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Summary 
 

Objective: In this experimental subarachnoid hemorrhage (SAH) model, pathophysiological 
processes that accompany acute vasospasm, morphological changes in the basilar artery, and 
the effect of altered cerebral blood flow (CBF) on mortality were examined. 
Material and Methods: In the hemorrhage group of rats (n=51), experimental subarachnoid 
hemorrhage was induced and mean arterial pressure (MAP) and cerebral blood flow (CBF) 
measurements were performed following bleeding. Histopathological assessments were 
performed in controls (n=7) as well as in rats surviving for 72 hours. 
Results: An abrupt reduction of 63.2% ± 10% was observed in CBF, followed by 38.1 ± 13% 
and 29.1 ± 11% lower values as compared to baseline at 35 and 60 minutes, respectively (p < 
0.001). The average CBF following hemorrhage was significantly lower in rats that died 
within the first 24 hours and than those that survived for 3 days (p < 0.01). Histopathological 
examination showed thickening in arterial walls, reduced vessel lumen diameter, and 
vasculopathy findings. 
Conclusion: Our findings suggest that following subarachnoid bleeding the fall in CBF alone 
does not impact the mortality rates and that the duration of the reduction in CBF seems to 
represent an important prognostic factor for survival. 
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Deneysel Subaraknoid Kanamanın Yol Açtığı Vasküler ve Hemodinamik Değişiklikler 

 
Özet 
 

Amaç: Çalışmamızda deneysel subaraknoid kanama (SAK) modelinde, akut vazospazma 
eşlik eden patofizyolojik süreçler, baziler arterdeki morfolojik değişiklikler ve serebral kan 
akımı (SKA) değişikliğinin mortaliteye etkisi incelenmiştir. 
Yöntem ve Gereç: Kanama grubundaki sıçanlarda (n=51) deneysel subaraknoid kanama 
oluşturuldu ve bunlarda kanama sonrasında ortalama arter basıncı (OAB) ve serebral kan 
akımı ölçümleri yapıldı. Kontrol grubunda (n=7) ve 72 saatten uzun yaşayan kanama 
grubundaki sıçanlarda histopatolojik değerlendirmeler yapıldı. 
Bulgular: SKA'daki %63.2±10 oranındaki ani düşme, 35. dakikada bazal değerin %38.1±13 
ve 60. dakikada %29.1±11 altında seyretti (p<0.001). İlk 24 saatte ölen ve 3 gün yaşayan 
sıçanların kanama sonrası ortalama SKA'ları arasında anlamlı farklılık saptandı (p<0.01). 
Histopatolojik incelemeler ile arter duvar kalınlığında artma, damar iç çapında azalma ve arter 
duvarında vaskülopati bulguları saptandı. 
Sonuç: Çalışmamızın bulguları subaraknoid kanama sonrası SKA'daki düşmenin tek başına 
mortaliteyi etkilemediğini, düşük kalma süresinin uzunluğunun prognozu etkileyen daha 
önemli faktör olduğunu düşündürmektedir. 
 

Anahtar Kelimeler: Subaraknoid kanama (SAK), vazospazm, serebral kan akımı, mortalite 
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INTRODUCTION 

Although recurrent bleeding is one of the 
most significant complications of 
intracranial aneurysmal bleedings, it can be 
prevented by early diagnosis and 
treatment. In contrast with recurrent 
bleeding, vasospasm, another complication 
of aneurysmal hemorrhage, remains a 
serious problem despite studies examining 
potential prophylactic and therapeutic 
measures to decrease its occurrence(33). 
Following aneurysmal subarachnoid 
hemorrhage (SAH), vasospasm occurs in 
67% of the cases(9) with a biphasic course. 
Typically, the acute phase has a rapid 
course of 3 to 4 hours and may 
spontaneously resolve. The chronic phase 
starts between days 3 and 5, reaches a peak 
in 6 to 8 days, and resolves approximately 
at day 14(38). 

In experimental models of SAH, the 
presence of an abrupt reduction in cerebral 
blood flow (CBF) and cerebral perfusion 
pressure (CPP), and an increase in 
intracranial pressure (ICP) has been clearly 
established(5,6,15,3). Immediately after a 
subarachnoid hemorrhage, occurrence of 
ischemia has been explained on the basis 
of the quick fall in CBF and acute 
vasospasm, although its pathophysiological 
mechanisms are still not very well defined. 

In this study, pathophysiological processes 
that accompany acute vasospasm, 
morphological changes in the basilar 
artery, and the effect of altered cerebral 
blood flow (CBF) on mortality were 
examined in an experimental SAH model 
involving a transclival approach. 

MATERIAL AND METHODS 

Experimental Model and Induction of SAH 

A total of 58 female Sprague-Dawley (SD) 
rats (210-280 g) were used for the study. 
Rats were fasted 12 hours in temperature 
(21 ºC) and light (12 hours on/12 hours 
off) controlled boxes and were allowed to 
drink water only in this period. The 

experimental protocol and procedures were 
approved by the Uludag University 
Institutional Committee for Animal 
Experiments. Rats were categorized into 
hemorrhage and control groups. While rats 
in the control group (n=7) were not 
subjected to any experimental procedures 
initially and were used for 
histopathological assessments, 
experimental subarachnoid hemorrhage 
was induced in the hemorrhage group 
(n=51). 

After rats were intubated transorally 
following intraperitoneal injection of 
thiopental 30 mg/kg, they were ventilated 
with 1% isoflurane, 70% N2% and 30% 
O2 mixture (Small Animal Ventilator 
Model 683; Harvard Apparatus, Inc., 
Holliston, MA, USA). The left femoral 
artery and vein were catheterized with a 
PE-50 polyethylene catheter for blood 
pressure (BP) and heart rate monitoring at 
5-min intervals. From the arterial catheters, 
pCO2, paO2, pH, hematocrit, and oxygen 
saturation values were measured by 
microcapillary sampling before and after 
SAH (Model 348;Chiron Diagnostics, 
Halstead, Essex, England). Blood sugar 
measurements were done with glukostix 
(Medisense Inc. Woltham MA, USA) 
before induction of SAH. 

In the neck region of each rat fixed within 
the stereotactic frame in supine position, a 
2 cm midline skin incision was made and 
the cervical muscles were dissected to 
expose the clivus. With the aid of a 
surgical microscope (Carl Zeiss, Inc., 
Göttingen, Germany) a high-speed drill 
cooled with physiological saline (Microton 
GC 412; Eesculap Co., Tuttlingen, 
Germany) was utilized to open a 2-mm 
burr-hole in the 1/3 of the clivus leaving 
transparent lamella in order to expose the 
origin of the anterior inferior cerebellary 
artery (AICA) from the basilar artery under 
the dura. Another 1-mm burr-hole was 
opened in the left lateral side of the 
midline of the clivus to measure the 
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parenchymal blood flow; a Laser Doppler 
Flowmetre probe (0.8 mm diameter, Model 
P-433; Vasomedics, Inc., St Paul MN) was 
stabilized on the dura at a 90 degree angle 
to the parenchyma using a stereotactic 
holder. Brainstem compression, closure of 
the subarachnoid space, and opening of the 
dura were avoided and blood flow 
measurements were performed always at 
the same location in the brainstem (Figure 
1). After 15 minutes of CBF and mean 
arterial pressure (MAP) monitoring, the 
bony lamella at the midline burr-hole was 
penetrated and a glass-penetrator with a 20 
µm tip was used to cause vascular wall and 
endothelial injury at the origin of AICA at 
basilar artery for inducing diffuse SAH 
extending into the cisternae in all rats 
(Figure 1). Caution was exercised for 
penetrating the anterior wall of the vessel 
only and for avoiding local or parenchymal 
hematoma formation. The burr-hole was 
sealed with wax to avoid cerebrospinal 
fluid leak as well as leakage from the 
hemorrhage. Rectal temperature, brainstem 
parenchymal blood flow, and MAP were 
recorded 15 minutes before and for 60 
minutes after the hemorrhage with 5-
minute intervals. Following measurements, 
anesthesia was terminated and the rats 
were observed to wean from anesthesia 
with self-extubation within approximately 
30 minutes. 

Rats that could survive beyond three days 
were intubated using the same anesthesia 
technique and were placed into ventilator. 
After cerebral blood flow measurements 
with 5-minute intervals were performed 
during the same surgical procedure, the 
rats were sacrificed with 75 mg/kg 
intraperitoneal thiopental sodium. 

Morphological Study 

Rats in the control group and rats in the 
hemorrhage group that survived beyond 72 
hours were included in the morphological 
study. Following decapitation, brains were 
removed without damaging the Willis 
circle and were fixed in 10% 
paraformaldehyte solution for 72 hours for 

subsequent histopathological studies. Rats 
with parenchymal bleeding (n=7) were not 
included. Coronal cross-sections were 
obtained 0.5 rostral to the vertebrobasilar 
junction (cross-section V), 0.5 mm 
proximal to the junction of AICA-basilar 
artery (cross section a), and 0.5 mm 
proximal to the branching point of the 
posterior cerebral artery (cross-section p) 
(Figure 2). In each cross-section (v, a and 
p), four separate measurements were 
performed. The wall thicknesses were 
measured at 3, 6, 9, 12 o'clock positions 
from lumen to the outer border of the 
media without inclusion of the adventitia. 
The mean of four measurements was 
calculated to obtain vessel wall thickness 
for each cross-section in each rat. Using 
the same approach, the circumferential 
length was determined using the luminal 
surface of the intima for each section and 
intraluminal diameter was measured. The 
measurements were performed with 
National Institutes of Health Image J 
software. 

Multiple sections of 10 µm thickness from 
the basilar artery and brainstem were fixed 
in paraffin blocks, and stained with 
hematoxylene and eosin and masson 
trichrome. Using the light microscopy at a 
magnification of x400 the following were 
assessed: ischemia of the brainstem, and 
pathological findings in the arterial wall of 
the basilar artery wall (separation from 
lamina elastic, misalignment), internal 
elastic lamina (curling, interrupted 
continuity), media (edema, pale staining, 
proliferation), smooth muscle cells 
(vacuolization, necrosis and fibrozis), and 
adventitia (inflammation). 

Statistical Analyses 

Within group comparisons for CBF and 
MAP was performed using Friedman's test, 
followed by Wilcoxon test. The wall 
thickness and inner diameter comparisons 
were performed using Mann-Whitney U 
test. A p value less than 0.05 was 
considered significant. 
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Figure 1: Diffuse SAH of rat brain extending into the cisternae, which was induced by a glass-penetrator with a 20 
µm tip at the origin of AICA. 

Figure 2: Upper raw: an example of the calculation of mean vessel thickness in p, a, and v sections using k3, k6, k9, 
and k12/4 measurements. Lower image: thin arrows indicate the levels for p, a, and v cross-sections; the circle and 
the square indicates the point where the SAH was induced and parenchymal blood flow measurement was done, 
respectively. 
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RESULTS 

Rectal temperature, arterial blood pH, 
pCO2, pO2, oxygen saturation, hematocrit, 
and blood glucose values before and after 
SAH in the hemorrhage group did not 
differ significantly (p > 0.05). In this 
group, a total of 34 rats survived beyond 
72 hours with no neurological deficits 
except for hypoactivity. Seven rats 
developing parenchymal focal hematoma 
were not included in the analyses. 

Change in mean arterial pressure in the 
hemorrhage group 

The baseline MAP of 77.9 ± 6.2 mmHg 
increased to 87.1 ± 10.8 mmHg 
immediately after the induction of bleeding 
along with the abrupt fall in CBF (p ˂ 
0.001). Within the first 15 minutes 
following bleeding an increase up to 14.5 ± 
2.2% was observed which gradually 
declined and approached baseline values 
on day 3 (p > 0.05) (Figure 3). 

Cerebral blood flow alterations in the 
hemorrhage group 

The mortality rate in the first 24 hour and 
between 24-48 hours were 25.5% (n=13) 
and 7.8% (n=4), respectively. The mean 
CBF before bleeding in rats dying within 
the first 24 hours was 59.2 ± 23.8 
mlLD/100g/min, while it went down to 
21.6 ± 14.4 mlLD/100g/min after bleeding 
(p ˂ 0.001) and was 36.8 ± 16.05 
mlLD/100g/min at 60 minutes (p ˂ 0.001). 
There was an acute decrease in CBF in the 
order of 63.51 ± 9%, followed by a 50 ± 
11% decrease below the baseline at 35 
minutes, and 38.7 ± 10% decrease below 
the baseline at 60 minutes (p ˂ 0.001). 
(Figure 3) 

In the hemorrhage group, the pre-
hemorrhage mean CBF was 55.5 ± 17.03 
mlLD/100g/min in rats surviving beyond 
72 hours (n=27), while it decreased to 20.5 
± 10.9 mlLD/100g/min after bleeding, and 
raised to 39.4 ± 12.3 mlLD/100g/min at 60 
minutes (p ˂ 0.001). There was an acute 
fall in CBF of 63.2 ± 10%, followed by 
values that are 38.1 ± 13% and 29.1 ± 11% 

below the baseline at 35 and 60 minutes, 
respectively (p ˂ 0.001) (Figure 3). CBF 
on day 3 was 10.7 ± 8% lower than the 
baseline, but the difference was not 
significant (p > 0.05). On the other hand, 
there was a significant difference in blood 
flow changes between rats that died within 
the first 24 hours and rats that survived 
beyond 3 days (p ˂ 0.01). 

Morphological examination 

There were no significant differences in v a 
and p cross-sections of the vessel wall in 
control rats (p > 0.05). In the hemorrhage 
group the v, a and p cross-sections were 
24.7%, 20.1% and 13.1% higher as 
compared to controls, respectively 
(p<0.001, p<0.001, and p<0.05, 
respectively). Also, within the hemorrhage 
group, p and a cross-sections (closer to the 
hemorrhage area) were significantly higher 
as compared to v cross-sections of the 
vessel wall (p ˂ 0.001 and p ˂ 0.05, 
respectively). 

As compared to controls, there was a 
significantly more marked decrease in v 
(33.09%), a (38.8%), and p (37.4%) cross-
sections of the inner lumen of the basilar 
artery in the hemorrhage group (p ˂ 0.001, 
p ˂ 0.001, and p ˂ 0.05, respectively). 

Histopathological examination revealed no 
differences between basilar artery cross-
sections (v, a and p). Seventy-two hours 
after hemorrhage the following diffuse 
histopathological changes were observed 
along the whole vessel length in the basilar 
artery: pale cytoplasm (25/27), separation 
of endothelium from the internal elastic 
lamina (15/27), interrupted continuity of 
the internal elastic lamina (2/27), pale 
staining of the media (24/27), 
vacuolization of the smooth muscles 
(24/27), periadventitial inflammation 
(27/27), curved endothelium (15/27), 
curved internal elastic lamina (22/27), and 
edema of the media (20//10) (Figure 4). 
None of the rats had fibrozis or necrosis in 
the media and smooth muscles of the 
basilar artery wall, and there was no 
ischemia in the brainstem. 
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Figure 3: Graphical view of percent changes in cerebral blood flow (CBF) and mean arterial pressure (MAP) 
during the experiment. The sudden decrease in CBF and increase in MAP was observed after hemorrhage (p<0.001). 
The parameters was started to improve in the first hour but CBF still remained lower in dead animals compared to 
survived (p<0.01). This has been referred as the most important reason affecting the mortality. CBF on day 3 was 
10.7 ± 8% lower than the baseline, but the difference was not significant (p > 0.05). 
 ● (Circles), changes in CBF 
 ▲(triangles), changes in CBF of the subjects that died within 24 hours;  
 ◆ (diamonds), changes in MAP 

Figure 4: An example of the pathological changes and basillar artery thickening after SAH (H&E x400). (a) 
cytoplasmic paleness of the endothelium, separation and curving of endothelium from the internal elastic lamina, (b) 
curved elastic lamina, (c) vacuolization of the smooth muscle, (d) edema, proliferation and paleness of media, (e) 
periadventitial inflammation 
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DISCUSSION 

Our experimental study showed the 
presence of cerebral hemodynamic 
changes occurring immediately after the 
induction of subarachnoid bleeding, while 
no ischemic cells could be detected in the 
brainstem. Histologically, there was acute 
vasospasm along with the pathological 
vessel wall changes starting in the 
endothelium and elastic lamina. 

CBF was 63.2 ± 10% lower than the 
baseline after 5 minutes in rats with 
experimentally-induced SAH, and it 
remained below the baseline for 60 
minutes (p ˂ 0.001) despite an increase 
starting from 10 minutes and reaching a 
29.1 ± 11% decline at its highest point 
during this time period. These results are 
similar to previous observations(5,15,28). In 
another animal model where saline 
injections were used for controls, CBF was 
not reported to change significantly despite 
a 20% decrease in cerebral perfusion, 
while up to 50% decrease in CBF was 
found in the SAH group in conjunction 
with lowered perfusion pressure and 
impaired cerebral autoregulation(15). 

It has been proposed that, compared to fall 
in CBF, the increase in ICP and lowered 
cerebral perfusion following SAH have a 
negligible significance in terms of clinical 
outcomes(24). In our clinical practice, the 
temporary loss of consciousness is 
generally regarded to arise from this drop 
in cerebral blood flow, and the increase in 
intracranial pressure together with lowered 
CBF may actually represent protective 
mechanisms against further bleeding. 

Our findings suggest the lower CBF over 
the time course may be of higher 
importance than the initial fall after SAH. 
In the rats that died within the first 24 
hours, CBF was 64 ± 9% lower than 
baseline after bleeding, and was still 50 ± 
11% below the baseline at 35 minutes (p ˂ 
0.001) (Figure 3). Previously, the extent of 
the reduction in CBF was suggested to 

carry a prognostic value in terms of 
mortality that is independent of the 
cerebral perfusion pressure and ICP(2,6). 
While the abrupt fall in cerebral perfusion 
pressure at the time of bleeding and the 
increase in ICP start to return to normal 
values within minutes of the incident, 
decrease in CBF persists, again suggesting 
a more important role for CBF change in 
the emergence of early brain injury than 
alterations in CPP and ICP(5,6,8,15). 

In experimental and clinical microdialysis 
studies, an increased lactate/private ratio 
and glutamate concentrations, a marker for 
the presence of ischemia, have been noted 
within minutes following subarachnoid 
hemorrhage, and this finding was thought 
to be suggestive of the development of 
ischemia(26,29). In addition, an increase in 
neuron specific enolase, a marker of 
neuronal injury, has been found in the first 
24-h period following aneurysmatic SAH 
and this has correlated with the amount of 
bleeding in the subarachnoid space and 
poor neurological condition at 
presentation(18,22). Also in experimental 
studies, cell death has been reported to 
occur within the first 24 hour not only for 
neurons, but also for astrocytes and 
oligodendrocytes(20,25) leading to a 
suggestion that the death of these cells 
could be related to the acute fall in CBF 
and its duration(20,25). In our study, CBF 
and MAP approached baseline values at 72 
hours (p > 0.05). In rats that had 
hypoactivity without neurological deficits, 
histopathology showed no ischemic cells in 
the brainstem despite the presence of 
vasospasm in the basilar artery. Other 
studies in our laboratory examining 
chronic vasospasm in acute or recurrent 
subarachnoid hemorrhage also showed no 
histopathological signs of ischemia(2,37). 
Despite the demonstration of diffuse 
ischemic injury in human brain 
immediately after subarachnoid 
bleeding(16,39) absence of this finding in 
experimental models might be related to 
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the differences in vascular wall structure or 
in the blood flow in collateral 
vessels.(4,10,21). 

In animal models, vasospasm develops in 
large and small cerebral vessels within 
minutes following SAH(6,30,31) with 
accompanying morphological and 
functional changes(15,35,36). Also, structural 
changes in the human brain has been 
shown to occur in the time course 
following SAH(12). Disturbed alignment of 
the endothelial cells and separation from 
basal lamina have been shown to occur 
within 10 minutes following a 
subarachnoid hemorrhage(11) followed by 
apoptosis in the endothelial nuclei within 3 
hours(12). Disintegration in the proteins of 
lamina terminalis continue for 24 
hours(27,32) and the effects on the blood-
brain barrier results in an increase in 
vascular permeability and edema(7,13,23). 
Following SAH, periadventitial 
inflammatory cell recruitment reaches a 
peak in 48 hours, and the transformation 
from cellular response to humoral 
immunity response contributes to the 
development of vasospasm(17). 

Light microscopic examination of the 
basilar artery 72 hours after subarachnoid 
hemorrhage showed a similar extent of 
pathological changes in different cross-
sections. None of the rats had necrosis or 
fibrosis of the media, while there was pale 
cytoplasm of the endothelium, curved 
elastic lamina, pale staining in the media, 
and intense edema and proliferation. 
Cytoplasmic paleness of the endothelium 
was more marked in areas close to 
bleeding (87.5% in a cross-sections). 
Particularly in areas close to the site of 
hemorrhage (v and a cross-sections) there 
was a significantly more marked increase 
in the thickness of the vessel wall and 
media (p ˂ 0.001 and p ˂ 0.05, 
respectively) as compared to the cross-
section more distant to bleeding site (p 
cross-section), together with vasculopathy 
accompanied by intense periadventitial 
cellular infiltration. In another study by our 

team using the same experimental model(2), 
although there was no other vessel wall 
pathology apart from curved elastic lamina 
at 60 minutes, vasospasm with decreased 
inner lumen diameter of the basilar artery 
and increased vessel wall thickness was 
observed. Signs of vasculopathy persisted 
well up to 72 hours that started with curved 
elastic lamina 1 hour after bleeding(2). 

Although apoptosis(3,12), genetic factors(1), 
and perivascular, cellular, and humoral 
factors(17) have been previously shown to 
be associated with the changes in enzyme 
activity(19), it is still unclear why elastic 
lamina and endothelium are affected first. 
The angiographic vasospasm observed 
after acute SAH does not result in clinical 
manifestations associated with vasospasm 
and ischemia in all patients, suggesting a 
genetic difference resulting in the absence 
of a consistent correlation between the 
volume of blood in the subarachnoid space 
and development of vasospasm. 

CONCLUSION 

Low CBF triggered by the presence of 
oxyhemoglobin in the subarachnoid space 
and endothelial injury, and the subsequent 
pathophysiological processes result in the 
occurrence of vascular and neuronal injury 
even before hemorrhagic patients are 
admitted. The results of our study suggest 
that not only the extent of the fall in CBF 
but also its duration may be important for 
the prognosis after SAH. 
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