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Objective: The present study explored whether levetiracetam (LEV) could protect against
experimental brain ischemia and enhance angiogenesis in rats, and investigated the
potential mechanisms in vivo and in vitro.

Methods: The middle cerebral artery was occluded for 60 min to induce middle cerebral
artery occlusion (MCAQ). The Morris water maze was used to measure cognitive ability. The
rotation test was used to assess locomotor function. T2-weighted MRI was used to assess
infarct volume. The neuronal cells in the cortex area were stained with cresyl purple. The
anti-inflammatory effects of LEV on microglia were observed by immunohistochemistry.
Enzyme-linked immunosorbent assays (ELISA) were used to measure the production of
pro-inflammatory cytokines. Western blotting was used to detect the levels of heat shock
protein 70 (HSP70), vascular endothelial growth factor (VEGF), and hypoxia-inducible
factor-1a (HIF-1a) in extracts from the ischemic cortex. Flow cytometry was used to
observe the effect of LEV on neuronal cell apoptosis.

Results: LEV treatment significantly increased the density of the surviving neurons in the
cerebral cortex and reduced the infarct size (17.8 + 3.3% vs. 12.9 + 1.4%, p < 0.01) after
MCAQ. Concurrently, the time required to reach the platform for LEV-treated rats was shorter
than that in the saline group on day 11 after MCAO (p < 0.01). LEV treatment prolonged the
rotarod retention time on day 14 after MCAO (84.5 + 6.7s vs. 59.1 + 6.2s on day 14
compared with the saline-treated groups, p < 0.01). It also suppressed the activation of
microglia and inhibited TNF-a and 1I-1 in the ischemic brain (135.6 + 5.2 pg/ml vs. 255.3 +
12.5pg/ml, 18.5 + 1.3 pg/mlvs. 38.9 + 2.3 pg/ml on day 14 compared with the saline-treated
groups, p < 0.01). LEV treatment resulted in a significant increase in HIF-1a, VEGF, and HSP70
levels in extracts from the ischemic cerebral cortex. At the same time, LEV reduced neuronal
cell cytotoxicity and apoptosis induced by an ischemic stroke (p < 0.01).

Conclusion: LEV treatment promoted angiogenesis and functional recovery after cerebral
ischemia in rats. These effects seem to be mediated through anti-inflammatory and
antiapoptotic activities, as well as inducing the expression of HSP70, VEGF, and HIF-1a.

Keywords: ischemic stroke, levetiracetam, neuroprotection, hypoxia-inducible factor, heat shock protein 70,
vascular endothelial growth factor
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INTRODUCTION

Ischemic stroke is the second most common cause of death
worldwide and the main cause of disability (Grysiewicz et al.,
2008; Warner et al., 2019). Although there has been great progress
in understanding the mechanism of brain injury after ischemia,
the development of new drugs for the treatment of ischemic
stroke has not progressed as rapidly. The mechanisms of cell
death caused by cerebral ischemic injury are complicated and
include excitotoxicity, ion imbalance, oxidative stress, and
inflammation (Anrather and Iadecola, 2016; Jayaraj et al,
2019; Yang et al, 2019). Due to the increasing prevalence of
ischemic stroke in the general population and the lack of adequate
treatment methods, it is imperative to research and develop more
effective drugs for this neurodegenerative disease.

Angiogenesis is a key component of poststroke neurovascular
remodeling processes in which new capillaries are formed
through directed proliferation and migration of endothelial
progenitor cells from preexisting blood vessels (Ruan et al,
2015; Dabrowski et al, 2019). Vascular endothelial growth
factor (VEGF) is one of the key pro-angiogenic factors that
increase after ischemia in both rodent and human brains.
VEGF is regulated by the transcriptional hypoxia-inducible
factor-1 (HIF-1), which regulates gene transcription to
facilitate adaptation and survival after hypoxia-ischemia
(Hong et al., 2019). Heat shock protein 70 (HSP70) in mice
has been shown to provide protection from cerebral ischemia in
an animal model of stroke, suggesting that there is a correlation
between induction of HSP and resistance to damage (Doeppner
et al., 2017; Shao et al.,, 2019).

Levetiracetam (LEV) is often used to treat epilepsy. In cell and
animal models of neurodegenerative diseases, LEV has been
proven to have neuroprotective properties at the therapeutic
level (Stollberger and Finsterer, 2016; Kapur et al., 2019). LEV
also has therapeutic and protective effects on cerebral
hemorrhage (Shetty, 2013).

In this study, we investigated whether LEV had a
neuroprotective effect on rats with ischemic stroke. In
addition, we correlated the possible neuroprotective effects of
LEV with the induction of HSP70, VEGF, and HIF-1a expression,
and the inhibition of microglia activation.

METHODS

Animal Model Preparation and LEV

Treatment

All studies were approved by the Animal Ethics Committee. Male
Sprague-Dawley (SD) rats (200-220g, Xiamen University
Laboratory Animal Center, Xiamen, China) were used and
divided randomly into three groups: 1) control group
(n = 12), 2) saline-treated group (n = 12), and 3) LEV-treated
group (n = 12). A schematic of the study groups including all
regimens is presented in Figure 1. The acclimatization time for
rats in the study was 2 weeks. SD rats underwent middle cerebral
artery occlusion (MCAO) surgery on the right neck under
inhalation anesthesia (70% N,O and 30% O, containing 1.5%
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FIGURE 1 | Schematic of the study design, including all regimens.

isoflurane) (Tsai et al, 2011; Wang et al, 2011). The right
common carotid artery, external carotid artery, and internal
carotid artery were exposed through a midline incision. A 4-0
nylon suture with a flame-rounded tip was inserted into the right
internal carotid artery through the right common carotid artery,
and then into the Willis Circle to block the origin of the right
middle cerebral artery. Ischemia was ensured by monitoring the
loss of the righting reflex and bilateral pupil dilation during
carotid artery occlusion. After 60 min, the suture was removed.
During the operation, the temperature of the rats was maintained
at 37.0 + 0.5°C by a heating blanket. The duration of reperfusion
was 24 h. In the control group, there was no arterial occlusion,
and other operations were the same. After the rats were
completely recovered from anesthesia, neurological severity
was evaluated immediately. There was no significant difference
in the recovery time from anesthesia based on the observations
among the groups. Rats without neurological deficits were
excluded from the study. LEV (150 mg/kg; A606205; Sangon
Biotech, Shanghai, China) was injected immediately at the
beginning of the reperfusion phase, 12h later, and then once
daily for up to 14 days (Inaba et al., 2019). The saline group was
given an intraperitoneal injection of the same amount of saline.

MRI and Data Analysis

On the 14th day after MCAO, the rats were anesthetized (1.5%
isoflurane) and stationed on a mechanical ventilator. The body
core temperature was maintained at 37.0 + 0.5°C using a heated
circulating water pad. The rats were placed in a whole process for
MR scanning, and the entire process was monitored. The rats
were placed in a stereotactic stent for magnetic resonance
imaging (MRI) scanning, and the entire MRI process was
monitored. The MRI experiments were performed on a
horizontal bore 9.4 T scanner operating on a Bruker Avance
platform (Bruker 9.4 T Biospec). T2-weighted imaging was used
to evaluate the infarct volume. Three mutually perpendicular
images were obtained to localize the infarction site. Then,
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13-15 T2-weighted axial slices (1 mm thick) covering the entire
damage area (field of view [FOV] = 30 x 30 mm, matrix size
= 256 x 256, echo time [TE] = 33 ms, and repetition time [TR]
= 3,500 ms) were acquired by a spin-echo pulse sequence to
delineate anatomical details and calculate qualitative T2 maps.

Morris Water Maze and Accelerating
Rotarod Test

The Morris water maze task was evaluated as previously described
with slight modification (Morris, 1984). The rats were screened
before surgery to identify those that could not swim. The trials
were conducted during days 8-11 after ischemia. In each trial, the
task of all animals was to find a hidden, transparent plastic
platform (10 cm diameter) placed 50 cm (150 cm in diameter
and 60 cm in depth) from the water maze wall and 1 cm below the
water. All animals were randomized every day in the same order.
These animals faced the pool wall before being released, and the
time required to reach the hidden platform was recorded. During
the experiment, the animals were allowed to rest on the platform
for 30s. If the rat failed to reach the platform within 120, it
would be guided to the platform manually. Each rat received two
sessions of treatment every day for four consecutive days.

The motor skills and coordination ability in the MCAO rats
were measured with an accelerating rotarod apparatus (Ugo
Basile, Italy); the speed was accelerated from 0 to 40 rpm for
more than 4 min (Puig et al., 2018). The rats received once-daily
training sessions of 3 trials separated by 30-min intervals for 3
consecutive days before MCAO. The longest time each rat stayed
on the rod was recorded as the baseline. One, 7, and 14 days after
MCAQO, rats were tested on the rotarod three times, and the best
performance of each rat on that day was recorded.

Immunohistochemistry and Histological

Assessment
On the 14th day after ischemia, the rats were euthanized, and the
brains were removed and fixed in 4% buffered paraformaldehyde
for 72 h. Samples were then dehydrated, embedded in paraffin,
cut into 5 um sections, and finally stained with cresyl violet. The
number of normal neuronal cells in the penumbra cortex was
counted under a microscope (Leica, Leica DM2700 P, Germany).
Immunohistochemical staining was performed on the 14th
day after ischemia. The sections were microwave-washed for
5min, washed three times in PBS (pH 7.4), and then
incubated with 0.3% hydrogen peroxide in methanol for
10 min and 10% normal goat serum in PBS for 20 min. Then,
the sections were incubated with primary antibody (OX-42, I:
1,000, ab1211; Abcam, United Kingdom) dissolved in 2% normal
goat serum, 0.3% Triton X-100, and 0.05% NaN3 in PBS at 4°C
overnight, and incubated at 37°C for 30 min (Xuan et al., 2012).
When the microglial cells were in a resting state, the specific
marker OX-42 positive cells were stained very lightly, with small
cell bodies, small protrusions, and unclear cell morphology and
contours, making it difficult to identify. While the nerve is
noxiously stimulated, the microglial cells will undergo changes
in morphology and function, which can cause a significant

Effects of Levetiracetam on Stroke

upregulation of the OX-42 on the surface of microglial cells.
After washing three times in PBS, the sections were incubated
with secondary antibody at 37°C for 30 min in PBS, and then with
avidin-biotin-peroxidase solution, and stained with the 3,3'-
diaminobenzidine (DAB) Kkit.

Western Blots

The cerebral cortex tissue was dissected and sonicated in tissue
protein extraction reagent. The lysates were centrifuged at
12,000 rpm for 10min at 4°C, and the supernatants were
extracted for immunoblotting. The protein concentration was
determined by the bicinchoninic acid (BCA) method, and the
samples were boiled at 95°C for 5 min. Equal amounts of protein
were separated by gel electrophoresis on 8-12% sodium dodecyl
sulfate-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes by wet transfer for 60 min. The
nonspecific binding sites were blocked with 5% skimmed milk
at room temperature for 1 h. Then the membrane was incubated
with the following primary antibodies overnight: VEGF (1:1,000,
ab32152; Abcam, United Kingdom), HIF-1a (1:500, NB100-105;
Novus Biologicals, Centennial, United States), and HSP70 (1:
1,000, ab2787; Abcam, United Kingdom) at 4°C overnight. After
washing with PBS, the membranes were incubated with
secondary antibody for 1h at room temperature. An enhanced
chemiluminescence system was used to visualize the
immunostained protein bands, and the bands were analyzed
with Image] software. Beta-actin was used as an internal control.

Measurement of Pro-Inflammatory
Cytokines by ELISA

The cerebral cortex samples were sonicated (10w, 2 x 5s) in a
mixture containing protease inhibitors (20 mg/ml each of pepsin
A, aprotinin, phosphoramide, and leupeptide; 0.5 mm PMSF; and
1 mm EGTA) and then centrifuged at 100,000x g for 20 min at
4°C. Interleukin-1p (IL-1B) and tumor necrosis factor-a (TNF-a)
were measured in the supernatant by ELISA (R&D Systems,
United States) on the 14th day after ischemia (Wang et al., 2012).

Flow Cytometry Analysis of Cell Apoptosis
To induce oxygen-glucose deprivation (OGD), PBS was used to
wash the culture medium, and deoxygenated glucose-free DMEM
medium was used instead. The cultures were then placed in an
incubator chamber containing a mixed gas of 5% CO, and 95%
N, at 37°C for 3 h. The neuronal cells in the control group were
placed in glucose-containing DMEM medium for the same
period of time. After 3 h, the neuronal cells were returned to
normal oxygen conditions and reperfused for 24 h. For the LEV-
treated neuronal cells, the drug was added to the cells at a final
concentration of 1mmol/L at the beginning of OGD and
replenished immediately after reperfusion (Wang et al., 2019).
Neuronal cells were seeded in 6-well plates at a density of 1 x 10°
cells/well. The treated neuronal cells were stained with the
Annexin V-Light 650 Cell Apoptosis Detection Kit
(Wanleibio; WLA002b, Shenyang, China). After incubating for
15min in the dark, the apoptosis rate was measured by flow
cytometry (Bechman, MoFlo Astrios EQS, United States).
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14th day. N = 12 per group. *o < 0.01 compared to the saline group.

FIGURE 2 | Cerebral infarction with levetiracetam (LEV) treatment reduced cerebral infarct volume in middle cerebral artery occlusion (MCAO) rats. (A,B). Brain
infarct volume was detected by T2-weighted magnetic resonance imaging (MRI). LEV treatment significantly reduced the cerebral infarct volume of MCAO rats on the
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Statistical Analysis
All data were analyzed with SPSS17.0 or GraphPad Prism 8 and

expressed as the mean + standard deviation. Statistical analysis of
the data was performed using one-way analysis of variance
(ANOVA) followed by the least significant or the
Student-Newman-Keuls test. p < 0.05 was statistically significant.

RESULTS

LEV Treatment Reduces Cerebral Infarct
Volume and Neuronal Death Induced by

Ischemic Stroke in Rats

Fourteen days after ischemic stroke, the T2 images showed that
cerebral infarction in the saline group accounted for 18% of the
whole brain. After LEV treatment, the cerebral infarction size
significantly reduced to 13% (Figures 2A,B). Histological analysis
showed that the neuronal density in the ipsilateral cortex area of
the saline group was significantly lower than that in the control
group (Figure 3B). Cresyl violet staining showed unequivocal
signs of neuronal death with pyknotic and shrunken nuclei.
Compared to the saline group, the density of the neurons in
the cerebral cortex in the LEV group was significantly increased,
and the signs of neurons with shrunken nuclei were also
improved (Figure 3A).

LEV Treatment Alleviates Deficits in Spatial
Cognitive Function Induced by Ischemic

Stroke and Promotes Functional Recovery
To evaluate the effect of LEV on the surviving neurons and the
functional state of the brain, the Morris water maze was used to assess
learning and memory in the rats. The rats in the control group reached
the hidden platform in a short time during training. In contrast, rats in
the saline group showed obvious functional defects. The time required
to reach the platform for LEV-treated rats was shorter than that in the
saline group but not differ from that of the control group (Figure 4A).
On day 14 after MACO, the time the rats were able to stay on the
accelerating rotarod was significantly shortened (Figure 4B). LEV
treatment after ischemia effectively improved this motor function
defect by prolonging the rotarod retention time.

LEV Exhibits Anti-Inflammatory Effects in

the Treatment of Ischemic Brains

OX-42 immunostaining of microglia showed that activated
microglia appeared in the ipsilateral cortex after ischemia
stroke (Figure 5A). After LEV treatment, the number of
microglia with positive OX-42 expression was significantly
reduced compared to the saline group (Figure 5B). To
determine whether LEV suppressed the upregulation of pro-
inflammatory factors induced by microglia activation, the
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FIGURE 3| Levetiracetam (LEV) treatment after cerebral infarction reduced neuronal death. (A) Cresyl violet staining of the cerebral cortex in the control, saline, and
LEV groups (original magnification: x400). (B) Quantification of cresyl violet stained cells in the penumbra of the cerebral cortex 14 days after cerebral ischemia. N = 12
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FIGURE 4 | Levetiracetam (LEV) treatment improved neurological function recovery and attenuated behavioral defects after middle cerebral artery occlusion
(MCAO)-induced cerebral infarction. The water maze task and rotarod test were used for evaluation. (A) LEV significantly shortened the time required for rats to reach the
platform in the water maze task. (B) LEV markedly increased the retention time of MCAQ rats on an accelerating rotarod on days 7 and 14 after ischemia. N = 12 per
group. *p < 0.05; **p < 0.01 LEV group vs. saline group; **p < 0.01 compared to the control group.
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FIGURE 5 | Levetiracetam (LEV) exhibits anti-inflammatory properties in the cerebral cortex of the ischemic brain. (A) Photographs of OX-42-immunopositive cells
in the cortex after cerebral infarction (original magnification: x200). (B) The number of OX-42—immunopositive cells 14 days after ischemia in the cerebral cortex. N = 12

per group. #p < 0.01 compared to the saline and control groups.
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FIGURE 6 | Levetiracetam (LEV) suppresses the production of IL-1p and TNF-a in the cerebral cortex of rats 14 days after ischemic brain injury. (A,B) Interleukin-1p
(IL-1p) and tumor necrosis factor-a (TNF-a) concentrations in the cerebral cortex were measured by enzyme-linked immunosorbent assays (ELISA). N = 12 per group.
#p < 0.01 compared to the saline and control groups.

ischemia stroke. Compared to the control group, the HSP70 level in the
saline group increased, and this increase was enhanced after LEV
treatment (Figures 7A,D). As expected, the HIF-1a and VEGF protein
levels increased gradually in the MCAO-induced rats compared to the
control group (Figures 7A,B,C). LEV therapy further enhanced this

levels of pro-inflammatory cytokines including IL-13 and TNF-a
in the ipsilateral cortex were measured. Compared to the saline
group, the levels of IL-1 and TNF-a in the LEV group were
significantly reduced (Figures 6A,B).

LEV Treatment Upregulated Pro-Angiogenic "
Factors in the Ischemic Brain and Increased Effect of LEV on Cell Toxicity Induced
the Level of HSP70 by OGD

To evaluate the role of HSP70 in the neuroprotective effect of LEV, we
performed Western blotting of HSP70 in the ipsilateral cortex after

OGD caused a significant increase in neuronal cell apoptosis
when compared to the control group. In contrast, LEV
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(Figures 8A,B).
DISCUSSION

Accumulating evidence has established that ischemic stroke can
lead to a dramatic loss of neurons. Cerebral cortex damage is
accompanied by severe impairments in learning and memory
functions (Carmichael et al., 2017; Faggi et al., 2018; Wang et al.,
2018). Growing evidence has found that in animal models of
ischemic stroke, some anticonvulsants reduced brain damage and
improved functional outcomes (Bolland et al,, 2018; Brookes
et al,, 2018; Shamsi Meymandi et al., 2018; Chen et al.,, 2019;
Brigo et al., 2020). LEV may contribute to neuron protection after
cerebral ischemia reperfusion. The possible mechanism may be

related with perforin release (Zhang et al, 2016). LEV
administration just after hypoxia-ischemia might possess some
protective effects against myocardial damage and contractility
(Gurgul et al., 2018). LEV injection suppresses nonconvulsive
seizure occurrence for at least 24 h. This electrophysiological
effect could explain the long-lasting reduction of ischemic
brain damage caused by this drug (Cuomo et al., 2013). In
this study, LEV significantly reduced the infarct volume and
improved functional recovery in rats on the 14th day after
MCAO. Notably, existing studies also suggest these results
(Hanon and Klitgaard, 2001). At the same time, LEV also
upregulated the protein levels of VEGF, HIF-1a, and HSP70
in the cerebral cortex; suppressed inflammation related to brain
injury; and reduced neuronal apoptosis.

Studies have shown that angiogenesis after cerebral ischemia
in humans and animals could help improve microcirculation in

Control OGD
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o @ EL]
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FIGURE 8 | Quantitative analysis of neuronal cell apoptosis by flow cytometry. (A) The number of apoptotic cells in the oxygen-glucose deprivation (OGD) group
was increased significantly compared to the control group, but levetiracetam (LEV) reduced the apoptosis induced by OGD. (B) Quantification of cell apoptosis in the
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brain tissue (Hermann and Zechariah, 2009; Shimotake et al.,
2010). In the early phase after stroke, LEV mitigates pathological
endothelial cell function by increasing the permeability of the
blood-brain barrier and promoting neurovascular reconstruction
in the later recovery phase. Therefore, LEV has a dual role in
preserving postischemic endothelial cell function after ischemia
(Gurses et al., 2009; Itoh et al., 2016). In the current study, LEV
treatment can significantly enhance postischemic angiogenesis by
increasing microvessel density, suggesting that LEV could
promote the formation and perfusion of microvessels
(Lombardo et al, 2008). Our study showed that LEV
treatment during the ischemic recovery period significantly
enhanced the upregulation of VEGF, and the activity of VEGF
protein levels was significantly increased. The results suggest that
LEV enhanced the angiogenic ability after ischemia.

HIF-1a regulates pro-angiogenic genes after hypoxia-ischemia,
and its activation is predominantly controlled by subunit
stabilization (Ke and Costa, 2006). Our results showed that LEV
treatment significantly enhanced MCAO-induced HIF-1a protein
accumulation. These findings suggest that the angiogenic effect of
LEV involved the regulation of HIF-1a, which is essential for the
ability of LEV to improve functional recovery after ischemia.

It has become increasingly clear that the brain injury caused by
an ischemic stroke is closely related to inflammatory responses,
including the infiltration of mononuclear phagocytes (Kim et al.,
2014). A previous study has shown that 3-day treatment with
levetiracetam maintained SV2A protein expression via
interaction with astrocytes, which influenced the OPC lineage
through activation of CREB to protect white matter from
ischemia. Microglia-mediated neuroinflammation plays an
important role in ischemic brain injury (Mobarra et al., 2019).
The overexpression of inflammatory cytokines (IL-1p and TNEF-
a), iNOS, and COX-2 induces the inflammatory response
(Boehme et al., 2016; Couch et al., 2017; Piccardi et al., 2017).
After a stroke, many microglia accumulate in the infarct area,
leading to neuroinflammatory reactions (Xiong et al., 2016).
Some studies have suggested that LEV may suppress the
production of inflammatory cytokines by inhibiting NF-«xB
transcriptional activity (Mohammad et al., 2019).

Previous studies have shown that HSPs, including HSP70,
were upregulated soon after global cerebral ischemia and
persisted in the ischemic brain penumbra (Allende et al,
2016). In rat stroke animal models, the overexpression of
HSP70 promoted the recovery of nervous system function
after an ischemic stroke (Doeppner et al, 2017). Our results
showed that LEV treatment caused a further increase in HSP 70
compared to the saline group. This was similar to several studies
reporting that the level of HSP70 was significantly increased 1, 3,
24, and 72 h after ischemia (Wang et al., 2018). HSP70 may exert
its antiapoptotic effects through a variety of mechanisms. It
inhibits the activation of caspase-3 and its downstream factors,
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