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ABSTRACT

We evaluated the potential neuroprotective effects of combination treatment with normobaric hyper-
oxia (NBO) and eda . a potent scavenger of hydroxyl radicals, on acute brain injuries after stroke.
Mice subjected to 2-h filamental middle cerebral artery occlusion were treated with NBO (95% 0,
during the ischemia) alone, with edaravone (1.5 mg/kg, intravenously after the ischemia) alone, with
both of these treatments (combination), or with vehicle, The histological and neurological score were
assessed at 22-h after reperfusion. Infarct volume was significantly reduced in the combination group
[363£6.7mm? (n=10) vs. vehicle: 65.5+59mm? (n=14) P<0.05], but not in the two monotherapy-
groups [NBO: 50.5 +:5.8 mm? (n= 14) and edaravone: 56.7 + 5.8 mm? (n=10)}. The combination therapy
reduced TUNEL-positive cells in the ischemic boundary zone both in cortex [6.0+ 1.4 x 10 fmm? (n=5)
vs. vehicle: 18.942.4 x 107 jmm? (n=5), P<0.01] and subcortex [11.6 £ 1.5 = 102/mm? (n=5) vs. vehicle:
225421 x 10*/mm? (n=5), P<0.01]. NBO and combination groups exhibited significantly reduced neu-
rological deficit scores at 22-h after reperfusion (vs. vehicle, P<0.05). Combination therapy with NBO
plus edaravone prevented the neuronal damage after focal cerebral ischemia and reperfusion in mice,

compared with monotherapy of NBO or edaravone.

© 2008 Elsevier Ireland Ltd, All rights reserved.

Normobaric hyperoxia (NBO), which has the advantage of min-
imal technical demands, was protective in recent experimental
and clinical pilot studies as well [9,14-16). Moreover, some of the
mechanisms of protection by oxygen therapy are beginning to be
elucidated. Shin et al. have reported that administration of 100% O,
prevented the expansion of the zone with a severe cerebral blood
flow deficit occurring during distal middle cerebral artery (MCA)
occlusion in mice [13]. A phase II study to assess the therapeutic
potential of NBO given within 9 h of stroke onset is underway in
the USA (Massachusetts General Hospital and National Institute of
Neurological Disorders and Stroke).

Edaravone, a potent scavenger of hydroxyl radicals, has been
proven to be beneficial for patients with acute ischemic stroke
in Japan as well as in rodent models of ischemia [1,8,18]. In a rat
transient cerebral ischemia model, edaravone prevented cortical
edema, reduced the infarct volume, and improved neurological
deficits [2,8]. Qi et al. have showed previously in mice that treat-
ment with edaravone dose-dependently reduced infarction volume
and hemispheric swelling, and effective doses for acute ischemia

* Corresponding author. Tel.: +81 582 37 8596; fax: +81 582 37 8596.
E-mail address: hidehara@gifu-pu.acp (H. Hara).

0304-3340/5 - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi: 10.1016/j neuler.2008.06.033

are from 3 to 10 mg/kg (no significant reduction in infarct volume
was observed dosed with 1 mg/kg) [12]. Moreover, Zhang et al, have
demonstrated that the combination therapy of edaravone plus tis-
sue plasminogen activator (t-PA) was useful for the extension of
the therapeutic time window in a rat transient cerebral ischemia
model [19].

If combining two low-dose therapies with different neuropro-
tective actions were found to increase the target effects and reduce
the side effects (compared to single therapy at a regular dose), such
combination therapy would be beneficial for stroke patients. For
the presentstudy, we chose NBO and edaravone, both of which have
proved to be safe and effective therapies against ischemia, and for
which the experimental evidence indicates different mechanisms
of action, and we evaluated the therapeutic effects of combination
treatment.

The purpose of this study was, therefore, to examine the poten-
tial neuroprotective effects of concurrent treatment with NBO and
a suboptimal dose of edaravone on the cerebral infarct size and the
neurological deficits present after subjecting mice to a 2-h occlu-
sion of MCA followed by a 22-h reperfusion.

The experimental designs and all procedures were inaccordance
with the Animal Care Guidelines of the Animal Experimental Com-
mittee of Gifu Pharmaceutical University. Male ddY mice (body
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weight, 24-28 g; Japan SLC Ltd., Shizuoka, Japan) were housed at
controlled room temperature (24.5-25.0°C), with a 12-h light:12-
h dark cycle. Mouse food pellets and tap water were provided
ad libitum. Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) was
kindly gifted by Mitsubishi Tanabe Pharma Corporation Co. Ltd.
(Osaka, Japan). Mice of the edaravone and combination groups were
treated with jugular vain infusion of edaravone at 1.5 mg/kg body
weight once: immediately after completion of MCA occlusion, Mice
ofthe vehicle and NBO groups received intravenous (i.v.) infusion of
2.0 ml/kg saline solutions without edaravone at the volume similar
to that used in the edaravone and combination groups, The hyper-
oxia (NBO alone and combination) groups were started to expose
hyperoxia within 2min after completion of MCA occlusion. And
hyperoxia groups were removed from the hyperoxia chamber at
5min before reperfusion, Isoflurane was purchased from Merck
Hoei Co. Ltd. (Osaka, Japan), 2,3,5-Triphenyltetrazolium chloride
(TTC) was from Sigma-Aldrich Co. (St. Louis, MO, USA), and pen-
tobarbital sodium was from Dainippon Sumitomo Pharma (Osaka,
Japan).

Mice were anesthetized with 1.0-1.5% isoflurane in air (21%
0,) via a face mask (Soft Lander; Sin-ei Industry, Saitama, Japan).
Focal cerebral ischemia was induced [using an 8-0 nylon monofila-
ment (Ethicon, Somerville, NJ, USA) coated with silicone hardener
mixture (Xantopren, Bayer Dental, Osaka, Japan)] via the internal
carotid artery, as described by Hara et al. [5]. Any mice with an
intracranial hemorrhage and/or without an ischemic brain infarct
were excluded.

After completion of the operation, each mouse was immedi-
ately (within 1min) received an i.v. injection of either vehicle
or edaravone (1.5mgfkg), and promptly put in an environmen-
tal chamber, The hyperoxia groups (NBO and combination groups)
were exposed to 95 & 1% 03 in the chamber [regulated by an oxygen
controller (PRO-0X110; Reming Bioinstruments Co., Redfield, USA)]
throughout a period (10 min) that was set beforehand. And hyper-
oxia groups were removed from the hyperoxia chamber at 5 min
before reperfusion. The oxygen concentration inside the chamber
was continuously monitored using the oxygen controller, and car-
bon dioxide was cleared using soda lime (Nakarai Tesque Co. Kyoto,
Japan) placed on the bottom of the chamber. After 2-hischemia, the
mouse was taken out, and underwent reperfusion, all in room-air
(21% 0;). The room-air groups (vehicle and edaravone), when in the
environmental chamber, were exposed to room-air equivalent gas.

In all animals during surgery and ischemia, the body temper-
ature was maintained between 37.0 and 375°C with the aid of
a heating lamp and heating pad. In randomly selected animals,
the left femoral artery was cannulated and blood pressure was
measured during the preparation. Mean systemic arterial blood
pressure (Power Lab; AD Instrument, Nagoya, Japan) was mea-
sured for three 5-min periods (starting at 30 min before and after
MCA occlusion). Arterial blood gases were sampled just after these
vital measurements. The normoxia (vehicle and edaravone) groups
received air (21% 0z ) via a face mask, while the hyperoxia (NBO and
combination) groups received 0.75 I/min of 100% O, (which kept O,
95% in the center of the face mask) during the ischemia. Blood sam-
ples of 50 p.l were taken at 30 min before and after the induction of
ischemia and analyzed for pH, oxygen (Pa0;), and carbon dioxide
(PaCO; ) (i-SAT 300F; i-SAT Corporation, NJ, USA).

Some mice that died due to subarachnoid hemorrhage, pul-
monary insufficiency, or asphyxia were eliminated from the study.
Mice were tested for neurological deficits just before reperfusion,
22-h after reperfusion, by an observer (Y.N.) who was blind to
the animal groups. Scoring was done using the following scale: 0,
no observable neurological deficits; 1, failure to extend the right
forepaw: 2, circling to the contralateral side; 3, loss of walking or
righting reflex, as described by Hara et al. [5).

At 22-h after reperfusion, mice were given an overdose of
pentobarbital sodium and then decapitated. The brain was cut
into 2-mm-thick coronal block slices. These slices were immersed
for 30min in a 2% solution of TTC in normal saline at 37°C,
and then fixed in 10% phosphate-buffered formalin at 4°C. TIC
reacts with intact mitochondrial respiratory enzymes to gen-
erate a bright red color that contrasts with the pale color of
the infarction. The caudal face of each slice was photographed
(COOLPIX 4500; Nikon. Tokyo, Japan). The unstained areas of the
total, cortical, and subcortical infarctions were measured using
Image | (http://rsb.info.nih.gov/ijfdownload/), and the infarction
volume per brain (in mm?) was calculated as in a previous report
[4).

In another series, mice under anesthesia were perfused tran-
scardially with saline followed by 4% paraformaldehyde in 0.1 mol/l
phosphate buffer (pH 7.4) at 22-h after reperfusion. Then, the
brains were post-fixed overnight in the same fixative, and
immersed in 30% sucrose solution in the phosphate buffer. The
brains were frozen and cut into 20-pum-thick coronal sections
from 0.4 to 1.0mm anterior to bregma (through the anterior
commissure) using a cryostat (Leica Instruments, Nussloch, Ger-
many). Concomitantly, we performed terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) staining to
identify degenerated cells after the above ischemia with the com-
bination therapy. as previously described [10). The TUNEL assay
was performed according to the manufacturer's instructions (Roche
Molecular Biochemicals Inc., Mannheim, Germany). To quantify the
number of DNA-fragmented cells present after ischemia, the num-
bers of TUNEL-positive cells in the ischemic boundary zones within
cortex and subcortex were counted. This was done in two high-
power fields (x400) within each lesion by a masked investigator
(Y:N.). Each count was expressed as number/mm? (n=5).

Data are presented as means+S.EM. Statistical comparisons
were made using an analysis of variance (ANOVA) followed
by a Student-Newman-Keuls (SNK) test or a non-parametric
Kruskal-Wallis test. P<0.05 was considered to indicate statistical
significance.

Inthe two hyperoxia (NBO and the combination) groups, arterial
Pa0; values increased approximately 4-fold during the administra-
tion of 100% oxygen. The other physiological parameters were not
significantly different among the four groups (Table 1). There was
nosignificant difference in mortality after ischemia among the four
groups (data not shown).

The infarct tissue was visualized by TTC staining in the ischemic
hemisphere (Fig. 1A). Total infarct volume was significantly reduced
in the combination group compared with those of vehicle and
edaravone groups (P<0.05, Fig. 1B). But there was no significant
difference in total infarct volume of the two monotherapy-groups
compared with vehicle [vehicle: 6554 5.9, NBO: 50.5+ 5.8, eddar-
avone: 56.7+5.8, combination: 36.3+6.7mm? (n=10-14)]. An
ischemic lesion was consistently identified affecting cortex and
subcortex of the left cerebral hemisphere. A combination treat-
ment significantly reduced infarct volume both in cortex [vs.
vehicle and edaravone, P<0.01 and P<0.05, respectively, vehi-
cle: 41.9 £ 4.8, NBO: 29.2 £ 4.7, edaravone: 39,1 £+ 5.2, combination:
224257mm? (n=10-14)] (Fig. 1C) and subcortex [vs. vehicle
and NBO, P<0.01 and P<0.05, respectively, vehicle: 23.6+18,
NBO: 21.3 + 1.7, edaravone: 17.6 + 1.4, combination: 13.9 + 1.4 mm?
(n=10-14)] (Fig. 1D).

The ischemic mice showed apparent neurological deficits just
before and at 22-h after reperfusion: There was no significant differ-
ence in neurological deficit score among the four groups just before
reperfusion (data not shown). In contrast, at 22-h after reperfusion
the combination group exhibited significantly reduced neurologi-
cal deficit scores (vs. vehicle, P <0.05) (Fig. 1E),
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Table 1
Physiological variables of mice before and after focal cerebral ischemia

Sy e —_—— ———— ——

Analysis of variance (ANOVA) by
before middle cerebral artery occlusion (MCAOY); after, 30 min after MCAO.
* P<0.01 vs. vehicle.

A large number of cells showed strong TUNEL-positive stain-
ing on the ischemic side of the brain, but not the contralateral
side. The numbers of TUNEL-positive degenerated cells in the
ischemic boundary zones within the cerebral cortex (Fig. 2A) and
subcortex (Fig. 2B) showed increases at 22-h after reperfusion.
The numbers of TUNEL-positive cells were significantly reduced

Vehicle

(B) Total infarct volume

(D) Subcortical infarct volume
(mer?) L

B

20

Vehicle

NBO  Edsravone Combination

Fig. 1. Infarct volume and neurological deficit scores 22-h after reperfusion. (A) 2,3,5-Triphenyl
(pale unstained region). Brain sections (from extreme left) are obtained from vehicle, NBO, ed.

Keuls (SNK) tests. Data are express as mean £5.EM. (n=5). MABP, mean arterial blood pressure; before, 30 min

by the combination treatment in cortex [vs. vehicle and edar-
avone, P<0.01 and P<0.05, respectively, vehicle: 18.9: 2.4, NBO:
9.7 £ 0.6, edaravone: 13.2 +20, combination: 6.0 + 1.4 x 10?fmm?
(n=5)] (Fig. 2C) and subcortex [vs. vehicle, NBO, and edaravone,
P<0.01, P<0.01, and P<0.05, respectively, vehicle: 22.5+2.1, NEO:
18.6 + 1.6, edaravone: 17.4 + 1.1, combination: 11.6+ 1.5 x ‘ll}z,l'mm2

Edaravone Combination

©) Cortical infarct volume
#

*
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mice, respectively. Infarct volume of total (B), corex

(€Y, and subcortex (D). “P<0.05; “P<0.01 vs. vehicle. *Indicates an inter-group difference. Analysis of varlance {ANOVA) followed by Student-Mewman-Keuls (SNK) tests. (E)
Neurological deficit scores. "P<0.05, vs. vehicle (non-parametric Kruskal-Wallis test). Data are expressed as mean = 5.EM. (n=10-14).
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Fig. 2. TUNEL staining induced by 22-h reperfusion. (A and B) show repr ive pt hs of TUNEL g in the Ischemic boundary zones of the cerebral cortex

(A) and subcortex (B). Scale bar=50 um. Quantitative representation ai‘ru’Nﬂ.—pmmv: cells in ischemic bmns from each group of the cerebral cortex (C) and subcortex (B).

“P<0.01 vs. vehicle. *P<0.05 and **P<0.01 between indicated groups. Analysis of variance (ANOVA) ft 1 by S

as mean£S5EM. (n=5),

(n=5)](Fig. 2D). The numbers of TUNEL-positive cells were also sig-
nificantly reduced by NBO treatment in cortex (vs. vehicle, P<0.01)
(Fig. 2C).

In this study, we found that a combination therapy of NBO
(95% 0;) during ischemia and a suboptimal dose of edaravone
(1.5mg/kg i.v.) after 2-h MCA occlusion protects functional and
morphological outcomes against the ischemic brain in mice., Imai
et al. have reported that the hyperbaric oxygen (HBO) therapy
combined with intravenous edaravone administration improved
the 90-day clinical outcome in patients with acute embolic stroke
|7]. From the point of distribution of O3 to ischemic brain tissue,
HBO may have more powerful neuroprotection than NBO to sal-
vage for acute stroke treatment. But various factors such as the
limited availability of HBO chambers and poor patient compliance
may be difficult for using HBO as the clinical stroke therapy [3].
Previous study indicated that free radicals increased in the blood
of humans undergoing HBO therapy [11]. On the other hand, NBO
has the advantage of safety and minimal technique, and it can be
delivered in an ambulance or even at the patient's home follow-
ing a stroke. Recent experiments in animals have shown that NBO
exerts beneficial effects without increasing markers of oxidative
stress [ 15,16), and a phase Il study is underway in the USA, as men-
tioned above. But theoretical concern remains about reperfusion
injury being caused by an increase in oxygen free radicals due to
hyperoxia therapy, and oxidative stress reportedly plays a major
role in the pathogenesis of the cerebral infarction occurring as a
reperfusion injury after focal ischemia [17].

Edaravone has ability to scavenge a variety of free radicals,
especially hydroxyl radicals, produced during ischemia/reperfusion

Keuls (SNK) tests. Data are expressed

[18]. However, edaravone has some side effects, including acute
renal failure, liver dysfunction, and renal dysfunction, during edar-
avone treatment are occasionally observed. Since death due to
acute renal failure during edaravone treatment has been reported,
this agent is contraindicated for patients with severe renal dysfunc-
tion, and should be carefully used in elderly patients [6). Further,
taking suboptimal dose of drug may reduce the side effect as well as
primary aim. The plural therapies for the identical purpose through
different mechanisms may be able to get enough effects with min-
imum risks.

In conclusion, we found that combination therapy with NBO
plus edaravone, which have different mechanisms, in spite of each
suboptimal dose protected against acute cerebral injury that had
undergone focal cerebral ischemia in mice.
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A NOVEL CALPAIN INHIBITOR, ((1S)-1((((1S)-1-BENZYL-3-
CYCLOPROPYLAMINO-2,3-DI-OXOPROPYL)AMINO)CARBONYL)-3-
METHYLBUTYL) CARBAMIC ACID 5-METHOXY-3-OXAPENTYL ESTER,
PROTECTS NEURONAL CELLS FROM CEREBRAL ISCHEMIA-

INDUCED DAMAGE IN MICE
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Abstract—Cerebral ischemia ind Ca** influx into neuro-
nal cells, and activates several proteases including calpains.
Since calpains play Important roles in neuronal cell death,
calpain inhibitoers may have potential as drugs for cerebral
infarction. ((1S}1((((1S)-1-Benzyl-3- X0~

carbamic acid 5-methoxy-

Jcarbonyl)-3-methylbutyl)
Joxapentyl ester (SNJ-1945) is a novel calpain inhibitor that
has good membrane permeability and water solubility. We
evaluated the effect of SNJ-1945 on the focal brain ischemia
induced by middle cerebral artery occlusion (MCAD) in mice.
Brain damage was evaluated by assessing neurological def-
Icits at 24 h or 72 h after MCAO and also by examining
2,3 5-triphenyltetrazolium chloride (TTC) staining and termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL) staining of brain sections. When Injected at
1 h after MCAO, SNJ-1945 at 30 and 100 mg/kg, I.p. decreased
the infarction volume and improved the neurological deficits
aach usesud at 24 h. SNJ-1945 at 100 mg/kg, I.p. also
protective effects at 72 h and reduced the num-
ber of TI.INEI..-posPﬂve cells at 24 h. SNJ-1945 was able to
prevent neuronal cell death even when it was injected at up to
6 h, but not at 8 h, after MCAO, In addition, SNJ-1945 de-
!/ d a-spectrin at 6 h and 12 h, and active
caspase-3 at 12 h and 24 h in Ischemic brain hemisphere.
These findings Indicate that SNJ-1945 inhibits the activation
of calpain, and offers neuroprotection against the effects of
acute cerebral Ischemia in mice even when glven up to 6 h
after MCAO. SNJ-1945 may therefore be a potential drug for
stroke, ® 2008 IBRO. Published by Elsevier Ltd. All rights
reserved,
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1{({(15)-1-benzyl-3-cyclopropylamino-2,3-di-oxopropyljamino)car-
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Calcium ion is a major intracellular messenger, and Ca®*
influx regulates synaptic activity, membrane excitability, exo-
cytosis, and enzyme activation (Camins et al., 2006). Al-
though such signals are necessary for cell survival, Ca®*-
overload triggers apoptosis via activation of caspases (Bano
and Nicotera, 2007).

Calpains are members of the cysteine protease family
activated by Ca®*. Fifteen types of calpain have been
reported (Camins et al., 2006), but in mammals, calpain |
(p-calpain) and calpain Il (m-calpain) are thought to be the
most widely distributed. A large number of proteins have
been identified as calpain substrates, such as cytoskeletal
proteins and proteases (Croall and Ersfeld, 2007). Cal-
pains play important roles in both physiological and patho-
logical processes (Sorimachi et al., 1997; Bertipaglia and
Carafoli, 2007), but in particular are known to play roles in
neuronal cell death. Calpains cleave pro-caspase-3 to its
active form (Camins et al., 2006). Moreover, calpains
mediate p53 activation, and indirectly influence release
of both cytochrome C and apoptosis-inducing factor
(AIF) (Sedarous et al., 2003; Sanges and Marigo, 2006).
Calpains cause neuronal cell death through various
pathways, as indicated by reports that inhibition of cal-
pains prevents neuronal cell death whether it is caused
by experimental autoimmune encephalomyelitis, trau-
matic brain injury, or cerebral infarction (Buki et al.,
2003; Hassen et al., 2006).

Cerebral infarction is a life-threatening disease. Cere-
bral ischemia induces Ca®* influx into neuronal cells, and
activates several proteases, including calpains (Neumar et
al., 2001; Neumar et al., 2003; Yamashima, 2004). In
previous studies, calpain inhibitors have been found to
exhibit neuroprotective effects in in vitro models of exper-
imental ischemia (Bartus et al., 1994a,b; Li et al., 1998;
Markgraf et al., 1998, Farkas et al., 2004; Tsubokawa et
al., 2006). As regards brain structures, there are differ-
ences among calpain inhibitors in both membrane perme-
ability and affinity, so their efficacies may vary. These
differences may be based on the chemical structure, sol-
ubility, and ADME (absorption, distribution, metabolism,
and excretion) of each calpain inhibitor. For the prevention
of neuronal cell death after cerebral ischemia, calpain
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inhibitors that are safe, are widely available, and have
powerful effects within the brain are needed.

The novel calpain inhibitor ((15)-1((((1SH1-benzyi-3-cyclo-
propylamino-2,3-di-oxopropyljamino)carbonyl)-3-methylbutyl)
carbamic acid 5-methoxy-3-oxapentyl esler (SNJ-1945)
has been shown to have good aqueous solubility, good
plasma exposure, and good CNS penetration in rats and
monkeys (Oka et al., 2006; Shirasaki et al., 2008). Further-
more, administration of SNJ-1945 at 160 mg/kg, i.p. for 14
days produced no obvious toxic signs or abnormalities in
rals (Oka et al., 2006). However, there have been no
reports on its efficacy against cerebral ischemia. There-
fore, in the present study we set out to examine the neu-
roprolective effects of SNJ-1945 against cerebral infarction
in @ murine middle cerebral artery occlusion (MCAO)
maodel. To this end, we evaluated adequate doses, thera-
peutic time-window, and inhibition of calpain activity in the
brain after MCAO.

EXPERIMENTAL PROCEDURES
Animal preparation

The experimental designs and all procedures were in accordance
both with the U.S. National Institutes of Health Guide for the Care
and Use of Laboratory Animals and with the Animal Care Guide-
lines Issued by the Animal Experimental Committee of Gifu Phar-
maceutical University. All experiments were performed using male
ddY mice (5-6 weeks old, Japan SLC Lid., Shizucka, Japan).
Every effort was made to minimize the number of animals used
and their suffering.

Drugs

SNJ-1945, kindly donated by Senju Pharmaceutical Co. Lid.
(Kobe, Japan), was dissolvad in 0.5% carboxymethyl cellulose,
and adminislered intraperitoneally. 2,3,5-Triphenyltetrazolium
chloride (TTC), pentobarbital sodium, and isoflurane were pur-
chased from Sigma-Aldrich Co. (SL. Louis, MO, USA), Nissan
Kagaku (Tokyo, Japan), and Merck Hoel Ltd. (Osaka, Japan),
respectively.

Drug treatment

SNJ-1945 was diluted in 0.5% carboxymethyl cellulose. For the
evaluation of dose-dependency, mice were injected with SMJ-
1945 (10, 30, or 100 mg/kg, Lp.) at 1 h after MCAQ. For the
evaluation of therapeutic time-window, mice were injected with
SNJ-1945 (100 mg/kg i.p.) at 1 h, 3 h, 6 h, or 8 h after MCAO. For
Western blot analysis, all mice were injected with SNJ-1945
(100 mg/kg, i.p.) at 1 h after MCAO.

Surgery

Mice were anesthetized with isoflurane 2-3% (for induction) and
maintained with 1.0-1.5% isoflurane in 70% N,O and 30% O, via
a facemask (Soft Lander; Sin-el Industry, Saltama, Japan). Focal
cerebral ischemia was induced [using an 8—0 nylon monofilament
(Ethicon, Somerville, NJ, USA) coated with silicone hardener mix-
ture (Xantpren; Bayer Dental, Osaka, Japan)] via the intemal
carolid artery, as described by Hara el al. (1996). Briefly, the
coated filament was introduced into the left intemnal carotid artery
through the common carolid artery, then advanced up to the origin
of the anterior cerebral artery via the internal carotid artery, so as
to occlude the middle cerebral artery and posterior communicating
artery. At the same time, the left common carotid artery was
occluded. Anesthesia did not exceed 10 min,

Physiological monitoring

In all animals during surgery and ischemia, the body temperature
was maintained between 37.0 and 37.5 *C with the aid of a
heating lamp and heating pad. In randomly selected animals, the
left femoral arlery was cannulated and blood pressure was mea-
sured during the preparation, mean systemic arterial blood pres-
sure (Power Laboratory; AD Instrument, Nagoya, Japan) being
measured for 3-min periods starting 10 min before and ending 30
min after MCAO. Arterial blood samples taken 30 min before and
30 min after the induction of ischemia were analyzed for pH and
the partial pressures of oxygen (PaO,) and carbon dioxide
(PaCO,) (i-STAT 3G; Abbott Point-of-Care Inc., East Windsor, NJ,
UUSA). Regional cerebral blood flow (CBF) was determined by
laser-Doppler flowmetry (Omegaflow flo-N1; Omegawave Inc.,
Tokyo, Japan) using a flexible 0.5-mm fiber-optic extension to the
master probe. The tip of the probe was fixed to the intact skull over
the ischemic cortex (2 mm posterior and 6 mm lateral to bregma).
Steady-state values obtained after occlusion were expressed as a
percentage of the baseline value (obtained at 30 before MCAD).

Analysis of cerebral infarction

At 24 h or 72 h after MCAO, mice were given an overdose of
pentobarbital sodium, then decapitated. The forebrain was divided
into five coronal 2-mm sections using a mouse brain matrix (REM-
2000C; Activational Syslems, Warren, MI, USA). These slices
were immersed for 20 min in a 2% solution of TTC in normal saline
at 37 °C, then fixed in 10% phosphate-buffered formalin at 4 *C.
TTC reacts with intact mitochondrial respiratory enzymes to gen-
erate a bright red color thal contrasts with the pale color of the
Infarction. The caudal face of each slice was photographed. The
area of the infarction (unstained) in the left cerebral hemisphere
was traced and measured using Image J (hitp://rsb.info. nih.gov/
ij/download/), and the Infarction volume per brain (mm®) was
calculated from the measured infarction area.

Neurological deficits

Mice were lested for neurological deficils at 24 h or 72 h after
MCAO, These were scored as described in our previous study
(Hara et al., 1996): 0, no observable neurological deficits (normal);
1, failure to extend the right forepaw (mild); 2, circling to the
contralateral side (moderate); 3, loss of walking or righting reflex
(severe); 4, dead.

Western blot analysis

Mice were deeply anesthelized and decapitated at the indicated
times (6 h or 12 h) after MCAO, and the brain was quickly remaoved
and an B8-mm coronal section cut from the left hemisphere (be-
tween 2 and 10 mm from the frontal end of the forebrain). Brain
samples were homogenized in 10 ml/g tissue ice-cold lysis buffer
[50 mM Tris—HCI (pH8.0) containing 150 mM NaCl, 50 mM EDTA,
1% Triton X-100, and protease/phosphatase inhibitor mixture] and
centrifuged at 14,000xg for 40 min at 4 °C. An aliquot of 5 g of
protein was subjected to 10% sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis, with separated protein being trans-
ferred onto a polyvinylidena difluoride membrane (Immobilon-P;
Millipore, Billerica, MA, USA). For immunoblotting, the following
primary antibodies were used: mouse anti-a-spectrin (noneryth-
roid) monoclonal antibody (1:1000 dilution; Chemicon, Billerica,
MA, USA), cleaved caspase-3 (Asp175) antibody (1:1000 dilution;
Cell Signaling, Danvers, MA, USA), monoclonal anti-g-actin (1:
1000 dilution; Sigma Aldrich). The secondary anlibody was anti-
mouse HRP-conjugated IgG (1:2000 dilution). The immunoreac-
tive bands were visualized using SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Sclentific, Waltham, MA,
USA), The band intensity was measured using a Lumino Imaging
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Analyzer (FAS-1000; Toyobo, Osaka, Japan) and Gel Pro Ana-
lyzer (Media Cybernetics, Atlanta, GA, USA).

Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining

At 24 h after MCAO, mice were deeply anesthetized with pento-
barbital sodium, then perfused with 4% paraformaldehyde. Coro-
nal cryostal sections (20 wm) were obtained from frozen brains by
serial sectioning. Sections through the striatum were chosen for
TUMNEL slaining. The TUNEL assay was performed according to
the manufacturer's instructions (Roche Molecular Biochemicals
Inc., Mannheim, Germany). The numbers of TUNEL-posilive cells
in the corlex and striatum (as the ischemic penumbra) were
counted in randomly chosen areas within a high-power field
(x400). The histologists (A.K. and Y.N.) were blind as to the group
to which each mouse belonged.

Statistical analysis

Data are presented as the means+5.E.M. Statistical comparisons
were made using a one-way ANOVA followed by a Student’s H-est
or Dunnett's test using StatView version 5.0 (SAS Institute Inc.,
Cary, NC, USA), with P<0.05 being considered to indicate statis-
tical significance.

RESULTS
Physiological parameters

There were no significant differences in CBF, mean
arterial blood pressure, heart rate, PaCO,, or Pa0O,
between the vehicle- and SNJ-1945- (at 100 mg/kg, i.p.)
treated groups (Table 1). Surface CBF was reduced to
approximately 30% of baseline value immediately after
MCAO in all mice.

Dose-dependency
At 24 h after MCAO, an ischemic zone was consistency
identified in the cortex and subcortex of the left cerebral

Table 1. Physiological variables before and after MCAD in vehicle-
treated and SNJ-1945-freated mice

Parametars Vehicle SNJ-1945
Mean blood pressure (mm Hg)

Before ischemia 78756 79.3x4.4

After ischemia 81.9+8.1 B1.1+105
pH

Before ischemia 7.33x0.03 7.37+0.02

After ischemia 7.30+0.02 7.32+0.03
Paco,

Before Ischemia 35.7+3.1 31.7+45

After ischemnia 334249 28941
Pa0,

Before ischemia 168.3x17.2 161.0=11.8

After ischemia 164.0£16.7 163.6£13.7
Regional CBF (%) 33.3x6.8 29.9x2.0

Blood pressure was monitored via the femoral arery. Arterial blood
samples were laken 30 min before and 30 min after MCAO, and pH,
PCO,, and PO, were measured. Regional CBF values were measured
by laser-Doppler flowmetry. There were no significant differences be-
tween the vehicle- and SNJ-1945-trealed groups. Data are shown as
mean=S.EM. (n=4).

hemisphere. No mice had died at 24 h after MCAO. To
judge from the TTC slaining resulls, there was no clear
difference between the SNJ-1945- (10 mg/kg, i.p.) and
vehicle-treated groups (Fig. 1A and B). However, SNJ-
1945 at 30 (Fig. 1C) or 100 mg/kg (Fig. 1D), i.p. (adminis-
tered at 1 h after MCAO) decreased the cerebral infarction at
24 h after MCAO. By measuring of infarction, SNJ-1945
significantly reduced both the infarct area and volume dose-
dependently (Fig. 1E and F). Moreover, SNJ-1945 at 30 and
100 mg/kg, i.p. improved the neurological deficits, but had no
such effect at 10 mgkg (Fig. 1G). A significant effect of
SNJ-1945 on infarct area and volume could be seen in the
cortex and in the subcortex (Fig. 1H and 1), and although

was seen in both the cortex and subcor-
tex, it was clearer in the cortex.

Therapeutic time-window

As shown by the TTC staining, SNJ-1945 at 100 mg/kg,
i.p., whether administered at 1 h, 3 h, or 6 h after MCAO,
decreased the cerebral infarction at 24 h after MCAO (Fig.
2A to D). There was no clear difference between the
groups to which SNJ-1945 was given at 8 h after MCAO
and the vehicle-treated group (Fig. 2A and E). When ad-
ministered at 1 h, 3 h, or 6 h after MCAO, SNJ-1945
significantly reduced the infarct area and volume, but had
no such effect when administered at 8 h (Fig. 2F and G). If
given at up to 6 h after MCAO, SNJ-1945 improved the
neurological deficits (Fig. 2H), and the infarct area and
volume in the cortex, but administration at 6 h did not have
a significant effect in the subcortex (Fig. 21 and J).

Infarction size at 72 h after MCAO

SNJ-1945 (at 100 mg/kg, i.p. administered at 1 h after
MCAQ) decreased the cerebral infarction (Fig. 3A and B)
area and volume measured at 72 h after MCAO (Fig. 3C
and D). Moreover, this treatment improved the neurologi-
cal deficits at 72 h after MCAO (Fig. 3E). Such adminis-
tration of SNJ-1945 significantly reduced the Infarction in
both cortex and subcortex (Fig. 3F and G).

TUNEL staining at 24 h after MCAO

The morphological features of TUNEL-stained cells (in-
dicative of the ischemic damage and apoptotic cell death
induced by 24 h MCAO) are shown in Fig. 4A to D. The
TUNEL method stains fragments of DNA. TUNEL-posi-
tive cells displayed either a diffuse staining pattern (Fig.
4E) or a pattern displaying shrunken cell bodies and
condensed nuclei (Fig. 4F). These patterns represent
necrotic and apoplotic cells, respectively. In the penum-
bra lesion, TUNEL-positive cells were about 30% fewer
in number in the SNJ-1945-treatment group than in
the vehicle-treated group in both cortex and subcortex
(Fig. 4G).

Western blotting analysis

One of the calpain substrates, a-spectrin, is cleaved to
produce a 145 or 150 kDa form, and the amount of cleaved
a-spectrin reflects calpain activity. After MCAO, cleaved
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Fig. 1. Effects of SNJ-1945 on infarction at 24 h after MCAQ In mice. TTC staining of coronal brain sections (4 mm from olfactory bulb) [(A) vehicle,
(B) SNJ-1945 10 mg/kg, i.p.. (C) SNJ-1945 30 mg/kg, i.p.. (D) SNJ-1945 100 mg/kg, i.p.). SNJ-1945 decreased infarct area (white area) dose-
dependently. (E, F) Effects of SNJ-1945 on brain infarct area (E) and volume (F) measured at 24 h after permanent MCAD. * P<0.05 vs. vehicle
(Dunnett's test) (n=8 or 9). (G) Effects of SNJ-1945 on neurological deficits (assessed at 24 h after MCAO). * P<0.05 vs. vehicle (Dunnett’s test) (n=8
or 9). (H) Brain infarct area in corlex and subcortex at 24 h after MCAD. * P<0.05 vs. vehicle (Dunnett's test) (n=8 or 8). (I) Brain infarct volume in
cortex and subcorlex at 24 h after MCAD. * P<0.05 vs. vehicle (Dunnett's test) (n=8 or 9).

a-spectrin was increased in the ischemic brain hemi- creased the amount of cleaved a-spectrin whether this
sphere. SNJ-1945 at 100 mg/kg, i.p. significantly de- was measured at 6 h or 12 h after MCAO (Fig. 5A and
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Fig. 2. Effects of SNJ-1945 on infarction at 24 h after MCAD in mice. (A—E) TTC staining of coronal brain sections (4 mm from olfactory bulb) [{A)
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Fig. 3. Effects of SNJ-1945 on infarction at 72 h after MCAQ in mice. (A, B) TTC staining of coronal brain sections (4 mm from offactory bulb). [(A)
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of SNJ-1945 on brain Infarct area (C) and volume (D) measured at 72 h after MCAD, * P<0.05 vs. vehicle (Dunnelt’s tesf) (n=8 or 10). (E) Effecls

of SNJ-1845 on

logical deficits (

d at 72 h after MCAO). * P<0.05 vs. vehicle (Dunnett’s test) (n=9 or 10). (F) Brain infarct area in cortex

and subcorlex at 72 h after MCAO. * P<0.05 vs. vehicle (Dunnett's test) (n=9 or 10). (G) Brain infarct volume in cortex and subcortex at 72 h after

MCAO. * P<0.05 vs. vehicle (Dunnet’s tesl) (n=9 or 10).

B), indicating that administration of SNJ-1945 inhibits

the calpain activity in the early phase after MCAQ.
Caspase-3 is cleaved by calpains to a 17 kDa aclive

form. After MCAOQ, aclive caspase-3 was increased within

the ischemic lesion at both 12 hand 24 h, but notat6 h
(Fig. 6A and B). SNJ-1945 significantly reduced the
amount of active caspase-3 present at both 12 h and 24 h,
but not that present at 6 h (Fig. 6B).
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Fig. 4. Effect of SNJ-1845 on TUNEL staining after MCAD in mice, (A~F) TUNEL staining of coronal brain

Subcortex

y bulb, 20 um

(4 mm from olf:

thickness) [(A) vehicle-corex, (B) vehicle-subcortex, (C) SNJ-1945-cortex, (D) SNJ-1945-subcortex scala bar=50 um). (E) “Necrofic cell' and (F)
“apoptotic cell® scale bar=10 pm. Necrolic cells appear fainl and diffusely slained, while apoptotic cells exhibit apoptotic bodles (arrow). (G) SNJ-1945
reduced the number of TUNEL-positive cells (vs. vehicle) in both cortex and subcortex. * P<0.,05 (Studenl’s {-test),

DISCUSSION

In the present study, we tested the effecls of a novel
calpain inhibitor, SNJ-1945, in a murine model of perma-
nent MCAO. When SNJ-1945 was administered at 1 h
after MCAQ, it exhibited dose-dependent neuroprotective
effects, and with doses of 30 and 100 mg/kg reducing both
the infarct volume and the neurological deficits signifi-

cantly. Moreover, although SNJ-1945 had its greatest ef-
fect when administered at 1 h after MCAO, it also reduced
the infarct volume and the neurological deficits when given
as late as 3 h or 6 h after MCAO. SNJ-1945 reduced the
number of TUNEL-positive cells in the penumbra, while in
our Western blotting analysis both calpains and caspase-3
were shown to be activated in the ischemic brain, and
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Fig. 5. Westem biot analysis of cleaved trin. (A) Cleaved

mﬂhmtﬂuﬂdﬂbﬂhﬁhﬂﬂhaﬂw"ﬁkﬁ (B)
Quanltitative analysis of Westemn blolting showed that cleaved a-spec-
trin was increased, and that SNJ-1945 decreased i, st both 6 h and
12 h after MCAO. ™ P<0.01, ™* P<0.001 vs. control (Studen(’s I-tesl);
* P<0.05 vs. vehicle (Dunnett’s test) (n=6).

SNJ-1945 reduced their post-MCAO activity levels. The
above data suggest that SNJ-1945 protects neuronal cells
against the damage induced by MCAO in the present
model.

Markgraf et al. (1998) reported that another calpain
inhibitor, MDL28170, had a neuroprotective effectupto 6 h
after focal brain ischemia in rats, but not at 8 h. Interest-
ingly, the therapeutic time-window for MDL28170 was the
same as that reported here for SNJ-1945. In the ischemic
brain, calpains induce neuronal cell death by directly cleav-
ing essential cytoskeletal proteins (Kupina et al., 2003). In
fact, calpains are known to activate caspase-3 and thereby
cause caspase-3-dependent neuronal cell death. How-
ever, Ferrer et al. (2003) found that active caspase-3 could
be detected at 4 h after ischemia, but not at 1 h. In the
present study, the amount of active caspase-3 in the fore-
brain was not significantly elevaled at 6 h after MCAO,
even though its level at this time-point was about 1.5 times
control (Fig. 6B). In the early phase of ischemic damage,
the direct actions of calpains have greater effects to neu-
ronal cell death than the action of execulion caspases such
as caspase-3. Furthermore, we found that SNJ-1945 ad-
ministered at 1 h after MCAO reduced caspase-3 aclivity at
12 h and 24 h after MCAO (Fig. 6B). Presumably, SNJ-
1945 administered at that early time-point after MCAO
inhibited calpains, causing the activation of caspase-3 to
be inhibited, with a consequent delay in the overactivation
of caspase-3 after MCAO. On the other hand, if a calpain
inhibitor was administered too late, caspase-3 may have
been activated by calpains, and leading DNA-fragmenta-
tion. A further point is that aclive caspase-3 is known to
influence upstream events in the mitochondrial apoptotic
pathway (Lakhani et al., 2006), and release of cytochrome
C or AIF resulting in Bax translocation to the mitochondrial
membrane occurs (Cao et al,, 2001; Oh et al., 2004; Pol-

ster et al., 2005). Once overactivation of caspase-3 has
occurred, the caspase-3 may activate further caspase-3
independently of calpains. In the lale phase, the actions of
caspase-3 would induce greater neuronal cell death than
in the early phase, and so calpain inhibitors will be less
effective al prevenling neuronal cell death at a late time.
Indeed, our data suggest that the “cutoff point® for the
effective administration of SNJ-1945 may be around 6-8 h
after MCAD.

Ischemia results both in necrosis within the ischemic
core and in the activation of signal pathways for cell death
and cell survival in the penumbra. In a previous report,
apoptosis signals were seen more in the penumbra than in
the ischemic core (Ferrer et al., 2003). Since crosstalk
between calpains and caspase-3 is invelved in one of the
apoptotic pathways, inhibition of calpains might have
grealer effects on neuronal cells in the penumbra than in
the ischemic core. In our study, both infarct area and
volume were smaller in the cortex than in the subcortex at
24 h or 72 h after MCAO. In our MCAO model, we oc-
cluded proximal of MCA, so the ischemic damage was
greater in the subcortex and the penumbra lesion was of
wider extent in the cortex. On this basis, SNJ-1945 might
display greater effects in the cortex.

In the present study, we performed TUNEL staining to
evaluate apoptotic cell death. Lei et al. (2004) found in rats
that more cells were TUNEL-positive in the penumbra than
in the ischemic core at 24 h after MCAO. Moreover, Linnik
et al. (1995) reported that apoptotic cell death occurs
mainly in the penumbra, while necrotic cell death occurs in
the ischemic core. We counted TUNEL-positive cells in the
penumbra lo evaluale the effect of SNJ-1945 on apoplosis.
Our results show that SNJ-1945 reduced TUNEL-positive
cells within the penumbra lesion both in the cortex and in

A

e R, — ™
e N —

6h 12h 24h

=O~Vehicle
~@-5NJ-1945

Fig. 6. Weslem blol analysis of active-caspase-3. (A) Active
mspmémskmmhuﬂ\ﬂhwldﬂhmm but not
al 6 h. (B) Quantitative lysis of W blotting st d that the
expression level of aclive caspase-3 was Increased, and that SNJ-
1945 decreased It, at both 12 h and 24 h after MCAO. SNJ-1945 had
no effect at B h. * P<0.05, * P<0.01, ** P<0.001 vs, control (Stu-
dent's Hesl); * P<0.05, ** P<0.01 vs. vehicle (Dunnelt's test) (n=~6).
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the subcortex (Fig. 4), with more cells being positive in the
subcortex than in the cortex. However, reduction of posi-
tive-cells by SNJ-1945 was the same in the cortex as in the
subcortex (about 30%). So, although ischemic damage
was greater in the subcortex in our model, the effect of
SNJ-1945 was equal between the cortex and subcortex.

Although some drugs for cerebral infarction are permit-
ted for clinical use, most drugs aim to improve the CBF.
These drugs must be administered in the early phase of
infarction, otherwise they cause adverse effects. For ex-
ample, tissue plasminogen activator (-PA), a most remark-
able therapeutic agent for cerebral infarction, should be
administered within 3 h after the onset of the infarction and
sometimes causes serious complications such as cerebral
hemorrhage (Wahigren et al., 2007). On the other hands, it
would appear that SNJ-1945 could save neurons from cell
death even if it was given as late as 6 h after the onset of
ischemia. Moreover, no obvious side effects have been
reported (Oka et al., 2006), The present observations sug-
gest that SNJ-1945 may be a useful therapeutic agent in
the treatment of acute cerebral infarction.

CONCLUSION

In conclusion, SNJ-1845 displayed neuroprotective effects
in an in vivo ischemic stroke model, even when adminis-
lered as late as 6 h after arterial occlusion. These effects
may be, in at least part, based on calpain inhibition and a
secondary inhibition of caspase-3.

REFERENCES

Bano D, Nicolera P (2007) Ca®* signals and neuronal death in brain
ischemia. Stroke 38:674—-676.

Bartus RT, Baker KL, HeiserAD.SawyuSD.DeanRL Elliott PJ,
Straub JA (1994a) P t inistration of AK275, a cal-
pain Iinhibitor, pmﬂdusstbmlﬂalpmhcﬁonmlfumllsm-
emic brain damage. J Cereb Blood Flow Metab 14:537-544,

Bartus RT, Hayward NJ, Elliott PJ, Sawyer SD, Baker KL, Dean RL,
Akiyama A, Straub JA, Harbeson SL, Li Z (1994b) Calpain inhibitor
AK285 protects neurons from focal brain ischemia. Effects of pos-
tocclusion intra-arterial administration. Stroke 25.2265—22?0

Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz MA (1996)
Reduced brain edema and infarction volume in mice lacking the
neuronal isoform of nitric oxide synthase after transient MCA oc-
clusion. J Cereb Blood Flow Metab 16:605-611,

Hassen GW, Feliberti J, Kesner L, Stracher A, Mokhtarian F [ZDDB]J\
novel calpain inhibitor for the trealment of acute experi
auloimmune phalomyselitis. J N | 180:135-146.

Kupina NC. Deﬂoﬁ MR, Bobmmld WF, Snyder BJ, Hall ED (2003)
Cylc tal protein degradati arnd neurodegeneration evolves
differently in males and females foll g experimental head injury.
Exp Neurol 180:55-73.

Lakhani SA, Masud A, Kuida K, Porter GA Jr, Booth CJ, Mehal WZ,
Inayal |, Flavell RA (2006) Caspases 3 and 7: key medialors of
mitochondrial events of apoplosis. Science 311:847-851.

Lel B, Popp S, Capuano-Walers C, Cottrell JE, Kass IS (2004) Lido-
caine ath tes apoptosis in the ischemic penumbra and reduces
infarct size after transient focal cerebral ischemia in rats. Neuro-
science 125:691-701.

Li PA, Howlett W He QP, Miyashi'la H, Siddigui M, Shuaib A (1998)
Postischemi t with calpain inhibitor MDL28170 amelio-
rates brain damage in a gerbil model of global ischemia. Neurosci
Lett 247:17-20.

Linnik MD, Miller JA, Sprinkie-Cavallo J, Mason PJ, Thompson FY,
Montgomery LR, Schroadar KK (1995) Apoplotic DNA fragmenta-
tion in the rat cerebral cortex induced by permanant middle cere-
bral artery occlusion. Brain Res Mol Brain Res 32:116-124.

Markgral CG, Velayo NL, Johnson MP, McCarty DR, Medhi S, Koehl
JR, Chmielewski PA, Linnik MD (1998) Six-hour window of oppor-
tunity for calpain inhibition in focal cerebral ischemia in rals. Stroke
29:152-158.

Neumar RW, Meng FH, Mills AM, Xu YA, Zhang C, Welsh FA, Siman
R (2001) Calpain activity in the rat brain after transient forebrain
ischemia. Exp Neurol 170:27-35.

Neumar RW, Xu YA, Gada H, Guttmann RP, SimnR(zm.‘S)Gms»

talk between calpain and casp lytic systems during neu-
ronal apoptosis, J Biol Chem 278:14162-14167.

©Oh SH, Lee BH, Lim SC (2004) Cadmium ind lolic cell death
in W1 38 celis via caspase-dependent Bid cleavage and calpai

mediated mitochondrial Bax cleavage by Bel-2-independent path-
way. Biochem Pharmacol 68:1845-1855.
Oka T, Walkup RD, Tamada Y, Nalm]lrnnE Tod'llylA.ShamrTR.

Bertipaglia |, Carafoli E (2007) Calpains and h di
Biochem 45:28-53.

Buki A, Farkas O, Doczi T, Poviishock JT (2003) Preinjury administra-
tion of the calpain inhibitor MDL-28170 attenuates traumatically
induced axonal injury. J Neurolrauma 20:261-268.

Camins A, Verdaguer E, Folch J, Pallds M'(2008) Involvement of
calpain activation in jegeneralive pr CNS Drug Rev
12:135-148,

Cao G, Minami M, Pei W, Yan C, Chen D, O'Horo C, Graham SH,
Chen J (2001) Intracellular Bax translocation after transient cere-
bmliﬂ:hernb implications for a role of the mitochondrial apoptotic

g p y in ischemic neuronal death. J Cereb Blood Flow
Matab 21: 321—333

Croall DE, Ersfeld K (2007) The calpains: modular designs and func-
tional diversity. Genome Biol 8:218.

Farkas B, Tanlos A, Schlett K, Vilagi |, Friedrich P (2004) Ischemia-
induced increase in long-term potentiation is warded off by specific
calpain inhibitor PD150606. Brain Res 1024:150-158.

Ferrer I, Friguls B, Dalfé E, Justicia C, Planas AM (2003) Caspase-

pendant and caspase-independent signaling of apoplosis in the
penumbra following middle cerebral ardery occlusion in the adult
ral. Neuropathol Appl Neuroblol 29:472-481.

Azuma M (2006) Amelioration of retinal deg and p

ysis in acute ocular hypertensive rats by calpain inhibitor ((18)—1‘

((((15)-1-benzyl-3 lamino-2,3-di-oxopropyl) amino)car-

bonyﬂ-a-mthylbotw)wbamlc acid 5-methoxy-3-oxapentyl ester.
i 204:39-48.

Pnlaler BM, Basafiez G, Etxebarria A, Hardwick JM, Nicholls DG
(2005) Calpain | induces cleavage and release of apoptosis-
inducing faclor from isolated mitochondria. J Biol Chem 280:
6447-6454.

Sanges D, Marigo V (2006) Cross-talk between two apoptolic path-
ways activated by endoplasmic reficulum stress: differential con-
tribution of caspase-12 and AIF. Apoplosis 11:1620-1641.

Sedarous M, Keramaris E, O'Hare M, Melioni E, Slack RS, Elce JS,
Greer PA, Park DS (2003) Calpains mediate p53 activation and
neuronal death evoked by DNA damage. J Biol Chem
278:26031-26038.

Shirasaki Y, Yamaguchi M, Miy H (2008) Retinal penetration of
calpain inhibitors in rats after oral administration. J Ocul Pharmacol
22:417-424.

Sorimachi H, Ishiura S, Suzuki K (1997) Structure and physiological
function of calpains. Biochem J 328:721-732.

Tsubokawa T, Solaroglu |, Yatsushige H, Cahill J, Yata K, Zhang JH
(2006) Cathepsin and calpain Inhibitor E64d attenuates matrix
metalloproteinase-3 aclivity after focal cerebral Ischemia in rats.
Stroke 37:1888-1894.




318 A. Koumura et al. / Neuroscience 157 (2008) 309-318

Wahigren N, Ahmed N, Davalos A, Ford GA, Grond M, Hacke W, ing Study (SITS-MOST): an observational study. Lancet 369;
Hennerici MG, Kaste M, Kuelkens S, Larrue V, Lees KR, Roine 275-282.
RO, Soinne L, Tonl D, Vanhooren G, SITS-MOST Investigators Yamashima T (2004) Ca®*-dependent proleases in ischemic neuronal
(2007) Thrombolysis with alteplase for acute isch ic stroke in death: a conserved "calpain-cathepsin cascade"” from nematodes
the Safe Implementation of Thrombolysis in Stroke-Manitor- to primates. Cell Calcium 36:285-203,
(Accepled 3 September 2008)

(Available online 10 September )



Effect of an Inducer of BiP, a Molecular Chaperone,
on Endoplasmic Reticulum (ER) Stress-Induced Retinal

Cell Death

Yuta Inokuchi,' Yoshimi Nakajima," Masamitsu Shimazawa," Takanori Kurita,?
Mikiko Kubo,® Atsushi Saito, Hironao Sajiki,z Takashi Kudo,® Makoto Aibara,’
Kazunori Imaizumi,* Makoto Araie,® and Hideaki Hara

Puwrose. The cffect of a preferential inducer of 78 kDa glucose-
regulated protein (GRP78)/immunoglobulin heavy-chain bind-
ing protein (BiP; BiP inducer X, BIX) against tunicamycin-
induced cell death in RGC-5 (a rat ganglion cell line), and also
against tunicamycin- or N-methyl-p-aspartate (NMDA}induced
retinal damage in mice was evaluated.

Memoons. In vitro, BiP mRNA was measured after BIX treatment
using semi-quantitative RT-PCR or real-time PCR. The effect of
BIX on tunicamycin (at 2 pg/mL}induced damage was evalu-
ated by measuring the cell-death rate and CHOP protein ex-
pression. In vivo, BiP protein induction was examined by
immunostaining. The retinal cell damage induced by tunicamy-
cin (1 pg) or NMDA (40 nmol) was assessed by examining
ganglion cell layer (GCL) cell loss, terminal deoxyribonucleoti-
dyl transferase (TdT)»mediated dUTP nickend labeling
(TUNEL) staining, and CHOP protein expression.

Resurrs. In vitro, BIX preferentially induced BiP mRNA expres-
sion both time- and concentration-dependently in RGC-5 cells,
BIX (1 and 5 pM) significantly reduced tunicamycin-induced
cell death, and BIX (5 pM) significantly reduced tunicamycin-
induced CHOP protein expression. In vivo, intravitreal injec-
tion of BIX (5 nmol) significantly induced BiP protein expres-
sion in the mouse retina. Co-administration of BIX (5 nmol)
significantly reduced both the retinal cell death and the CHOP
protein expression in GCL induced by intravitreal injection of
tunicamycin or NMDA.

Concawsions. These findings suggest that this BiP inducer may
have the potential to be a therapeutic agent for endoplasmic
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reticulum (ER) stress-induced retinal diseases, (Invest Oph-
thalmol Vis Sci. 2009,50:334 -344) DOI1:10.1167 /iovs.08-:2123

he endoplasmic reticulum (ER) is the cellular organelle in

which proteins (destined for secretion or for diverse sub-
cellular localizations) are not only synthesized, but acquire
their correct conformation, Perturbations of the environment
normally required for protein folding in the ER, or the produc-
tion of large amounts of misfolded proteins exceeding the
functional capacity of the organelle, trigger a pattern of phys-
iological response in the cell, collectively known as the un-
folded protein response (UPR).'"* The UPR serves to cope
with ER stress by transcriptionally regulating ER chaperones
and other ER-resident proteins, attenuating the overall transla-
tion rate, and increasing the degradation of misfolded ER pro-
teins. ER stress is caused by the accumulation of unfolded
proteins in the ER lumen, and it is associated with various
neurodegenerative diseases such as Alzheimer’s, Huntington's,
and Parkinson’s diseases, and with rype-1 diabetes.* ¢ Recent
reports have shown that ER stress is also involved in a variety
of experimental retinal neurodegenerative models, such as
those of diabetic retinopathy,” retinitis pigmentosa,™® and
ghucoma“"‘"

Recently, we reported that BiP expression is upregulated in
the retina after intravitreal injection of either tunicamycin or
NMDA (a glutamate-receptor agonist).'*** Tunicamycin, a glu-
cosamine-containing nucleoside antibiotic, produced by genus
Streptomyces, is an inhibitor of N-linked glycosylation and the
formation of N-glycosidic protein-carbohydrate linkages.'* Tu-
nicamycin, which reduces the Nglycosylation of proteins,
causes an accumulation of unfolded proteins in the ER and thus
induces ER stress. Awai et al.'* previously had demonstrated
that NMDA induces CHOP protein (a member of the CCAAT/
enhancer-binding protein family induced by ER stress) in GCL
and the inner plexiform layer (IPL), and that CHOPY mice are
more resistant to NMDA-induced retinal cell death than wild-
type mice. These findings indicate that ER stress may be in-
volved in these models of retinal injury.

BiP, a highly conserved member of the 70 kDa heat shock
protein family, is one of the chaperones localized to the ER
membrane,’®"” and it is a major ER-luminal Ca**storage
protein.'®'? BiP works to restore folding in misfolded or
incompletely assembled proteins,?-?? the interaction be-
tween BiP and misfolded proteins being dependent on its
hydrophobic motifs.***** Proteins stably bound to BiP are
subsequently translocated from the ER into the cytosol,
where they are degraded by proteasomes.*®*” Previous re-
ports have show that induction of BiP prevents the neuronal
death induced by ER stress.*®"*! Hence, a selective inducer
of BiP might attenuate ER stress and be a new, useful
therapeutic agent for the treatment of ER stress-associated
diseases.

This seemed an interesting idea, and we recently identi-
fied BiP inducer X (BIX) while screening for low molecular
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mass compounds that might induce BiP using high-through-
put screening (HTS) with a BiP reporter assay system (Dual-
Luciferase Reporter Assay; Promega Corporation, Madison,
WD.>* We found that BIX preferentially induced BiP mRNA
and protein in SK-N-SH cells and reduced tunicamycin-in-
duced cell death. Intracerebroventricular pretreatment with
BIX reduced the infarction size after focal cerebral ischemia
in mice. In view of the retinal research described above, we
wondered whether BIX might reduce the retinal ganglion
cell loss and CHOP expression induced by tunicamycin or
NMDA treatment.

In the present study, we examined primarily whether in-
duction of BiP might inhibit the retinal cell death induced by
tunicamycin in RGC-5 cells in vitro, and/or that induced by
tunicamycin or NMDA in mice in vivo.

MATERIALS AND METHODS

All experiments were performed in accordance with the ARVO State-
ment for the Use of Animals in Ophrhalmic and Vision Rescarch, and

they were approved and d by the Institutional Animal Care
and Use C of Gifu Ph ical Uni ity, Gifu, Japan.
Materials

Dulbecco modified Eagle medium (DMEM) and NMDA were purchased
from Sigma-Aldrich (St. Louis, MO). The other drugs used and their
sources were as follows: BIX, 13 4-dihydroxyphenyl)-2-thiocyanato-
ethanone, was synthesized in the Dep of Medicinal Chemistry,
Gifu Pharmaceutical University, while tunicamycin was purchased
from Wako (Osaka, Japan). Isoflurane was acquired from Nissan Ka-
gaku (Tokyo, Japan) and fetal bovine serum (FBS) was from Valeant
{Costa Mesa, CA),

RGC-5 Culture-

RGC5*® were gifted by Neeraj Agarwal (Department of Pathology and
Anatomy, UNT Health Scence Center, Fort Worth, TX). Cultures of
RGC-5 were maintained in DMEM supplemented with 10% FBS, 100
U/ml. penicillin (Meiji Seika Kaisha Lid,, Tokyo, Japan), and 100 ug/mL
streptomycin (Meiji Seika Kaisha. Ltd.) in a humidificd atmosphere of
95% air and 5% CO, at 37°C. The RGCS cells were passaged by
trypsinization every 3 days, as in our previous reports.’™"?-% We used
RGCS witl any diffe iti

RNA Isolation and Semi-Quantitative

RT-PCR Analysis

To examine the effect of BIX on BiP mRNA expression, RGC-5 cells
were seeded in six-well plates at a density of 1.4 X 10° cells per well,
After the cells had been incubating for 24 h, they were cxposed to 50
M BIX in 1% FBS DMEM for 0.5, 1, 2, 4, 6,8, or 12 h, or to 2, 10, 50,
or 150 uM BIX in 1% FBS DMEM for 6 h. Total RNA was extracted
(RNcasy Mini Kit; QIAGEN KK, Tokyo, Japan} according to the manu-
facture's protocol. The total RNA was divided into microtubes, and
frozen to —BO"C. RNA cone jons were de incd spectropho-
tometrically at 260 nm. Firststrand cDNA was synthesized in a 201
reaction using a random primer (Takara, Shiga, Japan) and
Moloney murine leukemia virus reverse transcriptase (Invitrogen,
Carlsbad, CA). PCR was performed in a total volume of 30 pl contain.
ing 0.8 uM of cach primer, 0.2 mM dNTPs, 3 U Tag DNA polymerase
(Promega), 2.5 mM MgCl,, and 1X PCR buffer. The amplification
conditions for the semi-quantitative RT-PCR analysis were as follows:
an initial denaturation step (95°C for 5 minutes), 20 cycles of 95°C for
1 minute, 55°C for 1 minute, and 72°C for 1 minute, and a final
extension step (72°C for 7 minutes). The numbers of amplification
cycles for the detection of BiP and Bactin were 18 and 15, respec-
tively. The primers used for amplification were as follows: BiP: 5'-
GTTTGCTGAGGAAGACAAAAAGCTC3' and 5" -CACTTCCATAGAGTT-
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TGCTGATAATTG-3'; Bactin: 5"-TCCTCCCTGGAGAAGAGCTAC-3 and
5-TCCTGCTTGCTGATCCACAT-3'.

PCR products were resolved by electrophoresis through 6% (w/v)
polyacrylamide gels. The density of each band was quantified using an
imaging program (Scion Image Program; Scion Corporation, Frederick,
MD).

Real-Time PCR

Realtime PCR (TaqMan; Applicd Biosystems, Foster City, CA) was
performed as described previously.®* Single-stranded cDNA was syn-
thesized from total RNA using a high-capacity cDNA archive kit (Ap-
plicd Biosystems). Quantitative real-time PCR was performed using a
sequence detection system (ABI PRISM 7900HT, Applicd Biosystcms)
with a PCR master mix (TagMan Universal PCR Master Mix; Applied
Biosystems), according 1o the manufacturer’s protocol. mRNA expres-
sion was measured by real-time PCR using a gene expression product
(AssaysonDemand Gene Expression Product; Applied Biosysiems)
and a BiP probe (Assay ID Details: Mm00517691). The thermal cycler
conditions were as follows: 2 minutes at 50°C and then 10 minutes at
95°C, followed by rwo-stcp PCR for 50 cycles consisting of 95°C for 15
seconds followed by 60°C for 1 minute, For each PCR, we obtained the
slope value, R? value, and linear range of a standard curve of serial
dilutions. All reactions were performed in duplicate. The results are
expressed relative to the Bactin (Assay ID Details: Mm00661904)
internal control.

Cell Viability

To examine the effccts of BIX on the ccll death induced by tunicamy-
cin (2 pg/mL) or staurosporine (an ER stress-independent apoptosis
inducer, 30 nm) RGC-5 cells were sceded at a low density of 700 cells

_per well into 96-well plates. After pretrcatment with BIX for 12 h,
tunicamycin or staurosporine was added 10 the cultures for 48 h or
24 h, respectively. Cell death was assessed on the basis of combination
staining with the fluorescent dyes Hoechst 33342 and propidium
iodide (P1; Molecular Probes, Eugene, OR) or the change in fluores-
cence intensity afier the cellular reduction of WST-8 to formazan.
Hoechst 33342 (Aex 350 nm, Aem 461 nm) and P1 (Aex 535 nm, Aem
617 nm) were added to the culture medium at final concentrations of
8 and 1,5 pM, respectively, for 30 minutes. Images were collected
using a CCD camera (DP30VW; Olympus America, Center Valley, PA)
via an epifluorescence microscope (IX70; Olympus, Tokyo, Japan)
fitted with fluorescence filters for Hoechst 33342 (U-MWU; Olympus),
and Pl (U-MWIG; Olympus). In WST-8 assay, cell viability was assessed
by culturing cells in a culture medium containing 10% WST-8 (Cell
Counting Kit-8; Dojin Kagaku, Kumamoto, Japan) for 3 hat 37°C, with
quantification being achieved by scanning with a m.icmb!::: reader at
492 nm.?® This absorbance is expressed as a percentage of that in
control cells (which were in 1% FBS DMEM) after subtraction of
background absorbance.

Animals

Mice used were male adult ddY mice (Japan SLC, Hamamatsu, Japan),
male adult Thy-1-cyan fluorescent protein (CFP) transgenic mice (The
Jackson Laboratory, Bar Harbor, Mainc),*® and ER stress-activated
indicator (ERAD-transgenic mice carrying the FXBP1ADBD-venus, a
variant of green fluorescent protein (GFP) fusion gene, which allows
effective identification of cclls under ER stress in vivo, as previously
described by Iwawaki et al.>” Bricfly, when ER stress in ERAI transgenic
mice was induced, splicing of mRNA encoding the XBP-1 fusion gene
occurs and the spliced form of F-XBP1ADBD-venus fusion gene could
be translated into fluorcscent protein. Thus, it is visualized by the
fluorescence intensity arising from the XBP-A-venus fusion protein
during ER stress, and we measured it by fluorescence microscopy and
immunoblotting in the present study,

All mice were kept under controlled lighting conditions (12 h:12 h
light/dark). The mouse genotype was determined by applying standard
PCR methodology 1o tail DNA.
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NMDA- or Tunicamycin-Induced Retinal Damage

NMDA- or tunicamycin-induced retinal damage was produced as
previously reported by Siliprandi et al. (1992).® Briefly, mice were
anesthetized with 3.0% isoflurane and maintained with 1.5% isoflu-
rane in 70% N;O and 30% O, via an animal general anesthesia
machine (Soft Lander; Sin-ci Industry Co. Ltd., Saitama, Japan), The
body temperature was maintained between 37.0 and 37.5°C with
the aid of a heating pad. Retinal damage was induced by the
injection (2 plfeye) of NMDA (Sigma-Aldrich) at 20 mM or tunica-
mycin at 1 pg/ml dissolved in 0.01 M PBS with 5% dimethyl
sulfoxide (DMSO). Each solution was injected into the vitreous body
of the left eye under the above anesthesia, One drop of 0.01%
levofloxacin ophthalmic solution (Santen Pharmaceuticals Co. Lid.,
Osaka, Japan) was applied topically to the treated cye immediately
after the intravitreal injection. Seven days after the injection, cye-
balls were enucleated for histologic analysis, For comparative pur-
poses, nontreated retinas from cach mouse strain were also inves-
tigated. BIX (0.5 or 5 nmol) or vehicle (5% DMSO in PBS) was
co-administered with the NMDA or tunicamycin in each mouse,

Histologic Analysis

In mice under anesthesia produced by an intraperitoneal injection of
sodium pentobarbital (80 mg/kg), each eye was enucleated and kept
immersed for at least 24 h at 4°C in a fixative solution containing 4%
paraformaldehyde. Six paraffinembedded sections (thickness, 4 wm)
cut through the optic disc of each cye were prepared in a standard
manner and stained with hematoxylin and eosin. The damage induced
by NMDA or tunicamycin was then evaluated, with three sections from
cach eye being used for the morphometric analysis, as described
below. Light-microscope images were photographed, and the cells in
the GCL at a distance berween 375 and 625 jum from the optic disc
were counted on the photographs in a masked fashion by a single
observer (Y.L). Data from three sections (selected randomly from the
six sections) were averaged for cach cyc and used to evaluate the cell
count in the GCL.

Retinal Flatmounts and Analysis in
Transgenic Mice

Transgenic mice were given an overdose of sodium pentobarbital, and
retinas were dissected out and fixed for 30 minutes in 4% pa.m.t‘ormal-
dehyde diluted in 0.1 M phosphate buffer (PB) at pH 7.4. Retinas were
subsequently washed with PBS at room temperature, flatmounted on
clean glass slides using fluorcscent mounting medium (Dako Corp.,
Carpinteria, CA), and stored in the dark at 4°C for 1 week. The d
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with 3% hydrogen peroxide in absol i 1 for 10 mi
followed by a pre-incubation with 10% normal goat serum. They were
then incubated overnight at 4°C with the following primary antibodies:
against CHOP (1:1000 dilution in PBS; Santa Cruz, CA), and against
BiP/GRP78 (1:1000 dilution in PBS; BD Transduction Laboratorics,
Lexington, KY). Sections werc washed and then incubated with bio-
tinylated anti-rabbit IgG or anti-mouse IgG. They were subsequently
incubated with the avidin-biotin-peroxidasec complex for 30 minutes,
and then developed using diaminobenzidine (DAB) peroxidase sub-
strale. Images were obtained using a digital camera (COOLPIX 4500;
Nikon, Tokyo, Japan).

Quantitation of Density

In the DAB-labeled areas of ant-BiP/GRF78 (BD Transduction Labora-
torics) and ant-CHOP (Santa Cruz) in the GCL and I[PL at a distance
berween 475 and 525 pm (50 X 50 pum) from the optic dise, retinal
DAB-labeled cell density was evaluated by means of zppmprm:ry
calibrated computerized image analysis, using median d in the
range of 0 10 255 as an Mysistnolﬂmage?rocmluxandllm]ymm
Java, lmage J; National Institute of Mental Health, Bethesda, MD) and
averaged for rwo areas.*® The data lic within the dynamic range of this
assays

Bricfly, light-microscope images of the above-mentioned arcas were
photographed, inverted in a gradation sequence using image editing
software (Adobe Photoshop 5.5; Adobe Systems Inc., San Jose, CA),
and then opdﬂl intensity was evaluated using Image J. The score for

the neg ontrol (; d with first antibody), as the back-
ground value, was subtracted from the scores.
TUNEL Staining

TUNEL staining was performed according to the manufacturer’'s
protocol (In Situ Cell Death Detection Kit; Roche Biochemicals,
Mannheim, Germany) to detect the retinal cell death induced by
NMDA. Mice were anesthetized with pentobarbital sodium at 80
mg/kg, IP, 24 h after intravitreal injection (cither of NMDA 40
nmol/eye or of tunicamycin 1 pgjcyc) The cyes were enucleated,
fixed overnight in 4% parafc {ehyde, and | d for 2 days in
25% sucrosc with PBS. The eyes were then embedded in a support-
ing medium (OCT comp d) for frozen-tissue specimens. Retinal
sections at 10-pm thick were cut on a cryostat at —25°C, and stored
at —80°C until sumining. After twice washing with PBS, sections
were incubated with terminal TdT enzyme at 37°C for 1 h, then
washed 3 times in PBS for 1 minute at room temperature. Sections
b ly incub with an ti-fl ein ibod

were

: |

induced by runicamycin was then evaluated, with four sections (dorsal,
ventral, temporal, and nasal) from cach eye being used for the mor-
phometric analysis, as described below. At various times after intrav-
itreal injections (24 h in ERAI mice and 7 days in Thy-1-CFP transgenic
mice), fluorescent images were photographed (X200, 0.144 mm®)
using an cpifluorescence microscope (BX50; Olympus) fitted with a
CCD camera (DP30VW; Olympus). In the case of Thy-1-CFP transgenic
mice, Thy-1-CFP-positive cells at a distance of 1 mm from the optic disc
were counted on the photographs in a masked fashion by a single
observer (Y.1.). Data from the four pans of each eye were used 1o
evaluate the RGC count.”?

Immunostaining

Eyes were enucleated as described under Histologic Analysis, fixed in
4% paraformaldehyde overnight at 4°C, immersed in 25% sucrose for
48 h at 4°C, and embedded in optimum cutting temperture (OCT)
compound (Sakura Finetechnical Co. Ltd, Tokyo, Japan). Transverse
10-um thick cryostat sections were cut and placed onto slides (MAS
COAT; Matsunami Glass Ind., Ltd., Osaka, Japan). Immunohistochem-
ical staining was pedformed according to the following protocol:
Bricfly, tissuc sections were washed in 0.01 M PBS for 10 minutes, and
then endogenous peroxidase was gquenched by treating the sections

per conjugate at room temperature in a humidified chamher
for 30 minutes, then developed using DAB tetrahydrochloride per-
oxidase substrate. Light-microscope images were photographed,
and the labeled cells in the GCL at a distance between 375 and 625
pm from the optic disc were counted in two areas of the retina in
a masked fashion by a single observer (Y.1.). The number of TUNEL-
positive cells was averaged for these two areas, and plotted as the

number of TUNEL-positive cells.

Western Blot Analysis

RGC-5 cells were lysed using a celHysis buffer (RIPA bn[l’cr RO278;
Sigma-Aldrich) with protease (P8340; Sigma-Aldrich) and phospt

inhibitor cockails (P2850 and P5726; Sigma-Aldrich), and 1 mM EDTA.
In vivo, mice were cuth d using sodium pentobarbital at 80
mykg. IP, and their eyeballs were quickly removed. The retinas were
[ y sef d from the eyeballs and quickly frozen in dry ice. For
protein extraction, the tissue was homogenized in the celklysis buffer
using a homogenizer (Physcotron; Microtec Co. Lid,, Chiba, Japan).
The lysate was centrifuged at 12,000g for 20 minutes, and the super-
natant was used for this study. Assays to determine the protein con-
centration were performed by comparison with a known concentra-
tion of bovine serum albumin using a BCA protein assay kit (Pierce
Biotechnology, Rockford, IL). A mixture of equal parts of an aliquot of




