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ABSTRACT 

According to the National Institutes of Health (NIH), stroke affects more than 

700,000 people annually, making it the third leading cause of death and the most 

common cause of adult disability in the United States. The success of medical 

intervention after a stroke depends on its being started soon after the insult. Defined as 

an acute neurological disorder caused by disturbances of the cerebral blood supply, stroke 

can rapidly lead to the development of ischemic brain tissue that is comprised of a non

viable, necrotic core surrounded by a penumbral region. Although functionally 

depressed, the penumbral region remains metabolically intact making it potentially 

salvageable during the post-ischemic therapeutic window. As such, it is considered a 

promising target for acute therapeutic intervention. The limited success of current early 

interventions, however, argues for a greater understanding of the regulatory mechanisms 

goveming the physiology of the ischemic brain. 

Of particular interest are the regulatory mechanisms goveming neuronal function 

and blood flow within the ischemic hippocampus. An integral part of the limbic system 

that is involved in the processing of short-term memory, the hippocampus is a bilateral 

structure that is exquisitely sensitive to hypoxia and/or ischemia. It is well established 

that an early response to cerebral hypoxic and/or ischemic conditions is a reversible 

inhibifion of evoked synaptic potenfials. The suppression of synaptic funcfion is thought 

to serve as a neuroprotective mechanism to reduce energy expenditure during metabolic 

stress, i.e. hypoxia/ischemia. There is substantial evidence in in vitro preparations that 



the initial reversible loss of synaptic activity during exposure to hypoxia or ischemic-like 

conditions in the hippocampus is due to the release of endogenous adenosine acting at 

neuronal Ai receptors. Such roles for adenosine in in vivo preparations, however, have 

not been as convincingly demonstrated. 

Using a rat model of unilateral common carotid artery occlusion coupled with 

hypoxia, this dissertation examines the regulatory mechanisms of hippocampal blood 

flow and the contribution of adenosine to the early hypoxic/ischemic inhibition of 

synaptic transmission in an in vivo model of ischemic penumbra, and additionally 

examines the role of adenosine in the initiation of a post-ischemic, anti-apoptotic signal 

transduction pathway, Akt/Protein Kinase B. Animals were placed in a stereotaxic 

apparatus and evoked excitatory postsynaptic potentials (fEPSPs) were recorded from 

CAl of the rat hippocampus. Additionally, body temperature, systemic blood pressure, 

arterial blood gases, and hippocampal blood flow using laser Doppler flowmetry were 

monitored during experiments. Akt/PKB activation was examined using Western blot 

analysis. 

We demonstrate for the first time in an in vivo preparation, that Ai receptor activation 

plays a central role in the early hypoxic-ischemic depression of the evoked hippocampal 

synaptic potentials. Moreover, we demonstrate that while hypoxia is a potent stimulus for 

the adenosine-mediated depression of the synaptic potentials in vitro, reduced 

hippocampal tissue p02 alone does not appear to be sufficient to induce an adenosine-

mediated depression of synaptic transmission in vivo. There must be, it seems, an 

accompanying reduction in local hippocampal blood flow. Moreover, the adenosine Ai-

XI 



mediated depression of synaptic depression occurs in proportion to reductions in local 

cerebral blood flow over a wide range of flows typical of penumbra. We also 

demonstrated that A] receptor activation leads to the activation of the neurotrophic/anti-

apoptotic protein kinase Akt/Protein Kinase B (PKB). This result suggest that Akt/PKB 

activation may play a heretofore unappreciated role in adenosine Ai-mediated signal 

transduction and, therefore, in adenosine A i-mediated neuroprotection. 

We conclude from this work that adenosine acts as both an endogenous mediator and 

a sensitive indicator of penumbral conditions throughout the range of penumbral blood 

flows, and is an important mediator of the cellular response to survivable levels of 

ischemia. 
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CHAPTER 1 

INTRODUCTION 

According to the National Institutes of Health (NIH), sti-oke, affecting more than 

700,000 people annually, is the third leading cause of death and the most common cause 

of adult disability in the United States (Zivin and Choi, 1991). The success of medical 

intervention after a stroke depends on its being started soon after the insult. Acute 

neurologic status and/or electroencephalographic changes are often used in the clinical 

assessment of the severity of underlying cerebral ischemia and the need for clinical 

intervention (Harris et al., 1967). Currently, therapeutic interventions are generally 

performed within a 2-3 hour period after the onset of the stroke. Defined as an acute 

neurological disorder caused by disturbances of the cerebral blood supply, stroke can 

rapidly lead to the development of ischemic brain tissue that is comprised of a non-viable 

or necrotic core surrounded by a penumbral region. Although it is functionally 

depressed, the penumbral region remains metabolically intact making it potentially 

salvageable during the post-ischemic therapeutic window (Astrup et al., 1981; Hossmann, 

1994). As such, it is considered one of the most promising targets for acute therapeutic 

intervention. The limited success of current early interventions, however, argues for a 

greater understanding of the regulatory mechanisms goveming the physiology of the 

ischemic brain. 

Of particular interest are the regulatory mechanisms goveming neuronal function 

and blood flow within the ischemic hippocampus. An integral part of the limbic system 



that is involved in the processing of short-term memory, the hippocampus is a bilateral 

structure that is exquisitely sensitive to hypoxia and/or ischemia. Hence, it is selectively 

vulnerable to neuronal damage following an ischemic insult (reviewed in Horst and Korf, 

1997). 

An early response to cerebral hypoxic and/or ischemic conditions is a reversible 

inhibition of evoked synaptic potentials (reviewed in (Astrup et al., 1981; Martin et al., 

1994). In vitro studies demonstrate that the early inhibition of evoked potentials is 

primarily due to a suppression of synaptic function (Lipton and Whittingham, 1982; 

Fujiwara et al., 1987; Fowler, 1989, 1990). The suppression of synaptic function serves 

as a neuroprotective mechanism to reduce energy expenditure during metabolic stress, 

i.e., hypoxia/ischemia. Mechanisms suggested to contribute to this early depression of 

neuronal activity, in both in vivo and in vitro preparations, include depletion of high 

energy phosphates, increased cytosolic calcium, extracellular potassium accumulation, 

high tissue CO2 and/or low pH (Bicher, 1974; Hansen and Zeuthen, 1981; Lipton and 

Whittingham, 1982; Harris et al., 1987; Freund et al., 1989). However, changes in these 

parameters, as a result of exposure to hypoxia/ischemia, typically occur after the initial 

depression of neuronal activity. Thus, these changes appear mechanistically unrelated to 

the early depression of neuronal activity and are probably more intimately related to the 

later-occurring, large depolarization associated with a loss of transmembrane ion 

gradients (Hansen and Zeuthen, 1981; Schiff and Somjen, 1987; Sick et al., 1987; Raffin 

et al., 1991). The loss of transmembrane ion gradients can be considered the 

degeneration from penumbral tissue to ischemic core. 



There is substantial evidence in in vitro preparations that the initial reversible loss 

of synaptic activity during exposure to hypoxia or ischemic-like conditions is due to the 

autocrine effect of endogenous adenosine acting at neuronal Ai receptors. Adenosine 

antagonists significantly attenuate the early depression of neuronal activity in 

hippocampal slices exposed to hypoxic or ischemic-like conditions of combined hypoxia 

+ hypoglycemia (Fowler, 1989, 1990; Gribkoff et al., 1990; Zhu and Kmjevic, 1993; 

Croning et al., 1995; Arlinghaus and Lee, 1996). Moreover, hypoxia and ischemic-like 

conditions increase the efflux of purines including adenosine from the rat hippocampal 

slice (Fowler, 1993a; Pedata et al., 1993; Latini et al., 1995). Such roles for adenosine in 

in vivo preparations, however, have not been as convincingly demonstrated. This 

dissertation will examine the contribution of adenosine to the early hypoxic/ischemic 

inhibition of synaptic transmission in an in vivo preparation. 

As aforementioned, the regulatory mechanisms goveming blood flow within the 

ischemic hippocampus are also of particular interest. It is generally accepted that the 

pathogenesis of acute cerebral ischemia involves the presence of viability thresholds 

related to local blood flow (Astmp et al., 1981; Heiss and Graf, 1994). The development 

of ischemic core and of penumbral tissue is dependent on two flow thresholds. The 

critical hypoperfusion that results in ischemic core tissue is flow that falls below 10 

ml/lOOg/min or to ~ 20% of control (Astrup et al, 1981; Heiss and Graf, 1994; 

Hossmann, 1994, 1999). Ischemic penumbra results from flow that falls to 

approximately 15 ml/IOOg/min or to -30%) of control (Hossmann, 1994, 1999). 

Although several researchers have characterized different models of ischemic penumbra 



(Astrup et al., 1981; Heiss and Graf, 1994; Hossmann, 1994), in vivo animal models 

using hippocampal electrophysiology are rare. Development of an animal model suitable 

for investigating the regulatory mechanisms of ischemic penumbra, vascular 

autoregulation, and the coupling they may have with hippocampal electrophysiology 

formed the first part of this research project. 

It is well established that decreases in regional blood flow, even if transient in 

nature, can create an ischemic environment within the central nervous system that 

contributes to the initiation of neuronal degeneration following reperfusion. The 

induction of biochemical pathways leading to cell death following transient cerebral 

ischemia is implicated in neuronal cell death and involves apoptotic-like events 

(reviewed in (Leist and Nicotera, 1998). The concurrent activation of survival pathways 

also occurs following cerebral ischemia. It is the balance of these death and survival 

pathways that determines the neurological outcome. One pathway of particular 

importance in determining cell survival is the activation of the anti-apoptotic protein 

Akt/Protein Kinase B (Akt/PKB). Recent studies show that hypoxia/ischemia leads to 

increased phosphorylation and subsequent activation of Akt/PKB (Ouyang et al., 1999). 

Moreover, adenosine-mediated activation of Akt/PKB was recently demonstrated in 

muscle tissue cell culture (Germack and Dickenson, 2000). Adenosine is considered an 

endogenous neuroprotective metabolite that tends to balance energy supply and demand 

(Deckert and Gleiter, 1994) with some evidence that adenosinergic agents can improve 

recovery following brain ischemia (Daval et al., 1989). Adenosine appears in cerebral 

cortex within seconds of the onset of systemic hypoxia (Winn et al., 1981), and may be 



an important inhibitory neuromodulator of neuronal excitability in ischemic penumbra. 

This dissertation will, for the first time, demonstrate an adenosine-mediated activation of 

the Akt/PKB anti-apoptotic pathway in neuronal tissue. 

In summary, the present experiments are designed to examine the regulatory 

mechanisms of hippocampal blood flow and adenosinergic inhibition of synaptic 

transmission in an in vivo model of ischemic penumbra, as well as examine the role of 

adenosine in the initiation of post-ischemic, anti-apoptotic signal transduction pathways. 

Identifying and characterizing the roles of adenosine and hippocampal blood flow in 

penumbral tissue can make a significant contribution to the understanding of how to 

increase salvageability of this tissue. 

Hypotheses 

First, we hypothesize that the depression of hippocampal synaptic transmission in 

vivo during local cerebral hypoxia/ischemia is mediated by central adenosine Aj 

receptors. There is substantial evidence in in vitro preparations that the initial reversible 

loss of synaptic activity is due to endogenous adenosine acting at neuronal Ai receptors 

(Fowler, 1989, 1990; Gribkoff et al., 1990; Zhu and Kmjevic, 1993; Croning et al., 1995; 

Arlinghaus and Lee, 1996); however, the contribution of adenosine to the early 

hypoxic/ischemic inhibition of synaptic transmission has not been as convincingly 

demonstrated in in vivo preparations. We will record hippocampal field excitatory post

synaptic potentials (fEPSPs) bilaterally in male, Sprague-Dawley rats with unilateral 

carotid artery occlusion (animal preparation described in detail in the Methods section). 



We predict that hypoxia in vivo will result in a depression of fEPSPs recorded ipsilateral 

to the occlusion. We also expect that the administration of adenosine Ai antagonists will 

block the depression of fEPSPs, and that the administration of adenosine A, agonists will 

initiate a depression of synaptic transmission. Moreover, we predict that neither 

adenosine A2 selective agonists nor antagonists will have any significant effect on 

fEPSPs. 

Secondly, we hypothesize that the adenosine-mediated depression of synaptic 

transmission during hypoxia is coupled to decreases in hippocampal Ptiss02. Previous 

studies both in vitro and in vivo have demonstrated tissue adenosine concentrations 

increase with increasing severity of hypoxia (Park et al., 1988; Van Wylen et al., 1988). 

We expect that exposure to various levels of hypoxia will also result in asymmetrical 

decreases in local Ptiss02 when comparing hippocampi. Additionally, we predict that 

exposure to various levels of hypoxia will result in asymmetrical depressions of fEPSPs 

between ipsilateral and contralateral hippocampi. 

Given that these are viability thresholds related to local blood flow during 

cerebral ischemia (Astrup et al., 1981; Heiss and Graf, 1994) and that ischemic penumbra 

results from flow that falls to approximately 15 ml/lOOg/min or to ~30%o of control 

(Hossmann, 1994, 1999), we hypothesize that the adenosine-mediated depression of 

synaptic transmission is also coupled to decreases in cerebral blood flow. We expect that 

hypoxia will result in asymmetrical decreases in hippocampal CBF, leading to an 

adenosine-mediated depression of synaptic transmission. Moreover, we hypothesize that 

such changes in local blood flow are likely a result of an impairment of hemodynamic 



compensatory mechanisms within the occluded hemisphere. We expect to see an 

impaired vascular reserve resulting from the necessary dilation of the cerebral vasculature 

in the occluded hemisphere. We also expect significant impairment in the autoregulatory 

capacity of the occluded hemisphere resulting in considerable changes in CBF for 

moderate alterations of systemic blood pressure. 

Finally, we will focus on the concurrent activation of a survival pathway 

following cerebral ischemia, namely the increased phosphorylation and subsequent 

activation of Akt/PKB. Recent evidence demonstrates that adenosine can mediate the 

activation of Akt/PKB in muscle tissue cell culture (Germack and Dickenson, 2000). 

Adenosine-mediated activation of survival pathways is yet to be demonstrated in 

neuronal tissue. We hypothesize that the activation of Akt/PKB, an anti-apoptotic 

protein, in the hippocampus is directly coupled to an adenosinergic signal transduction 

pathway. We predict that direct administration of an adenosine agonist to hippocampal 

tissue slices will increase activation of Akt/PKB and that hypoxia, resulting in an 

adenosine-mediated depression of synaptic transmission in vivo, will also result in 

increased activation of Akt/PKB. 



CHAPTER II 

BACKGROUND AND SIGNIFICANCE 

The Historical Relevance of Stroke and Cerebral Circulation 

Stroke, defined as an acute neurological disorder caused by disturbances of the 

cerebral blood supply, has long been a medical concem for mankind. Accounts of stroke, 

or apoplexy, date back to the Hippocratic writings in 400 B.C. Despite a primitive 

understanding of the human body, Greek descriptions of apoplexy were quite detailed. 

Writings of the time describe symptoms of initial speech loss as impending apoplexy 

followed by unilateral paralysis of the limbs at the onset of the disease (Gay, 1998). 

Explanations as to the causes of apoplexy were lacking, but increased incidences of 

apoplexy were observed in older individuals and in individuals who had suffered severe 

head injuries (Wood, 1987). Elucidating factors that could contribute to the development 

of apoplexy was an impractical task given the basis of Greek medical practice. The 

Greek philosophy of medicine was based primarily on the concept that the human body is 

composed of four humors: yellow bile, black bile, phlegm, and blood. Over the next 500 

years, limited advances in medical science and a reluctance to challenge the ideals of 

Hippocrates did litfle to debunk such myths. 

In the late 2"'' Century A.D., the Roman physician Claudius Galen, a proponent of 

the teachings of Hippocrates, attributed apoplexy to an accumulation of phlegm in the 

arteries of the brain that obstmcted the passage of the "animal spirits" from the ventricles, 

restricting their purification (Wood, 1987). Further investigations by Galen led to the 



acceptance of the rete mirabile, a complex network of small vessels at the base of the 

skull responsible for the conversion of the "vital spirit" to the "animal spirit." This 

grossly inaccurate account and misconception of the vasculature in man remained 

virtually unchallenged until the 17"" Century when the hexagonal circle of blood vessels 

at the base of the brain replaced the concept of the rete mirabile. So unchallenged was 

the notion of the rete that even Leonardo da Vinci referred to it in his drawings in the 

early 1500s (Leonardo and Richter, 1998). 

With the discovery of the circulation of blood by William Harvey in the mid 

1600s (Harvey et al., 1653), the study of vascular anatomy was quickly transformed into 

physiology. In 1664, Thomas Willis, a physician and anatomist, was the first to propose 

a function for the anatomical anastamoses that exist among the circle of vessels at the 

base of the brain that now bears his name (Willis, 1664). After observing an almost 

complete occlusion of the common carotid artery during a post mortem examination of a 

man that lacked any neurologic deficit during life, Willis proposed that despite the 

occlusion the circle of vessels allowed for collateral flow and afforded the man the "free 

exercise of his mind and animal function" (Willis, 1664). Interestingly, Willis was not 

the first to establish the existence of the circle of vessels. This was accomplished a few 

years earlier by another brilliant anatomist, Johaim Wepfer. 

The discoveries of Thomas Willis and Johann Wepfer represented the first 

advances in the understanding of apoplexy since its initial description in Greek times. In 

1658, Wepfer meticulously dissected and traced pathways for the carotid and vertebral 

arteries from their origin to the formation of what is now known as the circle of Willis 



(reviewed in (Wood, 1987). His work greatly influenced Willis, and in fact, is 

acknowledged in Willis' findings (Willis, 1664). Moreover, Wepfer applied Harvey's 

concept of circular blood flow and recognized that anything capable of preventing the 

influx of blood to the brain or its return through the jugular veins was capable of 

producing apoplexy. He was the first to recognize that apoplexy could and often did 

result from cerebral hemorrhage and was likely to occur from occlusion or narrowing of 

the lumen of the carotid artery. Unfortunately, the contributions of Willis and especially 

Wepfer gained acceptance slowly. 

During the 18' Century, notions of apoplexy reflected the lack of contemporary 

knowledge concerning the pathology of the disease. Apoplexy was still classified merely 

as a sudden deprivation of all sensation and motion and included essentially any 

condition of unconsciousness. Some progress was made during the century, including the 

discovery of the decussation of the pyramids by Mistichelli (1709) and the pathological 

evidence described by Morgagni (1761) that the side of the brain where a lesion in 

apoplexy is found is opposite to the side of the body exhibiting the paralysis. Major 

advances in the understanding of the disease, however, did not occur until the early 19"" 

Century. 

In 1831, John Abercrombie was the first to classify apoplexy into three separate 

categories as well as the first to discuss the possible etiologies of the disease 

(Abercrombie, 1831). The first category, primary apoplexy, was described as a person 

being suddenly and rapidly deprived of all senses and motion usually stemming from 

intracerebral hemorrhage. Abercrombie described the onset of the second class of 
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apoplexy as the patient experiencing a sudden pain in the head, becoming faint, and 

vomiting. He attributed this class of apoplexy to subarachnoid hemorrhaging. Lastly, he 

described a milder class of apoplexy where patients generally recovered and would 

remain well for years, unless affected by another attack. The causes for this class of 

apoplexy were not known, but Abercrombie suggested that it could be caused by spasms 

of the cerebral vasculature, narrowing or obstruction of the arteries, interruption of the 

circulation, or even by mpture of diseased vessels leading to mild hemorrhage. The roles 

of vascular occlusion and/or vascular insufficiency in causing apoplexy, however, were 

not yet well established. 

A few years later in 1836, Sir Astley Cooper performed the first demonstrations 

of the effects of circulatory arrest and anoxia on the brain (reviewed in (Foster, 1924). 

Using rabbits, he demonstrated that occlusion of the common carotid arteries followed by 

compression of the vertebral arteries results in convulsions, loss of consciousness within 

minutes, and a cessation of respiration shortly thereafter. Upon removing the 

compression of the vertebral arteries, the animal recovers but does so with laborious 

breathing and a pronounced tachycardia. This was the first demonstration of the effects 

ischemia in the brain. 

Near the end of the 19'̂  Century, investigations of cerebral circulation in living 

animals increased both in number and in scope. Frans Donders was the first to 

demonstrate changes in pial vessel diameter, which he observed, through a sealed glass 

window in the calvarium, during different states, including asphyxia (reviewed in 

(McHenry, 1978). In 1890, Roy and Sherrington measured the vertical diameter of the 
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brain in the open cranium and were the first to demonstrate that the "brain possesses an 

intrinsic mechanism by which its vascular supply can be varied locally in correspondence 

with local variations of functional activity" (reviewed in Friedland and ladecola, 1991, p 

12). In essence, by testing the responses of the cerebral circulation to a number of altered 

conditions, including acid, alkali, and hypoxia, Roy and Sherrington were the first to 

delineate the basis of the regulation of cerebral blood flow. 

Additional important studies on cerebral blood flow were conducted during the 

early 20 Century when application of the Pick principle was used to indirectly measure 

cerebral blood flow. In 1870, Adolf Pick proposed that the blood flow of any organ 

could be determined provided that the oxygen consumption and the arteriovenous oxygen 

difference are known (Fick, 1872). Pick's principle was modified and applied by Kety 

and Schmidt (1945) in the development of the nitrous oxide technique for measuring 

cerebral blood flow (Kety and Schmidt, 1945). They generalized Pick's principle to 

include inert gases so that "the amount of inert gas taken up by the tissue per unit of time 

is equal to the quantity brought to the tissue by the arterial blood minus the quantity 

carried away in the venous blood" (Kety and Schmidt, 1945, p 56). Kety and Schmidt's 

work became the basis for many future studies concerning blood flow of the whole brain. 

Regional blood flow, however, was not addressed for another fifteen years. Using a 

modification of Kety and Schmidt's technique, Harper (1961) used radioactive krypton 

and autoradiography to examine cortical blood flow in dogs (Harper et al., 1961). 

Also conducted in the early 20"̂  Century were the first direct measurements of 

cerebral blood flow. In 1904, Paul Jensen measured cerebral blood flow both in the dog 
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and in the rabbit and was the first to report a numerical value for flow at approximately 

I25ml/100g/min (Jensen, 1904). Dumke and Schmidt would later be the first to measure 

cerebral blood flow in primates (Dumke and Schmidt, 1943). Using macaque monkeys, 

they isolated the inflow of blood through the internal carotid artery and passed it through 

a bubble flowmeter. 

During the next fifty years, technological advances such as transcranial Doppler, 

laser Doppler flowmetry, and nuclear magnetic resonance imaging have allowed for 

much more detailed examinations of the dynamics of cerebral blood flow. This, in turn, 

has greatly increased our understanding of the physiology of the cerebral circulation and 

its role in the pathology of stroke. Despite such remarkable advances in medical science, 

stroke, affecting more than 700,000 people annually, remains the third leading cause of 

death and the most common cause of adult disability in the United States (Zivin and 

Choi, 1991). 

The Historical Relevance of the Hippocampus and its 
Role in Cerebral Ischemia 

The term hippocampus, derived from Greek, refers to the horse of the 

mythological mler of the ocean, Neptune. In a book titied "De Humano Foetu," Giulio 

Cesare Aranzi first described this bilateral structure that lies in the inferior hom of the 

lateral ventricles (Aranzi, 1587). The anatomical shape of the stmcture recalled the 

image of a seahorse and was accordingly named. Various other terminologies for the 

stmcture arose during the 17"" and 18*̂  Centuries. In 1672, Diemerbroeck named this 

stmcture the Pes hippocampi (Diemerbroeck, 1672), which was later modified to Pes 
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hippocampi major (Mayer and Decker, 1779). Debates over the nomenclature of the 

stmcture continued well into the twentieth century. The prevailing term of hippocampal 

formation, which includes the hippocampus, dentate gyms and subiculum, began to gain 

acceptance in the late 1920s (Rose, 1927). Since, numerous anatomical and 

electrophysiological studies have resulted in a detailed understanding of the 

cytoarchitecture of the hippocampus. 

Briefly, the hippocampal formation is an archeocortical gyrus that folds inward 

upon itself. It is located in the medial temporal lobe, consists of the dentate gyms and the 

comu ammonis, and is continuous ventrally with the subiculum. Information enters the 

hippocampus through the perforant path from the entorhinal cortex and the subiculum to 

the dentate and comu ammonis. The entorhinal axons synapse on cells in the dentate 

gyms and the CA4 (for comu ammonis) region of the hippocampus. These neurons, in 

tum, send axons known as mossy fibers to CA3. CA3 neurons then send axons called 

Schaeffer collaterals to the apical dendrites of the densely packed pyramidal cells in CAl. 

Also lying within the CAl region are commissural fibers that allow for robust 

communication between both hippocampi. The hippocampal cytoarchitecture allows for 

bilateral recordings of synaptic transmission with only unilateral stimulation of the 

Schaeffer collateral/commissural fiber pathways. Pyramidal cell axons from CAl travel 

along the alveus and exit the hippocampal formation through the fimbria. From there, 

output from the hippocampus can go directly to the hypothalamus and mammillary 

bodies via the fomix, or can send information back to the entorhinal cortex, which will 

relay it all back to sensory cortex. The hippocampus possesses a relatively simple 
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cytoarchitecture that allows for detailed electrophysiological examination of synaptic 

transmission and hippocampal function. 

The first investigations exploring the function of the hippocampal formation were 

conducted during the early 19"" Century. Most of the initial findings came from the 

examination of psychiatric patients suffering from different forms of epilepsy. The first 

description of lesions resulting in "softening of the hippocampus" were given by Bouchet 

and Cazauvielh in 1825 (reviewed in (Kat*o and Intemational Brain Research 

Organization. Congress, 1996) and were given the general term of Ammon's Hom 

Sclerosis (referring to the Comu Ammonis or CA regions of the hippocampus). These 

lesions were common in patients suffering from temporal lobe seizures. For the rest of 

the century, research focused mostly on the pathogenesis of Ammon's Hom Sclerosis or 

other sustained generalized epileptic seizures. The role of the hippocampus in leaming 

and memory, however, was not tmly investigated until the early 1950s. 

In 1953, Dr. William Scoville performed a bilateral resection of the medial 

temporal lobe that included part of the hippocampal formation in a patient suffering from 

debilitating epileptic seizures. Known only as H.M., the patient underwent the radical 

procedure only after becoming completely unresponsive to medications for his disorder. 

The operation utterly changed his life, for although it greatly reduced his seizures, it also 

destroyed his ability to form conscious memories of new experiences. Scoville's 

colleague Dr. Brenda Milner, a cognitive psychologist, worked closely with H.M. for the 

next several years. Milner and Scoville concluded that a specific form of memory, now 

called "declarative" or "episodic memory," had been lost through the operation (Scoville 
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and Milner, 1957). Simply, H.M. could still leam a new motor skill, but after days of 

working on acquiring this skill, he had no recollection that he had ever done the task 

before. H.M. did retain memories of his life before the operation but could not form 

memories of new experiences. This landmark case not only established the role of the 

hippocampus in short-term memory, it also established a necessity to further investigate 

the role of the hippocampus in other disease processes. Future studies would demonstrate 

a selective vulnerability of the hippocampus to neuronal degeneration stemming not only 

from epileptic seizures, but also from exposure to, or occurrence of, hypoxia/ischemia. 

Surprisingly, it was nearly twenty years prior to H.M.'s operation that 

vulnerability of the hippocampus to ischemia was first observed. In 1938, Sugar and 

Gerard systematically studied the electrical activity in the brains of cats and the effects of 

anoxia on brain potentials in a number of different regions (Sugar, 1938). They 

concluded that one of the first regions to become electrically silent during ischemia was 

the hippocampus, or as they phrased it, "Ammon's hom" (Sugar, 1938). Their work did 

not examine any neuronal degeneration that might have occvirred due to the ischemia; 

however, their findings were the first demonstrations of the early neuronal responses to 

ischemia. 

The Role of Adenosine in the Early Neuronal Responses 
to Ischemia 

An early response to cerebral hypoxic and/or ischemic conditions is a reversible 

inhibition of evoked synaptic potentials (reviewed in (Astmp et al., 1981; Martin et al., 

1994). This early inhibition of evoked potentials is primarily due to a suppression of 
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synaptic fimction (Lipton and Whittingham, 1982; Fujiwara et al., 1987; Fowler, 1989, 

1990). The suppression of synaptic function serves as a neuroprotective mechanism to 

reduce energy expenditure during metabolic stress, i.e., hypoxia/ischemia. Mechanisms 

suggested to contribute to this early depression of neuronal activity, in both in vivo and in 

vitro preparations, include depletion of high energy phosphates, increased cytosolic 

calcium, extracellular potassium accumulation, high tissue CO2 and/or low pH (Bicher, 

1974; Hansen and Zeuthen, 1981; Lipton and Whittingham, 1982; Harris et al., 1987; 

Freund et al., 1989). However, changes in these parameters, as a resuh of exposure to 

hypoxia/ischemia, typically occur after the initial depression of neuronal activity. Thus, 

these changes appear mechanistically unrelated to the early depression of neuronal 

activity and are probably more intimately related to the later-occurring, large 

depolarization associated with a loss of transmembrane ion gradients (Hansen and 

Zeuthen, 1981; Schiff and Somjen, 1987; Sick et al, 1987; Raffin et al., 1991). 

There is substantial evidence in in vitro preparations that the initial reversible 

loss of synaptic activity during exposure to hypoxia or ischemic-like conditions is due to 

the release of endogenous adenosine acting at neuronal Ai receptors. Adenosine, an 

adenine nucleotide metabolite, is a ubiquitous modulator of the response of various 

tissues to systemic hypoxia (Shryock and Belardinelli, 1997; Marshall, 1999). Moreover, 

hypoxia and ischemic-like conditions increase the efflux of purines including adenosine 

from the rat hippocampal slice (Fowler, 1993a; Pedata et al., 1993; Latini et al., 

1995).Presently four classes of adenosine receptor subtypes have been identified: A], 

A2A, A2B, and A3 (Ralevic and Bumstock, 1998). Outside of the brain, peripheral Ai 
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receptors are present in numerous organs, including the heart and skeletal muscle. They 

can be activated by systemic hypoxia (Bryan and Marshall, 1999; Marshall, 1999, 2000) 

and may indirectly influence the central response to hypoxia. Within the brain, there is a 

wide distribution of Aj receptors that also may indirectiy influence synaptic transmission 

within a stmcture such as the hippocampus (Fastbom et al., 1987). Moreover, hypoxia-

mediated activation of adenosine Ai receptors occurs in a number of brain stmctures in 

addition to the hippocampus (Nieber et al., 1995; Jin and Fredholm, 1997; Nieber et al., 

1999). In the rat, adenosine antagonists significantly attenuate the early depression of 

neuronal activity in hippocampal slices exposed to hypoxic or ischemic-like conditions of 

combined hypoxia + hypoglycemia (Fowler, 1989, 1990; Gribkoff et al., 1990; Zhu and 

Kmjevic, 1993; Croning et al., 1995; Arlinghaus and Lee, 1996). The administration of 

an adenosine Ai receptor selective antagonist, 8-phenyltheophylline (8-PT), blocks the 

hypoxic depression of hippocampal synaptic transmission in vitro (Fowler, 1989). The 

effects of endogenous adenosine release during hypoxia on hippocampal synaptic 

transmission in vivo, however, have yet to be demonstrated. 

The Contributions of Cerebral Blood Flow to Viability 
Thresholds in Neuronal Tissue 

While hypoxia is a potent stimulus for increasing neuronal adenosine secretion 

and suppressing hippocampal synaptic activation (Rubio et al., 1975; Fowler, 1993b; 

Dale et al., 2000), the suppression of neuronal activation as seen with a depression of 

cortical EEGs, considered a cardinal sign of cerebral ischemia within the clinical setting 

(Weigand et al., 1999), is currentiy only characterized by viability thresholds related 
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primarily to local cerebral blood flow (Salford and Siesjo, 1974; Astmp et al., 1981; 

Heiss and Graf, 1994). It is generally accepted that ischemic penumbra results from flow 

that falls below 15 ml/lOOg/min or to -30-40% of control (Hossmann, 1994, 1999), 

whereas the critical hypoperfusion that results in ischemic core tissue is flow that falls 

below 10 ml/lOOg/min or to - 15-20% of control (Astrup et al., 1981; Heiss and Graf, 

1994; Hossmann, 1994, 1999). The foremost difference between the two types of tissue 

conditions is that penumbral neurons are amenable to resuscitation as the functional 

depression occurs in the face of maintained metabolic and structural integrity. Ischemic 

core, on the other hand, is characterized by irreversibly injured tissue that is primarily 

destined for necrotic cell death (Heiss et al., 1992; Hossmann, 1994). Raising blood flow 

above the threshold for the suppression of electrical activity generally indicates a reversal 

of penumbral conditions, and this reversal, in tum, rescues the neurons from recmitment 

into core conditions. 

Although several researchers have characterized different models of ischemic 

penumbra (Astmp et al., 1981; Heiss and Graf, 1994; Hossmann, 1994), in vivo animal 

models using hippocampal electrophysiology are rare. As part of this dissertation, our 

laboratory will develop an animal model suitable for investigating the regulatory 

mechanisms of ischemic penumbra, vascular autoregulation, and the coupling they may 

have with hippocampal electrophysiology. This will be accomplished by modifying the 

Levine model of unilateral carotid artery occlusion (Levine, 1960). Unilateral common 

carotid artery occlusion in the rat reproduces many of the features of ischemic penumbra 

and localizes them to the ipsilateral hemisphere (Salford and Siesjo, 1974; Kempski et a l . 
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1999). While unilateral common carotid artery ligation alone has little effect, pairing it 

with hypoxemia and/or hypotension results in an asymmetric reduction in cerebral blood 

flow (CBF) to levels consistent with current definitions of penumbral tissue (Levine, 

1960; Salford et al, 1973; Salford and Siesjo, 1974; Mendelow et al., 1984). Moreover, 

there are some indications that the asymmetrical decreases in CBF within the ipsilateral 

hemisphere may be due to an impairment of autoregulation and/or a reduction in 

vasodilatory reserve (Sengupta et al., 1974; Symon et al., 1976; Dimagl and Pulsinelli, 

1990; Kempski et al., 1999; MacGregor et al., 2000). Cerebral autoregulation allows the 

brain to maintain constant cerebral blood flow (CBF) despite changes in perfusion 

pressure. Within defined upper and lower limits, flow is maintained constant over a wide 

range of blood pressures. In normotensive rats, the limits of autoregulation are between 

mean arterial pressures (MAP) of 50 and 150 mmHg (Harper, 1966). Clinically, 

impairment or loss of autoregulation is known to occur after stroke (Olsen et al., 1983). 

Despite such extensive work in in vivo models of ischemic penumbra, the relative 

contributions of tissue hypoxia and of reduced blood flow (HBF) to hippocampal 

synaptic transmission are not known. 

Apoptosis and Necrosis in Cerebrovascular Disease 

The clinical terms stroke or cerebrovascular accident (CVA) are used to describe 

symptoms of an acute onset neurological disorder caused by disturbances of the cerebral 

blood supply (Horst and Korf, 1997). A substantial decrease in regional blood flow, even 

if transient in nature, can create an ischemic environment within the central nervous 
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system that contributes to the initiation of neuronal degeneration following reperfusion. 

The neuronal damage seen after cerebral ischemia is a combination of both necrosis and 

apoptosis (reviewed in (Leist and Nicotera, 1998). Initially, in some neuronal cells, the 

ischemia-dependent oxygen-glucose deprivation leads to rapid necrotic cell death. The 

infarct area associated with necrotic cell death is often termed ischemic core (Astmp 

1981). Moreover, the release of excitotoxic mediators, such as glutamate from necrotic 

cells, can over-stimulate a region of neighboring cells known commonly as the 

penumbral region. The over-stimulation of cells in the penumbra can lead to the 

initiation of apoptotic cascades. Despite being functionally depressed, the penumbral 

region, at least initially, remains metabolically intact making it potentially salvageable 

during the post-ischemic therapeutic window (Astrup et al., 1981; Hossmann, 1994). As 

such, it is considered one of the most promising targets for acute therapeutic intervention. 

The Apoptotic Cascade 

Introduced in 1972 (Kerr et al., 1972), the term apoptosis, derived from the Greek 

root for "falling off," described a form of cell death characterized by organelle 

preservation, chromatin and cytoplasmic condensation, and convolution of the nuclear 

and plasma membranes. The use of these morphological criteria allows for the 

differentiation between necrosis and apoptosis. Necrosis is characterized by cell and 

organelle swelling with eventual loss of cytoplasmic membrane integrity. This leads to 

the spilling of cellular contents into the extracellular space, resulting in inflammation and 

excitotoxic damage to surrounding tissue. Apoptosis, on the other hand, is a mechanism 
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through which cells can be destroyed in an efficient manner that is not disruptive or 

damaging to the surrounding tissue or cells. Over the years, extensive research has 

helped elucidate the particular mechanisms through which apoptosis executes its cell 

deatii program (reviewed in (Leist and Nicotera, 1998). 

In general, one of the earliest events in the multi-step apoptotic process is the loss 

of mitochondrial integrity followed by cytochrome C release. The released cytochrome 

C is then capable of binding to and activating the apoptotic protease-activating factor 

(Apaf-1). Once activated, Apaf-1 then binds to procaspase-9 and cleaves it to form the 

activated cysteine protease, caspase 9. Caspase 9, considered an initiator caspase, then 

follows a cascade of events culminating in the activation of the executioner caspases, 

caspase 3 and caspase 7. The activations of caspases 3 and 7 are considered to be an 

irreversible commitment to cell death due to their involvement in a proteolytic cascade 

culminating in apoptosis (Snider et al., 1999). The inactivation of caspase 9, by its 

phosphorylation (Cardone et al, 1998), can block the activation of caspases 3 and 7. The 

only kinase identified to date that can phosphorylate caspase 9 is Akt/PKB (Cardone et 

al., 1998). 

The Discovery of Akt/Protein Kinase B and its Role 
in Cell Signaling 

In an attempt to discover novel members of the Protein Kinase A (PKA) and 

Protein Kinase C (PKC) superfamily, the cloning of the cellular homologue of the v-akt 

oncogene (Staal et al , 1977) led to the discovery of a novel serine/threonine kinase that 

was initially referred to as RAC (Related to A and C kinases) (Bellacosa et al , 1991; 
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Coffer and Woodgett, 1991; Jones et al, 1991). Shortly after its discovery in 1991, the 

RAC kinase terminology was replaced with Akt/Protein Kinase B (Akt/PKB). Since 

1991, three isoforms of the 57kDa Akt/PKB kinase have been identified in mammalian 

cells and close homologues of Akt/PKB exist in a variety of species including insects, 

nematodes and yeast. Moreover, Akt/PKB has important roles in a number of signal 

ti-ansduction pathways (reviewed in (Kandel and Hay, 1999). These roles include basic 

metabolic functions such as protein and lipid synthesis, carbohydrate metabolism, gene 

transcription, as well as cmcial roles in cell growth and cell survival. 

The three known isoforms of Akt/PKB have a greater than 85%) sequence identity 

and are ubiquitously expressed in mammals, although the levels of expression can vary 

among tissues (Altomare et al., 1995). All Akt/PKB variants contain a pleckstrin 

homology domain (PH), a catalytic domain, and a regulatory fragment at the C-terminus. 

The activation of the kinase occurs after the phosphorylation of both the threonine and 

serine residues at positions T308 and S473, respectively (Kandel and Hay, 1999). Four 

years after its initial discovery, Akt/PKB was shown to be a direct downstream effector 

of phosphoinositol 3-kinase (PI3K) (Burgering and Coffer, 1995). The activation of 

PI3K results from signaling cascades effected by a wide range of receptors, including 

those for growth and survival factors. 

PI3K is a heterodimeric enzyme composed of a 110-kDa catalytic subunit (pi 10), 

and an 85-kDa regulatory subunit (p85) that binds tyrosyl-phosphorylated proteins via its 

Src homology domain (SH2) (Lam et al, 1994). Upon activation, the catalytic subunit of 

PI3K phosphorylates inositol lipids at the D-3 position of the inositol ring resulting in the 
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formation of phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 3,4-

bisphosphate (PI(3,4)P2), and phosphatidylinositol 3,4,5-trisphosphate PI(3,4,5)P3. Of 

the three phosphatidylinositols produced, PI(3,4,5)P3 binds to PH domains with the 

greatest affinity (Klippel et al., 1997). 

As mentioned above, the activation of Akt/PKB occurs after the phosphorylation 

of the threonine and serine residues at positions T308 and S473. The enzyme that 

phosphorylates T308 was purified, cloned, and is dependent on the presence of 

PI(3,4,5)P3 and therefore was termed 3-phosphoinositide-dependent kinase (PDKl) 

(reviewed in (Coffer et al., 1998). However, PDKl cannot phosphorylate the S473 

residue; and as such, a yet to be identified enzyme, termed PDK2, may act as a secondary 

agent in Akt/PKB activation. 

In summary, the activation of Akt/PKB consists of a signaling cascade that begins 

with either the binding of a ligand to a tyrosine kinase receptor or the activation of a G 

protein-coupled receptor, either of which resufts in the activation of PI3K. The activation 

of the catalytic subunit of PI3K results in the increased production of PI(3,4,5)P3, which 

then binds to the PH domain of the inactive Akt/PKB. Moreover, the increased 

production of PI(3,4,5)P3 also activates PDKl and possibly PKD2 (the existence of 

PDK2 is still considered controversial). Following the phosphorylation of the threonine 

and serine residues, the activated Akt/PKB detaches from the plasma membrane and 

translocates to the cytosol and the nucleus where it plays major roles in signal 

transduction, gene regulation, and cell survival pathways. 
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Putative Roles for Akt/Protein Kinase B in Neuroprotection 

Recently, one of the major functions proposed for Akt/PKB is to promote growth 

factor-mediated cell survival and to block programmed cell death or apoptosis. 

Experimental evidence supports Akt/PKB to be both necessary and sufficient to promote 

cell survival by growth factors in vitro (Crowder and Freeman, 1998; Hayashi et al., 

1998). Moreover, the function of Akt/PKB as a mediator of cell survival is evident in 

Drosophila where a point mutation that inactivates Akt/PKB leads to embryonic lethality 

(Staveley et al., 1998). ft is evident that Akt/PKB is a mediator of several signaling 

pathways, including pathways that are anti-apoptotic. Current knowledge of the anti-

apoptotic effects of Akt/PKB is primarily confined to in vitro experiments. These 

investigations were conducted in an array of experimental models from in vitro cell-free 

systems (Francois and Grimes, 1999) to cerebellar cell cultures (Miller et al., 1997) and 

hippocampal pyramidal cell cultures (Matsuzaki et al., 1999). Akt/PKB phosphorylation 

also has a critical role in trophic factor-dependent survival of sympathetic neurons 

(Crowder and Freeman, 1998, 1999). Additionally, it was recently reported that hypoxia 

increases the phosphorylation of Akt/PKB in PC 12 cells in a PI3K dependent manner 

(Beitner-Johnson, 2000), and that activation of Akt/PKB protects hippocampal neurons 

from apoptosis (shown in in vitro hippocampal cell culture) (Yamaguchi et al., 2001). 

The mechanisms by which Akt/PKB blocks apoptosis in the whole animal and in 

models of neuronal degeneration are yet to be understood. The role of Akt/PKB in in 

vivo models of ischemia/reperfusion has recentiy been addressed only in a few reports 

(Ouyang et al., 1999; Fujio et al., 2000). First, Fujio showed that Akt/PKB activation 
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promoted the survival of cardiomyocytes in vitro and protected against ischemia-

reperfusion injury in the in vivo mouse heart. Ouyang et al., investigated the cell death 

and cell survival pathways in the hippocampus after induction of cerebral ischemia by 

transient bilateral carotid artery occlusion. They demonstrated that hypoxia/ischemia 

leads to increased phosphorylation and subsequent activation of Akt/PKB (Ouyang et al., 

1999). Additionally, they concluded that transient cerebral ischemia activates the cell 

death pathway by the release of cytochrome C and by the activation of caspase 3. As 

such, they suggested that the activation of Akt/PKB might delay cell death after transient 

cerebral ischemia because of its known inhibitory effects on the apoptotic cascade. Their 

study, however, did not examine any causal and/or mechanistic connections for the 

activation of Akt/PKB. 

One recent study has demonstrated an adenosine-mediated activation of Akt/PKB 

in muscle tissue cell culture (Germack and Dickenson, 2000). Activation of the 

adenosine Ai receptor subtype by the selective adenosine Ai agonist N^-

cyclopentyladenosine (CPA) increases the phosphorylation of Akt/PKB in a dose-

dependent manner (Germack and Dickenson, 2000). As previously discussed, adenosine 

is considered an endogenous neuroprotective metabolite that tends to balance energy 

supply and demand (Deckert and Gleiter, 1994) with some evidence that adenosinergic 

agents can improve recovery following brain ischemia (Daval et al, 1989). Adenosine 

appears in cerebral cortex within seconds of the onset of systemic hypoxia (Winn et al., 

1981), and may be an important inhibitory neuromodulator of neuronal excitability in 
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ischemic penumbra. Adenosine-mediated activation of the Akt/PKB anti-apoptotic 

pathway in neuronal tissue has yet to be demonstrated. 
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CHAPTER III 

MATERIALS AND METHODS 

Animal Preparation 

All surgical and experimental procedures followed institutional animal care 

guidelines. Male, Sprague-Dawley rats, weighing between 225 - 325 g, were 

anesthetized with urethane (1.5 g/kg, i.p.). Body temperature was monitored by a rectal 

probe and was maintained between 37-38°C using heating pads. A catheter (PE 50) fitted 

to a three-way stopcock was inserted into the right jugular vein and was flushed with 

heparinized physiological saline. Supplemental anesthetic was administered 

intravenously (i.v.) as required (typically 10% of initial dose). A tracheostomy was 

performed and a carmula (PE 240) was inserted to ensure a patent airway and to enable 

subsequent experimental control of inspired oxygen levels. Animals were allowed to 

breathe spontaneously and inspired air was provided on a flow-by basis through a T-tube. 

The flow rate of inspired gas was adjusted to ensure removal of expired air without an 

alteration in ventilation. The left common carotid artery was exposed and permanently 

occluded by ligature with Ethicon 4/0 surgical silk. The artery was cannulated (PE 50) 

just proximal to the ligature for the purpose of monitoring arterial pressure and obtaining 

samples for arterial blood gas measurements. 

Animals were positioned into a stereotaxic instmment with the incisor bar set at -

3.3 mm (flat skull position, (Paxinos et al., 1985)). A midline incision, made just 

posterior to the eye orbits and extending to the interaural line, was used to expose the 
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skull. Small burr holes (3-4 mm diameter) were drilled in the skull and the dura removed 

for the placement of electrodes as follows: P = posterior to Bregma, Lat = lateral to the 

midline, V - Ventral to the surface of the cortex. Coordinates (in mm) were: (I) 

Unilateral stimulating electrode, P - 3.0, Lat - 1.6, V - 2.7; (2) Recording electrodes, 

bilateral, P - 5.0, Lat ± 3.2, V - 2.5 - 3.0. 

Electrophysiology 

A concentric bipolar stimulating electrode (WPI, New Haven, CT) was lowered to 

the region of the right hippocampal CAl collateral fibers, i.e., contralateral to the carotid 

occlusion. It was established that stimulation on either side of the hippocampus is 

equally effective (Gervitz et al., 2001). Stimulation was applied at an intensity between 

2.5 - 5 V, with a 140 î sec pulse at 0.1 Hz, at 10 sec intervals. Evoked field excitatory 

postsynaptic potentials (fEPSPs) were recorded in the stratum radiatum of hippocampal 

CAl bilaterally. The final position of the recording electrodes was determined by 

electrophysiological criteria. The criteria consisted of lowering the electrode to record 

initially a positive-going fEPSP that at times displayed a downward population spike. 

This waveform is typical of a recording from the stratum pyramidale. The electrode was 

lowered further until the fEPSP reversed in polarity as typically seen in the CAl stratum 

radiatum (Figure 1). Stimulation intensity was then adjusted to ensure that the fEPSP 

was uncontaminated by the population spike. Recording electrodes were fashioned from 

heat-pulled (Sutter Instmment Corp., Novato, CA) 1.5 mm borosilicate glass 

micropipettes (WPI), filled with a 1 M solution of sodium acetate. A 
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Figure 1. Electrophysiological recordings in the rat hippocampus. (A) Cytoarchitecture of 
the rat hippocampus. (B)Evoked field excitatory postsynaptic potential (fEPSPs) from 
hippocampal CAl subregion. fEPSPs were monitored during lowering of the recording 
electrodes starting just below the cortical surface (a,b). Final electrode depth (g) was 
determined by electrophysiological criteria that consisted of a transition from an initially 
positive fEPSP (c,d), typical of the stratum pyramidale, to a reversal of polarity of the 
fEPSP (e,f), typical of the stratum radiatum of the hippocampal CAl subregion. Stimulus 
artifact removed for figure clarity. 
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chloride-coated silver wire was inserted into the recording electrode and led to a WPI 

DAM 50 preamplifier. Stimulation and recording were controlled by A/Dvance software 

(McKellar Designs, U. British Columbia, Vancouver, BC) through an ITC computer 

interface (Instmtech Corp., Long Island, NY) and recorded by a Macintosh 7100 Power 

PC computer (Apple Computer Inc., Cupertino, CA). 

Hypoxia/ischemia Protocol 

During normoxia, animals were administered 21%o O2 to maintain normal blood 

gas values. Hypoxia was administered by mixing compressed air with N2. Transient 

exposures to hypoxia were two minutes in duration. In some studies, hypoxia was 

maintained for longer durations. The level of hypoxia used was determined by 

establishing a level that produced a maximum depression of the fEPSP on the side 

ipsilateral to the occlusion with little or no effect on the contralateral fEPSP The 

hypoxic level required to achieve this response ranged between 8% and 12%) O2, but a 

10.5%) O2 hypoxic level was sufficient in most animals. Once the optimum level of 

hypoxia was established, using the above criteria, it was left unchanged for subsequent 

hypoxic exposures. 

Where indicated, some experiments tested the effects of various levels of inspired 

O2 on hippocampal synaptic transmission. In these experiments, hypoxia, ranging from 

8.9%o-21%o O2, was administered in two-minute exposures with a minimum of a ten 

minute recovery period between exposures. 
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Blood Gas Measurements 

Arterial pH, Pco2 and P02 were measured at 37°C with a Radiometer Copenhagen 

Blood Microsystem (BMS 3MK2) and a pH/blood gas monitor (pHm73). The electrodes 

were calibrated before and after each measurement. The pH electrode was calibrated 

with standard Radiometer buffers with pH values of 7.838 and 6.841 at 37°C. The Pco2 

and P02 electrodes were calibrated with Radiometer certified calibration gases. Body 

temperature was monitored by a rectal probe and was maintained between 37-38°C using 

heating pads. Blood samples for experimental conditions were drawn during the peak 

fEPSP depression. Recovery blood samples were taken five minutes after recovery of the 

fEPSPs. Blood gases were corrected for differences between the animal body 

temperature and 37°C with the appropriate correction factors for blood. 

Blood Pressure Measurements 

Blood pressure was measured using a BP-lOO pressure transducer (iWorx/CB 

Sciences, Inc., Dover, NH) and was recorded through an ETH-200 Amplifier (iWorx/CB 

Sciences, Inc., Dover, NH) and an ITC computer interface using A/Dvance software. 

Cardiovascular Parameters 

In some adenosine agonist experiments, heart rate, blood pressure, and respiratory 

rate were recorded under similar experimental conditions described above; however, in 

these animals, electrophysiological recordings of the hippocampus were not taken. A 

lead II ECG was recorded using stainless steel needles placed subcutaneously as 
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electrodes. Heart rate was determined from the R-R intervals and blood pressure was 

recorded using a Gould P23 transducer. Tracheal airway pressure was monitored 

continuously using a differential pressure transducer via a small tube inserted into the 

tracheal cannula. Measurements were recorded using a Grass Model 7P polygraph. 

Laser Doppler Blood Flow Measurements 

Laser Doppler blood flow measurements (Moor Instruments Inc., Wilmington, 

DE) were made with probes (360 |im diameter) stereotaxically positioned just posterior 

to the recording electrodes at a 20° angle from vertical. Laser Doppler probes were 

lowered into each hippocampus for a final placement between 5.8-6.2 mm posterior to 

bregma, 3.2 mm lateral, and within 2.5-3.0 mm deep from the cortical surface. Values of 

hippocampal blood flow (HBF) for raw data are reported as arbitrary units of blood cell 

flux (a.u. of flux) and averaged data are reported as percent of mean blood cell flux (i.e., 

percent of baseline). Final electrode placement was determined both by the depth of the 

probe from the surface of the cortex and by obtaining mean arbitrary units of blood cell 

flux between 120-150 for each probe. Data were collected on a PC and analyzed using 

moorLAB software (Moor Instmments Inc., Wilmington, DE). 

Hippocampal Ptk̂ O?. Measurements 

Measurements of hippocampal Pt,ss02were made using glass Clark-style 

microelectrodes with 80-120 |am tip diameters (Model #737, Diamond General Corp., 

Ann Arbor, MI). Electrodes were placed anterior to the recording electrode in either the 
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ipsilateral or contralateral hippocampus at an approximately 20° angle and lowered -3 

mm below the cortical surface. This placed the tip approximately 1.25 mm anterior and 

0.2 - 0.4 mm lateral to the recording electrode at the same depth. Two point calibrations 

were perfonned in warmed saline (37- 38° C) equilibrated with bubbled air or N2. 

Recordings of Ptiss02 were performed using A/Dvance software through a computer 

interface on Macintosh PowerPC computers. All hippocampal Ptiss02 experiments were 

performed by Dr. Hamilton and have previously been reported in abstract form (Hamilton 

and Fowler, 2001). 

Intracerebroventricular Dmg Administration 

Intracranial dmgs were administered into the side ipsilateral to the recording site. 

At the time of each drug delivery, an injection cannula (28 ga stainless steel coupled to a 

Hamilton gastight syringe via flexible PE-10 tubing) was lowered through the guide 

carmula into the lateral ventricle, terminating 0.5 mm below the tip of the guide. Drugs 

were slowly injected over a period of 30 sec in a volume of 10 [i\. The injector remained 

in place for 2 - 5 min following dmg administration. 

Dmgs administered intracranially were dissolved in 0.9% NaCl. These were: 8-

(p-sulfonyl) pentyltheophylline (8-SPT, 20 nM), and 2-chloroadenosine (CADO, ImM). 

All compounds were obtained from Sigma/Sigma-RBI (St. Louis, MO). 

All experiments in which dmgs were administered i.c.v. were performed by Dr. 

Hamilton and have been previously reported in abstract form (Hamilton and Fowler, 

2000). 
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Histology 

Injection guide cannula sites were examined histologically in those rats that had 

received intracranial injections. At the end of each session, the anesthetized rat was 

sacrificed by decapitation. The brain was removed and placed in a solution of 10% 

formalin. On the following day, the path and tip of each injection guide cannula were 

examined and placements in the lateral ventricle were verified. Histological verifications 

of injection guide cannula placements were performed by Dr. Hamilton. Histological 

examination of stimulation and recording sites was unnecessary as only the correct 

placement of both electrodes successfully produced a detectable signal. 

Dmgs 

Sodium nitropmsside (SNP, 1.0 mg/kg). Phenylephrine (PE, 0.5 mg/kg), 8-

sulfonyl-pentyltheophylline (8-SPT, 2.5mg/kg) were each dissolved in physiologic saline 

(0.9%) NaCl). 8-cyclopentyl-l,3-dimethylxanthine (8-CPT, 1.5 mg/kg), 

cyclohexyladenosine (CHA, 100 ^ig/kg) and Adenosine amine congener (ADAC, 200 

|ag/kg, i.v.) were dissolved in 45%o w/v P-cyclodextrin (Fluka). Trials with this solvent 

alone did not alter either the normoxic amplitude or the hypoxic depression of the fEPSPs 

(n=6, data not shown). CGS21680 10 and 100 |iM, 3,7-dimethyl-l-propargylxanthine 

(DMPX: 3 mM), and caffeine (50mg/kg, Sigma) were also dissolved in physiologic 

saline. Dmgs were administered either i.v., i.c.v., or i.p. as indicated in the text. All 

compounds other than P-cyclodextrin were obtained from Sigma/Sigma-RBI (St Louis, 

MO). Dmgs administered intracranially are described above. 
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Hippocampal Slice Preparation 

Transverse hippocampal slices were prepared from male Sprague-Dawley rats 

weighing 150-250g. Following decapitation, the dorsal hippocampi were immediately 

isolated, rinsed in ice-cold artificial cerebrospinal fluid (aCSF) and placed on a 

mechanical tissue slicer (Mickle Laboratory Engineering Co., London). Slices, 400 )am 

in thickness, were cut and then incubated for at least 1 hr in a static chamber containing 

heated (33.4 ° C) aCSF composed of (mM): NaCl 124, KCl 5.9, NaH2P04 1.2, MgS04 

1.3, CaCl2 2.5, NaHCOs 25.6, glucose 10; equilibrated with 95% ©2/5% CO2. Changes 

in the activation of Akt/PKB were examined under four separate experimental conditions: 

control (aCSF only), incubation for 20 min with the adenosine Ai selective agonist CHA 

(10|iM), incubation for 20 min with 8-CPT (lO^M), and incubation with both 8-CPT + 

CHA. In each condition, fresh aCSF was placed in each chamber after 20 min of dmg 

incubation with slices collected approximately one hour later. The replacement of fresh 

aCSF was also performed for control samples. All four experimental conditions were 

tested in hippocampal slices from the same animal. Hippocampal slices from any one 

animal were incubated in four separate chambers. In order to extract sufficient amounts 

of protein for analysis, each chamber contained four slices. After initial dry-ice freezing, 

slices were placed in 1ml micro-centrifuge tubes and stored at -80 °C until used for 

Westem blot analysis. 
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Westem Blot Analysis 

Tissue samples for analysis of Akt/PKB activation were immediately frozen to 

prevent protein dephosphorylation from occurring after tissue isolation (Ouyang et al., 

1999). Tissue homogenization was performed according to the method of Ouyang 

(Ouyang et al., 1999). Hippocampal samples, whether whole dorsal hippocampus or slice 

preparation, were homogenized using a Dounce homogenizer (12-15 strokes) in 10 

volumes of homogenization buffer containing 15 mmol/L Tris base/HCL, pH 7.6, I 

mmol/L DTT, 0.25 mol/L sucrose, 1 mmol/L MgCh, 1.25 î g/ml pepstatin A, 10jj,g/ml 

leupetin, 2.5 |J.g/ml aproptonin, 0.5 mmol/L PMSF, 2 mmol/L ethylenediamine tetra-

acetic acid (EDTA), 1 mmol/L EGTA, 0.1 mol/L Na3V04, 50 mmol/L NaF, and 2 

mmol/L sodium pyrophosphate. The homogenates were then centrifuged at 1000 x g at 

4°C for 10 minutes. The pellets were discarded and the protein concentration of the 

supernatant was determined by the Bradford method using optical density. 

Westem blot analysis was carried out on 8% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) according to the method of Laemmli. Equal amounts of 

protein were loaded into each lane. After electrophoresis, proteins were transferred to an 

immobilon-P membrane (Millipore). Following the transfer, membranes were blocked 

with bovine semm albumin from non-fat dry milk for at least one hour. After blocking, 

membranes were incubated overnight at 4°C with primary antibodies against phospho-

Akt/PKB at a dilution of 1:1000 (as directed by the manufacturer. Cell Signaling Inc, 

Beverly, MA). Membranes were then washed 4 times, each 15 minutes in duration, using 

phosphate buffered saline with tween 20 (PBS-T) and then incubated for 45 minutes at 
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room temperature with horseradish peroxidase-conjugated secondary antibodies. Protein 

blots were developed using the ECL detection method (Amersham). After capturing the 

bands on X-ray film, membranes were stripped using O.IM glycine (pH 2.6) at room 

temperature for 30 min. Membranes were again washed three times using PBS-T and 

then incubated overnight at 4°C with primary antibodies against Akt/PKB. The antibody 

against Akt/PKB does not distinguish between the phosphorylated and unphosphorylated 

forms, whereas the phospho-specific antibody detects phosphorylation of Akt/PKB at 

Ser-473. Total Akt/PKB is determined to confirm that any findings are not a result of 

excess protein loaded into any given lane. The density of each protein band was 

evaluated using the Visage 2000 optical densitometer camera and Visage 2000 analysis 

software (Genomic Solution, Inc. Ann Arbor, MI). 

Statistical Analysis 

Data were analyzed by one-way Analysis of Variance (ANOVA) followed where 

appropriate by Student Neyvman Keuls post hoc test for comparisons among means 

(significance= p<0.05). Moreover, where appropriate data were analyzed using a Student 

t-test for comparison between two groups (significance= p<0.05). All statistical analyses 

were conducted using either Sigma-Stat or Igor analysis software. Fitted curves and 

linear regressions were calculated using Igor analysis software. 
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CHAPTER IV 

RESULTS 

Hypotheses Overview 

The following experiments were designed to examine the regulatory mechanisms 

of hippocampal blood flow and adenosinergic inhibition of synaptic transmission in an in 

vivo model of ischemic penumbra, as well as examine the role of adenosine in the 

initiation of post-ischemic, anti-apoptotic signal transduction pathways. Specifically, this 

chapter presents experimental data testing the following five hypotheses: (I) The 

depression of hippocampal synaptic transmission in vivo during systemic hypoxia is 

mediated by central adenosine A, receptors, (2) The adenosine-mediated depression of 

synaptic transmission during hypoxia is coupled to decreases in hippocampal Ptiss02, (3) 

The adenosine-mediated depression of synaptic transmission is also coupled to decreases 

in cerebral blood flow, (4) Asymmetrical changes in local blood flow are a result of an 

impairment of hemodynamic compensatory mechanisms within the occluded hemisphere, 

(5) The activation of Akt/PKB, an anti-apoptotic protein, in the hippocampus is directly 

coupled to an adenosinergic signal transduction pathway. Each hypothesis will be 

presented as a subsection with figures and tables of experimental data presented at the 

end of each section. 
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Hypothesis 1: The depression of hippocampal synaptic transmission 
in vivo during systemic hypoxia is mediated 

by central adenosine A; receptors 

Recordings of hippocampal field excitatory post-synaptic potentials (fEPSPs) were 

made in male, Sprague-Dawley rats with unilateral carotid artery occlusion (animal 

preparation described in detail in the Methods section). We predicted that hypoxia in 

vivo would result in a depression of fEPSPs recorded ipsilateral to the occlusion. We also 

expected that the administration of adenosine Ai antagonists would block the depression 

of fEPSPs, and that the administration of adenosine Ai agonists would initiate a 

depression of synaptic transmission. Moreover, we predicted that neither adenosine A2 

selective agonists nor antagonists would have any significant effect on fEPSPs. 

Evoked synaptic potentials are reversibly inhibited 
by hypoxia in vivo 

When attempts were made to induce a reversible inhibition of evoked synaptic 

transmission by coupling an acute common carotid artery occlusion with graded levels of 

hypoxia, it proved very difficuh to obtain conditions that produced a consistent and 

reversible depression of hippocampal evoked excitatory post-synaptic potentials 

(fEPSPs). More consistent responses were obtained by completing a permanent 

unilateral common carotid artery occlusion 1-2 hours before exposure to hypoxic 

conditions. Subsequent recording and stimulation were initially performed in a single 

hippocampus either ipsilateral or contralateral to the occlusion. Under these conditions, it 

became apparent that the evoked potentials recorded from the hippocampus ipsilateral to 

the carotid occlusion were more sensitive to the level of imposed hypoxia. A two-minute 
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exposure to 10.5%) O2 consistentiy resulted in a reversible depression of the evoked 

fEPSPs when recording from the hippocampus ipsilateral to the occlusion (Figure 2). 

The depression of the fEPSP averaged 14.4 ± 2.9% of the pre-hypoxic amplitude (n=8). 

After reintroduction of normoxia, the amplitude of the fEPSP recovered to 100.8 ± 2.4% 

of pre-hypoxic amplitude within a five-minute recovery period. 

A second group of animals was given a permanent unilateral common carotid 

occlusion followed by stimulation and recording solely in the contralateral hippocampus. 

A two-minute hypoxic insult of 10.5% O2 resulted in little change in the amplitude of 

evoked synaptic transmission at any time during or after the hypoxic insult (Figure 2). 

During the hypoxic insult the fEPSP amplitude remained at 99.4 ±2.3% of the pre-

hypoxic control amplitude (n = 7). 

The reversible depression of evoked synaptic transmission in the ipsilateral 

hippocampus was repeatable with no significant change in either sensitivity of the evoked 

potential to hypoxia or its recovery from hypoxia. Figure 3 illustrates that a series of five 

repeated exposures to hypoxia, each two-minutes in duration with a ten-minute recovery 

period between exposures, resulted in a reversible depression of synaptic transmission to 

within 5%) of each other. 

The responses to hypoxia are not affected by the side 
of stimulation 

The differential sensitivity to hypoxia suggested the benefit of simultaneously 

recording from both hippocampi, i.e., ipsilateral and contralateral to the side of occlusion. 
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ft was observed that stimulation of commissural fibers in the stratum radiatum of either 

hippocampus resulted in evoked potentials in both hippocampi. Stimulation intensity was 

adjusted to minimize any contamination of the fEPSP by population spikes. Under these 

conditions, the side of stimulation had no significant effect on the amplitude of the 

evoked potentials in each hippocampus or in their individual responses to a hypoxic 

insult (Figure 4). Within a group of animals, the normoxic fEPSP amplitudes recorded 

from the hippocampus ipsilateral to the occlusion measured 6.32 ± 1.5 mV (n=8) when 

the ipsilateral side was stimulated, and measured 6.28 ± 2.1 mV (n=8) when the 

contralateral hippocampus was stimulated. The same consistency in normoxic fEPSP 

amplitudes was observed for the hippocampus contralateral to the occlusion. Moreover, 

the depression in fEPSP amplitude, during a hypoxic period, was also shown to be 

independent of the side of stimulation. As shown in Figure 4, the depression of the 

fEPSP ipsilateral to the occlusion was similarly depressed during hypoxia when either the 

ipsilateral or contralateral hippocampus was stimulated (compare Figure 3 a [top panel] 

with 3b [top panel]). 

The hypoxic depression of evoked potentials is 
proportionate to the level of hypoxia 

Figure 5 illustrates the proportionate responses to graded hypoxia and the 

differential sensitivity of the ipsilateral and contralateral hippocampus. Various levels of 

hypoxia (8, 10 and 12% O2), each two minutes in duration, were given in one animal. 

The level of hypoxia could be adjusted to depress solely the ipsilateral response in a 

graded manner or could be increased sufficiently to reversibly depress evoked activity in 
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both hippocampi. In this animal, the recovery of the fEPSP from the hippocampus 

ipsilateral to the occlusion was significantly delayed after two minutes of 8% O2 when 

compared to two-minute exposures to 10% and 12% O2. Exposure to a wider range of 

hypoxia levels is described later in this chapter. 

Adenosine antagonists attenuate the hypoxic depression 
of evoked potentials 

In our model, a two-minute exposure to 10.5%o O2 consistently induces a 

reversible depression of evoked fEPSPs in the hippocampus ipsilateral to the occlusion. 

Figure 6 illustrates the ability of adenosine antagonists to significantly attenuate the 

hypoxic depression of fEPSPs. Using simultaneous, bilateral recordings, a level of 

hypoxia was chosen that produced the greatest depression of ipsilateral fEPSPs with little 

or no effect on contralateral fEPSPs. The drugs used were the non-selective adenosine 

antagonist, caffeine and the adenosine Ai subtype receptor selective antagonist, 8-

cyclopentyltheophylline (8-CPT). The effect on the hypoxic depression was examined 20 

minutes after i.p. injection of each drug. Neither drug altered the normoxic amplitude of 

the fEPSP. The depression of the evoked potential in response to a two-minute hypoxic 

insult, however, was significantly attenuated by the administration of either dmg. 

Hypoxia alone resulted in an 85.6 ± 2.9% depression of fEPSPs (n=8). Caffeine (50 

mg/kg, i.p.) significantiy attenuated the hypoxic depression of fEPSP, resulting in a 32.6 

± 5.7%o depression of synaptic potentials (n=7, p < 0.05). In the presence of 8-CPT (2.5 

mg/kg, i.p.), the hypoxic depression was also significantiy attenuated, resulting in only an 

18.2 ± 5.8% depression of fEPSPs (n=8, p < 0.05). 
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Attenuation of the hypoxic depression by 8-CPT wanes over time 

Figure 7 illustrates, from a single animal, that the effects of 8-CPT waned over 

time so that a return of the hypoxic depression could be recorded. Two initial hypoxic 

periods depressed the fEPSP to approximately 2% of the baseline amplitude. The 

injection of 8-CPT attenuated tiie hypoxic depression of the fEPSP to approximately 75% 

of the baseline amplitude. The depression in response to 10.5% O2 returned to pre-drug 

levels 3 hours after the i.p. injection of 8-CPT. In a group of animals, three hours post-

dmg, a two-minute hypoxic challenge reduced fEPSP to 18.2 ± 3.1 %> of baseline 

amplitude (n=8, data not shown). This sensitivity to hypoxia was not significantly 

different from the pre-drug depression of fEPSPs during hypoxia to 14.4 ± 2.9%) of 

baseline amplitude. 

Attenuation of the hypoxic depression with 8-CPT did not 
affect blood acid-base or cardiovascular responses 

In another group of animals (n=5), it was shown that while 8-CPT administration 

was able to prevent the hypoxic depression of the fEPSP, it did not alter the blood acid-

base responses to hypoxia. Blood gas measurements and electrophysiologic data were 

simuftaneously collected in these animals. Table 1 shows tiiat hypoxia resufted in a 

significant decline in P02 and Pco2, as well as a significant depression of the fEPSP 

amplitude. The administration of 8-CPT did not significantly alter normoxic blood gas 

values or normoxic fiEPSP amplitudes. In the presence of 8-CPT, hypoxia showed 

similar declines in P02 and Pc02 despite the significant attenuation in the depression of 

fEPSP amplitudes. 
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Finally, in a separate group of animals (n=5), it was further shown that 8-CPT did 

not alter cardiovascular responses to hypoxia. Table 2 shows that hypoxia induced a 

significant decline in mean arterial pressure (MAP) with little change in heart rate (HR). 

The administration of 8-CPT did not significantly alter normoxic MAP or HR, and in the 

presence of 8-CPT, hypoxia exhibited a similar decline in MAP. 

The depression of evoked potentials is mediated by 
central adenosine receptors 

As demonstrated in a representative experiment (Figure 8A), systemic 

administration of an adenosine antagonist that does not cross the blood brain barrier, 8-p-

sulfonyl-pentyltheophylline (8-SPT, 2.5 mg/kg, i.v.), fails to prevent the hypoxia-elicited 

inhibition of fEPSPs. In contrast, 8-CPT (1.5 mg/kg, i.v.), which does cross the blood 

brain barrier, greatly attenuated the hypoxia-elicited inhibition of the fEPSPs (also Figure 

8A). For a group of animals (n=5, data not shown), a two minute exposure to 10.5%o 

inspired O2 resulted in an 83.2 ± 4.3% depression of fEPSPs. Subsequent exposure to 

hypoxia in the presence of 8-SPT resulted in similar depression of fEPSPs (-85.8 ± 

4.5%o). When administered intracerebroventricularly(i.c.v.), however, 8-SPT 

significantiy attenuated the hypoxia-induced depression of evoked potentials (Figure 8B). 

In a group of animals (n=6), hypoxia (10.5%) O2) + 8-SPT (20 nmoles, i.c.v.) resulted in 

only an 8.2 ± 5.7% depression of fEPSPs. The efficacy of centrally administered 8-SPT 

was evident in that it resulted in an attenuation of the hypoxic depression of synaptic 

potentials similar to that seen with systemic 8-CPT administration. 
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Administration of selective adenosine A^ agonists 

Systemic administration of the selective adenosine Ai receptor agonist CHA (0.1 

mg/kg, i.p.) caused a transient depression of the fEPSP mimicking the effect of hypoxia 

(Figure 9). This result raised the possibility that CHA could be activating adenosine Ai 

receptors in the vascular compartment or the blood side of the blood-brain barrier and 

that adenosine receptors outside the brain might directiy underlie the fEPSP inhibition. 

The effects of CHA, however, were reversed completely by administration of 8-SPT (also 

Figure 9). It was determined that peripheral CHA had profound cardiodepressive effects. 

Heart rate was reduced from 423 ± 32.0 to 102 ± 22.4 (n=3) beats/min with the 

administration of CHA (Table 3 A). The decrease in heart rate was associated with an 

arrhythmia characterized by loss of P-wave and onset of a non-sinus rhythm. Mean 

arterial pressure (MAP) was reduced from 95 ± 4.3 to 48 ± 3.5 mm Hg. Administration 

of 8-SPT (2.5 mg/kg, i.p.) completely blocked the cardiodepressive effects of CHA such 

that heart rate and MAP were not significantly different from pre-dmg measures (443 ± 

38.1 beats/min, 88 ± 5.1 mmHg, respectively). Most importantly, blockade of the 

systemic effects of CHA by 8-SPT also effectively reversed the observed depression of 

synaptic transmission. CHA reduced the fEPSP.psi to 15.6 ± 5.2%o of pre-drug amplitude 

whereas CHA given after pre-treatment with 8-SPT resulted in fEPSP.psi of 83.7 ± 7.4%) 

of pre-dmg amplitude. 

Systemic administration of adenosine amine congener (ADAC, 200 fig/kg, i.v.), a 

second selective adenosine Ai receptor agonist, also resulted in similar cardiodepressive 

and fEPSP effects. Administration of 8-SPT resulted in blockade of MAP, HR, and 
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fEPSP effects. All values for ADAC administration with and without 8-SPT are listed in 

Table 3B (n=6). 

Central administration of adenosine Ai agonists, 2-chloroadenosine (CADO, 

ImM, i.c.v. in a volume of 10 microliters) resulted in a 72.5 ± 3.9%o depression of evoked 

potentials recorded from the hippocampus ipsilateral to the injection side (n=6, data not 

shown). 

The role of adenosine A2 agonists and antagonists 

A possible contribution of adenosine A2 receptor activation to the fEPSP 

responses to hypoxia was examined. The adenosine A2 agonist, CGS 21680 neither 

increased nor decreased the fEPSP amplitudes under normoxic or hypoxic conditions 

(n=5, data not shown). The A2 antagonist, DMPX had no effect on normoxic fEPSP 

amplitudes and failed to prevent the hypoxic depression of synaptic transmission (n=6, 

data not shovra). 
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Figure 2. Hypoxia results in a depression of evoked potential in the hippocampus 
ipsilateral to the occlusion. Unilateral carotid artery occlusion coupled with moderate 
hypoxia resufts in a reversible depression of evoked synaptic transmission in the 
hippocampus ipsilateral to the occlusion (filled circles, n=8) but not contralateral to the 
occlusion (open circles, n=7). The inspired oxygen was decreased to 10.5%o to induce the 
two minute-period of hypoxia. The fEPSP was recorded from either the ipsilateral or 
contralateral hippocampus in each animal. Recording of the fEPSPs was every ten 
seconds and the amplitude of each fEPSP was plotted as percent of baseline amplitude. 
Means are plotted without SEM to improve clarity of the figure. The fEPSP traces a,b, 
and c (inset) are representative waveforms for their respective times (diamonds) recorded 
from the ipsilateral hippocampus. 
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Figure 3. fEPSP responses to hypoxia are reversible and repeatable. Multiple exposures 
to moderate hypoxia elicited reversible and repeatable depressions of evoked synaptic 
transmission in the hippocampus ipsilateral to the occlusion. The fEPSPs were recorded 
in a single animal. Five, two-minute hypoxic (10.5%) O2) periods were applied. 
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Figure 4. The amplitudes of the evoked potentials in each hippocampus and their 
individual responses to hypoxia during simultaneous bilateral recordings are not affected 
by the laterality of stimulation. When stimulating the Schaeffer collateral/commissural 
fiber pathways on the side ipsilateral to the occlusion the ipsilateral recorded fEPSP was 
depressed by hypoxia (a, top). The ipsilateral fEPSP was similarly depressed during 
hypoxia when stimulated from the contralateral side (b, top). The contralateral fEPSP 
was essentially unaffected by the hypoxia whether stimulation was done from the 
ipsilateral side (bottom, a) or the side contralateral to the occlusion (bottom, b). 
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Figure 5. The hypoxic depression of synaptic transmission is a graded response. The 
level of hypoxia could be adjusted to depress solely the ipsilateral response (top panel) in 
a graded maimer or could be increased to depress the activity in both the ipsilateral and 
contralateral (bottom panel) hippocampi. Three levels of hypoxia (8, 10 and 12%o O2) 
were given in one animal. Two-minute hypoxic periods at each level of hypoxia, with 
ten-minute recovery periods between exposures were used. 
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Figure 6. The effects of adenosine antagonists on the hypoxia induced depression of 
synaptic transmission. The non-selective adenosine antagonist, caffeine, and the 
adenosine A] subtype selective receptor antagonist, 8-CPT, attenuate the hypoxic 
depression of synaptic transmission. The effect of each dmg on the hypoxic depression 
was examined 20 min after i.p. drug administration. Neither drug altered the normoxic 
amplitude of the evoked potential. Caffeine (50 mg/kg, n=7) and 8-CPT (2.5 mg/kg, 
n=8) significantiy attenuated the hypoxic depression of the fEPSP (*= p < 0.05 compared 
to hypoxia alone). 
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Figure 7 The effect of 8-CPT on the hypoxic depression of synaptic transmission wanes 
with time. Three hours after injection of 8-CPT the hypoxic depression retumed to levels 
comparable to that seen before dmg application. fEPSPs recorded from a single animal. 
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Table 1. Arterial blood gas and electrophysiological data with and without 8-CPT. 
Measurements were made before, during and after hypoxia before and after dmg 
administration. Values are means ± SEM; n = 5 for all experimental conditions. * 
Significant difference from the control condition (p< 0.05, ANOVA followed by Student-
Neuman-Keuls). "" Significant difference from no dmg, hypoxic condition (p< 0.05, 
ANOVA followed by Student-Neuman-Keuls). 

Ph 

Pco2 (mmHg) 

Po2 (mmHg) 

[HCOB'] (mEq/L) 

fEPSP 
(% of baseline) 

No drug 

control hypoxia 

7.46±0.04 

34.3±3.0 

77.8±12.2 

22.3±3.4 

100 

7.54±0.03 

25.1±1.8* 

32.6±0.8* 

19.8±3.0 

4.43±1.7* 

recovery 

7.47±0.04 

35.3±1.7 

83.2±11.3 

22.3±2.4 

101.0±0.3 

-1- 8-CPT 

normoxia hypoxia 

7.50±0.05 

30.1±1.8 

86.2±13.3 

22.9±2.4 

102.2±0.9 

7.55±0.05 

25.0±2.3* 

36.6±1.6* 

21.1±2.3 

82.53±4.4** 

recovery 

7.49±0.04 

28.8±2.4 

85.8±12.4 

21.9±2.7 

I02.8±1.7 
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Table 2. The effects of 8-CPT on MAP and HR. Mean arterial pressure and heart rate 
measurements were made before, during and after 2 min hypoxic conditions either with 
no drug or after the administration of the adenosine Al selective antagonist, 8-
cyclopentyltheophylline (8-CPT). Values are means ± SEM; n = 5 for all experimental 
conditions. * Significant difference from the control condition (p< 0.05, ANOVA 
followed by Student-Neuman-Keuls). The declines in MAP when compared between the 
no dmg and -i- 8-CPT hypoxic conditions were not significantly different in magnitude 
(Student's paired t-test). 

MAP (mm Hg) 

HR (beats/min) 

No drug 

control Hypoxia recovery 

95.0±4.1 

399±9.8 

36.8±4.I* 

381.4±4.7 

97.7±4.7 

402.0±10.0 

+ 8-CPT 

normoxia 

95.3±3.I 

413.7±9.0 

hypoxia 

40.2±2.5* 

406.0±8.3 

recovery 

96.5±4.0 

406.5±7.8 
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Figure 8. The effects of 8-SPT on evoked potentials. (A) Adminisfration of 8-SPT 
(peripheral adenosine antagonist) does not inhibit the hypoxic depression of synaptic 
transmission, while administration of 8-CPT (central adenosine Ai antagonists) almost 
complete attenuates the hypoxic depression of synaptic transmission. (B) For a group 
(n=6), centrally administered (i.c.v.) 8-SPT results in significant attenuation of the 
hypoxic depression of synaptic transmission. Given intracerebroventricularly, 8-SPT 
results in a similar attenuation of the hypoxic depression of fEPSPs as compared to the 
effects of the central adenosine antagonist, 8-CPT (i.v.). * Significantly different 
(p<0.05, n= 6 for all groups) as compared to hypoxia. ANOVA followed by the Neuman-
Keuls test for group comparison. I.c.v. injection experiments were performed by Dr. 
Hamilton and have been previously reported in abstract form (Hamilton and Fowler, 
2000) and are reproduced with permission from Dr. Fowler. 
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Figure 9. The effects of an adenosine agonist on fEPSPs, MAP, and HR. The 
adminisfration of the selective adenosine Ai agonist CHA resulted in a depression of 
synaptic transmission that is mediated by peripheral, not cential receptors. The systemic 
administration of CHA (0.1 mg/kg, i.p.) resulted in systemic hypotension, a pronounced 
bradycardia with a loss of the P-wave, and a depression of synaptic transmission. All 
cardiodepressive effects were blocked by the administration of 8-SPT (2.5 mg/kg, i.p.), 
which does not cross the blood brain barrier. 

57 



Table 3. The effects of two adenosine agonists on fEPSPs, MAP, and HR. 
(A) cyclohexyl adenosine, CHA (0.1 mg/kg, i.p.) and (B) adenosine amine congener, 
ADAC (0.2 mg/kg, i.v.). Administration of either adenosine agonist resulted in systemic 
hypotension, a pronounced bradycardia with a loss of the P-wave, and a depression of 
synaptic transmission. All these effects, for each agonist, were blocked by the 
administiation of 8-SPT (2.5 mg/kg, i.p.), which does not cross the blood brain barrier. (* 
= p<0.05, ANOVA followed by Neuman-Keuls test for group comparison). 

A) 

MAP (mmHg) 

HR (beats/min) 

fEPSPjpsi (% of baseline) 

•'^"^"contra (% of baseline) 

Control 

95.2 ±4.3 

423.6 ±32.1 

100 

100 

CHA 

48.4 + 3.5* 

102.3 ±22.4* 

15.6 ±5.2* 

91.3 ±8.2 

CHA + 8-SPT 

87.8 ±5.1 

443.7 ±38.1 

83.7 ±7.4 

98.7 ±5.5 

B) 

MAP (mmHg) 

HR (beats/min) 

lEPSPjps i (% of baseline) 

lEP^Pcontra (% of baseline) 

Control 

103.8 ±4.4 

421.1 ±32.3 

100 

100 

ADAC 

43.9 ±3.6* 

127.6 ±12.4* 

4.3 ±4.5 * 

87.1 ± 10.3 

ADAC+ 8-SPT 

85.2+ 19.7 

292.5 ±70.6 

97.3 ±3.9 

100.1 ±3.2 
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Hypothesis II: The adenosine-mediated depression of 
synaptic transmission during hypoxia is coupled to 

decreases in hippocampal Pfî Oô  

We predicted that exposure to various levels of hypoxia would result in 

asymmetrical depressions of fEPSPs between ipsilateral and contralateral hippocampi. 

Additionally, we expected that exposure to various levels of hypoxia would result in 

asymmetrical decreases in local Ptiss02 when comparing hippocampi. 

Study specific experimental protocols 

During normoxia, animals were administered 21% O2 (compressed room air). 

Hypoxia was administered by mixing compressed air with N2. Each period of hypoxia 

was two minutes in duration with a minimum of 10 min normoxic intervals during which 

the fEPSP retumed to pre-hypoxic values. Measures of the effects of hypoxia were taken 

from minimum values of fEPSP amplitude and Ptiss02 during the two minute exposure 

period. Normoxic, baseline measurements of fEPSP amplitude and Ptiss02 did not differ 

significantiy between hippocampi. The mean baseline amplitude of fEPSPs was 7.0 ± 0.3 

mV (n = 18) and 7.3 ± 0.4 mV (n = 11), ipsilateral and contralateral, respectively. 

Normoxic, baseline Pt,ss02 measurements were 19.2 ± 1.4 mm Hg (n = 7) and 18.4 ± 1.3 

mm Hg (n = 7), ipsilateral and contralateral, respectively. 

The depression of the fEPSP is related to % inspired O-, 
and occurs to a greater extent in the ipsilateral hippocampus 

Animals were exposed to 2 min periods of reduced inspired O2 beginning from a 

baseline of 21%. The levels of inspired O2 tested ranged from 14.4% to 8.9% with a 
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minimum of 10 min of recovery between exposures. No differences due to order of 

exposure were noted. In this preparation, multiple hypoxic episodes result in repeatable 

and reversible depressions in fEPSP amplitude with complete recovery to baseline 

amplitude between hypoxic intervals (see experiments in hypothesis I). Figure lOA 

illusfrates fEPSP traces recorded both in the ipsilateral and contralateral hippocampus 

from a typical experiment exposing an animal to various levels of hypoxia. A trial record 

illustrates the effects of the various hypoxic episodes on fEPSP amplitude over time 

(Figure lOB). It is apparent that hippocampal fEPSP amplitudes recorded from the 

ipsilateral hippocampus were much more sensitive to reductions in inspired O2 than those 

recorded from the contralateral hippocampus. 

For a group of animals (n= 4-7 for each level of hypoxia tested), fEPSP amplitude 

recorded from the ipsilateral hippocampus was significantly lower in amplitude than 

baseline at and below 12.5% inspired O2 (p < 0.0001, Figure II). In contrast, fEPSP 

amplitude recorded from the contralateral side was not significantly affected until 

inspired O2 was reduced to 9.4% (p < 0.0001, Figure 11). With the exception of 14.4% 

inspired O2. fEPSP responses were significantly different between ipsilateral and 

contralateral hippocampi for all levels of hypoxia tested. At 14.4% O2, fEPSP 

measurements were 91.7 ± 2.5% (n=7) and 99.1 ± 2.0% (n=7), ipsilateral and 

contralateral, respectively. At 12.5% O2, fEPSP measurements were 56.7 ± 11.2% (n=7) 

and 95.4 ± 1.0%) (n=7), ipsilateral and contralateral, respectively. At 11.5% O2, fEPSP 

measurements were 33.3 ± 14.2% (n=7) and 91.7 ± 2.5% (n=7), ipsilateral and 

contralateral, respectively. At 10.5% O2, fEPSP measurements were 29.0 ± 6.0% (n= 7) 
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and 81.4 ± 3.8% (n-7), ipsilateral and contralateral, respectively. At 9.4% O2, fEPSP 

measurements were 23.8 ± 9.3% (n=7) and 69.7 ± 9.0% (n=7), ipsilateral and 

contralateral, respectively. Finally, at 8.9% O2, fEPSP measurements were 4.8 ± 2.9% 

(n=4) and 65.7 ± 9.8% (n=4), ipsilateral and contralateral, respectively. All preceding 

values for fEPSPs were given as % of baseline. 

PtissO? falls similarly in the ipsilateral and contralateral 
hippocampi during hypoxia 

The dependence of Ptiss02 on inspired O2 in each hippocampus was examined 

(n=5-7 for each level of hypoxia tested). Surprisingly, measurements of Ptiss02 in 

response to various levels of inspired O2 essentially overlapped when comparing between 

the ipsilateral and contralateral hippocampi (Figure 12). Using data from the ipsilateral 

side, Pt,ss02 was linearly related to inspired O2 (y = 1.4 x - 10.3; r̂  = 0.998). Ptiss02 

significantiy declined from baseline by 14.4% inspired O2 (p < 0.0002). Normoxic, 

baseline Ptiss02 measurements (21% O2) were 19.2 ± 1.4 mm Hg (n = 7) and 18.4 ± 1.3 

mm Hg (n = 7), ipsilateral and contralateral, respectively. At 10.5% O2, Ptiss02 

measurements were 3.9 ± 0.5% (n= 5) and 3.6 ± 0.6% (n=5), ipsilateral and contralateral, 

respectively. At 9.4% O2, Ptiss02 measurements were 2.9 ± 0.2% (n=5) and 3.9 ± 0.8% 

(n=5), ipsilateral and contralateral, respectively. Finally, at 8.9% O2, Ptiss02 

measurements were 2.2 ± 0.4% (n=5) and 3.1 ± 0.6% (n=5), ipsilateral and contralateral. 

respectively. 
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It is important to note that the proposed hypothesis is not supported by the data 

(for more detailed explanation see Discussion section); however, an altemative 

hypothesis was proposed, tested, and is reported in the following sub-section. 
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Figure 10. Representative data for the effects of various levels of % inspired O2. 
(A) fEPSP traces illusfrating changes in amplitude in response to various reductions in % 
inspired O2 recorded both in the ipsilateral and contralateral hippocampi. (B) Trial record 
of fEPSPs shown in (A) illustrating the effect of the various hypoxic episodes on fEPSP 
amplitude over time. Trial record data have been scaled to normoxic, baseline amplitude. 
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Figure 11. fEPSP amplitude in response to reductions in % inspired O2 recorded in both 
the ipsilateral and contralateral hippocampi. fEPSP amplitudes are percent of normoxic 
baseline values. Values are mean ± SEM with N = 4 7. Lines drawn from a sigmoid fit. 
* Significantly different (p < 0.05) from Control, t Significantly different (p < 0.05) from 
contralateral. ANOVA followed by the Neuman-Keuls test for group comparison. 
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Figure 12. Ptiss02 in response to reductions in % inspired O2 recorded form both the 
ipsilateral and contralateral hippocampi. Data are shown as means ± SEM calculated for 
Ptiss02 at each level of % inspired O2 (n = 5 - 7 for each mean). Lines drawn from linear 
regression. These experiments were performed by Dr. Hamilton and have previously 
been reported in abstract form (Hamilton and Fowler, 2001) and are reproduced with 
permission from Dr. Fowler. 
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Hypothesis 111: The adenosine-mediated depression of synaptic 
transmission is coupled to decreases in cerebral blood flow 

We predicted that hypoxia would result in asymmetrical decreases in hippocampal 

CBF (or HBF), leading to an adenosine-mediated depression of synaptic transmission. 

As demonstrated earlier (see hypothesis I), exposure to hypoxia resulted in a significant 

hypoxemia as well as a significant hypotension. We predicted that exposure to hypoxic 

hypotension would result in asymmetrical decreases in cerebral blood flow, in the 

ipsilateral vs. the contralateral hippocampus, thus resulting in asymmetrical decreases of 

fEPSPs. Moreover, if the adenosine-mediated depression of synaptic transmission is 

coupled to decreases in cerebral blood flow and not to decreases in Ptiss02, we would 

expect that normoxic hypotension, that is mean arterial pressures similar to those seen 

with hypoxia, would also result in asymmetrical decreases in cerebral blood flow leading 

to similar depression of fEPSPs. Lastly, we also predicted that a restoration of MAP to 

baseline values during hypoxia (i.e., normotensive hypoxia) would result in a restoration 

of baseline blood flow leading to a restoration and maintenance of baseline fEPSPs 

despite a continued hypoxia. 

Study specific experimental protocols 

Laser Doppler flowmetry protocols are described in detail within the Methods 

sections. Briefly, values of hippocampal blood flow for raw data are reported as arbitrary 

units of blood cell flux (a.u. of flux) and averaged data are reported as percent of mean 

blood cell flux (i.e., percent of baseline). Final probe placement was determined both by 

the depth of the probe from the surface of the cortex and by obtaining mean arbitrary 
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units of blood cell flux between 120-150 for each probe. From a representative group of 

animals (n=10), the average baseline flux values were 132.8 ± 8.7 a.u. of flux for the 

ipsilateral hippocampus and 128.5 ± 9.4 a.u. of flux for the contralateral hippocampus 

(data not shown). In general, each period of hypoxia was two minutes in duration with a 

minimum of 10 min normoxic intervals during which the fEPSPs retumed to pre-hypoxic 

values. In some experiments (see phenylephrine infusion experiments) hypoxia was 

maintained for a total of 12 minutes (2 min of initial hypoxia followed continuously with 

10 min of the same level of hypoxia plus the infusion of phenylephrine). Measurements 

of the effects of hypoxia or of acute dmg administration were taken at the time of 

maximal change form baseline values of fEPSP amplitude, MAP, and HBF during the 

two minute exposure period. For phenylephrine infusion experiments, initial decreases in 

fEPSPs, MAP and HBF were measured at the end of two minutes of hypoxia. 

Subsequent changes in these parameters, during phenylephrine infusion, were measured 

as an average across the 10 min period. Normoxic, baseline measurements of fEPSP 

amplitude and HBF did not differ significantly between hippocampi. 

The effects of hypoxic hypotension on hippocampal blood flow 

Figure 13 illustrates fEPSP, MAP and HBF traces recorded both in the ipsilateral 

and contralateral hippocampus from a typical experiment exposing an animal to various 

levels of hypoxia. Animals were exposed to levels of inspired O2 ranging from 21% to 

8.9%. In this figure, the levels of inspired O2 depicted are 12.5% and 10.5%) (Figure 13A 

and 13B, respectively). First, hippocampal fEPSP amplitudes recorded from the 
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ipsilateral hippocampus were more sensitive to reductions in inspired O2 than those 

recorded from the contralateral hippocampus. The exposure to the different levels of 

hypoxia also resulted in graded depressions in MAP and HBF. Changes in hippocampal 

blood flow, however, can be divided into hypoxic and post-hypoxic periods. During 

hypoxia, an asymmetrical decrease in HBF was observed. HBF recorded from the 

ipsilateral hippocampus was more sensitive to reductions in inspired O2 than that 

recorded from the contralateral hippocampus. During the post-hypoxic period, a 

significant hyperemia was observed with greater increases in HBF seen in the ipsilateral 

hippocampus, especially at lower % inspired O2 levels. 

For a group of animals (n=I3), a two-minute exposure to 10.5% O2 resulted in a 

93.8 ± 1.4%) depression of fEPSPs in the ipsilateral hippocampus and only 3.6 ± 5.1% 

depression of fEPSPs in the contralateral hippocampus (Figure 14). At the end of the 

two-minute hypoxic period, HBF was significantly lower in the ipsilateral hippocampus 

decreasing 70.2 ± 2.1%) as compared to only decreasing 22.5 ± 3.6% in the contralateral 

hippocampus (Figure 14). For the post-hypoxic period (i.e., post-hypoxic hyperemia. 

Figure 14), significant differences in HBF were observed between the ipsilateral and 

contralateral hippocampi. HBF increased 230.8 ± 49.5% and 52.9 ± 5.9%, in the 

ipsilateral and contralateral hippocampi, respectively. 

As mentioned earlier, exposure to hypoxia results in a significant hypotension. In 

a separate group of animals (n=6), transient hypoxia, at various levels of % inspired O2, 

resulted in an accompanying reduction in mean arterial blood pressure (Figure 15). 

Hypoxic MAP was significantiy less than normoxic values by 14.4% inspired O2 ( p < 
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0.0001). The role of adenosine in the development of hypoxic hypotension was 

previously examined by the administration of the selective adenosine Ai antagonist, 8-

CPT (see Hypothesis I); however, this was only examined at 10.5% O2. The hypoxic 

hypotension seen at each level of hypoxia tested was not significantly changed by the 

administration of 8-CPT (p > 0.29, pair-wise comparison for each % inspired O2). 

Moreover, tiie administration of 8-CPT did not alter the normoxic MAP, 100.2 ± 1.6 

mmHg vs. 100.6 ± 1.4 mmHg (n=6), before and after 8-CPT, respectively. 

The exposure to different levels of hypoxia also resulted in asymmetrical 

decreases in HBF when comparing the ipsilateral and contralateral hippocampi. For a 

group of animals (n=6), the dependence of HBF on inspired O2 in each hippocampus was 

examined (Figure 16). Measuring at the end of a two-minute exposure to hypoxia, the 

decline in HBF on the ipsilateral side became significantly different from baseline as 

inspired O2 was reduced to 12.5%) (p < 0.03, Figure 16). The decline in HBF on the 

contralateral side, however, was not significantly different from baseline until an inspired 

O2 of 11.5%) was reached (p < 0.05). Hence, HBF fell to a greater extent on the ipsilateral 

side than on the contralateral side with reductions in inspired O2. When comparing the 

two sides, the decline in HBF was significantly greater on the ipsilateral side than on the 

contralateral side at all values below 12.5% inspired O2 (p < 0.02 for pair-wise 

comparisons. Figure 16). 
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Effects of normoxic hypotension on synaptic transmission 
and hippocampal blood flow 

To induce hypotension, intravenous sodium nitroprusside (SNP), a commonly 

used hypotensive dmg in experimental animals (Dimagl and Pulsinelli, 1990; Salom et 

al., 2000) and humans (Friederich and Butterworth, 1995) was used. To compare the 

hypoxic and SNP conditions (i.e., normoxic hypotension), a dose of SNP was selected 

that resulted in a similar drop in MAP as observed with 10.5% O2. As seen in the 

representative data of Figure 17A, a two-minute exposure to 10.5% O2 produced a 

transient depression in MAP and fEPSP recorded from the hippocampus ipsilateral to the 

occlusion. Administration of SNP (1.0 mg/kg) under normoxic conditions also resulted 

in a transient depression of the fEPSP and MAP (Figure 17B). With both hypoxia and 

SNP, fEPSP values retumed to baseline within five minutes. The hypoxic- and SNP-

induced reductions in fEPSP amplitude, but not the associated hypotension, were blocked 

by the adenosine Ai receptor selective antagonist, 8-CPT (compare Fig. 17A and B, top 

and bottom panels). 

As seen in the bar graph of Figure 18, SNP produced a decrease in MAP to 43.1 ± 

3.6 mmHg (mean ± sem, n=5) as compared with a drop to 45.1 ± 5.3 mmHg (n=5) for a 

two-minute exposure to 10.5% O2. In the SNP-treated animals, fEPSP amplitude fell to 

24.2 ± 7.1% of baseline amplitude while fEPSP amplitude fell to 13.7 ± 4.5% of baseline 

with 10.5% O2. The declines in MAP and fEPSP were not significantiy different between 

the two conditions. Significantly different, however, were the changes in arterial P02 

between the two conditions. Hypoxic hypotension was associated with a significant 

decline in arterial P02 (32.6 ± 0.8 mmHg) while arterial P02 was unchanged during SNP-
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induced hypotension (93.4 ± 6.8 mmHg). In the same group of animals, the SNP-induced 

reductions in fEPSP amplitude, but not the associated hypotension, were attenuated by 8-

CPT. Twenty minutes after 8-CPT administration, the SNP-mediated inhibition of 

fEPSPs was attenuated to just 79.5 ± 4.8% of baseline amplitude (n=5, data not shown); 

however, 8-CPT did not alter the hypotension associated with either hypoxia (hypoxia + 

8-CPT, 44.7 ± 2.1 mmHg) or SNP (SNP + 8-CPT, 38.4 ± 2.6 mmHg)(n=5, data not 

shown). 

All values of arterial blood gas measurements (n=5) for control, hypoxia and SNP 

administration are shown in Table 4. As previously stated, arterial P02 declined 

significantly during hypoxia, but was not altered during SNP-induced hypotension. PC02 

was significantly reduced during hypoxia, but was unchanged with SNP Both pH and 

[HCO3'] were unchanged with either hypoxia or SNP. Moreover, neither hypoxia nor 

SNP altered the fEPSP amplitude recorded from the hippocampus contralateral to the 

occlusion (Table 4). Arterial blood gases with SNP + 8-CPT were unchanged from SNP 

alone with the following values: P02, 100.4 ±3.6 mmHg; PC02, 34.3 ± 2.4 mmHg; 

[HCO3"], 27.5 ± 1.0 mEq/1 and pH, 7.55 ± 0.03 (n=5, data not shown). 

Lastly, the SNP-induced normoxic hypotension also resulted in similar decreases 

in HBF as compared to hypoxic hypotension-induced decreases in HBF (Figure 19). For 

hypoxia, measurements of fEPSP and HBF, both ipsilateral and contralateral, were 

grouped by inspired % O2 and means ± sem calculated and plotted. Data were then fit 

with sigmoidal regression lines. Measurements of fEPSPs for a range of decreases in 

HBF achieved by the administration of SNP were plotted against the existing hypoxic 
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curves. As seen in Figure 19, changes in fEPSP as a function of HBF fall along the same 

lines for hypoxia- and SNP-induced reductions in HBF. 

Effects of normotensive hypoxia on synaptic transmission 
and hippocampal blood flow 

Initially, the effects of normotensive hypoxia on fEPSPs were examined by 

inducing a transient restoration of MAP during hypoxia with the administration of 

phenylephrine (PE, 0.1 mg/kg). As seen in the representative data of Figure 20A, a two-

minute exposure to 10.5%o O2 produced a transient depression in MAP, fEPSPs, and HBF 

recorded from the hippocampus ipsilateral to the occlusion. In Figure 20B, hypoxia was 

given for a total of five minutes with an administration of PE (0.1 mg/kg) at two minutes 

of hypoxia. The administration of PE resulted in a rapid, yet transient increase in MAP 

quickly followed by an increase in HBF, and most importantly a transient restoration of 

fEPSPs near baseline. 

A more effective method of restoring and maintaining MAP during hypoxia was 

accomplished with a constant infusion of phenylephrine. As seen in the representative 

data of Figure 21, constant infusion of phenylephrine (20 |ag/kg/min) restored and 

maintained MAP to approximately 80 mmHg for the duration of the infusion, a total of 8 

min (Figure 21, open circles). Under such conditions, fEPSPs were restored and 

maintained at or above 100% of baseline values despite a continued hypoxia of 10.5% 

O2. Additionally, HBF was restored and actually maintained above 100% for the 

duration of hypoxia. The total volume infused over ten minutes did not exceed 1 ml. 

Infusion with vehicle (physiologic saline), at the same rate and volume, did not restore 
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any parameters (n=5, data not shown). Moreover, the prolonged hypoxia (10 min) 

resulted in anoxic depolarization of the ipsilateral hippocampus in all vehicle infused 

animals with one resulting in death (n=5, data not shown). 

In a separate group of animals (n=6), hypoxia was given for a total of twelve 

minutes with a constant infusion of phenylephrine for ten of those minutes. PE infusion 

was started at 2 minutes of hypoxia. Initial decreases in fEPSPs, MAP and HBF were 

measured at the end of two minutes of hypoxia. Subsequent changes in these parameters 

(i.e., during phenylephrine infusion) were measured as an average across the 10 min 

period. As seen in the bar graph of Figure 22, two minutes of hypoxia resulted in a 95.5 

± 1.4%) decrease in fEPSP in the ipsilateral hippocampus. Ten minutes of PE infusion 

resulted in a restoration of fEPSPs to within -1.2 ± 5.4% of baseline values despite the 

continued hypoxia. Similarly, two minutes of hypoxia resulted in a 60.7 ± 1.5% decrease 

in MAP, with a restoration of MAP during PE infusion to within 3.9 ± 5.4%) of baseline 

values. HBF decreased 66.7 ± 5.4% during hypoxia, but resulted in an increase of 107.7 

± 54.6% above baseline values during PE infusion. 

All values of arterial blood gas measurements (n=6) for control, hypoxia, hypoxia 

-I- PE (1 min), hypoxia + PE (10 min), and recovery are shown in Table 5. As previously 

stated, arterial P02 declined significantly during hypoxia. Inftasion of PE during hypoxia, 

at either 1 or 10 min of infusion, did not significantly alter the arterial P02 observed with 

hypoxia alone. Arterial P02 retumed to baseline values within 5 min after retuming to 

room air. PC02 was significantly reduced during hypoxia, hypoxia + PE (1 min), hypoxia 

+ PE (10 min), and returned to baseline values within 5 min. Both pH and [HCO3"] were 
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unchanged with hypoxia alone, but were significantly lower with PE infusion and 

remained lower even after retuming to room air. Values for changes in fEPSPs in both 

ipsilateral and contralateral hippocampi under all conditions are also listed in Table 5. 
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Figure 13. Representative data for the effects of two levels of hypoxia on fEPSPs, 
MAP, and HBF. Hippocampal fEPSP amplitudes recorded from the ipsilateral 
hippocampus were more sensitive to reductions in inspired O2 than those recorded from 
the contralateral hippocampus. The exposure to the different levels of hypoxia also 
resulted in graded depressions in MAP and HBF. 
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Figure 14. Group data for the effects of 10.5% O2 on fEPSPs, MAP, and HBP (n=13 for 
all groups). Hippocampal fEPSP amplitudes recorded from the ipsilateral hippocampus 
were more sensitive to hypoxia than those recorded from the contralateral hippocampus. 
HBF recorded from the ipsilateral hippocampus was more sensitive to hypoxia than that 
recorded from the contralateral hippocampus. During the post-hypoxic period, a 
significant hyperemia was observed with greater increases in HBF seen in the ipsilateral 
hippocampus. * Significantly different (p < 0.05) from Control, t Significantiy different 
(p < 0.05) from contralateral. T-test for pair-wise comparison. 
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Figure 15. Changes in MAP in response to reductions in % inspired O2. N = 5 - 7 for 
each mean. Line drawn from sigmoid fit of means under dmg-free conditions. MAP 
response was not different between control vs. 8-CPT. 
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Figure 16. The effects of various levels of %> inspired O2 on HBF. Exposure to different 
levels of hypoxia also resulted in asymmetrical decreases in HBF when comparing the 
ipsilateral and contralateral hippocampi. For a group of animals (n=6), the dependence of 
HBF on inspired O2 in each hippocampus was examined. Measuring at the end of a two-
minute exposure to hypoxia, the decline in HBF on the ipsilateral side became 
significantly different from baseline as inspired O2 was reduced to 12.5% (* Significantly 
different (p < 0.05) from Control, t Significantiy different (p < 0.05) from contralateral, 
t-test for pair-wise comparison). 
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Figure 17. Representative changes in fEPSP (top) and MAP (bottom) for hypoxia (A) 
and SNP (B) conditions before and after administration of the selective adenosine Al 
subtype receptor antagonist, 8-CPT. fEPSP amplitudes and were recorded once every ten 
seconds and MAP was recorded every five seconds. 
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Figure 18. Group comparisons of changes in fEPSP, MAP and Pa02 in response to 
hypoxia and SNP. Administration of SNP induced a normoxic hypotension that results in 
a depression of fEPSPs similar to hypoxic hypotension. For a group of animals (n=5), 
SNP administration (1 mg/kg, iv) results in a similar depression of both MAP and fEPSPs 
as compared to hypoxia (10.5%) O2). Arterial P02 measurements were significantly 
different between hypoxia and SNP administration (p<0.001, t-test). 

80 



Table 4. Arterial blood gas and fEPSP values (n = 5) for control, hypoxia, and SNP 
conditions. * Significantly different (p < 0.05) from Control, f Significantly different (p 
< 0.05) from SNP. ANOVA followed by the Neuman-Keuls test for group comparison. 

P02 

PC02 

HC03 

pH 

fEPSPipsi 

lEPSPcontra 

Control 

83.8 ±4.4 

44.2 ± 2.3 

31.7± 1.7 

7.51 ±0.02 

100 

100 

Hypoxia 

32.6 ± 0.8 n 

25.1 ± 1.8 *t 

19.8 ± 3.0 n 

7.54 ±0.03 

13.7 ±4.5* 

99.4 ±2.3 

SNP 

93.4 ±6.8 

34.7 ±2.0 

29.3 ±0.8 

7.56 ± 0.02 

24.2 ±7.1* 

97.6 ±3.7 
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Figure 19. The effects of hypoxia-induced and SNP-induced decreases in fEPSP as a 
function of HBF. SNP-induced normoxic hypotension resulted in similar decreases in 
HBF as compared to hypoxic hypotension-induced decreases in HBF. For hypoxia, 
measurements of fEPSP and HBF, both ipsilateral and contralateral, were grouped by 
inspired %> O2 and means ± sem calculated and plotted. Data were then fit with sigmoidal 
regression lines. Measurements of fEPSPs for a range of decreases in HBF achieved by 
the administration of SNP were plotted against the existing hypoxic curves. Changes in 
fEPSP as a function of HBF fall along the same lines for hypoxia- and SNP-induced 
reductions in HBF. 

82 



A) 10.5% 0 10.5% O, 

I 
E 

Q. 
< 

> 
E, 

Q. 
CO 
Q . 
LU 

X 
3 

LL 

m 

1 T-"—r- ' -n 
8 10 12 14 

Time (min) Time (min) 

Figure 20. The effects of a fransient restoration of MAP during hypoxia on fEPSPs. (A) 
A two-minute exposure to 10.5% O2 produced a transient depression in MAP, fEPSPs, 
and HBF recorded from the hippocampus ipsilateral to the occlusion. (B) Hypoxia was 
given for a total of five minutes with an administration of PE (0.1 mg/kg) at two minutes 
of hypoxia. The administration of PE resulted in a rapid, yet fransient increase in MAP 
quickly followed by an increase in HBF, and most importantly a transient restoration of 
fEPSPs near baseline. 
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Figure 21. The effects of restoring and maintaining MAP during hypoxia on fEPSPs by 
giving a constant infusion of phenylephrine. Infusion of phenylephrine (20 |ig/kg/min) 
restored and maintained MAP to approximately 80 mmHg for the duration of the 
infusion, a total of 8 min (open circles). Under such conditions, fEPSPs were restored 
and maintained at or above 100% of baseline values despite a continued hypoxia of 
10.5%) O2. Additionally. HBF was restored and actually maintained above 100% for the 
duration of hypoxia. 
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Figure 22. Group data for the effects of restoring and maintaining MAP during hypoxia 
on fEPSPs by giving a constant infusion of phenylephrine. Hypoxia was given for a 
total of twelve minutes with a constant infusion of phenylephrine for ten of those 
minutes. PE infusion was started at 2 minutes of hypoxia. Initial decreases in fEPSPs, 
MAP and HBF were measured at the end of two minutes of hypoxia. Subsequent changes 
in these parameters (i.e., during phenylephrine infusion) were measured as an average 
across the 10 min period. PE infusion resulted in significant restoration of all values 
including an increase in HBF above baseline. (n= 6, * = p<0.05 for all groups). 
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Table 5. Arterial blood gas and fEPSP values (n=6) for control, hypoxia, hypoxia + PE (1 
min), hypoxia H- PE (10 min), and recovery. As previously stated, arterial P02 declined 
significantly during hypoxia. * Significantiy different (p <- 0.05) from Control, t 
Significantiy different (p < 0.05) from hypoxia alone. ANOVA followed by the Neuman-
Keuls test for group comparison. 

P02 

PC02 

HC03 

pH 

fEPSPipsi 

It>P^Pcontra 

Control 

89.3 ± 5.4 

29.8 ±1.2 

17.8 ±0.7 

7.40 ±0.01 

100 

100 

Hypoxia 

30.7 ±2.7* 

23.8 ±1.7* 

15.7 ±0.4 

7.44 ± 0.03 

4.5 ± 1.4* 

85.7 ±3.8* 

Hypoxia 
+ PE (1 min) 
23.7 ±2.4* 

22.2 ±1.4* 

13.2 ±0.6* 

7.39 ± 0.02 

87.6 ±8.1 t 

94.2 ± 3.7 t 

Hypoxia 
+ PE (10 min) 

23.8 ± 1.7* 

22.0 ±1 .5* 

l l . l ± 0 . 9 * t 

7.32 ± 0.04 t 

98.8 ± 5.4 t 

102.0 ± 3.0 t 

Recovery 

82.5 ±3.1 

27.5 ±1.3 

11.5± 1.0 *t 

7.24 ± 0.04 *t 

99.8 ±4.1 t 

100.6 ± 3.7 t 
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Hypothesis IV: Asymmetrical changes in local blood flow 
are a result of an impairment of hemodynamic compensatory 

mechanisms within the occluded hemisphere 

We predicted that following the occlusion of the common carotid artery, the 

ipsilateral hemisphere would develop an impairment of its autoregulatory capacity as 

well as a decreased vascular reserve. We expected that alterations in MAP, both below 

and above normotensive values, would result in significant changes in hippocampal blood 

flow within the ipsilateral hippocampus (i.e., impaired autoregulation) and in minimal 

changes within the contralateral hippocampus. Moreover, we expected a diminished 

vascular reserve resulting from the necessary dilation of the cerebral vasculature in the 

occluded hemisphere. 

Study specific experimental protocols 

Autoregulatory capacity was tested by altering MAP both above and below 

normotensive values with the administration of PE (increasing MAP) and various levels 

of hypoxia (decreases in MAP). In experiments where the temporal development of 

autoregulatory impairment was examined, the left common carotid was exposed and 

occluded during experiments using micro-serrefines. In those animals, the femoral artery 

was carmulated to monitor arterial blood pressure. Vascular reserve during normoxia was 

tested by measuring the reactivity of HBF in both hemispheres to increases in CO2 (10% 

for 5 min). Vascular reserve during hypoxia was examined by maintaining synaptic 

transmission during hypoxia using an adenosine Ai antagonist. 
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Autoregulatory capacity of the ipsilateral 
and confralateral hippocampus 

The autoregulatory capacities of both the occluded and non-occluded hemispheres 

were tested by altering systemic blood pressure and then recording the resultant changes 

in hippocampal blood flow in each hemisphere. Autoregulatory capacity at the lower end 

of the pressure curve was tested by decreasing systemic blood pressure by two-minute 

insults of various levels of hypoxia. As shown in hypothesis III, exposure to various 

levels of % inspired 02 results in an accompanying reduction in mean arterial blood 

pressure (Figure 15). The upper limit of autoregulatory capacity was tested by increasing 

systemic pressure with the administration of two separate doses of phenylephrine. 

Significant differences in HBF to changes in MAP existed both on the high and 

low ends of the autoregulatory range (Figure 23). In a group of animals (n=7), baseline 

MAP was 101.6 ± 1.2 mmHg at normoxia (21% 02). In the same group of animals, a 

hypoxia-induced decrease in MAP to 53 mmHg resulted in a decrease of HBF to 53.2 ± 

3.8 % of baseline in the ipsilateral hippocampus, and to 90.1 ± 2.8 % in the contralateral 

hippocampus. A hypoxia-induced decrease in MAP to 45mmHg resulted in a decrease of 

HBF to 37.7 ± 1.7 % of baseline in the ipsilateral hippocampus, and to 68.8 ± 4.1 % of 

baseline in the contralateral hippocampus. A PE-induced (n=4, 0.03 mg/kg, iv) increase 

in MAP to 130 mmHg resulted in an increase of HBF to 224.3 ± 7.4 % of baseline in the 

ipsilateral hippocampus, and to 117.9 ± 9.1 % of baseline in the contralateral 

hippocampus. A PE-induced (n=7, 0.1 mg/kg, iv) increase in MAP to 167 mmHg 
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resulted in an increase of HBF to 562.2 ± 30.5 % of baseline in the ipsilateral 

hippocampus, and to 148.9 ± 6.4 % of baseline in the contralateral hippocampus. 

A more detailed examination of the changes in HBF as a response to decreases in 

MAP (i.e., the lower limit of autoregulation) was examined in a separate group of 

animals. Changes in HBF in response to decreases to six different levels of MAP were 

tested (Figure 24). All changes in HBF resulting from MAPs below 60 mmHg were 

significantly different from baseline for both ipsilateral and contralateral hippocampi 

(n=6, p<0.05, ANOVA followed by Student-Neuman-Keuls). Moreover, the ipsilateral 

hippocampus was significantly more sensitive to decreases in MAP below 60 mmHg, 

resulting in greater decreases in HBF as compared to the contralateral hippocampus 

(p<0.05). 

Temporal development of the impairment of autoregulatory capacity 

Typically, the surgical preparation of an animal, from permanent occlusion of the 

common carotid artery to fEPSP signal acquisition, takes approximately 2 hours. Within 

that time, impairment of autoregulation is observed in the ipsilateral hippocampus in all 

animals. In a group of animals (n= 5), occlusion of the common carotid artery was 

performed with the use of micro-serrefines after signal acquisition. Changes in fEPSPs 

and HBF resulting from alterations in systemic blood pressure were examined at control 

(no occlusion), 20 minutes post-CCAO, and 2 hours post-CCAO. 

Impairment of autoregulation for decreases in MAP was seen almost immediately 

following CCAO. Changes in fEPSP, MAP, and HBF in the ipsilateral hippocampus 
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tested 20 minutes post CCAO were not different from changes seen after 2 or more hours 

following CCAO (data not shown). The impairment of autoregulation for increases in 

MAP, however, was more gradual and developed over time. Figure 25 illustrates the 

representative changes in HBF in the ipsilateral and contralateral hippocampus resuhing 

from similar increases in systemic blood pressure over three test periods (control/no 

occlusion, 20 minutes post-CCAO, and 2 hours post-CCAO). In this animal, an increase 

in MAP to 160 mmHg resulted in littie to no change in HBF under control (no occlusion) 

conditions (Figure 25, A top and bottom). Twenty minutes after occluding the common 

carotid artery, a similar increase in MAP resulted in a slight elevation of blood flow, 

equally on the occluded and non-occluded hemispheres (Figure 25, B top and bottom). 

By 2hrs post CCAO, however, a similar increase in pressure resulted in a marked 

transient increase in cerebral blood flow in the hippocampus ipsilateral to the occlusion 

with minimal changes in HBF in the contralateral hippocampus (Figure 3, C top and 

bottom). For a group of animals (n=5), the increase in HBF seen 20 minutes post-CCAO 

for an increase in MAP to 160.4 ± 3.6 was 120.3 ± 6.8 % of baseline and 126.8 ± 9.2 % 

of baseline for the ipsilateral and contralateral hippocampus, respectively (data not 

shown). In the same group of animals, the increase in HBF seen 2 hours post-CCAO for 

an increase in MAP to 163.6 ± 4.2 was 418.2 ± 36.8 and 136.7 ± 12.3 for the ipsilateral 

and contralateral hippocampus, respectively (data not shown). 

As previously stated, we expected a diminished vascular reserve or vasodilatory 

capacity in the ipsilateral hippocampus resulting from the necessary dilation of the 

cerebral vasculature in the occluded hemisphere to maintain flow following the occlusion 
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of the common carotid artery. Vascular reserve during normoxia was tested by 

measuring the reactivity of HBF in both hemispheres to hypercapnea (10% C02 for 5 

min). Vascular reserve during hypoxia was examined by maintaining synaptic 

transmission during hypoxia using an adenosine Al antagonist. 

Changes in arterial blood gases, MAP, HBF and fEPSPs for a group of animals 

(n=6) subjected to 10% C02 for 5 min under normoxia (21% 02) are given in Table 6. 

The five minute exposure to 10% C02 resulted in a significant hypercapnea to 60.6 ± 4.0 

mmHg (p=0.004, t-test). Po2, HC03-, and pH were all significantly different from 

control (p<0.05, t-test). A significant increase in MAP also resulted from the exposure to 

increased C02. Increases in HBF for both the ipsilateral and contralateral hippocampi 

were significantly increased from baseline; however, increases in HBF were not 

significantly different from each other (p= 0.512, t-test). fEPSP were not significantly 

altered. 

Given that the autoregulatory capacity of the ipsilateral hemisphere is impaired, it 

is not apparent from the experimental data if the increases in HBF seen in the ipsilateral 

hippocampus during hypercapnea are due, at least in part, to passive increases in HBF 

resulting from the elevations in MAP (discussed in further detail in Discussion section). 

In two of the six animals tested, however, elevations in MAP observed during 

hypercapnea were minimal. In these animals, increases in HBF in the contralateral 

hippocampus were similar to those observed in animals with elevated MAPs, while 

changes in HBF in the ipsilateral hippocampus were minimal. Representative data for 

one of these animals is illustrated in Figure 26. 
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Vascular reserve during hypoxia was examined by maintaining synaptic 

transmission during hypoxia using an adenosine Ai antagonist. The dependence of HBF 

on inspired O2 in each hippocampus before and after the administration of 8-CPT was 

examined (Figure 27). In the drug-free condition, the decline in'HBF on the ipsilateral 

side during hypoxia became significantiy different from baseline HBF levels as inspired 

O2 was reduced to 12.5% (p < 0.03, Figure 27A). The decline in HBF on the 

contralateral side became significantly different from baseline by 11.5% inspired O2 (p < 

0.05, Figure 27B). When comparing the two sides, the decline in HBF was significantiy 

greater on the ipsilateral side than on the contralateral side at all values below 12.5% 

inspired O2 (p < 0.02 for pair-wise comparisons of drug-free values in 27A and 27B). 

Administration of the adenosine A\ receptor antagonist, 8-CPT, did not 

significantly alter baseline values of fEPSP amplitude, Ptiss02, or HBF in either ipsilateral 

or contralateral hippocampi; however, 8-CPT altered the HBF response to systemic 

hypoxia on both sides. On the ipsilateral side, HBF was actually nominally higher at 

14.5%) O2 (102.5 ± 4.4% of control) when compared to normoxic HBF and then fell less 

at lower inspired O2 with significant differences by 12.5% O2 (p < 0.006, Figure 27A). 

On the contralateral side after 8-CPT, HBF was nominally increased during hypoxia 

above normoxic values between 14.4 and 10.5% O2. HBF on the contralateral side after 

8-CPT was significantiy higher than drug-free condition at 12.5% inspired O2 (p < 0.01, 

Figure 27B). 
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Figure 23. Autoregulatory capacity of the ipsilateral and contralateral hippocampi. 
Autoregulatory capacity (changes in HBF in response to changes in MAP) at the lower 
end of the pressure curve was tested by decreasing systemic blood pressure by a two 
minute insult of two different levels of hypoxia (11.5% and 10.5% O2). The upper limit 
of autoregulatory capacity was tested by increasing systemic pressure with the 
administration of two separate doses of phenylephrine (0.03 mg/kg and O.I mg/kg). (n=7 
for all points other than where indicated in which case n=4). (* Significantly different (p 
< 0.05) from control, t Significantly different (p < 0.05) from contralateral, t-test for 
pair-wise comparison). 
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Figure 24. Lower limits of autoregulatory capacity for both ipsilateral and contralateral 
hippocampi. In a group of animals (n=6), changes in HBF in response to decreases to six 
different levels of MAP were tested. All changes in HBF resulting from MAPs below 60 
mmHg were significantly different from baseline for both ipsilateral and contralateral 
hippocampi. The ipsilateral hippocampus was significantly more sensitive to decreases 
in MAP below 60 mmHg, resulting in greater decreases in HBF as compared to the 
contralateral hippocampus (* = p<0.05, ANOVA followed by Student-Neuman-Keuls). 
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Figure 25. Representative changes in HBF resuhing from similar increases in systemic 
blood pressure over the time following vascular occlusion. An increase in MAP to 160 
mmHg resulted in little to no change in HBF under control (no occlusion) conditions (A 
top and bottom). Twenty minutes after occluding the common carotid artery (CCAO), a 
similar increase in MAP resulted in a slight elevation of blood flow, equally on the 
occluded and non-occluded hemispheres (B top and bottom). Increased pressure 2hrs post 
CCAO resulted in a marked transient increase in HBF in the hippocampus ipsilateral to 
the occlusion with minimal changes in HBF in the contralateral hippocampus (C top and 
bottom). 
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Table 6. Arterial blood gas, MAP, HBF and fEPSP values (n = 6) for control and 
hypercapnea (10% CO2 and 21% O2) conditions. * Significantly different from Control 
(p < 0.05, Student t-test). 

P02 

PC02 

HCO3 

pH 

MAP (mmHg) 

HBFipsi (% of baseline) 

HBFcontra (% of baseline) 

fEPSPipsi 

fEPSPcontra 

Control 

99.411.5 

45.5 10.7 

27.0 1 0.4 

7.39 + 0.01 

112.413.2 

100 

100 

100 

100 

Hypercapnea 

11013.9* 

60.6 + 4.0* 

28.3 10.4 * 

7.28 1 0.03 * 

126.411.3* 

135.217.3* 

128.915.7* 

98.012.6 

104.712.7 
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Figure 26. The effects of hypercapnea on fEPSP, MAP, and HBF. Representative data 
for change measured parameters resulting from a five minute exposure to 10% C02, 21% 
02. In this animal, elevation in MAP during hypercapnea was minimal and increase in 
HBF was more pronounced in the contralateral hippocampus than the ipsilateral 
hippocampus. 
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Figure 27. Effects of maintaining synaptic function during hypoxia on HBF. (A) HBF as 
percent of baseline as a function of changes in % inspired O2 from ipsilateral 
hippocampus in drug-free (open circles) and with 8-CPT (filled circles). The asterisks (*) 
in (A) indicate P < 0.05 when compared with HBF in drug-free, confralateral 
hippocampus (data plotted in B) at the each % inspired O2. (B) HBF response to various 
% inspired O2 from contralateral hippocampus in drug-free (open squares) and with 8-
CPT (filled squares). For A and B, N= 4 - 7 for each mean. P values from selected 
pair-wise comparisons shovra with arrows. 
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Hypothesis V: The activation of Akt/PKB. an anti-apoptotic 
protein, in the hippocampus is directly coupled to an 

adenosinergic signal transduction pathway 

Finally, we focused on the concurrent activation of a survival pathway following 

cerebral ischemia, namely the increased phosphorylation and subsequent activation of 

Akt/PKB. Recent evidence demonstrates that adenosine can mediate the activation of the 

anti-apoptotic kinase Akt/PKB in muscle tissue cell culture (Germack and Dickenson, 

2000). Adenosine-mediated activation of survival pathways is yet to be demonstrated in 

neuronal tissue. We predicted that direct administration of an adenosine agonist to 

hippocampal tissue slices would increase activation of Akt/PKB and that hypoxia, 

resulting in an adenosine-mediated depression of synaptic transmission in vivo, would 

also result in increased activation of Akt/PKB. 

Study specific experimental protocols 

Experimental protocols used to test this hypothesis are explained in detail within 

the Methods sections. Briefly, for in vitro experiments, transverse hippocampal slices 

were prepared from male Sprague-Dawley rats weighing 150-250g. Slices, 400 ^m in 

thickness, were cut and then incubated for at least 1 hr in a static chamber containing 

heated (33.4 ° C) artificial cerebral spinal fluid (aCSF). Slices were initially taken at 

various time points to assess changes in Akt/PKB activity. Four (4) hippocampal slices 

were frozen on dry ice at each of the following times: t = 0 (during slice preparation). t= 

1 hour, t= ~2 hours control, t=~2 hrs drug treatment. After initial dry-ice freezing, slices 
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were placed in 1ml micro-centriftige tubes and stored at -80 °C until used for Western-

blot analysis. 

Westem blot analysis was carried out on 8% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) according to the method of Laemmli. Equal amounts of 

protein were loaded into each lane. Protein content per sample was determined by the 

Bradford method using optical density. Two different antibodies were used to assess 

total Akt/PKB and phosphorylated Akt/PKB (activated form). The phospho-specific 

antibody detects phosphorylation of Akt/PKB at Ser-473. No significant differences in 

the level of Akt/PKB activation (i.e., Phospho-Akt/PKB) were found between t=0, t=l 

hour, and t=2 hours control samples (data not shown). Total Akt/PKB was determined to 

confirm that any findings were not a result of excess protein loaded into any given lane. 

The density of each protein band was evaluated using the Visage 2000 optical 

densitometer camera and Visage 2000 analysis software (Genomic Solution, Inc. Arm 

Arbor, Ml). 

The effects of adenosine on Akt/PKB activation in vitro 

Changes in the activation of Akt/PKB were examined under four separate 

experimental conditions: control (aCSF only), incubation for 20 min with the adenosine 

Al selective agonist CHA (10^M), incubation for 20 min with 8-CPT (10|aM), and 20 

min incubation with both 8-CPT + CHA. In each condition, fresh aCSF was placed in 

each chamber after 20 min of drug incubation with slices collected approximately one 

hour later. The replacement of fresh aCSF was also performed for control samples. All 
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four experimental conditions were tested in hippocampal slices from the same animal. 

Hippocampal slices from any one animal were incubated in four separate chambers. In 

order to extract sufficient amounts of protein for analysis, each chamber contained four 

slices. The effects of incubating hippocampal slices in the experimental conditions 

named above are illusfrated in Figure 28. Figure 28A, shows examples of Westem blots 

for phosphorylated Akt/PKB (A, top row) and for total Akt/PKB (A, bottom row) for 

each condition tested. As can be seen in the representative Westem blots, incubation for 

20 min with the adenosine Ai selective agonist CHA results in marked increases in 

phospho-Akt/PKB. Data for changes in the level of phosphorylation are expressed as 

relative intensity (r.i.) determined by densitometery (see Methods section). For a group 

of animals (n=6), CHA administration resulted in a significant 2.5 ± 0.6 fold increase in 

Akt/PKB phosphorylation (Figure 28B). The administration of 8-CPT alone had no 

significant effect on baseline P-Akt/PKB levels; however, incubation with 8-CPT + CHA 

completely attenuated the increase in phosphorylation of Akt/PKB seen with CHA alone 

(0.8 ± 0.1 r.i. for 8-CPT + CHA vs. 2.5 ± 0.6 r.i for CHA). 

The effects of adenosine on Akt/PKB activation in vivo 

The effects of increased neuronal adenosine on Akt/PKB activation in vivo were 

also examined. This was accomplished by subjecting animals to one of two separate 

protocols each leading to adenosine-mediated depression(s) of synaptic transmission. 

Animals were either subjected to (1) an extended hypoxic exposure (10.5% O2 for 20 

min) resulting in an anoxic depolarization of hippocampal neurons in the ipsilateral 
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hippocampus only, or (2) repeated two-minute hypoxic insults or transient ischemic 

attacks (TIAs, 5, 2-min exposure of 10.5% O2) without anoxic depolarization. 

Representative trial records of each protocol are illustrated in Figure 29. As can be seen 

in either protocol, hypoxic exposures whether prolonged (Figure 29A), or transient 

(Figure 29B) had no significant effect on the evoked potentials in the contralateral 

hippocampus. Sham controls were performed in six animals subjected to the same 

surgical procedure as experimental animals. 

Figure 30A, illustrates examples of Westem blots for hippocampi, both ipsilateral 

and contralateral, for sham controls (unilateral carotid artery occlusion only), anoxic 

depolarization (depolarization of ipsilateral hemisphere only), 8-CPT (1.5 mg/kg, i.v.) + 

anoxic depolarization and TIAs (5, 2-min exposures to 10.5% O2 without anoxic 

depolarization). For a group of animals (n==6 for each condition), extended hypoxia with 

anoxic depolarization resulted in significant increases in P-Akt/PKB only within the 

hippocampus ipsilateral to the vascular occlusion (Figure 3OB). Similar to in vitro 

experiments, the administration of 8-CPT significantly attenuated the increase in 

phosphorylation of Akt/PKB seen with anoxic depolarization alone (3.0 ± 0.8 r.i. for 8-

CPT + anoxic depol vs. 6.6 ± 1.1 r.i for anoxic depol alone). Transient ischemic 

exposures, however, did not resuh in significant increases in phosphorylated Akt/PKB 

when compared to either sham controls or between hippocampi. 
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Figure 28. The effects of adenosine on Akt/PKB activation in vitro. (A) Examples of 
Westem blots for control (aCSF only), CHA, 8-CPT and 8-CPT + CHA. Total Akt/PKB 
was also determined (A, bottom row) to ensure increases in relative intensity of P-
Akt/PKB were not a result of differences in amount of total protein per lane. (B) Group 
data (n=6, for each category) illustrating average differences in relative intensity between 
groups. (* significant from control, f significant from CHA p < 0.05, ANOVA followed 
by Student Neuman-Keuls). 
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Figure 29. Representative experimental protocols for extended and transient hypoxia. 
(A) Trial record for typical extended hypoxic exposure (10.5% O2 for 20 min) resulting 
in an anoxic depolarization of hippocampal neurons in the ipsilateral hippocampus only. 
(B) Repeated two-minute hypoxic insults or transient ischemic attacks (TIAs, 5, 2-min 
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denoted by hash marks. Neither protocol had significant effects on the evoked potentials 
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Figure 30. The effects of adenosine on Akt/PKB activation in vivo. (A) Westem blots for 
hippocampi, both ipsi and contra, for sham controls (unilateral carotid artery occlusion 
only), anoxic depolarization (depolarization of ipsilateral hemisphere only), 8-CPT (1.5 
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anoxic depolarization). (B) Group data (n=6, for each category) comparing average 
differences in relative intensity between groups. Averages were calculated from 
differences in relative intensity for ipsilateral vs. contralateral for each condition tested. 
(* significant from control, f significant from anoxic depol, p < 0.05, ANOVA followed 
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CHAPTER V 

DISCUSSION 

In this chapter, each of the hypotheses previously presented will be discussed as 

separate subsections. 

Hypothesis I: The depression of hippocampal synaptic 
transmission in vivo during systemic hypoxia is 

mediated by central adenosine A[ receptors 

We conclude from these studies that the initial hypoxic depression of 

hippocampal synaptic transmission observed in vivo is mediated by locally released 

adenosine acting at central Ai receptors. The adenosine antagonists, caffeine and 8-CPT, 

significantly attenuated the hypoxic depression of synaptic transmission. Our 

observations with the selective antagonist 8-CPT are consistent with the numerous 

demonstrations of the role of the neuronal Ai receptor in inhibition of the in vitro 

hippocampal synaptic response during hypoxic or hypoxic/hypoglycemic conditions 

(Fowler. 1989, 1990; Gribkoff et al., 1990; Zeng et al., 1992; Katchman and 

Hershkowitz, 1993; Arlinghaus and Lee, 1996). 

It is unlikely that activation of other adenosine receptor subtypes directly 

contribute to the hypoxic depression of synaptic transmission. Activation of A3 and the 

A2a receptors facilitate synaptic transmission in the hippocampus primarily by negatively 

modulating Ai-mediated inhibition (Dunwiddie, Diao et al., 1997). The activation of 

these receptors would oppose the hypoxic depression we observe. It is unlikely these 
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receptors are substantially activated during the brief hypoxic/ischemic exposures applied 

as both receptors appear to require an extended duration of activation and/or relatively 

high concentration of adenosine before antagonizing Ai-mediated inhibition (Dunwiddie 

et al., 1997; Latini et al., 1999). The central role of the Ai receptor in hypoxic inhibition 

of synaptic transmission was further supported by our experimental data demonstrating 

the ineffectiveness of A2 receptor ligands. Administration of either the adenosine A2A 

agonist CGS 21680 or the A2A antagonist DMPX had no significant effects on either 

baseline fEPSP values or on the hypoxic depression of evoked potentials. The functional 

importance of A2 receptors on hippocampal synaptic activity is not clear. The relatively 

high affinity A2A receptors labeled by CGS-2I680 are either absent in the hippocampus 

(Jarvis et al., 1989) or present in 'atypical' form (Cunha et al., 1996). Furthermore, acute 

administration of selective A2A ligands in hippocampal slices exposed to in vitro ischemia 

do not alter the depression of the fEPSP (Latini et al., 1999). 

The most proximate stimulus for adenosine release seems to be local tissue 

hypoxia. Brain adenosine levels are sensitive to a number of factors that contribute to the 

level of tissue oxygenation including cerebral blood flow (CBF), MAP, and arterial P02 

(Rubio et al., 1975; Winn et al., 1981; Matsumoto et al., 1992). With respect to this 

model, unilateral carotid occlusion in the absence of hypoxia should have had little effect 

on baseline CBF, energy state or cerebral metabolism (Salford et al., 1973). In our 

model, applied hypoxia resulted in combined hypotension and hypoxemia. Application 

of either one of these insults could result in reduced tissue oxygenation and metabolic 

derangement most prominently on the side ipsilateral to the 
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carotid occlusion with the hippocampus being one of the more vulnerable regions 

(Salford et al., 1973; Ginsberg et al., 1976; Mendelow et al., 1984). 

While local tissue hypoxia may be the stimulus for adenosine release, it seems 

clear that the adenosine antagonists did not blunt the depression of the evoked potential 

by altering tissue oxygenation. The adenosine Ai receptor selective antagonist, 8-CPT, 

blocked the hypoxic depression of synaptic transmission but did not change the hypoxic 

alterations in MAP, P02, or Pco2- There is no indication of an inhibitory adenosinergic 

tone influencing synaptic activity during normoxia. 8-CPT did not alter fEPSP amplitude 

in either hippocampus under normoxic conditions. This observation is consistent with 

recent findings in Ai receptor knock-out mice showing that adenosinergic modulation of 

synaptic activity is most apparent only under pathophysiological conditions such as 

oxygen deficiency (Johansson et al, 2001). The persistence of synaptic transmission 

during hypoxia in the presence of 8-CPT is consistent with the conclusion that the 

adenosine-mediated inhibition of synaptic transmission is a physiological compensatory 

response to metabolic stress prior to compromise of ftmction from energy depletion. 

We also conclude from these studies that the hypoxic depression of hippocampal 

synaptic transmission is mediated by the effects of endogenous adenosine acting solely 

on central and not peripheral Ai receptors. As previously mentioned, our results show 

that peripherally applied 8-CPT blocks the hypoxic depression of the flEPSP but does not 

affect the changes in arterial blood gases or the hypotension associated with systemic 

hypoxia. 8-CPT crosses the blood-brain barrier and would be expected to block both 

central and peripheral adenosine Ai receptors. A second set of experiments examined the 
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actions of 8-SPT, a non-selective adenosine antagonist, that does not cross the blood-

brain barrier and effectively blocks peripheral adenosine's actions during systemic 

hypoxia (Shryock and Belardinelli, 1997; Marshall, 1999). Peripherally applied 8-SPT 

failed to blunt the hypoxic depression of hippocampal fEPSPs but did, however, block 

the cardiodepressive effects of the systemically applied adenosine Ai selective agonists, 

CHA and ADAC, confirming 8-SPT's accessibility and efficacy at peripheral receptors. 

Further supporting our conclusions that the hypoxic depression of evoked potentials in 

tiie hippocampus is mediated by central receptors is the finding that 8-SPT injected into 

the cerebral ventricles blocked the hypoxic depression of the fEPSP. 8-SPT when 

injected into the brain has been shown to be confined to the brain side of the blood-brain 

barrier (Coney and Marshall, 1998). 

While enhanced adenosine release can be viewed as a primarily local tissue 

protective response to hypoxia, it was apparent from our adenosine agonist experiments 

that adenosine's actions within the heart can have profound systemic implications. In a 

more prolonged or severe systemic hypoxia, cardiovascular adenosine Ai receptors are 

activated and there is evidence that the subsequent impairment of cardiac function 

significantly contributes to animal mortality (Cummings et al., 2000). In the present 

experiments, the unilateral carotid artery occlusion permits the observation of hypoxic 

synaptic depression in the ipsilateral hippocampus under relatively moderate conditions 

of systemic hypoxia that do not impose a massive activation of cardiovascular receptors. 

The significance of these cardiac receptors, however, was demonstrated with the 

peripheral administration of the adenosine A, agonists CHA and ADAC. CHA mediates 
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a bradycardia in isolated rat heart preparation (Hinschen et al., 2000) and causes a 

bradycardia with hypotension in anesthetized rats via activation of a cardiac Ai receptors 

(Stella et al., 1993). 

Activation of the adenosine Ai receptor has been consistentiy shown to result in 

reduction of neuronal damage following cerebral ischemia. Accordingly, the 

pharmacological manipulation of adenosine receptors offers an attractive therapeutic 

target for the treatment of stroke. The efficacy of any therapeutic intervention, however, 

is dependent, at least in part, on the permeability of the dmg across the blood brain 

barrier. Recently, a few reports have examined peripherally administered adenosine 

receptor agonists that are believed to effectively cross the BBB (Bischofberger et al., 

1997; Marston et al., 1998; Von Lubitz et al., 1999). Marston et al., observed 

hypolocomotion effects in response to peripherally administered cyclopentyl-adenosine 

(CPA) in rats. These effects were absent in animals pretreated with adenosine 

antagonists that cross the blood brain barrier, but were still present in animals pretreated 

with adenosine antagonists that do not cross the BBB (i.e., 8-SPT). They concluded that 

the adenosine-mediated depression of locomotion was mediated by the activation of 

central and not peripheral receptors. Simply, their conclusions imply that peripherally 

administered CPA effectively crosses the blood brain barrier to activate central adenosine 

Al receptors. Similarly, Von Lubitz et al., found that the peripheral administration of 

ADAC protected against ischemic damage in gerbils (Von Lubitz et al, 1999). 

In our hands, however, peripheral administration of either CHA or ADAC, both 

highly selective adenosine Ai agonists, results in a depression of synaptic transmission 
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that is mediated by peripheral, not central receptors. Both agonists had pronounced 

cardiodepressive effects resulting in systemic hypotension. All cardiodepressive effects 

as well as the depression of synaptic transmission were blocked by the administration of 

8-SPT, which does not cross the blood brain barrier. Our results are contradictory to the 

previously described reports. In fact, adenosine amine congener (ADAC) has been 

described as an adenosine Ai agonist unhampered by cardiovascular side effects 

(Bischofl^erger et al., 1997; Von Lubitz et al., 1999); however, in our model its 

administration had pronounced cardiodepressive effects. The inability of either agonist to 

result in a depression of hippocampal evoked potentials recorded in animals pretreated 

with an antagonist that does not cross the blood brain barrier supports our conclusion that 

the permeability of these agonists is not sufficient to result in concentrations necessary to 

activate central adenosine Ai receptors within the hippocampus. 

Of more direct relevance to adenosine and its interactions with neuronal receptors, 

the results with the adenosine agonists contain certain implications with respect to the 

relative contributions of hypoxemia and oligemia to the adenosine-mediated depression 

of synaptic transmission. In the experiments, CHA-mediated and/or ADAC-mediated 

hypotension in the normoxic rat with carotid artery occlusion was associated with a 

significant decline in the fEPSP that was similar in many respects to that seen with 

systemic hypoxia. Since systemic hypoxia is also associated with a significant 

hypotension, (Bryan and Marshall, 1999; Gervitz et al., 2001) this observation raises the 

possibility that the declines in the fEPSP observed during the CHA-mediated normoxic 

hypotension and during hypoxic hypotension may be related not only to hypoxemia but 
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also to a reduced cerebral blood flow secondary to hypotension. Although adenosine-

mediated depression has been correlated with graded hypoxia in the in vitro hippocampal 

slice (Fowler, 1993a), it may be that endogenous adenosine's actions in vivo are 

determined by an interaction between tissue hypoxia and local cerebral blood flow. One 

could speculate that while an energy imbalance may increase tissue adenosine levels, a 

local perfusion insufficiency may be necessary for the accumulation of adenosine to a 

sufficient degree to activate its receptors. 

In summary, these results are consistent with the conclusion that the imposition of 

systemic hypoxia in an anesthetized rat with a unilateral carotid artery occlusion induces 

an adenosine-mediated depression of evoked synaptic transmission in the ipsilateral 

hippocampus. The depression of synaptic transmission appears to be mediated by locally 

released adenosine acting at hippocampal neuronal adenosine Ai receptors. An 

adenosine Ai-mediated depression of synaptic transmission in vivo is consistent with an 

analogous effect observed in the hypoxic hippocampal slice in vitro (Fowler, 1989; 

Gribkoff et al., 1990) and with the rapid rise in cerebral adenosine seen in response to 

systemic hypoxia (Phillis et al., 1987). 

Hypothesis II: The adenosine-mediated depression of 
synaptic transmission during hypoxia is coupled 

to decreases in hippocampal ?,^0i 

The initial objective of this study was to test the hypothesis that hypoxia-induced, 

adenosine-mediated depression of synaptic transmission was most directiy related to a 

differential decline in hippocampal Ptiss02. The unilateral carotid artery occlusion model 
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provides tiie asymmetric hemispheric sensitivity of synaptic transmission to systemic 

hypoxia necessary to test this hypothesis. It was apparent from our results that 

hippocampal fEPSP amplitudes recorded from the ipsilateral hippocampus were much 

more sensitive to reductions in inspired O2 than those recorded from the contralateral 

hippocampus. The most surprising resuh was that adenosine-mediated depression of 

synaptic transmission in the ipsilateral hippocampus was not uniquely correlated with 

declines in local P„3,02. In fact, P,,,02 declined similarly in both hippocampi as a 

frmction of inspired O2 while adenosine-mediated depression of synaptic transmission 

was clearly most pronounced on the ipsilateral side. This result was surprising because 

hypoxia is a potent and well-characterized stimulus for adenosine release in rat 

hippocampal slices under constant flow conditions (Fowler, 1993a; Dale et al., 2000; 

Johansson et al., 2001), and, in anesthetized rats, cortical adenosine levels have been 

shown to be inversely proportional to inspired O2 (Rubio et al., 1975). The present 

results indicate that, while tissue hypoxia may be a stimulus for increased interstitial 

adenosine, Ptiss02 alone does not explain the greater senshivity of the ipsilateral 

hippocampus to systemic hypoxia. As such, the proposed hypothesis is not supported by 

the experimental data; however, an altemative hypothesis was proposed and tested, and is 

discussed below. 

Hypothesis III: The adenosine-mediated depression of synaptic 
transmission is coupled to decreases in cerebral blood flow 

The objective of this study was to test the hypothesis that the adenosine-mediated 

depression of synaptic transmission is coupled to decreases in cerebral blood flow. In 
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Hypothesis I, we demonstrated that exposure to 10.5% hypoxia resuhs both in a 

significant hypoxemia and in a significant hypotension. In additional experiments 

conducted as a part of this hypothesis, we demonstrated that exposure to various levels of 

hypoxia results in an accompanying reduction in mean arterial pressure. Administration 

of the selective adenosine Ai antagonist 8-CPT blocks the hypoxic depression of the 

fEPSP but does not affect the hypotension associated with systemic hypoxia. Also, 

administration of A2 antagonists has no effect on the hypoxia-induced hypotension. We 

conclude that the development of hypoxic hypotension is not directly mediated by 

activation of adenosine receptors. 

Further investigations determined that the hippocampal fEPSP amplitudes 

recorded from the ipsilateral hippocampus were more sensitive to reductions in inspired 

O2 than those recorded from the contralateral hippocampus. Exposure to different levels 

of hypoxia also resulted in asymmetrical decreases in hippocampal blood flow (HBF). 

We conclude from these studies that hypoxia (i.e., hypoxic hypotension) results in 

asymmetrical decreases in HBF, leading to an adenosine-mediated depression of synaptic 

transmission in the ipsilateral hippocampus. Understanding the mechanisms and 

physiological conditions that underlie the depression of synaptic transmission is of 

considerable importance. Suppression of evoked potentials is an early cardinal sign of 

cerebral ischemia in the clinical setting (Weigand et al., 1999). Moreover, it is generally 

accepted that the pathogenesis of acute cerebral ischemia involves the presence of 

viability thresholds related to local blood flow (Astmp et al., 1981; Heiss and Graf, 

1994). The development of ischemic core and of penumbral tissue is dependent on two 
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flow thresholds. The critical hypoperfusion that results in ischemic core tissue is flow 

that falls below 10 ml/lOOg/min or to ~ 20% of control (Astmp et al., I98I; Heiss and 

Graf, 1994; Hossmann, 1994, 1999). Ischemic penumbra resuhs from flow that falls to 

approximately 15 ml/lOOg/min or to -30% of control (Hossmann, 1994, 1999). Changes 

in HBF observed in our studies correlate well with these definitions. Simply, unilateral 

common carotid artery occlusion in the rat, when combined with systemic hypoxia and/or 

hypotension, reproduces many of the features of ischemic penumbra localized to the 

ipsilateral hemisphere (Levine, 1960; Salford and Siesjo, 1974; Kempski et al., 1999). 

To test our hypothesis that the adenosine-mediated depression of synaptic 

transmission is coupled to decreases in cerebral blood flow and not to decreases in Ptiss02, 

we examined the effects of normoxic hypotension on hippocampal fEPSPs and HBF. 

Our results indicate that SNP-induced normoxic hypotension is sufficient to induce a 

reversible, adenosine Ai receptor-mediated depression of synaptic transmission in the rat 

hippocampus in vivo. The resistance to a depression of fEPSPs recorded from the 

contralateral hippocampus following systemic administration of the SNP is consistent 

with the conclusion that the effect of SNP is not a direct one on neuronal excitability but 

rather more likely related to the associated hypotension. Hypotension is known to induce 

a hemodynamic oligemia localized to the occluded hemisphere (Mendelow et al., 1984; 

Kempski et al., 1999). A reduction of MAP within the range of 40-50 mmHg, as 

produced in these experiments, is known to preferentially reduce CBF in the occluded 

hemisphere following unilateral common carotid artery occlusion (Van Wylen et al . 

1988). 
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The decreases in MAP and resultant changes in fEPSP amplitudes observed 

during SNP administrations were not significantly different from those observed during 

exposures to hypoxia. These findings suggest that the decreased P02 seen during hypoxia 

has a nominal effect in contributing to accumulation of adenosine to levels sufficient to 

decrease synaptic transmission. If P,iss02 had a more cmcial role, a much greater 

decrease in fEPSP amplitude for the same systemic hypotension would be expected when 

comparing hypoxic versus normoxic hypotension. Systemic hypoxia is a potent stimulus 

for adenosine release both in vitro (Fowler, 1989, 1993b) and in vivo (Rubio et al., 1975; 

Van Wylen et al., 1986; Phillis et al., 1987); however, normoxic hypotension is also 

known to result in significant increases in interstitial adenosine concentrations (Park et 

al., 1988). In fact, abrupt reductions in MAP from 80 to 47 mmHg under normoxic 

conditions, similar to that observed with SNP administration, result in greater than 3-fold 

increases in adenosine concentrations (Park et al., 1988). Thus, both normoxic-

hj^otension and hypoxic-hypotension can each result in increased local release of 

adenosine that when coupled with a local perfusion insufficiency (i.e., asymmetrical 

decreases in HBF) can lead to an accumulation of adenosine sufficient to activate 

receptors and result in an inhibition of synaptic transmission within the ipsilateral 

hippocampus. 

Lastly, we also predicted that a restoration of MAP to baseline values during 

hypoxia (i.e., normotensive hypoxia) would result in a restoration of baseline blood flow 

leading to a restoration and maintenance of baseline fEPSPs despite a continued hypoxia. 

Initially, the effects of normotensive hypoxia on fEPSPs were examined by inducing a 
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transient restoration of MAP during hypoxia with the administration of phenylephrine 

(PE). The administration of PE resulted in a rapid, yet transient increase in MAP quickly 

followed by a transient increase in HBF, and most importantiy a transient restoration of 

fEPSPs near baseline. Prolonged normotensive hypoxia was tested giving a constant 

infusion of phenylephrine. In these experiments, fEPSPs were restored and maintained at 

or above 100%) of baseline values despite an additional ten minutes of continuous 

hypoxia. These experiments fiirther support our hypothesis that the adenosine-mediated 

depression of synaptic transmission is coupled to decreases in hippocampal blood flow 

and not to decreases in Ptiss02. Additionally, a significant increase in HBF above baseline 

values was observed during prolonged normotensive hypoxia (i.e., hypoxia + PE 

infusion). This is consistent with numerous reports that hypoxia increases CBF (Heistad 

et al., 1976; Heistad et al., 1981; Hossmann, 1999). 

We cannot, however, entirely mle out the possibility that the increase in HBF 

observed with PE infusion did not also increase O2 delivery to the hippocampus such that 

the stimulus for adenosine release diminished during the infusion, thus leading to the 

observed restoration of fEPSPs. The factors that influence oxygen tension at any given 

point in a tissue are complex and include the pattem of the capillary network, the oxygen 

tension at the capillary wall, the rate of oxygen uptake by the tissue, the diffusion 

coefficient for oxygen within the tissue and the distance over which oxygen has to be 

transported (reviewed in (Laycock et al., 1986). Whether increased HBF can effectivel} 

washout accumulating metabolites, including adenosine, is yet to be demonstrated. The 

half-life of adenosine in the circulation is < 2 s (Moser et al., 1989), which complicates 
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the development of an effective technique to measure changes in adenosine 

concentiations witiiin tiie hippocampus. Nevertheless, the fact that fEPSPs recovered 

transiently with a rapid and short restoration of MAP favors the possibility that adenosine 

washout and not decreased adenosine release, secondary to increases in oxygen delivery, 

are responsible for the restoration of synaptic transmission. 

In summary, our results are consistent with the proposed hypothesis that the 

adenosine-mediated depression of synaptic transmission is coupled to decreases in 

cerebral blood flow. One significance of this work involves the benefit derived from an 

increased understanding of mediators active within penumbral tissue during cerebral 

ischemia or stroke. Penumbral tissue is potentially salvageable and is, therefore, an 

important target for therapeutic intervention. One defining characteristic of penumbral 

tissue is the suppression of electrical activity associated with reductions in CBF (Astmp 

et al., 1981; Hossmann, 1994). It is clear from our studies that adenosine is a reasonable 

candidate mediator coupling neuronal activity to reductions in CBF during cerebral 

ischemia. Such a conclusion is consistent with the observation in humans that, during 

carotid endarterectomy, the loss of somatosensory-evoked potentials correlates with 

significant increases in adenosine in ipsilateral jugular venous outflow (Weigand et al., 

1999). In broad terms, our studies suggest that CBF may be critical for determining the 

effectiveness of various endogenous neuromodulators within penumbra. With respect to 

specific adenosinergic modulation of synaptic activity, penumbral tissue during acute 

ischemic stroke provides optimal conditions for a powerfiil adenosine-mediated coupling 

between neuronal activation and cerebral blood flow. 
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Hypothesis IV: Asymmetrical changes in local blood flow are 
a result of an impairment of hemodynamic compensatory 

mechanisms within the occluded hemisphere 

In the previous sub-section, we concluded that the adenosine-mediate depression 

of synaptic transmission is directiy coupled to decreases in HBF. Additional experiments 

investigated the possibility that the asymmetrical decreases in HBF observed were a 

result of impaired hemodynamic compensatory mechanisms within the occluded 

hemisphere. Specifically, we examined two possibilities: (1) The development of an 

impaired autoregulatory capacity in the occluded hemisphere, and (2) A diminished 

vasodilatory reserve in the occluded hemisphere. 

We conclude from our studies that the ipsilateral hemisphere develops an 

impairment of its autoregulatory capacity resulting in asymmetrical decreases in HBF 

secondary to induced hypotension. Cerebral autoregulation allows the brain to maintain 

constant cerebral blood flow (CBF) despite changes in perfusion pressure. Within 

defined upper and lower limits, flow is maintained constant over a wide range of blood 

pressures. In normotensive rats, the limits of autoregulation are between mean arterial 

pressures of 50 and 150 mmHg (Harper, 1966). CBF becomes proportional to MAP at 

pressures that exceed either end of the autoregulatory range. Clinically, impairment or 

loss of autoregulation is known to occur after stroke (Olsen et al., 1983). Fluctuations in 

blood pressure can occur following stroke or severe head injury, and are recognized as a 

major clinical complication of these conditions (Miller et al., 1981). In fact, poor blood 

pressure control has been associated with poor neurological recovery following stroke 

(Bairdetal., 1996). 
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In the rat, impairment of cerebral autoregulation has been shown to occur within 

24 hrs following tiie induction of unilateral focal ischemia (MacGregor et al., 2000), and 

has been shown to be confined to the ipsilateral hemisphere following unilateral carotid 

artery occlusion (CCAO) (Mendelow et al., 1984). Our findings help establish the 

temporal development of the impairment. In our model, we show that the loss of 

autoregulation is biphasic. Impairment of autoregulation at the high end of the 

autoregulatory curve (i.e., for increases in pressure) developed within 2 hours following 

CCAO. Impairment of autoregulation for decreases in MAP, however, were seen almost 

immediately following CCAO. 

The rapid loss of autoregulation with decreases in MAP likely results as a 

secondary effect from the vasodilation of the occluded hemisphere necessary to maintain 

CBF. It is well known that carotid occlusion alone has no significant effect on baseline 

CBF in the rat (Ginsberg et al., 1976; Mendelow et al., 1984). The lack of any 

differences in baseline CBF between hemispheres implies that collateral flow across the 

Circle of Willis is robust. As such, the vasculature in the occluded hemisphere must 

vasodilate considerably to maintain normal flow. This can rapidly lead to a diminished 

vascular reserve, such that the occluded hemisphere exhausts its ability to vasodilate 

further (Kempski et al., 1999). On the other hand, factors contributing to the delayed 

impairment of autoregulation seen with increases in MAP are not readily apparent. One 

potential factor could be a development of endothelial dysftanction. Pressure-related 

myogenic activation of cerebral arteries requires an intact endothelium (Harder, 1987), 

which can be damaged following transient ischemia (Dietrich et al., 1989). Endothelial 
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damage is consistent with an inability of the vasculature to constrict in response to an 

induced increase in MAP, as was observed after two hours of CCAO; however, 

additional histological examination of the cerebral vasculature would need to be 

conducted in order to determine if such damage occurred. Nevertheless, our data support 

tiie conclusion that following unilateral common carotid artery occlusion the ipsilateral 

hemisphere develops an impairment of its autoregulatory capacity that contributes to 

asymmetrical decreases in HBF during hypotension, which, in tum, facilitates the 

effectiveness of endogenous adenosine's interactions with parenchymal receptors, 

resulting in the depression of synaptic transmission within the ipsilateral hippocampus. 

As previously mentioned, we also examined whether occlusion of the common 

carotid resulted in a diminished vasodilatory reserve within the ipsilateral hemisphere. It 

is believed that following unilateral occlusion, the ipsilateral hemisphere exhausts its 

ability to vasodilate (Kempski et al., 1999). In our model, vascular reserve during 

normoxia was tested by measuring the reactivity of HBF in both hemispheres to increases 

in CO2, while vascular reserve during hypoxia was examined by maintaining synaptic 

transmission during hypoxia using an adenosine Ai antagonist. 

Determining the vasodilatory reserve of the occluded hemisphere proved more 

difficult than expected, especially during normoxia. Exposure to increased CO2 resulted 

in significant increases in HBF in both hippocampi, with no significant differences in 

increases between the two sides. Exposure to increased CO2 also resulted in marked 

increases in MAP Given that the autoregulatory capacity of the ipsilateral hemisphere is 

impaired, it is not apparent from the experimental data if the increases in HBF seen in the 
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ipsilateral hippocampus during hypercapnea are due, at least in part, to passive increases 

in HBF resuhing from the elevations in MAP or if they tmly are a resuh of a dilation of 

the vasculature in that hemisphere. In two of the six animals tested, however, elevations 

in MAP observed during hypercapnea were minimal. In those animals, increases in HBF 

in the contralateral hippocampus were similar to those observed in animals with elevated 

MAPs, while changes in HBF in the ipsilateral hippocampus were minimal. This finding 

supports the possibility that the observed averaged increase in HBF seen in the ipsilateral 

hemisphere during hypercapnea is likely a resuh of passive changes in HBF due to 

increased MAP. This also correlates well with previous reports demonstrating a 

diminished vascular reserve in the occluded hemisphere (Kempski et al., 1999). 

The vascular reserve during hypoxia was examined by maintaining synaptic 

transmission with the administration of the adenosine Ai antagonist 8-CPT. 8-CPT 

increased HBF during hypoxia, but not normoxia, in both hippocampi. It is clear, from 

data reported in Hypothesis I, that 8-CPT's effect on synaptic transmission in the 

ipsilateral hippocampus is primarily related to receptor blockade and not to an increase in 

HBF 8-CPT had no significant effect on baseline values of fEPSP, HBF or MAP. 

Moreover, 8-CPT is a well-characterized adenosine Ai selective antagonist whose 

blockade of the hypoxic depression of synaptic transmission can be demonstrated in the 

in vitro avascular hippocampal slice preparation (Fowler, 1993a; Dunwiddie and Diao, 

1994). 

As previously stated, 8-CPT blocks the hypoxic depression of the fEPSP but does 

not affect the hypotension associated with systemic hypoxia leading to the suggestion that 
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the observed increases in HBF are due to vasodilatation within each hippocampus. 

Enhanced vasodilatation in the ipsilateral hippocampus, if it is occurring, is of great 

interest given the general assumption that vasodilatory reserve is thought to be exhausted 

in this hemisphere (Kempski et al., 1999). Enhanced vasodilatation could reflect a 

functional hyperemia secondary to an 8-CPT-mediated increased neuronal activation 

during hypoxia. 8-CPT would tend to increase neuronal activation during hypoxia by 

blocking the adenosine-mediated suppression of neuronal activity. Enhanced neuronal 

activation would, in tum, increase metabolic factors coupled to vasodilatation including 

adenosine itself. Elevated adenosine would further activate endothelial A2A receptors that 

contribute to increased CBF during hypoxia (Coney and Marshall, 1998). It is not clear, 

however, why 8-CPT increased HBF in both hippocampi at levels of hypoxia that 

seemingly depressed neuronal activity only in the ipsilateral hippocampus. One possible 

explanation for this could be an increase in neuronal activity in the contralateral 

hippocampus stemming from increased output from commissural neurons originating in 

the ipsilateral hippocampus. In other words, increased neuronal activity in the ipsilateral 

hippocampus would, by way of the commissural pathway, also increase neuronal activity 

in the contralateral hippocampus, thus resulting in increases in HBF in both hippocampi. 

In summary, the extent of the vasodilatory reserve in the occluded hemisphere 

during normoxia is not readily apparent; however, some ability of the ipsilateral 

hippocampus to vasodilate during hypoxia is evident from the results. More importantly, 

we conclude that the ipsilateral hemisphere develops an impairment of its autoregulatory 

capacity that contributes to asymmetrical decreases in HBF during hypotension, which, in 
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tum, facilitates the effectiveness of endogenous adenosine's interactions with 

parenchymal receptors, resulting in the depression of synaptic transmission within the 

ipsilateral hippocampus. 

Hypothesis V: The activation of Akt/PKB. an anti-apoptotic 
protein, in the hippocampus is directly coupled to 

an adenosinergic signal transduction pathway 

We conclude from these studies that the activation of an adenosinergic signal 

transduction pathway, either by endogenous adenosine or by an adenosine Ai agonist, 

results in the activation of the anti-apoptotic kinase Akt/PKB. Up to this point, we have 

provided evidence that the A] receptor plays a cmcial role in modulating neuronal 

excitability during hypoxia/ischemia and, in particular, in salvageable penumbra. As a 

result of another series of experiments we now have evidence that the Ai receptor may 

play a major role in activating another potent endogenous neuroprotective pathway - the 

Akt/PKB pathway. Adenosine Ai receptor activation produces a variety of cellular 

actions through a number of different effector systems (for review see (Linden, 1991). 

With our novel observation that Ai receptor activation leads to the activation of the 

neurotrophic/anti-apoptotic protein kinase Akt/PKB, we have revealed, to the best of our 

knowledge, an entirely new adenosine Ai receptor-mediated neuroprotective pathway in 

the brain. 

Akt/PKB, a serine/threonine kinase, is a major component of multiple signaling 

pathways, including the control of glucose levels, nitric oxide synthesis, cell survival and 

the activation of several transcription factors (Kandel and Hay, 1999). A major function 
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of Akt/PKB in a wide range of neuronal cell types is to promote growth factor-mediated 

cell survival by blocking apoptosis (for recent review see (Brunet et al, 2001)). Of 

particular relevance to cerebral ischemia and possible neuroprotective strategies is 

evidence indicating that Akt/PKB activation is part of an endogenous pathway that exerts 

effective neuroprotection in both necrotic (Honda et al., 2000; Melchiorri et al., 2001) 

and apoptotic models of neuronal cell death (Dudek et al., 1997; Crowder and Freeman, 

1998; Blair et al., 1999; Honda et al., 2001). The observation that Akt/PKB mediates 

neuroprotection in a variety of models makes this an important kinase to examine further 

given that mechanisms of cell death following transient cerebral ischemia may not be 

conveniently classified into relatively discrete categories such as necrosis or apoptosis 

(Siesjo and Bengtsson, 1989; MacManus and Linnik, 1997; Leist and Nicotera, 1998). 

In neurons, Akt/PKB is part of an endogenous neuroprotective pathway activated 

by ischemia. It is known that the Akt/PKB signaling pathway is activated with cerebral 

ischemia in rat hippocampus (Ouyang et al., 1999) and may play a neuroprotective role in 

the induction of ischemic tolerance in gerbils (Yano et al., 2001). We have confirmed the 

activation of Akt/PKB in our CCAO rat model of cerebral ischemia. We have also made 

the additional novel observation that Akt/PKB is activated by the adenosine Ai agonist, 

cyclohexyladenosine (CHA). Moreover, Akt/PKB activation by cerebral ischemia in vivo 

and by CHA in vitro is blocked by the Ai antagonist, 8-cyclopentyltheophylline (8-CPT). 

These results suggest that Akt/PKB activation may play a heretofore unappreciated role 

in adenosine Ai-mediated signal transduction and, therefore, in adenosine Ai-mediated 

neuroprotection. 

125 



The ability of an adenosine agonist to activate Akt/PKB in vitro is clear; however. 

It is not immediately apparent why Akt/PKB activation in vivo only occurred in animals 

subjected to a level of hypoxia that induced an anoxic depolarization of the hippocampal 

neurons. Repeated exposures to two-minute periods of hypoxia resulting in transient 

depressions of fEPSPs without anoxic depolarization in the ipsilateral hippocampus were 

not sufficient to result in significant increases in phosphorylated-Akt/PKB. This may be 

due to the temporal relationship between the electrophysiological responses to hypoxia 

and the efflux of purines, including adenosine, in the brain. It is well documented that 

the ATP levels do not drop dramatically until after anoxic depolarization (Fowler and Li, 

1998). Moreover, the efflux of purines increases slightly prior to anoxic depolarization, 

but increases 4 to 5 fold following the depolarization (Fowler, 1993a). Thus, it is 

possible that the increase in adenosine levels necessary to induce a transient depression of 

synaptic transmission may not be sufficient to significantly activate a downstream 

adenosinergic signal transduction pathway (i.e., Akt/PKB). We cannot, however, mle out 

the possibility that another factor resulting from anoxic depolarization, such as increased 

glutamate release, resuhs in a synergistic effect to influence the activation of Akt/PKB. 

Nonetheless, our results demonstrate that the activation of Akt/PKB seen with anoxic 

depolarization in vivo is significantly attenuated by administration of an adenosine Ai 

antagonist. These results support our conclusion that the activation of Akt/PKB in vivo 

is, at least in part, mediated by the activation of Ai receptors by endogenous adenosine. 

With the observation that an Ai receptor agonist activates Akt/PKB in brain, we 

have opened two significantiy new directions in adenosine A] receptor- and Akt/PKB-
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mediated signal transduction. First, Al receptor-mediated neuroprotective affects are 

currently more frequently ascribed to acute modulation of neuronal excitability through 

stabilization of membrane potentials, inhibition of neuronal calcium fluxes and inhibition 

of neurotransmitter release. A possible role for Akt/PKB activation represents an entirely 

new mechanistic direction for Ai-mediated neuroprotection. Second, the Akt/PKB-

mediated neuronal survival pathway is most often thought of in terms of neurotrophic 

growth factors binding to their cognate tyrosine kinase receptors (Kandel and Hay, 1999) 

(Brunet et al., 2001). Adenosine Ai receptor modulation of Akt/PKB implies a 

physiologically significant cross-talk between G-protein coupled receptors such as the 

adenosine Ai receptor and the tyrosine kinase receptor-PI3K-Akt/PKB signal 

transduction pathway. Figure 31 is a schematic of possible interactions between the 

adenosine Ai receptor and Akt/PKB activation. 

There are a number of salient features of Akt/PKB activation that make it a 

particularly appealing target for therapeutic intervention. First, the Akt/PKB pathway is a 

rapid one. It seems clear that Akt/PKB activation is part of an endogenous 

neuroprotective pathway that is activated within minutes of the onset of ischemia, see 

Results section (Ouyang et al., 1999; Yano et al., 2001). AktT'KB-mediated 

neuroprotection also appears to be of an unusually robust nature. It is well known that 

selective blockade of apoptotic pathways leads to preserved neurons but that these 

neurons appear shmnken and nonfiinctional (Deshmukh et al., 1996). In contrast, 

Akt/PKB-promoted survival results in neurons that appear healthier with arborized 

processes and large nuclei (Datta et al., 1997; Dudek et al., 1997). 
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Figure 31. Schematic of possible interactions between the adenosine Ai receptor and 
Akt/PKB activation. Adenosine Ai receptor modulation of Akt/PKB implies a 
physiologically significant cross-talk between G-protein coupled receptors such as the 
adenosine Ai receptor and the tyrosine kinase receptor-PI3K-Akt/PKB signal 
transduction pathway. 
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Akt/PKB-mediated protection may be more robust because it may provide a more 

comprehensive form of neuroprotection through phosphorylation of multiple neuronal 

targets (Kandel and Hay, 1999). Akt/PKB-mediated neuroprotection also appears 

amenable to enhancement by therapeutic intervention. We have shown that an adenosine 

Al agonist can increase Akt/PKB activation above basal levels. Other agonists result in a 

similar activation above baseline (Blair et al., 1999; Honda et al., 2001; Melchiorri et al., 

2001). In addition, Akt/PKB first increases and then declines by 24 hours following 

bilateral common carotid artery occlusion (Ouyang et al., 1999) suggesting that 

therapeutic intervention could be targeted at a post-ischemic prolongation of Akt/PKB 

levels. There is some thought that prolonged Akt/PKB activation may prevent the 

appearance of delayed activators of cell death such as cytochrome C and increased 

caspase-3 activity allowing a more full recovery of function (Ouyang et al., 1999). 

There are obvious and tantalizing parallels between adenosine Ai receptor- and 

Akt/PKB-mediated neuroprotection. Both of these pathways appear to be evolutionarily 

ancient and to participate in comprehensive adaptive responses to the demands placed on 

neuronal survival (Vanhaesebroeck et al., 1997). Both pathways are activated rapidly 

and affect a number of cellular targets. Both pathways appear amenable to enhanced 

activation to the benefit of the host organism. As future direction for this research, h 

would seem of great potential benefit to better determine how these two pathways 

interact. Such knowledge would not only result in a better understanding of the ischemic 

mechanisms relevant to the adenosine Ai receptor- and Akt/PKB-pathways, but could 
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also prove helpful in formulating realistic and effective strategies of therapeutic 

intervention in acute stroke care. 
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CHAPTER VI 

CONCLUDING REMARKS 

This dissertation examined the regulatory mechanisms of hippocampal blood flow 

and the contributions of adenosine to the early hypoxic/ischemic inhibition of synaptic 

fransmission in an in vivo model of ischemic penumbra, and additionally examined the 

role of adenosine in the initiation of a post-ischemic, anti-apoptotic signal transduction 

pathway, Akt/Protein Kinase B. One significance of this work involves the benefit 

derived from an increased understanding of mediators active within penumbral tissue 

during cerebral ischemia or stroke. 

Penumbral tissue is potentially salvageable and is, therefore, an important target 

for therapeutic intervention. One defining characteristic of penumbral tissue is the 

suppression of electrical activity associated with reductions in CBF (Astmp et al., 1981; 

Hossmarm, 1994). It is clear from our studies that adenosine is a reasonable candidate 

mediator, coupling neuronal activity to reductions in CBF during cerebral ischemia. In 

broad terms, our studies suggest that CBF may be critical for determining the 

effectiveness of various endogenous neuromodulators within penumbra. With respect to 

specific adenosinergic modulation of synaptic activity, penumbral tissue during acute 

ischemic stroke provides optimal conditions for a powerful adenosine-mediated coupling 

between neuronal activation and cerebral blood flow. 

Using a model of unilateral common carotid artery occlusion we showed, for the 

first time in an in vivo preparation, that Ai receptor activation plays a central role in the 
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early hypoxic-ischemic depression of the evoked hippocampal synaptic potential (Gervitz 

et al., 2001). There were, however, some surprising observations. Specifically, while 

hypoxia is a potent stimulus for the adenosine-mediated depression of the synaptic 

potentials in vitro, reduced hippocampal tissue p02 alone does not appear to be sufficient 

to induce an adenosine-mediated depression of synaptic transmission in vivo. There must 

be, it seems, an accompanying reduction in local hippocampal blood flow. Amazingly, 

even with a maintained and relatively severe hypoxemia, the Ai-mediated depression of 

the hippocampal evoked potentials can be substantially reversed if hippocampal blood 

flow is maintained within the normal range. 

An observation of particular relevance to penumbral physiology is that adenosine 

A]-mediated depression of synaptic depression occurs in proportion to reductions in local 

cerebral blood flow over a wide range of flows typical of penumbra. The important 

conclusion is that all indications point to adenosine acting as both an endogenous 

mediator and a sensitive indicator of penumbral conditions throughout the range of 

penumbral blood flows. These characteristics of adenosine observed in vivo are 

consistent with adenosine being a critically important mediator of the cellular response to 

survivable levels of ischemia. 

Our studies resulted in ample evidence that the Ai receptor plays a cmcial role in 

modulating neuronal excitability during hypoxia/ischemia and, in particular, in 

salvageable penumbra. We also demonstiated that the Ai receptor may play a major role 

in activating another potent endogenous neuroprotective pathway - the Akt/PKB 

pathway. With our novel observation that Ai receptor activation leads to the activation of 
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the neurotrophic/anti-apoptotic protein kinase Akt/PKB, we have revealed, to the best of 

our knowledge, an entirely new adenosine Ai receptor-mediated neuroprotective pathway 

in the brain. These results suggest that Akt/PKB activation may play a heretofore 

unappreciated role in adenosine A i-mediated signal transduction and, therefore, in 

adenosine A i-mediated neuroprotection. 

One future direction for this research would be the investigation of mechanisms 

underlying the signal transduction from the adenosine Ai receptor to Akt/PKB activation. 

If activation of Akt/PKB can be demonstrated to minimize, delay or prevent cell death in 

the penumbral region, then understanding of these mechanisms would be important for 

the development of possible therapeutic interventions. 
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