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การลดลงของความจําเปนปญหาที่สําคัญของประชากรสูงวัยท่ัวโลก โดยระดับการลดลงของความจําเปนได
ตั้งแตความจําลดลงตามอายุ จนถึงระดบัความจําเสื่อมนอยและมากตามลําดับ  ทําใหมีการศึกษาเพื่อหา
กลไกการเสื่อมของความจําและการเปลี่ยนแปลงความรุนแรงของโรคโดยมีเปาหมายหลักเพ่ือท่ีจะหากลไก
เริ่มตนของการดําเนินสูระยะตางๆ ของการเส่ือมของความจํา เพ่ือท่ีจะไดใหการปองกันหรือรักษากอนท่ีโรค
จะรุนแรง  ปจจัยท่ีพบรวมในการเสื่อมถอยของความจําระดับตางๆ ในผูสูงอายุคือ การลดลงของเลือดท่ีไป
เล้ียงสมอง ดังนั้นการศึกษาการเปลี่ยนแปลงท่ีเกิดจากการลดลงของเลือดไปเล้ียงสมองเล็กนอยท่ีระยะ
เวลานานพอสมควร จะทําใหทราบถึงการเปลี่ยนแปลงในระยะเริ่มตนได ดังนั้นงานวิจัยช้ินนี้จึงมีเปาหมาย
เพื่อศึกษาผลของภาวะเลือดไปเลี้ยงสมองลดลงเล็กนอยแตเร้ือรัง ตอความจํา ภาวะออกซิเดชัน่ และการ
เปล่ียนแปลงจํานวนและรปูรางของเซลลประสาทและแอสโตรไซตในสมองสวนฮิปโปแคมปส  โดยการผูก
หลอดเลือดแดงใหญท่ีคอดานขวาในหนขูาวเพศผูอายุ 4 เดือน ทดสอบความจําใน radial arm water maze 
(RAWM) และวัดภาวะออกซิเดช่ันในสมองสวนฮิปโปแคมปส หลังผูกหลอดเลือด 2 และ 6 เดือน 
ขณะเดียวกันก็ทําการทดลองเพื่อศึกษาการเปลี่ยนแปลงจํานวนและรูปรางของเซลลประสาทและแอสโตร
ไซตในสมองสวนฮิปโปแคมปสท่ีระยะเวลา 1, 3, 7 วัน, 2 สัปดาห, 1 เดือน, 2 เดอืน และ 4 เดอืน หลังผูก
หลอดเลือด ผลการทดลองแสดงใหเห็นวา การผูกหลอดเลือดแดงใหญท่ีคอดานขวาเปนระยะเวลา 2 และ 6 
เดือน ทําใหเกิดการลดลงของความจําทดสอบโดย RAWM มีการเพิ่มระดับของภาวะออกซิเดข่ันในสมอง
สวนฮิปโปแคมปส แตไมมีผลตอการเปลี่ยนแปลงจํานวนและรูปรางของเซลลประสาทและแอสโตรไซตใน
สมองสวนฮิปโปแคมปส  ดงันั้นการผูกหลอดเลือดแดงใหญท่ีคอดานขวาในหนูขาวสามารถทําใหมีการเสื่อม
ของความจําลงเล็กนอย อันนาจะมีสาเหตุมากจากการเปลี่ยนแปลงของภาวะออกซิเดชั่นในสมองที่ไป
กระทบตอการทําหนาท่ีของเซลลประสาทและแอสโตรไซด 
 
คําหลัก :   ภาวะสมองขาดเลือด, ฮิปโปแคมปส, ความจํา, แอสโตรไซต, ภาวะออกซิเดชั่น 
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Abstract 
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Memory impairment ranging from aged-related memory loss, mild cognitive impairment (MCI) and 
dementia affects millions of elderly around the world.  Though extensive researches have been 
invested, the pathogenesis of the transition from each stage of memory impairment is not well 
characterized.  The focus of the research is on the characterization of the earliest stages of 
cognitive impairment.  One factors consistently discovered in both normal and demented elderly is 
the reduction of cerebral blood flow.  The mild cerebral hypoperfusion would then reveal the early 
change of the memory impairment process affected by elderly. To study the effect of mild chronic 
reduction of cerebral blood flow on memory, hippocampal oxidative stress, neurons and astroglia,  
4-month old male Sprague-Dawley rats were subjected to permanent right common carotid artery 
occlusion (RCO).  Behavioral assessment for spatial learning and memory in radial arm water 
maze (RAWM) was performed 2 or 6 months after occlusion. Following the behavioral test, the 
rats were sacrificed and brains were assayed for the oxidative stress parameters, malondialdehyde 
(MDA) and reduced glutathione.   Parallel experiment was performed for histological study of 
number and morphology of CA1 hippocampal neurons and astroglia after arterial occlusion for 1 
day, 3 days, 7 days, 2 weeks, 1 month, 2 months and 4 months.  The results showed that 
unilateral common carotid artery occlusion for 2 and 6 months could cause spatial memory 
impairment in RAWM task, increase in level of oxidative stress parameters especially the reduced 
glutathione at 2 months after RCO but without the alteration in numbers and morphology of 
neurons or astroglia in CA1 hippocampus.  The results indicated that unilateral common carotid 
artery occlusion could cause mild memory impairment.  This could be resulted from brain oxidative 
stress affecting neurons and astroglial functions. 
 
 
Keywords :   cerebral ischemia, hippocampus, spatial memory, astrocyte, oxidative stress 
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1  Introduction 
 

The progression of health care system in this era makes life expectancy of the 
population increase than ever occur before.  Together with the success of the family planning 
system, the elderly becomes a large proportion of the population.  The National Statistical Office 
Thailand reported in 2003 that 9.5% of 63 million population of Thailand were those of 60 years 
old or older.  In the next 20 years, this number will reach 15% of population (70 million) or 11 
million.  Along with the advanced age, several illness and disabilities of ageing increase such as 
diabetes mellitus, hypertension, and stroke.  Cognitive impairment is another condition frequently 
encountered by elderly.  This condition disturbs activities of daily living and even causes disability 
and dependent on care providers.   

Cognitive impairment presents with different degree of severity.  The subclinical 
cognitive deficits are labeled benign senescent forgetfulness, age-associated cognitive decline 
(AACD), age-associated memory impairment (AAMI) and mild cognitive impairment (MCI).  These 
conditions are capable of transition to more severe cognitive impairment.  The most severe form of 
cognitive impairment is dementia which causes disability and incapacity to maintain normal activity 
of daily living.  The worldwide prevalence of dementia are 5% in population of 65 years old or 
older and becomes 20% in population of 80 years or older.  In 2002, the National Statistical Office 
Thailand revealed that 30% of elderly reported forgetful while 0.6% was in clinical stage of severe 
dementia.  This numbers might be lower than expected because of poor access to medical care of 
those with dementia. 

Because treatment of dementia is not very effective, the aim of health care system 
is to prevent the development of the disease.  To effectively prevent the disease, the thorough 
understanding the pathophysiology and early detection of the condition must be achieved.  It has 
been shown that the AACD, AAMI and MCI are capable of transition to overt dementia.  More than 
10% of MCI turns into dementia within 3 years and almost 50% turns into dementia within 5 years.   

Despite extensive research, the early mechanism for the development of dementia 
is not well understood.  This could be because of no appropriate animal model for an early stage 
of this condition has not been met.  One factor consistently discovered in subclinical dementia; 
AADC, MCI or the overt dementia is the reduction of cerebral blood flow (Farkas and Luiten, 
2001).  Therefore, the animal models of cerebral blood flow reduction have been used extensively 
to understanding the mechanism of cognitive impairment.  The two common models are bilateral 
common carotid arteries occlusion (2VO) and arteriovenous fistula (AVF) between common carotid 
arteries and external jugular veins.  Both models cause reduction of cerebral blood flow which 
persists for several weeks together with impairment of learning and memory (Morgan et al., 1989; 
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Ouchi et al., 1998).  In 2VO model, the cerebral blood flow initially reduces to the level below 50% 
in most parts of brain and gradually returns to almost normal within several months (Farkas et al., 
2007).  Motor deficit and death of animals were frequently encountered using these models which 
forced animals to be excluded from the experiment.  Besides, it has been shown that bilateral 
common carotid artery ligation for 30 days caused significant functional and morphological damage 
to retina (Lavinsky et al., 2006).  These eye problems could impair animals’ performance during 
the visual-dependent behavioral tasks.   Therefore, the mild model of cerebral blood flow reduction 
by ligation of unilateral common carotid artery has been used in this study.  This model has been 
shown to cause maximal cerebral blood flow reduction to 65.5% of pre-ligation on the ipsilateral 
hemisphere at 2 hours after ligation in mice which then gradually improved but still at about 80% 
at 4 weeks after surgery.  No animal died or showed impairment of motor function after unilateral 
common carotid artery ligation while cognitive impairment has been evidenced (Yoshizaki et al., 
2008).  In rats, which have a complete circle of Willis as human, the cerebral blood flow reduction 
after unilateral common carotid artery occlusion is mild and transient.  However, the circulatory 
reserve was reduced as hypercabia significantly reduced cerebral blood flow (De Ley et al., 1985).  
This condition could mimic the situation of cerebrovascular compromise in elderly or dementia.  
There is no study of the effect of unilateral common carotid artery on the memory and mechanism 
in rats.  In our research group, when compared between right and left common carotid arteries 
ligation, the spatial memory impairment was evidence in the animal with right common carotid 
artery ligation (Tilokskulchai., unpublished data).  Therefore, the permanent right common carotid 
artery ligation was adopted in our experiment to study effect of chronic mild reduction of cerebral 
blood flow on cognitive function. 

Several cellular mechanisms leading to cognitive impairment after cerebral 
ischemia have been proposed.  Study of hippocampal pathology after 2VO showed delayed 
neuronal death concomitant with the impairment of learning and memory (Bennett et al., 1998; 
Weinstock and Shoham, 2004).  The death of neurons increased with the ischemic duration and 
also enhanced with chronic stress (Ritchie et al., 2004).  However, the early functional impairment 
can occur right before the death of neurons.  Study in ageing rats showed the impairment of the 
maze learning test without reduction of CA1 hippocampal neurons (Rasmussen et al., 1996).  
Another experiment in 2VO models also showed the impairment of learning and memory prior 
reduction of hippocampal neurons (Ni et al., 1994).  This impairment could be the result of 
functional alteration of neurons such as impairment of glucose metabolism (Tsuchiya et al., 1993).  
White matter lesion has also been evidenced in mice after unilateral common carotid artery 
occlusion (Yoshizaki et al., 2008).  As we try to understand the earliest change in the brain during 
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the development of cognitive impairment, the milder animal models mimic AADC or MCI are 
preferential. 

The mechanisms leading to neuronal dysfunction, death and cognitive impairment 
after cerebral ischemia have been studied extensively.  Among these, oxidative stress is one of 
the major players in the process.  It has been shown in several ischemic models including 2VO 
that ischemia increase brain oxidative stress causing cell dysfunction and apoptosis (Chavez et al., 
1995; He et al., 2009).  In our study, the role of oxidative stress in a chronic mild cerebral 
ischemia of unilateral common carotid artery occlusion was studied. 

Beside neurons, astrocytes is the most abundant glia cells in brain and performs 
several major processes for neuronal survival and function.  Astrocyte is part of a neurovascular 
unit important for normal function of nervous system.  Astrocytes have been shown to involve in 
synaptic transmission, maintenance of extracellular glutamate and ions, blood-brain barrier function 
and glycogen storage.  Impairment of astrocyte function would impair glutamate transportation and 
excitotoxicity.  After ischemia, astrocyte water transport increased causing cerebral edema which 
worsens the ischemic condition (Manley et al., 2000).  Astrocyte is also a major site for production 
of glutathione, a major brain antioxidant molecule (Dringen et al., 1999a; Dringen et al., 1999b; 
Shanker and Aschner, 2001; Wang and Cynader, 2000).  Therefore, impairment of astrocytic 
function could impair glutathione production favoring oxidative condition in brain.   

 The effect of cerebral hypoperfusion on astrocyte has been equivocally reported in 
several studies.  Ritchie et. al. showed that chronic cerebral hypoperfusion by bilateral common 
carotid artery occlusion did not alter the number of astrocyte but decreased the number of 
astrocytes when stress was present (Ritchie et al., 2004).  While de la Torre showed that the 
number and size of astrocytes were increased in 2VO models (de la Torre et al., 1993).  In most 
studies, the alteration of astrocyte including astrogliosis occurred late in the ischemic process 
(Farkas et al., 2004; Farkas et al., 2006; Pappas et al., 1996; Schmidt-Kastner et al., 2005).  It is 
therefore very interesting to study the effect of mild chronic cerebral hypoperfusion by unilateral 
common carotid artery occlusion on the astrocyte. 

 
2 Objectives 

To study the effect of mild cerebral ischemia and ischemic duration by unilateral common 
carotid artery occlusion on  
2.1. spatial learning and memory 
2.2. hippocampal pathology (alteration of neuron and astrocyte) 
2.3. hippocampal oxidative stress 
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3 Methods 
3.1. Animals 

Four-month old male Spraque-Dawley rats weighing 350-550 g were used in this study.  
The rats were obtained from National Laboratory Animal Center, Mahidol University, 
Salaya, Nakornpathom.  They were housed under 12-hour light/dark cycle at temperature 
of 25±2 °C.  Food and water were accessed ad libitum.  The rats were divided into 
control, sham and right common carotid artery occlusion (RCO) groups (n=12, each).  
  

3.2. Vascular occlusion 
For the RCO, the rats were fasted overnight and then anesthetized with 40 mg/kg body 
weight of ketamine and 0.5 mg/kg body weight of xylazine intra-muscularly.  A ventral 
cervical incision was performed and the right common carotid artery was identified, 
separated from nearby vagus nerve and ligated with silk suture. After surgery, the rats 
were allowed to recover for 1 hour under heating lamp before returning to their cages. 
The sham rats undergo the same procedures as the RCO except that the artery was not 
ligated.  The control group received no anesthetic and surgery. 
 

3.3. Assessment for locomotors activity 
After surgery, the rats were observed for their locomotors activity including spontaneous 
activity in the cage, symmetry of four limp movement, forepaw outstretching, climbing 
activity, body proprioception and response to vibrissae touch. 
 

3.4. Assessment of spatial learning and memory 
The radial arm water maze (RAWM) protocol was used in the experiment.  The maze was 
constructed from a circular pool of 200 cm in diameter and 50 cm of height.  Polystyrene 
plates were used to divide the pool into eight radial arms.  Each arm was about 15 cm 
width, 75 cm in length.  The pool was filled with water to the height of 30 cm.  An escape 
platform made from transparent cylinder shape glass was located at the end of one arm, 2 
cm below the surface of the water. Three extra maze cues of different shape and colors 
were hanged on three walls of the room.  A video-camera fixed to the ceiling above the 
center of the pool was connected to a computer located in the adjacent room for 
recording. The room and water temperature were maintained at 20 °C during the 
experiment.  The behavioral protocol was as follow. 
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Figure 1 Experimental set up and protocol for spatial learning and memory 
assessment in RAWM.  The 8 day training trial protocol was showed (c).  For the 5 day 
training trial protocol, the sequence was similar to the 8-day protocol but with only 5 days 
of training trial. 
 
Pretraining: The rats were allowed to swim for 60 s without hidden platform in the 

RAWM and extra-maze cues on the wall. The aims of this pretriainning trial 
were to acquaint the rats with the RAWM and also to observe their 
locomotor activity. 

Training trial: The training trial consisted of 8 consecutive day protocol.  On each day, 
each rat was given 4 one-minute trials with the interval of 30 minutes 
between trials.  For each trial, the rats were place in the center of the pool 
facing different direction and allowed 60 s to find the escape platform.  
When the rats could not find the platform in 60 s, they were guide to the 
platform and allowed to stay on the platform for 10 s to get familiar.  The 
mean escape latency was analyzed offline from the recorded. 

 Later, the 8-day training trial protocol was shorten to 5-day protocol and the 
rats were place in different arms of RAWM at the beginning instead of 
placing at the center. 
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Probe trial: Twenty four hours after the completion of the training trials, the rats were 
place in the RAWM without the hidden platform.  The rats were allowed to 
swim for 60 s.  The time spent in the target arm (previously occupied by the 
hidden platform) and the swimming paths were analyzed from the video 
record. 

Reverse trial: The next day after the probe, the rats were given 4 one-minute trials with 
the interval of 30 minutes similar to the training trial except that the platform 
was placed on the opposite arm. The mean escape latency was analyzed 
offline from the recorded. 

 
3.5. Brain biochemical study 

After the completion of the behavioral tasks, the rats were deeply anesthetized with high 
dose of anesthetic drugs (48 mg/kg body weight of ketamine and 0.6 mg/kg body weight 
of xylazine intra-muscularly).  The rats were then transcardially perfused with 200 ml of 
iced-cold phosphate buffer saline (PBS) to remove residual blood.  Brains were quickly 
removed and hippocampi were dissected from both left and right hemispheres of the 
brains.  Hippocampi were then homogenized with tissue homogenizer in ice-cold 
homogenize buffer (PBS with 0.1M EDTA, pH 7.4).  The homogenized suspension was 
centrifuged at 14,000 g for 30 minutes at 4 °C.  The supernatant was transferred to a new 
vessel and stored in -70 °C freezer until assayed (Gupta et al., 2003; Zhu et al., 2006).   
 

3.5.1. Protein assay 
Total protein concentration in each sample was assay using standard Bradford 

technique.  Briefly, 20 μl of reaction was added into 1 ml of 20% Bradford reagent.  
The absorbance was read at 595 nm wavelength.  Standard curve of protein 
concentration was prepared from dilution of albumin. 

 
3.5.2. Lipid peroxidation assay 

The level of malondialdehyde (MDA) was used as an indicator for lipid 

peroxidation.  The reaction mixture consisted of 200 μl of sample, 750 μl of 20% 

acetic acid (pH3.5), 750 μl of 0.8% thiobarbituric acid, 100 μl of 8.1% sodium 
dodecyl sulfate (SDS).  The reaction mixture was boiled in 100 °C water bath for 
60 minutes before cooling down with tap water.  Then, 2.5 ml of n-butanol was 
added.  The mixture was vortexed vigorously and centrifuged at 2000 g for 10 
minutes.  The organic layer was removed to a cuvette.  The absorbance was 
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measured at 532 nm wavelength using a spectrophotometer. The concentration of 
MDA was expressed as nmol/mg protein.  A standard curve was prepared from 0-
20 μM of malondialdehyde bis (dimethy acetal, 99%) in water.  
 

3.5.3. Reduced glutathione (GSH) assay 
Glutathione was measured according to the method of Gupta et al. (Gupta et al., 

2003).  At first, protein in the sample was precipitated by adding 50 μl of 10% 
trichloroacetic acid (TCA) to an equal volume of sample.  The reaction was then 

centrifuged at 1500 rpm for 15 minutes.  Then, 20 μl of supernatant was 

transferred to a well of flat bottom microplate (96 wells) containing 200 μl of PBS 

(pH 8.4).  20 μl of 5’5-dithiobis (2-nitrobenzoic acid) was added into the reaction.  
The absorbance was read at 412 nm within 15 minutes. The concentration of 
reduced glutathione was expressed as nmol/mg protein.  Standard curve of 

reduced glutathione ranging from 0-400 μM was prepared from commercially 
available glutathione. 

 
3.6. Histopathological study 

After vascular occlusion for 1 day, 3 days, 7 days, 2 weeks, 1 month, 2 months and 4 
months, the rats were deeply anesthetized with high dose of anesthetic drugs (48 mg/kg 
body weight of ketamine and 0.6 mg/kg body weight of xylazine intra-muscularly).  The 
rats were then transcardially perfused with 0.9% saline for 10 minutes followed by 4% 
paraformaldehyde in 0.2 M PBS (pH7.4) for 10 minutes.  Brain was quickly removed and 
post-fixed in 4% paraformaldehyde for 24 hours.  The brain was then embedded in 

paraffin.  Coronal sections of brain at 5 μm thickness were prepared using microtome.  
Sections from bregma-3.14 to -3.60 mm according to Paxinos and Watson which 
contained hippocampus were subjected for immunostaining with antibody to neuron 
specific nuclear protein (NeuN) and glial fibrillary acidic protein (GFAP).  Briefly, the 
paraffin sections were deparaffinized in 45 °C water bath and mounted on glass slide 
coating with Silane.  The slides were dried overnight at room temperature and 6 hours in 
60°C incubator.  The sections were incubated with primary antibodies against NeuN or 
GFAP (1:5,000 and 1:8,000 dilution, respectively) overnight.  Then, the sections were 
incubated with secondary antibody conjugated with horse radish peroxidase (HRP) for 30 
minutes and with diaminobenzidine (DAB) for 5 minutes.  The immunohistochemical 
stained slides were examined under light microscope.  Pictures were captured at 
magnification of 200x and 100x for anti-NeuN and anti-GFAP stained sections. 
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Figure 2 Immunohistochemical study of hippocampus.  Coronal sections of hippocampus 
were prepared from brain at bregma-3.14 to -3.60 mm (A). After immunostaining with ant-
NeuN or anti-GFAP, photomicrographs were taken from sections (B and C respectively).   The 
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magnified pictures on the right of B and C were taken from the CA1 as indicated by square 
and rectangle for neurons and astroglia studies, respectively.  
The number and morphology of neuron and astroglia were studied.  Five sections with 45 μm 
spacing between each section were taken for the studies.  The area of 500x500 and 750x1500 
μm2 at CA1 hippocampus as indicated in figure 2 were taken for quantification of the number 
of neurons and astroglia respectively. The number of neurons and astroglia in CA1 
hippocampus were counted by the free UTHSCSA ImageTool program (University of Texas 
Health Science Center, San Antonio, Texas, USA.) available from internet by anonymous FTP 
(ftp://www.maxrad6.uthscsa.edu). Sections were analyzed by an investigator who was blinded 
for the experimental design. The neuronal number was corrected with a multiplication factor 
from the Abercombie method calculating from thickness and the average cell diameter. The 
mean cell size was also obtained by measuring the cross-sectional area of every cell counted. 

 

                                               P = A (M/L+M) 

                          P =    average number of cells per section. 

A  =   crude count of number of cells seen in the section. 

M  =   thickness (μm) of the section 

L  =   average cell diameter (μm) in the section. 

 
3.7. Statistic analysis 

Data are presented as mean ± standard error of the mean (SEM).  For behavioral studies, 
between groups and within groups comparison were analyzed using Kruskall-Wallis 
ANOVA followed by Mann-Whitney U-test and Firedman’s ANOVA followed by Wilcoxon 
signed-rank test, respectively (StatView software, SAS Institute, NC, USA).  Mann-Whitney 
U-test was used for analysis of brain lipid peroxidation, reduced glutathione and quantity 

of neurons and astroglia.  P ≤ 0.05 was considered statistically significant difference. 
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4 Results 
4.1. Effects of right common carotid artery occlusion on spatial learning and memory 
Rats subjected to right common carotid artery occlusion (RCO) did not show any sign of 
locomotors deficit when compared with sham and control. The body weight and tail blood 
pressure was also not different from those of sham and control groups.  After two and six 
months of RCO, the spatial learning and memory were assessed using five or eight days radial 
arm water maze protocols as explained in the methods 
As shown in figure 3 and 4, the mean escape latencies measured at two months after arterial 
occlusion was slightly longer in the RCO group.  This difference in mean escape latency 
between sham (27.2 ± 3.2 s, n=12) and RCO (37.7 ± 4.1 s, n=11) was significant on the 5th 
training day of the five days protocol (p=0.017).   
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Figure 3 The mean escape latency during the 8-day radial arm water maze protocol in sham 
(n=7) and RCO (n=8) groups at 2 months after surgery.   The data were displayed by days (A) 
and by trials (B). 
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Figure 4 The mean escape latency during the 5-day radial arm water maze protocol in other 
series of sham (n=12) and RCO (n=11) groups at 2 months after surgery.   The data were 
displayed by days (A) and by trials (B). 
  
After the completion of five or eight days radial arm water maze protocols, the probe test was 
implemented.  The mean time spent in the target arm (previously occupied by the platform) of 
the RCO group were shorter than those of sham in both the eight-day (time spent in target 

quadrant for sham and RCO groups were 15.75 ± 3.79 and 9.25 ± 2.93 s) and five-day (time 

spent in target quadrant for sham and RCO groups were 18.08 ± 2.50 and 14.91 ± 2.38 s) 
protocols as shown in figure 5.  This result was consistent with the swimming pattern in the 
radial arm water maze where RCO rats showed diffused pattern of entranced into all arms of 
the maze while the sham rats entered mainly the target arm or the apposed arms (figure 6).   
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Figure 5 The mean time spent in target quadrant during the probe trial of sham and RCO 
groups after the 8-day (A) and 5-day (B) radial arm water maze protocol. 
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Figure 6 The swimming pattern of the sham and RCO rats during one-minute probe trial.  
The numbers indicated the arms of the radial arm water maze.  Number 1 was the target arm.  
The patterns were the average of 4 rats in each group. 
 
 
At the reversal trial, the RCO group took longer time to find the platform (figure 7).  As shown 

in figure 7B, the difference of mean escape latency during the reversal trial were 19.67 ± 2.20 

s for sham (n=6) and 46.35 ± 11.46 s for RCO (n=5). This difference was significant 
statistically (p= 0.01). 
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Figure 7 The mean escape latencies during reversal trial in sham and RCO after two months 
of arterial occlusion. * indicates p value of less than 0.05.  
 
In another series of experiments, the rats were subjected for the same radial arm water maze 
protocol after arterial occlusion for 6 months.  Similar results as those of two-month occlusion 
were observed.  The mean escape latency during the 5-day radial arm water maze trials was 
longer for the RCO group especially on the 4th and 5th day of the protocol (figure 8A).  The 
probe trial performed the next day after the completion of the 5-day trial protocol also showed 
that the RCO group spent less time in the target quadrant when compared to sham group 
(figure 8B).  The mean escape latency during reversal trial was longer in the RCO group when 
compared to sham group (figure 8C).  However, the difference in probe and reverse trial was 
not statistically significant. 
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Figure 8 The mean escape latency during the 5-day trial protocol (A), Time spent in target 
quadrant during the probe trial (B) and mean escape latency during reversal trial (C) in sham 
and RCO groups at 6 months after surgery (n=8 and 10, respectively).   
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4.2. Effects of right common carotid artery occlusion on hippocampal oxidative stress 
The lipid peroxidation product MDA and the level of antioxidant glutathione were measured in 
hippocampus of sham and RCO groups at 2 months and 6 months after arterial occlusion. 
 
The MDA level was not statistically different between left and right hippocampi.  At 2 months 
after RCO, the MDA level in the RCO rats was slightly higher than those of sham but not 
significant statistically (figure 9A).  While at 6 months after RCO, no different in the level of 
MDA was observed (figure 9B).  . 
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Figure 9 The MDA level in hippocampus from sham and RCO groups at 2 (A, n = 6 for each 
group) and 6 (B, n = 4 and 6 for sham and RCO, respectively) months after arterial occlusion.  
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The level of reduced glutathione (GSH) in the RCO group increased in hippocampus of the 
occluded side.  This level was significantly higher than the GSH level in the non-occluded side 

of the RCO group (428.30 ± 59.01 and 196.66 ± 22.43 nmol/mg protein for right and left 
hippocampus, respectively).  While, at 6 months after arterial occlusion, no alteration in the 
level of GSH was detected between sham and RCO. 
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Figure 10 The GSH level in hippocampus from sham and RCO groups at 2 (A, n = 6 for each 
group) and 6 (B, n = 4 and 6 for sham and RCO, respectively) months after arterial occlusion. 
* indicated p < 0.05) 
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4.3. Histopathological alteration after various ischemic duration of right common carotid 
artery occlusion 

The number and morphology of neurons and astroglia from sham and RCO at various 
ischemic durations were studied.  No difference in the morphology of both neurons and 
astroglia were observed.  When the numbers of neurons and astroglia were compared 
between different duration and between sham and RCO, no statistically difference was noted 
(figure 12 and 14). 
 

 
 

Figure 11 NeuN immunoreactivity in CA1 hippocampus.  The representative pictures of left (Lt) 
and right (Rt) hippocampi of sham and RCO were shown.  
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Figure 12 Average number of NeuN-positive neurons in CA1 hippocampus. A) After arterial 
occlusion for 2 months in sham and RCO (n=8 and 7, respectively).  B) Average number of 
NeuN-positive neurons after various ischemic duration (n=4-8 for each duration).  
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Figure 13 GFAP immunoreactivity in CA1 hippocampus.  The representative pictures of left (Lt) 
and right (Rt) hippocampi of sham and RCO were shown.  
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Figure 14 Average number of GFAP-positive cells in CA1 hippocampus. A) After arterial 
occlusion for 2 months in sham and RCO (n=8 and 7, respectively).  B) Average number of 
GFAP-positive cells after various ischemic duration (n=4-8 for each duration).  
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5 Discussion 
Cerebral ischemia is among the leading causes of disability and death.  The 

severity of the condition depends on the degree and duration of blood flow reduction.  Several 
mechanisms of cerebral ischemia leading to dysfunction of nervous system have been proposed 
(Taoufik and Probert, 2008).  However, little is known about the sequence of occurring of those 
mechanisms from early to late changes.  The basic knowledge of the early reaction of brain to 
cerebral ischemia starting from the very mild hypoperfusion is of very interesting because it could 
lead to prevention or early intervention before the condition becomes irreversible.  Memory is one 
of the brain functions that alter early after cerebral hypoperfusion.   This is because of the 
hippocampus, one of the brain area important for memory function, is very sensitive to cerebral 
hypoperfusion.   Cerebral hypoperfusion is a condition encountered by individual during the ageing 
process (Farkas and Luiten, 2001).  This leads to various degrees of memory impairments raging 
from benign senescent forgetfulness, age-associated cognitive decline (AACD), age-associated 
memory impairment (AAMI), mild cognitive impairment (MCI) and dementia.  Although this process 
takes time to occur but it could lead eventually to the severe disability as the age progress.  As we 
are in the era of longevity, the prevention and early intervention for this condition is important or 
loss due to disability and health care cost will happen. 

Several models of mild cerebral hypoperfusion have been used for the research.  
Among this, extracranial vascular occlusion is often mentioned in the literatures.  Bilateral common 
carotid artery occlusion provides a good model for memory impairment after cerebral 
hypoperfusion.  But there are some draw backs as this model can be fatal to animals and motor or 
visual deficit can interfere with the interpretation of behavioral tasks commonly used for memory 
assessment.  Unilateral common carotid artery occlusion in mice has been shown to cause more 
than 20% reduction of ipsilateral cerebral blood flow which persisted at least 4 weeks after surgery 
consistent with cognitive impairment (Yoshizaki et al., 2008).  There are few studies about cerebral 
blood flow and memory impairment from unilateral common carotid artery occlusion in rats.  It has 
been show that the reduction of cerebral blood flow by unilateral common carotid artery occlusion 
in was mild and transient (De Ley et al., 1985).  However, we think that this condition would 
reduce the circulatory reserve of brain in the long run.  We, therefore, studied the effect of 
permanent unilateral common carotid artery occlusion on spatial learning and memory, brain 
oxidative stress and histology of hippocampal neurons and astroglia.  As shown in the result, mild 
chronic cerebral hypoperfusion by unilateral common carotid artery occlusion caused mild memory 
impairment at 2 and 6 months after surgery.  This probably is the first report of memory 
impairment by unilateral common carotid artery occlusion alone.  The reason for the memory 
impairment might not be the result of significant cerebral blood flow reduction but could be the 
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reduction of brain circulatory reserve that makes animals less flexible to stress encountered.  
Supporting this idea, the cerebral blood flow after unilateral common carotid artery occlusion was 
significantly reduced by a stress factor, hypercarbia (De Ley et al., 1985).  We though that both 
the sham and RCO rats in our experiments went through the same stress from long duration 
housing condition.  And stress has been shown to compromise brain function after bilateral 
common carotid artery occlusion through alteration of hippocampal neurons and astroglia (Ritchie 
et al., 2004).   

The mechanism by which unilateral common carotid artery occlusion leads to 
cognitive impairment is not known.  Oxidative stress has been proposed as an important factor 
involve with cognitive impairment after cerebral ischemia (Chavez et al., 1995; He et al., 2009).  
We studied the hippocampal oxidative stress after unilateral common carotid artery occlusion by 
assaying the lipid peroxidation and reduced glutathione level.   Brain is rich with lipid component 
and oxidative stress could cause oxidation of lipid.  Reduced glutathione is a major brain 
antioxidant mainly produced by astroglia.  MDA, an indicator for lipid peroxidation, in hippocampus 
at 2 and 6 months after artery ligation were not statistically different between sham and RCO 
eventhough the level was slightly higher in RCO at two month after artery ligation.   The only 
different observed was the level of reduced glutathione in the ipsilateral hemisphere at 2 months 
after unilateral common carotid artery occlusion.  This condition could be the result of 
compensatory mechanism of antioxidative system as shown as a consequence of mild cerebral 
hypoperfusion (Choi et al., 2007).  Oxidative stress depends on the balance between the oxidant 
and antioxidant.  Even with the proposed compensatory mechanism, the MDA level was slightly 
higher in the RCO at 2 months after artery ligation and cognitive impairment was still observed.  
This could indicate the condition favoring oxidative stress in brain.  However, others factor could 
possibly be the cause of this impairment such as glutamate excitotoxicity.  Beside, we might have 
to look for other brain areas involving memory process assessed in our experiment such as the 
prefrontal cortex.   

We further searched if the alteration of hippocampal neurons and astroglia lead to 
the memory impairment.  As shown in the results, both numbers and morphology of neurons and 
astroglia in hippocampus were not altered by unilateral common carotid artery occlusion.  
However, it has been reported that functional impairment of neuron can occur before 
morphological change (Hayashi et al., 2006; Sugawara et al., 2002).  This neuronal functional 
impairment could be the result of several intracellular mechanisms including the reduced 
expression of cytoskeletal protein MAP-2, a vesicular protein synaptophysin and growth factor 
BDNF (Hayashi et al., 2006; Liu et al., 2005).  Besides, white matter lesion and inflammation in 
brain had been reported to be correlated with cognitive impairment after chronic cerebral ischemia 
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by unilateral common carotid artery occlusion in mice (Yoshizaki et al., 2008).  These factors could 
lead to impairment of neural function including long-term potentiation (LTP).  Also alteration of 
number and morphology of astroglia has been accepted to be a late response in mild chronic 
cerebral ischemia  (Farkas et al., 2007).  Impairment of astrocyte function has been associated 
with several neurological conditions (Araque, 2006; Chen and Swanson, 2003).  Therefore, the 
function assessment of neurons and astroglia need further study. 
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6 Summary 
 

Chronic mild reduction of cerebral blood flow and brain circulatory reserve has been 
associated with cognitive impairment in elderly and dementia.  We have created a rat model of 
this condition and shown in this study that: 
1. Unilateral common carotid artery occlusion for 2 and 6 months could cause spatial memory 

impairment in RAWM task.  The memory impairment could be the result of chronic mild 
reduction of cerebral blood flow and the reduction of brain circulatory reserve.  

2. The increase in level of reduced glutathione at 2 months after RCO could indicate the 
compensatory mechanism for the oxidative stress from reduction of cerebral blood flow and 
circulatory reserve.  Hence, the lipid peroxidation product, MDA, was only slightly increase 
without statistical significant different from that of sham. 

3. No alteration in numbers and morphology of neurons and astroglia in CA1 hippocampal 
after arterial occlusion from 1 day to 4 months.  This result possibly indicated functional 
impairment of neurovascular unit, especially neurons and astroglia. However, the memory 
impairment in this study could be the result of white matter lesion as has been reported.  

4. Further study is needed to clarify the functional impairment of neurons and astroglia.  And 
longer duration of hypoperfusion might be applied to accentuate the memory impairment 
and the correlate change of neurons, astroglia and brain biochemistry. 
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ปญหาและอปุสรรค 
 

การศึกษานี้ทําในสัตวทดลอง และตองเล้ียงสัตวทดลองใหไดอายุตามท่ีตองการแลวจึงจะเริ่มทําการทดลอง 
โดยการผูกหลอดเลือดแดง common carotid artery และหลังจากผูกหลอดเลือดแลวยังตองเล้ียง
สัตวทดลองไปจนไดระยะเวลาที่ตั้งไวเชน 2, 6 เดือน จึงเริ่มทําการทดลอง ดวยเหตุน้ีจีงมีปญหาและ
อุปสรรคหลายประการที่ทําใหงานวิจัยลาชากวากําหนดและไมเปนไปตามแผนที่เสนอไปตอนตน เชน 

1. จํานวนสัตวทดลองในแตละการทดลอง ในบางการทดลองอาจไดจํานวนนอยเนื่องจากบางสวนของ
สัตวทดลองที่เล้ียงไวเกิดปวย ตายระหวางเล้ียงอันเกิดจากสาเหตุอ่ืนท่ีไมไดเกี่ยวของกับการ
ทดลองเชน ติดเชื้อทางเดนิหายใจ ทําใหบางการทดลองตองเพ่ิมจํานวนสตัวทดลองเขาไปในตอน
หลัง ทําใหตองใชระยะเวลานานขึ้น 

2. สถานที่เล้ียงสัตวทดลอง เนอืงจากอาคารสัตวทดลองใหมกําลังอยูในระหวางการกอสราง ทําใหตอง
ใชสถานที่เล้ียงและทดลองชั่วคราวซึ่งมีปญหาแออัดในแงการเลี้ยง ทําใหสัตวเจ็บปวยไดงาย และ
อาจมีผลตอการทดลองบาง นอกจากนี้ยังมีความแออัดในการใชสถานที่ทดลองในสัตวทําใหการ
ทดลองลาชาออกไป 

3. เนื่องจากในระยะเวลาที่ทําวิจัย ผลความแตกตางระหวางกลุม sham และ RCO มีไมมาก ดังนั้น
การให intervention ดวย FK 506 จึงทําไมไดตามแผน คาดวาถาใหระยะเวลาผูกหลอดเลือดนาน
ข้ึนอาจจะเห็นความแตกตางมากขึ้นและจะทําใหการทดสอบ intervention ไดผล 

อยางไรก็ตามผูวิจัยไดพยายามวางแผนการทดลองอยางรดักุมท่ีสุด และทําการทดลองเพิ่มในบางกรณีท่ีมี
จํานวนสัตวทดลองนอย ทําใหไดผลเปนท่ีนาพอใจระดับหนึ่ง และมีองคความรูใหมเกิดข้ึนซึ่งสามารถนําไป
ตีพิมพได 
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ภาคผนวก 
Table 1 Escape latency in the radial arm water maze of the 8 days trial protocol of control rats 
at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 10 60 60 13 16 35 10 22 

t2 28 26 60 60 26 14 20 19 

t3 21 55 18 60 9 11 13 16 

Control1 

t4 3 13 5 10 60 10 10 16 

t1 48 5 9 16 39 45 32 23 

t2 60 3 45 60 60 60 10 60 

t3 31 4 10 32 11 32 10 23 

Control2 

t4 60 42 29 25 58 9 11 37 

t1 52 13 22 29 22 13 7 7 

t2 40 21 28 9 6 3 8 7 

t3 3 28 17 11 9 10 6 6 

Control3 

t4 15 30 16 9 5 17 13 6 

t1 38 33 9 24 16 10 10 7 

t2 30 60 12 28 14 5 11 8 

t3 6 5 10 21 12 19 25 17 

Control4 

t4 28 27 30 19 9 5 13 9 
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Table 1 (continue) Escape latency in the radial arm water maze of the 8 days trial protocol of 
control rats at 2 months after the occlusion time 
 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 60 60 60 15 12 12 12 8 

t2 60 60 23 41 60 60 13 12 

t3 60 45 60 60 14 8 11 8 

Control5 

t4 60 60 60 10 13 11 15 7 

t1 25 31 47 27 27 24 8 13 

t2 58 59 60 43 7 8 23 7 

t3 18 57 60 5 13 24 14 21 

Control6 

t4 59 60 14 23 14 5 12 6 

t1 60 60 60 13 19 44 8 7 

t2 60 60 60 20 10 7 13 6 

t3 60 60 12 60 15 18 10 4 

Control7 

t4 60 60 60 12 32 19 6 5 

t1 20 59 33 43 36 17 36 9 

t2 60 36 60 60 59 32 13 14 

t3 60 60 48 41 60 51 9 17 

Control8 

t4 60 45 60 60 22 9 12 16 
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Table 2 Escape latency in the radial arm water maze of the 8 days trial protocol of sham rats 
at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 60 60 19 4 28 17 15 9 

t2 54 52 43 16 12 11 11 14 

t3 35 4 60 3 11 10 10 9 

Sham1 

t4 58 11 60 3 12 11 10 8 

t1 38 60 28 5 19 14 5 3 

t2 60 60 21 54 8 13 5 6 

t3 10 53 28 3 3 9 6 5 

Sham2 

t4 20 60 7 9 11 15 5 4 

t1 38 60 28 60 60 27 10 11 

t2 30 15 13 60 14 24 27 24 

t3 60 15 4 60 60 10 9 29 

Sham3 

t4 30 60 4 60 28 7 16 34 

t1 31 41 23 4 26 15 10 13 

t2 3 60 40 4 10 9 9 9 

t3 43 8 41 5 19 31 9 7 

Sham4 

t4 41 43 4 60 10 6 9 8 
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Table 2 (continue) Escape latency in the radial arm water maze of the 8 days trial protocol of 
sham rats at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 32 60 8 60 60 26 23 20 

t2 17 60 45 52 60 17 17 11 

t3 60 29 60 23 52 30 19 15 

Sham5 

t4 60 46 60 32 34 21 15 12 

t1 60 60 30 22 16 11 31 15 

t2 53 60 13 55 39 10 17 8 

t3 60 60 15 25 11 13 6 8 

Sham6 

t4 60 5 60 20 9 15 14 7 

t1 60 11 44 17 23 8 35 27 

t2 9 11 5 12 60 60 11 14 

t3 35 55 15 22 42 39 19 9 

Sham7 

t4 60 13 60 16 26 21 19 9 
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Table 3 Escape latency in the radial arm water maze of the 8 days trial protocol of RCO rats at 
2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 60 60 41 3 4 48 14 4 

t2 56 60 60 32 60 16 8 13 

t3 32 60 38 4 12 22 9 8 

RCO1 

t4 22 13 38 4 15 17 5 4 

t1 49 25 59 35 12 5 9 10 

t2 60 41 17 51 13 9 11 6 

t3 20 18 12 26 9 7 7 5 

RCO2 

t4 60 5 23 17 9 4 8 7 

t1 50 16 60 14 27 11 3 6 

t2 47 60 42 34 17 6 3 3 

t3 28 47 18 5 10 5 18 7 

RCO3 

t4 48 45 22 4 5 5 6 4 

t1 60 23 4 60 7 60 16 6 

t2 47 60 15 56 25 6 22 21 

t3 14 58 17 23 8 4 9 39 

RCO4 

t4 25 53 10 14 7 4 8 27 
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Table 3 (continue) Escape latency in the radial arm water maze of the 8 days trial protocol of 
RCO rats at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 

t1 60 60 60 60 35 10 13 9 

t2 60 60 60 34 38 40 12 10 

t3 60 60 60 59 54 5 6 6 

RCO5 

t4 60 60 60 53 12 22 22 14 

t1 36 60 42 60 60 25 5 6 

t2 60 23 60 42 60 9 16 5 

t3 60 51 60 59 31 30 8 5 

RCO6 

t4 60 60 60 7 14 4 6 27 

t1 60 60 60 60 29 55 26 21 

t2 60 47 27 38 21 37 42 23 

t3 60 60 27 9 42 56 28 22 

RCO7 

t4 55 38 27 27 60 40 35 25 

t1 51 8 40 37 5 5 14 20 

t2 60 54 27 20 30 6 23 16 

t3 15 33 60 28 6 14 20 21 

RCO8 

t4 28 14 5 4 60 5 5 6 
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Table 4 Escape latency in the radial arm water maze of the 5 days trial protocol of sham rats 
at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 55 92 10 104 7 
t2 119 90 58 64 30 
t3 120 120 10 7 75 

Sham1 

t4 120 29 35 17 33 
t1 20 26 59 8 22 
t2 51 108 11 120 22 
t3 9 120 11 8 40 

Sham2 

t4 10 120 49 10 8 
t1 11 14 10 18 9 
t2 120 120 81 18 31 
t3 120 29 10 11 42 

Sham3 

t4 110 120 20 36 50 
t1 120 120 31 73 120 
t2 87 60 96 25 55 
t3 27 91 10 38 52 

Sham4 

t4 42 39 97 45 24 
t1 64 120 55 120 17 
t2 120 93 34 62 53 
t3 27 120 28 37 14 

Sham5 

t4 116 52 113 36 13 
t1 120 18 43 21 39 
t2 120 120 42 7 8 
t3 120 50 58 25 14 

Sham6 

t4 120 29 8 17 8 
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Table 4 (continue) Escape latency in the radial arm water maze of the 5 days trial protocol of 
sham rats at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 120 110 20 27 25 
t2 103 42 6 7 18 
t3 27 16 17 7 19 

Sham7 

t4 120 82 17 14 14 
t1 120 120 61 15 62 
t2 40 120 120 40 24 
t3 118 49 21 41 31 

Sham8 

t4 106 120 69 23 33 
t1 74 29 58 28 37 
t2 120 39 30 110 21 
t3 120 78 40 42 59 

Sham9 

t4 8 14 9 66 11 
t1 120 51 35 35 8 
t2 78 44 17 22 26 
t3 120 55 29 10 24 

Sham10 

t4 46 29 9 18 7 
t1 120 46 35 10 8 
t2 120 62 8 20 10 
t3 22 17 11 7 34 

Sham11 

t4 73 32 8 38 8 
t1 120 20 34 14 8 
t2 120 62 9 14 10 
t3 86 37 21 6 13 

Sham12 

t4 49 15 14 27 9 
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Table 5 Escape latency in the radial arm water maze of the 5 days trial protocol of RCO rats at 
2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 65 120 44 32 31 
t2 120 109 26 30 32 
t3 120 109 23 21 13 

RCO1 

t4 120 24 59 16 28 
t1 31 77 65 16 21 
t2 10 102 21 17 47 
t3 120 97 58 16 18 

RCO2 

t4 115 21 17 7 18 
t1 43 20 8 115 42 
t2 51 44 9 36 29 
t3 52 36 25 11 43 

RCO3 

t4 10 31 51 18 74 
t1 120 13 120 120 45 
t2 120 59 41 15 120 
t3 120 39 35 120 107 

RCO4 

t4 36 120 24 10 13 
t1 17 46 39 20 43 
t2 120 91 20 66 8 
t3 68 37 41 57 34 

RCO5 

t4 64 42 11 11 11 
t1 89 120 120 14 27 
t2 95 66 50 120 10 
t3 120 39 52 34 120 

RCO6 

t4 120 40 26 27 71 
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Table 5 (continue) Escape latency in the radial arm water maze of the 5 days trial protocol of 
RCO rats at 2 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 120 120 56 87 39 
t2 120 120 11 43 9 
t3 120 120 79 9 16 

RCO7 

t4 120 53 28 9 16 
t1 120 37 38 56 37 
t2 91 45 11 103 43 
t3 96 52 31 23 60 

RCO8 

t4 37 11 40 10 24 
t1 120 120 42 33 69 
t2 120 74 12 32 20 
t3 120 64 65 10 29 

RCO9 

t4 120 120 23 90 8 
t1 120 120 54 10 46 
t2 81 49 10 76 36 
t3 120 59 70 25 57 

RCO10 

t4 120 51 44 22 24 
t1 120 120 47 43 25 
t2 54 13 33 36 33 
t3 81 120 15 24 37 

RCO11 

t4 58 101 59 46 25 
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Table 6 Escape latency in the radial arm water maze of the 5 days trial protocol of sham rats 
at 6 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 9 22 8 15 21 
t2 120 60 20 7 6 
t3 42 23 7 7 7 

Sham1 

t4 9 27 26 31 6 
t1 67 25 12 6 25 
t2 7 5 18 26 22 
t3 44 25 25 27 8 

Sham2 

t4 15 12 7 5 16 
t1 22 38 23 10 8 
t2 25 17 18 5 14 
t3 98 15 11 8 7 

Sham3 

t4 111 21 8 8 6 
t1 35 120 12 11 30 
t2 52 23 10 24 17 
t3 32 24 43 61 10 

Sham4 

t4 23 23 26 11 19 
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Table 6 (continue) Escape latency in the radial arm water maze of the 5 days trial protocol of 
sham rats at 6 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 120 107 10 9 8 
t2 100 34 14 9 8 
t3 120 41 18 9 8 

Sham5 

t4 64 18 23 9 8 
t1 100 120 38 27 12 
t2 51 16 17 15 13 
t3 54 36 7 7 6 

Sham6 

t4 85 8 29 27 20 
t1 45 120 99 35 120 
t2 105 120 48 28 15 
t3 120 36 66 21 40 

Sham7 

t4 106 20 54 17 21 
t1 19 96 7 7 16 
t2 106 37 16 14 10 
t3 68 16 50 7 7 

Sham8 

t4 39 9 16 8 35 
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Table 6 Escape latency in the radial arm water maze of the 5 days trial protocol of RCO rats at 
6 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 39 14 5 5 5 
t2 120 21 26 16 34 
t3 18 35 6 14 6 

RCO1 

t4 7 6 24 23 12 
t1 8 19 8 6 5 
t2 19 18 5 6 13 
t3 54 35 5 23 10 

RCO2 

t4 7 120 6 5 25 
t1 23 47 50 51 39 
t2 21 47 9 25 16 
t3 16 20 18 33 14 

RCO3 

t4 68 120 25 24 27 
t1 12 120 30 24 31 
t2 88 25 54 38 14 
t3 19 66 57 15 31 

RCO4 

t4 15 30 53 43 24 
t1 54 11 12 11 27 
t2 36 23 7 6 7 
t3 15 35 6 31 10 

RCO5 

t4 8 18 13 14 16 
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Table 6 (continue) Escape latency in the radial arm water maze of the 5 days trial protocol of 
RCO rats at 6 months after the occlusion time 

 

Escape latency (s) 
Group Trial 

Day1 Day2 Day3 Day4 Day5 

t1 60 11 6 45 27 
t2 52 18 34 7 9 
t3 17 28 7 49 21 

RCO6 

t4 62 15 15 12 23 
t1 120 31 33 47 120 
t2 120 21 22 46 10 
t3 87 65 24 6 20 

RCO7 

t4 67 120 12 17 68 
t1 120 120 120 41 23 
t2 120 120 120 9 8 
t3 120 120 79 61 33 

RCO8 

t4 120 120 54 16 21 
t1 120 11 113 99 62 
t2 78 38 47 120 42 
t3 120 120 33 67 31 

RCO9 

t4 120 53 46 46 36 
t1 120 17 19 20 20 
t2 120 111 18 36 14 
t3 16 30 25 8 8 

RCO10 

t4 120 9 21 32 32 
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Table 7 Time spent in target quadrant during the probe trial in control, sham and RCO at 2 
and 6 months after RCO after the completion of 5 or 8 days radial arm water maze (RAWM) 
protocols 

Groups Control Sham RCO 

 2-month RCO after 8-day RAWM protocol 
1 10 26 6 
2 19 8 3 
3 15 13 16 
4 22 16 12 

 2-month RCO after 5-day RAWM protocol 

1   16 7 
2   14 20 
3   11 17 
4   15 0 
5   24 22 
6   0 9 
7   24 12 
8   18 29 
9   17 18 

10   19 17 
11   23 13 
12   36   

 6-month RCO after 5-day RAWM protocol 

1   23 13 
2   5 12 
3   26 12 
4   26 14 
5   28 10 
6   18 7 
7   8 25 
8   11 13 
9     19 

10     7 
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Table 8 The mean escape latencies during reversed trials at 2 months of RCO after the 8 days 
radial arm water maze protocol. 

 

Mean escape latency (s) 
Rat No. Trial 

Control Sham RCO 

t1 6 11 7 
t2 5 8 7 
t3 5 8 8 

1 

t4 9 7 8 
t1 6 8 43 
t2 10 8 11 
t3 8 10 19 

2 

t4 4 7 12 
t1 5 12 21 
t2 4 7 23 
t3 4 8 19 

3 

t4 24 6 22 
t1 6   14 
t2 7   24 
t3 8   14 

4 

t4 6   20 
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Table 9 The mean escape latencies during reversed trials at 2 months of RCO after the 5 days 
radial arm water maze protocol. 

 

Mean escape latency (s) 
Rat No. Trial 

Sham RCO 

t1 24 67 
t2 17 120 
t3 38 92 

1 

t4 14 55 
t1 27 68 
t2 13 27 
t3 9 36 

2 

t4 21 120 
t1 16 43 
t2 43 25 
t3 25 7 

3 

t4 10 36 
t1 8 25 
t2 60 16 
t3 10 36 

4 

t4 26 26 
t1 9 41 
t2 6 53 
t3 8 14 

5 

t4 26 20 
t1 23  
t2 25  
t3 8  

6 

t4 6  
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Table 9 The mean escape latencies during reversed trials at 2 months of RCO after the 5 days 
radial arm water maze protocol. 

 

Mean escape latency (s) 
Rat No. Trial 

Sham RCO 

t1 8 22 
t2 22 24 
t3 6 20 

1 

t4 27 17 
t1 5 73 
t2 17 49 
t3 120 18 

2 

t4 9 72 
t1 60 48 
t2 21 20 
t3 12 6 

3 

t4 6 12 
t1 58 35 
t2 22 21 
t3 9 30 

4 

t4 9 9 
t1 11 48 
t2 9 108 
t3 8 98 

5 

t4 11 8 
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Table 9 (continue) The mean escape latencies during reversed trials at 2 months of RCO after 
the 5 days radial arm water maze protocol. 

 

Mean escape latency (s) 
Rat No. Trial 

Sham RCO 

t1 23 45 
t2 23 95 
t3 20 60 

6 

t4 11 7 
t1 39 13 
t2 58 11 
t3 39 20 

7 

t4 16 15 
t1 9 13 
t2 29 29 
t3 20 28 

8 

t4 9 7 
t1   19 
t2   19 
t3   29 

9 

t4   17 
t1   10 
t2   8 
t3   15 

10 

t4   8 
 

 
 


