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Amelioration of Cerebral Vasospasm and Secondary Injury by Vigabatrin After

Experimental Subarachnoid Hemorrhage in the Rabbit
Ramazan Fesli1, Pınar Kuru Bektaşo�glu2,3, Bora Gürer2, Ata Türker Arıkök4, Özden Ça�glar Öztürk2, Hüseyin Bozkurt5,

Hayri Kertmen1
-BACKGROUND: Vigabatrin, an antiepileptic drug, in-
creases the level of gamma aminobutyric acid in the brain
by inhibiting its catabolism. Because gamma aminobutyric
acid has been proved to have vasodilatory effects, in the
present study, we investigated the effect of vigabatrin to
treat experimental subarachnoid hemorrhage (SAH)-
induced vasospasm.

-METHODS: A total of 30 New Zealand white rabbits were
divided into 3 groups of 10 each: the control group, SAH group,
and vigabatrin group. Experimental SAH was established by
injection of autologous arterial blood into the cisternamagna.
In the vigabatrin group, the rabbits were administered vig-
abatrin for 3 days after induction of the SAH. The first dose of
vigabatrin was given 2 hours after SAH induction. A daily
dose of 500 mg/kg vigabatrin was administered intraperito-
neally. After 3 days, the rabbits were sacrificed, and the
brains were removed, together with the cerebellum and
brainstem. The basilar artery wall thickness and lumen areas
were measured. The neuronal degeneration in the hippo-
campus (CA1, CA3, and dentate gyrus) was also evaluated.

-RESULTS: The arterial wall thickness of the vigabatrin
group was less than that in the SAH group (P < 0.001), and
the mean luminal area of the vigabatrin group was greater
than that in the SAH group (P < 0.001). Additionally, the
hippocampal neuronal degeneration score of the vigabatrin
group was lower than that of the SAH group (P < 0.001).

-CONCLUSION: These findings have indicated that vig-
abatrin has a vasodilatory effect in an experimental SAH
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SAH: Subarachnoid hemorrhage

From the 1Department of Neurosurgery, University of Health Sciences, Dısxkapı Education and
Research Hospital, Ankara; 2Department of Neurosurgery, University of Health Sciences,

WORLD NEUROSURGERY 141: e559-e565, SEPTEMBER 2020
model in the rabbit. Moreover, it showed a neuroprotective
effect in the hippocampal neurons against secondary injury
induced by SAH.
INTRODUCTION
erebral vasospasm is a delayed, but reversible, contraction
of the cerebral arteries after subarachnoid hemorrhage
C(SAH).1,2 The occurrence of cerebral vasospasm and

accompanying ischemia are the most important causes of
mortality and morbidity after SAH.1,3,4 Generally, a decrease
occurs in the perfusion of the distal affected artery and,
radiologically, intracranial arteries will show a narrowing of the
lumen.5 Cerebral vasospasm should be examined using 2
methods: clinically for symptomatic vasospasm and
radiologically for angiographic vasospasm.5 Radiological
vasospasm will occur several days after SAH and will peak in
severity w1 week later.5 Form contraction and contrast filling
can be present on digital subtraction angiography, occurring in
50%e90% of cases.5 Clinical vasospasm will develop in only
30%e40%, occurring 3e12 days after SAH with a late focal or
diffuse ischemic neurological disorder and decreasing in severity
within 2e4 weeks.6

One of the main factors involved in cerebral vasospasm is the
numerous spasmogens that occur as a result of the destruction of
erythrocytes and platelets in the blood.6 Histamine, serotonin,
catecholamines, prostaglandins, angiotensin, and oxyhemoglobin
are some of these spasmogens.7 Neuroinflammation, oxidative
stress, and related apoptosis are the main pathophysiological
Fatih Sultan Mehmet Education and Research Hospital, Istanbul; 3Department of Physiology,
Marmara University School of Medicine, Istanbul; 4Department of Pathology, University of
Health Sciences, Dısxkapı Education and Research Hospital, Ankara; and 5Department of
Neurosurgery, Cumhuriyet University School of Medicine, Sivas, Turkey

To whom correspondence should be addressed: Bora Gürer, M.D.
[E-mail: boragurer@gmail.com]

Citation: World Neurosurg. (2020) 141:e559-e565.
https://doi.org/10.1016/j.wneu.2020.05.230

Journal homepage: www.journals.elsevier.com/world-neurosurgery

Available online: www.sciencedirect.com

1878-8750/$ - see front matter ª 2020 Elsevier Inc. All rights reserved.

www.journals.elsevier.com/world-neurosurgery e559

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wneu.2020.05.230&domain=pdf
mailto:boragurer@gmail.com
https://doi.org/10.1016/j.wneu.2020.05.230
www.journals.elsevier.com/world-neurosurgery
www.sciencedirect.com/science/journal/18788750
www.journals.elsevier.com/world-neurosurgery


ORIGINAL ARTICLE

RAMAZAN FESLI ET AL. VIGABATRIN TREATMENT AFTER SAH
mechanisms responsible for the development of the early brain injury
occurring with SAH-induced vasospasm and can cause cerebral
edema and cell death.8-10 The exact underlying mechanisms of ce-
rebral vasospasm have remained unclear. An imbalance between
vasoconstrictors and vasodilators, neuronal mechanisms that regu-
late vascular tone, and endothelial proliferation are some of the other
factors contributing to the pathology.11

Drugs such as thiocolchicoside, which act on the gamma
aminobutyric acid (GABA) system, have also been used experi-
mentally in the treatment of cerebral vasospasm.7 Vigabatrin (g-
vinyl GABA) is a new-generation antiepileptic drug that is a
structural analogue of GABA.12 It is an antiepileptic drug that acts
by blocking the GABA transaminase (GABA-T) enzyme and
activates the GABA system, resulting in a GABAergic effect.13,14

Vigabatrin has been used in particular for patients with infantile
spasm associated with tuberous sclerosis and for patients with
refractory partial epilepsy.15 The GABAergic system has been
found to induce vasodilation of cerebral arteries.16-18 It has also
been reported that GABA has a dose-dependent cerebral vaso-
dilatory effect.16,17,19 However, to the best of our knowledge, the
effects of vigabatrin on SAH-induced vasospasm have not been
investigated.
In the present study, the effects of vigabatrin, an antiepileptic

drug, on vasospasm in the rabbit basilar artery was investigated in
an experimental SAH model. In addition, the neuroprotective ef-
fect of hippocampal CA1, CA3, and dentate gyrus on the neuronal
damage caused by the vasospasm was evaluated.

METHODS

The local ethics committee of the Ankara Training and Research
Hospital, Ministry of Health, Republic of Turkey, approved the
present study (approval date August 10, 2013; approval no. 2013-
0015-231). In our study, 30 New Zealand white rabbits weighing
2500e3850 g were used. During the experiment, all the rabbits
were kept under constant and standard environmental conditions,
fed with standard animal feed, and provided free access to water.
For the experiment, the rabbits were divided into 3 groups of 10
each:

1. Control group: only sham surgery was performed, with SAH
not induced and no medication given

2. SAH group: SAH was induced as described but no medication
was given

3. Vigabatrin group: SAH was induced as described and intra-
peritoneal vigabatrin was administered at a dose of 500 mg/kg
for 3 days

Vigabatrin was administered at a dose of 250, 500, and 1000 mg/
kg intraperitoneally as previously reported in experimental animal
studies in which vigabatrin was found in the brain parenchyma via
microdialysis methods.20

Surgical Treatment
Anesthesia. Preoperatively, the rabbits were given an intramuscular
injection of 70 mg/kg of ketamine hydrochloride (Ketalar [Parke
Davis, Eczacıbaşı, Turkey]) and 5 mg/kg of xylazine (Rompun
e560 www.SCIENCEDIRECT.com WORLD NE
[Bayer, Leverkusen, Germany]) for general anesthesia, and spon-
taneous breathing was protected.

Cisterna Magna Puncture and SAH. The SAH and the vigabatrin
groups were shaved from the inion to the lower cervical area after
the induction of general anesthesia. After the necessary cleaning
with polyvinylpyrrolidone iodine, the head was flexed, and a 25-
guage cannula was entered into the cisterna of the atlanto-
occipital region, and puncture was performed. After 1 mL/kg of
cerebrospinal fluid discharge, an equal amount of blood was taken
from the ear artery and injected into the cisterna magna for 2
minutes without heparinization. After the injection, the rabbits
were kept in a 45� Trendelenburg position for 15 minutes to
distribute the blood to the basal cisterns.21-23

Drug Application to the Treatment Group. In our study, we me-
chanically homogenized vigabatrin at a dose of 500 mg/kg with
0.9% physiological saline solution. The rabbits in group 3 (vig-
abatrin group) were administered vigabatrin intraperitoneally for 3
days, with the first dose given 2 hours after SAH induction.

Perfusion, Fixation, and Tissue Sampling. All the rabbits were
sacrificed by perfusion and fixation after 72 hours. Thoracotomy
was performed after the induction of general anesthesia. A can-
nula was placed in the left ventricle. The right atrium was opened
wide, and the thoracic aorta was clamped. After perfusion with
300 mL of physiological saline solution, fixation with 200 mL of
10% formaldehyde was achieved.
During the fixation procedure, formaldehyde was administered

100 cm above the rabbit’s chest. Next, the scalp was opened, and
the calvarium was exposed with a large craniectomy to remove the
brain and brain stem as a whole. The removed brain tissues were
fixed in 10% formaldehyde solution at 4�C for 24 hours.

Histopathological Evaluation and Morphometric Measurements of
Basilar Artery
A total of 3 sections of tissue were taken from the brainstem and
basilar artery tissues and sectioned at 2-mm intervals. The tissue
sections were taken from each block and embedded in 5-mm-thick
paraffin blocks. These sections were stained with hematoxylin and
eosin and prepared for examination. The morphometric mea-
surements of all 3 segments of the basilar artery were performed
using the imaging and analysis system BS 200 ProP (BAB Imaging
System, Ankara, Turkey). The limits of the internal elastic lamina
were measured in the luminal space. The wall thickness of each
basilar artery was measured from 4 quadrants to the external
muscle layer. Each of these measurements was repeated 3 times by
2 pathologists who were unaware of the study groups, and the
mean value was computed.

Histological Evaluation of the Hippocampus
Neuronal swelling, hyperchromasia, and nuclear pyknosis with
morphological findings of neuronal degeneration were evaluated
using a light microscope. The presence and level of neuronal
degeneration were scored semiquantitatively in the dentate gyrus,
CA1, and CA3 regions.7 Using this scoring method, a normal
appearance was given 1 point; degenerated neurons found
between normal neurons, 2 points; few normal neurons
scattered among many degenerated neurons, 3 points; and
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.230
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Figure 1. (A) Photograph of cross-sectional areas of the basilar artery taken
from the brain stem. Histologic slides of basilar artery view for the (B)

control group, (C) subarachnoid hemorrhage group, and (D) vigabatrin group
(hematoxylin and eosin stain, original magnification �200).

Table 1. Area Comparison Among the Groups

Group Area
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totally degenerated neurons with no normal neurons, 4 points.
Scoring was performed for all 3 regions from the hippocampus.
The sum of these scores was considered the degeneration score,
and the average of these scores was used in the statistical analysis.

Statistical Analysis
Statistical analyses were performed using SPSS for Windows,
version 11.5 (IBM Corp., Armonk, New York, USA). The mean �
standard deviation and minimum and maximum values were used
to summarize the numerical parameters, and statistical signifi-
cance was determined as P < 0.05. The Shapiro-Wilk test was
used to determine the distribution of continuous variables, and
the Levene test was used to evaluate the homogeneity of the var-
iables. The data are presented as the median and interquartile
range or median and range. The median differences for the groups
were analyzed using the Kruskal-Wallis test. P < 0.05 was
considered to indicate statistical significance.
Control 289,993.2 � 88,628.6*

SAH 153,618.3 � 17,356.9*y
Vigabatrin 277,297.1 � 67,683.0y
P valuez <0.001

Data presented as mean � standard deviation.
SAH, subarachnoid hemorrhage.
*Control versus SAH group (P < 0.001).
ySAH versus vigabatrin group (P < 0.001).
zKruskal-Wallis test.
RESULTS

Macroscopically, in the SAH and vigabatrin groups, diffuse SAH
on the ventral surface of the brain was observed. The basilar artery
luminal area and arterial wall thickness were examined micro-
scopically (Figure 1). In the SAH group, the mean vessel luminal
diameter (153,618.3 � 17,356.9) had decreased compared with
that of the control group (289,993.2 � 88,628.6; P < 0.001). In
the vigabatrin group, the vessel luminal diameter (277,297.1 �
6,7683.0) was significantly increased compared with that of the
WORLD NEUROSURGERY 141: e559-e565, SEPTEMBER 2020
SAH group. The mean vessel luminal area of the control group
was significantly greater than those of the other 2 groups (P <
0.001). The mean vessel luminal areas of the groups are listed
in Table 1.
The mean arterial wall thickness was significantly increased in

the SAH group (46.3 � 1.4) compared with that in the control
group (26.0 � 4.2; P < 0.001). In the vigabatrin group, the mean
vessel wall thickness (27.4 � 1.7) was significantly decreased
compared with that in the SAH group (P < 0.001). The mean
vessel wall thickness of the control group was significantly lower
statistically than that in the other 2 groups (P < 0.001). The mean
vessel wall thickness of the 3 groups are given in Table 2.
www.journals.elsevier.com/world-neurosurgery e561
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Neuronal swelling, hyperchromasia, and nuclear pyknosis with
morphological findings of neuronal degeneration were investi-
gated using light microscopy in the dentate gyrus, CA1, and CA3
regions of the hippocampus (Figures 2e4). The mean degenera-
tion scores are listed in Table 3. The dentate gyrus degeneration
score in the SAH group (median, 4; range, 3e4) was
significantly greater than that in the control group (median, 1;
range, 1e2; P < 0.001). Dentate gyrus degeneration was
significantly less in the vigabatrin group (median, 2; range, 1e2)
than that in the SAH group (P < 0.001). The CA1 degeneration
score was significantly greater in the SAH group (median, 4;
range, 3e4) compared with that in the control group (median,
1; range, 1e2; P < 0.001). In the vigabatrin group, CA1
degeneration was significantly less than that in the SAH group
(median, 1; range, 1e2; P < 0.001). The hippocampal CA3
degeneration score in the SAH group (median, 4; range, 3e4)
was significantly greater than that in the control group (median,
1; range, 1e2; P < 0.001). In the vigabatrin group, the CA3
degeneration score (median, 2; range, 1e3) was significantly less
than that in the SAH group (P < 0.001). Overall, the mean
degeneration score in the SAH group (median 11.5, range, 9e12)
was significantly greater than that in the control group (median,
4; range, 3e5; P < 0.001), and the mean degeneration score in
the vigabatrin group (median, 4.5; range, 3e7) was lower than
that in the SAH group (P < 0.001).
DISCUSSION

Cerebral vasospasm is the most important cause of cerebral
ischemia. Angiographically, it occurs 3e4 days after bleeding and
reaches its maximum level by day 7.24 The development of
ischemia and neurological deficits will mostly occur during this
period.24 In experimental rabbit SAH models, cerebral
vasospasm reaches its maximum by the third day.25 Therefore,
in our study, the most severe day of vasospasm was considered
the third day after the experimental SAH had formed.
GABA, a neurotransmitter, is present in the central nervous

system at w30%, and the effect of GABA is generally inhibitory.26

The presence of GABA receptors in the cerebrovascular system
and the vasodilatory effect of GABA on cerebral arteries has
been demonstrated by multiple studies.16,18,19 In experimental
Table 2. Arterial Wall Thickness Comparison Among the
Groups

Group Arterial Wall Thickness

Control 26.0 � 4.2*

SAH 46.3 � 1.4*y
Vigabatrin 27.4 � 1.7y
P valuez <0.001

Data presented as mean � standard deviation.
SAH, subarachnoid hemorrhage.
*Control versus SAH group (P < 0.001).
ySAH versus vigabatrin group (P < 0.001).
zKruskal-Wallis test.

Figure 2. Histologic slides of the hippocampus dentate gyrus region for
the (A) control group showing totally normal neurons (black arrows), (B)
subarachnoid hemorrhage group showing almost completely
degenerated neurons (white arrows), and (C) vigabatrin group showing
occasional degenerated neurons (white arrow) between normal neurons
(black arrow; hematoxylin and eosin stain, original magnification �200).

e562 www.SCIENCEDIRECT.com WORLD NE
studies, glutamic acid decarboxylase and nerve fibers with
intense GABA-T activity were detected in the anterior circulation
of the cerebral circulation.18 It was observed that these fibers,
which were detected in the neighborhood of the smooth muscle
layer of the cerebral arteries, actively performed GABA
synthesis.18 Experimental studies have shown that the
GABAergic system causes vasodilatation by acting as an
agonistic effect on GABA type A receptors in the cerebrovascular
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.230
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Figure 3. Histologic slides of the hippocampus CA1 region for the (A)
control group showing totally normal neurons (black arrows), (B)
subarachnoid hemorrhage group showing degenerated neurons (white
arrows), and (C) vigabatrin group showing occasional degenerated
neurons (white arrow) between normal neurons (black arrow;
hematoxylin and eosin stain, original magnification �200).

Figure 4. Histologic slides of the hippocampus CA3 region for the (A)
control group showing totally normal neurons (black arrow) with no
degenerative neurons in the region, (B) subarachnoid hemorrhage group
showing almost completely degenerate neurons (white arrows), and (C)
vigabatrin group showing degenerated neurons (white arrow)
somewhere between normal neuron cells (black arrow; hematoxylin and
eosin stain, original magnification �200).
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system.24 In addition, the study by Cetas et al.27 showed that the
rostral ventromedial medulla will be activated despite antagonism
of the GABAergic system and increases cerebral blood flow by
20%e30% by vasodilatation. In the thiocolchicoside study by
Kertmen et al.,7 the vasodilatory effect of the GABAergic system
has been shown to be both an agonist and an antagonist effect.
WORLD NEUROSURGERY 141: e559-e565, SEPTEMBER 2020
In summary, previous studies have shown that both the
agonistic and the antagonistic effects of the GABAergic system
have vasodilatory effects.
Vigabatrin is a new-generation antiepileptic drug that is a

structural analogue of GABA.28 The blood concentration of
vigabatrin is dose dependent and can be detected in the brain
parenchyma 15 minutes after administration.29 It inhibits this
www.journals.elsevier.com/world-neurosurgery e563
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Table 3. Comparison of Hippocampal Neuronal Degeneration
Score Among the Groups

Variable Control SAH Vigabatrin P Value*

Dentate gyrus 1 (1e2)y 4 (3e4)yz 2 (1e2)z <0.001

CA1 1 (1e2)y 4 (3e4)yz 1 (1e2)z <0.001

CA3 1 (1e2)y 4 (3e4)yz 2 (1e3)z <0.001

Degeneration score 4 (3e5)y 11.5 (9e12)yz 4.5 (3e7)z <0.001

Data presented as median (range).
SAH, subarachnoid hemorrhage.
*Kruskal-Wallis test.
yControl versus SAH group (P < 0.001).
zSAH versus vigabatrin group (P < 0.001).
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enzyme by binding covalently and irreversibly to the GABA-T
enzyme.13,14 This inhibition results in increased GABA in the
synaptic range and stimulates the GABAergic system. The
GABAergic activity of vigabatrin results in vasodilatory activity
against SAH-induced vasospasm.
Cerebral ischemia after vasospasm is associated with glutamate

excitotoxicity.30 Glutamate activates the N-methyl-D-aspartate
receptor and results in an influx of sodium and calcium into
neurons.31 This mechanism is expected to cause neuronal cell
death.32 Neuronal apoptosis in the cortex and hippocampus has
been shown in humans and animals after SAH.33,34 Because
GABA is the principal inhibitory neurotransmitter, the balance
of glutamatergic and the GABAergic system is crucial for healthy
neurological function.35 It was hypothesized that vigabatrin, as a
structural analogue, would ameliorate the glutamate
excitotoxicity and would exert neuroprotective actions on the
hippocampal regions. In previous studies, other drugs such as
statins were also tried in experimental SAH models.36,37 The
mostly anti-inflammatory actions of statins have been reported
to be related to their vasodilatory action.
In the present study, we hypothesized that vigabatrin can be

used as a part of the treatment of vasospasm after SAH. The
findings from the present study have shown that the largest vessel
lumen area in the rabbit basilar artery examined after experimental
SAH was in the control group. In contrast, in the SAH group, the
vessel lumen area had decreased significantly and was compatible
with the occurrence of vasospasm. In addition, in the control
group, the mean arterial wall thickness was the thinnest. In the
SAH group, the mean arterial wall thickness had increased
significantly. In contrast, the vessel lumen area and arterial wall
thickness in the vigabatrin group were significantly different
e564 www.SCIENCEDIRECT.com WORLD NE
statistically from the values for the control and SAH groups both.
Therefore, vigabatrin, a GABA-T enzyme inhibitor, had a reducing
effect on vasospasm.
In terms of the preservation of nerve tissue, the differences in

the neurodegeneration scores between the SAH and vigabatrin
groups in the dentate gyrus, CA1, and CA3 regions was statistically
significant. The CA1 region is the most sensitive region in the
hippocampus to hypoxia.4 Therefore, the CA1 region can be
affected by the occurrence of vasospasm. A statistically
significant increase in the neurodegeneration score in the
vigabatrin group compared with the SAH group suggested
neuroprotective activity by vigabatrin owing to its GABAergic
effects. However, the efficacy of vigabatrin at different doses to
determine its effects on vasospasm and neuronal damage
requires further investigation.

CONCLUSION

In the present study, vigabatrin, an antiepileptic drug, was
investigated to determine its effects on vasospasm and neuro-
degeneration in an experimental SAH model. GABAergic activity
plays an important role in the etiopathogenesis of vasospasm after
SAH. Vigabatrin, which inhibits the GABA-T enzyme, has been
shown to cause vasodilatation by activating the GABAergic system,
and this effect is thought to reduce vasospasm. In the present
study, we have shown, to the best of our knowledge, for the first
time, that vigabatrin has preventative effects on SAH-induced
vasospasm and vasospasm-induced ischemic neuronal damage.
We also discussed the possible underlying mechanisms of the
neuroprotective and vasodilatory effects of vigabatrin. However,
further studies are needed to determine whether vigabatrin could
play a role in the treatment of SAH-induced vasospasm.
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