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Comparison of the Effect of
Mexiletine and
Methylprednisolone on Neural
Function and Histopathological
Damage after Transient Spinal
Cord Ischemia in Rabbits

Tavsanlarda Transient Spinal Kord
Iskemisi Sonrasi Gelisen Histopatolojik
Hasar ve Néral Fonksiyon Uzerine
Mexiletin ve Metilprednizolonun
Etkilerinin Karsilastiriimasi

ABSTRACT

AIM: The purpose of this study was to investigate the effect of mexiletine on the
neural function and histopathological changes after ischemic spinal cord injury in
rabbits. We also compared the effect of mexiletine to that of methylprednisolone.

MATERIAL and METHODS: Twenty six male New Zealand white rabbits were
randomly divided into six groups. Group 1; sham operated group (n=3) underwent
only the surgical exposure of infrarenal aorta. Group 2 (n=4) received neither
intravenous (iv) nor intraperitoneal medication but the infrarenal aorta was cross-
clamped. Group 3 (n=5) received intravenous infusion of 20 ml/kg/h normal
saline. Group 4 (n=5) received 30mg/kg intravenous methylprednisolone. Group 5
(n=3) received intraperitoneal 20mg/kg/h normal saline. Group 6 (n=6) received
50mg/kg mexiletine intraperitoneally. Temporary spinal cord ishemia was induced
by infrarenal aortic occlusion for 25 minutes and followed by reperfusion. The
neural status was scored using the Tarlov criteria at 24 hours after reperfusion.
Immediately after the neurological scoring, the spinal cords of all animals were
removed for histopathological study.

RESULTS: Histopathological examination scores were significantly higher in group
6 compared to group 2 (p<0.05).

CONCLUSION: Mexiletine can significantly ameloriate the neural function and
prevent histopathological damage after transient spinal cord ischemia in rabbits.
This is the first research that investigates the neuron=protective effect of mexiletine
in a spinal cord ischemia model.
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AMAG: Torasik aorta cerrahileri sonrasi parapleji ile sonuglanan spinal kord
iskemik hasar1 ¢ok yikict bir komplikasyondur. Bu ¢alismanin amaci, tavganlarda
spinal kord iskemik hasari sonrasi gelisen histopatolojik hasara ve noral fonksiyona
mexiletinin etkisini aragtirmakdir. Aynmi zamanda mexiletinin etkilerini
metilprednozolunun etkileri ile kargilagtirdik.
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YONTEM ve GEREC: Yirmi alt1 adet beyaz Yeni Zelanda tavsam rastgele 6 gruba ayrildi. Grup1;Sham grubu (n=3) infrarenal
aorta sadece cerrahi olarak ortaya kondu. grup 2(n=4) higbir intraven6z(iv) veya intraperitoneal medikasyon uygulanmadan
sadece ¢apraz klemp uygulandi. Grup 3 (n=5) 20ml/kg/saat normal salin solusyon aldi. Grup 4 (n=5) 30 mg/kg
metilprednozolon aldi. Grup 5 (n=3) intraperitoneal 20ml/kg/saat normal salin aldi. Grup 6 (n=69 50mg/kg intraperitoneal
mexiletin aldi. Gegici spinal kord iskemisi infrarenal aortamn 25 dakika boyunca klemplenmesi ve hemen arkasindan
reperflizyon ile saglandi. Noéral durum reperfiizyon sonrasi yirmi doérdiincii saatte Tarlov skorlama ile yapildi. Norolojik
skorlamanin hemen arkasindan tiim deneklerin spinal kordlar1 histopatolojik inceleme igin ¢ikarildi.

BULGULAR: Histopatolojik incelemenin skorlar: grup 6'da, grup 2'e gore anlaml olarak yiiksek bulundu (p<0.05). Mexiletin
grubundaki Tarlov skorlar1 metilprednizolon grubuna gore daha yiiksek olmakla birlikte bu fark istatistiksel olarak anlaml
bulunmad.

SONUC: Mexiletin tavsanlarda transient spinal kord iskemisi sonrasi gelisen histopatolojik hasari belirgin bir sekilde
onleyebilir ve néranal fonksiyonu iyilestirebilir. Bu ¢alisma spinal kord iskemi modelinde mexiletinin néron koruyucu etkisini

aragtiran ilk ¢alismadir.

ANAHTAR SOZCUKLER: Spinal kord iskemisi, Mexiletin, Metilprednizolon

INTRODUCTION

Paraplegia secondary to spinal cord injury remains
a disastrous and unpredictable complication of
descending thoracic and thoracoabdominal aorta
surgery (16,14,22,13,4,1,27). The reported spinal cord
injury rates range from 10% to 40% (20,35). Therefore,
a vast amount of effort has been focused on solving
this problem. The commonly used preventive
measures are hypothermia, cerebrospinal fluid
drainage, temporary bypass, retrograde venous
perfusion and pharmacological agents (16,14,22,13,
4,1,27,31,10,23,28,15,25,21,2,12).  Cellular  and
molecular mechanisms of ischemic spinal cord injury
have not been totally elucidated. Various studies have
suggested that free radical production, calcium
overload, glutamate neurotoxicity,  platelet
aggregation, neutrophil accumulation and adhesion
following ischemia may contribute to neuronal
ischemic spinal cord injury (14,13,1,28,25,21). Zivin et
al. developed a highly reproducible model in the
rabbit that has become the standard for the study of
experimental spinal cord ischemia (40). Transient
occlusion of the infrarenal segment of aorta causes in
the rabbit causes paraplegia with a low rate of
complications such as bowel or kidney ischemia and
cardiac dilatation, because of the unique segmental
arterial blood supply to the spinal cord from the
infrarenal aorta (23,2,12,40).

Mexiletine is a class Ib antiarrhythmic drug that is
widely used in treatment of ventricular arrhythmia
(6,17,3,30,36,5,39,11,26,7). Like other drugs in class I
category, mexiletine blocks sodium channels. In
addition to its effects on ion channels it is known to
have a potent antioxidant effect and strong lipophilic
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character (17,3,39,26). It has also been shown to inhibit
free radical production in isolated polymorphonuclear
leukocytes (6,39,26,32,38). Several investigators have
reported that free radical production after spinal cord
ischemia plays an important role in paraplegia after
abdominal aorta surgery (16,22,13,4,20,39,26,32).
Steroids have been administered empirically to stroke
victims for many years without proof of efficacy or
safety. Various classes of steroids have been shown to
reduce neurological damage (3,24,18,29,89). A
powerful antioxidant, methylprednisolone may
effectively reduce neurological deficits, when given in
large doses (17,18,29,8,9).

This study was designed to investigate the effect of
mexiletine on the neural function and
histopathological changes after ischemic spinal cord
injury in rabbits. We also compared the effect of
mexiletine to that of methylprednisolone. This is the
first research that investigates the neuron-protective
effect of mexiletine in a spinal cord ischemia model.

MATERIALS and METHODS
Animal care and surgical preparation

Twenty-six male New Zealand white rabbits
weighing 1500 to 2500 gr were randomly assigned to
one of six groups. Group 1; sham operated group (n=3)
that underwent only the surgical exposure of
infrarenal aorta. Group 2 (n=4) received neither
intravenous nor intraperitoneal medication but the
infrarenal aorta was cross-clamped. Group 3 (n=5)
received intravenous infusion of 20ml/kg/h normal
saline. Group 4 (n=5) received 30 mg/kg intravenous
methylprednisolone. Group 5 (n=3) received
intraperitoneal 20mg/kg/h normal saline. Group 6
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(n=6) received 50mg/kg mexiletine intraperitoneally.
All medications were given before the clamp occlusion
of the abdominal aorta. Although many authors used
mexiletine via the iv route, we lost some of our
animals due to cardiac asystole after iv perfusion, and
this lead us to use mexiletine intraperitoneally.

Spinal cord ischemia

Spinal cord ischemia was performed as described
previously by Zivin et al. and several authors
(16,22,13,4,1,28,40,32,38,19). After an overnight fast
with unrestricted access to water, all 26 rabbits were
anesthetized with intramuscular ketamine (50mg/kg)
and xylazine (5mg/kg) prior to surgery. The left ear
vein was cannulated with a 24 gauge catheter for the
infusion of medications and intravenous fluids. An
arterial line was placed in right ear artery through a 24
gauge catheter in order to monitor the blood pressure.
Each procedure was performed in the same operating
room. With the rabbits in supine position, the
abdomen was opened through a vertical flank incision
to expose the abdominal aorta. Aortic occlusion was
achieved by placing temporary vascular clamps
around the left infrarenal aorta following intravenous
heparin (100U / mg) administration. After a previously
established ideal ischemic time of precisely 25
minutes, the vascular clamp was removed and thus,
reperfusion  began. Intravenous cephalatine
(25mg/kg) was given to all rabbits. After completion
of the procedure, the aorta was detected to be intact,
and the abdominal wall was closed with 4-0 nylon
suture in separate layers. Systolic blood pressures
(SBPs), diastolic blood pressures (DBPs) and heart
rates (HRs) were recorded (1) at the beginning (2), 10
minutes after cross-clamping and (3) 10 minutes after
reperfusion. Rectal temperature was maintained at
38°C by a heating blanket and overhead lamps. This
research was performed under the permission and
control of Animal Research Committee of Ankara
University Medical School. All animals received
humane care in compliance with the “Guide for the
Care and Use of Laboratory Animals” published by
the National Institutes of Health.

Assessment of neural function

The rabbits were neurologically assessed at 24
hours after reperfusion by an observer who was
unaware of the treatment group with modified Tarlov
criteria as follows: 0: paraplegic with no lower
extremity function; 1: poor lower extremity function

only perceptible movement of joints; 2: active
movement but no ability to stand; 3: ability to stand
but no ability to walk; 4: completely normal hind limb
motor function.

Histopathological examination

The animals were reanesthetized after evaluation
of hind limb motor function at 24 hours after
reperfusion. Transcardiac perfusion and fixation were
performed with 100 ml heparinized saline followed by
500 ml 10% buffered formalin. Lumbar spinal cord was
carefully harvested and refrigerated in 10% phosphate
buffered formalin for 24 hours, before being set in
paraffin blocks for sectioning and histopathological
examination. Horizontal sections of the spinal cord
that were 4 Im thick were made and stained with
hematoxylin and eosin. Neuronal injury was
evaluated at 400 x magnification with light microscopy
by an observer who was unaware of treatment groups.
We used a grading system to perform quantitative
evaluation as follows: grade 0: normal spinal cord;
grade 1: axonal swelling with 1-5 eosinophilic neurons
in gray matter; grade 2: axonal swelling with 5-10
eosinophilic and necrotic neurons in gray matter;
grade 3: axonal swelling with eosinophilic and necrotic
neurons in less than half of the gray matter and
vacuolation; grade 4: diffuse axonal swelling and
vacuolation with eosiniophilic and necrotic neurons in
more than half of the gray matter. The mean scores and
standard deviations were calculated for each animal
and group.

Statistical analysis

The Anova test was used for comparison of the
groups. Tarlov scores and histopathological grades
were analysed with the Kruskal-Wallis test followed
by the Mann-Whitney U-test with Bonferroni
correction. P<0.05 was considered as statistically
significant.

RESULTS
Physiological and hemodynamic parameters

Physiological and hemodynamic parameters are
shown in (Table I). There were no statistical differences
in mean SBP values among groups but mean SBP1
values in group 2 were significantly higher than mean
SBP3 values (p< 0.05). There were no statistical
differences in mean DBP values among groups but
mean DBP3 values in group 1 were significantly lower
than mean DBP1 and mean DBP2 values (p<0.05).
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Table I: Physiological and hemodynamic parameters of the groups.

SBP1 SBP2 SBP3 DBP1 DBP2 DBP3 HR1 HR2 HR3
%H Mean = SD 85 82.67 81.67 57.33 55.67 51.00 182.67 | 174.67 | 180.67
S ; 4.1(;4 2.12;9 2.52 2.1(;8 1 .;3 13%01 16%04 1 01:26
%N Mean = SD 90.25 88.75 80.00 70.50 70.25 56.75 191.50 | 177.50 179.25
S 6 1i 8 1 6%80 1 0%89 4.20 1 6%38 1 2%79 27%8 1 29%74 33%38
g Mean = SD 87.60 88.40 76.40 65.80 63.20 55.80 194.00 | 145.60 155.40
(% ® + * * * * * * + +

19.20 18.19 12.66 20.44 17.43 10.01 15.03 18.12 17.43
%w Mean = SD 95.80 93.60 83.40 68.00 64.20 54.20 194.20 | 169.80 | 198.20
S 8.-;3 5.4;3 6.-;8 7.11 9.;6 10%52 13%27 10%94 164_?77
%m Mean = SD 92.67 88.67 78.00 75.00 72.00 65.00 195.33 | 156.67 | 165.33
S 15%53 10%26 8 119 14%00 19%08 8.26 18%58 11%55 22-'_?03
%\o Mean = SD 85.67 85.33 87.17 57.17 64.00 65.17 199.17 | 191.17 | 183.50
S 4.*;0 6.24 5.33 5.04 7.34 7.1(-)0 6.16-38 17%76 29-'_?41

Mean HR?2 values of group 6 were significantly higher
than mean HR2 values of group 3 (p< 0.05).

Neurological assessment

The means and standard deviations of Tarlov
scores of groups are shown in Figure 1. The mean
Tarlov scores in group 2 were significantly lower than
mean Tarlov scores of all other 5 groups (p<0.05). The
mean Tarlov scores of group 6 (mexiletine group) were
similar to the mean of Tarlov scores of group 1 (sham
group). The mean Tarlov scores of group 6 (mexiletine
group) were better than the mean Tarlov scores of
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Figure 1: Mean of Tarlov and histopathological scores and
standard deviations.
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groups 2,34, and 5 but the difference was not
statistically significant (p>0.05).

Histopathological changes

The means and standard deviations of
histopathological grading scores of groups are shown
in Figure 1. All rabbit spinal cord samples in group 1
(sham group) were evaluated as normal spinal cord.
The histopathological grading scores in group 1 (sham
group) and group 6 (mexiletine group) were
significantly lower than the histopathological grading
scores of group 2 (p<0.05). The histopathological
grading scores in group 1 (sham group) and group 6
(mexiletine  group) were lower than the
histopathological grading scores of groups 3,4, and 5
but the difference was not statistically significant
(p>0.05). In group 2, the segment that had been
subjected to spinal cord ischemia showed severe
neural damage, as evidenced by reduced number of
motor neurons, disappearance of Nissl bodies and
nuclei and vacuolation of gray matter. In contrast, the
spinal cords of the rabitts in the mexiletine group
showed almost intact-looking light microscopic
findings (Figure 2).

There was a strong correlation between final
neurological function and histopathological findings
of the spinal cord at 24 hours after reperfusion
(p<0.01).
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Figure 2: Spinal cord sections at 24 hours after reperfusion. Left :
Few motor neurons can be observed and extensive vacuolation is
noted in group 1 (HEx400). Right: Intact motor neurons can be
observed in the mexiletine group (Hex400).

DISCUSSION

The present study provides evidence for the
protective effect of intraperitoneally administered
mexiletine pretreatment in the rabbit spinal cord
ischemia model. The beneficial effects were observed
both histologically and neurologically. No clinically
important dose-response effect was observed within
the dose range studied in the present study.

Partial to complete paralysis during the early
postoperative period is an unfortunate devastating
sequela of procedures on the descending thoracic or
thoracoabdominal aorta or spinal cord surgery for
tumors. Spinal cord ischemia triggers progressive
events that include local edema, vasospasm, decrease
in circulation and ischemia, free radical formation,
calcium influx into the axons, and loss of potassium
from the intercellular space (16,22,27,35).

Neurological deficits may be noted during the
immediate postoperative period or may be manifested
several hours after surgery, which severely influences
the surgical outcome and leads to a massive
psychological and financial burden (16,22,13,4,27,35).
No clinically effective treatment has yet been
developed  despite  various surgical and
pharmacological efforts to minimize this complication.

The rabbit model of spinal cord ischemia used in
this study, which mimics aortic occlusion during
operation  on descending  thoracic or
thoracoabdominal aorta clinically, is a reliable and a
reproducible model for producing neural deficits and
testing drugs that might serve to protect the spinal
cord from ischemic injury (13,4,27,40). Zivin et al.
developed a highly reproducible model in the rabbit
that has become the standard for the study of
experimental spinal cord ischemia (40). Transient
occlusion of the infrarenal segment of aorta causes in

the rabbit causes paraplegia with a low rate of
complications such as bowel or kidney ischemia and
cardiac dilatation, because of the unique segmental
arterial blood supply to the spinal cord from the
infrarenal aorta (23,2,12,40).

Mexiletine is a class Ib antiarrhythmic drug that is
widely used in treatment of ventricular arrhythmia
(6,17,3,30,36,5,11,7). Like other drugs in the class I
category, mexiletine blocks sodium channels. Chronic
administration of mexiletine results in upregulation of
cardiac sodium channel expression as several other
class Ib drugs do. The stimulatory effect of increased
cytoplasmic calcium in the production of reactive
oxygen species is well documented (6). Using the rat
optic nerve as an in vitro model of white matter
anoxia, Stys et al. showed that calcium influx into
axons played a key role in mediating irreversible
injury and the majority of the deleterious calcium
influx occurred via reverse operation of the sodium
—calcium exchanger (34). By blocking sodium
channels, mexiletine inhibits sodium dependent
calcium overload in the cells. The protection against
anoxic-ischemic injury by mexiletine is explained by
the inhibition of sodium—calcium exchanger with this
drug (6,3,9,34,33) Stys and Lesiuk showed that
mexiletine was able to protect optic nerves from
ischemic injury after systemic administration (33).
Kaptanoglu et al. showed that systemic administration
of mexiletine had a protective effect on secondary
injury after spinal cord trauma (17).

In addition to its effects on ion channels, mexiletine
is known to have a potent antioxidant effect and strong
lipophilic character (6,17,3,39,26). Demirpence et al.
have studied the antioxidant action of mexiletine
under different oxidant conditions in vitro. They
showed that mexiletine inhibited Fe-Asc-
H202=induced lipid peroxidation in biological
membranes and phospholipid liposomes, which was
more effective in biomembranes than liposomes (6). It
has also been shown to inhibit free radical production
of isolated polymorphonuclear leukocytes (6,3,39,26).

Steroids have been administered empirically to
stroke victims for many years without proof of efficacy
or safety. Various classes of steroids have been shown
to reduce neurological damage (3,24,18,29,8,9). A
powerful antioxidant, methylprednisolone, may
effectively reduce neurological deficits when given in
large  doses (17,29,8,9). The doses  of
methylprednisolone that affect this improved recovery
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have been demonstrated to inhibit posttraumatic
spinal cord lipid peroxidation, which has been
postulated to be a key event in the secondary injury-
induced degenerative cascade (29,8). At a
physiological level, the inhibition of injury-induced
lipid peroxidation has been found to result in an
attenuation of progressive posttraumatic ischemia and
energy failure together with an augmented reversal of
intracellular calcium accumulation (8).

There was significant improvement in the
neurological outcomes of rabbits that received
mexiletine compared to the control group (Group 2).
Animals treated with mexiletine just before aortic
occlusion were able to stand without difficulty or hop
normally and reached a mean Tarlov score of 3.17 after
24 hours while the animals in the control group
showed paralysis of the hind limbs. Tetik et al. showed
that methylprednisolone treatment prevented hind
limb paralysis when Vitamins E and C were added to
the therapeutic regiment (37). In the present study, the
Tarlov scores of the methylprednisolone group were
better than the control group but not as good as the
Tetik’s study. This may be due to the additional
Vitamin C and E therapy.

Histological examination confirmed the ability of
mexiletine to limit the degeneration and necrosis of
the motor neurons of the spinal cord. Histological
examination of the spinal cord revealed either no or
very little evidence of injury in rabbits receiving
mexiletine. However, the spinal cord from the control
animals had clear evidence of extensive spinal injury
with a reduced number of motor neurons, perikaryal
swelling, vacuolation of gray matter, Nissl substance
dissolution, and karyolysis. Methylprednisolone also
prevented histopathologic damages in the present
study but not as much as mexiletine. The number of
normal motor neurons in the anterior horn of spinal
cord has a direct relationship with neural function,
which was manifested by a strong correlation between
the final neurological outcome and the number of
normal motor neurons in the anterior horn. The
mechanism of motor neuronal cell death after spinal
cord ischemia and reperfusion has been explored
through molecular, cellular and genetic aspects, but
has not been identified yet.

Hemodynamic parameters were also recorded
during the experimental procedure. The mean HR2
values of group 6 (mexiletine) were significantly
higher than mean HR2 values of group 3 (p<0.05).
Mexiletine is primarily an antiarrhythmic drug and
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effective on hemodynamic variables. The change in
HR2 in group 6 were thought to be secondary to this
hemodynamical effect. It is reported to have a
relatively narrow therapeutic index (3,24,30,36,5). Care
must be taken during systemic administration of
mexiletine because of this narrow therapeutic index.

We investigated the protective effect of mexiletine
on ischemically injured spinal cord in this study. This
is the first study in literature that investigates the effect
of mexiletine on spinal cord ischemia. The
determination of the optimal therapeutic time window
and the optimal dose for mexiletine in transient spinal
injury needs further investigation. Mexiletine might
have an important clinical application in the
prevention of spinal cord injury during
thoracoabdominal aortic surgery, spinal tumor surgery
and spinal trauma.

CONCLUSION

Mexiletin may ameliorate neural function and
prevent the histopathological damage after transient
spinal cord ischemia in rabbits. In addition to its effects
on ion channels, mexiletine is known to have a potent
antioxidant effect and strong lipophilic character that
inhibits lipid peroxidation in biological membranes
and phospholipid liposomes. Mexiletine was given
before ischemic trauma and was investigated for the
neuron-protective effect in a spinal cord ischemia
model in this study. This is the first study on
mexiletine in spinal cord ischemia. More studies are
needed to demostrate the exact effect of mexiletine on
spinal cord ischemia.
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