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Summary

Background: Early brain injury and cerebral vasospasm are major factors determining
outcome for patients who experience subarachnoid hemorrhage (SAH). This study was
performed to investigate the potential therapeutic effects of zoledronic acid on cerebral
vasospasm in an experimental SAH model.

Methods: Fifteen male Sprague Dawley rats were assigned randomly to one of three groups.
Animals in Group I were subjected to sham operation and received no treatment after the
procedure (sham group, n=5). Animals in Group II were subjected to SAH and received no
treatment after SAH induction (SAH group, n=5). Animals in Group III were subjected to
SAH and received 0.1 mg/kg intraperitoneal zoledronic acid injection 2 hours after SAH
induction (treatment group, n=5). Animals were euthanized 48 hours after the surgical
procedures. Neurological deficit grading, basilar artery vasospasm indices, arterial wall
thicknesses, and cross-sectional luminal areas were evaluated. Data were statistically
compared by Kruskal-Wallis and Mann-Whitney U tests.

Results: The treatment group showed a better functional neurological amelioration in
comparison to SAH group. However, the difference failed to reach statistical significance. In
the treatment group, mean basilar artery vasospasm index and mean basilar artery wall
thickness were found to be significantly smaller than those of the SAH group, while mean
basilar artery cross-sectional luminal area in the treatment group was insignificantly greater
than that of the SAH group.

Conclusions: These findings revealed that intraperitoneal zoledronic acid administration
attenuated vasospastic changes such as increased vasospasm index and arterial wall thickness
in an experimental rat model of SAH.

Key words: Cerebral vasospasm, subarachnoid hemorrhage, vascular morphometry,
neurological outcome, zoledronic acid
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Intraperitoneal Zoledronik Asid Uygulamasinin Ratlarda Deneysel Subaraknoid
Kanama Modeliyle Olusturulmus Serebral Vazospazm Uzerine Etkisi
Ozet

Amag: Subaraknoid kanamali (SAK) hastalarda sonucu belirleyen major faktorler erken
beyin hasar1 ve serebral vazospazmdir. Bu ¢alisma zoledronik asidin deneysel SAK modeliyle
olusturulmus serebral vazospazm iizerine potansiyel tedavi edici etkisini aragtirmak amaciyla
gerceklestirilmistir.

Metod: Onbes adet erkek Sprague Dawley rat rastlantisal olarak ii¢ gruba ayrildi. Grup I'deki
ratlara sham operasyonu yapildi ve islem sonrasi bir tedavi verilmedi (sham grubu,n=5). Grup
IT'deki ratlara SAK olusturuldu ve islem sonrasi tedavi verilmedi (SAK grubu, n=5). Grup
[IT'deki ratlara SAK olusturuldu ve 2 saat sonra 0.1 mg/kg intraperitoneal zoledronik asid
verildi (tedavi grubu, n=5). Ratlar cerrahi islemler tamamlandiktan 48 saat sonra sakrifiye
edildi. Norolojik defisit dereceleri, baziller arter vazospazm indeksi, arterial duvar kalinlig1 ve
lumen kesit alanlar1 degerlendirildi. Veriler istatistiksel olarak Kruskal-Wallis ve Mann
Whitney U testleri kullanilarak karsilastirildi.

Bulgular: Tedavi grubunda ortalama baziller arter vazospazm indeksi ve ortalama arter duvar
kalinligi SAK grubuna gore istatistiksel anlamli olarak daha az bulundu. Tedavi grubu SAK
grubuna gore istatistiksel olarak anlamli olmamakla birlikte daha iyi bir fonksiyonel nérolojik
iyilesme gosterdi ve baziller arter kesit alan1 daha genisti.

Sonu¢: Bu bulgular ratlarda deneysel SAK modelinde intraperitoneal zoledronik asid
uygulamasinin vazospazm indeksi ve arterial duvar kalinlig1 gibi vazospastik degisiklikleri
tyilestirdigini gostermektedir.

Anahtar Kelimeler: Serebral vazospazm, subaraknoid kanama, vaskiiler morfometri,
ndrolojik iyilesme, zoledronik asid

RhoA/Rho kinase pathway and reduced

INTRODUCTION .. ST

‘ ' activity of endothelial nitric oxide synthase
Subarachnoid hemorrhage (SAH) is a (eNOS) are involved in this complicated
devastating disease with a mortality rate of setting”?'*?. Supporting, = RhoA/Rho
15% before hospital admission and 40- kinase pathway inhibition and eNOS
45% within 39 days posthemorr'hage(%“). upregulation have been  previously
Neurological impairment affecting life documented to  attenuate  cerebral
quality has been reported in 49-73% of vasospasm'">*?. Zoledronic acid (ZA) is
survivors'?.  Early brain injury .and an inhibitor of farnesyl pyrophosphate
cerebral vasospasm have been widely synthase (FPPS), which is an essential
claimed as the most important causes of enzyme in the mevalonate pathway.
delayed cerebral ischemia and poor Inhibition of this pathway inhibits RhoA
outcome in these patients. activation and leads to eNOS over-

. (15,16)

Despite an abundance of scientific work, cXpression :
the underlying mechanisms in cerebral The aim of the present study was to
vasospasm due to SAH still remain investigate the effects of ZA, a third
obscure, hindering the development of generation biphosphonate, on cerebral
cons1sFe‘ntly efficacious treatment vasospasm and neurological outcome
modalities. Many molecular pathways have following experimentally induced SAH in
been proposed to take place in the rats.
fiev‘elopment of cerebral vasospasm, MATERIAL AND METHODS
indicating that the process is rather
complex and multifactorial. It has been Experiments were performed after the
suggested that increased activity of approval of the study protocol by the
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Animal Research Ethics Committee.
Fifteen male Sprague-Dawley Rats
weighing 280-300 grams were used. All

animals were kept at the same
environmental conditions, including the
temperature, humidity, and light/dark

cycles. Throughout the experiments, the
animals had free access to food and water.
The rats were assigned randomly to one of
three groups, as follows: animals in Group
I underwent sham operation and received
no treatment (sham group, n=5), animals in
Group II were subjected to SAH, but
received no treatment (SAH group, n=5),
and animals in Group III were subjected to
SAH, and received a single dose of 0.1
mg/kg intraperitoneal Zoledronic acid
(ZOLENAT, Mustafa Nevzat, Istanbul,
Turkey) 2 hours after SAH induction
(treatment group, n=5). Neurological
assessment and morphometric evaluation
were performed by four investigators
blinded to the surgical procedure.

Induction of Experimental SAH and
Sham Operation

Any surgical approach was performed after

having the animals anesthetized by
intramuscular injection of 100 mg/kg
ketamine (KETALAR, Eczacibasi,

Istanbul, Turkey) and 10 mg/kg xylazine
(ROMPUN, Bayer, Istanbul, Turkey). All
animals breathed spontaneously during the
procedures. Cardiac rhythm, heart rate, and
body temperature were monitored. The
right femoral artery was catheterized for
monitoring blood pressure and for blood
gas analysis. Arterial blood gases were
analyzed during the procedure, and
parameters were maintained within the
physiological range. A midline occipito-
cervical incision was made, and
suboccipital muscles were dissected to
expose the atlanto-occipital membrane.
The membrane was punctured by a 27-
gauge needle to withdraw cerebrospinal
fluid (CSF) from the cisterna magna. The
withdrawn CSF was re-injected into the
cisterna magna in the sham-operated
group. A 0.25 ml volume of non-
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heparinized autologous blood obtained
from the femoral artery was gently injected
into the cisterna magna in the SAH and
treatment groups. The animals were then
kept in a head-down position with an angle
of 30° for 15 minutes to achieve
dissemination of blood through the basal
cisterns. The animals returned to their
cages after recovering from anesthesia.
The treatment group received a single dose
of 0.1 mg/kg intraperitoneal ZA 2 hours
after SAH induction. As there is no
previous research of ZA in SAH induced
rats, we decided to give 0.1 mg/kg ZA that
is commonly used in osteoporosis or
cancer researches!?**®.  Neurological
function was scored in all animals at 12“‘,
24" and 48" hours after the surgical
procedure.

Perfusion-Fixation

All of the animals were euthanized by
perfusion and fixation 48 hours after the
surgical intervention having the last
neurological scoring completed. The
animals were anesthetized and monitored
as described previously. A thoracotomy
was then performed to cannulate the left
ventricle and to open the right atrial wall.
After perfusion by a flushing solution
(saline, 37°C, 1000 ml), a fixative was
perfused (2% paraformaldehyde, 2.5%
glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4 at 37°C, 500 ml). Perfusion was
performed by using a perfusion pump with
a standard pressure. The cerebrum,
cerebellum, and brainstem were removed
en bloc in each animal, and were stored
overnight in the fixative solution at 4°C.

Neurological Assessment

Neurological evaluation was performed at
the l2th, 24th, and 48™ hours after SAH
induction according to the neurological
grading system described by Bederson et
al®. Briefly, rats were gently lifted up by
the tail just above the floor. Rats extending
both forelimbs toward the floor were
accepted as neurologically intact (grade 0).
Animals with flexion of one forelimb
without further deficits were classified as
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mildly symptomatic (grade 1). After
placing the rats on a plastic coated surface,
animals were observed for their resistance
to lateral push and animals with reduced
resistance were classified as moderately
symptomatic (grade 2). Rats were then
allowed to move freely and observed for
circling behavior. Rats with consistent
unidirectional circling were classified as
severely symptomatic (grade 3).

Morphometric of Basilar

Arteries

Analysis

The part of the brainstem with the basilar
artery was isolated. Each basilar artery was
sliced into two equal preparations
(proximal and distal) with the adjacent
brainstem. The preparations were then
embedded into paraffin blocks and cross-
sections with 0.5 pm thickness were sliced.
A cross-section sample from each part of
each basilar artery was selected randomly.
The sections were mounted onto glass
slides, stained with hematoxylin-eosin, and
investigated by a light microscope. Each
section was digitally photographed at 20x
magnification. Vasospasm indices (ratio of
wall ring surface area / cross-sectional
luminal area), arterial wall thicknesses, and
cross-sectional  luminal areas  were
obtained by wusing a computer-assisted
morphometry software (Spot for Windows)
after appropriate calibration. Calculations
for both cross-sectional luminal area and
wall ring surface area (the value achieved
by subtracting cross-sectional luminal area
from whole-vessel cross-sectional area)
were performed indirectly from perimeters
of target regions with the formula “Surface
= Perimeter’ / 4n” to avoid misleading
results due to vessel wall depression as
discussed previously.

Statistical Analysis
Data were expressed as meantSD.
Statistical comparisons among three

groups were performed by using Kruskal-
Wallis analysis of variance, and Mann-
Whitney U test was used to compare two
groups where indicated.  Statistical
significance was set at p<0.05.
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RESULTS

The physiological parameters, including
body weight, mean arterial blood pressure,
and mean blood gas values were not
different —among the  groups. A
subarachnoid clot on the anterior surface of
the brainstem, significant narrowing of the
arteries, and inflammatory cells around the
outer adventitia were observed in the SAH
and treatment groups (Figure 1).

Neurological Assessment

The experimental procedure was well
tolerated by all of the animals. The
neurological deficit scores at the 12th, 24th,
and 48" hours postoperatively, are
presented in Figure 2. Contrary to the
sham-operated rats, SAH-induced animals
were significantly impaired, independent
of being treated or not. However, ZA-
treated rats showed a better neurological
amelioration compared to the SAH group
due to the neurological assessments, but

the difference was not statistically
significant.
Morphometric Analysis of Basilar
Arteries

The mean vasospasm indices were 0.26 +
0.03, 0.42 = 0.08 and 0.25 + 0.05 in the
sham, SAH, and treatment groups,
respectively (Figure 3). The vasospasm
index in the SAH group was significantly
greater than those of the sham and
treatment groups (p<0.05), while this
measure was almost the same in the latter
two groups indicating the restoring effect
of ZA treatment on vasospasm.

The mean basilar artery wall thickness
values were 14.83 +1.04, 23.00 + 1.17 and
14.90 £ 3.05 pm in the sham, SAH, and
treatment groups, respectively (Figure 4).
Basilar artery wall thickness in the sham
group was significantly lower than that of
the SAH group (p<0.05) but almost the
same with that of the treatment group
(p>0.05). This measure was also
significantly lower in the treatment group
in comparison with the SAH group
(p<0.05).
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The mean cross-sectional areas were 81273
+ 4873, 57218 £ 15113 and 75795 + 22479
pum2 in the sham, SAH, and treatment
groups, respectively (Figure 5). The mean
arterial cross-sectional area in the sham
group was significantly higher than that of
the SAH  group (p<0.05) and

insignificantly higher than that of the
treatment group (p>0.05). The mean
arterial cross-sectional luminal area in the
treatment group was also higher than that
of the SAH group, but this difference
failed to attain statistical significance
(p>0.05).

TREATMENT

Figure 1: Photographs of samples from each group after en bloc removal of the cerebrum, cerebellum, and
brainstem (upper row), photographs of cross-sectional samples from each group at 20x magnification (lower

row).
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Figure 2: Time course of the neurological impairment in the rats after surgery (0 = no deficit, 1 = mildly, 2 =

moderately, 3 = severely symptomatic).
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Figure 3: Mean basilar artery vasospasm index (ratio of wall ring surface area/cross-sectional luminal area,
meanxSD). #: p<0.05 vs sham group, # #: p<0.05 vs SAH group.
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Figure 4: Mean basilar artery wall thickness (meantSD). #: p<0.05 vs sham group, # #: p<0.05 vs SAH group.
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Figure 5: Mean basilar artery cross-sectional luminal areas (mean+SD). #: p<0.05 vs sham group. # #: p>0.05
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DISCUSSION

Cerebral vascular spasm in the early stage
of SAH occurs through a calcium-
dependent mechanism in response to
hemoglobin exposure released from
subarachnoid clot. The intracellular level
of calcium increases and drives myosin
light chain (MLC) kinase to phosphorylate
myosin light chains, to result in transient

contraction. In contrast to the above-
mentioned mechanism underlying the
changes within the acute phase, the

prolonged stage of vascular spasm has
been accepted to result from a calcium-
independent setting mediated by several
complex mechanisms®. Activation of
RhoA by clot-derived substances in the
subarachnoid space has been postulated to
be the major activator of this scenario.
Clot-derived substances activate RhoA,
which in turn activates Rho kinase. Rho
kinase inhibits the MLC phosphatase.
Predomination of MLC kinase over MLC
phosphatase increases the phosphorylation
of MLC, resulting in prolonged contraction
in the absence of high intracellular calcium
Meanwhile, activated RhoA
also downregulates the expression and
phosphorylation of the enzyme eNOS,
which synthetizes NO, a major relaxant
factor released from the endothelial cells.
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However, the exact mechanism of action of
RhoA on eNOS gene expression has not
been clarified yet. There are multiple
controlling steps on the regulation of
eNOS, such as gene expression, co- and

posttranslational modification and
phosphorylation”. RhoA  has  been
suggested to  downregulate  eNOS

expression by altering eNOS mRNA
stabilization”. Reduced eNOS activity
following SAH has previously been
reported as a major contributor of cerebral
vasospasm''”. Additionally, apart from
RhoA-mediated mechanisms, vascular wall
damage following SAH might be another
cause of the reduced eNOS activity. SAH
has been reported to be a triggering factor
for vascular wall damage via two separate
mechanisms. The first involves the
detrimental effects of reactive oxygen
species in combination with lipid
peroxidation  products  resulting in
endothelial and smooth muscle damage®.
The second involves pro-apoptotic effects
of an inflammatory cascade dominantly
mediated by tumor necrosis factor o (TNF-
a) and interleukin-1B (IL-1B) on the
endothelial cells""?. Eventually, intimal
damage has been postulated to affect the
fragile balance between the
vasoconstrictors and vasodilators acting on
the vascular wall®.
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Some intermediate products of mevalonate
pathway, which takes place in cholesterol
biosynthesis, seem to be appealing targets
in preventing vasospasm via effecting
RhoA/Rho kinase- and eNOS-associated
mechanisms mentioned above (Figure 6).
Farnesyl pyrophosphate synthase (FPPS)
catalyzes the synthesis of farnesyl

Acetyl CoA
l
l
HMG-CoA

l HMG-CoA Reductase

Mevalonate

l
l

GPP

pyrophosphate (FPP), which in turn results
in the production of geranylgeranyl
pyrophosphate (GGPP). Isoprenylation of
this substance mediates activation of RhoA
(small G proteins), which results in
activation of Rho kinase and inhibition of
eNOS effectivity'®.

inhibits

Statins

nhibits
| Fees p——— 2za

FPR( | )

GGI pp(})*

Cholesterol = . .

i *
\ Isoprenylation @

inactive small G-protein ———— active small G-protein@‘
(GTP RhoA)

(GDP RhoA)

Rho kinase activation @"

pd

J_ inhibits

eNOS expression and phophorylation ®“

Figure 6: ZA4 and statins inhibit the key enzymes in mevalonate pathway. (GPP: geranyl pyrophosphate, FPP:
farnesyl pyrophosphate, GGPP: geranylgeranyl pyrophosphate, FPPS: farnesyl pyrophosphate synthase, ZA:
zoledronic acid, HMG-CoA: hydroxy methyl glutaryl coenzyme A, eNOS: endothelial nitric oxide synthase) *

Arrows in the circle show the effect of ZA

Substantial number of previous in vivo
experimental studies demonstrated the
beneficial effects of targeting RhoA/Rho
kinase pathway and eNOS to combat
cerebral vasospasm®'7'8#%%2) However,
limited number of pharmacological agents,
such as statins and fasudil were
documented to be effective in clinical
trials®*3?. Statins, the inhibitors of the
enzyme HMG-CoA reductase in the
mevalonate pathway, have been widely
used for antilipidemic therapy in
cardiovascular  diseases. = Meanwhile,
inhibition of this pathway was found to be
promising in eNOS upregulation in
cardiovascular diseases such as heart
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failure and hypertension®'***”. Regarding
all these findings and the satisfactory
outcomes in the treatment  of
cardiovascular diseases, several
researchers have focused on the potential
vasodilator effect of statins in the treatment
of SAH-induced vasospasm. Subsequent
experimental and  clinical  studies
documented the beneficial effects of statins
in attenuating cerebral vasospasm as
expected 2227

Zoledronic acid (ZA), a third generation
bisphosphonate, is a potent inhibitor of
osteoclast-mediated bone resorption. This
agent has been widely used in the
treatment of postmenopausal osteoporosis



J.Neurol.Sci.[Turk]

and cancer treatment-induced bone loss to
reduce fracture risk. Recent studies have
shown that ZA also exerts anti-tumoral
effect. It has been used in breast cancer and
multiple myeloma treatment as adjuvant
therapy'""**?. ZA is an inhibitor of
farnesyl pyrophosphate synthase (FPPS),
which is another essential enzyme in
mevalonate pathway. Chen et al. reported
that chronic inhibition of FPPS with

alendronate, another FPPS inhibitor,
improved  endothelial  function in
spontaneously  hypertensive  rats by
suppressing ~ RhoA  activation  and

increasing phospho-eNOS/eNOS  ratio®.

Although ZA treatment has well-
documented effects on RhoA- and eNOS-
related mechanisms, to the best of our
knowledge, no published data regarding
the potential therapeutic value of this agent
against SAH-induced vasospasm exist in
the literature.

The findings from the morphometric
evaluation in the present study revealed the
therapeutic value of ZA in attenuation of
vasospasm, achieving a 41% decrease in
the vasospasm index, a 35% decrease in
mean arterial wall thickness, and a 33%
increase in mean cross-sectional luminal
area. The decreases due to ZA treatment in
the  above-mentioned  measures  of
vasospasm were significant except the
latter. Additionally, although being non-
significant, ZA treatment provided a better
functional amelioration at the 24™ and 48"
hours after SAH induction.

Statistical insignificance in mean cross-
sectional luminal area findings might be
due to the multifactorial pathophysiologic
nature of cerebral vasospasm. Different
dosing regimens and administration routes
should be considered and
immunohistochemical studies should be
performed in order to understand the acting
mechanism of ZA in cerebral vasospasm.
The probable side effects of ZA, as an
anticancer drug, should also be taken into
consideration.
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CONCLUSION

The present study clearly demonstrates that
ZA attenuates SAH-induced vasospastic
changes, including increased vasospasm
index and arterial wall thickness. ZA
treatment  provided a  slight but
insignificant amelioration in the SAH-
induced decrease in cross-sectional luminal
area in rats. A remarkable but insignificant
improvement in neurological functions was
also observed. Our findings indicate that
this treatment modality is a promising
candidate for further experimental studies
to evaluate maximal therapeutic effect with
different dosing regimens.
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