with the proline-rich region of
HRDI1 in vitro (Fig. 4a). In an in vitro GST pull-down assay,
RP-HRD1 bound to both the native and aggregated forms of
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FLAG mAb. (¢} Endogenous HRD1 interacts with Pael-R in neuro-
blastoma SH-SY5Y celis stably expressing Pael-B-FLAG. The total
cell lysates that stably expressed PaekR-FLAG in neuroblastoma SH-
SY5Y cells were analyzed by western blotting using anti-HRD1 pAb
(Input, right panel). Equal amounts of the proteins were immunopre-
cipitated with normal mouse igG (l) or anti-FLAG mAb (F), and the
immune complex was then analyzed by westem blotting using anti-
HRD1 pAb (left panel, upper) or anti-FLAG mAb (right panel, lower).
(d) Endogenous interaction of HRD1 with Pael-R in tunicamycin-
treated neuroblastoma SH-SYSY cells. The SH-SY5Y cells were either
untreated (control) or treated (tunicamycin) with 2.5 ug/mL tunicamy-
cin for 24 h. The total cell lysates (Input, lanes 1 and 2) were analyzed
by western blotting to check the expression of HRD1 proteins. Equal
amounts of proteins were immunoprecipitated with anti-Pael-R pAb.
The immune complex was analyzed by western blotting by using anti-
HRD1 pAb (IP, lanes 3 and 4; Abgent).

Pael-R (Fig. 4a, upper, lane 5). Thus, HRD1 may directly
interact with Pael-R through the proline-rich region.

We then evaluated whether HRD1 ubiquitinates Pael-R
through its E3 activity in vitro. Using RP-HRDI1-myc and
Pacl-R-FLAG generated by in vitro translations (Fig. 4b), we
examined whether Pael-R is ubiquitylated by RP-HRDI
in vitro. Recombinant E2 UbcH5c was used in this assay as
HRDI1 is shown to be ubiquitylated by UbcHSc in vitro
(Nadav et al. 2003; Kikkert et al. 2004). In vitro transcrip-
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Fig. 3 Interaction of Pael-R with HRD1 and its mutants. (a) Schematic
representation of the HRD1 consiructs. The panel diagrammatically
represents wild-type HRD1 and a variety of HRD1 mutants used to
determine the Pael-R binding domain. Numbers in parentheses indi-
cate the corresponding amino acid residues of HRD1. (b) Coimmu-
noprecipitation of Pael-R and a variety of HRD1 mutants.
Coimmunoprecipitation was performed in HEK293 cells transiently

tion/translation reaction lysates containing RP-HRD1 and
Pael-R were incubated with other components including El
(rabbit), E2 (GST-UbcHSc), and GST-ubiquitin. Pael-R-
FLAG proteins were ubiquitylated only in the presence of
RP-HRDI1 along with all other components (Fig. 4c, lane 6),
indicating that HRD1 directly interacts with and ubiquiti-
nates Pael-R.

HRD1 degrades unfolded Pael-R

We investigated whether HRD1 accelerates Pael-R degrada-
tion via the UPS. Normal HEK293 cells and those stably
expressing wt-HRD1 or M-HRD1 were transiently transfect-
ed with Pael-R-FLAG. Equal amounts of proteins were
immunoprecipitated with anti-FLAG monoclonal antibody
and subjected to western blotting. Pael-R and its high
molecular mass broad smears were markedly decreased in
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transfected with Pael-R-FLAG and an empty vector (Mock), wild-type
{wt}-HRD1-myc, membrane (M)-HRD1-myc, Amembrane (AM)-HRD1~
myc or membrane-RING (MR)-HRD1-myc. At 48 h after transfection,
the total cell lysates (Input) were analyzed by western blotting using
antimyc mAb (right). Equal amounts of the proteins were immuno-
precipitated with anti-FLAG mAb, and the immune complex was then
analyzed by western blotting using antimyc mAb (left).

wt-HRD1-expressing cells (Fig. 5a, first panel, lanes 5, 6).
MG132 inhibited the decrease of Pael-R protein (Fig. Sa,
first panel, lane 7), indicating that HRD1 promoted the
degradation of Pael-R via the UPS. In contrast, Pael-R was
not degraded by M-HRDI, which has no RING-finger
domain and lacks E3 activity (Fig. Sa, first panel, lanes §, 9).
To confirm that these results were not caused by a decrease in
the transfection or transcription efficiency of Pael-R, the
expression level of Pael-R mRNA was examined by RT-PCR
using the total RNA of the cells used in western blotting. In
each clone, the expression levels of transfected Pael-R were
almost equal (Fig. Sa, third panel); furthermore, another
clone stably expressing wt-HRD1 degraded Pael-R (data not
shown).

To immunocytochemically visualize the degradation of
Pael-R by HRDI, normal HEK293 cells and those stably
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Fig. 4 HRD1 ubiquitinates Pael-R in vitro. (a) Coimmunoprecipitation
of Pael-R with RING-proline (RP)-HRD1 in vifro. GST-fused RP-
HRD1 or GST alone was bound to glutathione beads incubated with
[®5S}Habeled Pael-R generated by an in vitro transcription/translation
system. After extensive washing, the protein-bound beads were re-
solved by SDS-PAGE followed by Coomassie blue staining (lower),
and detected by autoradiography (upper). (b) Protein products of
Pael-R and RP-HRD1. Western blotting analysis of the components
used for in vitro ubiquitylation assays. RP-HRD1i-myc and Pael-R-
FLAG were produced by a TyT quick-coupled transcription/transiation
system. T T reaction lysates containing RP-HRD1 were analyzed by

expressing wt-HIRD1 or M-HRDI were transfected with
Pael-R-FLAG and DsRED, a red fluorescent protein. The
amount of Pael-R-FLAG protein decreased in cells expres-
sing wt-HRDI-myc compared with control cells, whereas the
amount of Pael-R-FLAG protein in cells expressing M-
HRDI1-myc and in control cells was similar (Fig. Sb, upper,
green). The red signals (lower panels) were DsRED proteins
cotransfected with Pael-R-FLAG for use as transfection
controls. These resuits indicate that HRD1 degrades Pael-R
by its E3 activity.

Next, the degradation of Pael-R by HRD1 was examined
by performing a pulse-chase experiment. The levels of 3.
labeled Pael-R were plotted relative to the amount present at
time 0 (Fig. 5¢). Following a 3 h chase, 54.4% and 52.0% of
de novo synthesized Pael-R remained in cells transfected
with Mock and M-HRDI, respectively. In contrast, Pael-R
degradation in HRD1 -transfected cells was accelerated such
that at 3 h, 28.7% of proteins remained, indicating that

© 2006 The Authors
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western blotting using anti-myc mAb (left), whereas TnT reaction
lysates containing Pael-R were immunoprecipitated with anti-FLAG
mAb. The immune complex was then analyzed by western blotling
using ant-FLAG mAb (right). {c} In vitro ubiguitylation assay. Western
blotting analysis of the in vifro ubiquitylation reactions mediated by
HRD1 with anti-GST pAb. TyT reaction lysates containing RP-HRD1
and Pael-R were mixed with other components including E1 (rabbit),
E2 (GST-UbcH5c), or GST-ubiquitin in the reaction buffer. The
reaction lysates were then incubated at 30°C for 90 min, immuno-
precipitated with anti-FLAG mAb, and analyzed by western blotting
using anti-GST pAb.

HRD1 accelerates the degradation of newly synthesized
Pael-R protein.

Furthermore, to investigate whether HRD! is involved in
the physiological degradation of Pael-R, we examined the
effect of HRD1 suppression by siRNA on Pael-R accumu-
lation in SH-SYSY cells stably expressing Pael-R-FLAG.
The amount of the aggregated form of Pael-R was increased
by the suppression of HRD! expression (Fig. 5d, upper, lane
2) whereas the native form was not affected markedly; thus,
it is possible that endogenous HRD1 preferentially degrades
aggregated Pael-R but not native Pacl-R.

a-Synuclein is a component of Lewy bodies in Parkinson’s
disease (Trojanowski et al. 1998), and a 22-kD glycosylated
form of a-synuclein is reported to be ubiquitylated by Parkin
(Shimura et al. 2001), and is ubiquitylated when overex-
pressed in cells (Imai et al. 2000). Unfolded a-synuclein can
be degraded by the 208 proteasome i vitro (Tofaris et al.
2001). We examined whether a-synuclein, like Pael-R, is a
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Fig. 5 Degradation of Pael-R by HRD1. (a) HEK293 cells siably
expressing wi-HRD1 or M-HRD1 were transiently transfected with
Pael-R-FLAG and incubated for the indicated periods in the presence
or absence of 5 um MG 132, which was added 12 h before cell harvest.
The total cell lysates (Input) were analyzed by western blotting using
anti-myc mAb (middle). Equal amounts of the proteins were immu-
noprecipitated with anti-FLAG mAb, and the immune complex was
then analyzed by westem biotting using anti-FLAG mAb (upper). The
total RNA of the cells used in western blotting was prepared and
subjected to RT-PCR (lower). (b) HEK293 cells stably expressing wi-
HRD1 or M-HRD1 were transiently transfected with Pael-R-FLAG and
DsRED (red fluorescent protein). At 36 h after transfection, the cells
were fixed and subjected to indirect immunoflucrescence staining with
anti-FLAG mAb {upper). The green signal (Pael-R) was obtained with
anti-mouse IgG Alexa 488-conjugated secondary Ab while the red
signal (lower) shows DsRED proteins used as a transfection control.
(c) Pulse-chase assay. Neuro2a cells were transiently transfected with
Pael-R-FLAG and an empty vector (Mock), wi-HRD1, or M-HRD1. At
36 h after transfection, cells were pulse-labeled with [*°S}-methionine/
cysteine and chased for the indicated pericds. Equal amounts of [*°S}-

substrate of HRD1. Normal HEK293 cells and those stably
expressing wt- or M-HRD1 were transiently transfected with
a-synuclein-hemagglutinin. The protein levels of a-synuclein
were not changed by HRD1 (Fig. 5e, upper), indicating that
a-synuclein is not a substrate of HRDI1.

© 2006 The Authors

labeled Pael-R and M-HRD1 were immunoprecipitated with anti-FLAG
mADb; the immune complex was then lysed in SDS sample buffer,
resoived by SDS-PAGE, detected by autoradiography, and quantified
by phosphorimaging. The levels of [35S}-labeled Pael-R are plotted
relative to the amount present at time 0. (d) Induction of aggregated
Pael-R accumulation and caspase activation by inhibition of HRD1
expression. SH-SY5Y cells stably expressing Pael-R-FLAG were
transiently transfected with the siRNA of enhanced green flucrescent
protein (EGFP, control) or HRD1, and incubated for 72 h. The total celf
lysates were analyzed by western blotting using anti-HRD1 pAb (2nd
panel), anti-caspase-3 pAb (3rd panel), and anti-a-tubulin mAb (5th
panel). Equal amounts of the proteins were immunoprecipitated with
anti-FLAG mAb, and the immune complex was then analyzed by
western blotting using anti-FLAG mAb (1st panel). (e} HRD1 did not
degrade a-synuclein. HEK293 cells stably expressing wit-HRD1 or
M-HRD1 were transiently transfacted with a-synuclein-hemagglutinin
and incubated for the indicated periods. The total cell lysates were
analyzed by western blotting using anti-hemagglutinin pAb (upper) or
anti-myc mAb (lower).

HRD1 suppresses Pael-R-induced cell death

The accumulation of Pael-R causes endoplasmic reticulum
stress and subsequent cell death. We investigated whether
HRDI1 suppresses Pael-R-induced cell death. Normal
HEK293 cells and those stably expressing wt- or M-HRD1

Journal Compilation © 2006 International Society for Neurochemistry, J. Neurochem. (2006) 99, 14561469
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Fig. 6 HRD1 protects against Pael-R-induced cell death. HEK283
cells (control) and HEK 293 celis stably expressing wi-HRD1 or M-
HRD1 were transiently fransfected with a control vector (Mock} or
Pael-R-FLAG and incubated for 24 h. The cells were washed with
PBS and then stained with crystai violet (0.1%) for 20 min, and the
wells were washed with water and air-dried. The dye was eluted with
water containing 0.5% SDS for 20 min, and the opticai density at
590 nm was measured. The percentage of cell death was calculated
as follows: 100 — {{(OD for assay/OD for control well) x 100]. The re-
sults obtained from each cell fransfected with Pael-R-FLAG were
compared with those obtained from cells fransfected with Mock. The
results are expressed as the means = SD (three independent
experiments in duplicate). Statistical analysis was performed with
Student’s ttest (**p < 0.01, vs. normal).

were transiently transfected with a control vector (Mock) or
Pael-R-FLAG and incubated for 24 h. The cell death of
HEK 293 was compared with that of cells transfected with the
control vector. The crystal violet assay showed that wt-
HRDI1-expressing cells were more resistant to Pael-R over-
expression than control and M-HRD1 cells (control, 34.3%;
wt-HRD1, 20.8%; M-HRD1, 33.4%) (Fig. 6). Furthermore,
we found that the accumulation of aggregated Pael-R induced
by the repression of HRD1 in SH-SYSY cells that stably
expressed Pael-R-FLAG promoted a decrease in pro-caspase-
3 and an increase in cleaved caspase-3 (Fig. 5d, third panel,
lane 2), which indicates the activation of caspase-3 and
subsequent apoptosis. These results indicate that HRDI
suppresses apoptosis induced by Pael-R accumulation.

Involvement of HRD1 in the degradation of Pael-R
induced by ATF6

We found that ATF6 induced the expression of HRDI1
(Kaneko et al. 2002; unpublished data). As ATF6-mediated
UPR possibly induces a number of ERAD genes, we
speculated that the degradation of Pacl-R is promoted
by ATF6. HEK293 cells were transiently transfected with
Pacl-R-FLAG and either an empty vector (Mock) or
hemagglutinin-ATF6 (1-373; cytoplasmic domain worked
as a transcription factor), and incubated for 48 h in the
presence or absence of MG132. The amount of both native
and aggregated Pael-R decreased in cells expressing ATF6

© 2006 The Authors
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Fig. 7 Degradation of Pael-R promoted by ATF6. (a) HEK293 cells
were transiently transfected with an empty vector (Mock) or Pael-R-
FLAG with or without hemaggiutinin-ATF6 {cleaved form); they were
incubated for 48 h in the presence or absence of 5 uym MG132 (12 h
incubation). The total cell lysates (Input) were analyzed by western
blotting using anti-KDEL mAb (lower). Equal amounis of the proteins
were immunoprecipitated with anti-FLAG mAb, and then analyzed by
western blotting using anti-FLAG mAb (upper). (b) Involvement of
HRD1 in ATF6-mediated Pael-R degradation. HEK283 cells were
ransiently transfected with Pael-B-FLAG and hemagglutinin-ATF6
(cleaved form) and siRNA of EGFP (control) or HRD1 and incubated
for 30 h. The total cell lysates (input} were analyzed by western
blotting using anti-HRD1 pAb (middie) or anti-a-tubulin mAb (lower).
Equal amounts of the proteins were immunoprecipitated with anti-
FLAG mAb, and the immune complex was then analyzed by western
blotting using anti-FLAG mAb (upper).
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(Fig. 7a, upper, lane 4); moreover, MG132 inhibited the
decrease in Pael-R protein by ATF6 overexpression (Fig. 7a,
upper, lane 5). The increased expression of glucose-regulated
proteins GRP78 and GRP94 indicates the induction of UPR
by ATF6 (Fig. 7a, lower, lanes 4, 5). These results indicate
that the up-regulation of UPR by ATF6 leads to the
degradation of Pael-R proteins via the UPS; however, it is
not known which proteins induced by ATF6 are involved in
this degradation.

To determine whether HRD1 is involved in the de-
gradation of Pael-R induced by UPR up-regulation, we
investigated the effect of HRD1 suppression by siRNA on
degradation. HEK293 cells were transiently transfected with
Pael-R-FLAG, hemagglutinin-ATF6, and either green fluor-
escent protein (GFP) (siRNA) or HRD1 (siRNA). ATF6
induced HRDI1 expression {(Fig. 7B, lower, lane 3), whereas
HRD! repression partially suppressed the ATF6-induced
decrease in the number of Pael-R aggregates, but not the
amount of the native form (Fig. 7b, upper, lane 6), suggest-
ing that UPR-induced HRDI1 preferentially promotes the
degradation of unfolded Pael-R.

Discussion

In this report, we found that HRD1 was expressed in the
dopaminergic neurons of the SNC, colocalized with Pael-R
in the endoplasmic reticulum, and directly interacted with
Pael-R at the proline-rich region of HRD1. We showed that
HRD1 promoted the ubiquitylation and degradation of
Pael-R; additionally, the activation of UPR by ATF6 induced
Pael-R degradation, which partially depends on HRDI.
First, we found that HRD1 was locally expressed in SNC
neurons, including dopaminergic neurons, of the murine
brain. Pael-R is reportedly expressed in SNC neurons,
implying that FIRD1 and Pael-R are colocalized in dopam-
inergic neurons in the SNC. Parkin, an E3, is up-regulated in
response to endoplasmic reticulum stress and protects cells
via ERAD from endoplasmic reticulum stress-induced
apoptosis (Imai e al. 2000). Pael-R accumulates in the
brains of AR-JP patients and induces endoplasmic reticulum
stress, possibly because of Parkin mutation (Imai ef al.
2001). Furthermore, it has been reported that Pael-R
overexpression causes the selective degeneration of dopam-
inergic neurons in Drosophila and that the coexpression of
human Parkin suppresses Pael-R toxicity by degrading Pael-
R. It has also been reported that interference in endogenous
Drosophila Parkin functions enhances Pael-R toxicity (Yang
et al. 2003). On the other hand, we previously reported that
human HRDI is up-regulated in response to endoplasmic
reticulum stress. It possesses E3 activity and protects against
endoplasmic reticulum stress-induced cell death (Kaneko
et al. 2002), suggesting that HRD1 can degrade protein
substrates accumulated during endoplasmic reticulum stress.
There is, however, little information regarding these sub-

© 2006 The Authors

strates, with the exception of CD-3a and TCR-a, and HMG-
CoA reductase (Kikkert et al. 2004). We showed that HRD1
was colocalized in the endoplasmic reticulum with Pael-R
and they interacted at endogenous levels as well as
overexpression levels. We therefore hypothesized that
HRD]I, like Parkin, may degrade Pael-R and suppress cell
death caused by Pael-R accumulation.

We found that endogenous HRD1 interacted with not only
overexpressed Pael-R but also endogenous Pael-R under
endoplasmic reticulum stress conditions. Pael-R tends to
exist in an unfolded state when it is overexpressed or when
subjected to endoplasmic reticulum stress; therefore, it is
likely that HRDI preferentially interacts with the unfolded
form of Pael-R but not with the normally folded form.
Therefore, it can be speculated that unfolded Pael-R is
recognized by acceptors of terminally misfolded glycopro-
teins, such as endoplasmic reticulum degradation-enhancing
alpha-mannosidase-like protein (EDEM), and is destined to
be eliminated from the endoplasmic reticulum (Molinari
et al. 2003; Oda er al. 2003); HRD1 then binds to Pacl-R
passing through the translocon in the endoplasmic reticulum
membrane by its proline-rich region and ubiquitinates the
unfolded form of Pael-R. If this is true, it is unlikely that
HRD1 directly associates with and ubiquitinates native Pael-R
on the endoplasmic reticulum membrane without mediation
of the translocon.

On the other hand, we showed that the high molecular
mass broad smears of Pael-R mostly comprised not ubig-
uitvlated forms, but possibly glycosylated or aggregated
forms, as previously reported (Imai et al. 2001). The
inhibition of HRD1! expression by siRNA induced the
accumulation of smears and the activation of caspase-3.
Therefore, it is likely that HRDI preferentially ubiquitinates
and degrades unfolded Pael-R to prevent the accumulation of
aggregated Pael-R that leads to endoplasmic reticulum stress-
induced apoptosis.

We further showed that HRD1 interacted with Pael-R at its
proline-rich region and ubiquitylated Pael-R in vitro, indica-
ting direct interaction between the proline-rich region of
HRD1 and Pael-R. Yeast Hrdlp has no proline-rich region,
whereas human HRDI1 contains a proline-rich region similar
to that seen in the Cbl family of ubiquitin ligases (Fujita
et al. 2002). Tt has been reported that the proline-rich region
is essential for protein—protein interaction and that the RING-
finger and proline-rich regions are sufficient for the binding
and ubiquitylation of substrates (Fang et al. 2001). There-
fore, human HRD1 appears to interact with substrates at the
proline-rich region and ubiquitinates the substrates at the
RING-finger domain. On the other hand, Hrdlp degrades
Hmg2p, one of the yeast isozymes of HMG-CoA reductase,
despite the lack of a proline-rich region (Gardner e al.
2000). Thus, we propose that in the course of evolution,
human HRD1 acquired a proline-rich region to interact with
and ubiquitinate a variety of substrates; whether other
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substrates are bound to the proline-rich region remains to be
determined.

We investigated whether o-synuclein is a substrate of
HRDI. An a-synuclein mutant (Ala53Thr or Ala30Pro) has
been reported in the brain of Parkinson’s disease patients,
promoting protofibril formation relative to wild-type o-
synuclein (Conway et al. 2000). Parkin ubiquitinates the O-
glycosylated form (xSp22) (Shimura efal. 2001) and
suppresses the toxicity of normal or pathogenic alpha-
synuclein (Petrucelli ef al. 2002; Yang ef al. 2003; Lo
Bianco et al. 2004; Haywood and Staveley 2004). HRD1 did
not degrade wild-type a-synuclein, probably due to the
different localization or binding ability of HRD1 and a-
synuclein; however, whether HRD1 degrades «-synuclein
mutants or the O-glycosylated form remains to be clarified.
On the other hand, Hrd3p, another UPR-inducible ERAD
protein, has been reported to interact with Hrd1p and mediate
the regulation of Hrdlp stability and activity in yeast
(Gardner ef al. 2000). We have identified SEL1 as a
candidate human homolog of Hrd3p and have found that
SEL1 interacted with human HRD1 (data not shown). We
have further found that HRDI1 did not degrade SEL] despite
this interaction; rather, the amount of SEL1 increased in the
presence of HRD1 ({data not shown). Based on these
observations, we speculate that HRD1 specifically increases
the degradation of proteins.

When unfolded proteins accumulate in the endoplasmic
reticulum, the UPR is activated by ATF6 and IRE1, resulting
in the induction of several endoplasmic reticulum chaperones
and ERAD components (Travers ef al. 2000; Lee et al.
2003). Therefore, we hypothesized that ATF6 promotes the
degradation of Pael-R by inducing UPR genes including
HRDI, although ATF6 can induce a variety of genes in
addition to HRDI. Interestingly, ATF6 induced the degrada-
tion of both aggregated and unaggregated Pael-R, whereas
the suppression of ATF6-induced HRD1 expression by
siRNA caused an increase in the aggregated form. Thus, it
is likely that endogenous HRDI preferentially recognizes
and degrades the unfolded forms of Pael-R. Based on these
results, we propose that after the accumulation of unfolded
Pael-R due to stress or Parkin mutation, ATF6 and/or IRE1-
XBP1 pathways are activated and induce UPR genes
including HRD1; this promotes the folding or degradation
of unfolded Pael-R to prevent unfolded Pael-R-induced cell
death (Fig. 8).

It has been reported that Parkin knockout mice exhibit
little change in movement ability or the newrons of the
substantia nigra (Itier ef al. 2003; Goldberg ef al. 2003; von
Coelln et al. 2004; Perez and Palmiter 2005). We therefore
speculate that HRD1 degrades Pael-R and possibly other
proteins to balance the unfolded protein accumulation caused
by Parkin gene mutation; nonetheless, it is possible that
other unknown E3s participate in this degradation in the
absence of Parkin, although the reason behind the loss of
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Fig. 8 A hypothetical mode! demonstrating how HRD1 participates in
the degradation of unfolded Pael-R. When unfolded Pael-R is accu-
mulated in the endoplasmic reticulum, ATF6 and IRE1-XBP1 path-
ways are activated, and UPR genes inciuding HRD1 are then induced.
HRD1 degrades unfolded Pael-R and suppresses Pael-R-induced cell
death.

dopaminergic neurons in AR-JP patients but not in Parkin
knockout mice remains unknown despite the similarity in the
functional loss of Parkin. On the other hand, it is likely that
HRD1 ubiquitinates not only Pael-R but also other substrates
related to conformational diseases caused by the accumula-
tion of unfolded proteins as HRD! can suppress global
endoplasmic reticulum stress induced by various chemical
reagents.
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Matrix Metalloproteinase-2 Plays a Critical Role in the
Pathogenesis of White Matter Lesions After Chronic
Cerebral Hypoperfusion in Rodents

Kayoko Nakaji, MD; Masafumi Thara, MD: Chiaki Takahashi, MD; Shigeyoshi ltohara, PhD;
Makoto Noda, PhD; Ryosuke Takahashi, MD; Hidekazu Tomimoto, MD

Background and Purpose—Cerebrovascular white matter (WM) lesions contribute to cognitive impairment and motor
dysfunction in the elderly. A disruption of the blood—brain barrier (BBB) is believed to be a critical early event leading
to these WM lesions. Previous studies have suggested the involvement of matrix metalloproteinase-2 (MMP-2) in BBB
disruptions and the upregulation of MMP-2 after chronic cerebral hypoperfusion in a rat model. In the present study,
we asked whether MMP-2 is involved in the BBB disruption and the subsequent WM lesions after chronic cerebral

hypoperfusion.

Methods—We compared the severity of white matter lesions in rats after chronic cerebral hypoperfusion with or without
an MMP inhibitor. Then, we also induced the chronic cerebral hypoperfusion in wild-type and MMP-2-null mice.
Results—In the rats treated with a relatively selective MMP-2 inhibitor, AG3340, the WM lesions after chronic cerebral
hypoperfusion were significantly less severe, and the number of activated astroglia and microglia were also significantly
lower as compared with the vehicle-treated rats. Gene knockout of MMP-2 also reduced the severity of the WM lesions
and the number of activated astroglia and microglia in a mice system. In both rodents, the disruption of BBB function,
as assessed by IgM staining and the Evans biue extravasation test, was less severe when MMP-2 activity was attenuated.

Conclusions—These findings indicate that MMP-2 plays a critical role in the BBB disruption, glial cell activation, and
WM lesions after chronic cerebral hypoperfusion and suggest the potential value of MMP-2 inhibitors as a therapeutic
tool in cerebrovascular WM lesions. (Stroke. 2006;37:2816-2823.)

Key Words: blood-brain barrier m chronic cerebral hypoperfusion 8 MMP inhibitor
B MMP-2 & white matter lesion

Cerebrovascular white matter (WM) lesions, a neurode-
generative condition characterized by hyperintense sig-
nals on magnetic resonance images, are frequently associated
with aging and cerebrovascular disease and are responsible
for the cognitive decline of the elderly. Chronic cerebral
ischemia is likely to cause these WM lesions, because
cerebral blood flow is decreased in these patients.! Indeed,
similar WM lesions can be induced in rats and mice after
chronic cerebral hypoperfusion, the experimental conditions
mimicking chronic cerebral ischemia in humans.>*

Matrix metalloproteinases (MMPs) are a family of endo-
peptidases that can degrade most of the major constituents of
the extracellular matrix.* MMP-2 and MMP-9 represent a
subgroup of the MMP family and degrade several extracel-
Jular matrix components, including type IV collagen, fi-
bronectin, and gelatin. Deregulated MMPs have been impli-
cated in the tissue destruction associated with cancer,

arthritis, and muitiple sclerosis.* MMPs may also play a role
in neurologic disorders. For instance, MMP-9 is increased in
human brains after stroke,® and MMP-2 and MMP-3 are
increased in cerebrovascular WM lesions from patients with
vascular dementia.® A reduction in the basement membrane
components, including type IV collagen, is associated with
the blood-brain bamier (BBB) disruption during cerebral
ischemia.” In our previous study on chronic cerebral hypo-
perfusion, the BBB disruption was accomnpanied by an
upregulation of MMP-2 but not MMP-9,® suggesting the
specific involvement of MMP-2 in the WM lesions. We
hypothesize that the MMP-2 upregulation after chronic cere-
bral hypoperfusion correlates with BBB damage, which leads
to glial activation and subsequent WM lesions. To clarify the
cause—effect relationship among MMP-2 upregulation, BBB
disruption, and WM lesions, we used 2 strategies to attenuate
MMP-2 activity: an MMP inhibitor, AG3340, and MMP-2
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knockout. The results from both experiments strongly sup-
ported the idea that MMP-2 plays a critical role in BBB
disruption and WM lesions.

Materials and Methods

Chronic Cerebral Hypoperfusion in Rats

and Treatment With an Matrix

Metalloproteinase Inhibitor

Chronic cerebral hypoperfusion with bilateral common carotid artery
occlusion (BCAQ) was induced in male Wistar rats (weight 150 to
200 g: Shimizu Experimental Supply: Kyoto. japan) by double
ligation of the common carotid arteries as previously described?
After the operation. the rais were kept in animal quarters with food
and water ad libitum.

AG3340 (Agouron Pharmaceuticals) was dissolved at 75 mg/mL
in 50% DMSO in propylenglycol. The rats were treated twice a day
with an intraperitoneal injection of AG3340 (100 mg/kg) or vehicle
(DMSO/propylenglycol) from just before the operation until 14 days
after the operation. Similar doses and weatment paradigms have been
shown to be effective in inhibiting MMP activity in gliomas in model
animals.® Because our previous study demonstrated that the number
of microglia peaked on 3 days and WM lesion started to become
evident on 14 days after BCAO,? the animals were subjected to the
analyses described subsequently.

Mice

The generation of C57BL/6] mice carrving the MMP-2-null allele
has been described elsewhere.’® In this mutant allele, a region
containing the promoter and the first exon of the MMP-2 gene is
replaced by the pgk-neo cassette. MMP-2% pareats were mated to
obtain both wild-type and MMP-27" (MMP-2-null) littermates.
Genotyping was performed by polymerase chain reaction using the
following primers: wild-type forward. CAACGATGGAGGCAC-
GAGTG; wild-type reverse, GCCGGGGAACTTGATGATGG; mu-
tant forward, CTTGGGTGGAGAGGCTATTC; and mutant reverse.
AGGTGAGATGACAGGAGATC.

Chronic Cerebral Hypoperfusion in Mice and
Cerebral Blood Flow Measurement

Adult male mice (weight 20 to 25 g) were subjected to bilateral
common carolid arteries stenosis (BCAS) by applying the microcoils
with an inner diameter of 0.18 mm to both common carotid arteries
as previously described? The cerebral blood flow (CBF) was
recorded by laser Doppler flowmetry by placing a straight probe
{OmegaFLO-N1; Neuroscience Inc) on 1 mm posterior and 2 mm
lateral from bregma perpendicular to the skull bone through the
guide cannula. The baseline CBF recordings were obtained just
before and at 2 hours and 3, 7, 14, and 30 days after the surgery. The
CBF values were expressed as a percentage of the baseline value.

Histochemical Evaluation of White Matter Lesions

and Glial Activation

Under deep anesthesia, the animals were perfused with 10 mmol/L.
phosphate-buffered saline (300 mL for rats, 100 mL for mice) and
then with a fixative consisting of 4% paraformaldehyde, 0.2% picric
acid, and 0.1 mol/L. phosphate buffer at pH 7.4 (300 mL for rats, 100
mL for mice). The brains were removed and postfixed for 24 hours
in 4% paraformaldehyde in 0.1 mol/l. phosphate buffer and then
stored in 15% sucrose in 0.1 mol/L phosphate buffer. The fixed
brains were embedded in paraffin and sliced into 2-um-thick coronal
sections. Klitver-Barmrera staining and Bielschowsky staining were
used to visualize the myelin sheaths and axons, respectively. As
previously described.? the severity of the WM lesions was semiquan-
titatively graded as normal (grade 0), disarrangement of the nerve
fibers (grade 1). formation of marked vacuoles (grade 2), and
disappearance of myelinated fibers (grade 3) by an investigator blind
to the experimental condition. For immunohistochemistry, serial
sections (20-um-thick) were cut in a cryostat and incubated over-
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night with a primary antibody at 4°C followed by incubation with the
appropriate biotinylated secondary antibody (1 hour. room temper-
ature). treatment with an avidin-biotin complex (diluted 1:200;
Vector Laboratories), and visualization with 0.01% diaminobenzi-
dine tetrahydrochloride and 0.005% H,0, in 50 mmoVl/]. Tris-HCl
{pH 7.6). The primary antibodies used were as follows: monoclonal
anti-rat glial fibrillary acidic protein (GFAP) (diluted 1:5000; Sigma-
Aldrich; Mo, USA), polyclonal rabbit anti-mouse GFAP (diluted to
1:5000; Dako Cytomation, Denmark). polycional rabbit anti-MMP-2
{diluted to 1: 1,000. Chemicon International, Inc), monocional rat
anti-mouse MHC class [T antigen antibodies (diluted to 1:5000; Dako
Cytomation), and rabbit anti Iba-1 antibody (1 pg/ml; Wako Pure
Chemical Industries, Ltd: Osaka. Japan). Some sections were incu-
bated with a biotinylated goat anti-rat IgM (u), biotinylated goat
anti-mouse IgM () (diluted 1:1000; Kirkegaad & Perry Laborato-
ries; Md, USA). or biotinylated Ricinus communis agglutinin-1
(diluted 1:1000; Vector Laboratories; Calif, USA) and were incu-
bated directly with the avidin-biotin complex. To confirm the
cellular source of IgM. sections were labeled by biotinylated anti-
mouse 1gM and rabbit anti-mouse GFAP followed by fluorescein
isothiocyanate-labeled avidin (dituted 1:100; Dako Cytomation} and
rhodamine-labeled goat anti- rabbit [pG (2.5 ul/ml.: Dako}. In the
sections immunostained for Ricinus communis agglutinin-1, MHC
class II antigen. Iba-1, GFAP. and IgM., we counted the number of
immunopositive cells in at least 6 representative felds (per
0.25 mm?) in the corpus callosum, the caudoputamen, and the optic
tract for the quantitative analysis.

Zymography and Matrix Metalloproteinases-2
Activity Assay

Minced forebrain tissues were incubated with gentle rotation at 4°C
for 20 hour in an extraction buffer consisting of 0.5% Triton-X 100,
0.5 U/ml aprotinin, and 0.01% sodium azide in 0.01 mol/L.
phosphate-buffered saline. The samples were then centrifuged at
14 000 rpm for 15 minutes at 4°C and the supernatants were
collected. The protein content was adjusted to 10 mg/mL. The
gelatinolytic activity of these samples was detected by SDS-PAGE
zymography as described elsewhere,® although MMP-2 activity in
the gray matter may interfere a sensitive detection of the activity in
the WM. Equal amounts of tissue extract (30 ug) were then
subjected to electrophoresis. To restore the activity of the protein,
sample gels were agitated in 0.01 mol/L Tris-HCI (pH 8.0) contain-
ing 2.5% Triton X-100 (30 minutesX 2). After washed in 0.05 mol/L,
Tris-HCl (pH 8.0) for 30 minutes, the gels were incubated over-
night twice at 37°C in 0.05 mol/L Tris-HCl (pH 8.0) containing
0.5 mmol/L. CaCl, and 1.0 moVL ZnCl,. After incubation, the gels
were stained with Coomassie blue R-250. The amount of activated
and latent forms of MMP-2 in the whole forebrain extracts were also
assessed using the Matrix Metalloproteinase-2 Biotrak Activity
Assay System (Amersham Biosciences). which is based on a 2-site
enzyme-iinked immunosorbent assay “sandwich” format and recog-
nizes both the proform and active form of MMP-2.

Evans Blue Extravasation

The mice were killed at 3 hours and 1, 3, 5. 7, and 14 days after
BCAS. One hour before each time point. 1 mL of 4% Evans blue
(EB; Nakalai Chemicals 1td) in normal saline was injected intra-
peritoneally. The animals were anesthetized and then perfused
transcardially with 200 mL of 10 mmol/L. phosphate-buffered saline,
The brains were snap-frozen, sectioned into 20-um-thick slices. and
examined by fluorescence microscopy. For quantitative measures,
the images were analyzed within 4 structurally similar areas (2
paramedian portions of the corpus callosum on each hemisphere) in
each mouse and digitally level-adjusted by Adobe Photoshop (Adobe
Systems) so that intravascular EB would be reported as white (pixel
value 255) on a black background (pixel value 0). Using the public
domain NIH Image 1.61 program (National Institutes of Health), the
images were then binarized with intensity threshold set at pixel value
50 so that the white pixels represent intravascular and extravasated
EB. The number of white pixels was divided by the total pixel



2818 Stroke November 2006

number in the selected area to estimate percent area containing
intravascular and extravasated EB as an approximate index of BBB
breakdown. Image analysis was focused on the paramedian portion
of the corpus callosum facing the dorsal part of the lateral ventricle,
because WM lesions were most intense in this region?

Statistical Analysis

All data are presented as means®=SE. A one-factor ANOVA jol-
lowed by Fisher protected least significant difference procedure was
used to compare the differences between groups. P values <0.05
were considered to be statistically significant.

Results

The amount of total MMP-2 in the forebrain extracts was
comparable between the vehicle-treated and AG3340-injected
rats after BCAO as assessed using the Biotrak Activity Assay
System. The percentage of activated MMP-2 was only 7% on
day 3 after the sham operation but was elevated to approximately
80%c on day 3 after the BCAO (supplemental Figure 1, available
online at http://stroke.ahajoumals.org). We also confirmed al-
most complete suppression of MMP-2 activation with AG3340
acministration.

The operation was successful in rats (n=40) except 3,
which developed convulsions and was killed within 7 days,
and in mice (n=62) except 4, which developed cercbral
infarction. These animals with unsuccessful operations were
excluded from the statistical analysis. In the vehicle-treated
animals, severe WM lesions, as shown by an increased
number of disarranged nerve fibers and vacuolation, were
found on day 14 after the BCAO in the optic nerve, medial
part of the corpus callosum (Figure 1B and 1E), the internal
capsule, and the fiber bundles of the caudoputamen. In such
WM regions, the number of Ricinus communis agglutinin-1-
positive microglia and GFAP-positive astroglia increased (2-
tc 3-fold) on day 3 after the BCAO (Figure 1H and 1K). Both
WM lesions and gliosis were less severe in the AG3340-
treated animals (Figure 1C, 1F, 11, 1L, 1P through IR, and
Table 1).

The BBB integrity in rats subjected to BCAO was also
assessed by the immunostaining for IgM. IgM-immunoreactive
glial cclls represent those cells that have taken up the serum
proteins, which leaked into the brain parenchyma, and their
number serves as an indicator of BBB dysfunction® Some
IgM-immunoreactive glial cells were found in the vicinity of the
microvessels in the corpus callosum in the vehicle-treated
animals on day 3 after the BCAO (Figure 1R), suggesting BBB
dysfunction in this region. In contrast, much fewer IgM-
immunoreactive glia were found in the same area of the
AG3340-treated animals (Figure 10 and 1R).

These results strengthen the notion that MMPs play a role
in BBB impairment and WM lesions. To further elucidate the
roles of MMPs in the WM damage afier chronic cerebral
hypoperfusion, we applied BCAS (the established technique
for mice hypoperfusion)® for mice lacking functional MMP-2
gene (MMP-2-null mice), which showed no obvious devel-
opmental abnormalities!'® or brain anomalies!! and examined
its effects using histochemical methods. The reduction of
CBF after BCAS was comparable between wild-type and
MMP-2-null mice. The CBF reductions (wild-type versus
MMP-2-null; mean=SE %, n=3 each) were 42.574.3% versus

39.1+3.2% (2 hours after BCAS), 38.124.3 versus 394+4.0 (3
days), 35.2%24.6 versus 33.6262 (7 days), 20.8*=14 versus
26.9x3.1 (14 days), and 11.2%3.0 versus 24.0£4.0 (30 days). In
wild-type mice, MMP-2-immunoreactive glial cells increased after
BCAS compared with sham-operated mice (Figure 2A and 2B).
MMP-9-immunoreactive cells were not induced after BCAS
in both wild-type (Figure 2C and 2D) and MMP-2-null mice
(Figure 2E). Consistently, zymography using forebrain homog-
enates revealed only a faint band of MMP-9 in the samples after
BCAS for 3 days in both wild-type and MMP-2-null mice
(n=4), whereas a robust band was found in the sampie from a
mouse with an incidental cerebral infarction after BCAS (Figure
2G). A band of MMP-2 was detected in the samples in wild-type
mice but not in MMP-2-null mice after BCAS (n=4). However,
zymography using such homogenates failed to show the upregu-
lation of MMP-2 after 3 days of BCAS; regional upregulation of
MMP-2 in the WM seemed obscured.

Kliiver-Barrera staining revealed that WM lesions were
predominant in the corpus callosum, caudoputamen, and
internal capsule but not in optic tract on day 30 after BCAS
in the wild-type mice. The medial part of the corpus callosum
adjacent to the lateral ventricles was most severely affected
(Figure 3E). In MMP-2-null mice, such WM lesions were far
less severe (Figure 31, Table 2). The mouse model showed
little damage to the visual pathway and no difference was
found between the wild-type mice and MMP-2-null mice
after the operation. This may be attributable to the fact that
BCAS in mice induces a milder decrease in the CBF than in
the rat model and maintains a residual blood flow within the
commmon carotid arteries and its branch, the ophthalmic
artery.

In the wild-type mice on day 14 after BCAS, numerous
activated microglia, as visualized by immunostaining with
anti-MHC class I antibodies, were found in some WM
regions (Figure 3F). In addition, the number of GFAP-
immunoreactive astroglia increased in these mice (Figure
3G). In the MMP-2-null mice, the number of microglia and
astroglia was much fewer in the WM as compared with the
wild-type animals (Figure 3J, 3K, 3P, 3Q). Thus, both WM
lesions and glial activation after chronic hypoperfusion were
dramatically reduced in the MMP-2-null mice. There was no
difference of the number of microglia, astroglia, and IgM-
positive cells in optic tract (Figure 3P).

The BBB integrity in mice subjected to BCAS was
assessed by the immunostaining for IgM and EB extravasa-
tion assay. After BCAS, the number of IgM-positive cells
increased in the WM of the wild-type mice (Figure 3H) as
compared with the sham-operated wild-type animals (Figure
3D). Intriguingly, the IgM-immunoreactive cells significantly
decreased in the WM of MMP-2-null mice after BCAS
(Figure 3L and 3R). IgM-immunoreactive cells were identi-
fied as astroglia based on their colabeling with GFAP in the
perivascular areas (Figure 3L through 30). Three days after
BCAS, EB apparently leaked into the perivascular area in the
corpus callosum (Figure 4B) and the cerebral cortex (data not
shown). This extravasation was most notable in the parame-
dian portion of the corpus callosum. At all time points after
BCAS, no extravasation of EB could be detected in the
MMP-2-null mice (Figure 4C). The estimnated percent area
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Figure 1. Histologic evaluation of the WM Iesions in rats after chronic cerebral hypoperfusion with or without AG3340-treatment. A
through O, Kiuver-Barrera staining on day 14 (A through F; myelin sheath) or immunostaining on day 3 for Ricinus communis
agglutinin-1 (G through I; microglia), GFAP {J through L; astroglia), or IgM (M through O) of the corpus callosum (A through C, G
through O) and optic tract (D through F) of rats that had undergone sham operation (A, D, G, J, M) or BCAO operation, which had been
treated either with vehicle (B, E, H, K, N) or AG3340 (C, F, 1. L, O). Scale bar, 50 um. (P through R) A histogram representing the den-
sity of cells immunoreactive for Ricinus communis agglutinin-1 (P), GFAP (Q), or IgM (R) in sections from the corpus caliosum (CC),
caudoputamen {CP), and optic tract {OT} in rats 3 days after a BCAO (n=4 each; *P<0.08, **P<0.01}.

stained with EB was approximately 8% in wild-type mice
after BCAS, which significantly reduced to 2% in MMP-2-
null mice after BCAS (Figure 4D). Taken together, these
results indicated that loss of MMP-2 alleviated BBB damage
after BCAS and suggested a causative role for MMP-2 in the
WM lesions after hypoperfusion.

TABLE 1. Histologic Grading of the WM Lesions in Unireated
and AG3340-Treated Rats on Day 14 After BCAO

Corpus Gallosum Caudoputamen Optic Tract
Vehicle, N=5 1.3:045 14+0.54 26055
AG3340, N=4 0.5+04" 0.63+0.25* 1.13:+:0.63"

*P<G.08.

Discussion
The synthetic MMP inhibitor AG3340 is known to inhibit
several MMP family members, including MMP-2 (Ki=0.05
nmol/L), MMP-9 (0.26 nmol/L), MMP-13 (0.03 nmol/L), and
MT1-MMP (0.33 nmol/L).1? As a lipophilic, low-molecuiar-
weight (Mr 423.5) compound, AG3340 can readily cross the
BBB.1? Using this compound, we have demonstrated that
AG3340 shows protective effects against the WM lesions
after chronic cerebral hypoperfusion in rats. This is consistent
with our previous data using the same model, which showed
a correlation of WM lesions with MMP-2 upregulation.®
Then, AG3340 may have reduced the severity of WM lesions
by inhibiting MMP-2 activation. In support of this notion,
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genetic deletion of MMP-2 attenuated the WM lesions after
chronic cerebral hypoperfusion in mice. These data jointly
suggest that MMP-2 upregulation plays a major role in the
WM lesions.

Previous studies have established the importance of the
upregulation and activation of MMPs in acute brain ische-
mia.!>15 Among the members of the MMP family (n=20),
MMP-9 is of particular interest in the context of acute brain
ischemia, because the selective upregulation of MMP-9 has
been observed in the brains of patients with stroke.!® More
importantly, the neuronal damage after cerebral ischemia was
attenuated in the MMP-9-null mice compared with the
wild-type mice.! Furthermore, Heo et al demonstrated asso-
ciation of MMP-9 upregulation with hemorrhagic transfor-
mation in the nonhuman primates.?” Thus, MMP-9 upregula-
tion may contribute to the BBB damage and infarct size,

-especially in the acute setting. Although previous study
demonstrated the upregulation of MMP-9 in MMP-2-null
mice,!® no upregulation of MMP-9 was observed in our
model, which suggested a negligible role of MMP-9 in
chronic cerebral hypoperfusion.

Figure 2. A through F, Immunohisto-
chemical analysis for MMP-2 (A through
C) and MMP-8 (D through F} in the cor-
pus callosum of wild-type mice {A, B, D,
E} or MMP-2-null mice (C, F) on day 3
after sham operation or BCAS (B, D). G,
Zymography assay of the samples from
a mouse with incidental cerebral infarc-
tion (CI), a wild-type mouse and an
MMP-2-null mouse 3 days after BCAS.
Note the absence of compensatory
upregulation of MMP-8 in MMP-2-null
mice.

& 72-kDa

What then would be the role of MMPs in cerebral ische-
mia? Hamann et al reported disappearance of the basal lamina
around the microvessels during cerebral ischemia and reper-
fusion.” Fukuda et al demonstrated that the ischemic primate
brain contained elevated levels of activity enough to digest
basal lamina components such as type IV collagen.’® In fact,
Heo et al indicated that MMP-2 upregulated significantly by
1 hour after MCAO! and was persistently elevated thereafter
in primates, and Chan et al demonstrated the upregulation of
activation system for latent MMP-2 after focal cerebral
ischemia.?® These findings support the hypothesis that exces-
sive degradation of the vascular basal lamina is a mechanism
by which MMP triggers BBB dysfunction, edema, hemor-
thage. The most marked extravasation of Evans blue in the
paramedian portion of the corpus callosum facing the lateral
ventricle was consistent with a previous report on a rat model
of chronic cerebral hypoperfusion® and further indicated a
vulnerability of the BBB in this area. In the case of chronic
hypoperfusion, a previous study suggested the association of
MMP-2 but not MMP-9 upregulation with BBB disruption.
Consistently, Rosenberg et al showed that the activated
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Figure 3. Histologic evaluation of the WM lesions in wild-type and MMP-2-null mice after BCAS. A through L, Kilver-Barrera staining
28 days after BCAS (A, E, |) and immunostaining 14 days after BCAS for MHC class I (B, F, J), GFAP (C, G, K}, or igM (D, H, 1) of cor-
pus callosum sections from wild-type (W) mice (A through H) or MMP-2-null {M27) mice {l through L} that had undergone gither a sham
operation {A through D) or BCAS (E through L). Note that MMP-2 gene knockout recover the decrease of Kllver-Barrera staining in the
WM after BCAS (compare E with |} and glial activation (compare F with J for microgiia and G with K for astrogiia). Scale bar, 50 um. M
through O, Double staining with GFAP and IgM of the WM lesions in wild-type mice after BCAS. igM was observed on endfeet of
GFAP-positive glia (O). Scale bar, 10 pm. P through R, A histogram representing the density of cells immunoreactive for MHC-class il
or Iba-} {P), GFAP (Q), or igM (R) in sections from the corpus callosum (CC), caudoputamen {CP), and optic tract (OT) of mice that had
undergone BCAS (n=6 each; *P<0.05, **P<0.01). For the microgiial count, anti-MHC-class Il antibodies were used for mice with BCAS
operation, whereas anti-iba-1 antibodies were used for mice with sham operation {P). Note that glial activation was not observed in the
optic tract, being consistent with the absence of rarefaction of this structure.
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TABLE 2. Histologic Grading of the WM Lesions in Wild-Type
and MMP-2-Null Mice on Day 30 After BCAS

Corpus Anterior
Callosum Caudoputamen Commissure
Wild-type, N=6 15+08 1.3+0.58 05+05
MMP-2-null, N=6 0.5+0.8* 0.58+0.37* 0=0
*P<(.05,

astroglia and microglia/macrophages around the arterioles
expressed MMP-2 and MMP-3, but not MMP-9, in the brains
of patients with vascular dementia.®

Caplan®® proposed that the major pathologic features of
WM lesions such as demyelination and gliosis may result
from a BBB dysfunction, which allows the leakage of
proteins and fluid through the compromised barmier of the
penetrating arteries. This hypothetical pathway is consistent
with our present findings. Given the overlapping substrate
specificity between MMP-2 and MMP-9, in the case of
chronic cerebral hypoperfusion, MMP-2 may contribute to
the BBB disruption through the excessive digestion of the
vascular basal lamina and activation of glia. In addition,
MMP-2 may be directly involved in demyelination associated
with WM lesions, because MMP-2 can digest myelin more
efficiently than MMP-9.2¢

Wilg-type MMP-2-nufl

sham BCAS
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e

White pixel/ total pixel
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Figure 4, Evaluation of BBB dysfunction in the corpus callosum
of mice. The Evans blue exiravasation assay was performed on
day 3 after a sham operation in wild-type mice (A} or on day 3
after BCAS in wild-type (B} and MMP-2-null mice (C). A magni-
fied view of the area indicated by an arrow in the upper panel is
shown in the lower panel (A through C). The experiments were
repeated in triplicate with similar findings (n=4 each). Scale bar,
100 um. A histogram representing the degree of Evans blue
extravasation as an approximate index of BBB breakdown (see
“Methods”) (D).

In conclusion, the present study has provided direct
evidence that MMP-2 is involved in the pathogenesis of
WM lesions in the mouse model. Although the species
difference between rodents and humans should be taken
into consideration, our data also suggest the potential value
of MMP inhibitors in preventing subcortical ischemic
vascular dementia resulting from BBB dysfunction and
chronic cerebral ischemia in humans. Activation of
MMP-2 is reported to participate in matrix injury during
focal cerebral ischemia. An elucidation of the exact roles
of MMP-2 in BBB disruption may also provide informa-
tion useful in developing strategies for controlling neuroin-
flammation in general.
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Abstract

The authors report a 2d-year-old patient with intractable partial epilepsy and massive malformations of cortical develepment (MCD).
Subdural EEG recordings of habitual seizures showed heterogencous epileptogenicity, and visual evoked potential was recorded within the
MCD just adjacent to the most active epileptogenic focus. Resection of the small cortical area presumably with core epileptogenicity, while
sparing the cortical functional area, improved seizure outcome without any postoperative functional deficits.

€% 2006 Elsevier B.V. All rights reserved.

Kevwords: Epilepiogenicity; Cortical function; Malformations of cortical development; Visual evoked potential; Subdural EEG record; Epilepsy surgery

1. Introduction

Malformations of cortical development (MCDs) are
present in 15-20% of adult patients with intractable partial
epilepsy [1]. However, epileptogenicity within MCD varies
within as well as among individuals: epileptic activities
correlate with in situ histopathologic patterns in MCD [2].
Several case teports have suggested a possibility that partial
resection of MCD can give a good seizure outcome [3,4]
although generally the best seizure control has been achieved
when complete or major excision of both the MRI-visible
lesion and the cortical arcas generating ictal electrographic
activity {4,5]. Recent case reports and imaging studies have
shown that cortices showing MCD have normal brain
functions [6-9], and therefore, resection of MCD may
carry a potential risk of neurological functional deficits.

* Corresponding author. Tel.: +81 75 751 3772; fax: +81 75 751 9416.
E-maii address: skiofikuhp kyoto-u.acjp (A. Ikeda).

0022-510X/$ - see front matter € 2006 Elsevier B.V. All rights reserved.
doi:10.1016/.jns.2006.09.016

Here we report a patient with partial seizures caused by
MCD which had heterogeneous epileptogenicity and visual
function delineated by presurgical evaluation using subdural
electrodes. The most active epileptogenic area and visual
functional area resided side by side within MCD. After
resection of the small area of the most active epileptogeni-
city, the seizures significantly decreased with no functional
deficits in spite of large residual MCD.

2, Patient and methods
2.1. Case presentation

A 24-year-old right-handed woman with medically
intractable partial seizures had implanted subdural electrodes
for presurgical evaluation. All the clinical procedures were
done after full explanation about the methods and possible
side effects to the patient and her family, according to clinical
research protocol approved by the Ethical Committee of
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Kyoto University Graduate School of Medicine (No. 79).
She developed complex partial seizures (CPSs) when she
was 17 years old. Her habitual seizures started with auras
consisting of a sensation that something was rising from her
feet and/or auditory hallucination of high-pitched sound,

eveloped to CPSs with oral {chewing) and bilateral hand
automatisms, followed by postictal cough. She had no
personal or familial antecedents for epilepsy. Neurological
examination showed left lower homonymous quadrianopsia.
Her seizures were intractable in spite of administration of
multiple drugs such as phenytoin, carbamazepine, phenobal
and clobazam of appropriate dose.

An MRI revealed massive MCDs including schizence-
phaly and polymicrogyria in the right temporo-parieto-
occipital area (Fig. [A-D). By non-invasive video-EEG
monitoring during habitual seizures consisted of motion
arrest, staring, oral and hand automatisms, ictal discharges
started with low-voltage fast activities at the right posterior
temporal arca before the clinical onset. Interictal FDG-PET
showed heterogeneous regional glucose hypometabolism in
the right temporo-occipital area (Fig. 1E), and ictal SPECT

showed an increased perfusion in that arca (Fig. !F). Intra-
carotid propofol test [10] revealed language and memory
dominance in the left hemisphere.

2.2. Presurgical evaluation with subdural electrodes

The electrodes were disks of 3.0 mm diameter made of
platinum—iridium (Ad-Tech, Racine, W1, U.5.A)), placed
with center-to-center distance of 1 cm within the silicon
rubber sheet. Two sheets of 4 x 5 subdural electrode grid. one
each on the right parietal and temporal lobes, and one 1x 4
subdural electrode strip on the right temporal lobe were
implanted. One set of depth electrodes made of platinum,
1.5 mm diameter, 4-contact of 1.0 mm length, with 5 mm
spacing (UNIQUE MEDICAL, Tokyo, Japan), was inserted
into the right antcro-temporal area. The epileptogenic area
was determined by simuitaneous monitoring of video and
subdural EEG during the patient’s habitual clinical seizures.

Functional mapping was performed with the left median
and tibial somatosensory evoked potential (SEP), auditory
evoked potential (AEP) and visual evoked potential (VEP)

Fig. 1. Preoperative brain MRI (A-D), interictal FDG-PET (E). ictal SPECT (F) and postoperative brain MRI (G-I). (A-D) Massive MCD including a
schizencephaly and polymicrogyria in the right temporo-parieto-occipital area (arrows). (E) Heterogeneous regional glucose hypometabolism in the right
temporo-occipital area. (F) Ictal SPECT showed an increased perfusion in that area. (G-I) Small area with the most active epileptogenicity was resected
{arrowhead). The patient showed reduction of seizures (Engel's class IIA) in spite of a large residual lesion.





