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Summary

Objective: We employed a rat femoral artery model of experimental vasospasm in order to
evaluate morphometric changes and a possible autoimmune response in a delayed secondary
hemorrhage vasospasm.

Methods: We established a vasospasm model of rat femoral arteries by using Okada's model,
and evaluated vasospasmic arteries in terms of morphometric changes at first week and first
month. We evaluated the effect of secondary hemorrhage, which we performed at the end of
the first month, at the end of the first week after secondary hemorrhage. For the evaluation of
arteries, we performed hematoxylin and eosin staining. We measured vessel wall thickness
and liimen areas and compared these across all the groups.

Results: We observed no significant difference between first week and first month results, in
terms of vessel wall thickness and lumen area measurements. There was also no significant
difference between the secondary hemorrhage results evaluated at first week (after secondary
hemorrhage) and first month. However, we found a signficant difference when these results
were compared to the femoral arteries of control group rats. Furthermore, we observed an
excessive number of fibrous structures and amount of granulation after secondary
hemorrhages.

Conclusions: It was not possible for us to investigate the response of the femoral artery to
secondary delayed hemorrhage and a possibly-related autoimmune mechanism. This was due
to the excessive fibrous structure and granulation around the vessel, which prevented
treatment of the secondary hemorrhage with vessels. Furthermore, morphological changes
caused the prevention of vessel vasospasm and vasoconstriction. Finally, we believe that
Okada's vasospasm model is not suitable for secondary delayed hemorrhage studies.

Key words: Double hemorrhage, Subarachnoid hemorrhage, Rat femoral artery, Vasospasm
model

ikili Kanama Modeli ile Rat Vazospastik Femoral Arterin Morfometrik Analizi
Ozet

Amag: Bu calismada, sicanlarda deneysel vazospastik femoral arter modeli olusturularak geg
olusan ikinci kanamaya verilen arter duvart cevabindaki morfometrik degisiklikler ve
muhtemel otoimmiin cevabin incelenmesi hedeflenmistir.

Yontem ve Gerec¢: Bu calismada Okada'nin rat femoral arter vazospazm modeli kullanilarak
femoral arterlerde vazospazm olusturuldu. Vazospasmik hale getirilen femoral arterler birinci
hafta ve birinci ay sonunda morfometrik olarak analiz edildi. Birinci aym sonunda yapilan
ikinci kanamanin etkisi de bir hafta (ikinci kanamadan) sonra analiz edildi. Analizler i¢in
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hematoksilen eosin boyamasi yapildi. Tiim guruplara damar duvar kalinligi ve liimen ¢ap1
Olciimleri yapildi ve karsilastirildi.

Bulgular: Sonuclarimiz, ilk bir ay sonunda damar duvar kalinlig1 ve liimen c¢ap1 dlgiimleri,
birinci hafta sonuglariyla karsilagtirildiginda anlamli bir fark olmadigini1 gosterdi. Birinci ay
sonunda yapilan ikinci kanama sonrasinda yapilan analizlerde ise, birinci ay sonunda kanama
yapilan ve yapilmayan gruplar arasinda anlamli bir fark bulunmazken, kontrol grubuna gore
sonuclar anlamliydi. Ayrica ikinci kanama sonrasi yapilan analizde damar ¢evresinde asiri
miktarda fibréz yapilar ve graniilasyon saptanmistir.

Sonuc¢: Yaptigimiz c¢alisma sonrasinda femoral arterin ikinci kanamaya verdigi tepki ve
bununla ilgili olabilecegini diisiindliglimiiz otoimmun mekanizma ile olan iligkisi
arastirilamamistir. Bunun sebebi ise, damar ¢evresindeki asir1 fibr6z yapi ve graniilasyonun
damarin kanla tekrar muamelesine engel olmast ve damarin vazospazm ve
vazokonstriiksiyonunu engellemesi olarak diisiiniildii. Sonu¢ olarak Okada'nin vazospazm
modeli geg ikincil kanama ¢aligmalari i¢in uygun bir model degildir.

Anahtar Kelimeler: Ikincil kanama, Subaraknoid kanama, Sican femoral arteri, Vazospazm
modeli

INTRODUCTION Mortah‘ty and morbidity dependent on

ischemia due to vasospasm develop in
One of the most serious consequences of approximately 30% of patients after
aneurysmal rupture is cerebral vasospasm aneurysmal SAH.*' It is vital to
following 'spbarachn(.)id hemorrhage understand the pathogenesis of SAH, in
(SAH), and it is the major cause of death, order to reduce its post SAH symptoms
as well as cerebral ischemia, which results and find a solution. Pathogenesis of
in  many disabilities.*'. Although a vasospasm cannot easily be modeled in
relatively small percentage of all strokes rats, as single SAH-induced rat models
are  caused Dby spontaneous SAH, possess complex characteristics. In
approximately 30,000 Americans are addition, the majority of single injection
affectefi yearly, and it carries - a high models reflect acute studies that investigate
mortality rate, reported as being 33— only initial constriction and do not provide
45%.“1%*" In addition, 22% to 25% of mechanistic information with regard to the
cerebrovascular deaths are also caused by morbidity and mortality caused by cerebral

(3.9)

spontaneous SAH. ischemia. However, a double hemorrhage

rat model replicates the time course of
vasospasm and can reveal pathological or
angiographical similarities to delayed
femoral artery vasospasm.  Several
experimental studies inducing a double
hemorrhage have been developed to
demonstrate delayed cerebral vasospasm in
rats, using different methodological
approaches, and have revealed similar
results in terms of vasospastic process and
pathogenesis.?******® " However, some
methodological differences between these
models are present in injected blood
volumes, time course and injection area.
Moreover, to our knowledge, no studies
showing a morphometric analysis of rat
femoral arteries have yet been conducted.

Despite many advances, the
pathophysiology of cerebral vasospasm
remains unclear, as it is complex and
multifactorial. '8 However, it is known
that one of the most affected molecular
mechanisms in SAH is inflammation; the
presence of a blood clot in the
subarachnoid space causes a series of
cellular and molecular events, resulting in
an acute inflammatory response in the
cerebral vessels. Although the possible role
of inflammation in the process of cerebral
vasospasm has been hypothesized for some
time, its function, the importance at the
cellular level, and its molecular basis, have
only recently been studied in greater detail.
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Therefore, we aimed to investigate the
response of femoral artery to a double
hemorrhage, and a possible autoimmune
response preventing secondary vasospasm,
by providing a morphometric analysis
using Okada's*? previously approved and
confirmed ‘Rat femoral artery vasospasm
model'.

MATERIAL AND METHODS
Induction of vasospasm

We carried out a study at the Istanbul
University, Experimental Medicine
Research Institute, and all experimental
protocols were approved by Istanbul
University School of Medicine Animal
Care and Research Committee. We
performed all surgical procedures under

intraperitoneal injection of 50 mg/kg
pentorbital sodium anesthesia.
Our general purpose was to induce

experimental vasospasm in rats using a
vasospasm model that was previously
established by Okada et al.,*? and to
evaluate the diameter of large femoral
arteries at various time points post
vasospasm and  secondary  delayed
vasospasm. We used 35 male Wistar rats
weighing 225g to 240g, and held their
rectal temperature constant at 37°C via a
heating pad. We exposed the right femoral
artery and covered it with a silastic cuff,
and then injected 0.1 ml of autologous
whole blood (Figure 1).'®

Figure 1: Exposure of right femoral artery. We covered the artery with a silastic cuff, and then injected 0.1 ml of

autologous whole blood was into this cuff.
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We used five different study groups, each
containing 7 rats, as shown in Table 1:
control group-1 (C), in which we injected
saline into the silastic cuff surrounding
femoral artery instead of blood; the week-1
vasospasm group-2 (VIW) in which we
injected blood between femoral artery and
silastic cuff, then femoral artery was
removed and analyzed at end of the first
week. Month 1 vasospasm group-3 (VIM),
which we performed the same procedure,
but femoral artery was removed at first
month and analyzed. Group 4 (VIM+B)
describe the delayed secondary
hemorrhage group, which we performed
second vasospasm to the one month before
vasospasm created artery, and injected
same amount of blood again, then delayed
vasospasm created artery was removed and
analyzed at first week. Group 5 (VIM+S)
describe the delayed secondary
hemorrhage's control group, which we
performed second vasospasm to the one
month before vasospasm created artery,
but instead of blood same amount of saline
was injected at second procedure, then
femoral artery was removed and analyzed
at the first week. The control animals
underwent the same basic procedure as the
experimental animals, except that saline
was injected into the intracuff space rather
than the blood.
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Table 1: Study groups of control and experimental rats.

Groups Name N  Details
Group 1  Control, normal artery (C) 7  Saline was injected into the silastic cuff
surrounding femoral artery instead of blood
Group 2 Vasospasm + 1. week 7  Blood was injected between femoral artery
(V1IW) and silastic cuff, then femoral artery was
removed at end of the first week
Group 3  Vasospasm + 1. month 7  Blood was injected between femoral artery
(VIM) and silastic cuff, then femoral artery was
removed one month later
Group4 Vasospasm+ 1.month+ 7  Secondary delayed vasospasm performed to
Delayed secondary the one month before vasospasm created
vasospasm (VIM+B) artery. Same amount of blood injected at
second procedure and analyzed at first
week.
Group 5 Vasospasm+ 1. month+ 7  Secondary delayed vasospasms’ control

Saline group (VIM+S)

group which we performed to the one
month before vasospasm created group, but
same amount of saline injected instead of
blood, then femoral artery was removed and
analyzed at first week.

Histological assessment

We examined all animals undergoing the
vasospasm procedure, including the control
groups, at different time points to evaluate
histological changes in the femoral
arteries. We perfused these animals with
50ml of 0.1 mol/l phosphate-buffered
solution (pH 7.4 at 37°C), followed by 200
ml of 4% paraformaldehyde and 1%
glutaraldehyde in 0.1 mol/l phosphate-
buffered solution. We conducted all
perfusions at a flow rate of 5.5ml/min and
these were complete after all the solution
had drained from the right atrium.
Following perfusion, we immersed the
removed femoral artery tissues overnight at
4°C in identical fixative. We post fixed and
paraffinized the specimens in 10%
formaldehyde solution, and cut cross-
sections of arteries at a thickness of 0.5mm
with an ultramicrotome, which we then
mounted on glass slides, and stained. For
routine histology, we used hematoxylin
and eosin for staining, in order to observe
the lumen area and vessel diameter, placed
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the sections in 10 mM citrate buffer (pH 6)
and boiled them for 5 min in a microwave.
We subsequently incubated the sections at
37°C for 30 min in a destaining buffer.

We viewed and photographed the sections
using a standard transmission light
microscope (Olympus BX7, Japan) with
100X magnification.

Statistical analysis

Two independent observers evaluated
morphometric analysis, including vessel
lumen area and vessel wall thickness, in a
double-blind manner. We analyzed the
images using Adobe Photoshop CS5%, and
compared image data between
experimental animal and controls, using an
unpaired Mann Whitney U-test for the
histochemistry results, expressed as mean
+ standard deviation. We performed
statistical analysis using the GraphPrism
program package, version 4 (GraphPad
Software, San Diego, CA, USA) and set
significance at p<0.05.
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RESULTS
Histological observations

We evaluated all arteries under light
microscopy. The control rat femoral
arteries showed a thin vessel wall and
median layer with smooth endothelia, and
thin and unfolded internal elastic lamina
including concentric smooth muscle cells
(Figure 2A). Conversely, the VIW group
showed a significant reduction in the

lumen area diameter, as well as a
significant increase in vessel wall
thickness. Endothelial integrity —was

interrupted, internal elastic lamina was
partially folded and smooth muscle cells
were vacuolated. In addition, we observed
inflammatory cell infiltration and rare
capillary proliferation (Figure 2B). The
VIM group showed the same changes as

a)

d)

Figure 2: Histological observations of femoral arteries. Sections were stained with hematoxylin and eosin and
photographed at 40X magnication. a) Control artery; thin vessel wall with normally appearing internal elastic
lamina and smooth muscle layer. b) Week 1 vasospasm artery (V1W); decreased lumen area with increase in wall
thickness and interrupted internal elastic laminae. ¢) First month vasospasm artery (V1M); decreased lumen area
with increase in wall thickness and interrupted internal elastic laminae. d) First month vasospasm artery + saline
injected artery (V1M+S); decreased lumen area with increase in wall thickness, interrupted internal elastic
laminae and fibrosis. €) First month vasospasm artery + secondary injected artery (V1M+B); decreased lumen

b)

the VIW group, with the exception of the
inflammatory cell infiltration, which we
did not find (Figure 2C).

The VIM+S group also showed the same
morphological changes in the vessel wall
and lumen area diameter differentiations,
along with the endothelial changes.
Further, we also observed myxoid
degeneration in the median layer, rare
perivascular inflammatory cells,
granulation layer with extensive fibrosis,
and capillary proliferation. Intracellular
and extracellular hemosiderin pigments
were also present (Figure 2D). Finally, the
VIM+B group showed the same changes
as the VIM group, and inflammatory cell
invasion was obvious (Figure 2E).

b 4

c)

a)

area with increase in wall thickness, interrupted internal elastic laminae and fibrosis.
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Morphometric analysis

In the control group, the lumen area
diameter varied between 22.04mm and
58.32mm, with a mean of 36.46mm =+
12.25mm, where the mean vessel wall
thickness was 4.86mm + 1.02mm. We
found a significant difference in lumen
area diameter in the VIW (p=0.007), VIM
(p=0.0041), VIM+S (p=0.0012) and
VIM+B (p=0.007) groups, compared to
the control group. Vessel wall thickness
measurements also showed significant
changes in the VIW (p=0.006), VIM

601

Lumen Diameter (mm)

" p<0.001

a)

Vessel Wall Thickness (mm)

(p=0.0111), and VIM+S (p=0.0175)
groups compared to the control group, but
the VIM+B group did not show such
changes (p>0.05) (Figure 3A).

We compared lumen diameter and vessel
wall thickness measurements between the
VIW group and the other groups (Figure
3B), and lumen diameters showed
significant change in the VIM group only.
However, there were no significant
changes in vessel wall thickness
measurements between the VIW group
and the other study groups.
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Figure 3: Morphometric analysis of arteries. a) Lumen diameter, b) Vessel wall thickness.

DISCUSSION

Our primary aim was to reveal the
response of the rat femoral artery to
secondary late hemorrhage by using
Okada's®® ‘Rat femoral artery vasospasm
model'. Rats are the most widely used
laboratory animals in neuroanatomical,
neurophysiological and
neuropharmalogical SAH studies, as they
are easy to maintain and handle. This
model previously indicated that treatment
of either blood or isolated erythrocytes and
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leucocytes, separate from the adventitia of
the femoral artery, would cause maximum
vasospasm level at the end of day 7. This
created a viable avenue for the study of
vasospasm in the rat femoral artery and
thus enabled further analysis of the results
of double hemorrhage.

Cerebral arteries differ from systemic
arteries in various ways, including
endothelial permeability, response to
vasoactive agonists, and the nature of
adventitial matrix.*” The response of
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cerebral arteries to various factors (such as
SAH) is not the same as systemic arteries,
but clinical and experimental studies have
shown that it is related to both blood
volume and the time that the vessel wall
and blood interact. One can imply that the
predisposition of the cerebral arteries for
developing vasospasm is simply related to
the persistence of blood with the vessel
wall and its periphery, and this is the
typical  response of late  arterial
vasoconstriction to the periadvential
blood.®'®* Therefore characteristics of
post-SAH vasospasm and periadvential
autologous blood-injected rat femoral
artery show similarities in terms of the
degree of vasoconstriction, specificity,
angiography, and histopathology.*? The
role of coagulated blood and its exposure
duration on ultrastructural effects on the
vessel wall has been shown in various
studies.*!#18192D We used a silastic cuff
to increase the exposure duration of blood
in the adventitial environment; silastic cuff
has no effect on the vasospasm
process'®*?),

The primary aim of this study was to create
a vasospastic artery and to return it to
normal at the end of the first month
without treatment. This artery would then
again be exposed to the autologous whole
blood, and we wanted to evaluate the
response of this artery to a double
hemorrhage in terms of hypersensitivity
and  desensitivity by means  of
morphometric analyses of the vessel wall
and vessel lumen area. Previous clinical
studies of the vasospasm-time relationship
have indicated that vasospasm starts a
couple of hours after SAH and disappears
3 to 4 weeks later.”” Maspes and Marini"'”
found a post-SAH vasospasm incidence of
6 to 7%, but Kalstrom et al."Y found no
significant difference between vessel wall
diameters after 3 to 4 days, a slight
decrease after 6-12 days, and a complete
return to normal by week 4. Conversely,
Okada et al.,(zz) found that maximum
vasoconstriction occurred at 5 to 10 days,
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and returned to almost normal size at 20
days in a rat model.

In accordance with Okada's model, we had
expected the vessel diameters to return to
normal size after 20 days, so we performed
the second hemorrhage at the first month.

However, the first month's lumen
measurements  revealed that  vessel
diameters had significantly decreased,

compared to those of the control groups
(p<0.01) (Figure 3A). The wvessel wall
measurements also differed significantly
between the VIW and control groups
(p<0.05) (Figure 3B). Even the VIW
groups and VIM group differed
significantly, indicating that wvessel
constriction had continued after the first
week. However, vessel wall thickness did
not differ between the VIW and VIM
groups (p>0.05). In that sense, our results
were not the same as Okada's and other,
related, previous studies. Okada et al. also
reported that they did not observe
endothelial disruption and vacuolization on
the muscle layer on day 20 of hemorrhage,
following histopathological evaluations.
Vessel lumen diameters and vessel wall
thickness did not significantly differ
between the VIM and VIM+B groups
(p>0.05) (Figure 2A). Moreover, there was
no significant difference between the
VIM+B and VIM+S groups (p>0.05)
(Figure 2A).

We performed the second hemorrhage in
the same way as the first, as stated in
previous studies. We analyzed the second
hemorrhage a week later and, again,
injected whole blood into previous silastic
cuff after we had removed granulated
tissues as much possible. However, as the
morphological measurements indicated,
there was no significant response to the
second hemorrhage. We hypothesize that
the reason for this was an extensive fibrous
layer inside the silastic cuff and around the
artery, which we observed when we
reopened the cuff after the first month.
This gave rise to the thought that the
arteries could not expand because the
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extensive fibrous layer or granulation
around the artery restricted
vasoconstrictive molecules with regard to
interaction with the artery. When we
evaluated  the  perivascular  tissue
inflammatory cell infiltration, first week
arteries had mid-level infiltration, whereas
this was not observed in first month
arteries; instead we found extensive
fibrosis (Figure 2. D,E). Conversely, the
second hemorrhage also caused infiltration
of inflammatory cells, but not as much as
we observed in the VIW group. Moreover,
the secondary VIM+S and VIM+B groups
also showed extensive granulation around
the arteries (Figure. 2.D,E).

CONCLUSION

Using the rat femoral artery vasospasm
model developed by Okada et al., we
indicated that there was no significant
difference between first week and first
month vasospasm groups in terms of vessel
lumen diameter and wall thickness
measurements of arteries. Furthermore,
first month vasospasm groups showed
greater vasoconstriction than first week
groups. The secondary hemorrhage had no
effect on vessel lumen diameter and vessel
wall thickness. This may have been the
result of an extensive fibrous structure and
granulation around the arteries, preventing
interaction between vasospastic molecules
and the artery, and possibly preventing
vasodilatation. We could not use this
model to evaluate the response of the
femoral artery to the secondary
hemorrhage by means of autoimmune
mechanisms, because of the extensive
fibrosis tissue and granulation around the
artery, so we can conclude that Okada's
vasospasm model is not suitable for double
hemorrhage studies.
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