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Edaravone ameliorates oxidative stress associated cholinergic
dysfunction and limits apoptotic response following focal cerebral

ischemia in rat

Ajmal Ahmad - Mohd. Moshahid Khan - Hayate Javed -

Syed Shadab Raza - Tauheed Ishrat - M. Badruzzaman Khan -

Mohammed M. Safhi - Fakhrul Islam

Received: 11 January 2012/ Accepted: 3 May 2012/ Published online: 22 May 2012

© Springer Science+Business Media, LLC. 2012

Abstract Stroke is a life-threatening disease with major
cause of mortality and morbidity worldwide. The neuronal
damage following cerebral ischemia is a serious risk to
stroke patients. Oxidative stress and apoptotic damage play
an important role in cerebral ischemic pathogenesis and may
represent a target for treatment. The objective of this study
was to test the hypothesis that administration of edaravone
(Edv) maintains antioxidant status in brain, improves the
cholinergic dysfunction and suppresses the progression of
apoptosisresponse in rat. To test this hypothesis, male Wistar
rats were subjected to middle cerebral artery occlusion
(MCAO) of 2 h followed by reperfusion for 22 h. Edv was
administered (10 mg/kg bwt) intraperitoneally 30 min
before the onset of ischemia and 1 h after reperfusion. After
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reperfusion, rats were tested for neurobehavioral activities
and were sacrificed for the infarct volume, estimation of
oxidative damage markers. Edv treatment significantly
reduced ischemic lesion volume, improved neurological
deficits, contended oxidative loads, and suppressed apoptotic
damage. In conclusion, treatment with Edv ameliorated the
neurological and histological outcomes with elevated
endogenous anti-oxidants status as well as reduced induction
of apoptotic responses in MCA occluded rat. We theorized
that Edv is among the pharmacological agents that reduce
free radicals and its associated cholinergic dysfunction and
apoptotic damage and have been found to limit the extent of
brain damage following stroke.
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Introduction

Cerebral ischemia is a medical emergency with astro-
nomical financial repercussions on health systems world-
wide and is associated with a high incidence of sensory,
motor, and cognitive deficits [1]. Ischemic stroke is caused
by obstruction of blood flow to the brain, resulting in
energy failure that initiates a complex series of metabolic
events, ultimately causing neuronal cell death. The ensuing
cascade of events causes a mitochondrial dysfunction and
rapid decrease in ATP, which leads to the free radical
associated cell death [2, 3].

The brain is very susceptible to the oxidative damage, due
to its rapid oxidative metabolic activity, high polyunsatu-
rated fatty acid content, relatively low anti-oxidant capacity,
and inadequate neuronal cell repair activity [4, 5]. Oxidative
damage to lipid, fatty acid, and protein can lead to structural
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and functional disruption of the cell membrane, inactivation
of enzymes, and finally cell death. Earlier, our research group
investigated and reported the neuroprotective effect of cer-
tain anti-oxidants on different experimental models of neu-
rodegeneration [3, 6, 7]. Thus, treatment with anti-oxidant
may boost the system to defend against the oxidative threats.

Furthermore reactive oxygen species (ROS) mediated
oxidative stress is well implicated in apoptosis. Several
studies have revealed that many neurons in the ischemic
penumbra may undergo apoptosis after several hours or
days, and thus they are potentially recoverable after the
onset of stroke [8]. Apoptosis is believed to be responsible
for up to 50 % of cell death during ischemia [9]. In general,
there are three major mechanisms that have been proposed
to account for apoptosis: mitochondrial pathways, death
receptors, and endoplasmic stress. Caspases, which are
implicated in all the three mechanism, plays a key role in
the execution phase of apoptosis by cleaving specific pro-
teins resulting in an irreversible commitment to cell death.

Experimental models of cerebral ischemia have been
developed to improve the understanding of detrimental
mechanisms involved in the ischemic brain injury, and to
bone up the potential efficiency of therapeutic strategies.
Among all the animal models of ischemic stroke, fila-
mentous reversible middle cerebral artery (MCA) occlu-
sion is one of the most widely used experimental
paradigms to induce focal cerebral ischemia [3, 10, 11].
The importance of these models lies in preclinical testing
of drugs designed for neuroprotection that ultimately may
improve functional recovery from stroke.

Edaravone (Edv, 3-methyl-1-phenyl-2-pyrazolin-5-one)
is a novel free radical scavenger with potential anti-oxidant
and anti-apoptotic properties. It attenuates ischemic brain
injury in patients and animal models [12, 13]. The thera-
peutic effects of Edv were assessed in various models of
neurodegenerative diseases including stroke [13], traumatic
brain injury [14], and Parkinson’s disease [15]. However, it
is still unclear whether Edv plays a role in the oxidative
stress associated cholinergic dysfunction following cere-
bral ischemia. In this study, we used a focal cerebral
ischemia model to explore the effects of Edv administra-
tion on oxidative damage associated cholinergic dysfunc-
tion and apoptotic neuronal death in striatum.

Materials and methods
Chemicals and reagents
Glutathione (GSH) (oxidized and reduced), (—) epineph-
rine, glycine, hematoxylin, nicotinamide adenine dinucle-

otide phosphate reduced form (NADPH), I1-chloro-2,4-
dinitrobenzene (CDNB), 5-5’-dithiobis-2-nitrobenzoic acid
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(DTNB), sulfosalicylic acid (SSA), thiobarbituric acid
(TBA), 2,3,5-triphenyltetrazolium chloride (TTC), cas-
pase-3 colorimetric assay kit, DAB, and Edv were pur-
chased from Sigma-Aldrich Chemicals Private Limited,
India. Bcl-2 and ChAT were purchased from BioVision,
USA. Secondary anti-mouse IgG was purchased from
Jackson Immuno research, USA. Other chemicals were of
analytical reagent grade.

Animals and treatments

Male Wistar rats weighing 250-300 g were obtained from
the Central Animal House, Jamia Hamdard, New Delhi,
India. They were housed in polypropylene cages in air
conditioned room and allowed free access to pellet diet and
water ad libitum. The animals were used in accordance
with the procedure approved by the Animal Ethics Com-
mittee of Jamia Hamdard.

Experimetal protocol

To investigate the neuroprotective effects of Edv, we used
the rat middle cerebral artery occlusion (MCAO) model.
Animals were divided into four groups of eight animals
each. The first group served as sham and saline was given,
in the second MCAO was performed, i.e., ischemia was
induced for 2 h followed by reperfusion for 22 h, in the
third group MCAO was performed with addition of treating
the rats with Edv (i.e., Edv + MCAOQO group), and the
fourth group was sham treated with drug alone, i.e.,
Edv + S group. Edv was dissolved in saline and given in a
dose of 10 mg/kg intraperitoneally 30 min before the onset
of ischemia. Additional injections of 10 mg/kg were
administered at 1 h of post-MCAO. After completion of
the reperfusion period, the animals were assessed for
neurobehavioral activities and then sacrificed. The striatum
was removed from the brain for biochemical estimations.

Middle cerebral artery occlusion (MCAO)

A male Wistar rat (250-300 g) overnight fasted was
anaesthetized with chloral hydrate (400 mg/kg, ip) and the
operative field was shaved. The right common carotid
artery (CCA) was exposed and MCA was occluded using
4-0 silicone rubber coated monofilament suture as descri-
bed by Khan et al. [3]. First a skin incision was made from
the petrous bone to the scapula. Then, the neck muscles
were dissected to gain access to the CCA. Dissection of the
carotid bifurcation and glomus caroticum was performed in
the vicinity of the vagus nerve. The occipital artery
branching off the external carotid artery (ECA) was ligated
close behind the carotid bifurcation. The internal carotid
artery (ICA) was carefully dissected as distal to its entrance
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to the skull as possible. Proximal to this entrance, ICA
gives off a branch called pterygopalatine artery, which runs
more dorsal and lateral to ECA. The prepared suture was
introduced through right ECA into the ICA and advanced
~17-20 mm intracranially from the CCA bifurcation to
block the origin of MCA in rat. Reperfusion was done after
2 h by retraction of the nylon suture. The cut on the neck
was sutured in one layer and disinfected with iodine. The
animal was placed in a clean cage. In sham rats, the ECA
was exposed for insertion of the filament but it was not
inserted.

Infarct volume analysis

The animals were killed after 2 h of occlusion followed by
22 h of reperfusion. The brains were dissected out and kept
in a brain matrix. The coronal sections of the brain of 1.5
mm was cut down in rat brain matrix with the help of sharp
blades and stained with 1 % triphenyltetrazolium chloride
(TTC) prepared into normal saline at 37 °C for 15 min.
The infarct volume was calculated by taking the average of
infarct area on both sides of the slice and multiplying it by
section thickness. Infarct volumes from each section were
then summed to determine total brain infarct volume and
adjusted for edema.

Behavioral tests
Rotarod test

The neurological function was evaluated after reperfusion.
Omni Rotor (Omnitech Electronics, Inc., Columbus, Ohio)
was used to evaluate the muscular coordination skill as
described by Khan et al. [3]. The animals were first trained
on rota-rod before the surgery. After 22 h of the reperfu-
sion, the animals were kept on the rotor at the speed of
10 cycles/min. The motor deficiency was evaluated as the
ability of the rat to hold the rotating rotor. The time for
which the rat holds the rotor was calculated and the result
was expressed in seconds. Cut-off time was 180 s.

Neurological score

Neurologic deficits in the animals were assessed by an
observer blinded to the identity of the groups. Neurological
deficits were assessed at 24 h after reperfusion (before
killing) and scored as follows: 0, no observable neurolog-
ical deficit (normal); 1, failure to extend left forepaw on
lifting the whole body by tail (mild); 2, circling to the
contralateral side (moderate); 3, leaning to the contralateral
side at rest or no spontaneous motor activity (severe). The
scoring was based on the method of Masuo et al. [16].

Biochemical evaluation
Tissue preparation

After the behavioral studies, the animals were killed and their
brains were removed to dissect out hippocampus and frontal
cortex. The tissue at 5 % (w/v) was homogenized in 10 mM
PB, pH 7.4 containing 10 pl/ml protease inhibitors [S mM
leupeptin, 1.5 mM aprotinin, 2 mM phenylethylsulfonyl-
fluoride (PMSF), 3 mM peptastatin A, 0.1 mM EGTA,
1 mM benzamidine and 0.04 % butylated hydroxytoluene],
and centrifuged at 800x g for 5 min at4 °C. An aliquot of the
supernatant (S1) was used for the assay of TBARS, while the
remaining S1 was recentrifuged at 10,500x g for 15 min at
4 °C. The resulting second supernatant, the post mitochon-
drial supernatant (PMS), was used for the estimation of anti-
oxidant enzymes and GSH.

Assay for TBARS content

The assay of TBARS was done according to method of
Utley et al. [17] as described by us [18]. The homogenate
0.25 ml was incubated at 37 £ 1 °C in a metabolic shaker
(120 cycles/min) for 1 h. Similarly, 0.25 ml of the same
homogenate was pipetted in a test tube and incubated at
0 °C. After 1 h of incubation, 0.25 ml 5 % chilled TCA
and 0.25 ml of 0.67 % TBA was added to each test tube.
The mixture was centrifuged at 4,000xg for 15 min and
supernatant was transferred to another tube and placed in a
boiling water bath for 10 min. Thereafter, the test tubes
were cooled and the absorbance of the color was read at
535 nm. The rate of lipid peroxidation was expressed as
nmol TBARS formed/h/g tissue using a molar extinction
coefficient of 1.56 x 10° M~' cm™".

Assay for reduced GSH

GSH was assayed by the method of Jollow et al. [19] with
slight modification. In brief, 0.1 ml PMS was precipitated
with 0.1 ml SSA (4 %). Samples were kept at 4 °C for
30 min and then subjected to centrifugation at 4,000 g for
10 min at 4 °C. The assay mixture contained 0.1 ml
supernatant, 2.7 ml phosphate buffer (0.1 M, pH 7.4), and
0.2 ml DTNB (0.4 % in phosphate buffer 0.1 M, pH 7.4) in
a total volume of 3.0 ml. The yellow color developed was
read immediately at 412 nm using molar extinction coef-
ficient 13.6 x 10° M~' cm™'. The GSH content was cal-
culated as nmol GSH/mg protein.

Assay for protein carbonyl (PC) content

PC content was measured by the method of Levine [20]. In
brief, the PMS (0.5) ml was treated with an equal volume
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of 20 % TCA for protein precipitation. After centrifugation
at 10,000xg for 10 min, the pellet was resuspended in
0.5 ml of 10 mM DNPH in 2 M HCL and kept in a dark
place for 1 h by vortexing repeatedly at 10 min interval.
This mixture was treated with 0.5 ml of 20 % TCA. After
centrifugation at 11,000xg at 4 °C for 3 min, the precipi-
tate was extracted three times with 0.5 ml of 10 % TCA
and dissolved in 2.0 ml of NaOH at 37 °C. Absorbance
was recorded at 360 nm. PC level was expressed as nmol
carbonyl/mg protein, using a molar extinction of coefficient
22 x 10° M em™".

Assay for glutathione peroxidase (GPx)

GPx activity was estimated according to the procedure
described by Mohandas et al. [21]. The reaction mixture
consisted of phosphate buffer (0.05 M, pH 7.0), EDTA
(1 mM), sodium azide (1 mM), glutathione reductase (GR)
(1 EU/ml), GSH (1 mM), NADPH (0.2 mM), hydrogen
peroxide (0.25 mM), and 0.1 ml of PMS in the final vol-
ume of 2 ml. The disappearance of NADPH at 340 nm was
recorded at room temperature. The enzyme activity was
calculated as nmol NADPH oxidized/min/mg/protein by
using molar extinction coefficient 6.22 x 10> M~' cm™".

Assay of Glutathione reductase (GR)

GR activity was assayed by the method of Carlberg and
Mannervik [22] as modified by Mohandas et al. [21]. The
assay mixture consisted of phosphate buffer (0.1 M, pH
7.6), NADPH (0.1 mM), EDTA (0.5 mM) and oxidized
GSH (1 mM), and 0.05 ml of PMS in total volume of 1 ml.
The enzyme activity was quantitated at room temperature
by measuring the disappearance of NADPH at 340 nm and
was calculated as nmol NADPH oxidized/min/mg protein
using molar extinction coefficient of 6.22 x 10> M~!
cm ™.

Assay of glutathione-S-transferase (GST)

GST activity was measured by the method of Habig et al.
[23]. The reaction mixture consisted of phosphate buffer
(0.1 M, pH 6.5), reduced GSH (1 mM), CDNB (1 mM), and
PMS in a total volume of 1.0 ml. The change in absorbance
was recorded at 340 nm and enzyme activity was calculated
as nmol CDNB conjugate formed/min/mg protein using a

molar extinction coefficient 0of 9.6 x 10° M~' cm™".

Glucose-6-phosphate dehydrogenase
The activity of glucose-6-phosphate dehydrogenase was

assayed by the method of Zaheer et al. [24]. The reaction
mixture in a total volume of 3.0 ml consisted of 0.3 ml Tris
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HCL buffer (0.05 M, pH 7.6), 0.1 ml NADP (0.1 mM),
0.1 ml glucose-6-phosphate (0.8 mM), 0.1 ml MgCl,
(8 mM), 0.1 ml PMS, and 2.3 ml distilled water. The
change in absorbance was recorded at 340 nm and the
enzyme activity was calculated as nmol NADP reduced/
min/mg protein using molar extinction coefficient of
6.22 x 10° M~ em™".

Western blot analysis

Western blot was performed as described previously [14].
The striatum was homogenized in lysis buffer containing
50 mM Tris—HCL pH 8.0, 50 mM NacCl, 1 % TritonX-100,
and proteases cocktail. The lysate was centrifuged at
12,000xg for 10 min at 4 °C and the supernatant was
collected. Equal amounts of protein were separated on
12 % SDS-polyacrylamide gels. The membrane was
blocked with 5 % non-fat milk in Tris-buffered saline for
1 h. Subsequently, the membranes were incubated at 4 °C
overnight with the mouse anti-ChAT antibody (1:200,
Biovision). Following three washes with TBST, the
membrane was incubated with the secondary horseradish
peroxidase-conjugated antibody (IgG, 1:25,000) at the
room temperature for 1 h. The bands were visualized by
using the enhanced chemiluminescence detection reagents
(Thermo scientific). Bands density was measured by den-
sitometry and quantified using NIH-Image J software.

Immunohistochemistry

After reperfusion, the animals were anesthetized with chloral
hydrate (400 mg/kg, ip) and perfused as described by Khan
et al. [3] in cold phosphate buffer saline (PBS; 0.1 M, pH
7.2). The brains were removed quickly, post fixed in same
fixative for 24 h, then transferred to 30 % sucrose in 0.1 M
PB for at least 16 h until they sank for cryoprotection. The
fixed tissues were embedded in OCT compound (polyvinyl
glycol, polyvinyl alcohol, and water) and frozen at —20 °C.
Coronal sections of 14 pm thickness were cut on a cryostat
and collected on gelatin-coated slides and immersed in wash
buffer for 20 min. Endogenous peroxidase activity was
blocked with 1 % hydrogen peroxide and 10 % methanol in
PBS and incubated for 30 min at room temperature. The
slides were washed with PBS and the sections were overlaid
with mouse anti-Bcl-2 or anti-ChAT antibodies of dilution
1:100 incubated overnight in a humid chamber at 4 °C. The
slides were washed again to remove the unbound antibody
and incubated with biotinylated anti-mouse IgG of dilution
1:5,000 for 1 h atroom temperature. The slides were exposed
to streptavidin peroxidase and the labeled sites were visu-
alized with a solution of diaminobenzidine and hydrogen
peroxide. The sections were dehydrated, cover slipped, and
photomicrographs were taken.
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Caspase-3 activity

The caspase-3 assay was done by colorimetric kit as given
in manual (CasPASE TM colorimetric assay kit supplied
with Ac-DEVD-AFC substrate).

Determination of protein

Protein was determined as described previously using
bovine serum albumin (BSA) as a standard [25].

Statistical analysis

Results are expressed as mean £+ SEM. Statistical analysis
of the data was done by ANOVA, followed by Tukey’s
Kramer test for all parameters. The p value <0.05 was
considered statistically significant.

Results
Effect of Edv on infarct volume

TTC staining of MCAO brain sections showed reproduc-
ible and readily detectable lesions in the areas that are
supplied by the MCA after 22 h of reperfusion (Fig. 1a).
The lesions were present in striatum and the overlying
cortex. We hypothesized that Edv plays a protective role in
stroke. Indeed, MCAO group rats have shown a signifi-
cantly increased infarct volume as compared with the
sham. Edv treatment has reduced the infarct volume sig-
nificantly (p < 0.01) as compared with MCAO group
(Fig. 1b). The infarct volume data from the present study is
consistent with previously published results [39].

Behavioral study

Rotarod was used to evaluate the muscular coordination
skill of MCAO rats. Effect of MCAO on motor coordina-
tion skill and its protection by Edv is shown in Fig. 2a.
Rats of MCAO group showed impairment in motor coor-
dination skill as compared with the sham group. Treatment
with Edv on MCAO group rats has significantly attenuated
the motor coordination skill as compared to the MCAO
group rats. No significant alteration was observed in
Edv + S group rats as compared with the sham (S) group
rats. Figure 2b shows a significant (p < 0.001) improve-
ment on neurological deficit in MCAO group treated with
Edv as compared with the S group animals. No significant
alteration was observed in Edv 4+ S group animals as
compared with the S group animals.

MCAO Edv+MCAO
B 501 P<0.01
40 00
(]
£ )é
3 30 O o
§ O
kS °
£ e
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2 O
10 -
0
MCAO Edv+MCAO

Fig. 1 Edv reduces infarct volume in a rat model of MCAO. TTC-
stained coronal section from each group after 2 h MCAO/22 h of
reperfusion. The infarction volume was increased significantly in the
MCAO group animals. Treating the animals with Edv followed by
MCAO in Edv + MCAO group has decreased infarction volume as
compared with MCAO group. Values are expressed as mean + SEM
(n = 8) p <0.01, Edv + MCAO versus MCAO

Biochemical estimation
Effect of Edv on TBARS level

TBARS level was measured to demonstrate the oxidative
damage to lipid in the striatum of MCAO group rats.
Figure 3 shows the effect of Edv on TBARS level in stri-
atum of sham and MCAO groups and its protection in
Edv + MCAO group. The level of TBARS was signifi-
cantly (p < 0.01) elevated in MCAO group as compared
with the S group. Treating the rats with Edv significantly
(p < 0.05) decreased the TBARS level in Edv + MCAO
group as compared with the MCAO group. No significant
change was observed in Edv + S group animals as com-
pared with the S group animals.

Effect of Edv on GSH level

The effect of rutin on GSH content in the striatum is shown
in Fig. 4. The level of GSH was depleted significantly
(» < 0.01) in MCAO group animals as compared with the
S group animals. Treatment with Edv in MCAO group
animals has significantly (p < 0.05) protected the GSH
level as compared to the MCAO group animals. No sig-
nificant change was observed in Edv 4+ S group animals as
compared with the S group animals.
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Fig. 2 Effect of Edv treatment on muscular coordination skill in
MCAQO rats. a MCAO leads a significant depletion in motor coordi-
nation skill as compared with the sham group and significantly
recovered in Edv treated MCAO group (Edv + MCAO) as compared to
MCAO group. Values are expressed as mean &= SEM for eight animals.
*p < 0.001, MCAO versus sham; #p < 0.01, Edv + MCAO versus
MCAO. b Average neurological scores of all rats from each group. A
significant decreased neurological deficits as a functional outcome was
observed in Edv + MCAO group as compared with MCAO group,
indicating a profound improvement in sensory motor performance.
Values are expressed as mean £+ SEM of eight animals. *p < 0.001,
MCAO versus sham; #p < 0.001, Edv + MCAO versus MCAO

Effect of Edv on PC content

Protein oxidation was assessed by the determination of PC
content in the striatum. MCAO induced a significant
(p < 0.01) increase in PC content. Edv treatment signifi-
cantly (p < 0.05) decreased the PC content in Edv + M-
CAO group. There was no statistically significant reduction
in the PC content in rat treated with Edv alone in Edv 4 S
group as compared with the S group (Fig. 5).

Edv attenuated the activities of anti-oxidant enzymes
in striatum

The activities of anti-oxidant enzymes (GPx, GR, GST, and
G6PDH) were decreased significantly in striatum of
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Fig. 3 Effect of Edv on TBARS level in striatum of MCAO group
rats. TBARS level was significantly increased in MCAO group as
compared with the sham group. Edv treatment has decreased the
content of TBARS significantly in striatum of Edv + MCAO group
as compared with the MCAO group. Values are expressed as
mean = SEM (n = 8). *p <0.01 MCAO versus S, #p < 0.05

Edv + MCAO versus MCAO
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Fig. 4 Effect of Edv on GSH level in striatum of MCAO group rats.
GSH level was significantly decreased in MCAO group as compared
with the sham group. Edv treatment has increased the content of
TBARS significantly in striatum of Edv + MCAO group as com-
pared with the MCAO group. Values are expressed as mean = SEM
(n = 8). *p < 0.01 MCAO versus S, *p < 0.05 Edv + MCAO versus
MCAO

MCAOQO group animals as compared with the sham group
animals. Edv treatment significantly increased their activ-
ities in striatum of Edv + MCAO group animals as com-
pared with the MCAO group animals. No significant
change was observed in Edv treated sham group (Edv + S)
animals as compared with the S group animals (Table 1).

Effect of Edv on choline acetyltransferase (ChAT)
expression

ChAT expression as measured by western blot and
immunohistochemistry was analyzed to determine the
cholinergic dysfunction in striatum of MCAO rats. The
immunohistochemical analysis of striatum region has
shown reduced expression of ChAT in MCAO group as
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Fig. 5 Effect of Edv on PC level in striatum of MCAO group rats. PC
level was significantly increased in MCAO group as compared with
the sham group. Edv treatment has decreased the content of PC
significantly in striatum of Edv + MCAO group as compared with
the MCAO group. Values are expressed as mean = SEM (n = 8).
*p < 0.01 MCAO versus S, #p < 0.05 Edv + MCAO versus MCAO

compared with S group which was increased in
Edv + MCAO group as compared with the MCAO group
(Fig. 6a). Edv treatment did not show any remarkable
effects in the Edv + S group compared with the S group
(data not shown).

We also examined the expression of ChAT by western
blot. Western blot analyses showed that the MCAOQO brains
exhibited a relatively low level of ChAT expression as
compared with the sham group. However, after Edv treat-
ment, the brain exhibited a significantly rise of ChAT
expression (Fig. 6b).

Effect of Edv on Bcl2 expression

Apoptosis in ischemic stroke is mainly mediated by
downregulation of Bcl2 protein expression. Figure 7 shows
the protective effect of Edv on Bcl2 expression. Edv
treatment increased the Bcl2 expression in striatum of

Edv + MCAO group animals as compared with the
MCAOQO group. The expression of Bcl2 was almost negli-
gible in MCAO group as compared with the sham group.
Edv treatment did not show any remarkable effects in the
Edv + S group compared with the S group (data not
shown).

Effect of Edv on caspase-3 activity

Caspase-3 is believed to be the main executioner protease
of the apoptotic cascade and several models of experi-
mental cerebral ischemia have been reported to induce the
activation of caspase-3. Our result showed increased cas-
pase-3 activity (p < 0.001) was observed in MCAQO group
as compared with the sham group. Caspase-3 activity was
significantly (p < 0.01) attenuated by the administration of
Edv in Edv + MCAO group (Fig. 8). Edv treatment did
not show any remarkable effects in the Edv + S group
compared with the S group.

Discussion

The present study evaluated the neuroprotective effect of
edaravone (Edv) on neurological deficit; oxidative stress
associated cholinergic dysfunction and apoptotic cell death
in rat model of focal cerebral ischemia. It is well docu-
mented that MCAO rodent model is an appropriate animal
model used for the study of cerebral ischemia pathogenesis
[3, 10, 11]. In the present study, Edv treatment significantly
assuages motor deficit, biochemical, and histopathological
alterations in MCAO induced rat. Neuroprotective poten-
tial of Edv suggests that it is a powerful anti-oxidant with
anti-apoptotic property, corroborating previous studies
[13-15, 26].

Table 1 Protective effect of Edv on the activities of anti-oxidant enzymes (GPx, GR, GST, and G6PD) in focal cerebral ischemia in striatum of

rats

Groups GPx (nmol NADPH GR (nmol of NADPH GST (nmol of CDNB G6PD (nmol NADP
oxidized/min/mg protein) oxidized/min/mg protein) conjugate formed/min/mg reduced/min/mg protein
protein)
Sham 158.06 + 4.23 316.5 + 4.35 6215 + 15.6 296.5 + 6.54
MCAO 76.02 £ 1.89" (—=51.90 %)*  184.5 £ 6.55 (—41.70 %)* 305.2 + 8.76" (—50.89 %)* 168.2 & 7.89" (—43.27 %)*
Edv + MCAO 132 4 5.44™ (+73.63 %)°  276.3 + 8.28" (+49.75 %)®  485.4 + 11.3% (+59.04 %)°  251.3 + 5.98" (+49.40 %)°
Edv + S 157.2 + 3.17 (—0.54 %) 320 4 5.67 (+1.10 %) 627 & 14.3 (+0.88 %) 295 + 4.34 (—0.50 %)

Values are expressed as mean = SEM of n = 8 animals. Significance was determined by one-way ANOVA followed by Tukey—Kramer post hoc

test for multiple comparisons

* Values in parentheses indicate the percentage change versus sham

° Values in parentheses indicate the percentage change versus MCAO

*p < 0.05 MCAO versus sham
# p <005
## p <0.01 Edv + MCAO versus MCAO
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Fig. 6 a Representative coronal
brain sections of sham, MCAO,
and Edv + MCAO group rats
stained for ChAT. Striatum
region of brain from MCAO
group (B) animals show
significant decreased ChAT
expression as compared with the
sham group (A) and this
expression was increased in
Edv + MCAO group (C) as
compared with the MCAO
group. Magnification is x40.

b Representative western blots
of ChAT and f-actin from each
group. Histogram shows mean
densitometric analysis of bands
after normalizing with fS-actin
as a loading control of each
group. Data are mean £ SEM

The behavioral effects are intertwined with degree of
neuronal dysfunction [27]. The motor function was found
to be disturbed after stroke. The behavior parameters have
indicated that ischemic animals cause deterioration of
motor performance along with worsen functional outcome
in the rats, which are protected by treatment with Edv. Our
results are in agreement with earlier studies carried out by
us and other [3, 6, 28].

Infarction volume in the brain is an important determi-
nant in assessing the consequences of ischemic stroke
which leads to severe neuronal damage in the different
brain parts with subsequent neurological impairment. TTC
methods have been used to detect the morphological fea-
tures of infarct tissue after ischemic injury [29, 30]. In the
present study, MCAO group showed a prominent infarct
size along with significantly altered behavioral outputs.
Edv treatment not only reduced the infarct size but also
improved behavioral deficits in MCAO group. Animal
experiments have indicated that Edv administered after
cerebral ischemia are effective in reducing infarct volume
and lead to improvements in neurological outcome.

Brain has multiple sources of reactive oxygen species
(ROS) [31] and a large oxidative ability, but its capacity to
fight against oxidative threat is limited [36]. The occlusion
followed by reperfusion caused the robust generation of
free radicals which lead the lipid peroxidation, protein
oxidation, and ultimately cell death. Exogenous anti-
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oxidant is given to scavenge the free radical to inhibit ROS
and thus protect brain infarct [3, 6, 28]. MCAO leads to
highly reactive ROS production increasing lipid peroxida-
tion, which leads to cellular disintegrity and neuronal loss.
Lipid peroxides and hydroperoxides cause secondary injury
by further generating relatively more stable and diffusible
cytotoxic agents like malondialdehyde (MDA) and
4-hydroxy-trans-2-nonenal (4-HNE), respectively, and
amplify oxidative cascade [3, 32]. They react avidly with
cellular nucleophiles such as GSH, and causes continuous
decrease in its level through increased oxidant content or
protein modification. GSH is a well-known anti-oxidant
that is synthesized in the cytoplasm and is present in higher
concentrations in the mitochondrial matrix. The low levels
of GSH may be directly related to increased ROS, lipid
peroxides, and highly reactive hydroxyl radicals [3, 6, 7].

Furthermore, GSH plays a crucial and critical role in the
regulation of expression of several anti-apoptotic genes.
Thus, GSH inhibition in cerebral ischemia would increase
the susceptibility of plasma membranes toward peroxide
attacks. However, the main cause of GSH loss during
oxidative stress in brain ischemia is the formation of pro-
tein glutathione mixed disulfide (PrSSG) and loss of thiol
proteins. The loss of GSH and formation of PrSSG in the
brain results the various membrane dysfunction, such as
inhibition on Na® K™ ATPase activity. G6-PD maintains
intracellular reduced GSH content. GSH content and
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Fig. 7 Representative coronal brain sections of sham, MCAO, and
Edv + MCAO group rats stained for Bcl-2. Striatum region of brain
from MCAO group (B) animals show significant decreased Bcl-2
expression as compared with the sham group (A) and this expression
was increased in Edv + MCAO group (C) as compared with the
MCAO group. Magnification is x40

activity of G6-PD has been reported to decrease in ische-
mic conditions [33]. We observed a significant decrease in
G6-PD activity in MCAO group. Edv treatment increases
the G6-PD activity.

Fig. 8 Effect of Edv on caspase-3 activity in striatum. Caspase-3
activity was significantly increased in MCAO group as compared with
the sham group. Edv treatment has decreased caspase-3 activity
significantly in striatum of Edv + MCAO group as compared with
the MCAO group. Values are expressed as mean = SEM (n = 8)
*p < 0.001 MCAO versus sham, ”p<0.01 Edv; MCAO versus
MCAO

GPx plays a predominant role in removing excess free
radicals and hydroperoxides and is a major defense system
against oxidative stress in the brain [34]. Evidence has
been presented that the neuronal defense against H,O,,
which is the most toxic molecule to the brain, is mediated
primarily by the GSH system. There are several reports
about the modulatory effect of Edv on lipid peroxidation,
GSH, and anti-oxidant enzymes following brain injury [13,
15, 35]. In agreement with this finding, we also found that
Edv significantly reduced the TBARS and PC level along
with increased GSH level and activities of anti-oxidant
enzymes.

ChAT is the marker enzyme for distinguishing cholin-
ergic pathways from non-cholinergic cell groups. Cholin-
ergic interneurons localized in the striatum are involved in
motor function, cognition, and behavior. It has been well
known that MCAO led to the imbalance of brain energy
metabolites and excitatory amino acids. Disturbed energy
metabolism is intricately associated with increased oxida-
tive stress that disorganizes and disorients the mitochon-
dria, resulting in a reduced supply of ATP and
dysregulation of intracellular Ca?* homeostasis and
thereby limiting optimal cellular and physiological func-
tions [41, 42]. An increase in Ca*" influx through L-type
Ca”* channels is thought to contribute to cholinergic dys-
functions [43]. On the other hand, reduction in brain glu-
cose below normal level also affects cholinergic system.
After MCAQO, striatal glucose levels immediately declined
and this is likely due to consumption of local glucose and
lack of supply of fresh glucose due to limited blood flow
[44]. In the present study, increased ChAT protein
expression level measured by western blot and immuno-
histochemistry may be due to oxidative stress and impaired
glucose utilization in the striatum following MCAO. Edv
treatment significantly restored ChAT expression by
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ameliorating the oxidative burdens in striatum of MCAO
rat. This effect of Edv can be attributed to its potent anti-
oxidant property [14, 45]. However, the exact mechanism
of oxidative stress induced upregulation of ChAT protein
expression is remained to be explores.

With the discovery of biochemical and histological hall-
marks of apoptosis, it has become increasingly evident that the
intrinsic cellular suicide program is not only required for the
development of normal central nervous system, but also, if
executed inappropriately, contributes to the pathology of
stroke and neurodegenerative disorders [36]. Apoptotic and
anti-apoptotic signaling pathways are activated after cerebral
ischemia, and it is generally accepted that a shift in the balance
between pro- and anti-apoptotic protein factors toward the
expression of proteins that promote cell death may be one
mechanism underlying apoptotic cell death [37]. Bcl-2 regu-
lates the permeability of transition pore and thus release of
cytochrome ¢, which is often considered as a point of no return
in the subsequent caspase-3 cascade that ultimately results in
apoptosis. It has been already reported that Bcl-2 expression
can inhibit the generation of ROS and stabilize the mito-
chondrial membrane potential [14, 38]. Thus, we examined
the presence of the protective Bcl-2 protein. Our study has
shown with evidence that the treatment with Edv up-regulates
the anti-apoptosis factors like Bcl-2 and downregulates the
caspase-3 activity, thus preventing cell death in ischemic brain
and leading to the recovery of neuronal tissue. This resultis in
agreement with other studies [39, 40].

Conclusion

In conclusion, the present study demonstrates that Edv has
scavenging properties to attenuate lipid peroxidation, pro-
tein oxidation, and enhance anti-oxidant enzymes. In
addition, Edv treatment limits apoptotic response and
improves oxidative stress associated cholinergic dysfunc-
tion. These results suggest that the neuroprotective effect of
Edv is due to the inhibition of ROS formation by scav-
enging free radicals and may be used for patients with
acute cerebral ischemia, as well as for treating other neu-
rodegenerative diseases.
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