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ABSTRACT

Background: Nitric oxide synthase (NOS) activity is increased during hypertension and cerebral ischemia. 
NOS inactivation reduces stroke-induced cerebral injuries, but little is known about its role in blood-brain 
barrier (BBB) disruption and cerebral edema formation during stroke in acute hypertension. Here, we 
investigated the role of NOS inhibition in progression of edema formation and BBB disruptions provoked by 
ischemia/reperfusion injuries in acute hypertensive rats. Methods: Rats were made acutely hypertensive by 
aortic coarctation. After 7 days, the rats were randomly selected for the recording of carotid artery pressure, or 
regional cerebral blood flow (rCBF) using laser Doppler. Ishcemia induced by 60-min middle cerebral artery 
occlusion (MCAO), followed by 12-h reperfusion. A single i.p. dose of L-NAME (1 mg/kg) was injected 
before MCAO. After evaluation of neurological disabilities, rats were slaughtered under deep anesthesia to 
assess cerebral infarction volume, edema, or BBB disruption. Results: A 75-85% reduction in rCBF was 
occurred during MCAO which returned to pre-occluded levels during reperfusion. Profound neurological
disabilities were evidenced after MCAO alongside with severe cerebral infarctions (628 ± 98 mm3), 
considerable edema (4.05 ± 0.52%) and extensive BBB disruptions (Evans blue extravasation, 8.46 ± 2.03
µg/g). L-NAME drastically improved neurological disabilities, diminished cerebral infarction (264 ± 46 mm3), 
reduced edema (1.49 ± 0.47%) and BBB disruption (2.93 ± 0.66 µg/g). Conclusion: The harmful actions of 
NOS activity on cerebral microvascular integrity are intensified by ischemia/reperfusion injuries during acute 
hypertension. NOS inactivation by L-NAME preserved this integrity and diminished cerebral edema.  Iran. 
Biomed. J.  15 (1 & 2): 22-30, 2011
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INTRODUCTION

rterial hypertension is the leading cause of 
stroke. Hypertension is recognized as one of 
the most potent vasculotoxic conditions 

associated with early death due to cerebral edema 
and recurrence of stroke [1]. Cerebral circulatory 
system perfectly ensures circulatory and metabolic 
homeostasis of the brain in health. One of the most 
serious complications of abnormal cerebral 
hemodynamics and fluid dynamics, especially
during hypertension, is the development of brain 
edema [2]. Brain is surrounded by a solid vault that

has no extra space for extra fluid accumulation;
therefore, edema formation compresses its blood 
vessel, eventually leading to brain hypoperfusion 
and tissue demolition [3, 4]. Hypertensive diseases 
usually induce brain edema by rising capillary 
pressure in response to high cerebral perfusion 
pressure, or extensive cerebral microvascular 
damages due to cerebral hypoxia or ischemia [5, 6].

There is general consensus that the increased NOS 
activity has detrimental effects on ischemic organs
after reperfusion [7, 8]. Previous studies have 
revealed the beneficial effects of L-NAME on the 
occurrence of ischemia/reperfusion damages in acute 
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cerebral ischemia in normotensive rats [9, 10]. The 
present study is based on the hypothesis that 1) acute 
hypertension, to some extent, increases cerebral 
capillary pressure, owing to high arterial pressure,
cerebral hyperperfusion, and increases the risk of 
edema formation. 2) Cerebral ischemia damages the 
microvascular integrity and further worsens the
influence of hypertension. Previous studies have 
demonstrated that the functional reactions of 
cerebral microvascular beds to increased NOS 
activity, in acute cerebral ischemia, are disruption of 
blood-brain barrier (BBB) integrity and cerebral
edema independently of changing arterial pressure
[9, 11]. The aim of the present study was to analyze 
the effects of superimposed ischemia/reperfusion 
injuries on acute cerebral hypertension, and also the
participation of NOS activity in the pathogenesis of 
ischemic stroke outcomes.

MATERIALS AND METHODS

Male normal Sprague Dawley rats (270-330 g) 
were obtained from Central Animal House Facility 
of Shiraz University of Medical Sciences (Iran). All 
the protocols of the study were approved by the 
Institutional Animal Ethics Committee of Shiraz 
University of Medical Sciences, which follows the 
NIH guidelines for care and use of animals (NIH 
publication No. 85-23, revised in 1996). Animals 
were housed in standard cages in a room with 
controlled temperature (22-24°C), humidity (40-
60%) and light period (07.00-19.00), while having 
access to food and water ad libitum. 

Induction of acute hypertension. Acute arterial 
hypertension was induced by abdominal aortic 
coarctation procedure [12]. In brief, under general 
anesthesia with ketamine (80 mg/kg) and xylazine (8
mg/kg), the abdomen was opened and abdominal 
aorta was surgically dissected from the inferior vena 
cava slightly above the renal arteries. A blunt needle 
was placed alongside the isolated aorta, both were 
gently tightened with a stitch (3-0 silk tread), and the 
needle was removed accordingly. The results of pilot 
experiments indicated that a 23-gauge needle size 
produced severe aortic constriction and raised blood 
pressure of the pre-narrowed segment (carotid 
pressure) of the aorta 50-70% higher than normal. 
Finally, the abdomen was sutured and after recovery, 
the animals were kept in separate cages for 7 days 
during which they had access to regular rat chow 
and water ad libitum. Arterial hypertension was 

assessed in randomly selected rats (n = 10) under 
anesthesia and via a cannulation of the right 
common carotid artery and the rest was assigned in 
sham group for evaluations of brain water content 
and BBB integrity.  

Animal preparation. Animals were fasted 
overnight prior to use, without deprivation of water. 
Anesthesia was conducted with an i.p. injection of 
400 mg/kg chloral hydrate. The animals were 
breathing room air, mixed with 3-5% extra oxygen, 
during surgery and the experimental period. Core 
temperature was continuously recorded by a rectal 
probe connected to a thermistor and the body 
temperature was maintained at 37 ± 1ºC with a 
heating pad and a lamp. A laser Doppler flowmeter 
(AD Instrument, model: ML191, Australia) was 
used to measure the regional cerebral blood flow 
(rCBF) of the areas of the right hemisphere that gets 
its blood flow from the right middle cerebral artery 
(MCA) according to the method described by 
Lecrux et al. [13] . In brief, the right temporalis 
muscle was dissected at the middle distance between 
the eye and the ear. After debridement of soft 
tissues, the probe of the laser Doppler probe was 
placed on the temporal bone. Anatomical analysis of
probe location revealed that in most cases it was 
positioned about 1 to 2 mm from the origin of the 
MCA, or within the area of the ischemic core in the 
ischemic rats. After placement of the probe,
continuous flow recording was performed from 15
min before MCA occlusion (MCAO) until 15 min 
from the start of reperfusion.

Experimental protocol and groups. After 
anesthesia, sham rats (n = 17) received a single i.p. 
injection of the vehicle (1 mL/kg normal saline) and 
underwent the neck surgery without being exposed 
to MCAO. In control ischemia (n = 18), surgery 
performed at the neck region the same as sham, a
single i.p. injection of the vehicle (1 mL/kg normal 
saline) was done at 20 min before MCAO. After 10
min rest brain ischemia achieved by 60-min MCAO 
was followed by 12 h reperfusion. L-NAME 
ischemia (n = 17), rats of this group received a 
single i.p. injection of 1 mg/kg L-NAME (Nω-nitro-
L-arginine methyl ester in 1 mL normal saline, Fluka
Chemicals) at 20 min before MCAO. Other 
procedures were followed the same as control 
ischemia. Then, the rats of each group were
separately positioned into three subgroups for the 
assessments of cerebral infarction volume, cerebral 
edema and the evaluation of BBB integrity.  The 
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number of animals presented in each group is the 
number of rats that were alive after 14 h of neck 
surgery (Sham), or 12 h of reperfusion periods
(control ischemia and L-NAME ischemia). The 
collected data of the animals died during 12 h 
reperfusion period were excluded from the study. 
The number of dead animals with respect to the total 
numbers of rats in each group was regarded as the 
percent of mortality rate, which was 0%, 41%, and 
15% in the sham, control ischemia and L-NAME 
ischemia, respectively. The rats of each group were 
randomly divided into two subgroups of equal 
numbers to quantify the extent of cerebral infarction 
volumes and brain edema.

Neurological assessment. Neurologic functions
were quantified at 12 h of reperfusion (just prior to 
sacrifice) in rats that survived the ischemic trauma 
and at equivalent time periods in the sham group. A 
five-point grading scale of neurological deficit 
scores (NDS) [14, 15] was used, in which rats with 
normal motor function or no observable neurological 
deficits were assigned as grade 1. Grade 2 was given
to the rats that showed flexion of contralateral torso 
or forelimb upon lifting by their tail, or failure to 
extend their forepaw when suspended vertically, 
forelimb flexion and shoulder adduction. Grade 3
was for circling to the contralateral side of the MCA 
occluded hemisphere when the animal is held by the 
tail on a flat surface, but with normal posture at rest. 
Grade 4 was assigned to loss of righting reflex and 
decreased resistance to lateral push, and finally,
grade 5 was given to the rats that have no 
spontaneous motor activity.

Induction of transient focal cerebral ischemia. 
For the surgical procedure, all animals were 
anesthetized with i.p. injection of 400 mg/kg chloral 
hydrate for only 10 min. After neck surgery, the 
right common carotid artery was exposed through a 
midline neck incision. Cerebral ischemia was 
induced using the intraluminal MCAO method 
described by Longa et al. [16] and modified by 
Vakili et al. [17]. The right MCA was occluded with 
a 19-21 mm poly-l-lysine-coated 3-0 surgical nylon 
filament. The filament was introduced from the 
external carotid artery lumen into the internal carotid 
artery and moved forward to reach and close the
origin of MCA. Reperfusion started after 1 h of 
MCAO by gently removing the filament. In some 
animals, arterial blood gases were measured 5 min 
before, 15 min after MCAO and 10 min after 

reopening. Finally after suturing all incisions and 
recovery, the animals returned to their cages for 
recuperation during 12 h reperfusion period. At 12 h 
after the onset of MCA reopening (reperfusion), 
after neurological assessment, the animals were
deeply anesthetized with sodium thiopental, 
sacrificed and then the brains were removed for 
measurements of cerebral infarct size or edema. 

Cerebral infarct size. Cerebral infarct size was 
measured according to the method of Swanson et al. 
[18]. The brain tissue was sliced into six 2 mm-thick 
slices in the coronal plane, stained with a 2%
solution of 2,3,5-triphenyltetrazolium chloride 
(Sigma Chemical Co. Germany) for 15-20 min and 
fixed in formalin buffer for 24 h. Images of the 
stained sections were taken. Grossly visible 
infarction zones were quantified using image 
analysis software (NIH Image Analyzer), and finally 
cerebral infarction volume was calculated as 
described previously [15].

Brain edema. The wet/dry technique was used to 
measure the absolute brain water content (ABWC) 
of ipsilateral ischemic and contralateral non-
ischemic hemispheres [19]. The rats were killed 
under deep anesthesia, decapitated, their brain 
removed and placed in the brain-matrix to separate 
the cerebellum and olfactory bulb. A midline sagittal 
incision was made to divide the brain into right and 
left hemispheres in sham or lesioned (right) and non-
lesioned (left) hemispheres in the ischemic groups. 
Each hemisphere was placed in separate pre-
weighed container to measure its wet weight (WW). 
Then, the containers and their tissues were placed in 
an oven at 110°C for 24 h to evaporate their water, 
in order to obtain their dry tissue weight (DW). The 
%ABWC of each hemisphere was obtained 
separately according to the equation 1 and the 
percent of edema formation of the lesioned 
hemisphere was determined (equation 2) by 
subtracting the %ABWC of non-lesioned (NL) from 
that of lesioned (L) hemisphere.

(1) ABWC (%) = [(WW - DW)/WW] ×100
     (2) Edema (%) = ABWCL – ABWCNL

BBB permeability. After deep anesthesia, a 
catheter   was positioned into the femoral vein for
slow Evans blue infusion (4 mL/kg of 2% of Evans 
blue solution in normal saline, Sigma Chemical Co., 
Germany). Five min slow EB infusion was done 60
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Table. 1. Physiological parameters before, during middle cerebral artery occlusion (MCAO) and during reperfusion in sham, control ischemia and L-NAME treated rats.

Data are presented as mean ± SEM. All values are in physiological range and are not significantly different from each other.

           Groups                        Sham Control ischemia L-NAME ischemia

Parameters
Before

MCAO

During

MCAO

After

MCAO

Before

MCAO

During

MCAO

After

MCAO

Before

MCAO

During

MCAO

After

MCAO

pH   7.393 ± 0.012   7.390 ± 0.010   7.396 ± 0.003   7.393 ± 0.012   7.390 ± 0.010   7.393 ± 0.012 7.406 ± 0.003 7.386 ± 0.008 7.396 ± 0.003

PaCO2 (mmHg) 39.000 ± 1.000 39.000 ± 1.000 36.000 ± 1.000 37.000 ±1.000 38.000 ± 1.000 36.000 ± 1.000 37.000 ± 1.000 38.000 ± 1.000 36.000 ± 1.000

PaO2 (mmHg) 81.000 ± 2.000 82.000 ± 2.000 84.000 ± 1.000 78. 000 ± 1.000 79.000 ± 2.000 84.000 ± 1.000 81.000 ± 3.000 84.000 ± 2.000 85.000 ± 2.000

Core Temp(oC) 37.300 ± 0.100 37.700 ± 0.200 37.700 ± 0.400 37.500 ± 0.200 37.700 ± 0.100 37.500 ± 0.300 37.200 ± 0.000 37.700 ± 0.200 37.700 ± 0.100
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Fig. 1. Regional cerebral blood flow (rCBF, % from baseline) 
in sham operated rats and ischemic rats of control ischemia and 
L-NAME ischemia groups, before and during MCAO, and the 
first 15-min reperfusion period. All values are as mean ± SEM. 
*significantly different from pre-MCAO and from sham 
(P<0.05).

min after the neck surgery in sham, or 60 min after 
MCAO in ischemic rats. After closing all incisions 
and recovery, the animals were placed in their cages 
for 12 h. Neurological assessments were performed 
and the rats were deeply anesthetized with sodium 
thiopental. The chest was opened and a catheter was 
placed into the left ventricle for 15 min infusion of 
300 mL of warm normal saline (37ºC) to completely 
washout the remnants of EB from general 
circulation. After decapitation, the brain was gently 
excised, the cerebellum and olfactory bulb were
removed, and with the help of a brain matrix, the 
rest was divided into the right and the left 
hemispheres. Each hemisphere was carefully 
weighed and tissue EB (µg/g wet tissue) was 
measured by a spectrophotometer (UV 7500, 
Spectro Lab, England), as described previously [20].

Statistical analysis. All values are presented as 
means ± SEM. Comparisons between groups were 
performed by analysis of variance (ANOVA) 
followed by Tukey’s post-hoc test, and P<0.05 was 
considered as statistically significance.

RESULTS

Physiological parameters. Table 1 shows arterial 
blood gas values and pH and body temperature
before and during MCA occlusion, and also the first 
15 min of reperfusion period. The results indicate 
that no significant differences exist among them.

Mean arterial blood pressure. The averages of 
mean arterial blood pressure of normotensive rats 
before aortic coarctation were 97 ± 2 mmHg seven 
days after aortic coarctation sustained carotid artery 
hypertensions with mean of 151 ± 4 mmHg were 
observed.

Regional cerebral blood flow. Alterations of rCBF 
(% from baseline) with time are shown in Figure 1. 
There was a 75-80% reduction in rCBF in both 
control ischemia and L-NAME ischemia during 
MCA occlusion. This reduction returned swiftly 
back to its pre-occluded level during the first 15 min 
of reperfusion period. 

Neurological outcome. Figure 2 represents the 
neurological disabilities in ischemic rats exposed to 
60 min MCAO after 12 h reperfusion. Data of this 
Figure indicates that there were severe motor 
disabilities in control ischemia (NDS = 3.7 ± 0.4). 
Pretreatment with L-NAME before induction of 
ischemia (L-NAME ischemia) significantly 
improved neurological disabilities (NDS = 2.0 ± 0.5) 
such it became insignificant from sham.

Cerebral infarction. Figure 3 is a photograph of 
the coronal sections of rat brain stained with 
triphenyltetrazolium chloride. The uniform dark red 
color of the slices of right and left hemispheres of 
sham is an induction that anesthesia and neck 
surgery did not provoke brain injury. The 
appearance of white color intermingled with dark 
red color areas in the right hemispheres of control
ischemia and L-NAME ischemia indicates that 60
min right MCAO has induced different magnitudes 
of cerebral infarctions without affecting the left
hemispheres. Quantitative comparisons of the values

Fig. 2. Neurological deficit score (NDS) in groups of sham, 
control ischemia and L-NAME ischemia. All values are as 
mean ± SEM. *significantly different from sham (P<0.05); 
#significantly different from control ischemia (P<0.05).
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Fig. 3. Photographs illustrating the coronal sections of rat 
brain slices stained with triphenyltetrazolium chloride 12 h after 
neck surgery in sham or after 60 min MCAO and 12 h 
reperfusion in control ischemic and L-NAME pre-treated 
ischemic rats as described in the text. MCAO induced different 
magnitudes of infarctions in the right hemispheres without 
affecting the left sides. Non-ischemic areas are colored deep red, 
whereas, ischemic areas are white. There is a marked decrease 
in the ischemic areas of L-NAME ischemic hemisphere. 

of infarct volumes indicated that ischemia induced 
severe infarction in the right hemispheres of MCA 
occluded rats of control ischemia (Fig. 4), whereas 
there was a 60% reduction in the size of infarction in 
L-NAME ischemia.

Edema formation. The percent edema formation in 
the left and the right hemispheres of sham and 
ischemic groups are presented in Figure 5. The
percentage  of edema  in   the   left  and the right

  
Fig. 4. Effects of L-NAME on the infarct volume (mm3). All 

values are mean ± SEM. *significantly different from control 
ischemia (P<0.05). 

hemispheres of sham and non-ischemic left
hemispheres of control ischemia and L-NAME 
ischemia were almost zero. Ischemia-induced edema 
(4.05 ± 0.52%) in the right hemispheres of control 
ischemia whereas L-NAME significantly reduced 
edema formation (1.49 ± 0.47%). 

Blood-brain barrier permeability. Figure 6
denotes the quantitative EB extravasations which are 
used as BBB permeability index. The EB 
concentrations of both hemispheres of sham and 
non-ischemic (left) hemispheres of ischemic rats 
were almost close to zero and they were not
significantly different from each other. Ischemia 
significantly increased the concentrations of EB 
extravasation of the lesioned (right) hemispheres of 
control ischemia to 8.461 ± 2.031 µg/g. However, 
there was a significant reduction (66%) in the 
concentrations EB extravasation in ischemic rats 
pretreated with L-NAME (2.93 ± 0.66 µg/g).

Fig. 5. Edema formation (%) of lesioned hemispheres in 
groups control ischemia and L-NAME ischemia. All values are 
mean ± SEM. *significantly different from sham and their own 
left hemispheres (P<0.05); #significantly different from right 
hemispheres of control ischemia (P<0.05).

DISCUSSION

Cerebral microvascular functions are shown to be 
changed in stroke-prone spontaneously hypertensive 
rats preceding the stroke and a pathological damage 
occurs in arteries of hypertensive subjects [21, 22].
Hypertension is usually associated with micro-
vascular injures by generations of various factors 
(e.g. NO, reactive oxygen species and inflammatory
factors) causing endothelial dysfunctions [21, 23]. 
Changes also occur in blood flow and endothelial 
cell functions of brain microvasculature during 
hypertension   and  increases the chance of edema
formation during stroke [22]. In our study, although
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Fig. 6. EB extravasation (µg/g) in the brain tissues of the left 
and right hemispheres of groups sham, control ischemia and L-
NAME ischemia. All values are mean ± SEM. *significantly
different from sham and their own left hemispheres (P<0.05); 
#significantly different from right hemispheres of control 
ischemia (P<0.05).

we could not measure directly NOS activity, we 
assume it increases during the hypertension. Earlier 
reports have shown enhanced NOS expressions and 
increased NO production in the brain of stroke-prone 
spontaneously hypertensive rats [24], and in acute 
hypertension induced by aortic coarctation [12].
From the results of Mayhan et al. [5], our 
assumption is that 7-day acute arterial hypertension 
(60-70%) increase in arterial blood compared to 
baseline, induced by abdominal aortic binding, did 
not have obvious pathological injuries in the 
functions of cerebral microvascular beds. This 
assumption is in accordance with our results because 
this much increase in arterial blood pressure per se
did not lead to extensive EB extravasation in both 
hemispheres of sham rats (EB concentration was 
near zero, Fig. 6) and edema formation (Fig. 5). 

Reperfusion after ischemia intensifies the 
increased NO production and augment ischemia 
injuries [7, 8, 25]. L-NAME is an NOS inhibitor and 
by lowering NO production protects the brain from 
ischemia/reperfusion injuries [6, 9]. Chronic L-
NAME treatment also increases arterial blood 
pressure and this may interfere with ischemia 
injuries [6]. Our assumption is that administration of 
the 1 mg/kg dose of L-NAME, used in this stud, 
does not change the sustained hypertension. This 
seems to be the case because no noticeable 
differences existed among the values of rCBF in 
sham-operated rats and untreated or L-NAME 
pretreated ischemic rats before MCAO or during 
reperfusion periods (Fig. 1). MCAO similarly 
declined rCBF (75-85% below the baseline) in 
ischemic rats, but no similarity was associated with 
the extent of neurological   deterioration outcomes

and infarction volume as thought to be during 
ischemia. Ischemic animals pretreated with L-
NAME had a robust improvement in their 
neurologic score, as well as significant reductions in 
their cerebral infarction (Figs.2 and 4). Therefore, 
we think that in acute hypertension L-NAME 
pretreatment slows down, or prevents NOS 
overactivity and consequently protects the brain 
from ischemia/reperfusion injuries.

The integrity of cerebral microvascular beds saves 
the brain from various complex insults [26]. 
Cerebral edema is the commonest by-products of 
BBB disruption that worsens the side effects of 
stroke [3, 27]. Disruption of BBB and brain edema 
formation following ischemic stroke increases
intracranial pressure and by compression of brain 
vascular beds reduces cerebral blood flow [3], and 
the outcome is the deterioration of neurological 
disabilities and increased mortality rate [3, 27, 28]. 
Although, the intensity of BBB disruption has been 
widely studied in various models of cerebral 
ischemia, little information exists regarding the 
functions of NOS activity during cerebral ischemia 
during acute hypertension. The comparison of the 
results of the edema formation (Fig. 5) or EB 
extravasation (Fig. 6) indicates that inhibition of 
NOS activity prior to ischemia induction 
significantly reduces the occurrences of cerebral 
edema formation (Fig. 5) and BBB disruption (Fig. 
6) during ischemia/reperfusion in hypertensive rats. 
Although increased cerebral NOS activity in the 
ischemic lesion sites are said to amplify NO 
production and enhance the process of BBB 
breakdown and edema formation [29], its inhibition
with L-NAME without alterations of rCBF and 
arterial blood pressure lessens BBB disruption (Fig.
6) and edema formation (Fig. 5). Up-regulation of 
NOS during ischemia, at both levels of mRNA and 
protein, in the brain endothelial microvasculature in 
concomitant with BBB breakdown suggests that NO 
participates in the pathogenesis of vasogenic brain 
edema [8]. Therefore, the reduced intensity of 
cerebral ischemia/reperfusion injuries with L-
NAME, as seen in this study and reported by others
[9, 17, 25], is due to the reduction of NO production 
in the ischemic tissues.

In conclusion, the results of this study indicates 
that the inhibition of increased NOS activity protects 
cerebral microvascular beds of acute hypertensive 
rats from ischemia/reperfusion injuries and by 
reducing the formation of cerebral edema, lessens 
cerebral lesions made by stroke.
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