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ABSTRACT 
 

        The first purpose of this study was to investigate the effect of chronic (2 
months) mild cerebral hypoperfusion in Sprague-Dawley rats on spatial learning 
and memory and the relationship with the histology of neurons and astroglia in 
dorsal hippocampus. The second was to observe the effect of hypoperfusion 
duration on hippocampal histology. Four-month-old male Sprague-Dawley rats 
(n=118) were randomly assigned into one of  seven experimental groups 
categorized by duration of right common carotid artery (RCO) occlusion of 1 day, 
3 days, 1 week, 2 weeks, 1 month, 2 months, and 4 months. Each group was 
further divided into 3 subgroups: control, sham and RCO. Behavioral assessment 
for spatial learning and memory in radial arms water maze (RAWM) was 
performed 49 days after occlusion in the group of 2 months rats.  Finally, the rats 
were sacrificed and the brains were removed for histological study. Brain sections 
of each group were stained by the immunohistochemical method to localize the 
hippocampal CA1 neurons and astroglia. The numbers of both neurons and 
astroglia in the hippocampal sections were counted.  
  
        The present study revealed that 1) mild chronic cerebral ischemic insult 
resulted in a significant deficit in spatial learning and memory assessed by 
RAWM (P<0.05), 2) the mild chronic ischemia within 4 months had no effect on 
the change of number of neurons and astroglia in hippocampal CA1 and 3) there 
was no correlation between spatial learning and memory deficit in RAWM and 
the number of neuron and astroglia. 
        In conclusion, ischemic insult by RCO alone could induce spatial learning 
and memory deficit in RAWM but not the alteration in the numbers of neurons 
and astroglia. However, the results indicated that the neurons in hippocampal 
CA1 may be dysfunctional which leads to a significant decline of spatial memory 
 
KEY WORD: RAWM /ASTROGLIA / SPATIAL LEARNING AND MEMORY/    

HIPPOCAMPAL CA1 
 
128 pp. 
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และออกซิเจนที่มาเลี้ยงในหนูตอการเรียนรูและความจําของหนูและ ความสัมพันธกับ การเปลี่ยนแปลงของพยาธิ
วิทยาของ เซลลประสารทฮิปโปแคมปส เกลียเซลล ชนดิ แอสโทรเกลีย วัตถปุระสงคที่สองเพื่อดผูลของระยะเวลา
การลดลงของเลือดและออกซิเจนทีม่าเลี้ยงในสมองตอพยาธิวทิยา หนูอายุ 4 เดือน (118 ตัว) จะถูกแบงยอยแบบสุม
ออกเปน 7 กลุม คือ ผูกหลอดเลอืดคอมมอนคาโรตดิขางขวาอยางถาวร เปนเวลา หนึ่งวัน สามวัน หนึ่งสัปดาห สอง
สัปดาห หนึ่งเดือน สองเดือน และ ส่ีเดือน เปนโดย ในหนูแตละชวงระยะเวลาจะมี 3 กลุมยอย คือ หนูกลุมควบคุมที่
ไมไดผานการผาตัด การใหยาสลบและผูกเสนเลือด (control) หนูกลุมที่ไดรับการผาตัดและยาสลบแตไมผูกเสนเลือด 
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ไดรับการนับ 
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ความจําของหนบูกพรอง ไมสัมพนัธกับจํานวนของเซลลประสารทฮปิโปแคมปส เกลียเซลล ชนิด แอสโทรเกลีย ใน 

model นี ้
การศึกษาครั้งนี้สรุปวาวา ภาวะที่สมองไดรับเลือดและออกซิเจนมาเลีย้งลดลงเพียงเล็กนอยอยางเรื้อรังเพียง

อยางเดียวทําใหเกิดเสื่อมของการเรียนรูและความจําชนิด แตยังไมมผีลตอการเปลี่ยนแปลงของจาํนวนเซลลประสาท
และแอสโทรเกลยี แตอยางไรก็ตามจากผลการทดลองชี้ใหเห็นวาเซลลประสาทและเกลียเซลลในฮปิโปแคมปสอาจ
ทํางานไดอยางไมปกติ ซ่ึงอาจเปนกลไกทําใหเกิดเสื่อมของความจําชนดิ Spatial memory อยางมีนัยสําคัญ.  
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CHAPTER I 
INTRODUCTION 

 
 
BACKGROUND AND RATIONALE 
 
 The blockage of blood vessel is one of the causes of the disruption of blood 

flow leading to cell dysfunction and death.  It has been hypothesized that a state of 

chronic and moderate global ischemia was one of the major cause that lead to the 

progression of the cognitive decline and neuronal death in many neurodegenerative 

diseases including ageing process.  

Several animal models have been developed to study the effect of ischemia. 

One of the most favorite models is occlusion of common carotid arteries with (4VO) 

or without occlusion of vertebral artery (2VO).  The effect of ischemia on learning and 

memory tested by the Water Maze test and the Radial Arm Maze (RAM) test showed 

that, in Spague-Dawley rats, 2 weeks and 3 months ischemia impaired learning and 

memory in eight–arm radial maze task (8-RAM)(1) and the impairment of spatial 

memory was also discovered by testing with Morris water maze (MWM) 7 days after 

surgery (2). These behavioral changes could be accompanied by brain histopathology 

resulted from 2VO which damaged CA1 pyramidal cell layer of hippocampus, 

caudoputamen and neocortex (3). Since hippocampus is the major structure that 

functions in memory processing, ischemia-induced selective neuronal CA1 damage 

was well accepted as the causes of spatial memory decline in 8-ARM and MWM. 

Mild alteration of astroglia can be observed from the next day after ischemia. 

Days later, the number of astroglia, a type of neuronal supporting cells, was also 

decreased at the same day that neuronal death was observed (4).  These results showed 

a marked relationship between neuronal damage and astroglia cell death in the 

hippocampal CA1 region after global ischemia (5). Normally, astroglia are in close 

contact with neurons and perform many functions to support the survival of neurons in 

both physiological and pathological conditions. In ischemic condition, the initial 

response of astroglia following ischemia is likely to be important for neuronal 

protection as they can provide fuel for neurons, buffer K+ and also contain greater 
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concentration of antioxidant glutathaione for scavenging free radicals that occur 

during ischemia. However, if ischemic condition is too severe for astroglia to support 

neurons, reactive change of altroglia and glial scar occurs and it seems to further the 

injury for neuron instead, as it inhibits axon regeneration and astroglia can also release 

more glutamate which leads to more neuronal death.  

 As astroglia seem to be useful in helping the neurons in the early phase of 

ischemia, the interventions that act at this stage to support the function of astroglia 

could prevent or lessen the neuronal injury and neurological impairment.  Knowledge 

about the astroglia at this phase of ischemia needs to be studied so that we could 

understand the earliest responses of astroglia.  Therefore, we induced a very mild 

ischemia by occlusion of right common carotid artery (RCO) in Spague-Dawley rats 

(SD) and observed the effect on the numbers of astroglia and neurons and also the 

functional impairment induced by this mild ischemia by using radial arm water maze 

(RAWM). 

                

Objectives 

1. To observe the effect of chronic mild cerebral hypoperfusion in RCO 

model on hippocampus- dependent learning and memory. 

 2. To observe the effect of chronic mild cerebral hypoperfusion in RCO          

model on hippocampal CA1 neurons and astroglia.   

3. To study the relationship between the ischemic duration and alteration of 

hippocampal CA1 neurons and astroglia. 

 

Hypothesis 

 1. Number of neuron and astroglia decrease in RCO group.  

2.  RCO group show memory deficit compared to control and sham groups. 

3. The memory deficit correlates with decreasing number of neurons and 

astroglia.  
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CHAPTER II 

LITERATURE REVIEW 

 
 Brain is one of the most sensitive organs to injury in the entire body.   To 

function properly, brain needs continuing supply of oxygen (O2) and nutrients, 

especially glucose.  The high sensitivity of the brain to blood flow changes and the 

dependence on continuous blood flow are critical factors that make the brain 

particularly more vulnerable to ischemia.  Only a short interruption of these supplies 

could cause brain injury and functional impairment. The damage caused by the 

reduction of cerebral blood flow was found in many diseases such as stroke, 

neurodegenerative disease, and also in ageing process.  

 
2.1  Cerebral ischemia 

Cerebral ischemia (global and focal) occurs when the amount of O2 and other 

nutrients supplied by blood flow are insufficient to meet metabolic demands of brain 

tissue. The severity of ischemia depends on the extent of cerebral blood flow (CBF) 

reduction which determines the degree of oxygen and glucose deprivation from the 

cells. The severity also depends on tissue types which have different thresholds for 

ischemic injury.  Neurons are the most important unit for nervous system functions 

and are very sensitive to blood flow reduction, only ~3-4 min of ischemia can induce 

neuronal injury and death. 

2.1.1 Brain blood supply and characters of cerebral ischemia 

The brain receives its arterial blood supply via two major routes, the internal 

carotid arteries and vertebral arteries, the latter forming the unpaired basilar artery at 

the junction of medulla and pons. The carotid system is responsible for the anterior 

circulation of the brain while the basilar artery provides blood supply to the posterior 

cerebral circulation. Obviously, the anterior and posterior circuits are not independent 

of each other; the two are interconnected by communicating arteries that form the 

circle of Willis at the base of the brain, providing potential shortcuts between the 

lateral as well as the anterior-posterior cerebral circulation. Under physiologically 
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optimal circumstances the blood streaming through the vertebral arteries does not mix 

with the blood carried by the internal carotid arteries. Nevertheless, if the pressure 

gradient in the circle of Willis changes due to an insufficient flow in either the anterior 

or posterior circuits, blood from different origin can be redistributed via the collateral 

intercommunication in the circle. The compensatory mechanisms can play a role when 

the lumen of an intracranial artery is narrowed due to severe atherosclerosis (6) or 

when the common carotid arteries or the middle cerebral arteries of laboratory animals 

are experimentally occluded to create a model for cerebral ischemia (7). Many 

experimental models are used to study ischemic brain damage, mostly based on 

occlusion of extracranial arteries. The three main class of in vivo rodent model which 

Brown adapts from Levin model (8) to study ischemia are global, focal ischemia and 

hypoxia/ischemia models.    

Global ischemia occurs when CBF reduces throughout most or all of the 

brain. With complete ischemia, global blood flow ceases completely whereas in 

incomplete ischemia global blood flow is severely reduce to the amount that is 

insufficient to maintain cerebral metabolism and function.  The unique pathological 

characteristics of global cerebral ischemia are selective vulnerability of neurons to 

ischemia.  Specific neuronal subpopulations are more susceptible to ischemia than 

others. The most vulnerable regions are the pyramidal neurons in the CA1 and CA4 

sectors of the hippocampus, pyramidal neurons in layer III, V and VI of the neocortex, 

somatostatin-immunoreactive neurons in the hilar region of the hippocampus, small- 

to medium-sized spiny neurons of the striatum, reticular nuclear cells in the thalamus, 

Purkinje cells of the cerebellum and cells in the septum. Another feature of global 

ischemia is the delayed neuronal death, the selectively vulnerable neurons die in a 

delayed fashion, despite the fact that the ischemia is reversed by reperfusion. 

Histological evidence of neuronal death emerges hours to days after reperfusion.  

Focal ischemia results from a reduction in blood flow to a very distinct, 

specific brain region. The pathological characteristics of focal ischemia consist of the 

central core and the penumbral zone.  Central core is a region centrally focuses in the 

distribution of the occluded artery where cells undergo necrosis with no cell type 

selectivity and cell death is rapid unless blood flow is restored.  The penumbral zone is 

considered to be a region around the central core that experiences a less severe degree  
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of ischemia due to collateral circulation from neighboring regions with an intact blood 

supply. Unless adequate blood flow is restored, cells in the penumbral zone die and 

become incorporated into the final infarct. The penumbral region is surrounded by a 

region of viable tissue (figure 2.1). 

 

 

 
 

Figure 2.1 Brain damage in focal cerebral ischemia.  The core is surrounded by the 

penumbra and the viable tissue, respectively.  The supply of ATP in core is completely 

disrupts hence the cells die by necrosis while the still low level of ATP in the 

penumbra leads to cell death via apoptotic pathway. (9)  

    

2.2  Pathophysiology of  global cerebral ischemia 

Several evidences indicate the relationship between global cerebral ischemia 

and neurodegenerative diseases and age-associated neurological impairment.  Several 

models of dementia and mild cognitive impairment (MCI), a preclinical stage of 

dementia, rely on the global cerebral ischemic models.  The studies in global cerebral 

ischemic models offer data to demonstrate the alteration in brain metabolism during 

ischemic condition such as the glucose metabolism, the ATPase activity, the ATP and 

lactate concentrations. The cerebral glucose utilization was found to follow the 

reduction in CBF with an initial delay and a more rapid recovery (10). Furthermore, 

sudden depletions of ATP and phosphocreatine were detected in the cerebral cortex 5–

10 min after bilateral common carotid artery occlusion (2VO) induction and persisted, 

though to a lesser extent, for 2 weeks (11). The concentration of ATP was restored to 

the control level at 8 weeks, while that of phosphocreatine still remained significantly  
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decreased (11). Finally, the ATPase activity was considerably decreased, and the 

lactate concentrations in the hippocampus and cortex were increased 2.5 fold 34 days 

after the onset of 2VO (12). These data indicates that the changes in CBF can be 

divided into three phases with a gradual transition with regard to the metabolic and 

homeostatic states of the tissue.   

The acute phase, immediately after the start of occlusion, lasts for a maximum 

of 2–3 days. The CBF falls dramatically at once and remains very low in this period, 

creating hypoxic–ischemic conditions, which may compromise the 

electrophysiological activity of the nervous tissue (13). A phase of chronic 

hypoperfusion follows, lasting for 8 weeks–3 months. This hypoperfusion is believed 

to sustain chronic, moderate hypoglycemia, which corresponds with oligemia. This is 

the phase which most closely resembles the condition of reduced CBF in human 

ageing and dementia. In the final phase of restitution, the CBF returns to the baseline, 

and the cerebral hypoperfusion, together with the suboptimal metabolism, gradually 

ceases (figure 2.2). 

  

 
 

Figure 2.2  The phases of chronic cerebral hypoperfusion, according to metabolic and 

homeostatic state of the tissue, induced by permanent 2VO in the rat. (14) 
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Figure 2.3   Time course and outcome of pathophysiological processes of ischemia.  

The x-axis reflects the evolution of the cascade over time, while the y-axis aims to 

illustrate the impact of each element of the cascade on final outcome. (9)  

 

  
 

Figure 2.4  ‘Ischemic thresholds’ for pathophysiological events which occurred in 

acute brain injury. Cerebral blood flow (CBF) of about 10 ml/100 g/min will cause 

irreversible neuronal injury. (15) 

 

At the very early event after the onset of the ischemia, excitotoxic 

mechanisms can damage neurons and glia lethally. In addition, excitotoxicity triggers 

a number of events that can further contribute to the demise of the tissue. Such events 

include peri-infarct depolarization and the more-delayed mechanisms of inflammation 

and programmed cell death (figure 2.3 and figure 2.4).  
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2.2.1 Ischemic cell injury 

  A constant flow of blood to the brain is essential in delivering O2 and 

glucose to neurons.  Disruption of cerebral blood flow causes cell injury and 

eventually cell death.  Ischemic cell injury and death has at least four major stages:   

 First, the induction stage which includes inhibition (and subsequent 

reactivation) of electron transport, decreased ATP, decreased pH, increased cell Ca2+, 

release of glutamate, increase arachidonic acid, and also gene activation leading to 

cytokine synthesis of enzymes involved in free radical production, and accumulation 

of leukocytes. These changes lead to the activation of five damaging events, termed 

perpetrators. These are the damaging action of free radicals and their product 

peroxynitrite, the action of Ca2+ dependent protease, calpain, the activity of poly-ADP 

ribose polymerase (PARP), and the action of the apoptotic or necrotic pathway. 

 The second stage of cell injury involves the long–term changes in 

macromolecules or key metabolites that are caused by the perpetrators. 

The third stage of cell injury involves the damaging effects of these 

macromolecular and metabolite changes, and some of the induction processes, on 

critical cell functions and structures that lead to the defined end stages of cell damage. 

These targeted functions and structures include the plasmalemma, the mitochondria, 

the cytoskeleton, protein synthesis, and kinase activities. 

The fourth stage is the progression to the morphological and biochemical end 

stages of cell death. Of the four stages, the last two are the least well understood. The 

mechanisms responsible for cell injury are complex. However, there are a number of 

principles that are relevant to most forms of cell injury. 

 ATP depletion 

High energy phosphate in the form of ATP is required for many synthetic 

and degradative processes within cells. ATP is produced in two ways.  The major 

pathway in mammalian cells is oxidative phosphoryration of adenosine diphosphate 

(ADP) or the aerobic pathway. Another path is the glycolysis or the anaerobic 

pathway. If the supply of oxygen is reduced, as in ischemia, oxidative phosphorylation 

ceases and cells rely on glycolysis for energy production. These result in an increase 

rate of anaerobic glycolysis designed to maintain the cell’s energy sources by  
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generating ATP through metabolism of glucose derived from glycogen.  The by 

product of this process, lactate, causes acidosis which harms the cells. 

 

Ca2+ influx and excitotoxicity 

Energy failure leads to perturbation of the Na+/K+-ATPase, and Ca2+/H+ 

ATPase pumps. In addition Na+-Ca2+ transporter is reversed (16)the resulting opening 

of voltage-gated Ca2+ and Na+ channels causes Ca2+ and Na+ influxes which further 

depolarize the cells. Increase intracellular Ca2+ stimulates the release of massive 

amounts of the excitatory neurotransmitter glutamate into the extracellular space.  The 

increase in extracellular glutamate causes the opening of ligand-gated Ca2+ (N-methyl-

D-aspartate [NMDA] receptor) and Na+ (alpha-amino-3-hydroxy-5-methyl-isoxazole-

4-proprionic acid [AMPA] receptor) channels. The energy failure and the increasing 

intracellular lactate also inhibits glutamate uptake both in neurons and glial cells. Free 

radical production induced after glutamate receptor activation might induce the 

oxidation of cysteine residues on glutamate transporter, inhibiting uptake. 

Additionally, energy failure promotes the increase in intracellular Na+, and in turn the 

inverses function of glutamate transporters. Through a still unknown mechanism, 

downregulation of glutamate transporters at the plasma membrane occurs after the 

ischemic insult. These alterations might be involved in the elevation of extracellular 

glutamate and the development of neuronal death associated with ischemia (figure 

2.5).  

This elevation of extracellular glutamate causes a prolonged and excessive 

activation of membrane glutamate receptors, further stimulating Ca2+ influx. 

Glutamate also acts on metabotropic receptors that signal via G protein–linked second 

messengers. (17, 18) One effect is activation of phospholipase C to generate inositol-1, 

4, 5-triphosphate (IP3). IP3 binds to the IP3 receptor on the endoplasmic reticulum 

(ER) causing release of ER Ca2+ into the cytosol. Activation of phospholipase A2 

generates arachidonic acid, which can also induce release of Ca2+ from the ER (figure 

2.6). During ischemia, ATP depletion also results in cessation of energy-dependent 

mechanisms located in the mitochondria, ER, and plasma membrane to remove Ca2+ 

from the cytosol. Calcium influx will induce cytoplasmic calcium overload and 

activation of diverse enzymes such as phospholipases, proteases and nucleases, which  
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will drive the breakdown of phospholipids, proteins and nucleic acids. In addition, 

cytoplasmic Ca2+ overload will lead to free radical production, oxidative stress, and 

impairment of mitochondrial metabolism, which will lead to energy failure (figure 

2.7). As a result, neuronal death will take place. (9) 

 

 
 

Figure 2.5 Glutamate transporter alterations during cerebral ischemia. (19) 
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Figure 2.6  Neuronal Ca2+ homeostasis. VGGC, Voltage gated Ca2+ channels; 

NMDA-R, NMDA receptor; AMPA-R, AMPA receptor; PMCA, plasma membrane 

Ca2+ ATPase; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase; RYR, 

ryanodine receptor Ca2+ channel; IP3R, IP3 receptor Ca2+ channel. (20)  
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Figure 2.7  Excitotoxic induced by increasing extra-cellular glutamate. (19) 

 

 Mitochondrial dysfunction 

 Calcium loading and free-radical generation are no doubt major contributors 

to the mitochondrial ultrastructural changes which are known to occur following 

cerebral ischemia. In addition to the structural alterations observed, there are 

biochemical derangements such as a marked decrease in adenine nucleotide 

translocase and oxidative phosphorylation. There is also an accumulation of FFAs 

(free fatty acids), long-chain acyl-CoA, and long-chain carnitines. Of these alterations, 

the accumulation of long-chain acyl-CoA is perhaps the largest, since 

intramitochondrial accumulation of long-chain acyl-CoA is known to be deleterious to 

many different mitochondrial enzyme systems (21). Mitochondrial damage often 

results in the formation of a high-conductance channel, the so called mitochondrial 

permeability transition (MPT) in the inner mitochondrial membrane. Defective 

mitochondrial function results in decrease phospholipids synthesis, which affects all 

cellular membranes, including the mitochondria themselves. At the same time, the 

elevation of Ca2+ uptake into the mitochondria activates phospholipase and leads to 

breakdown of phospholipids. The net result is depletion of phospholipids from  
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mitochondria and other cellular membranes, and accumulation of free fatty acids. In 

the mitochondria, these changes cause permeability transition, leading to progressive 

cell injury. 

 

Accumulation of oxygen – derived free radicals (oxidative stress) 

 Formation of mitochondrial permeability transition pores under ischemic 

conditions leads to a burst of free oxygen radicals and the release of pro-apoptotic 

molecules (22). Oxygen deficiency during ischemia also leads to the production of 

additional toxic substances. Reactive oxygen species are important pathophysiological 

mediators of ischemia-induced toxicity. Oxygen radicals like superoxide(O2
-), 

peroxynitrite (NO2
-), hydrogen peroxide (H2O2), and the hydroxyl radical (OH-) are 

normally produced in very-low amounts by activated microglia and endothelial cells 

as products of mitochondrial metabolism. Reactive oxygen species react irreversibly 

with several cellular constituents, such as proteins, double bonds of phospholipids, and 

nuclear DNA. Normally, cells protect themselves from free radical damage using 

enzymatic (superoxide dismutase, catalase, glutathione peroxidase) and nonenzymatic 

(vitamin C and E) inactivation and degradation. But during ischemia these free 

radicals may be produced to such an extent that endogenous antioxidant systems are 

over whelmed (23). Excessive free radicals cause lipid peroxidation, membrane 

damage, dysregulation of cellular processes, and mutation of the genome. A damage 

membrane results in the inability of the cell to control ion fluxes, leading to 

mitochondrial damage. In fact, reactive oxygen species can damage virtually any 

cellular component.  Cell damage causes aberration in ion homeostasis, cell signaling, 

and gene expression. Oxygen radicals also serve as important signaling molecules that 

trigger inflammation and apoptosis. (9)  

 

 Nitric oxide (NO) 

 It has been observed that when NMDA receptors are activated, NO is 

generated in the presence of calcium. NO is an inorganic gas that has an extremely 

short half-life and is an unstable nitrogen radical that plays a major role in the control 

of cerebral blood flow, thrombogenesis, and modulation of neuronal activity. 

Recently, the free radical NO was described as a neuromodulator synthesized in the 
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brain by nitric oxide syntases (NOS). This enzyme mediates the hydroxylation of the 

terminal amino group of L-arginine, which as the substrate for this pathway reacts 

with molecular oxygen to yield NO and L-citrulline. There are at least two classes of 

NOS, known as the constitutive (cNOS) and the inducible (iNOS) isoforms. The 

cNOS class is present in vascular endothelial cells (where it is known as the eNOS 

isoform), and in the central and peripheral nervous system (where it is known as the 

nNOS isoform). The free radical, NO, whose overproduction by NOS has been 

postulated to occur in a number of clinical disorders including acute cerebral ischemia 

and chronic neurodegenerative diseases, such as schizophrenia, Alzheimer’s and 

Parkinson’s diseases, and ageing dementia (24). 

 Nitric oxide is formed by nNOS when Ca2+ stimulates the conversion of 

arginine to citrulline during excitation of neurons.  Nitric oxide formation is stimulated 

selectively by Ca2+ entering through NMDA receptor channels, rather than by Ca2+ 

entering though VSCCs.  Nitric oxide, like the NMDA receptor itself, plays an 

important role in brain plasticity, but can become toxic when combined with 

superoxide anions to form peroxynitrite.  In experimental models of hypoxia-ischemia, 

blockade of NMDA receptor channel is as effective as blockade of nitric oxide 

synthase enzyme itself for preventing synthesis of nitric oxide and brain damage.  

Activation of neuronal nitric oxide synthase and continued production of nitric oxide 

during the period of encephalopathy appears to be a very important step mediating 

subsequent neurotoxic events (24, 25).   
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Figure 2.8 Metabolic pathways for the generation of reactive oxygen and nitrogen 

species in the cell. eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric 

oxide synthase; nNOS, neuronal nitric oxide synthase; R-SNO, nitrosothiols; SOD, 

superoxide dismutase. (26) 
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Figure 2.9  The draft descriptive diagram of the major events that occur after cerebral 

vessel occlusion and subsequent reperfusion. AMPA, α-amino-3-hydroxy-5-

methylisoxasole-4-propionic acid; NMDA, N-methyl-D aspartate; NO, nitric oxide; 

iNOS, inducible nitric oxide synthase; IP3, inositol 1,4,5-triphosphate; COX2, 

cyclooxygenase-2. (27) 
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2.3  Selectively vulnerable neurons and delayed neuronal death 

It has generally been thought that the death of selectively vulnerable neurons, 

which has been found in global ischemic models, occurs by necrosis. Recently, 

however, there has been increasing evidence that the death of selectively vulnerable 

neurons following cerebral ischemia occurs by an active process of cellular suicide 

termed apoptosis or programmed cell death (28). As a basic approach, apoptosis takes 

place in the presence of ATP, while necrosis is typically characterized by lack of the 

energy substrate (29). As mentioned above, in the initial phase of 2VO, ATP is rapidly 

depleted, but the ATP level returns to the control by 8th week after the onset of 2VO 

(11, 30). These data suggest that necrotic cell death most probably predominates in the 

acute phase of 2VO, as also evidenced by the CA1 pyramidal cell morphology in 

hematoxylin–eosin or cresyl violet-stained sections, while the delayed neuronal death 

could be apoptotic (31). 

 

2.3.1 Apoptosis 

Apoptosis is a pathway of cell death that is induced by a tightly regulated 

intracellular program in which cells destined to die activate enzymes that degrade the 

cells’ own nuclear DNA and nuclear and cytoplasm proteins. Triggered by a number 

of processes, including excitotoxicity, free-radical formation (damaging cellular lipids, 

proteins and nucleic acids), inflammation (activation of FAS-receptor, e.g., through 

binding of tumor necrosis factor α), mitochondrial and DNA damage, and cytochrome 

c release from mitochondria, apoptosis occurs after milder ischemic injury, 

particularly within the ischemic penumbra (22, 32, 33). Apoptotic cell is characterized 

by a number of morphological features: shrinkage of the cytoplasm, marked 

condensation of chromatin, membrane-blebbing, and fragmentation of the cell by 

separation of the protuberances to form multiple small membrane-bound bodies that 

contain intact organelles and/or dense clumps (apoptotic bodies) (32, 34). Apoptotic 

cells are rapidly removed by phagocytosis without eliciting an inflammatory reaction 

(34). This ordered morphology depends on the ability of the dying cell to engage in 

ATP-dependent processes of self-degradation. Following ischemia, caspase activation 

occurs in response to pro-apoptotic signals such as downregulation of Bcl-2 and 

upregulation of the Bax/Bid and Death receptor family. Caspase 3 activation may be a 
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downstream event in the apoptotic cascade (35). Caspases 1, 3, 8, and 9 are involved 

in cerebral ischemia (22). Activated caspases are protein-cleaving enzymes and more 

than 30 proteins can be cleaved that leading to characteristic DNA laddering and 

cleavage of structural proteins (such as laminin, actin, gelsolin), which are essential 

for the integrity of the nucleus and the cell. 

 

2.3.2 Necrosis   

The core events of necrosis are bioenergetic failure and rapid loss of plasma 

membrane integrity which distinguished necrosis from apoptosis. Necrosis occurs in a 

haphazard and indiscriminate fashion due to loss of osmotic homeostasis in response 

to physiological trauma such as acute anoxia, a sudden shortage of nutrients, or 

extreme physical or chemical injury and typically involves large numbers of cells 

within a tissue. The energy failure or drastic decrease in cellular ATP and glucose 

levels due to a rapid decrease in glucose uptake following ischemia is responsible for 

the underlying mechanism of necrosis in the core region. The decreased ATP levels 

affect the activity of Na+–K+ ATPase, which consumes up to 70% of cellular ATP. 

The rise in cellular Na+ due to a decreased activity of Na+–K+ ATPase causes Ca2+ 

influx through the Na+–Ca2+ exchanger and Ca2+–Mg2+ ATPase. The inability to 

maintain electrochemical potentials results in cytoplasmic swelling, rupture of the 

plasma membrane, and cytolysis. The cell swells as they take up water (36) and 

ultimately rupture the plasma membrane with subsequent leakage of cellular contents 

into the surrounding tissue and invariably a consequent inflammatory response. DNA 

fragmentation in necrotic cells is a late event occurring in a haphazard fashion through 

a mechanism dependent on serine proteinases (37, 38). DNA fragments of varying size 

appear as a smear in agarose gel electrophoresis.  
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2.3.3 Necroptosis 

Recently, it was reported by Degterev et al. (2005) (39) that neuronal cell 

death caused by ischemic injury is known to contain a substantial non-apoptotic 

component. Such pathway has been initiated by death receptor (DRs) due to the 

conditions that are not optimal for apoptosis but suitable for death pathway, which 

they subsequently described as “necroptosis” since these ischemic neuronal death 

exhibits combined biochemical and ultrastructural features of apoptotic and necrotic 

pathways in the same cell (40, 41).  

 

 
 

Table 2.1 Characteristic features of apoptosis, necrosis and necroptosis (42) 

 

2.4  Role of Astroglia in cerebral ischemia 

 In the brain, there are 10 times more glial cells than neurons, and amongst the 

glial cells, the astroglia are the most numerous. The astroglia is a ubiquitous type of 

glial cells that is defined in part by what it lacks: axons, action potential, and synaptic 

potentials. Astroglia greatly outnumber neurons, often 10:1, occupies 25% to 50% of 

brain volume, they are the largest of the neuroglia. They are stellate cells with multiple 

fine processes, can classically be divided into 3 major types on the basis of 

morphology and spatial organization. Protoplasmic astroglia have thicker and more 

numerous branches than fibrous astroglia, they are located in the gray matter. They 

have short stubby processes that contact blood vessels and the pial surface, and 

surround neurons. Fibrous astroglia are located in the white matter, they are complex 
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cells with 50 to 60 long branching processes that radiate from the cell body and 

terminate in end – feet at the pial surface, on blood vessel, or freely among axons. 

Radial astroglia are oriented perpendicular to the ventricular surface and have long, 

unbranched processes.  Astroglia which are located at the border of gray and white 

matter regions can display a mixed morphology intermediate between fibrous and 

protoplasmic astroglia. These glia cells can be identified by staining for glial fibrillary 

acidic protein (GFAP), revealing star shaped morphologies. 

 

 
 

Figure 2.10 Astroglial morphology  

           

 For many years, astroglia have been neglected as they were only thought to 

have a physically supportive function. Now they are believed to perform many 

important tasks essential for normal brain function. In vitro and in vivo investigation 

has demonstrated that astroglia express several receptors, ion channels and second 

messenger systems earlier believed to be present exclusively in neurons. Recent 

evidence suggested that astroglia perform a widen range of adaptive functions in the 

mammalian nervous system, including neurotransmitter uptake. 

 Astroglia serve many functions in the brain. Astroglia have a critical role in 

regulation of synaptic levels of glutamate, ammonia detoxification, and buffering of 

extracellular K+. In addition, they also possess several different types of proton and 

bicarbonate transporters, some of which are linked to carbonic anhydrase, and are 

considered to play an important role in brain pH homeostasis. They provide metabolic 
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support to active neurons, contribute to coupling between synaptic activity and local 

blood flow, protect against oxidative stress, and constitute a parallel pathway for 

propagation and modulation of excitatory signals in the brain.  

         Astroglia can communicate with each other through gap junctions. The major 

constituent of these hemichannels is connexin 43. The astrocytic gap junction 

hemichannels are permeable to positively or negatively charged molecules. The gap 

junctions allow cell-cell communication, whereas nonjunctional hemichannels may 

allow passage of ATP and other molecules into the extracellular space, which may 

mediate autocrine and paracrine signaling (43). Several influences affect permeability 

of gap junctions and hemichannels in astroglia (44). For example, a sufficiently large 

increase in Ca2+ in an astroglia is capable of inducing a spreading wave of increased 

Ca2+ in adjacent astroglia (45). This Ca2+ wave depends on localized burst release of 

ATP (46), which acts on purinergic receptors on adjacent astroglia in the proximity of 

gap junctions (47). In vitro Ca2+ waves can spread over hundreds of micrometers in a 

time frame of a few seconds. This intercellular communication provides a basis for 

astroglia to act as a syncytium for possibly modulating neuronal and vascular function. 

 Astrocytisc processes ensheath virtually every synapse and play an important 

role by clearance of glutamate. A large portion of the glutamate taken up by the 

astroglia is converted to glutamine by an enzyme, glutamine synthethase (GS), 

exclusively localized in the astroglia. Glutamine, which does not act as a 

neurotransmitter, can be released back into the extracellular space and taken up by 

neurons. The neurons can then convert glutamine back to glutamate for replenishment 

of the neurotransmitter pool. Astroglia also participate in the regulation of inhibitory 

GABAergic synapses by uptake Gamma-aminobutyric acid (GABA) as GABA 

transporters are expressed by astroglia. Thus, neurons-astroglia interactions are 

important for maintaining the balance between excitatory and inhibitory synaptic 

transmission, which is critical to regulate neuronal excitability in the central nervous 

system. 
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Figure 2.11 A model for metabolic coupling between astroglia and neurons. 

Glutamate (GLU) released is taken up by Na+ co-transporters on astroglia membrane. 

The intracellular Na+ levels rise in astroglia, activating Na+/K+ ATPase. The 

glutamate is converted to glutamine (GLN) by GS. The consumption of ATP 

stimulates glycolysis, producing lactate (LAC) molecules that are extruded into the 

extracellular fluid and taken up by neurons. 1) GLUT1 and GLUT3; glucose 

transporters 1 and 3, 2)  MCT1 and MCT2; monocarboxylate transporter 1, 2 and 4, 3) 

PGK; phosphoglycerate kinase, 4)  PYR; pyruvate.(48)           

 

Astroglia not only provide the neurotransmitter precursors for neurons, but is 

also delivers metabolic substrates for neurons so the neurons can cope better when 

changing of energy demand occurred. The enzyme pyruvate carboxylase (PC) is 

selectively expressed by astroglial cells. This enzyme catalyzes oxaloacetate 

production, enabling de novo synthesis of tricarboxylic acid (TCA) constituents (49, 

50). The selective localization of PC suggests that astroglia might provide metabolites, 

such as citrate, α-ketoglutarate and malate, to replenish losses of TCA cycle 

intermediates in neurons (51, 52).  Furthermore, astroglia are the only cells in the brain 

that contain the energy storage molecule glycogen, which serves as a fuel to the brain 

when glucose was in short supply. 
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Astroglia also play multiple roles in actively modulating neuronal and 

vascular function as the astroglia function involves trophic influences in guiding 

neuronal processes, stabilizing synaptic connections, guiding capillary tube formation 

during angiogenesis, influencing the phenotypic expression of specific endothelial 

proteins, and stabilizing the blood-brain barrier (BBB) (53). Most astroglia extend at 

least one process to contact blood vessel (54). Astrocytic end-feet abutting capillaries 

and larger vessels express connexin-43 and purinergic P2Y receptors, which together 

permit Ca2+ increases to be transmitted 60 µm or more along the abluminal side of the 

vessel wall(54). Thus astroglia are in a unique position for sensing neuronal activity, 

integrating that information, and communicating with blood vessels in brain 

parenchyma.  

As a rule, neurons do not directly innervate intraparenchymal vascular 

smooth muscle. However, subpopulations of GABAergic interneurons come into close 

contact with astroglia foot processes and these interneurons can elicit vasodilation 

(55). These neurons might modulate vascular function, in part, through stimulation of 

nitric oxide (NO) synthase (NOS) activity, release of vasoactive peptides, or an 

astroglia signaling mechanism. 

 

 
Figure 2.12   The neurovascular unit. 
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Although local neurons with neurovascular projections may release 

vasoactive neurotransmitters such as NO, acetylcholine, or vasoactive intestinal 

polypeptide, astroglia may have a more direct role in functional control of regional 

blood flow. Astroglia, via their end-foot processes, are situated close to the contractile 

elements of the vascular walls, the pericytes in capillaries, and the smooth muscles in 

arterioles, which account for 40% to 50% of cerebrovascular resistance (56). Astroglia 

Ca2+ waves can travel from their site of triggering at the level of the active 

glutamatergic synapse to reach the astroglia end-feet, where they induce 

vasoconstriction. However, astroglia may also release vasodilator substances, such as 

K+, NO, adenosine, or arachidonic acid metabolites such as prostaglandin E2 or 

epoxyeicosatrienoic acid, into the vasculature, contributing to activity-dependent 

increase in local CBF. (57, 58) The vasodilator signaling from the astroglia may be 

transmitted to upstream pial arterioles via intramural vascular signaling through flow-

related shear stress that can activate released of endothelium-dependent vasodilators 

such as NO (59).  

Astroglia release various trophic factors under normal condition and these are 

likely to influence neuronal survival and plasticity after brain injury. These trophic 

factors include nerve growth factor (NGF), basic fibroblast growth factor (TGF-β), 

platelet derived growth factor (PDGF), brain-derived neurotrophic factor (BDNF), 

cilliary neurotrophic factor (CNTF) and other (60) 

So the dysfunctions of astroglia are recognized increasingly as potentially 

important pathophysiological mechanisms in a wide range of neurologic disorders, 

including cerebral ischemia and neurodegeneration. 

 

2.4.1  Astroglial and neurodegenerative disease 

Astroglia play crucial roles in maintaining normal brain physiology. In 

addition to these physiological roles, astroglia have important roles in responding to 

injury and disease. It is well documented that astroglia in vivo becomes “activated” in 

response to central nervous system injuries (astrocyosis). These reactive astrocytic 

changes are observed in viral infections (61, 62), inflammatory demyelinating disease 

(63, 64), acute traumatic brain injury (65), ischemia/hypoxia (66, 67), multiple 

sclerosis (68), Down’s syndrome (69), and Alzheimer’s disease (AD) (35, 69). It is 
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widely believed that reactive astroglia at the early stage of central nervous system 

injury have a beneficial effect on neurons by participating in several biologic 

processes such as regulating extracellular ions and neurotransmitter levels, repairing of 

the extracellular matrix, controlling of the blood-central nervous system interface, and 

acting as a trophic support of neurons. Reactive astrogliosis also interferes with nerve 

regeneration (70, 71). The toxic mediators produced by activated astroglia may be 

involved in the pathogenesis of various neurodegenerative diseases (72, 73). The study 

of astroglia is particularly important, considering the co-existence of the apoptotic 

death of neurons and astroglia in damaged brains suffering from ischemia and 

neurodegenerative diseases. 

 

2.4.2 Astroglia and ischemia 

 The basic process of reactive astrocytosis involves cellular hypertrophy, 

changes in gene expression, up-regulation of intermediately filament, glial fribillary 

acidic protein (GFAP) and can include astroglia proliferation after particularly severe 

insults. Chemical or mechanical insult to the brain causes permanent change with 

astroglia responding via a variety of reaction.  The rapid synthesis of GFAP is one of 

the highly characteristic and well known phenomenons and it responds quickly to 

physical or metabolic injury (74). Sugawara et al. (4) divide reactive astroglia in to 

five stages which consist of: 
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Table 2.2  Stage of reactive astroglia 

stage Morphology change 

1 Normal astroglia 

2 Alteration of astrtocglia processes without  hypertrophic cell body 

3 Astroglia with hypertrophic cell body without vacuoles 

4 Astroglia with hypertrophic cell body with small vacuoles (0.3 mm) 

5 Astroglia with hypertrophic cell body with large vacuoles (0.5 mm) 

  

 Cerebral ischemia triggers reactive astrogliosis with detectable morphological 

signs such as hypertrophy and proliferation (75). The marker widely used to label 

astrocytic proliferation is the intermediate filament glial fibrillary acidic protein 

(GFAP), which was accumulated in reactive astroglia.  

 The studies of astroglia after ischemia in in vitro show that astroglia are 

generally more resistant than neurons to oxygen-glucose deprivation (OGD) (69, 76, 

77). Most neurons show signs of cell death after 60-70 min of OGD while astroglia 

require several hours to develop such extensive damage (78). However, it appears that 

not all groups of astroglia are similarly resistant to ischemic insults. Astroglia from 

different regions of the brain, such as cortex, striatum and hippocampus, seem to differ 

in the sensitivity to OGD (79, 80). 

 For in vivo, most investigations suggested that astroglia are better preserved 

than neurons in animal models of stroke (81-83). Previous studies showed GFAP – 

immunoreactive astroglia in area of overt ischemic neuronal injury after global brain 

ischemia (5, 84). Immunohistochemical markers may also indicate an activation of 

astroglia in the absence of overt neuronal damage.(85, 86)  Li et al.(1995) (83) The 

study which was demonstrated the preserved GFAP expression within the first 3 hours 

of reperfusion after 2 hours middle common carotid occlusion (MCAO) revealed the 

increasing  in glutamine synthethase (GS)(82, 83).  After reperfusion periods, GFAP 

was increased in the peri-infarct areas then developed into the glial scar (83). Neuronal 

markers were already reduced at 1 hour in the striatum and progressively decreased at 

later time periods. In contrast to these studies, Liu et al. (1999) (87) reported that 

deterioration of some astroglia markers preceded that of neuronal markers. Another 

investigation indicates that not all astroglia sub-populations are equally resistant to 
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ischemia. Lukaszevicz et al. (88) reported that protoplasmic astroglia lost their 

integrity faster than that of fibrous astroglia, which partially could explain regional 

susceptibility to ischemia.  

 The initial response of the astroglia following cerebral ischemia is likely to be 

important for neuronal protection. In temporary focal cerebral ischemia, a proportion 

of astroglia within the ischemic core remain viable and metabolically active at early 

phases after reperfusion reperfusion (89)  suggested that astroglia can withstand more 

stress in comparison to neurons. Additionally, astroglia are involved in formation of 

glial scar, which is believed to be an attempt to isolate and protect the viable cell in 

damaged tissue (90).  

 Reactive oxygen species which were generated during ischemia cause the 

mechanism of neuronal injury. Glutathaione (GSH) is the principle antioxidant in 

brain which depleting in ischemic brain. Studies have demonstrated that astroglia 

contain greater concentrations of the antioxidant glutathione and enzymes which 

involve in glutathione metabolism than neurons. This knowledge makes it likely that 

astroglia can protect neurons against oxidative stress generated following ischemia 

(91-94). The excitatory amino acid glutamate, which was released during ischemia, 

was removed predominantly by astroglia. This mechanism was important for neuronal 

survival in the post-ischemic tissue (95, 96). However, release of glutamate has been 

linked to an increasing intracellular Na+ and the spreading Na+ waves between 

astroglia, thereby leading to the propagation of increased glycolysis through adjacent 

astroglia to support Na+,K+- ATPase (97).   

 Elevation in extracellular K+ lead to neuronal depolarization, and this in turn 

potentiates the effects of glutamate on NMDA-type glutamate receptors (98, 99).  

Elevated extracellular K+ also facilitates glutamate release by neuronal depolarization, 

cell swelling, and spreading depression (100, 101). Astroglia exhibit both passive and 

active mechanism for limiting elevation in extracellular K+ as it has been purposed that 

extracellular K+ move into astroglia cytoplasm by electrical coupling between glia 

cell. On the other hand, astroglia spatial buffering of K+ may contribute to the 

phenomenon of ischemic spreading depression (102), which has been shown to extend 

the area of infract during ischemia.  
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 However, the severity of the ischemic insult compromises the astrocytic 

functions and post-ischemic neuronal survival. Early astrocytic response to ischemia 

includes astroglia swelling, which occurs initially in the end-feet around the 

microvessels (103). Moreover, gap junctions through which astroglia provide energy 

substrate to neurons may contribute to the propagation of spreading depression (SD).  

SD has been observed in the border zone of infarct area; it was evoked by high 

concentration of glutamate and K+ following cerebral ischemia (100, 104). However, 

gap junction may influence the activation of astroglia as reactive astroglia composed 

by connexin 43 (Cx43), one of the protein of gap junction, which may reduce neuronal 

apoptosis under ischemic condition (105). In the other hand, astroglia had been 

suggested to play a detrimental role following ischemia as the gap junctions remain 

open during ischemia allowed substances such as proapoptotic factors to spread 

through the syncytium thereby expanding the size of the infarct (106). 

 Elevated level lactate was observed in most of the regions of the post-

ischemic tissue and the quantity of this metabolite was related to the subsequent extent 

of infarction. The most likely explanation for the increased lactate levels is impaired 

pyruvate oxidation. However, the increased lactate level could also reflect impaired 

removal. This prompted us to investigate the mechanisms by which excess lactate is 

cleared from the normal CNS. The lactate preferring transporter, monocarboxylate 

transporters (MCT4), was found to be enriched in astroglia perivascular endfeet in the 

CNS. High expression levels were observed in the retina, intermediate levels in the 

neocortex, and relatively low levels in the cerebellum. The characteristics and 

distribution of this transporter suggest an important role in the clearance of excess 

lactate from brain and retina. 

 Reactive astroglia increase the expression of several of trophic factor, notably 

NGF, bFGF, BDNF and neuregulins, which can stimulate neurite outgrowth (107-

110).  Reactive astroglia also overexpress neuropilin-1 and vascular endothelial 

growth factor (VEGF), which act in concert to promote angiogenesis after cerebral 

ischemia (111). Although these finding suggested that astroglia may play an important 

role in functional recovery after stroke, these had not yet been direct confirmation of 

this. The demonstration of accelerated neurogenesis after cerebral ischemia had led to 

the proposal that newly formed neurons may contribute to functional recovery after 
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that (112, 113). Factors regulating neurogenesis remain poorly understood, but the 

essential role of astroglia in neuronal differentiation during development suggests 

astroglia may similarly be important in regulating neurogenesis. In support of this 

idea, it has recently been shown that astroglia induced neurogenesis from adult neural 

stem cells in culture (114). Astroglia are also likely to play a central role in 

angiogenesis after stroke. Astroglia promote angiogenesis through releasing VEGF, 

angiopoetin-1, and epoxyeicosatrienoic acid (115-118). Studies of brain development 

show a close relationship between astroglia expression of angiogenic factors and 

microvessel development (119), and studies of brain injury confirm a temporal and 

spatial correlation between reactive astrocytosis, VEGF immunoreactivity, and 

microvascular density. 

 A number of studies had been made of the presence and time course of 

reactive astrocytosis in chronic cerebral hypoperfusion with the help of GFAP 

immunocytochemistry. Previous studies on 2VO reported changes in GFAP labeling 

in the hippocampus, white matter regions, and visual pathways. Even though 

astrocytic proliferation was already detected in the cortex and visual pathways after 1 

week of 2VO, an increased GFAP signal was not discerned in the hippocampus until 6 

months later (2, 120-122). Astrogliosis is therefore considered to be a late-emerging 

event in the hippocampus in chronic cerebral hypoperfusion. 

 

2.5   Hippocampus  

The term hippocampal formation consists of four subregions: the dentate 

gyrus, hippocampus, subiculum, and the entorhinal cortex. The hippocampus is a C – 

shaped structure formed by two interlocking sheets of cortex.  If the hippocampus is 

cross-sectioned at any septo-temporal level, it can be seen that the cells are packed 

into distinct layers. In rats, the hippocampus proper comprises of three parts: CA1, 

CA2, CA3.  In humans, there are fours parts: CA1, CA2, CA4, and CA4. 

The connections within the hippocampus generally follow this laminar format 

and, as a rule, is uni-directional. They form well-characterized closed loops that 

originate mainly in the adjacent entorhinal cortex. Thus there are defined routes for 

information flow making the hippocampus a very popular target for the study of 
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synaptic function. The different cell layers and sections are defined by the series of 

connections made.  

The first synaptic connections of the loop are formed between the entorhinal 

cortex and dentate gyrus. The cells in the superficial layers (mainly layer II) of the 

entorhinal cortex send their axons to the molecular layer of the dentate gyrus and they 

provide the hippocampus its main glutamatergic input. This pathway is called the 

perforant pathway.  The perforant path is the major input to the hippocampus. The 

axons of the perforant path arise principally in layers II and III of the entorhinal cortex 

(EC), with minor contributions from the deeper layers IV and V. Axons from layers 

II/IV project to the granule cells of the dentate gyrus (DG) and pyramidal cells of the 

CA3 region, while those from layers III/V project to the pyramidal cells of the CA1 

and the subiculum. The perforant path can be segragated into lateral and medial 

pathways (LPP and MPP, respectively), depending on whether the fibers arise from 

the lateral or medial entorhinal cortex (LEC and MEC, respectively). It was in this 

pathway that long-term potentiation (LTP) was first discovered 

The second synaptic connections are formed between the dentate gyrus and 

the CA3. The axons from the granular cells of the dentate gyrus innervate the 

dendrites of the CA3 pyramidal cells. These innervations are called mossy fibers. MF 

synapses on CA neurons are large aggregations of termini, with multiple transmitter 

release sites and post-synaptic densities. Multiple granule cells can synapse onto a 

single CA3 pyramidal cell. As in the case of the perforant pathway, also mossy fibers 

form connections with another cell population, namely the mossy cells of the dentate 

gyrus. These interneurons provide feedback excitation back to the granule cells. 

Finally, in the third and last stage of the trisynaptic loop, the axons of the 

CA3 pyramidal cells form connections with the dendrites of the CA1 pyramidal cells 

in layers stratum radiatum and stratum oriens. The axons either come from CA3 

neurons in the same hippocampus (ipsilateral) or from an equivalent structure in the 

opposite hemisphere (contralateral). These latter fibers are termed commissural fibers, 

as they cross from one hemisphere of the brain to the other. This pathway is utilised 

very extensively exhibits to study NMDA receptor-dependent LTP and LTD. These 

axons are called Schaffer collaterals, and again, they too branch to form connections 

with another cell population: the cells of the lateral septum and mammillary bodies. 
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These axons pass through the fimbria/fornix. Thus, the trisynaptic loop has been 

closed, but the information that has been processed in the loop by the principal cells 

and the interneurons is projected back to the entorhinal cortex by the CA1 pyramidal 

cell axons, either directly or via the subiculum. While the input cells to the 

hippocampus were located in the superficial layers of the entorhinal cortex, the output 

axons from the hippocampus project to the deep layers of the entorhinal cortex. 

While the trisynaptic loop is the main circuit of the hippocampus, it is still 

only one part of the entire circuit. There are several other connections with important 

contributions to the function of the hippocampus: e.g. connections from the entorhinal 

cortex to the CA1 and the subiculum, connections between the two hippocampi via the 

commissures, and the subcortical connections via the frimbria/fornix mostly, with the 

septum. Other connections that pass via the frimbria/fornix are noradrenergic 

connections from the locus coeruleus, serotonergic connections from the raphe nuclei, 

histaminergic connections from suprammillary nucleus and dopaminergic connections 

from ventral tegmental area and the substantia nigra (71). A common feature of the 

other connections is that they provide sparse excitation, but massive inhibition of the 

pyramidal cell of the hippocampus. Therefore, only synchronization enables the firing 

of the pyramidal cells. 
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Figure 2.13   Hippocampus 

 

 
 

Figure 2.14 The trisynaptic loop of the hippocampus. The filled triangles represent the 

pyramidal cell layer (CA1 and CA3) and the filled circles represent the granular cell 

layer of the dentate gyrus. Abbreviations: EC = entorhinal cortex; DG = dentate gyrus; 

pp = perforant pathway; mf = mossy fibers; sc = Schaffer collaterals; ff = fimbria fornix.  
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2.5.1 Hippocampal function 

 The hippocampus is a specialized part of the limbic cortex, which is located 

in the temporal lobe in humans. It is known to function in the formation of memory. A 

classic example is a human patient H. M., whose both hippocampi were removed as an 

attempt to treat severe epileptic seizures. As a result, the patient completely lost his 

ability to form new memories. Some of the events immediately before the surgery 

were also lost from his memory, but old events remained intact (123). These 

observations along with later studies with experimental animals (124) led to a 

conclusion that the formation of new memories requires the function of the 

hippocampus.  

 The discovery of the importance of the hippocampus in memory formation 

led to studies with experimental animals. It was discovered that removing the 

hippocampus or only damaging some parts of it, disrupted the ability of rats to form 

memory traces. However, there were some fundamental differences between humans 

and experimental animals in the effects of hippocampal lesions. In humans, 

hippocampectomy disrupted the memory formation in almost all kinds of tasks that 

require new learning, in particular declarative memory, leaving only implicit forms of 

long-term memory, such as procedural memory and priming intact (123). In rats, 

however, some tasks were relatively unaffected by the damage of the hippocampus, 

for example recognition memory (125) and fear conditioning. The most dramatic 

memory failure in animals was observed in tasks that required spatial memory. For 

example in water maze, a task that requires spatial learning, the rats with hippocampal 

damage were dramatically impaired (124).  

 The observation that the hippocampus functions in spatial learning was 

supported by studies demonstrating that hippocampal pyramidal cells can function as 

so-called "place cells" (126, 127). Electrophysiological recordings from freely moving 

animals showed that some CA1 and CA3 hippocampal pyramidal cells fire only in a 

restricted part of the environment. This part of the environment is called the "firing 

field" of the cell. This observation, together with the fact that hippocampal damage 

causes spatial learning deficits, led to hypothesis that the hippocampus implements an 

abstract representation of the environment, called a cognitive map (126).  Thousands 

of cells in the hippocampus are firing according to the location of the rat in a certain 
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environment. By computing the information that can be obtained from these individual 

cells, the hippocampus can, by an unknown mechanism, determine the exact location 

of the rat in the environment.  

 The notion that the hippocampus is mainly involved in spatial encoding in 

rodents has been challenged by studies showing that the pyramidal cells of the 

hippocampus can have other than spatial functions (127). These results indicate that 

the function of the hippocampus in animals is not limited to spatial encoding alone, 

but also non-spatial declarative processing takes place in the hippocampus, as does in 

humans (123). However, spatial memory is still the most universally accepted critical 

function of the hippocampus in rodents, monkeys and humans. In addition, the 

mechanisms of spatial learning are thought to be similar in rodents and humans. This 

makes the study of the impairment of spatial learning and memory and the alteration 

of CA1 hippocampal neuron and astroglia in mild chronic hypoperfusion rats is good 

model for the study of human diseases affecting cognitive processes. 

 

2.5.2 Effect of global cerebral ischemia on Hippocampus 

The hippocampus is known to be susceptible to various pathologic conditions, 

including ischemia. In 1982, an interesting observation in rodent brain of transient 

ischemic model showed that the selective loss of pyramidal cells in the CA1 of 

hippocampus was occurred in slowly process which take 2-3 days before the final 

morphologic come out, hence the term ‘ delay neuronal death’ was use to describe this 

phenomenon. During this delayed cell destruction, the membrane potential recovers, 

and energy and glucose metabolism are restored to normal. CA1 neurons die as if they 

once recover completely and then they are killed 3-4 days following ischemia. 

Morphologically, delayed neuronal death has several interesting features: 1) its 

cytoplasm and cellular organelles, such as mitochondria, are well maintained for the 

first two days following ischemia. 2) The clumping of the nuclear chromatin is 

observed, but not to the extent of typical apoptosis. 3) The accumulation of non- 

membrane-bound dense structure is observed, which probably consist of cleaved 

structural proteins. The last two morphologic changes appear evident only after 48 

hours following the ischemia and the cell are totally destroyed and will disappeared on 

the 3rd or the 4th day. 
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2.6   Aims of present study 

 The aims of present study were 1) To observe the effect of chronic mild 

cerebral hypoperfusion on hippocampal dependent learning and memory 2) To 

observe the effect of chronic mild cerebral hypoperfusion on hippocampal CA1 

neurons and astroglia and 3) To observe correlation between the ischemic duration and 

alteration of hippocampal CA1 neurons and astroglia. 

 

2.6.1 Cerebral ischemic model  

 In cerebral ischemic model, the cerebral blood flow (CBF) is reduced. It 

causes the reducing of oxygen and glucose supply to brain tissue. The reduction in 

CBF has been shown to be closely related to brain dysfunction after stroke  and also 

associated with the decline of cognitive function in ageing people as well as the 

development of several types of dementia(128, 129). Understanding the mechanism of 

these hypoperfusion is important to find the treatment and protection therefore many 

ischemic models have been developed.  

In focal cerebral ischemia, the model mostly involves occlusion of one major 

cerebral blood vessel such as the middle cerebral artery (MCAO) (130, 131), which 

well used as stroke model. The result of MCAO is infarction of the area which is 

supplied by that blood vessels and the functional impairment of the regions around 

infarct area (132).  

            In the global cerebral ischemia, there is no CBF to any area of the brain, which 

causes neuronal injury to selectively vulnerable brain areas. However, if the duration 

of global ischemia continues indefinitely, then not only selectively vulnerable brain 

areas but the neurons in all area would die. Many global ischemic models have been 

developed such as two-vessel occlusion (2VO), four-vessel occlusion (4VO) and 

unilateral common carotid artery occlusion (UCO). The severity of ischemia depends 

on degree of blood flow reduction and the duration of ischemia.   

In the transient 2-VO model, CBF which measured between 5 and 15 min of 

ischemia was decreased to less than 5% of control in cortex, and to a less degree in 

thalamus and mid brain (133). With this model, the injury was found within 

selectively vulnerable area such as CA1 in hippocampus, caudoputamen, and 

neocortex (134).  In another experiment, the damage was still found after a recovery 
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period of 1 week in the neocortex after 4 min, in CA3 after 6 min, and in 

caudoputamen after 10 min of ischemia. When increased ischemic duration up to 20 

min, the neuronal damage in the striatum and cortex were increased (135).  

Even through, all these transient cerebral ischemic models usually used as a 

model of ischemic/reperfusion condition which was occurred during hypotensive 

stroke, cardiac arrest and vascular disturbances (136). Whereas, a different 

characteristic of cerebral blood flow reduction, the chronic cerebral hypoperfusion, has 

been proposed long ago as a contributor to the progression of neurodegeneration in 

dementia (137). In non-invasive scanning studies which performed in Alzheimer’s 

disease (AD), multi-infarct dementia and Parkinson’s disease with dementia showed 

that the regional CBF was reduced most severely in the temporal cortex, including 

hippocampus and these hypoperfusion strongly correlates with the degree of dementia 

(138, 139). Taken together, reduced CBF which associated with neurodegenerative 

disease may compromise the delivery of oxygen to the brain and this is thought to 

underline the development of impaired cognitive function in dementia. 

 

2.6.1.1   Chronic cerebral hypoperfusion in animal model related 

to cognitive impairment.  

 The ischemic model was performed in both rats and gerbils, but the posterior 

communication between the carotid artery systems is often missing in gerbils, meaning 

an incomplete circle of Willis (140). Due to this phenomenon the rat rather than gerbil 

has been chosen to reconstruct chronic cerebral hypoperfusion comparable to the 

human situation. Permanent ligation of the bilateral common carotid artery (2VO) in 

rats resulted in a significant reduction in CBF which was dropped by 62% within one 

hour (141) then dropping to 34% of the control value at 2.5 hours after surgery. After 

that the CBF increases to about 52% 2 days later, reach roughly 64-66% at 1 week and 

80% in 3 months. In hippocampus, the perfusion rate fell to 52% compare to control at 

2.5 hours after surgery, 70% 2 days later and 74% after 1 week (1, 141, 142).  

 When tested with learning and memory task, rats with 2VO exhibited 

progressive impairment of learning and memory in eight-arm radial mazes task (143) 

and in Morris water maze task (MWM) (1). The 2VO rats cover longer swim paths or 

display longer escape latencies in MWM (12, 121, 144, 145) and commit more errors 
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than the sham-operated controls in RAM (144, 146, 147). Thus, it supports the theory 

which purposed that cerebral hypoperfusion compromised spatial learning and 

memory in rats.  

 In view of the finding that the cerebral perfusion rate changes over time in the 

2VO model, it is of interest to establish whether the learning impairment develops 

exclusively due to the sudden drop in blood flow in the acute phase or worsens in the 

chronic phase of 2VO. Hence, the learning performance has been compared at several 

time points in the 2VO model. Tested the 1 week 2VO rats in the RAM revealed no 

difference in working and reference memory scores between the 2VO and control 

animals, but 16 months later the 2VO rats committed significantly more errors (147). 

In MWM, similar tendencies have been observed. The escape latency at 20 weeks was 

significantly longer than that at 4 weeks after 2VO initiation, which was reflected in 

the time spent in the platform quadrant in the retention trial (144). In a non-spatial 

learning paradigm, the object recognition test, 2VO rats performed as well as the 

controls after 30 days of 2VO, but a delayed learning impairment had developed by 60 

days, which was further enhanced after 90 days (148). These results support the 

concept that the chronic phase of 2VO plays a major role in the gradual deterioration 

of the learning ability, though damage occurring in the acute phase of CBF reduction 

cannot be categorically excluded. At the time point that CBF return to the base line, 

more than 6 months after the 2VO surgery, 2VO rats still show the learning and 

memory impairment in both MWM and RAM (2, 149).  These observations suggest 

that the 2VO-induced permanent neuronal damage (see below) rather than the cerebral 

hypoperfusion itself is correlated with the memory failure. 

 

2.6.1.2 Chronic cerebral hypoperfusion histology in animal 

model 

 For several reasons, the favored brain region for the study of 2VO-induced 

neurodegeneration is the hippocampus. First of all, the hippocampus is the area that 

displays the most characteristic neuropathological damage in AD. Second, the 

hippocampus is highly implicated in spatial learning and memory as the impair 

performance which detect by the MWM and the RAM can relate with  neuronal injury 
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in the hippocampus Third, the hippocampus (and particularly its CA1 subfield) is one 

of the brain regions most sensitive to ischemia.  Finally, the distinct laminar structure 

of the hippocampus and its precisely mapped synaptic connections allow exact cell-

type (e.g. pyramidal cells) or layerspecific measurements. 

 Pyramidal neurons in the Ammon’s horn, especially in cornus Ammoni (CA) 

subfield of hippocampus are among the most vulnerable to ischemia even in mild 

degree, in both human and experimental animal (150, 151). Parallel with the memory 

deficits, a progressive loss of hippocampal CA1 pyramidal neurons was found under 

2VO condition, both of which are often observed in human ageing and dementia 

(152). That damage in CA1, coincide with impair learning and memory capacity. The 

conventional staining procedure revealed no conspicuous loss of neurons during the 

first week after 2VO induction (153).  Later, however, increasing neuronal damage 

was noted. At 2 weeks, 6–29% of the animals exhibited hippocampal injury in the 

CA1 subfield (120, 122, 153).  At 4 weeks, this had increased to 55% (153), while at 

8–13 weeks, total hippocampal destruction was observed in 67% of the 2VO rats (121, 

154). TUNEL-labeled apoptotic cell death was detected particularly in the CA1 and 

CA3 regions at 2 weeks after the onset of 2VO, with an increased rate 25 weeks later 

(31). The rate of pyramidal cell apoptosis was higher at 27 weeks than 2 weeks so 

from the result shown that 2VO insult decrease the neurons at 27 weeks but not early 

time point, indicating progressive neuronal loss. Thus, both technical approaches 

demonstrated that the neurodegeneration in the hippocampus gradually progressed 

with time. The 2VO treatment has also shown to induce activation of glia cell in the 

brain, cholinergic dysfunction and neuronal apoptosis of pyramical cell (31) and white 

matter infraction (155) however, some studies demonstrated that this histopathological 

change was observed in chronic phase not acute phase after 2VO (2, 31, 156).  

 These pathological changes are known to be associated with various 

pathological conditions of dementia. All these finding support the theory that chronic 

cerebral hypoperfusion is likely to be an important risk factor in the development of 

several types of dementia, so chronic reduction of CBF may provide as a model for 

ischemic insult which induces learning and memory decline in ageing, mild cognitive 

impairment (MCI) and dementia. 
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2.6.1.3 Correlation between learning and memory skills and 

neuronal pathology in the cerebral hypoperfusion model 

 From many experiments, both behavioral and histopathological results 

following chronic cerebral hypoperfusion are in well agreement that the hippocampal 

CA1 is the specific structure where spatial learning and memory takes place. (157-

159).  The increasing number of apoptotic cells and glial fibrillary acidic protein 

(GFAP) immunoreactivity in the CA1 segment significantly related to the poor 

performance in RAM of the 2VO rats (2, 160). Furthermore, the testing in MWM also 

indicated a mark relationship between spatial learning/memory and selectively 

neuronal death in CA1 hippocampus.   

 On the other hand, the global chronic hypoperfusion which was induced by 

UCO did not cause infraction in normotensive rats. Moreover, CBF decreased only 

slightly after UCO.  In UCO Wistar rats, CBF were decreased to 75% of its normal 

value immediately after occlusion with hemisphere blood flow remains symmetrical 

(blood flow ratio close to unity). Twenty-four hours after carotid ligation CBF no 

longer significantly different from the control, but the hemisphereic blood flow 

slightly asymmetric because blood flow in non-occluded side faster than occluded 

side , and a completely normal level was found in fifth day (161) and did not effect 

cerebral metabolism (162).  Guri et al (1998) study showed that UCO in the right side 

of hemisphere had minor effect on ipsilateral cortical blood flow and ATP level on 3 

days after ligation.  In the rat anastomotic connections between the vertebral and 

carotid artery are present. Increasing blood flow through the remaining non-occluded 

side and the development of anastomotic vessels with the vertebral arteries can be 

accepted to be the compensatory mechanism underlying the normalization of 

hemispheric blood flow in chronic unilateral carotid occlusion.  

 Interestingly, our previously study demonstrated that permanent unilateral 

carotid ligation resulted in impaired systemic fibrinolysis and a mild degree of damage 

in several cortical areas at five days after arterial occlusion. We found ultra-

structurally neuronal damage in hippocampal CA1 region and the degenerative 

changes of cholinergic terminal in hippocampus at 5 days after right common carotid 

artery occlusion (163).  However, it had no effect on spatial learning and memory. 

From this experiment, although UCO had no effect on spatial learning and memory 
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but several study reported that chronic cerebral hypoperfusion superimpose with 

several consequence risk factors could result in impairment of spatial learning ability. 

The consequence factors are: 1) Decrease perfusion in patient with carotid stenosis or 

in arteriovenous fistular (AVF) promotes formation of thrombi cause by enthothelial 

abnormalities stimulate clot formation and subsequence embilization. The deposition 

of microemboli in the circulation can cause subsequent cognitive deficits. 2) After 

UCO, circulatory reserve is depressed as indicated by the in adequate adaptation of 

CBF to hypoxia, to hypercapnia and to future hypotentsion. 3) Reduction in brain 

perfusion affects cerebral metabolism in the regions that are not infracted. In addition, 

the regions having alteration in metabolism as indicated by ratios of N-acetyl aspatate, 

are probably at risk for infraction in the long- term cerebral perfusion decrease further. 

Finally, non-infractional reduction in CBF does impair neuronal function, like long-

term potentiation (10, 164, 165).  Therefore, mild chronic cerebral hypoperfusion 

induced by UCO combined these adverse consequence factors as mentioned above 

may result in mild cognitive impairment in long-term.  In this study, we used rat 

model of mild chronic cerebral hypoperfusion created in our laboratory that mimic the 

very early condition of chronic cerebral hypoperfusion that may be progress to induce 

cognitive impairment in MCI and dementia syndrome. 

 

2.6.2 Method of memory assessment 

  There are many methods of memory assessment such as MWM, RAM, Y – 

maze, passive/active avoidance, delayed non-matching to sample test etc. We used the 

RAWM for memory assessment. This test maintains the advantages of both the MWM 

and the RAM, while eliminating the disadvantages (166-170).  Several studies have 

used various versions of the RAWM to measure learning in different strains of mice 

(169), to assess sex differences in learning (131), to investigate the effects of stress on 

spatial working memory (167), and to assess learning and memory deficits that 

develop in a transgenic mouse model of AD (171, 172). 

The RAWM combines the variable spatial complexity of the RAM and the 

efficient learning of the MWM (167). One distinct advantage of the RAWM is the 

ability to assess both reference and working memory errors simultaneously (169). 

Reference memory is believed to reflect learning the trial-independent procedural 
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aspects of the task (spatial cue locations), while working memory is trial-dependent 

and describes the ability of the subject to hold this trial-dependent information (places 

previously visited) in memory (173, 174).  Furthermore, in the MWM the rat can use a 

strategy of swimming an appropriate fixed distance from the wall to find the hidden 

platform, while in the RAWM the rat is forced to swim in either the central open area 

or one of the arms, and therefore cannot solve the task by adopting this proximal 

strategy. The rat can also find the platform in the MWM by bumping into it, while this 

strategy is not possible in the RAWM without an error being assessed. Swimming 

around the sides of the pool is also not permitted in the RAWM. In the RAM, food or 

water deprivation is required, while the RAWM is non-appetitive motivated and 

therefore testing in it is not confounded by differences in food motivation. Dietary 

interventions can also be tested in the RAWM since food deprivation is not necessary, 

and multiple trials can be run per day in the RAWM since satiation is not a factor. The 

effect of odor cues present in the RAM is eliminated in the RAWM. Also, since the rat 

is forced to swim in the RAWM, the rat cannot choose whether or not to move, as it 

can in the RAM, so failure to respond is not confound. 

 Several studies have provided evidence that astroglia play an important role 

in CNS injury to support and protect neuron from ischemia. As astroglia seems to be 

useful in helping the neuron in early phase of ischemia, the interventions that act at 

this stage to support the function of astroglia could prevent or lessen the neuronal 

injury and neurological impairment. However, there is limited information on the 

function of astroglia in the early of ischemia. So the knowledge about the astroglia at 

this phase of ischemia needs to be studied for the understanding of the earliest 

responses of astroglia.  Therefore, we induced a very mild ischemia by RCO in SD 

rats and observed the effect on the number of astroglia and neuron and also the 

functional impairment induced by this mild ischemic by using RAWM. Furthermore, 

we also induce the very mild ischemia at various time points to observe its effect on 

neuron and astroglia.      
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CHAPTER III 

MATERIALS AND METHODS 

          
3.1  Chemical material  

1. Glial Fibrillary acidic protein (GFAP): Mouse Monoclonal antibody; 

NeoMarkers, USA. 

2. Neuron specific nuclear protein (NeuN): Mouse monoclonal antibody; 

Chemicon, USA. 

3. Envision (consisting of a large number of horseradish peroxidase (HRP)-

conjugated goat anti-mouse secondary antibodies bound directly to dextran 

backbone):  Dako Cytomation; Humburg, Germany. 

4. Alcohol, Acetone, Xylene; Analar, England. 

5. Normal horse serum; Invitrogen, USA. 

6. NaCl; Vidhyasom, Bangkok, Thailand.  

7. Sodiumphosphate monohydrous (NaH2PO4H2O); Mallinckrodt, Missouri, 

USA. 

8. Paraformaldehyde; Acros, New Jersey, USA. 

9. Hydrogen peroxide (H2O2); Merck, Darmstadt, Germany. 

10. Other chemicals were of molecular biology grade, obtained from local and 

oversea suppliers. 

  

3.2  Experimental animals 

 The experiments were performed in 4 months old male Spraque Dawley (SD) 

rats, weighing 350-550 g. Animals were obtained from the National Laboratory 

Animal Center, Mahidol University, Salaya, Nakhonpathom. They were maintained 

under natural light/dark cycle, with a constant room temperature at 27˚C, and allowed 

free access to standard diet and water throughout the experimental period.  
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3.3  Experimental design 

           In the present study, rats were randomly divided  into 7 groups of twelve each, 

according to ischemic duration; 1 day, 3 days, 7 days, 2 weeks, 1 month, 2 months and 

4 months. Each group was further divided into 3 subgroups (n=4, each).       

 Control: The rats did not receive any anesthetics and surgical procedure. 

Sham: The rats were given the same surgical procedures except the actual 

ligation of common carotid artery.  

RCO:    Right common carotid arteries were permanently double ligated. 

For behavioral studies, additional 8 rats in each subgroup of 2-months 

ischemic duration were prepared. 

 

 
Figure 3.1 Diagram demonstrating categorization of experimental rats according to 

ischemic duration and studies performed in those rats. 
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3.4   Vascular occlusion  

          After fasting overnight, the rats were anesthetized with kethamine (40 mg/kg) 

and xylazine (0.5 mg/kg) intra-muscularly. After induction of anesthesia, a ventral 

cervical incision of neck was performed and the right common carotid artery was 

gently separated from its sheath and vagus nerve.  The right common carotid artery 

was then permanently ligated with silk suture.  After surgery, animals were allowed to 

recover for 30 min under heating lamp before returning to their cages. All surgical 

procedures were carried out under sterile techniques. The rat body temperature was 

maintained at 37˚C by using a heat lamp during surgery and recovery.  

 

3.5   Assessment of spatial learning and memory  

        All subgroups of the 2-month ischemic duration group were assessed for spatial 

learning and memory using radial arm water maze (RAWM). 

 3.5.1  Setting up RAWM 

 The RAWM structure was constructed inside a blue circular swimming pool 

(200 cm in diameter, 50 cm high) using V-shape polystyrene plates. Each arm of the 

RAWM was 75 cm in length extended from the central area of 50 cm diameter  

(figure 3.2). The pool was filled with water to the height of 30 cm from the bottom of 

the pool. An escape platform, made from cylinder shape glass, was located at the end 

of one arm, 2 cm below the surface of the water. A video-camera fixed to the ceiling 

of the room was connected to a video recorder located in the adjacent room. The room 

and water temperatures were maintained at 20 °C during the experiment. 

 

 
 

Figure 3.2   8-Radial arm water maze (RAWM) 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Physiology) / 45

 3.5.2   Spatial learning and memory tests.  

The test for spatial learning and memory of rats was started at 7 weeks after 

surgery.  The protocol consisted of the following steps. 

3.5.2.1  Pre-training.  Prior to the spatial discrimination learning task, 

each rat received a pre-training session in order to let the animals learn all procedural 

aspects of the task and to observe its locomotors activity. During this stage, the rats 

were allowed to swim for 60 s without escape platform in the RAWM while the room 

was surrounded by white curtains to avoid the use of visual extra-maze cues by rats.  

  3.5.2.2  Training trial. Over the next 8 days (day 2-9) after pre-

training, the rats were trained, four trials daily. The curtains were withdrawn open and 

the hidden platform occupied a fixed location of one arm that remained the same 

throughout the training. Before the first trial of the first session (day 2) only, each rat 

was gently placed for 15 s on the platform. During the training trial, each rat was 

directly placed in the water at the central area and allowed 60 s to reach the escape 

platform in the target arm where it was allowed to stay for 15 s before being removed 

to its home-cage, located beneath a heat lamp. The next training trial resumed 

approximately 15 min after the previous trial. The latency to reach the platform during 

each trial was recorded. 

3.5.2.3  Probe trial. On the ninth day of the experiment, the session was 

interrupted by a probe trial before the usual four-trial session resumed. The probe trial 

that served to assess spatial search strategy of the rats consisted of leaving the rats 

swim in the pool for a fixed duration (60 s) with the platform being removed from the 

target arm. The time spent in the target arm and the relative number of visits to the 

target arm (the number of visits to the target arm divided by the total number of visits 

to all arms) was recorded. The swimming path was drawn manually from the playback 

of the video recording during the probe trial. 

3.5.2.4  On the next day after the probe trial (day 11), the usual four-

trial session was resumed. The rats were sacrificed 48 hours later and the brains were 

then removed for histological study. 
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Figure 3.3 Experimental protocols for spatial learning and memory assessment in 

RAWM for 8 days. After that, 4 rats in each subgroup of two-month occlusion were 

further subjected to 2 days of usual 4 trials daily to test spatial learning and memory 

after interruption by probe and were then killed 48 hours later 

 
3.6   Perfusion and fixation 

After vascular occlusion for 1 day, 3 days, 7 days, 2 weeks, 1 month, 2 

months and 4 months, and after completion of the RAWM task in the group of 2-

months ischemic duration with behavioral study, the rats were given a lethal dose of 

anesthesia (kethamine (48 mg/kg) and xylazine (0.6 mg/kg)) and perfused 

intracardiacally with 0.9% normal saline for 10 min, followed by 4% 

paraformaldehyde (PFA) in 0.2 M phosphate buffer saline (pH 7.4) for 10 min. The 

brains were then removed rapidly and post-fixed in 4% formalin for 24 hr. 
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3.7   Paraffin embedment 

Each brain was divided into 4 blocks (figure 3.4) according to the distant 

from frontal pole. The brain blocks were dehydrated for 30 min in each of the 

following solutions: Phosphate buffer formalin I, Phosphate buffer formalin II, 95% 

alcohol I, 95% alcohol II, Acetone I, Acetone II,  Acetone III, Acetone IV, Xylene I, 

Xylene II , Paraffin wax I, Paraffin wax II, Paraffin wax III and finally embedded in 

paramat (figure 3.5). 

 

 

 

 
 

Figure 3.4  A schematic showing preparation of brain block. 

4 mm 4 mm 5 mm
(1)           (2)              (3)            (4) 
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Figure 3.5  Paraffin embedment process. 

 

 

3.8   Brain section 

The third blocks of the paraffin embedded brain were sectioned coronally on 

microtome, 5 μm thickness, from bregma – 3.14 to -3.60 mm according to the atlas of 

Paxinos and Watson, 1982 (175). The brain sections were floated in water bath at 

water temperature 45 ºC and mounted on slides, which coating with Silane. The slides 

were dried at room temperature over night then heating at 60º C for 6 hr in an 

incubator. 

 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Physiology) / 49

3.9 Immunohistochemical staining protocol for hippocampal neurons and 

astroglia 

 The serial coronal brain sections were de-paraffined and re-hydrated for 5 

min each in 3 changes of xylene, followed by changes of absolute alcohol for 2 min 

each and dipped in 95% alcohol about 20 times before rinsing with tap water for 5 min.  

The endogenous peroxidase activity was blocked by submerging the sections in 3% 

H2O2 for 10 min followed by running with tap water for 5 min.  To retrieve antigen, 

the slides were submerged in staining dish containing citrate buffer saline (pH 6.0) and 

heated in a microwave at 800 W for 5 min, keep warm 10 min at 200 W then left to 

cool down for 20 min at room temperature before running with cold tap water for 5 

min. After that, slides were submerged in washing buffer (PBS; phosphate buffer 

saline, pH 7.4) for 10 min. Before incubation with primary antibodies, the sections 

were incubated with normal horse serum for 30 min to block non-specific binding of 

primary antibodies.  The sections were then incubated in primary antibodies overnight 

at room temperature.  The following primary antibodies were used Mouse monoclonal 

antibody to neuron specific nuclear protein (NeuN) at a chemical dilution of 1:5000 

and mouse monoclonal antibody to glial fibrillary acidic protein (GFAP) at chemical 

dilution of 1:8000 to visualized neurons and astroglials, respectively.    

On the next day, the sections were washed twice in PBS (pH 7.4), 5 min each, 

followed by incubation with the Envision complex for 30 min then washed with PBS 

(pH 7.4) twice, 5 min each. Immunoreactivity was visualized by diaminobenzidine 

(DAB) substrate kit (3, 3’- diaminobenzidine in chromogen solution + Imidazole-HCl 

buffer pH 7.5 containing hydrogen peroxide and an anti-microbial agent). After 5 min 

of incubation with DAB, the sections were rinsed with tab water for 5 min. The 

sections were dehydrated by dipping in 95% alcohol, abs.alcohol I, abs.alcohol II, 

acetoneI, acetoneII, acetoneIII, XyleneI, XyleneII, Xylene III, respectively. Finally, 

these sections were covered with cover-slips using mounting medium and examined 

under light microscope. 
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Figure 3.6  Immunohistochemistry methods on the first day.  
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Figure 3.7  Immunohistochemistry methods on the second day. 

 

 

 

 

 

 



Anyarath  Thornmart                                                                                Materials and Methods / 52

 The immunohistochemical stained slides were examined under a light 

microscope and photomicrographs of hippocampus were captured at magnification of 

200x for neurons and 100x for astroglia. For each brain, a series of five sections 

spaced at an interval of 45 micron from each other were analyzed. Hippocampal CA1 

images were cropped at area of 500x500 and 750x1500 μm2 for histological studies of 

hippocampal CA1 neurons and astroglia, respectively. The number of neurons and 

astroglia in CA1 hippocampus were counted by the free UTHSCSA ImageTool 

program (developed at the University of Texas Health Science Center at San Antonio, 

Texas) 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.  
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Figure 3.8 Representative images showed the hippocampal staining NeuN and the 

counting area of hippocampal CA1 neurons. 
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Figure 3.9 Representative images showed the hippocampal staining GFAP and the 

counting area of hippocampal CA1 astroglia. 

 

 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Physiology) / 55

3.10  Abercrombie method:  
 

                                            P = A (M/L+M) 

 

                         P =    The average number of cell per section. 

A  =   The crude count of number of neuron seen in the section. 

M  =   The thickness (µm) of the section. 

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

 The average cell diameter was the mean diameter from at least 100 neurons 

from each rat. The diameter was obtained by measuring the cross-section area of all 

cells that were counted.  

    

3.11  Statistic analysis 
             All data; the escape latency, time spent in the target arm, relative number 

of visits to the target arm and numbers of hippocampal CA1 neurons and astroglia, 

were reported as mean ± standard error of mean (S.E.M).  Between groups and 

within groups (various ischemic duration) 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) with P ≤0.05 as statistical significant level.  
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CHAPTER IV 

RESULTS 

 
  Mild cerebral hypoperfusion in this research was achieved by ligation of the 

right common carotid artery in 4-month old male SD rats.  This procedure has been 

shown to cause 25 % global reduction of CBF (161).  After ligation, no gross 

neurological deficit was detected in all rats and the rats lived and grew normally.  The 

first part of the experiments was to investigate the effect of chronic mild cerebral 

hypoperfusion (2-month duration) on spatial learning and memory and the correlation 

with the histology of dorsal hippocampus.  The second part was aimed to observe the 

effect of ischemic duration on hippocampal histology. 

 

4.1 Effect of chronic mild cerebral hypoperfusion on spatial learning and 

memory by RAWM 

               Spatial learning and memory were assessed in rats after right common 

carotid artery occlusion (RCO) for 7 weeks. The mean escape latencies progressively 

reduced over each training day in all three groups of control, sham and RCO         

(table 4.1).  
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Table 4.1   The RAWM performance for each training day of the control, sham and 

RCO rats. Data are presented as mean escape latency ± S.E.M. * and # indicate           

P < 0.05 when RCO is compared with sham and control, respectively. 

 

Escape latency (s) Day 

control sham RCO 

1 41.03 ± 5.91 42.04 ± 3.85 47.59 ±3.19 

2 40.53 ± 5.93 40.43 ± 4.45 43.50 ± 4.48 

3 36.16 ± 5.13 29.93 ± 4.42 37.84 ± 5.47 

4 29.97 ± 3.83 27.36 ± 6.91 30.59 ± 4.94 

5 24.53 ± 4.55 27.25 ± 5.95 24.91 ± 4.26 

6 20.22 ± 3.15 17.86 ± 2.8 18.50 ± 4.78 

7 13.25 ± 1.09 14.00 ± 2.10 13.66 ± 2.92 

8 13.84 ± 3.45 12.43 ± 2.41 12.69 ± 2.52 

9 8.00 ± 1.01 14.25 ± 3.5 16.94 ± 3.96 

10 7.31 ± 0.66 8.33 ± 0.08  17.00 ± 3.26 *# 

     

No statistically significant difference was detected when the mean escape 

latencies were compared between control and sham throughout the behavioral test 

period (figure 4.1).  
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Figure 4.1 The mean escape latencies for each training day in the RAWM task of 

control and sham groups. Data are presented as mean escape latency ± S.E.M.       

(n=8, control, n=7, sham). 

 

The mean escape latencies of the RCO rats were longer over the first four 

days of training when compared with those of sham rats, though not statistically 

significant.  After the forth day of training, the mean escape latencies were similar in 

both groups.  However, on the tenth day, one day after interruption by probe trial, the 

RCO rats showed significantly longer mean escape latency compared with sham 

(figure 4.2). 
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Figure 4.2 The mean escape latencies for each training day in the RAWM task of 

sham and RCO groups. Data are presented as mean escape latency ± S.E.M. (n=7, 

sham; n=8, RCO).  * indicates P < 0.05. 

 

The reduction of mean escape latencies indicating learning process was also 

noted during four consecutive trials of each training day (table 4.2, figure 4.3).  There 

was no significant different between control and sham.  In RCO group, the mean 

escape latencies during the first two trials were longer than those of sham, however, 

not statistically significant (figure 4.4). 
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Table 4.2 The RAWM performance during each trial of control, sham and RCO rats. 

Data are presented as mean escape latency ± S.E.M. (n = 8, control and RCO; n = 7, 

sham)  

 

Escape latency (s) Trial 

control sham RCO 

1 24.56 ± 1.38 27.00  ±2.19 30.28 ± 2.58 

2 29.33 ± 3.26 25.6 ± 2.05 30.77 ± 1.55 

3 22.89 ± 2.89 23.16 ± 2.35 24.62  ±2.83 

4 23.05 ± 2.55 23.43 ± 1.9 22.13 ± 2.91 

 

 

 
 

Figure 4.3 The mean escape latencies during each trial in the RAWM task of control 

and sham groups. Data are presented as mean escape latency ± S.E.M. (n=8, control; 

n=7, sham).  
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Figure 4.4   The mean escape latencies during each trial in the RAWM task of sham 

and RCO groups. Data are presented as mean escape latency ± S.E.M. (n=7, sham; 

n=8, RCO). 

 

The percentage of time spent in target arm during the probe trial was shortest 

in the RCO group, however, this was not statistically different from that of sham group 

(table 4.3, figure 4.5). 
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Table 4.3  The percentage of time spent in target arm of control, sham and RCO rats 

in probe trial. The percentages of time spent in target arm during the probe trial are 

presented as mean ± S.E.M. # indicate P < 0.05 when RCO is compared with control. 

 

Group % Time spent in tar get 

arm 

control  23.00 ± 2.90 

Sham 15.57 ± 2.22 

RCO    12.38 ± 2.24 # 

 

 

 
 

Figure 4.5   The percentage of time spent in target arm during probe trial in control,   

sham and RCO rats. # = P< 0.05 control versus RCO rats. 
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The relative number of visits to target arm (table 4.4 and figure 4.6) during 

probe trial was lowest in RCO, even though not statistically significant from sham and 

control. 

 

Table 4.4  The relative number of visits to the target arm of sham and RCO rats during 

probe trial. Data are presented as mean ± S.E.M. 

   

Group Relative number of 

visits  

control 0.56 ± 0.09 

Sham 0.48  ± 0.07 

RCO 0.40 ± 0.07 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 The relative number of visits to target arm during probe trial.  

       

Consistent with the % time spent and relative number of visits to target arm, 

during the probe trial, the swimming paths of control and sham were predominantly in 

the target arm and adjacent arms.  The RCO, on the other hand, explored every arm of 

RAWM (figure 4.7). 
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A 

 
B 

 
C 

Figure 4.7  Representative swimming paths of control (A), sham (B) and RCO (C) in 

the RAWM during probe trial. The location of the target arm is indicated by the arrow. 

(control, n = 8; sham, n = 7; RCO, n = 8) 
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4.2 Effect of chronic mild cerebral hypoperfusion (2 months) on hippocampal 

CA1 neurons and astroglia assessed after completion of behavioral test 

 After completion of the behavioral task, the rats were sacrificed and the brain 

slices were investigated for the alteration in numbers of hippocampal CA1 neurons 

and astroglia. 

 

4.2.1  Number of hippocampal CA1 neurons 

 The mean number of hippocampal CA1 neurons from left and right 

hemisphere of each subgroup after 2-month occlusion and completion of behavioral 

test (2M+Beh) was not statistically different.   Therefore, the total number of neurons 

from both hemispheres of each subgroup was compared. 

 

Table 4.5  The mean number of neurons in hippocampal CA1 from left (Lt) and right 

(Rt) hemisphere and the mean total number of neurons from both hemisphere (Lt + Rt) 

of the control, sham and RCO rats after 2-months occlusion and completion of 

behavioral test (2M+Beh). All data are presented as mean ± S.E.M  

 

Mean number of hippocampal CA1 NeuN staining neurons   

(cell/1.25x10-6 µm3 (Lt, Rt) and 2.5x10-6 µm3 (Lt+Rt)) 

 

Subgroups 

Lt Rt Lt+Rt 

control 8.68 ± 1.13 9.95 ± 0.49 18.63 ± 1.40 

sham 9.20 ± 0.43 9.20 ± 0.36 18.40 ± 0.71 

RCO 10.27 ± 0.43 9.93 ± 0.26 20.19 ± 0.75 

  

The result showed that the mean total number of neurons of RCO was not 

statistically different from those of control and sham groups (figure 4.8).      
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Figure 4.8  Mean number of total hippocampal CA1 neurons (cells/2.5x10-6 µm3) in 

each subgroup of rats after 2-months occlusion and completion of behavioral test 

(2M+Beh). 
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A 

 
B 

 
 

Figure 4.9 Representative photomicrographs of NeuN staining neurons in CA1 

hippocampus of the control, sham and RCO rats after completion of behavioral task 

(2M + Beh).  A = control, B = sham and C = RCO (x200 magnification). 

 RCO Lt. RCO Rt.

    Sham Rt. Sham Lt. 

C

Control Lt. Control Rt. 
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4.2.2 Number of GFAP staining astroglia in CA1 hippocampus   

The mean number of astroglia from left and right hemisphere of control, sham 

and RCO were not statistically different. Therefore, the total number of astroglia from 

each subgroup was compared (table 4.6, figure 4.10).  

 

Table 4.6   The mean number of astroglia in hippocampal CA1 from left (Lt) and right 

(Rt) hemisphere and the mean total number of astroglia from both hemisphere (Lt + 

Rt) of the control, sham and RCO rats after 2-months occlusion and completion of 

behavioral test (2M+Beh). All data are presented as mean ± S.E.M.  

 

Mean number of hippocampal CA1 GFAP staining astroglia  

(cell/5.625 x10-6 µm3 (Lt, Rt) and 11.25 x10-6 µm3 (Lt+Rt)) 

 

Subgroups 

Lt Rt Lt+Rt 

control 47.49 ± 5.05 41.46 ± 1.90 88.95 ± 6.33 

sham 45.30 ± 3.75 41.96 ± 5.22 87.26 ± 8.19 

RCO 44.45 ± 1.02 42.70 ±  2.62 87.15 ± 3.15 

 

 
Figure 4.10   Mean number of hippocampal astroglia (cells/11.25x10-6 um3) in each 

subgroup of rats after 2-months occlusion and completion of behavioral test 

(2M+Beh). 
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The result showed that the mean total number of astroglia of RCO group was 

not statistically different from those of control and sham groups (figure 4.10).   

    

 

A 

 
 

B 

 
 

Figure 4.11 Representative photomicrographs of GFAP staining astroglia in 

hippocampus of the control, sham and RCO rats after completion of behavioral task 

(2M + Beh).  A = control, B = sham and C = RCO (x100 magnification). 

 

Sham Lt. Sham Rt. 

 RCO Lt. RCO Rt. 
C

 Control Lt. Control Rt. 
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4.3   Effect of ischemic duration on hippocampal CA1 neurons and astroglia 

The effect of various durations of mild cerebral hypoperfusion induced by right 

common carotid artery occlusion (RCO) on hippocampal CA1 neurons and astroglia 

was studied in SD rats.   The different ischemic duration used in this study were one 

day (1D), three days (3D), one week (7D), two weeks (14D), one month (30D), two 

months (60D) and four months (120D). The overall result of the number of neurons 

and astroglia from left (Lt) and Right (Rt) hemispheres of each group were not 

different.  

4.3.1  Effect of ischemic duration on hippocampal CA1 neurons 

The numbers of Rt and Lt + Rt neurons at various ischemic durations did not 

show any statistic difference in RCO rats. (Table 4.7, 4.8 and figure 4.12) 

 

   Table 4.7   The mean total number of neurons in CA1 hippocampus of sham and 

RCO rats after various ischemic durations. All data were presented as mean ± S.E.M  

 

Duration of 

ischemia 

The mean number of hippocampal CA1 NeuN staining neurons 

(cell/ 2.5x10-6 µm3 (Lt+Rt)) 

 control sham RCO 

1D 16.99 ± 0.88 19.61 ± 0.80 17.96 ± 0.50 

3D 18.51 ± 0.31 20.50 ± 0.89 17.45 ± 1.53 

7D 16.41 ± 0.34 15.74 ± 1.01 16.35 ± 0.97 

14D 14.44 ± 0.35 17.81 ± 0.62 16.36 ± 0.26 

30D 16.46 ± 0.59 13.70 ± 0.33 17.05 ± 0.46 

60D 18.93 ± 0.41 20.63 ± 0.42 18.95 ± 0.96 

120D 16.63 ± 0.63 17.08 ± 0.91 16.10 ± 0.68 
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Table 4.8   The mean number of neurons in CA1 hippocampus from right hemisphere 

of the sham and RCO rats in different ischemic duration. All data are presented as 

mean ± S.E.M. 

  

The mean number of hippocampal CA1 NeuN staining neurons 

(cell/ 1.25 x10-6 µm3) from Rt hemisphere 

Duration of 

ischemia 

control sham RCO 

1D 8.49 ± 0.41 9.61 ± 0.17  8.86 ± 0.07 

3D 9.06 ± 0.31 10.15 ± 0.40 8.93 ± 0.58 

7D 8.41 ± 0.10 7.71 ± 0.55 8.62 ± 0.32 

14D 6.99 ± 0.36 9.10 ± 0.25 8.44 ± 0.17 

30D 7.68 ± 0.53 6.31 ± 0.30 8.26 ± 0.25 

60D 8.95 ± 0.34 10.46 ± 0.26 9.93 ± 0.80  

120D 7.92 ± 0.25 8.31 ± 0.79 7.76 ± 0.52 

 

 

 
 

Figure 4.12  The mean number of neurons in Rt and total (Rt+Lt) of CA1 

hippocampus of RCO rats at different ischemic duration (n = 4 each, except 1D, 3D 

which n = 3).  
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Hence, their total numbers from both hemispheres were compared. When 

compared between sham and RCO, the statistical difference was observed at Lt and Lt 

+ Rt side in 30D (Table 4.8, 4.9 and figure 4.13) 

 

 
  

Figure 4.13  The mean total number of neurons in CA1 hippocampus of sham and 

RCO rats at different ischemic duration (n = 4 each, except 1D of sham and 1D and 

3D of RCO which n = 3). * = P < 0.05 
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4.3.2  Diameter of neurons in CA1 hippocampus    

The mean diameter of neurons from the control, sham and RCO group 

 

Table 4.9  The mean diameter of neurons in hippocampal CA1 

The mean diameter of neurons (μm) Duration 

control sham RCO 

1D 23.94 ± 0.57 24.63 ± 0.15 24.55 ± 0.41 

3D 24.77 ± 0.24 24.39 ± 0.8 25.29 ± 0.21 

7D 24.37 ± 0.68 24.95 ± 0.75 25.14 ± 1.01 

14D 25.17 ± 0.31 24.11 ± 0.21 25.54 ± 0.23 

30D 24.45 ± 0.39 25.06 ± 0.59 24.58 ± 0.63 

60D 24.46 ± 0.22 24.24 ± 0.09 24.21 ± 0.13 

120D 25.20 ± 0.47 24.93 ± 0.56 25.11 ± 0.56 

 

 

 
 

Figure 4.14  Mean diameter of neurons in sham and RCO groups 
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4.3.3 Effect of ischemic duration on the hippocampal CA1 astroglia 

 Similar to what have found for neurons, the numbers of Rt, and Lt + Rt 

astroglia at various ischemic durations did not show any statistic difference in RCO 

rats (Table 4.10, 4.11 and figure 4.15). Therefore, the mean total number of astroglia 

from both hemispheres (Lt+Rt) was compared between sham and RCO.      

 

Table 4.10  The mean total number of astroglia in CA1 hippocampus of the sham and 

RCO rats in difference ischemic duration. All data were presented as mean ± S.E.M  

 

The mean number of hippocampal CA1 GFAP staining 

astroglias (cell/ 11.25 x10-6 µm3 (Lt+Rt)) 

Duration of 

ischemia 

control sham RCO 

1D 101.15 ± 6.17 82.31 ± 8.31 86.09 ± 6.12 

3D 86.85 ± 6.94 96.60 ± 3.13 91.40 ± 8.31 

7D 79.05 ± 6.55 73.73 ± 7.95 89.02 ± 9.41 

14D 72.47 ± 2.89 80.93 ± 2.68 70.73 ± 5.55 

30D 97.96 ± 7.20 85.45 ± 4.79 96.05 ± 2.10 

60D 94.88 ± 5.44 92.96 ± 9.25 78.73 ± 2.33 

120D 73.48 ± 6.51 81.76 ± 6.99 82.10 ± 5.45 
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Table 4.11  The mean number of astroglia in hippocampal CA1 area of Rt hemisphere 

of the sham and RCO rats in difference ischemic duration. All data are presented as 

mean ± S.E.M.  

 

The mean number of hippocampal CA1 GFAP staining astroglia 

(cell/ 5.6 x10-6 µm2) from Rt hemisphere 

Duration of 

ischemia 

control sham RCO 

1D 50.40 ± 3.21 41.01 ± 3.84 39.99 ± 3.42 

3D 40.65 ± 2.72 46.51 ± 1.06 42.20 ± 5.66 

7D 39.55 ± 3.48 39.33 ± 5.31 43.05 ± 4.52 

14D 34.55 ± 1.64 39.90 ± 1.48 31.86 ± 2.42 

30D 47.94 ± 5.11 42.68 ± 2.97 46.65 ± 1.71 

60D 47.41 ± 3.04 46.11 ± 4.66 42.00 ± 2.52 

120D 34.98 ± 2.69 38.01 ± 2.10 42.40 ± 3.03 

 

 
Figure 4.15  The mean number of astroglia in Rt and Lt + Rt hemisphere in CA1 

hippocampus of RCO rats at different ischemic duration. (n = 4 each, except 3D and 

2M of RCO which n = 3) 
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The comparison between the total number of astroglia in sham and RCO rats 

showed that no statistic difference was observed in any ischemic duration. 

 
 

Figure 4.16  The mean total number of astroglia in CA1 hippocampus of sham and 

RCO rats at different ischemic duration. (n = 4 each, except 3D and 2M of RCO which 

n = 3) 
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4.3 The effect of activity in RAWM on hippocampal CA1 neurons and astroglia   

of chronic mild cerebral hypoperfusion rats. 

 In the rats subjected to 2-month cerebral hypoperfusion, the number of 

neurons and astroglia were compared between the rats with activity in RAWM and the 

rats without activity in RAWM. 

 

4.3.1    Number of NeuN staining neurons in the CA1 hippocampus 

 The neuronal number of Rt. and Lt. in both sham and RCO group between 

2M (2 months occlusion) and 2M + Beh (2 months occlusion with behavioral test in 

RAWM) rats was not significantly different. Hence, the total (Lt. + Rt.) number was 

compare however the total number also showed no statistically different between these 

two groups in both sham and RCO rats.    

 

Table 4.12   The mean total number of neurons in hippocampal CA1 area in Lt, Rt and 

total (Lt + Rt) hemisphere of the RCO rats in 2M (2 months occlusion) and 2M + Beh 

(2 months occlusion with behavioral test in RAWM). All data were presented as mean 

± S.E.M.    

 

Mean number of CA1 hippocampus NeuN staining neurons   

( cell/1.25x10-6 µm3 ( Lt,Rt) and 2.5x10-6 µm3 ( Lt+Rt )) 

 

2 M 

Lt Rt Lt+Rt 

control 9.98 ± 0.25 8.95 ± 0.34 18.93 ± 0.41 

sham 10.72 ± 0.25 10.46 ± 0.26 20.63 ± 0.42 

RCO 9.02 ± 0.48 9.93 ± 0.80 18.95 ± 0.96 

2 M + Beh  

control 8.68 ± 1.13 9.95 ± 0.49 18.63 ± 1.40 

sham 9.20 ± 0.43 9.20 ± 0.36 18.40 ± 0.71 

RCO 10.27 ± 0.43 9.93 ± 0.26 20.19 ± 0.75 

  

The result indicated that the activity by training in RAWM did not have any 

effect on Lt, Rt. and total neurons in hippocampal RCO rats as the neuronal number 

was no significantly different between these two groups (table 4.14 and figure 4.17). 
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Figure 4.17 Compare the mean number of neurons on hippocampal CA1 between 

RCO rats in 2M and 2M + Beh groups. (left:Lt., right:Rt, total:Lt.+Rt.) 

 

4.3.2 The Diameter of neurons in CA1 hippocampus 

The mean diameter of RCO rats between 2 months RCO (2M) and 2 months 

with activity in RAWM (2M + Beh) was not significantly different. 

 

Table 4.13  The mean diameter of neurons in hippocampal CA1 

 

The mean diameter of neurons (μm) group 

control sham RCO 

2M 24.46 ± 0.22 24.24 ± 0.09 24.21 ± 0.13 

2M+Beh 25.48 ± 0.33 25.29 ± 0.48 24.55 ± 0.33 
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4.3.3 Number of astroglia in CA1 hippocampus        

The  astroglia number in both sham and RCO rats between 2 months RCO 

(2M) and 2 months with activity in RAWM (2M + Beh) showed non significantly 

different in Lt., Rt. and total (Lt. + Rt.) hemisphere (Table 4.16 and figure 4.18). 

 

Table 4.14   The mean total number of astroglia in hippocampal CA1 area in Lt, Rt 

and total (Lt + Rt.) hemisphere of the RCO rats in 2M (2 months occlusion) and 2M + 

Beh (2 months occlusion with behavioral test in RAWM). All data were presented as 

mean ± S.E.M.    

  

Mean number of CA1 hippocampus GFAP staining astroglia 

(cell/ 5.6 x10-6 µm3 (Lt., Rt.) and 11.2 x10-6 µm3 (Lt.+Rt.)) 

 

2 M 

Lt Rt Lt+Rt 

control 47.47 ± 3.03 47.41 ± 3.04 94.88 ± 5.44 

sham 46.85 ± 4.78 46.11 ± 4.66 92.96 ± 9.25 

RCO 36.73 ± 0.73 42.00 ± 2.52 78.73 ± 2.33 

2 M + Beh  

control 47.49 ± 5.05 41.46 ± 1.90 88.95 ± 6.33 

sham 45.30 ± 3.75 41.96 ± 5.22 87.26 ± 8.19 

RCO 44.45 ± 1.02 42.70 ±  2.62 87.15 ± 3.15 

 

 The result indicated that the activity by training in RAWM did not have any 

effect on Lt., Rt. and total astroglia in hippocampal RCO rats as the astroglia number 

was no significantly different between these two groups (figure. 4.18) 
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Figure 4.18 Compare the mean number of astroglia on hippocampal CA1 between 

RCO rats in 2M and 2M + Beh groups. (left:Lt., right:Rt, total:Lt.+Rt.) 
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CHAPTER V 

DISCUSSION 

 
The reduction of CBF was well known as the cause of neuronal degeneration 

in many diseases such as stroke, neurodegenerative or even age-related neurological 

impairments. The effect of ischemia which occurs in those diseases has been studied in 

several animal models.  The decrease in CA1 hippocampal neurons and the reactive 

changes of astroglia have been found in both transient and chronic phase of global 

ischemia models. This histopathological change associates with spatial learning and 

memory impairment (39). However, most of the models produce severe degree of 

ischemia which represents the late stage of ischemic damages. So this present study 

was designed to study the effect of very mild chronic ischemia represented an early 

condition before the progression to more severe outcomes. The mild ischemic insult 

was induced by permanent unilateral common carotid artery occlusion on the right 

side (RCO) to produce mild global reduction of cerebral blood flow in young adult SD 

rats (4 months old). This model could solve the problems of motor deficit resulted 

from too severe blood flow reduction in 2VO and 4VO which could interfere with 

behavioral studies.  The survival of the animals was also better in the RCO model.   

The effects of RCO on spatial learning and memory and on the numbers of neurons 

and astroglia were then investigated.  In the parallel experiments, the effect of various 

ischemic durations (1-120 days) on hippocampal CA1 neurons and astroglia was 

studied. 

 We tested the effect of mild chronic ischemia with RAWM, the task for 

spatial learning and memory.  The RAWM is the combination of task between Morris 

water maze (MWM) and radial arm mazes. This test has the advantages of both the 

MWM and radial arm mazes, while eliminating the disadvantages of those two tasks. 

In RAWM, rats were force to swim in either central field or in one of the arms so rats 

cannot find the platform by swimming around the pool and accidentally bumping into 
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it. RAWM also solves the problem about odor cues that troubles the interpretation of 

radial arm maze. Furthermore, rats did not need to be on diet before the test as they are 

force to swim by their nature. 

 

5.1  The effect of mild cerebral hypoperfusion for 2 months on the spatial 

learning and memory 

 The RCO rats were tested with RAWM. The results suggested that RCO for 2 

months resulted in mild memory impairment that was detected at the initial phase as 

shown by the longer escape latencies at the first 4 days and first 2 trials.  The result 

was even more pronounced after interruption by probe (day 10).  These results were 

confirmed by probe trial on day 9 which showed longer escape latency than control 

and sham rats.  The RCO rats also showed less numbers of visit and time in target arm 

during probe trial than both control and sham rats and their swimming path was more 

random than sham and control rats. So we concluded that the mild global ischemia 

induced by RCO for 2 months caused mild spatial learning and memory impairment 

which could be detected at the initial stages of learning.   

 In our previous study, rats with unilateral common carotid artery occlusion 

(UCO) did not express learning and memory deficit when they were tested with 

MWM at 1 and 4 months after surgery. However, in this study we could detect 

learning and memory deficit at 2 months after occlusion. This result suggested that 

RAWM was more sensitive to detect the impairment in learning and memory than 

MWM as RAWM was able to detect the damage that was too mild to be detected by 

MWM. In RAWM task, individual rat was allowed free swimming to find an escape 

platform hidden in one of the eight arms.  The rats must memorize which arms they 

had already visited.  If they could not memorize, they would make more error by re-

entering into the previously visited arms.  On the other hand, in MWM, rats can freely 

swim around the pool and may bump into the platform accidentally. As RAWM is 

more complicate than MWM, slight damage in UCO could be detected by this task. 
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5.2  The effect of mild cerebral hypoperfusion for 2 months on hipocampal CA1 

neurons and astroglia 

 Acquisition of the RAWM requires the hippocampus to form spatial 

associations between the platform location and the surrounding environment, making 

the hippocampus necessary for this task. However, the hippocampus, especially CA1, 

was very vulnerable to ischemia. So, hippocampal CA1 neurons are among the first 

area to be affected by ischemia and the neurons will die in less severe degree of 

ischemia than other areas.      

 In our experiment, despite the detected memory impairment, the mild chronic 

hypoperfusion in this model did not induce the statistical alteration of the numbers of 

neurons and astroglia.  This could be because of cerebral blood flow reduction in RCO 

models is too mild to produce any morphological alteration.  It has been shown in 

Wistar rats that RCO decreased CBF to only 75% of its normal value immediately 

after occlusion with hemispheric blood flow remained symmetrical (blood flow ratio 

close to unity) (161). The reduction blood flow was also transient, twenty-four hours 

after carotid ligation, the blood flow was no longer significantly different from the 

control. However, the hemisphereic blood flow was slightly asymmetric because blood 

flow in non-occlude side faster than occlude side, and a completely normal level was 

found in fifth day (162).  In SD rats, anastomotic connections between the vertebral 

and carotid artery are present. Increase of flow through the remaining non-occlude 

side and the development of anastomotic vessels with the vertebral arteries can be 

accepted as the compensatory mechanism underlying the normalization of hemispheric 

blood flow in chronic unilateral carotid occlusion. 

 The deficit performance, which was detected by RAWM, could be supported 

by the 2VO experiment which could detect deficit performance in both MWM and 

radial arms maze before the sign of neuronal loss in hippocampal CA1 could be 

detected (2).  However, the subcellular changes by ischemia could be the cause of 

memory impairment.  It had been shown that both the mRNA and the protein 

concentration of Microtubule-associated protein-2 (MAP-2) fell from 4 weeks to 20 

weeks after the induction of 2VO (145). MAP-2 is a cytoskeletal phosphoprotein 

associated with dendritic microtubules that is thought to reflect dendritic branching, 

remodeling, and plasticity (125). The diminished MAP-2 could indicate a progressive 
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loss of dendrites.  More interestingly, the diminishing MAP-2 signals correlated 

strongly with the declining MWM performance of the rats in the retention trial (145).  

Synaptophysin protein, which labels synaptic vesicles, demonstrated a similar 

reduction caused by 2VO and an association with the spatial memory (145). These 

data indicate that cerebral ischemia disturbs the wiring of the neuronal circuits and the 

communication between the neurons, which contributes to the learning deficiency. 

 The poor performance in RAWM task could also be the result of the 

impairment of neuronal function, like long-term potentiation (LTP) (10, 164, 165) 

Twenty – four hours following ischemia, CA1 neurons exhibit normal membrane 

potential but LTP can not be induced. The loss of LTP coincided with the appearance 

of extensive beading of CA1 dendrite which preceded any signs of necrosis by several 

days.   

 Ischemia not only cause the damage to neurons but it cause the decreased of 

acetylcholine (ACh) level as well. Studies from 2VO found the decreasing of ACh and 

choline level in cortex, striatum and hypothalamus but not in hippocampus (176). It is 

possible that reduction in ACh or choline acetyltransferase (ChAT) activity did occur 

in discrete hippocampus or cortical neurons, but were not detected in homogenate of 

the whole tissue. In 10 min transient ischemia in the rats causes a deficit of spatial 

cognition 24 hours after reperfusion without neuronal death and also reported that Ach 

release from the frontal cortex and the dorsal hippocampus was reduced (177). The 

impairment which was occurred without neuronal death may be due to the imbalance 

of ACh.  

 Astroglia, the largest and most numerous glia cell in central nervous system. 

Astroglia play a crucial role in maintaining normal brain physiology and also have an 

important role in responding to injury including ischemia. So we interested about the 

alteration of astroglia in mild chronic ischemia condition. In this study we used glial 

fibrillary acidic protein (GFAP) as the maker to identify astroglia.  

 The number of astroglia result in this study did not change.  However, that did 

not mean the astroglia can normally function. In transient global ischemia indicated 

the losing of glutamate transporter (GLT-1) in CA1 hippocampus at 2-4 days later, but 

without astroglia cell death. As astroglia play important roles during ischemia by 

uptake glutamate which help prevent excitotoxicity in neuronal death. Elevated level 
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of lactate is one condition that occurs in ischemia and the quantity of this metabolite 

was related to the impairment of removal system. MCT4 (monocarboxylate transporter 

-4) is the transporter of monocarboxylic acids, such as lactate, it located in the end feet 

of astroglia. So the elevation of lactate by ischemia may reflect the dysfunction of 

MCT4 in astroglia.  Therefore this may be one of the reason why astroglia can not 

fully support neurons and cause the neuronal impairment which lead to poor 

performance in behavioral test.   

 The effect of exercise obviously can not be ignored. Even the number of 

neurons in RCO rats between 2M and 2M+Beh groups was not significantly different 

but benefits of physical exercise on brain function which had been observed in 

numerous studies should not be ignored. Exercise had beneficial effect on brain 

function, including the promotion of plasticity and enhancement of learning and 

memory function. The exercise also increases cell proliferation without altering 

apoptosis in hippocampus. Several mechanisms have been suggested to explain the 

positive effect of exercise on cognitive performance. For example, the exercise can 

increase neurotrophic factors such as brain-derived neurotrophic factor (BDNF), nerve 

growth factor and insulin-like growth factor-1 (IGF-1) (178) which are important for 

neuronal survival, differentiation and synaptic plasticity in the rat hippocampal and 

cerebral cortex. Furthermore, exercise also increases cell proliferation, neurogenesis 

and blocks neuronal impairment or loss of all types of injuries (179). 

 Activity in RAWM may also have some effect to astroglia as its number was 

increase even not statistically significant. Because exercise can cause the increasing 

the number of astroglias as astroglias play a role in the forming of BBB in brain (180). 

The exercise also helps to increase the blood flow supply glucose and O2 for both 

neuron and astroglia. 

 Even this experiment was mainly study in CA1 area but the CA1 was not only 

the area which important to the formation of spatial learning and memory such as CA3 

(181).  Therefore, the memory impairment in this study may cause by the functional 

impairment or biological change in neurons of another area which need to investigate 

in another study.  
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5.3aaThe effect of various ischemic duration on the  alteration of hippocampal 

CA1 neurons 

   The immunohistological of neurons results showed that the number of 

neurons in RCO group of all ischemic duration did not significantly different. The 

comparison between sham and RCO group also did not indicate the different between 

those two groups in most of the time point.  This result was supported by Omae et al 

reported which found that ischemic which induce by UCO did not severe enough to 

cause neuronal death.  Also, the blood vessel occlusion which can induce ischemic 

tolerance, may increase ischemic resistant to hippocampal CA1 neurons in prolong 

period of hypoperfusion.  Other factor which may help to prevent neuronal death was 

the increase of glia cell after ischemia. In 2VO, microglia was increased since the first 

day after surgery (4). As the blood-derived macrophage primarily role was to 

eliminate the harmful substances which occurred during ischemia. Astroglia also are 

helpful in this condition. GFAP up-regulated astroglia are able to uptake harmful 

substance, such as extracellular ions or excitatory neurotransmitters and to produce 

neurotrophic factors under pathologic conditions (86, 182).  

 The different occurred in 30D group may cause by the variation in individual 

rats. As in 30D rats, both neurons and astroglia in control sham and RCO subgroup 

were lesser than another ischemic duration rats. Taken together, it was concluded that 

mild chronic cerebral hypoperfusion provoked by right common carotid artery 

occlusion (RCO) not severe enough to induce the significantly alteration of neuronal 

number in both side of CA1 hippocampus within the 4-months period of study.  

 

5.4aaThe effect of various ischemic duration on the  alteration of hippocampal 

CA1 astroglia  

From immunohistological result in this study suggested that the mild 

hypoperfusion induce by RCO did not produce a significantly alteration to number of 

astroglia in hippocampal CA1 at any time point and the different between sham and 

RCO group also not occurred at any ischemic time point. The result was acceptable as 

astroglia very resistant to ischemia which can survive for more than 6 hours in the 

complete absence of oxygen and external producing substrate.  
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In 2VO model, the astroglia become reactive after ischemia which was 

detected by the increasing of GFAP. This increasing correlated with the impairment in 

radial arms maze(2)and the degeneration of neurons in hippocampal CA1(183). 

However, an increase GFAP signal was not discerned in hippocampal until 6 months 

later therefore the astrogliosis was considered as a late-emerging event in the 

hippocampus in chronic cerebral hypoperfusion.  So RCO model which induced the 

mild degree of ischemia is suppose to take more time than 6 month for induce the 

statistically change.  

From all this results indicated even very mild degree of ischemia can cause 

memory impairment in RAWM. However, as the number of neurons and astroglia was 

not significantly alteration, we assumed that the poor memory was caused by 

subcellular change and the dysfunction of neurons and astroglia. This dysfunction may 

cause the neuronal death following longer ischemic duration. Further study  

• The effect of longer ischemic duration such as 6, 8 months or 

a year on learning and memory.  

• The effect of shorter duration such as 1months, 6 weeks, 7 

weeks on learning and memory to detect which time point the 

deficit begin. 

• The alteration of cerebral blood flow after RCO.       

• The molecular mechanism of the neuron and astroglia under 

this condition.  
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CHAPTER VI 

CONCLUSIONS 

 

 These present study demonstrates the effect of mild chronic cerebral 

hypoperfusion on learning and memory testing by RAWM and the hippocampal CA1 

neuron and astroglia. The results are as followed:  

 1) Mild chronic cerebral hypoperfusion induced by permanent RCO for 2 

months resulted  in mild memory impairment that was detected at the initial phase as 

shown by the longer escape latencies at the first 4 days, first 2 trials and after 

interruption by probe. These result suggested that mild chronic cerebral hypoperfusion 

induced by permanent RCO resulted in learning impairment.  

 2)  Event the Mild chronic cerebral hypoperfusion induced by permanent 

RCO for 2 months did not induce the alterations of the number of neuron and astroglia 

but its may induced the functional deficit of neuron as the learning and memory 

impairment occur.  

 3) Mild chronic cerebral hypoperfusion induced by RCO for 1 day, 3 days, 1 

week, 2 weeks, 1 month, 2 months and 4 months did not induce the statistic significant 

alteration of the number of neuron and astroglia.  
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APPENDIX A 
 
Table 1 Raw data of number of hippocampal CA1 neurons and astroglias in 1D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 35 39 38  32 41 48 51 47 41 
Control2 47 47 55 53 47 52  42 45 49 
Control3 61 51 60 64 58 58 51 58 52 49 
Control4 52 52 56 52 50 50 60 49 47 45 
Sham1 46 54 42 53 57 51 58 59 58 56 
Sham2           
Sham3 66 57 68 59 64 55 68 59 63 56 
Sham4 61 61 67 59 54 58 59 58 51 53 
RCO1 65 57 49 49 49 56 51 49 50 53 
RCO2 53 56 48 50 49 45 49 54 47 52 
RCO3           
RCO4 53 59 62 49 60 59 57 50 61 44 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 50 40 57 56 44 60 73 85 68 54 
Control2 55 55 68 47 65 65 26 29 47 62 
Control3 48 59 42 44 50 37 56 53 42 37 
Control4 38 47 34 30 55 47 44 46 53 55 
Sham1 40 40 40  45 40 37 46 35 31 
Sham2  39 57 67 35 32 67 48 53 64 
Sham3 42 49 42 38 45 45 42 42 37 42 
Sham4 44 42 26 23 23 38 38 28 25 27 
RCO1 39 40 54 41 46 32 34 28 52 53 
RCO2 21 30 42 38 65 45 43 37 46 27 
RCO3 59 50 40 43 75 60 47  49 47 
RCO4 28 22  38 50 39 48 44   
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APPENDIX B 
 
Table 2 Raw data of number of hippocampal CA1 neurons and astroglias in 3D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 64 58 60 63 53 51 53 51 60 58 
Control2   57 47 57 52 52 53 54 53 
Control3 66 43 67 48 60 53 51 50 51 52 
Control4 45 63 45 64 52 50 55 54 55 51 
Sham1 67 82 59 74   62 46 53 57 
Sham2 73 67 68 60 74 64 65 62 65 51 
Sham3 58 46 45 51 53 58 57 58 48 54 
Sham4 66 56 66 59 63 61 60 60 55 64 
RCO1 73 66 65 63 59 57 55 53 61 51 
RCO2 47 59 45 63 41 54 50 54 42 53 
RCO3  56   56 55 46 48 43 38 

Astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 64 61 35 37 30 36 53 36 39 40 
Control2 42 32 37 35 50 47 24 29 50 32 
Control3 69 46 69 46 42 46  54 56 46 
Control4   31 37 49 39 41 39 43 37 
Sham1 49 60 40 34  51 44 42 52 41 
Sham2 50 38 45 47 52 58 39 34   
Sham3 60 62 61 51 53 39 35 45 62 49 
Sham4 57 48 56 35 53 45 47 53 54 54 
RCO1 69 49 30 26 50 47 58 51 56 59 
RCO2 44 25 44 35 45 38 34 26 52 31 
RCO3 49 52 55 37 57 59 41 49 54 49 
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APPENDIX C 

 
Table 3 Raw data of number of hippocampal CA1 neurons and astroglias in 7D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 49 46 47 49  53  49 34 45 
Control2 52 55 48 46 43 38 46 47 57 47 
Control3 53 46 48 54 40  53 50 54 58 
Control4   47 54 49 50 57 55 43 58 
Sham1   50 53 52 56 56 50 48 49 
Sham2   51 43 41 38 48 39 49 38 
Sham3 44 47 40 43 44 45 44 48 38 48 
Sham4 49 47 57 55 44 47 50 35 52 46 
RCO1  48 61 51 48 52 57 54  49 
RCO2   43 53 50 57 53 53 41 54 
RCO3 32 49 37  33 59 35 57 38 59 
RCO4 47 49 45 53 55 47 48 39 51 53 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 25 14 34 47 49 32 18 22 32 36 
Control2 49 55 45 40 54 52 21 21 24 24 
Control3 55 33 53 45 41 47 38 44 47 59 
Control4 41 37 24 22 54 70 46 43 40 48 
Sham1   49 46 44 60 46 42 19  
Sham2 24 28 12 15 31 37 43 42 29 41 
Sham3 33 32 31 19 38 35 24 14 32 40 
Sham4 24 39 47 52 45 57  52  37 
RCO1  28 46 55  54 23 20 32 34 
RCO2 62 61 56 46 48 55 64 59 63 58 
RCO3 36 37 57 43 57 47 57 46 37 41 
RCO4 36 43 36 34 51 39 43 33 48 28 
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APPENDIX D 
 
Table 4 Raw data of number of hippocampal CA1 neurons and astroglias in 14D  rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 52 41 58 33 47 37 48 49 47 42 
Control2 41 39 46 47 42  52 39 45 50 
Control3 30 46 36 52 47 46 39 42 36 47 
Control4 52 41 45 34 50 28 47 35 30 43 
Sham1 46 57 43 52 44 51 47    
Sham2 58 66 63 58 65 51 52 54 52 51 
Sham3 51 52 49 48 45 48 55 52 51 47 
Sham4 53 55 55 58 52 47 52 60 46 57 
RCO1 46 49 47 49 53 51 46 52 49 52 
RCO2 56 56 57 57 45 51 47 48 43 45 
RCO3 47 50 49 52 51 54 48 58 46 46 
RCO4 46 53 52 58 48 56 52 54 47 47 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 47 47  36 38 32 34 29  38 
Control2 46 33 23 25 36 35 33 23 31 36 
Control3 37 46 46 40 27 25 38 28 48 29 
Control4 41 42 40 33 38 40 37 31  43 
Sham1 39 48 38 36 52 40 45 41 39 22 
Sham2 29 39 47 41 34 37 39 31  41 
Sham3 40 37 44 41 45 33 32 41 39 51 
Sham4 48 46 38 46 45 50  40 46 37 
RCO1 32 29 32 27 36 28 41 31 32 34 
RCO2 32 27 45 39   38 23 46 24 
RCO3 27 20 23 28 31 32 32 28 50 44 
RCO4 69 47 43 35 53 34 35 39 40 40 
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APPENDIX E 
 
Table 5 Raw data of number of hippocampal CA1 neurons and astroglias in 30D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 62 42 58 47 60 39 63 43 61 47 
Control2 43 35 44 35 52 32 50 35 50 38 
Control3   50 54 48 50 49 47 45 52 
Control4 51 48 42 50   46 50 50 49 
Sham1 48 31 46 38 45 38 48 35 49 39 
Sham2 41 36 43 33 44 31 45 28 43 34 
Sham3 49 37 48 40   43 43 40 45 
Sham4 41 40 39 43 42 40 43 42   
RCO1 54 52 43 52 46 58 54 50 48 48 
RCO2 55 57 60 48 59 55  49 50 50 
RCO3 46 46 56 57 46 44 49 46 46 45 
RCO4 44  55 48 48 44 54  51 46 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1   52 34 56 54 44 34  45 
Control2 41 49  47 39 57 44 53 44 58 
Control3 49 63 64 66 46 57 54 57 57 56 
Control4 43 47 52 45 34 30 41 23 37 42 
Sham1 32 39 47 51 55 58 50 45 48 53 
Sham2 45 48 40 53 47 36   50 45 
Sham3 40 34 58 43 44 37 14 23 39 41 
Sham4 50 49 37 27 37 38 39 45 38 43 
RCO1 59 56 53 47 51 38 44 42 35 40 
RCO2 50 53 47 53 47 45 51 46 44 57 
RCO3 48 46 42 56 48 46 55 49 51 46 
RCO4 44 44 39 55 66 48 65 54 49 51 
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APPENDIX F 

 
Table 6 Raw data of number of hippocampal CA1 neurons and astroglias in 60D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1     59 59 63 50 48 45 
Control2 62 48 63 62 56 54 71 58  43 
Control3 63 54 53 56 61 47 55 40  45 
Control4 60 57 58 58 63 57 49 62 56 55 
Sham1 66 62 63 64 52 62 57 56 56 56 
Sham2  68 69  70 72 59 64 56 51 
Sham3 69 58 65  64 63 64 71 61 65 
Sham4 70 60 66 64  51 67 66 58 49 
RCO1 62 47 52 56 47 48 51 43 50 51 
RCO2 62 64 58 73  65 61 59 52 52 
RCO3           
RCO4 49 60 45 66 42 71 49 63 58 58 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 51 60 46 42 37 44 37 57 28 30 
Control2 65 67 46 40   46 36 39 41 
Control3 43 42   40 43 57 40  40 
Control4 59 67 57 48 67 55 35 44 54 65 
Sham1 54 46 49 56 39 43 29 40 42 45 
Sham2 45 39 34 32 22 19 59 51   
Sham3 94 72 49 61 50 56 54 44 58 57 
Sham4 52 53 47 56 42 44 38 40 40 33 
RCO1 48 46 35  27 30 46 44 35 40 
RCO2   47 42 37 45 33 44 27 25 
RCO3           
RCO4 48 47 35 34 36 50 21  40 57 
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APPENDIX G 
 
Table 7 Raw data of number of hippocampal CA1 neurons and astroglias in 120D rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1     60 51 50 49 52 50 
Control2 47 48 44  41 41 46 42 46 40 
Control3 53 55 57  57 46 52 45 49 52 
Control4 60 51 60 55 59 51  48 57 45 
Sham1 49 65 57 61   52  55 55 
Sham2 48 43 53 46 55 52 49 52 33 51 
Sham3 60 55 62 49 50  58 56 55 57 
Sham4 47 45 64 43 61 34 50 33 37 36 
RCO1 50 40 49 53 47 47 59 50 48 50 
RCO2 50 29 45 47  20 49 47  39 
RCO3 41 57 51 60 48 56 45 45 48 42 
RCO4 49 50 59 48 55 50 56 52 50 46 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1   51 45 53 40 40 36 49 42 
Control2 42 30 57 42 35 35   29 37 
Control3 33 24 32 18 19 30 36 39   
Control4 44 43 45 39 36 31 25 35 25 29 
Sham1 29 31 42 42 27 35 38 42 48 29 
Sham2 62 50  26 52 37 43 49 71 55 
Sham3 30 40 48 54  23 43 29 56 50 
Sham4 34 35 42 36 38 35 27 26 37 37 
RCO1 34 33 21 41 42 44 38 38 28 29 
RCO2 47 50 55  34 59 45 55 40 40 
RCO3 51 59 56 43 30 22 31 41 51 44 
RCO4 44 50 37 29 37 40 35 38 38 42 
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APPENDIX H 

 
Table 8 Raw data of number of hippocampal CA1 neurons and astroglias in 60D+Beh 
rats 

 
Neuron 

Sc1 Sc2 Sc3 Sc4 Sc5 No 
Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 

Control1 68 62 73 65 66 49   61 60 
Control2 74 79 57 73 59 72 61  52 60 
Control3 43 60 34 38 38  5 59 42 60 
Control4 54 69 55 5 58 58 53 52 55 71 
Sham1 61 54   57 50 55 51 61 55 
Sham2 60 59 54 57 46 50 48 53 41 43 
Sham3 63  57 66 57 63 58 62 63 61 
Sham4 55 53 58 63 52 58 51 49 59 54 
RCO1 63 62   57 61 53 60 64 59 
RCO2 44 51 62 62 54 52 46 58 58 46 
RCO3 56 61 68 67 62 59 62 59 60 52 
RCO4 71 60 70 62 71 54 61 57 67 65 

astroglia 
Sc1 Sc2 Sc3 Sc4 Sc5 No 

Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt 
Control1 38 40 41 29 33 29 47 39 43 43 
Control2 74 53 72 51 60 39 37 32 60 48 
Control3 46 48 47 47   21 32 41 46 
Control4 49 36 52 53 57 51 51 40 42 30 
Sham1 28 26 49 54 39 41 36  31 33 
Sham2 73 33 35  24 20 40 29 39 34 
Sham3 61 49 43 49 68 52 47 42 50 46 
Sham4 33  51 46 52 51 61 47 46 67 
RCO1 39 48 58 49 41 32 30 26 46 50 
RCO2 45 57 41 42 52 57 37 37 46 52 
RCO3 45 37 42 47 53 42 59 48 18 9 
RCO4 40 50 74 47 26 33 42 47 55 44 
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APPENDIX I 
 
Table 9 Raw data of Escape latency in 60D+Beh rats at day1 

 
Day 1 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 10 28 21 3 
Control2 48 60 31 60 
Control3 52 40 3 15 
Control4 38 30 6 28 
Control5 60 60 60 60 
Control6 25 58 18 59 
Control7 60 60 60 60 
Control8 20 60 60 60 
Sham1 60 54 35 58 
Sham2 38 60 10 20 
Sham3 38 30 60 30 
Sham4 31 3 43 41 
Sham5 32 17 60 60 
Sham6 60 53 60 60 
Sham7 60 9 35 60 
RCO1 60 56 32 22 
RCO2 49 60 20 60 
RCO3 50 47 28 48 
RCO4 60 47 14 25 
RCO5 60 60 60 60 
RCO6 36 60 60 60 
RCO7 60 60 60 55 
RCO8 51 60 15 28 
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APPENDIX J 

 
Table 10 Raw data of Escape latency in 60D+Beh rats at day2 

 
Day 2 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 60 26 55 13 
Control2 5 3 4 42 
Control3 13 21 28 30 
Control4 33 60 5 27 
Control5 60 60 45 60 
Control6 31 59 57 60 
Control7 60 60 60 60 
Control8 59 36 60 45 
Sham1 60 52 4 11 
Sham2 60 60 53 60 
Sham3 60 15 15 60 
Sham4 41 60 8 43 
Sham5 60 60 29 46 
Sham6 60 60 60 5 
Sham7 11 11 55 13 
RCO1 60 60 60 13 
RCO2 25 41 18 5 
RCO3 16 60 47 45 
RCO4 23 60 58 53 
RCO5 60 60 60 60 
RCO6 60 23 51 60 
RCO7 60 47 60 38 
RCO8 8 54 33 14 
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APPENDIX K 

 
Table 11 Raw data of Escape latency in 60D+Beh rats at day3 

 
Day 3 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 60 60 18 5 
Control2 9 45 10 29 
Control3 22 28 17 16 
Control4 9 12 10 30 
Control5 60 23 60 60 
Control6 47 60 60 14 
Control7 60 60 12 60 
Control8 33 60 48 60 
Sham1 19 43 60 60 
Sham2 28 21 28 7 
Sham3 28 13 4 4 
Sham4 23 40 41 4 
Sham5 8 45 60 60 
Sham6 30 13 15 60 
Sham7 44 5 15 60 
RCO1 41 60 38 38 
RCO2 59 17 12 23 
RCO3 60 42 18 22 
RCO4 4 15 17 10 
RCO5 60 60 60 60 
RCO6 42 60 60 60 
RCO7 60 27 27 27 
RCO8 40 27 60 5 
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APPENDIX L 
 
Table 12 Raw data of Escape latency in 60D+Beh rats at day4 

 
Day 4 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 13 60 60 10 
Control2 16 60 32 25 
Control3 29 9 1 9 
Control4 24 28 21 19 
Control5 15 41 60 10 
Control6 27 43 5 23 
Control7 13 20 60 12 
Control8 43 60 41 60 
Sham1 4 16 3 3 
Sham2 5 54 3 9 
Sham3 60 60 60 60 
Sham4 4 4 5 60 
Sham5 60 52 23 32 
Sham6 22 55 25 20 
Sham7 17 12 22 16 
RCO1 3 32 4 4 
RCO2 35 51 26 17 
RCO3 14 34 5 4 
RCO4 60 56 23 14 
RCO5 60 34 59 53 
RCO6 60 42 59 7 
RCO7 60 38 9 27 
RCO8 37 20 28 4 
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APPENDIX M 
 
Table 13 Raw data of Escape latency in 60D+Beh rats at day5 

 
Day 5 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 16 26 9 60 
Control2 39 60 11 58 
Control3 22 6 9 5 
Control4 16 14 12 9 
Control5 12 60 14 13 
Control6 27 7 13 14 
Control7 19 10 15 32 
Control8 36 59 60 22 
Sham1 28 12 11 12 
Sham2 19 8 3 11 
Sham3 60 14 60 28 
Sham4 26 10 19 10 
Sham5 60 60 52 34 
Sham6 16 39 11 9 
Sham7 23 60 42 26 
RCO1 4 60 12 15 
RCO2 12 13 9 9 
RCO3 27 17 10 5 
RCO4 7 25 8 7 
RCO5 35 38 54 12 
RCO6 60 60 31 14 
RCO7 29 21 42 60 
RCO8 5 30 6 60 
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APPENDIX N 
 
Table 14 Raw data of Escape latency in 60D+Beh rats at day6 

 
Day 6 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 35 14 1 10 
Control2 45 60 32 9 
Control3 13 3 10 17 
Control4 10 5 19 5 
Control5 12 60 8 11 
Control6 24 8 24 5 
Control7 44 7 18 19 
Control8 17 32 51 9 
Sham1 17 11 10 11 
Sham2 14 13 9 15 
Sham3 27 24 10 7 
Sham4 15 9 31 6 
Sham5 26 17 30 21 
Sham6 11 10 13 15 
Sham7 8 60 39 21 
RCO1 48 16 22 17 
RCO2 5 9 7 4 
RCO3 11 6 5 5 
RCO4 60 6 4 4 
RCO5 10 40 5 22 
RCO6 25 9 30 4 
RCO7 55 37 56 40 
RCO8 5 6 14 5 
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APPENDIX O 
 
Table 15 Raw data of Escape latency in 60D+Beh rats at day7 

 
Day 7 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 10 20 13 10 
Control2 32 10 10 11 
Control3 7 8 6 13 
Control4 10 11 25 13 
Control5 12 13 11 15 
Control6 8 23 14 12 
Control7 8 13 10 6 
Control8 36 13 9 12 
Sham1 15 11 10 10 
Sham2 5 5 6 5 
Sham3 10 27 9 16 
Sham4 10 9 9 9 
Sham5 23 17 19 15 
Sham6 31 17 6 14 
Sham7 35 11 19 19 
RCO1 14 8 9 5 
RCO2 9 11 7 8 
RCO3 3 3 18 6 
RCO4 16 22 9 8 
RCO5 13 12 6 22 
RCO6 5 16 8 6 
RCO7 26 42 28 35 
RCO8 14 23 20 5 
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APPENDIX P 
 
Table 16 Raw data of Escape latency in 60D+Beh rats at day8 

 
Day 8 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 22 19 16 16 
Control2 23 60 23 37 
Control3 7 7 6 6 
Control4 7 8 17 9 
Control5 8 12 8 7 
Control6 13 7 21 6 
Control7 7 6 4 5 
Control8 9 14 17 16 
Sham1 9 14 9 8 
Sham2 3 6 5 4 
Sham3 11 24 29 34 
Sham4 13 9 7 8 
Sham5 20 11 15 12 
Sham6 15 8 8 7 
Sham7 27 14 9 9 
RCO1 4 13 8 4 
RCO2 10 6 5 7 
RCO3 6 3 7 4 
RCO4 6 21 39 27 
RCO5 9 10 6 14 
RCO6 6 5 5 27 
RCO7 21 23 22 25 
RCO8 20 16 21 6 
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APPENDIX Q 
 
Table 17 Raw data of Escape latency in 60D+Beh rats at day9 

 
Day 9 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 10 13 5 7 
Control2 5 5 10 6 
Control3 11 4 6 4 
Control4 7 8 21 6 
Sham1 13 52 10 10 
Sham2 14 7 15 7 
Sham3 12 5 12 14 
RCO1 50 26 9 10 
RCO2 43 10 9 17 
RCO3 10 13 23 29 
RCO4 6 6 5 5 
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APPENDIX R 
 
Table 18 Raw data of Escape latency in 60D+Beh rats at day10 

 
Day 10 No. 

Trial1 Trial2 Trial3 Trial4 
Control1 6 5 5 9 
Control2 6 10 8 4 
Control3 5 4 4 24 
Control4 6 7 8 6 
Sham1 11 8 8 7 
Sham2 8 8 10 7 
Sham3 12 7 8 6 
RCO1 7 7 8 8 
RCO2 43 11 19 12 
RCO3 21 23 19 22 
RCO4 14 24 14 20 
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APPENDIX R 

 
Table 19 Raw data of % time spent in target arm in 60D+Beh rats at day8 

 
Probe No. 

control sham RCO 
1 10 26 6 
2 19 8 3 
3 15 13 16 
4 22 16 12 
5 30 14 20 
6 25 12 8 
7 35 20 14 
8 28  20 
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APPENDIX S 
 

Chemical solution for immunohistochemistry   
 

1. PBS 30X  pH  6.2  
Dissolve 526 g  Sodiumcloride in deionize water and add  

NaHPO4H2O 82.8 g  adjust  pH to 6.2 with NaOH  then make up to 2000 
ml with deionize water 
    

2. Working PBS  pH 7.4 
Mixed PBS 30X 70 ml with deionize water 2030 ml adjust  pH to 7.4 

with NaOH   
 

3. 3%  Normal horse serum 
Mixed 3 ml Normal horse rerum with working PBS (pH 7.4) 100 ml. 

the stock must keep at 4º C 
 

4. 3% Hydrogenperoxide 
Mixed 6 ml Hydrogenperoxide with 200 ml deionize water  

  
5. 10 mM  Citrate buffer pH 6.0 

Dissolved 2.1 g Citric acid monohydrous in 1000 ml deionize water 
adjust pH to 6.2 with NaOH   
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