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Abstract
Cognitive issues in stroke arise as a result of reperfusion of a clogged artery, which is reported to exacerbate the injury in the brain
leading to oxidative stress. Through the present work, we try to understand the regional variations across brain regions mainly
cortex and striatum associated with the progression of ischemia-reperfusion injury (IRI). In a rat model of IRI, the influence of
varying ischemia and reperfusion times on the biochemical phases across the brain regions were monitored. IRI resulted in the
blood-brain barrier disruption and developed mild areas of risk. The brain’s tolerance towards IRI indicated a progressive trend in
the injury and apoptosis from ischemia to reperfusion that was supported by the activities of plasma lactate dehydrogenase and
tissue caspase-3. Cognitive impairment in these rats was an implication of cellular oxidative stress (higher lipid peroxidation and
lower antioxidant enzyme activity) that persisted by 24-h reperfusion. The oxidative stress was prominent in the cortex than the
striatum and was supported by the lower ATP level. UpregulatedMn-SOD expression leading to a preserved mitochondria in the
striatum could be attributed to the regional protection. Overall, a progression of IRI was observed from striatum to cortex leading
to 5-day cognitive decline.
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Introduction

Cerebral ischemia-reperfusion injury (IRI) is a complex and
heterogeneous disorder due to factors that dictate the injury
such as duration of ischemia, collateral circulations, distal mi-
cro-thrombosis, systemic blood pressure changes, age, gender,
comorbidities, and finally, genetic predisposition (Bai and
Lyden 2015; Kalogeris et al. 2012). The pathophysiology of

IRI can be divided into the ischemic phase wherein there ex-
ists an imbalance betweenmetabolic demand and supplywith-
in the ischemic region and the reperfusion phase where there is
an activation of inflammatory responses, leading to neuro-
transmitter firing, endothelial dysfunction causing alterations
in the permeability of blood-brain barrier, which is enhanced
by ROS production leading to activation of cell death pro-
grams (Kalogeris et al. 2012).

Global ischemia of short durations (5 min) to the brain can
trigger neuronal death processes in the CA1 region of the
hippocampus, which becomes irreversible if extended to
20 min, followed by reperfusion (Baron et al. 2013; Lee
et al. 2000). Contrarily, a recent study reported functional
restoration even if reperfusion is done after 45 min of
ischemia, ascribing to the varying susceptibility of cell types
to ischemia, that lead to the recovery within the ischemic area
(Tachibana et al. 2017). Hence, oxidative stress experienced in
various brain regions is a detrimental factor to assess the
damage caused by reperfusion injury, of which hippocampus
seemed to be least protected due to reported low levels of
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HSP70, antioxidant capacity, and proteasome activity
(Garbarino et al. 2015). The observed cell type differences
are due to varying degree of redox status within the cells,
i.e., their ability to transport reducing equivalents, thiols,
nitric oxide, and ascorbates (Bačić et al. 2016) and may be
linked to physiologically varying oxygen tensions in
mammalian brain (21%, 156 mmHg) regions, with the
highest being pia matter (8%, 60 mmHg) and lowest being
midbrain (0.55%, 4.1 mmHg) (Erecińska and Silver 2001).

The histological changes post IRI in rat model observed a
loss of CA1 neurons from 15min to 30min of ischemia (Ordy
et al. 1993). Considering that the widely studied model for IRI
is rat, there is a limited number of reports encompassing
changes related to the injury, inflammation, apoptosis, and
oxidative changes over varying time points in the brain, its
regions and cell types, specifically in the rat as a model.
Although reports on gerbil models are available, their cerebral
vascular anatomy is different from rat (Candelario-Jalil et al.
2001; Selakovic et al. 2011). In addition, reperfusion pro-
motes overproduction of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), for which the brain is highly
sensitive as it causes oxidative stress resulting in memory
deficits that occur following stroke (Schimidt et al. 2014).
Therefore, in our present investigation, we evaluated the as-
sociation of injury, oxidative stress, and apoptosis due to IRI
with cognitive decline following global cerebral ischemia.

Materials and methods

Experimental animals

All the animal studies were conducted as per the guidelines of
the CPCSEA, Government of India, and with the prior ap-
proval from the Institutional animal ethical committee
(Approval No. IAEC/RPP/298). Male Wistar rats of 230–
280 g were used in the study and maintained in individual
polycarbonate cages. Feed andwater were provided ad libitum
and the cages were maintained at 25 ± 2 °C with a relative
humidity of ~ 70%. A 12-h dark/light cycle was followed in
the housing. All rats were grouped and acclimatized a week
before the start of experimentation.

Induction of cerebral ischemia-reperfusion

The two vessel occlusion model of cerebral ischemia was
carried out in the rat as per previously established protocol
with slight modifications (Raval et al. 2009). In brief, the rats
fasted the night before surgery with free access to drinking
water. Anesthesia was induced by inhalation of a mixture of
3.5% halothane in oxygen and maintained at 1.5% during the
surgery. A middle incision of the neck was performed. The
bilateral common carotid arteries were isolated and loose

threads were placed for subsequent occlusion. A rectal ther-
mometer was inserted through the anus, to monitor the body
temperature, which was maintained close to 37 °C by placing
the animal on a thermally regulated surgery pad. A pair of
needles were inserted into the temporal muscles on the skull
to monitor the EEG. Tail arterial blood pressure was moni-
tored using pressure transducer–cannula assembly during sur-
gery as carotid arteries were clamped.

The induction of ischemia was achieved by occluding the
bilateral common carotid arteries and the EEG was monitored
to confirm occlusion. Isoelectricity of the electroencephalo-
gram was considered as an indication of the onset of ischemia
(Li et al. 1999). Additionally, real-time flow was monitored in
the vessel using Transonic Nanoprobe (T420) over the vessel
until the flow reached 0mL/min. Ischemia was terminated and
reperfusion was ensured by the removal of the carotid clamps.

Reperfusion was maintained till intermediated time points
and assigned to ischemic groups of 15 min (I_15) and 30 min
(I_30) and reperfusion groups of 15 min (I_30/R_15), 30 min
(I_30/R_30), 4 h (I_30/R_4), and 24 h (I_30/R_24) reperfu-
sion following 30 min of ischemia. Rats belonging to groups
beyond 30 min of reperfusion were sutured and recovered for
spontaneous breathing and maintained in individual cages. A
sham group was kept as control which underwent a procedure
similar to test groups except that the carotid arteries were not
occluded.

Assessment of brain injury

After the assigned duration of ischemia and reperfusion, rats
were euthanized by an excess of halothane. The blood and
brain were collected to assess the injury. Blood plasma and
brain tissue were analyzed for injury markers: lactate dehy-
drogenase (LDH) and creatine kinase-BB (CK-BB). LDH es-
timation was based on the lactate conversion to pyruvate and
estimated from the formation of NADH measured at 340 nm.
CK-BB was estimated by immune-inhibition method as per
the kit instructions from Agappe diagnostics, Switzerland
(#11405007).

Evaluation of blood-brain barrier (BBB) dysfunction

The integrity of BBB was assessed using two inert tracers:
Evans blue and sodium fluorescein according to the
established protocol (Yen et al. 2013). Both the dyes were
prepared as a 2% solution in 0.9% saline and infused through
the tail vein, 30 min prior to the excision of the brain. Rats
were anesthetized with halothane as mentioned in the
BInduction of cerebral ischemia-reperfusion^ section and per-
fused with saline (200 mL) through the abdominal aorta to
wash off excess dye along with the blood and the brain was
collected. The extravasated dye was extracted from the ho-
mogenized brain using 1:3 volume of 50% TCA, and the
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supernatants were diluted with 1:3 volume of 95% ethanol
prior to measuring fluorescence at 620 nm/680 nm for Evans
blue and 440 nm/525 nm for sodium fluorescein.

Estimation of ATP level by luminescence assay

The brain tissue was frozen in liquid nitrogen immediately
after collection and homogenized in mitochondria isolation
buffer (250 mM sucrose, 1 mM EGTA, 10 mM HEPES,
0.5% BSA at pH 7.4) under ice-cold conditions in crushed
ice. The homogenate was centrifuged at 2000g for 10 min at
4 °C followed by a collection of the supernatant. The super-
natant (cytosolic fraction) was used for ATP estimation after
pelleting down the mitochondria at 10000g for 10 min at 4 °C
(Lai et al. 1977). The level of ATP from the brain regions was
estimated using the ATPlite kit from PerkinElmer (USA).
Briefly, 50 μL of the cytosolic fraction was added to the lysis
buffer and shaken for 10min followed by addition of substrate
buffer and incubated for 10 min. The luminescence signal was
recorded at the end of 1-h incubation using Synergy H1
Multimode reader (BioTek, USA).

mRNA expression analysis

The total RNA extraction from brain tissue was carried out
separately for cortex and striatum using Trizol reagent
(Thermo-Scientific, USA). The reverse transcription was car-
ried out using Verso cDNA synthesis kit (Thermo-Scientific,
USA). The expression of mRNAwas checked in real time for
CuZn-SOD (F-CGGATGAAGAGAGGCATGTT, R-
CAATCACACCACAAGCCAAG) and Mn-SOD (F-
CCAAGCTAGGCTCCTGACTG, R-TGTTGGAC
ACCGCACTGTAT) using qPCR from Applied Biosystems
(ABI-7500). All the expression data was generated in tripli-
cates for each sample and fold expression was calculated by
ΔΔ Ct method using beta-actin (F-TGACGATATCGCTG
CGCTC, R-CAGTTGGTGACAATGCCGTG) as house-
keeping gene.

Behavioral study

Radial arm maze

The eight-arm radial maze was used for behavioral testing.
The maze was made of wood and kept at an 80-cm elevation
from the ground with visual clues available at the end of the
arm. In brief, the maze study was performed on rats that were
fasted overnight and fed on normal diet mixed with chocolate
grain flakes (chocos) after study. The rats were trained for
4 days prior to induction of ischemia-reperfusion injury. Out
of eight arms, four arms were baited with chocos and the rest
remained unbaited. The rats were allowed to explore and

reach the bait within a 10-min window. Three trials were con-
ducted for each rat in a day. Each trial started by placing the rat
onto the central region of the maze and assessing the arm
entries. The session lasted 10 min to monitor the correct en-
tries and the Working Memory Index (WMI) was calculated
by dividing the number of first entries into the baited arms by
total entries into the arms with bait. The study consisted of
three groups (6 rats/group); sham, ischemia 15 min, and is-
chemia 30 min followed by reperfusion and behavior assess-
ment for 5 days. The movement of a rat in the maze was
recorded using a video camera and used for analysis.

Morris water maze

Spatial learning and memory were performed in the Morris
water maze adopting standard procedures with slight modifi-
cation (Gehring et al. 2015). The water maze consisted of a
fiberglass pool of 2 m diameter with a platform of 15 cm
diameter submerged just 1 cm below the water surface. The
water in the tank was made opaque with milk so as to hide the
platform. The pool was surrounded by distal visual cues and
kept in a uniformly illuminated room. A digital video recorder
suspended above the center of the pool was used to record the
swim paths of the animals and video output was digitized for
analysis by using SMART 3.0 video tracking software from
Panlab (USA). Before the induction of ischemia, rats were
trained for 4 consecutive days with 3 trials per day. The main
test was conducted after 24 h of reperfusion for 5 days. During
each trial, rats were allowed to swim until they found the
hidden platform. Rats that failed to find the hidden platform
in 90 s were guided to the platform. The parameters computed
for analysis among the groups included the average latency
time and swimming speed.

Apoptosis detection in the brain regions

The two brain regions comprising of the striatum and cortex
were separated by adopting standard procedure (Chinopoulos
et al. 2011). After excision, the tissues were used for detection
of apoptosis by estimating the caspase-3 activity based on the
fluorogenic substrate as per the previous protocol (Gilbert
et al. 2016). Briefly, the tissue homogenate was added to the
buffer containing HEPES 100 mM, EDTA 0.5 mM, DTT
5 mM, glycerol 20%, CHAPS 0.1%, and substrate 25 μM
and the fluorescence (365/465 nm) was monitored for 1 h at
37 °C.

Measurement of inflammatory activity in the brain

The myeloperoxidase (MPO) enzyme activity which is a
prominent pro-inflammatory mediator implicated in IRI was
determined as described previously (Pulli et al. 2013). Briefly,
10 μl homogenate was added to 80 μl 0.75 mM H2O2 and
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110 μl tetramethylbenzidine (TMB) solution (2.9 mM TMB
in 15% DMSO and 100 mM sodium phosphate buffer main-
tained at pH 5.4) and incubated at 37 °C for 5 min. The reac-
tion was stopped by adding 50 μl 2 M H2SO4, and its absorp-
tion was measured at 450 nm to estimate MPO activity.

Assessment of lipid peroxidation and oxidative stress

The brain cytosolic fraction and mitochondria isolated as per
the method in the BEstimation of ATP level by luminescence
assay^ section were used for the estimation of oxidative stress
based on lipid peroxidation by quantification of thiobarbituric
acid reactive species (TBARS) assay (Ohkawa et al. 1979),
reduced glutathione (GSH) (Shaik and Mehvar 2006), and
cytosolic enzyme activities such as superoxide dismutase
(SOD) (Nandi and Chatterjee 1988), catalase (Li and
Schellhorn 2007), glutathione peroxidase (GPx), and glutathi-
one reductase (GR) (Sedlak and Lindsay 1968) were assessed
as per standard procedures.

Statistical analysis

The data were analyzed based on the assumption of the normal
Gaussian distribution. A one-way analysis of variance
(ANOVA) was used for between-group comparison and
Dunnet’s test was done for multiple comparisons. For behav-
ioral analysis, a two-way ANOVA was used for comparison
across the time points between the groups and Tukey test was
done for multiple comparisons. The data were presented as
mean ± SEM. Values of P < 0.05 were considered for statisti-
cal significance. The data were analyzed using Graph Pad
Prism 7.0.

Results

Induction and progression of injury and apoptosis
in cerebral ischemia-reperfusion

The induction of ischemia by occlusion of bilateral carotid
arteries was confirmed by isoelectric EEG as shown in
Fig. 1a and no real-time blood flow was measured by flow
probe in Fig. 1b.

Figure 2 shows injury as assessed in plasma from the ac-
tivities of LDH and CK-BB and in brain tissue from LDH in
the regions of cortex and striatum. Compared to sham, all the
groups had elevated levels of these markers in plasma which
remained significant (P < 0.05) at 24 h of reperfusion com-
pared to sham. The highest (P < 0.05) plasma LDH activity
was observed at 4 h and 24 h of reperfusion compared to sham
(Fig. 2a), the possible source of which is from brain regions
that had lower activity at the specific time points (Fig. 2c, d).
Significant (P < 0.05) area at risk was quantified by TTC

staining and observed to be maximum at 30 min reperfusion
followed by 30 min ischemia compared to sham
(Online resource 1).

In the present model of IRI, striatum along with the hippo-
campus remains the most vulnerable region to be affected by
ischemia. The apoptotic activity in these brain regions was eval-
uated from the active caspase-3measurement (Fig. 3). The cortex
showed significantly (P < 0.05) higher caspase-3 activity at 4 h
and 24 h of reperfusion compared to sham. In case of the stria-
tum, a time point dependent significant (P < 0.05) rise in caspase-
3 activity was noted from 15 min reperfusion which peaked at
4 h and by 24 h the activity remained just the same as that of
30 min of reperfusion (Fig. 3b).

Impact of ischemia-reperfusion on disruption
of blood-brain barrier and progression
of inflammation

Ischemia is well known to cause BBB disruption with increas-
ing duration of ischemia. The entry of low molecular weight
substances was measured by sodium fluorescein tracer con-
centrations in the ischemic brain tissue, while the high molec-
ular weight ones were evaluated from the entry of Evans blue.
By 15 min of ischemia, significant (P < 0.05) amount of low
molecular weight protein could be detected and persisted until
24-h reperfusion (Fig. 4a). On the other hand, high molecular
weight proteins were significantly (P < 0.05) detected only at
15 min of reperfusion and persisted until 24-h reperfusion
compared to sham (Fig. 4b).

The myeloperoxidase activity revealed the pro-
inflammatory environment in the brain regions (neutrophil
infiltration), which seemed elevated significantly (P < 0.05)
from 15 min ischemia in striatum (Fig. 4d) and only at reper-
fusion (30 min) in cortex (Fig. 4c) and seemed to subside by
the end of 24 h compared to sham.

Oxidative stress changes in brain regions
across the tissue and its mitochondria

Lipid peroxidation, imbalances in glutathione cycle, and de-
clined activities of antioxidant enzymes are some of the dev-
astating features of ischemia-reperfusion injury. Collectively
termed as oxidative stress, these features are not only confined
to cytosol but also are spread across the organelle mainly
mitochondria. Table 1 presents the lipid peroxidation levels
and GSH content in the cytosol and mitochondria from the
cortex and striatum. The lipid peroxidation ratio (cortex/stria-
tum) was found to increase significantly (P < 0.05) by 59.6%
in the cytosol, while the mitochondria showed only 29.3%
increase by the end of 24-h reperfusion compared to sham.
On the other hand, the endogenous non-enzymatic antioxidant
GSH ratio (cortex/striatum) increased significantly (P < 0.05)
by 46.6% in cytosol alone at the end of 24-h reperfusion. GSH
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ratio in mitochondria elevated significantly (P < 0.05) at
15 min ischemia (78.2%) and 30 min reperfusion (49.3%)
but reduced by 31.1% by end of 24 h reperfusion compared
to sham.

Hence, based on results from Table 1, it was clear that
mitochondria lipid peroxidation levels and GSH levels were
normalized by 24 h reperfusion compared to sham despite
having significant variations at earlier time points. As a further
step to probe the significant alterations in the cytosol, we
assessed the antioxidant enzymes and the data is presented
in Table 2. More prominently, we found that SOD activity
showed significant (P < 0.05) increase from sham at 24 h re-
perfusion in the striatum alone. Hence, the SOD ratio showed
a significant (P < 0.05) decline of 44.4% by 24 h compared to
sham. Catalase activity from these regions showed significant

(P < 0.05) increase at initial times of ischemia and reperfusion
but subsequently went down by the end of 24 h compared to
sham. The catalase ratio reduced significantly (P < 0.05) by
57.8% at the end of 4 h and the recovered by 24 h compared to
sham. Hence, it was evident that the antioxidant enzyme var-
iations causing oxidative stress were significant compared to
sham but occurred in a phased manner across the time points.
The GPx and GR activities in cortex had no significant vari-
ation and hence, this balance maintained the GSH level in
cortex close to the sham. On the other hand, a reduction of
14.3% in the GR activity in striatum reduced its GSH content,
while the GPx activity was close to sham level (Table 2).

To verify the significantly elevated SOD activity ratio at the
end of 4- to 24-h reperfusion, which was due to its increased
activity in the striatum, we assessed the gene expression for the

Eventual analysis of global cerebral ischemia-reperfusion injury in rat brain: a paradigm of a shift in... 585

Fig. 1 Induction of ischemia-reperfusion injury. The induction of ischemia was confirmed by a the isoelectric pattern of EEG and b zero flow indication
of flow meter probe



two isoforms of SOD, namely, CuZn-SOD and Mn-SOD across
the two brain regions: cortex and striatum (Fig. 5a, b). From Fig.
5, consistent with the observations of enzyme activity, Mn-SOD
was overexpressed significantly (P < 0.05) by > 9 fold at the end
of 24-h reperfusion in striatum alone (Fig. 5b).

Based on the above results, to assess the intactness of mi-
tochondrial function, we measured the levels of cellular ener-
gy fuel ATP in the brain regions wherein the striatum (Fig. 5d)
showed immediate and higher sensitivity to variation in ATP
compared to cortex (Fig. 5c). In the striatum, ATP declined

Fig. 2 Injury marker assessment. The extent of injury produced by brain
IRI was quantified from the biochemical activity of a LDH in plasma, b
CK-BB in plasma, c LDH in cortex, and d LDH in the striatum. The data

are presented as mean ± SEM of 6 independent observations per group.
*P < 0.05 vs sham

Fig. 3 Apoptosis in the brain
regions affected by IRI. The
apoptosis induced due to brain
IRI is presented by the activity of
caspase-3 from the two brain
region a cortex and b striatum.
The data are presented as mean ±
SEM of 6 independent
observations per group. *P < 0.05
vs sham
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significantly (P < 0.05) by 30-min ischemia and at 4-h reper-
fusion, while cortex had significantly (P < 0.05) low ATP lev-
el at 24 h alone.

Impact of ischemia-reperfusion injury
on the cognitive performance in the rat

Though injury, inflammation, and apoptosis partially normal-
ized, we noted that higher lipid peroxidation persisted in the
cortical region. As memory deficits occur due to oxidative
stress in the prefrontal cortex and hippocampus in cerebral
IRI model, we observed the behavioral performance of rat in
the radial arm maze and Morris water maze (Online Resource
1) (Gehring et al. 2015). From Fig. 6, before ischemia, the
WMI was > 2.5 for all the rats, which started to decline post
reperfusion to a value of 1 or 0 by the end of 5 days after IRI
(Fig. 6a). The correct choices made for pellet retrieval also
showed a similar trend (Fig. 6b). In the water maze, the time
taken and distance traveled to reach platform took longer in

ischemia-induced rats, more significantly in the 30 min group
(Fig. 6c, d) than the 15-min ischemic rats. In the water maze
test, significant (P < 0.05) difference in performance of rats
was noted even among I15 and I30.

Discussion

The present study focused on biochemical alterations, injury,
and oxidative stress in the brain and its regions, arising due to
ischemia and reperfusion injury at various time intervals in rat
brain. The results suggested an imminent entry of low molec-
ular weight proteins due to disruption in BBB permeability
during 15 to 30 min of ischemia. Reperfusion following
30 min of ischemia further enhanced the BBB permeability
to high molecular weight proteins that subsided by 24 h along
with the inflammatory activity. TTC staining was considered
to evaluate the infarct produced, but the limitation of its effec-
tiveness in short duration has precluded its use. However the

Fig. 4 Disruption of BBB and inflammatory activity in the brain. The
main feature of brain IRI is the disruption of the blood-brain barrier and
entry of leukocytes leading to vascular inflammatory activity. The BBB
leakage wasmeasured from the extravasation of a sodium fluorescein and

b Evans blue. The inflammation was measured by the activity of
myeloperoxidase in c cortex and d striatum. The data are presented as
mean ± SEM of 6 independent observations per group. *P < 0.05 vs sham
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area at risk was measured at various ischemic and reperfusion
time points (Online resource 1), which was maximum at
30 min of reperfusion and reduced by 24 h, correlating with
changes in the BBB disruption. Biochemical assessment from

CK-BB and caspase-3 suggested a similar trend of progressive
recovery by 24 of reperfusion. However, we found that oxi-
dative stress at the cellular level was not normalized as lipid
peroxidation within the brain continued to remain elevated

Table 1 Lipid peroxidation and GSH level in the brain regions and their mitochondria

Groups Cortex Striatum mt-Cortex mt-Striatum Ratio Cortex/striatum Ratio mt- cortex/
mt- striatum

TBARS (nM MDA/g)

Sham 0.17 ± 0.01 0.09 ± 0.02 2.2 ± 0.46 1.4 ± 0.11 1.83 ± 0.32 1.22 ± 0.14

I_15 0.42 ± 0.03* 0.31 ± 0.03* 2.4 ± 0.41 2.9 ± 0.05 1.35 ± 0.33 0.83 ± 0.19

I_30 0.45 ± 0.05* 0.32 ± 0.04* 2.8 ± 0.67 3.3 ± 0.16* 1.15 ± 0.28 0.85 ± 0.09

I_30/R_15 0.48 ± 0.06* 0.27 ± 0.04* 2.5 ± 0.54 2.7 ± 0.16 1.77 ± 0.4 0.93 ± 0.15

I_30/R_30 0.37 ± 0.02* 0.15 ± 0.04 4.7 ± 0.63* 2.6 ± 0.21 2.46 ± 0.35 1.81 ± 0.12*

I_30/R_4 0.28 ± 0.04 0.01 ± 0.01 3.0 ± 0.26 1.7 ± 0.19 2.82 ± 0.29* 1.76 ± 0.14

I_30/R_24 0.68 ± 0.04* 0.15 ± 0.01 2.6 ± 0.20 1.5 ± 0.02 4.53 ± 0.35* 1.73 ± 0.15

GSH (mg/mg protein)

Sham 0.027 ± 0.006 0.031 ± 0.004 0.020 ± 0.003 0.027 ± 0.003 0.87 ± 0.15 0.74 ± 0.29

I_15 0.033 ± 0.002 0.037 ± 0.004 0.016 ± 0.001 0.005 ± 0.002* 0.89 ± 0.14 3.40 ± 0.30*

I_30 0.034 ± 0.003 0.054 ± 0.006* 0.016 ± 0.004 0.014 ± 0.002* 0.63 ± 0.13 1.14 ± 0.26

I_30/R_15 0.037 ± 0.002 0.043 ± 0.005 0.016 ± 0.002 0.018 ± 0.001 0.86 ± 0.11 0.89 ± 0.22

I_30/R_30 0.048 ± 0.002* 0.040 ± 0.003 0.019 ± 0.001 0.013 ± 0.002* 1.20 ± 0.13 1.46 ± 0.27*

I_30/R_4 0.036 ± 0.001 0.020 ± 0.002 0.016 ± 0.003 0.034 ± 0.001 1.80 ± 0.11* 0.47 ± 0.30

I_30/R_24 0.031 ± 0.001 0.019 ± 0.002* 0.018 ± 0.001 0.035 ± 0.002 1.63 ± 0.15* 0.51 ± 0.27

The oxidative stress generated by brain IRI was measured in the cytosol and mitochondria from the amount of malondialdehyde formed using the
TBARS assay and the levels of endogenous antioxidant reduced glutathione (GSH), from the two brain regions cortex and striatum. The data are
presented as mean ± SEM of 6 independent observations per group. *P < 0.05 vs sham, mt mitochondria

Table 2 Antioxidant enzyme activities across brain regions

Groups Cortex Striatum Ratio Cortex Striatum Ratio

SOD (U/mg protein) Catalase (U/mg protein)

Sham 0.35 ± 0.02 0.56 ± 0.01 0.63 ± 0.10 0.51 ± 0.01 0.50 ± 0.05 1.02 ± 0.15

I_15 0.29 ± 0.03 0.53 ± 0.02 0.55 ± 0.05 0.55 ± 0.07 0.84 ± 0.01 0.65 ± 0.11

I_30 0.27 ± 0.01* 0.50 ± 0.04 0.54 ± 0.04 0.76 ± 0.06 0.86 ± 0.06* 0.88 ± 0.09

I_30/R_15 0.28 ± 0.01* 0.48 ± 0.01 0.58 ± 0.08 1.00 ± 0.10* 0.86 ± 0.09* 1.16 ± 0.13

I_30/R_30 0.38 ± 0.01 0.45 ± 0.02* 0.84 ± 0.09 1.00 ± 0.10* 0.62 ± 0.05 1.61 ± 0.11

I_30/R_4 0.37 ± 0.01 0.31 ± 0.01* 1.19 ± 0.10* 0.27 ± 0.05 0.63 ± 0.07 0.43 ± 0.09*

I_30/R_24 0.24 ± 0.06* 0.68 ± 0.01* 0.35 ± 0.10* 0.41 ± 0.07 0.35 ± 0.02 1.17 ± 0.08

GPx (mg GSH/mg protein) GR (μM NADPH oxidized/min/mg protein)

Sham 1.022 ± 0.05 1.256 ± 0.01 0.81 ± 0.02 8925 ± 923 6270 ± 614 1.42 ± 0.19

I_15 1.111 ± 0.08 1.216 ± 0.02 0.91 ± 0.05 7670 ± 334 8511 ± 868 0.90 ± 0.11

I_30 1.093 ± 0.08 1.191 ± 0.01* 0.92 ± 0.03 9062 ± 249 12,031 ± 134* 0.75 ± 0.15

I_30/R_15 0.987 ± 0.04 1.158 ± 0.01* 0.85 ± 0.02 9143 ± 439 10,750 ± 125 0.85 ± 0.09

I_30/R_30 1.145 ± 0.07 1.161 ± 0.02* 0.99 ± 0.02 1331 ± 714* 8959 ± 109 0.15 ± 0.12*

I_30/R_4 1.142 ± 0.01 1.228 ± 0.01 0.93 ± 0.03 9486 ± 342 5419 ± 101 1.75 ± 0.16

I_30/R_24 1.135 ± 0.02 1.246 ± 0.02 0.91 ± 0.02 5972 ± 331 5371 ± 401* 1.11 ± 0.15

The oxidative stress generated by brain IRI was measured from the activities of antioxidant enzymes from two brain regions cortex and striatum for
superoxide dismutase-SOD, catalase, glutathione peroxidase (GPx), and glutathione reductase (GR). The data are presented as mean ± SEM of 6
independent observations per group. *P < 0.05 vs sham
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even at 24 h of reperfusion, which is often overlooked in most
reported investigations. Upon examining this stress, we found
it to be varying even among the two brain regions, i.e., cortex
and striatum. These stress differences extended even to the
mitochondria and contributed to an overall decline in the cog-
nitive performance of rat. The difference in antioxidant sys-
tems within the cytosol and organelle is thought to be the
major reason behind the cellular stress despite normalization
of overall injury.

An acute occlusion of cerebral arteries that leads to cell
death in the territory of ischemic tissue is associated with
stroke episodes, traumatic head injury, carotid endarterec-
tomy, aneurysm repair, or deep hypothermic circulatory
arrest. Animal studies in the past could not provide a
holistic view on cerebral IRI compiling all the aspects of
injury histology, blood-brain barrier damage, molecular
mechanisms, and regional variations in a single model
(Candelario-Jalil et al. 2001; Ordy et al. 1993; Selakovic
et al. 2011). Similar preceding studies used gerbil as a
model, whose cerebral vascular anatomy varies from that
of the rat. As most of the present preclinical trial data on
therapeutics are generated from rat as a preferred model
for IRI (PubMed: 5120 in rat against 401 in gerbils), it is
necessary to map the changes in rat brain within the 24 h
of reperfusion following cerebral ischemia. In addition, as
oxidative stress is well-characterized phenomenon con-
tributing to apoptosis during cerebral IRI, significant in-
formation on this stress experienced during ischemia and
reperfusion with respect to the brain regions is obscure.
The clamping of right and left carotid arteries for a stip-
ulated time was done to establish ischemia, which was
confirmed by isoelectric EEG and zero real-time flow
rate, followed by removal of the clamp to establish the
perfusion (Fig. 1). In the present model, although the ca-
rotid arteries are occluded, limited amount of blood sup-
ply to the brain is maintained via the vertebral arteries
connected to the circle of Willis. Even though this model
may not produce extensive area of infarct within 30 min
of ischemia (Raval et al. 2009), it is sufficient to induce
various pathological reactions associated with reperfusion
injury that may lead to the BBB disruption (Chen et al.
2009). Yen and colleagues demonstrated that the entry
and distribution of low (< 300 Da) and high molecular
weight proteins (> 400 Da) through the BBB varies across
the regions and can be detected using tracer dyes NaF and
EB. Using this approach, in the present study, we ob-
served the entry of low molecular weight proteins during
ischemia and high molecular weight ones during reperfu-
sion (Yen et al. 2013). Interestingly, in the present study,
by the end of 24 h, the high molecular weight protein
entry declined and was limited to lower ones only (Fig.
4). This observation of ours was in agreement with a
previous study wherein stroke induced a biphasic change

in BBB disruption that is partially reversible over time
(Chen et al. 2014). In the present study, these observa-
tions were in accordance with the CK-BB levels in plasma
that increased steadily over a time course of 30 min of
reperfusion and partially reduced by 24-h reperfusion
(Fig. 2). In addition, neutrophil infiltration, a characteris-
tic feature of IRI, was measured from the MPO activity
and followed a similar pattern of reversal to near normal
levels by the end of 24-h reperfusion in the brain paren-
chyma (Fig. 4). This acute phase inflammatory responses
(TNF-α, IL-6, and IL-8) during IRI are well documented
to trigger apoptosis via FHL2 protein (Anselmi et al.
2004). In the present study, we observed caspase-3 activ-
ity to be significantly elevated in the brain by 24 h despite
a reversal of BBB leakage, inflammation, and reduction of
area at risk. Apoptosis, being an active ATP-dependent
process (Anselmi et al. 2004), we observed a reduced
ATP level in the brain at the 24 h of reperfusion which
was in support of our current findings (Fig. 5).

The fact that permeability of BBB varies with respect
to regions of the brain (Yen et al. 2013), especially hip-
pocampal CA1 and DG being highly vulnerable to ische-
mic insults prompted us to probe the biochemical changes
regionally. Prominently, we noted these changes in two
regions of brain, i.e., cortex and striatum (comprising of
the hippocampus). It was observed clearly that inflamma-
tory activity raised significantly with 15 min of ischemia
alone in the striatum and also had an elevated LDH activ-
ity in this region (Fig. 2). The corresponding caspase-3
activity showed significant elevation (P < 0.05) from
15 min of reperfusion and remained higher even at 24 h
(Fig. 3). However, unlike the cortex, the higher apoptotic
activity did not coincide with the ATP level in the stria-
tum that remained at normal levels after 24-h reperfusion.
This may be due to differences in activation of caspase-3
by either intrinsic or extrinsic pathway (Mak and Yeh
2002). Hence, we assessed the oxidative stress experi-
enced by the two regions at the cellular level. Similar
studies in the past have shown that maximum oxidative
damage was produced in gerbil brain that has a highly
variable circle of Willis that is often incomplete. The
damage persisted even after 28 days after reperfusion
(Candelario-Jalil et al. 2001; Selakovic et al. 2011). This
emphasizes the need to probe the oxidative stress at the
cellular and regional levels that may cause adversities at
later stages.

Oxidative stress experienced by the brain tissue decides
whether the ischemic region could be salvaged by reper-
fusion procedures or pharmacological interventions.
Studies have indicated that functional restoration of cells
in ischemic core and peri-infarct regions were observed
when oxidative stress is reversed (Bulteau et al. 2004). In
the present study, we noted that the lipid peroxidation
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ratio (cortex/striatum) increased in a time-dependent man-
ner from 30 min of reperfusion, with 24 h showing a
significantly (P < 0.05) higher ratio in the cytosolic frac-
tion (Table 1). To assess if the subcellular component, i.e.,
mitochondria, also had a similar trend, we assessed the
mitochondrial fractions from the two regions and found
the lipid peroxidation ratio was higher at 24 h. On the
contrary, the cellular non-enzymatic antioxidant GSH ra-
tio (cortex/striatum) declined in mitochondria alone but
not in the cytosol. As glutathione production is tightly
regulated by the activities of enzymatic antioxidant sys-
tem (SOD, Catalase, GPx, and GR), we assessed their
ratio (cortex/striatum) and found that a balance between
GPx and GR was established (ratio close to 1- GR > GPx)
by the end of 24 h of reperfusion and hence the ratio of
GSH in cytosol across the brain regions remained higher
despite higher lipid peroxidation stress (Table 2). On the
other hand, as oxidative stress is known to deplete anti-
oxidant enzyme activities in the current model (Homi
et al. 2002), we observed reduced catalase activity ratio

in the initial times of ischemia and reperfusion owing to
reduced cortical activity but returned close to normal by
the end of 24 h. However, the SOD activity in cytosol was
significantly elevated at 24 h in striatum despite having
lower lipid peroxidation and therefore, a decline in the
ratio was noted at this time point (Fig. 5). A similar study
done on gerbils using a 5-min occlusion model demon-
strated that the oxidative damage was higher in the hip-
pocampus until 96 h of reperfusion (Candelario-Jalil et al.
2001). As Gerbils have an anatomical variation in the
circle of Willis supplying the brain regions compared to
a rat, it is interesting to observe that striatum recovered
from oxidative damage in the rat, which was not the case
in gerbils. However, the same study reported Mn-SOD to
be higher in the hippocampus at 72 h of reperfusion after
5 min of ischemia. To probe the unusual rise in SOD
activity in this region, we assessed the expression of
SOD mRNA for two of its isozymes Mn-SOD and Cu/
Zn-SOD across the cortex and striatum. We found Mn-
SOD to be significantly overexpressed with time (> 9

Fig. 5 Gene expression analysis. The gene expressions of a Cu–Zn SOD
and b Mn-SOD were analyzed at various time points of ischemia and
reperfusion along with the extent of ATP generated in c cortex and d

striatum. The data are presented as mean ± SEM of 6 independent
observations per group. *P < 0.05 vs sham
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fold) in the striatum by 24 h of reperfusion (Fig. 5b). This
answers why the oxidative stress linked ATP decline was
not observed in the striatum at 24 h of reperfusion, despite
its reduction in the cortex. This also explains the impor-
tance of regional oxidative stress that declined in the stri-
atum by 24 h of reperfusion while not in the cortex.

Conclusion

Overall, this study followed the events of ischemia-
reperfusion on injury, apoptosis, and oxidative stress in rat
brain regions and found that despite alleviation of the former,
oxidative damage persisted at the cellular level. However, its

Fig. 7 The pathological and biochemical changes occurring in the rat
brain subjected to ischemia-reperfusion injury is presented on a timeline
of events occurring during ischemia (15 and 30 min) and reperfusion
(15 min, 30 min, 4 h, and 24 h). The regional variations in biochemical

alterations are presented for cortex and striatum in terms of inflammation,
apoptosis, and ATP level. The changes in BBB dysfunction and area at
risk are presented at all time points to clearly understand the pathology

Fig. 6 Cognitive assessment in rat subjected to IRI. The cognitive
assessment of rat on radial arm maze and Morris water maze was
performed and reported before ischemia and 24, 48, and 120 h after
reperfusion following 30-min ischemia, as a working memory index

(WMI), b correct choices made, c latency to reach the platform, and d
distance traveled to reach the platform. The data are presented as mean ±
SEM of 6 independent observations per group. *P < 0.05 vs sham,
$P < 0.5 I15 vs I30
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impact, in the long run, can be judged conspicuously from the
functional outcome in these models by assessing the memory
disturbances and cognitive deficits. A similar study has dem-
onstrated that cerebral ischemia-associated oxidative stress
affects the prefrontal cortex and hippocampus that results in
cognitive defects without loss in locomotor or exploratory
activity (Schaar et al. 2010; Schimidt et al. 2014). Hence, in
the present study, the radial arm maze and water maze perfor-
mance in the rats were assessed after 15 min and 30 min of
ischemia followed by reperfusion and found that cognitive
ability declined in both cases and could not recover even after
5 days of testing. The observations of the present study are
represented in the graphical abstract (Fig. 7) for a holistic
view. Further studies may be required to evaluate the selective
subcellular stress in these regions as our previous studies sug-
gest distinct sensitivity of mitochondria (interfibrillar and
subsarcolemmal mitochondria) to ischemia-reperfusion asso-
ciated stress in the heart (Banu et al. 2016).
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