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ABSTRACT 

Increased vulnerability to neuronal injury following ischemia in the aging brain 

has been well documented in humans as well as in rat models, especially within the 

hippocampus. An early response to hypoxia/ischemia is the transient and reversible 

depression of synaptic transmission, which is mediated by adenosine acting on neuronal 

adenosine Ai receptors. This depression of synaptic transmission is believed to be 

neuroprotective. Adenosine in turn activates the PI3K-Akt survival pathway, which is 

believed to exert neuroprotection from ischemic damage. Akt or Protein Kinase B is of 

particular interest as its activation may be a critical regulator of neuronal survival. 

Recent studies have suggested that this pathway is downregulated with aging in various 

non-neural tissues. 

The response to cerebral ischemia or stroke is thought to exhibit an age-related 

impairment, with a disproportionate increase in morbidity with age. Stroke is the third 

largest killer after heart disease and cancer in the United States; almost 700,000 people 

are affected annually, most of them being elderly individuals. Though there is a strong 

connection between stroke-related morbidity and aging, the precise cause for this 

increased susceptibility is not knovm. It is imperative, now more than ever before, to 

investigate this problem, as the proportion of elderly in our population is ever increasing. 

Our current knowledge seems to suggest that the extent of neuronal injury is 

dependent on the fine balance that exists between apoptotic and survival pathways. 
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There is substantial evidence that the Akt-mediated survival pathway is suppressed with 

age, though this has never been shown in neuronal tissue. 

This thesis explores our hypothesis that that the increased damage following 

cerebral hypoxia in the aged brain is due to an age-related impairment of the 

neuroprotective pathway mediated by adenosine and Akt. 
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CHAPTER I 

INTRODUCTION 

The aging process involves the progressive impairment of normal functioning in 

an organism, compromising its response to various stressors. The response to cerebral 

ischemia or sfroke exhibits such an age-related impairment, with a sharp increase in 

associated morbidity and mortality with age. There has been a significant increase in the 

occurrence of stroke in the elderly; not only because of the ever growing proportion of 

the elderly within the population, but more importantly because of an increased 

disproportionate risk of stroke in aging individuals (Carolei et al., 2002; Marini et al., 

2001). Stroke is the third largest killer after heart disease and cancer in the United States; 

almost 700,000 people are affected annually, most of them being elderly individuals 

(Zivin and Choi, 1991). Though there is a strong connection between stroke-related 

morbidity and aging, the precise cause for this increased susceptibility is not known. 

Increased susceptibility to neuronal damage following ischemia has also been 

well documented in aged versus young animals (Kharlamov et al., 2000; Sutherland et 

al., 1996), especially within the hippocampus. An early response to cerebral hypoxia 

and/or ischemia is a reversible inhibition of synaptic transmission (reviewed in Astrup, et 

al., 1981). It is now well established that the initial loss or inhibition of evoked synaptic 

potential in vitro and in vivo during hypoxia/ischemia in the hippocampus is mediated by 

the release of endogenous adenosine acting on pre-synaptic Ai neuronal receptors 

(Fowler, 1993; Gervitz et al., 2001; Gervitz, 2000; Gribkoff and Bauman, 1992). This 



adenosine-mediated depression of synaptic transmission is believed to be 

neuroprotective. 

Adenosine acting through post-synaptic Ai receptors in the hippocampus activates 

Akt or Protein Kinase B (Gervitz et al., 2002), an anti-apoptotic protein. Akt is an 

integral part of the PI3K-Akt pathway that is thought to exert neuroprotection from 

ischemic damage. Akt is of particular interest as its activation may be a critical regulator 

of neuronal survival (Dudek et al., 1997). Our current knowledge seems to suggest that 

the extent of neuronal injury is dependent on the fine balance that exists between 

apoptotic and survival pathways. There is also substantial evidence that the Akt-

mediated survival pathway plays a central role in aging. Recent studies have suggested 

that this pathway is down-regulated with aging in various non-neural tissues (Carvalho et 

al., 2000; Centurione et al., 2002; Diez et al., 2001; Ikeyama et al., 2002; Li et al., 2003), 

though this has never been shown in neuronal tissue. Therefore, we hypothesized that the 

increased damage following cerebral hypoxia in the aged brain is due to an age-related 

impairment of the neuroprotective pathway mediated by adenosine and Akt. 

In summary, the present experiments attempt to explore whether this pro-survival 

pathway is downregulated with age in response to cerebral ischemia. The experiments 

are designed to compare age-dependent and ischemic changes in Akt/PKB activation 

between young and aged rat hippocampus. This thesis will for the first time demonstrate 

that there is indeed an age-related impairment of Akt activation in the rat hippocampus. 



Hypotheses 

First, we hypothesize that the activation or phosphorylation of Akt by exogenous 

adenosine occurs to a lesser extent in aged animals as compared to young animals. There 

is substantial experimental evidence that suggests the Akt pathway is impaired with aging 

in various non-neural tissues (Carvalho et al., 2000; Centurione et al., 2002; Diez et al., 

2001; Ikeyama et al., 2002; Li et al., 2003), though this has never been shown in neuronal 

tissue. To test this, we will examine activation of Akt in young and aged Fischer 344 rat 

hippocampal slices exposed to an adenosine Ai selective agonist (CHA) and antagonist 

(8-CPT). We predict that CHA will cause a lesser degree of activation of Akt in the 

aged, as compared to young animals, and that this activation will be completely 

attenuated by 8-CPT in both young and aged animals. 

Secondly, we hypothesize that the activation of Akt in response to a hypoxic 

exposure with anoxic depolarization (AD), occurs to a lesser degree in aged animals as 

compared to young animals. It is known that the aged brain shows an increased 

vulnerability to anoxic or spreading depolarization (Somjen, 2001). It is also known that 

the threshold for AD initiation decreases with aging (Roberts et al., 1990). We expect 

that hypoxia with AD will result in increased activation of Akt in both young and aged 

animals, both in vivo and in vitro; however in the aged animals, this activation will occur 

to a much lesser extent as compared to the young animals. 

There is experimental evidence that AD leads to the increased release of 

adenosine (Fowler, 1993), which in turn could activate Akt. Given that, we hypothesize 

that hypoxia-induced anoxic depolarization is necessary for the activation of Akt in rat 



hippocampal slices. We predict that a hypoxic exposure without AD will fail to increase 

phosphorylated Akt in exposed hippocampal slices. Interestingly, we discovered that, not 

only did it prevent the increased activation of Akt, it actually decreased it. Since this 

dephosphorylation of Akt was such an vmexpected result, it was of interest to us to 

investigate the age-related changes in this process. Hence, we further hypothesized that 

Akt dephosphorylation in response to a hypoxic exposure without anoxic depolarization, 

occurs to a greater degree in aged animals as compared to young animals. We expect that 

the hypoxia without anoxic depolarization would result in decreased activation of Akt in 

both aged and young animals, but in aged animals, this decrease in activation would 

occur to a much greater extent as compared to young animals. 

Lastly, we hypothesized that Akt dephosphorylation is proportional to the severity 

of hypoxia. It is well documented in vivo studies that variation in ischemic severity 

resulted in differences in levels of phospho-Akt (Yano et al., 2001). We predicted that 

decreases in levels of phosphorylated Akt in vitro will be proportional to the severity of 

hypoxic exposure, without AD. 



CHAPTER 11 

BACKGROUND AND SIGNIFICANCE 

Increased Vulnerability to Neuronal Injurv with Aging 

The aging process involves the progressive impairment of normal functioning in 

an organism, compromising the ability to respond effectively to various stressors. The 

response to cerebral ischemia or stroke exhibits such an age-related impairment, with a 

sharp and disproportionate increase in morbidity in humans (Carolei et al., 2002; Marini 

et al., 2001) and rats (Kharlamov et al., 2000; Roberts and Chih, 1995; Sutheriand et al., 

1996) with age. Stroke is the third largest killer after heart disease and cancer in the 

United States; almost 700,000 people are affected annually, a large proportion of those 

people being elderly individuals. Although the cause for this increased vulnerability to 

neuronal injury displayed by the aged brain is still unclear, it is apparent that there is a 

connection between stroke-related morbidity and aging. Considerable interest has been 

shown in trying to investigate the complex phenomenon of aging and neurodegenerative 

diseases associated with it. It is imperative, now more than ever, to better understand 

these issues, as the proportion of elderly in our population is ever increasing. It has risen 

from 3% in 1960 to 12% in 2000, and is expected to be 22% by 2030. One of the reasons 

for this surge is the fact that the generation of baby boomers is retiring, thus causing an 

enormous strain on our health care system. It is evident that a better understanding of the 

age-specific response to cerebral ischemia/hypoxia could help in developing more 

effective therapeutic strategies. 



The Role of the Hippocampus in Cerebral Hypoxia 

The hippocampus was first described in 1587 by Giulio Cesare Aranzi as a 

bilateral stioicture that lies in the inferior hom of the lateral venfricles (Aranzi, 1587). 

The shape of this structure resembled a seahorse and hence, was named after it. The 

hippocampus along with the dentate gyrus and some closely related cortical areas in the 

parahippocampal gyrus, including the subiculum make up what is together referred to as 

the hippocampal formation. The hippocampus has been extensively studied because of 

its known sensitivity to ischemic damage. Numerous anatomical and 

elecfrophysiological studies have resulted in a detailed understanding of the 

cytoarchitecture of the hippocampus. 

The hippocampal formation is an archeocortical gyrus that folds inward upon 

itself. Located in the medial temporal lobe, it consists of the dentate gyrus and the comu 

ammonis, and is continuous ventrally with the subiculum. The hippocampus itself is 

divided into three fields, CAl, CA2, and CA3 (CA for comu ammonis) on the basis of 

architectonic differences. It is intricately connected to the rest of the cerebral cortex. 

Information enters the hippocampus through the perforant path from the enterorhinal 

cortex and the subiculum to the dentate and comu ammonis. The enterorhinal axons 

synapse with cells in the dentate gyrus. These neurons, in turn, send axons known as 

mossy fibers to the CA3 region. 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 communication 

between both hippocampi, and it is due to these fibers that bilateral recordings of synaptic 



fransmission can be made with only unilateral stimulation of the Schaeffer 

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

along the alveus and exit the hippocampal formation through the fimbria. Information 

can then be relayed via the fornix to the hypothalamus and mammillary bodies, the 

enterorhinal cortex, or back to the sensory cortex. The relatively simple cytoarchitecture 

allows for a detailed electrophysiological characterization of synaptic transmission. 

Functionally, the hippocampus is a part of the limbic system that is the seat of 

learning and memory; however, it was not until the early 1950s that the role of the 

hippocampus in short-term memory was established (Scoville and Milner, 1957). It is 

responsible specifically for declarative or associative type of memory which is the 

conscious recollection of specific events and facts. 

Future studies would demonstrate that the hippocampus has a selective 

vulnerability to neuronal degeneration, and is especially sensitive to damage due to a 

hypoxic/ischemic insult (Kirino and Sano, 1984; Schmidt-Kastner and Freimd, 1991). 

The first demonstrations of early neuronal responses to ischemia were made in 1938 by 

Sugar and Gerard, who studied the electrical activity in the brains of cats and the effects 

of anoxia on brain potentials in a number of different regions. They concluded that one 

of the first regions to become electrically silent during ischemia was the hippocampus, or 

as they phrased it, the "Ammon's hom" (Sugar, 1938). 

Within the hippocampus, the pyramidal cells in the Sommer's sector (made up of 

the CAl region and the subiculum) are the most sensitive to ischemic damage, whereas 



the adjacent CA3 region and the dentate gyrus are comparatively resistant (Schmidt-

Kastner and Freund, 1991). 

The Role of Adenosine in the Early Neuronal Response 
to Hypoxia/Ischemia 

An early response to moderate cerebral hypoxia/ischemia is a reversible inhibition 

of synaptic transmission (reviewed in Astrup et al., 1981; Martin et al., 1994). This early 

inhibition of evoked synaptic potentials is primarily due to a depression of synaptic 

activity (Fowler, 1990, 1989; Fujiwara et al., 1987; Lipton and Whittingham, 1982). The 

depression of synaptic activity serves as a novel neuroprotective mechanism during a 

metabolically stressftil event like hypoxia, as it conserves energy expenditure by reducing 

metabolic demand. There is substantial evidence both in vitro and in vivo preparations, 

that this initial reversible neuroprotective suppression of synaptic function during 

hypoxic/ischemic conditions is due to the release of endogenous adenosine acting at 

neuronal Ai receptors, leading to the inhibition of excitotoxic effects caused by glutamate 

release (Fowler, 1993; Gervitz et al., 2001; Gervitz, 2000; Gribkoff and Bauman, 1992). 

It is well-known that adenosine, an adenine nucleotide metabolite, is released 

within various tissues in response to hypoxic conditions (Marshall, 1999). In the central 

nervous system (CNS), adenosine has a depressant effect on neuronal activity 

(Dunwiddie, 1985). There is experimental evidence that there is an increased release of 

purines, including adenosine, from the rat hippocampal slice in response to 

hypoxia/ischemia (Fowler, 1993). There are presently four classes of adenosine receptors 
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identified: Ai, A2A, A2B, and A3; all of which are seven transmembrane domain, G-

protein-coupled receptors (Olah and Stiles, 1995). The Ai adenosine receptors are the 

best characterized, and are widely distributed within the CNS, including the 

hippocampus, cortex, and cerebellum. They are Gj-protein coupled, and their activation 

results in the inhibition of adenyl cyclase (Linden, 1991). Adenosine can bind with 

cenfral neuronal Ai receptors both pre- and postsynaptically. Inhibition of synaptic 

transmission is primarily a presynaptic action, whereas hyperpolarization of neurons by 

activating the G-protein dependent inwardly rectifying K^ channels (GIRKs) is a 

postsynaptic action (Dunwiddie and Masino, 2001; Proctor and Dunwiddie, 1987). 

The role of adenosine in the early response to hypoxia is further validated in 

antagonist studies. In the rat, adenosine antagonists significantly attenuate the early 

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

like conditions of combined hypoxia + hypoglycemia (Arlinghaus and Lee, 1996; 

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

Further, the administration of a selective adenosine Ai receptor antagonist, 8-

phenyltheophylline (8-PT), blocks the hypoxic depression of hippocampal synaptic 

transmission in vitro (Fowler, 1989). Recovery of synaptic transmission and neuronal 

activity depend on the severity and duration of the hypoxia, and will occur only if oxygen 

is restored before a critical point, after which neurons are irreversibly damaged. 



Anoxic Depolarization of Hippocampal Neurons 

An increase in the severity and duration of the hypoxic/anoxic exposure will 

result in the hypoxic or anoxic depolarization (AD) of the neurons. This is a rapid, near 

complete depolarization of a population of neurons with substantial redistribution of ions 

between the intracellular and extracellular compartments. It evolves as an "all or none" 

process that propagates slowly as a wave, hence, also called spreading depolarization 

(SD). AD or SD is initiated when the sum of the inward currents exceed that of the 

outward currents, resuhing in a total inward membrane current (reviewed in Somjen, 

2001). It can be identified as negative slow voltage variation or as potential shifts (Leao, 

1986). It can occur almost anywhere in the CNS, like in the hippocampus or cerebral 

cortex, and across all animal models, even in the human brain (Sramka et al., 1977). 

There are various hypotheses forwarded to explain the cause of AD. The popular 

consensus is that it occurs either due to a massive K"̂  release or an increased glutamate 

efflux, or both. Also, during AD, there is a sharp drop in the extracellular concentrations 

of Na"̂ , Ca^, and CI" (reviewed in Somjen, 2001) and a 4- to 5-fold increase in adenosine 

release (Fowler, 1993). It is important to understand the mechanisms involved with AD, 

as it seems to play an integral role in determining whether neuronal function recovers or 

is lost after ischemic injury. Short bouts of AD are tolerated, but prolonged 

depolarization resuhs in an irreversible loss of neuronal function and cell death. 
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Apoptosis and Necrosis in Neurovascular Injury 

Stroke or cerebrovascular accident (CVA) can be defined as an acute onset 

neurological disorder caused by disturbances in cerebral blood supply (Horst and Korf, 

1997). Any compromise in cerebral blood flow, however transient in nature, can produce 

an ischemic or hypoxic environment within the central nervous system that can lead to 

neuronal damage or degeneration. Depending on the extent of damage and the degree 

and duration of the insult, neuronal death may either be necrotic or apoptotic. Neuronal 

damage seen after cerebral ischemia seems to be due to a combination of both necrotic 

and apoptotic processes (reviewed in Leist and Nicotera, 1998). Initially, in some 

neuronal cells, deprivation of oxygen and glucose leads to rapid necrotic cell death. The 

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

1981). Release of excitotoxic mediators such as glutamate from necrotic cells can cause 

serious injury to a region of neighboring cells known commonly as the penumbral region 

(reviewed in Gervitz, 2002). The glutamate-induced excitotoxicity can lead to the 

initiation of apoptotic cascades. The penumbral region is important in that it initially 

remains metabolically active, despite being functionally depressed, making it potentially 

salvageable, and one of the more promising targets for acute therapeutic intervention 

(Astrup et al., 1981; Hossmann, 1994). It is evident that the mode of cell death can have 

serious implications for neighboring cells and any inhibition of the lytic processes would 

help limit the extent of damage and protect neighboring tissue. 
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The Apoptotic Cascade 

The term apoptosis was introduced in 1972 by Kerr and his colleagues to describe 

a distinctive form of programmed cell death (Kerr, et al., 1972). Morphological features 

of apoptosis include organelle preservation, cell shrinkage, DNA fragmentation, 

chromatin and cytoplasmic condensation, membrane blebbing, convolution of nuclear 

and plasma membranes, and disassembly into membrane-enclosed vesicles (apoptotic 

bodies) that are engulfed by other cells (Thomberry and Lazebnik, 1998). The use of 

these morphological criteria allows differentiating from necrotic cell death. Necrosis, on 

the other hand, is characterized by cell and organelle swelling with eventual loss of 

cytoplasmic, mitochondrial, and nuclear membrane integrity. This leads to the spillage of 

intracellular contents into the neighboring tissue, resulting in inflammatory and 

excitotoxic damage. In contrast, with apoptosis, cells are destroyed efficiently without 

disrupting or damaging surrounding tissue or cells (reviewed in Leist and Nicotera, 

1998). Notably, apoptosis is the process employed to eliminate redundant and damaged 

cells associated with aging (Higami and Shimokawa, 2000). 

The initiation of the apoptotic cascade involves compromised mitochondrial 

integrity, with the opening of the permeability transition pore (PTP), and decrease in 

membrane potential, followed by cytochrome C release into the cytoplasm. The released 

cytochrome C binds to and activates apoptotic protease-activating factor (Apaf-1). Once 

activated, Apaf-1 then binds to procaspase-9 to form the "apoptosome," which comprises 

of cytochrome C, Apaf-1, and procaspase-9. This cleavage of the apoptosome results in 

the activation of caspase 9. Caspase 9 is considered an initiator caspase as it cleaves and 
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activates other caspases. The cascade culminates in the activation of the executioner 

caspases, caspase 3 and caspase 7. Once the executioner caspases are activated, it is 

considered to be an irreversible commitment to cell death (Green and Reed, 1998). 

Our current understanding of mammalian apoptosis comes largely from genetic 

studies conducted in C.elegans. A series of genes have now been identified that control 

cell death (Horvitz, 1999), Bcl-2 being the most important in mammals. The Bcl-2 

protein family plays a central role as regulators of apoptosis (Kroemer et al., 1995). They 

are located in the cytoplasm and in the outer mitochondrial membrane. Some of the 

family members, such as Bax and Bad promote cell death (pro-apoptotic); whereas other 

members, such as Bcl-2 and BC1-XL promote cell survival (anti-apoptotic) (Adams and 

Cory, 1998). In the presence of survival stimuli, the activity of the anti-apoptotic 

members takes precedence over the pro-apoptotic members. The converse is true in the 

presence of pro-death stimuli. There is a fine balance between the survival and death 

pathways, and the fate of the cell depends on which pathway is more prevalent. This 

holds true especially in aging, where the apoptotic pathway is up-regulated in various 

tissues (Higami and Shimokawa, 2000). Among the mechanisms regulating apoptosis, 

the PI3K-Akt pathway seems to play a crucial role. 

The Akt/Protein Kinase B Cell Signaling Pathway 

Cloning of the cellular homologue of the AKT8 retroviral oncogene v-akt (Staal 

et al., 1977) led to the discovery of a cDNA in 1991 that encoded a novel 57kDa protein 

serine/threonine kinase. This kinase was initially called PKB (protein kinase B) or RAC 
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(Related to A and C kinases) as it had high homology with protein kinases A and C 

(Bellacosa et al., 1991; Coffer and Woodgett, 1991; Jones et al., 1991). The RAC kinase 

terminology was later discontinued and replaced with Akt or Protein Kinase B (herein 

referred to as Akt). Since its discovery, Akt has been the focus of intense research as it is 

pivotal in multiple signal transduction pathways that link to basic metabolic functions 

such as protein, lipid, and carbohydrate metabolism and gene transcription. It also plays 

a critical role in cell growth and survival, apoptosis, and cancer (reviewed in Kandel and 

Hay, 1999). 

Three isoforms of the Akt kinase have since been identified, Aktl/PKBa, 

Akt2/PKBP, and Akt3/PKBy. All three isoforms are ubiquitously expressed in 

mammalian cells, although levels of expression may vary among tissues (Altomare et al., 

1995). The amino acid sequences of all variants contain an N-terminal with a pleckstrin 

homology domain (PH), a catalytic or kinase domain, and a regulatory fragment at the C-

terminus. The PH domain is responsible for lipid-protein and/or protein-protein 

interactions (reviewed in Datta et al., 1999). Two specific sites need to be both 

phosphorylated for full activation of Akt, one in the kinase domain (threonine residue at 

the Thr^°^ position) and the other in the regulatory fragment of the C-terminus (serine 

residue at the Ser'* '̂' position) (Alessi et al., 1996). 

In 1995, Akt was shown to be a direct downstream effector of 

phosphatidylinositol 3-OH kinase (PI3K) (Burgering and Coffer, 1995). The PI3K-Akt 

pathway plays a crucial role in mediating growth and survival signaling cascades in a 

wide range of cell types. Upon activation, the catalytic subunit of PI3K phosphorylates 
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tiie 3'-0H position of the inositol ring resulting in the formation of 3'-phosphoinositides. 

The tiiree lipid products formed are phosphatidylinositol 3-phosphate (PtdIns3P), 

PtdIns(3.4)P2, and PtdIns(3,4,5)P3. PtdIns(3,4,5)P3 and PtdIns(3,4)P2 bind to the Akt PH 

domain with high affinity. These lipid second messengers alter the conformation of Akt, 

thus making die Thr''"^ position accessible to 3'-phosphoinositide-dependent kinase or 

PDKl (Franke et al., 1997; James et al., 1996; Klippel et al., 1997). 

PDKl is a Ser/Thr kinase ubiquitously expressed in mammalian cells, comprised 

of a C-terminal PH domain that binds PtdIns(3,4,5)P3 and PtdIns(3,4)P2 (reviewed in 

Vanhaesebroeck and Alessi, 2000). PDKl was first identified and thus named because of 

its ability to phosphorylate Thr̂ *̂ * position of Akt and the fact that this activity was 

dependent on the binding of PtdIns(3,4,5)P3 or PtdIns(3,4)P2 to the Akt PH domain 

(Alessi et al., 1997). But as mentioned above, full activation of Akt occurs only after the 

phosphorylation both the threonine and serine residues. PDKl cannot phosphorylate the 

Ser'*̂ ^ residue; and a yet to be identified enzyme (operationally termed PDK2) may act as 

a secondary agent in Akt activation. There are some candidates that have been proposed 

to be capable of phosphorylating the Ser'*̂ ^ residue, namely intregrin-linked kinase (ILK) 

(Delcommenne et al., 1998) and PRK2 fragment (Balendran et al., 1999), but these 

findings require further investigation. 

Other mechanisms of Akt activation may exist, wherein they are PI3K 

independent. Agents that increase levels of cAMP (e.g., forskolin) can activate Akt via 

protein kinase A in the presence of PI3K inhibitors (Filippa et al., 1999). Similarly, P-
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adrenergic agonists such as isoproterenol can also activate Akt in a PI3K-independent 

manner (Moule et al., 1997). The significance of these findings has yet to be determined. 

Akt is largely cytosolic in unstimulated cells. Upon activation by PI3K, Akt 

franslocates to the plasma membrane, where it is activated. When activated by 

phosphorylation, it then detaches from the membrane, and translocates through the 

cytosol to the nucleus (Andjelkovic et al., 1997; Meier et al., 1997; Stephens et al., 1998). 

The details of this franslocation are still unclear. 

In summary, Akt activation consists of a signaling pathway that commences with 

the binding of a ligand to a tyrosine kinase receptor or G protein-coupled receptors, either 

of which results in the recruitment of PI3K to the plasma membrane. PI3K activation 

results in the increased synthesis of PtdIns(3,4,5)P3/ PtdIns(3,4)P2, which then binds to 

the PH domain of the inactive Akt. This induces the translocation of Akt from the 

cytosol to the membrane and also the conformational change in the molecule that perhaps 

exposes the Thr̂ "^ phosphorylation site to PDKl and possibly the Ser'*''̂  site to PDK2 

(the existence of PDK2 is still questioned). Once PDKl phosphorylates and activates 

Akt, it detaches from the plasma membrane and translocates to the cytoplasm and the 

nucleus where it plays major roles in metabolic, signal transduction, gene transcription, 

and cellular survival pathways. 

Molecular Basis for the Role of Akt in Cellular Survival 
and Neuroprotection 

The PI3K-Akt signaling pathway has been implicated as being critical in 

mediating cell survival signals in a wide range of cell types, especially neuronal cell 
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Figure 1. The Akt/protein kinase B signaling pathway. Figure adapted from Sigma/RBI 
2000/2001 Product Catalog. 

17 



types. Akt, in particular, has been shown to be protective by promoting grovyth factor-

mediated cell survival and suppressing programmed cell death or apoptosis. Experimental 

evidence supports Akt to be both necessary and sufficient to promote cell survival by 

growth factors in vitro (Crowder and Freeman, 1998; Hayashi et al., 1998). Further, 

genetic studies from Drosophila have shown that a point mutation that inactivates 

Akt/PKB leads to embryonic lethality (Staveley et al., 1998). Akt promotes cell survival 

in various cell types, including types of hematopoeitic cells (Ahmed et al., 1997; del Peso 

et al., 1997), several types of neuronal cells, including sympathetic neurons (Crowder and 

Freeman, 1999), motoneurons (Dolcet et al., 1999), and hippocampal neuronal cells 

(Eves et al., 1998). A large number of studies have confirmed that Akt blocks apoptosis 

induced by various apoptotic stimuli, including growth factor withdrawal (Dudek et al., 

1997), UV radiation and DNA damage (Kennedy et al., 1999; Kulik et al., 1997), matrix 

detachment (Khwaja et al., 1997), and treatment of cells with anti-Fas antibody or TGPP 

(Chen et al., 1999; Parry et al., 1997). 

Survival stimuli generally mediate intracellular signal transduction pathways 

through binding of transmembrane receptors that possess intrinsic tyrosine kinase activity 

(e.g., IGF 1 receptors), are indirectly coupled to tyrosine kinases (e.g., integrins), or are 

bound to seven G protein-coupled receptors (reviewed in Datta et al., 1999). 

One of the methods by which Akt regulates cell survival is by directly 

phosphorylating components of the apoptotic cascade. Direct Akt targets include Bad, 

caspase 9, and Forkhead family of transcription factors, each of which is critical to 

effective apoptosis. 
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Akt has been shown to phosphorylate BAD at the Ser-136 position both in vitro 

and in vivo conditions in a PI3K-dependent manner, and Akt-mediated phosphorylation 

of BAD in effect blocks BAD-induced cell death. BAD is a member of the pro-

apoptotic family and is thought to induce cell death through formation of heterodimers 

with BC1-XL and the concurrent generation of BAX homodimers. The proposed 

mechanism of cell survival is that phosphorylated BAD binds with 14-3-3t proteins, 

which in turn sequesters BAD from BC1-XL, thus altering the apoptotic process (Datta et 

al.. 1997). 

Another target of Akt in the apoptotic cascade is caspase 9. Akt phosphorylates 

caspase 9 at the Ser-196 position, both in vitro and in vivo conditions. Caspase 9 is called 

the initiator caspase, as it initiates the caspase cascade culminating in the activation of the 

executioner caspases, caspase 3 and 7. Once phosphorylated, it is inactivated and its 

protease activity is inhibited (Cardone et al., 1998). 

Data from another study shows that Akt also has the ability to inhibit apoptosis by 

maintaining mitochondrial integrity in a caspase-independent and a BAD-independent 

manner. Akt activation is sufficient to inhibit the mitochondrial release of cytochrome C. 

Cytochrome C release is one of the first events that seem to indicate that the integrity of 

the outer mitochondrial membrane has been compromised and that the apoptotic cascade 

has been initiated. The exact mechanism by which Akt promotes cell survival by 

regulating mitochondrial integrity is not clear (Kennedy et al., 1999). 

Lastly, Akt can also inhibit cell death by modulating the gene expression of a 

subset of genes involved in death, regulating the activity of their transcription factors. 
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The Forkhead family of transcription factors is one such target. Akt phosphorylation of 

Forkhead family members inhibits apoptosis through regulation of cell death genes, 

including FasL (Biggs et al., 1999; Brunei et al., 1999). 

The PI3K-Akt pathway also plays a crucial neuroprotective role following 

cerebral ischemia. Increased levels of phosphorylated or activated Akt are found in the 

hippocampus following ischemia (Gervitz et al., 2002; Yano et al., 2001). Akt promotes 

neuronal survival by blocking apoptotic events (Jin et al., 2000; Noshita et al., 2001; 

Ouyang et al , 1999). Also, it was observed that Akt withdrawal or inhibition was 

associated wdth increased neuronal damage (Ouyang et al., 1999; Yano et al., 2001). 

Age-Related Impairment of the Akt Pro-Survival Pathway 

There is increasing experimental evidence that the anti-apoptotic pathway 

mediated by Akt may be impaired in aged animals. The activation of Akt in response to a 

hypoxic/ischemic insult is down regulated with age in several tissues. Aged rats exhibit 

enhanced brain damage following cerebral ischemia (Kharlamov et al., 2000; Sutherland 

et al., 1996). It is also clear that activation of the Akt pro-survival pathway in response to 

injury factors is down-regulated with age in a number of non-neural cell types including 

human cardiac fibroblasts (Diez et al., 2001), rat cardiac tissue (Centurione et al., 2002), 

rat muscle tissue (Carvalho et al , 2000), rat hepatocytes (Ikeyama et al., 2002), and 

mouse skeletal muscle (Li et al., 2003). There are no known reports at this time of age-

related changes in the PI3K-Akt pathway in neuronal tissue. 
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CHAPTER HI 

MATERIALS AND METHODS 

In vivo Experimental Protocol 

Animal Preparation 

All surgical and experimental procedures followed institutional animal care 

guidelines. Male, young and aged Fischer-344 rats (young = 1 - 3 month; aged = 2 0 - 2 4 

month), weighing between (100 - 250 g) and (400 - 480 g), respectively, were 

anesthetized with urethane (1.5 g/kg, i.p.). Fischer-344 rats are the species of choice in 

most aging studies as they do not get as obese with age as do other strains (e.g., Sprague-

Dawley); hence, obesity can be ruled out as one of the confounding factors. Body 

temperature was maintained between 37 and 38°C using heating pads, and monitored by 

a rectal probe. The right jugular vein was catheterized using a catheter (PE 50) fitted to a 

three-way stopcock, and flushed with heparinized physiological saline. Supplemental 

anesthetic was administered intravenously (i.v.) as required (typically 10% of initial 

dose). A tracheostomy was performed, wherein a cannula (PE 240) was inserted to 

ensure a patent airway and to facilitate subsequent experimental control of percent 

inspired oxygen administered. 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 changes in ventilation. The left 

common carotid artery was exposed and permanently occluded by ligature with Ethicon 

4/0 surgical silk. 
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Animals were placed into a stereotaxic apparatus. A midline incision was used to 

expose the skull, made just posterior to the eye orbits and extending to the interaural line. 

Small burr holes (3-4 mm diameter) were drilled in the skull and the dura removed for the 

placement of elecfrodes as follows: P = posterior to Bregma, Lat = lateral to the midline, 

V = Ventral to the surface of the cortex. Coordinates (in mm) were: (1) 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 . 

Electrophysiological Characterization 

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

into the CAl region and placed in the Schaeffer collateral fibers of the right 

hippocampus, which is the contralateral side 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 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 bilaterally in the stratum radiatum of the CAl region. The final position of the 

recording electrodes was based on electrophysiological criteria. The electrode was 

lowered to initially record a positive-going fEPSP that at times displayed a downward 

population spike, which is typical of a recording from the stratum pyramidale. The 

electrode was then further lowered until the fEPSP reversed in polarity as typically seen 

in the stratum radiatum (Figure 2). Stimulation intensity was then adjusted to ensure that 

the fEPSP was uncontaminated by the population spike. The recording electrodes were 
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heat-pulled (Sutter Instrument Corp., Novato, CA) from 1.5 mm borosilicate glass 

micropipettes (WPI) and filled with IM sodium acetate. A chloride-coated silver wire 

was inserted into the recording electrode and led to a WPI DAM 50 preamplifier. 

Stimulation, recording, and measurement of the Fepsp were controlled by A/Dvance 

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

computer interface (Instrutech Corp., Long Island, NY) and recorded by a Macintosh 

7100 Power PC computer (Apple Computer Inc., Cupertino, CA). The anoxic 

depolarization was recorded as a large transient by a chart recorder (Linseis Inc., 

Princeton, NJ). 
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A) Stimulate Record 

B) 
depth 0.5 mm 

10 msec 

Figure 2. 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 (Figure adapted from Gervitz, 2002). 
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Hypoxia/Ischemia Protocol 

Initially animals spontaneously breathed room air. Hypoxia was administered by 

mixing compressed air with N2. Animals were exposed to 10.5% inspired oxygen for a 

duration of 20 minutes. The level of hypoxia used was ascertained by determining a level 

that produced the greatest suppression of the fEPSP on the side ipsilateral to the 

occlusion, with minimal or no effect on the contralateral fEPSP. A 10.5% O2 hypoxic 

level was found to be sufficient for this purpose in most animals (Gervitz et al., 2001). 

The duration of the hypoxic exposure was determined so as to expose the animals to an 

extended hypoxic exposure during which an anoxic depolarization (AD) of the ipsilateral 

hippocampal neurons occurred. After the 20-minute exposure, the animals recovered 

breathing room air for a period of one hour. Following the experiment, the animals were 

euthanized while still fully anesthetized, using intravenous 2M KCl. Animals were then 

decapitated and both hippocampi were isolated, frozen on dry ice, and then stored in 

separate vials in a -80°C freezer until further use for Westem Blot analysis of Akt 

activation. 

In vitro Experimental Protocol 

Hippocampal Slice Preparation 

Transverse hippocampal slices, 400 |.im in thickness, were prepared from similar 

young and aged Fischer-344 rats (as mentioned above). Following decapitation, the 

dorsal hippocampi were immediately isolated, rinsed in ice-cold artificial cerebrospinal 

fluid (aCSF), and sliced using a mechanical tissue sheer (Mickle Laboratory Engineering 
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Co., London). Slices were then incubated for 1 hr in a static chamber containing heated 

(33 ± 0.5°C) aCSF composed of (Mm): NaCl 124, KCl 5.9, NaH2P04 1.2, MgS041.3, 

CaCb 2.5, NaHC03 25.6, glucose 10; equilibrated with 95% 02 /5% CO2. 

Elecfrophysiological Characterization 

For recording, the slices were transferred to a smaller static recording chamber 

also containing heated (33 ± 0.5°C) aCSF. This was an interface type recording chamber 

where the upper surfaces of the slices were oxygenated with humidifled 95% 02 /5% 

CO2, while their lower surfaces were bathed in aCSF. The stimulating electrode, made 

from a pair of twdsted, insulated nichrome wires, was placed in the Schaeffer collateral 

fibers of the slice. Stimulation was applied at suprathreshold intensity between 1 - 10 V, 

with a 140 |j.sec pulse at 0.1 Hz, at 10 sec intervals. The population spike and 

presynaptic fiber volley were recorded in the CAl pyramidal cell layer with a capillary 

glass microelectrode, heat-pulled (Sutter Instrument Corp., Novato, CA) from 1.5 mm 

borosilicate glass micropipettes (WPI) and filled with 2M sodium chloride. The 

population spike was recorded with a WPI DAM 50 differential DC amplifier. 

Stimulation, recording, and measurement of the amplitude of the population spike were 

controlled by A/Dvance software (McKellar Designs, U. British Columbia, Vancouver, 

BC) through an ITC computer interface (Instrutech Corp., Long Island, NY) and recorded 

by a Macintosh 7100 Power PC computer (Apple Computer Inc., Cupertino, CA). The 

anoxic depolarization was clearly recorded as a large transient by a chart recorder 

(Linseis Inc., Princeton, NJ). 
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Hypoxia/Ischemia Protocol 

Slices were made hypoxic/anoxic by switching the gas mixture in the atmosphere 

above the slice from 95% O2 / 5% CO2 to the desired percent inspired oxygen required in 

that particular experiment. Slices were exposed to gas mixtures with different 

concenfrations of O2, N2, and CO2 for different time durations depending on the 

hypothesis being tested. For the in vitro AD experiments, the duration of the anoxic 

exposure (95% N2/ 5% CO2) extended for 2 minutes after the neurons depolarized. After 

their respective experiment, the slices were re-oxygenated with humidified 95% O2 / 5% 

CO2 for a period of one hour. The slices were then frozen on dry ice, and then stored in 

vials in a -80°C freezer until further use for Westem blot and/or ELISA analysis of Akt 

activation. 

Drug Incubation Experiments 

For drug incubation experiments, the hippocampal slices were prepared similarly 

from young and aged rats and incubated for 1 hour in a static chamber with heated aCSF 

and oxygenated with humidified 95% 02 /5% CO2. After the initial 1-hour incubation 

period, age-dependent changes in the activation of Akt were examined under four 

separate experimental conditions: control (aCSF only); 20-min incubation with the 

adenosine Ai selective agonist cyclohexyladenosine (CHA lOpM solution prepared in 

DMSO); 20-min incubation with the adenosine Ai selective antagonist 8-

cyclopentyltheophylline (8-CPT lOpM solution prepared in IN NaOH); and incubation 

with both 8-CPT + CHA. In each condition, the drug was replaced with fresh aCSF after 
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the 20-min incubation period, including the control condition treated with only aCSF. 

Slices prepared from the same animal were used in all four experimental conditions 

tested and were incubated in four separate chambers. In order to extract sufficient 

amounts of protein for analysis, each chamber contained five slices. Slices were then 

allowed to recover for 1 additional hour in the replaced aCSF. All throughout the entire 

experiment, the slices were maintained at 33 ± 0.5°C and oxygenated with humidified 

95% O2 / 5% CO2. Slices were then collected, frozen on dry ice, and then stored in four 

separate vials in a -80°C freezer vmtil further use for Westem Blot and/or ELISA analysis 

of Akt activation. Both drugs were obtained from Sigma/Sigma-RBI (St Louis, MO). 

Protein Extraction 

Tissue samples for analysis of Akt were immediately frozen on dry ice to prevent 

protein dephosphorylation (Ouyang et al., 1999). Tissue homogenization was performed 

for both yoimg and aged tissue samples on the same day according to the method 

described by Ouyang et al., (1999). Both the whole hippocampus and hippocampal slices 

were similarly homogenized using a Dounce homogenizer (12-15 strokes) in 10 volumes 

of homogenization buffer containing 15 mmol/L Tris base/HCL, Ph 7.6, 1 mmol/L DTT, 

0.25 mol/L sucrose, 1 mmol/L MgCb, 1.25 |J.g/ml pepstatin A, 10|ag/ml leupetin, 2.5 

l^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 
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determined by the Bradford protein assay using optical density. Young and aged protein 

extracts thus procured were then normalized, such that each sample contained the same 

amount of protein. The same protein extracts were used for both Westem blot and 

ELISA analysis 

Westem Blot Analysis 

Westem blot analysis was conducted according to the method of Laemmli, on 8% 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Young and aged protein samples 

were run on the same gel, and equal amounts of protein were loaded into each lane. After 

electrophoresis, proteins were transferred to an immobilon-P membrane (Millipore). 

Subsequent to the transfer, membranes were blocked with bovine serum albumin from 

non-fat dry milk for at least one hour. After blocking, membranes were incubated 

overnight at 4°C with primary antibodies against phosphorylated Akt (pS473) at a 

dilution of 1:1000 (Cell Signaling Inc., Beverly, MA). This antibody detects 

phosphorylation of Akt at the Ser-473 site. Membranes were then given four 15-minute 

washes using phosphate buffered saline with tween 20 (PBS-T) and then incubated for 

one hour at room temperature with horseradish peroxidase (HRP)-conjugated secondary 

antibodies. The membranes were washed again similarly with PBS-T. The blots were 

developed using Super Signal chemiluminescence (Pierce, Rockford, IL) and the protein 

bands were captured on X-ray film. Membranes were then stripped using O.IM glycine 

(Ph 2.6) at room temperature for 30 min, so that they can be re-probed with primary 

antibodies against total Akt (incubated overnight at 4°C). The antibody detects the total 
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Akt present in the tissue which is inclusive of the phosphorylated and non-

phosphorylated forms. 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). 

ELISA Analysis 

This assay was carried out using immunoassay kits for phosphorylated Akt 

(pS473) and total Akt (BioSource Intemational Inc., Camarillo, CA). Each kit was a 

solid phase sandwich Enzyme Linked-Immuno-Sorbent Assay (ELISA). Young and 

aged protein extracts were run simultaneously, along with serial dilutions of the Akt 

(pS473) standard (provided with the kit) in each experiment. One Unit of standard is 

defined as the amount of Akt (pS473) derived from 100 pg of Akt, which was 

phosphorylated by MAPKAP2 and PDKl. Subsequent lots of standard were normalized 

to this lot of material to allow consistency of Akt (pS473) quantitation. All assays were 

carried out at room temperature. The standards and the samples were diluted in diluent 

buffer and each sample was run in triplicate. Each sample was then added to the 

appropriate microliter well, which was already coated with a monoclonal antibody 

specific for Akt (regardless of phosphorylation state), and incubated for 2 hours. The 

wells were then washed, 4 times each, with washing buffer, after which they were 

incubated with anti-Akt (pS473) detection antibody for 1 hour. The wells were washed 

again and then incubated with anti-rabbit IgG-HRP secondary antibody for 30 minutes. 

The wells were then washed for the last time, and then incubated for 30 minutes with 
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stabilized chromogen. This is a substrate solution, which when acted upon by the bound 

enzyme, produces color. The color intensity or the absorbance of each well was read at 

450 nm using a microliter plate reader (Power WavCx, Bio-Tek Instruments, Inc., 

Winooski, VT). A standard curve was plotted using the absorbance of the standards 

against tiieir concentrations. The Akt (pS473) concentrations (Units/ml) for the protein 

samples were then extrapolated using this curve. The same protein extracts were mn in a 

similar fashion using the total Akt kit, except that the standards and the detection 

antibody were for total Akt. Total Akt concentrations (ng/ml) of the same samples were 

attained using the total Akt standard curve. 

Statistical Analysis 

Data were analyzed by one-way and two-way Analysis of Variance (ANOVA) 

followed by Student Newman Keuls post hoc test (where appropriate) for comparisons 

among means (significance= p<0.05). Also, where appropriate, data were analyzed using 

a Student t-test for comparison between two groups (significance= p<0.05). Data are 

reported as means ± SEM. All statistical analyses were conducted using Sigma-Stat 

analysis software. Fitted curves and linear regressions were calculated using Microsoft 

Excel software. 
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CHAPTER IV 

RESULTS 

Hypotheses Overview 

Experiments were performed to examine the constitutive and activated levels of 

Akt in yoimg and aged Fischer-344 rat hippocampus, both in vivo and in vitro 

preparations. We explored age-related changes in the neuroprotective pathway mediated 

by adenosine and Akt through various hypotheses. Specifically, this chapter presents 

experimental data testing the following four hypotheses: (1) The activation of Akt by 

exogenous adenosine occurs to a lesser extent in the aged animals as compared to young 

animals; (2) The activation of Akt in response to a hypoxic exposure with anoxic 

depolarization occurs to a lesser degree in the aged animals as compared to young 

animals; (3a) Hypoxia-induced anoxic depolarization is necessary for the activation of 

Akt in vitro; (3b) Akt dephosphorylation in response to a hypoxic exposure without 

anoxic depolarization occurs to a greater degree in aged animals as compared to young 

animals; (4) Akt dephosphorylation is proportional to the severity of hypoxia. 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 I: The activation of Akt by exogenous adenosine occurs to 
a lesser extent in aged animals as compared to young animals 

Rationale 

We investigated whether there was an age-related impairment of the pathway 

mediated by adenosine and Akt. We examined the efficacy of adenosine Ai-mediated 

activation of Akt using adenosine Ai agonists and antagonists in young and aged rat 

hippocampus. We predicted that CHA (adenosine Ai agonist) would cause a lesser 

degree of activation of Akt in the aged, as compared to young animals. We also 

predicted that this activation would be completely attenuated by 8-CPT (adenosine Ai 

antagonist) in both young and aged animals. 

Methods 

Phosphorylation or activation of Akt was examined in hippocampal slices from 

yoimg and aged rats incubated for 20 minutes in four separate experimental conditions: 

control (aCSF only), adenosine Ai selective agonist (CHA, 10 |uM), adenosine Ai 

selective antagonist (8-CPT, 10 ^M), and both 8-CPT + CHA (described in detail in the 

Methods section). ELISA and Westem blot analyses were conducted using protein 

samples extracted from the slices. Equal amounts of protein were loaded into each 

well/lane. In both analyses, two separate antibodies were used to quantitate 

phosphorylated Akt (anti-phospho Ser-473) and total Akt (total amount of Akt, regardless 

of phosphorylation state). 

For all ELISA analyses, the color intensity or the absorbance of each well was 

read using a microtiter plate reader. The Akt (pS473) concentrations (Units/ml) and total 
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Akt concentrations (ng/ml) for the protein samples were extrapolated using their 

respective standard curves. For all Western blot analyses, the density of each protein 

band was evaluated using an optical densitometer camera. 

Results 

Baseline levels of phosphorylated Akt are reduced 
in the aged hippocampus 

The effects of incubating young and aged hippocampal slices in the four 

experimental conditions mentioned above are illustrated in Figure 3. Data are expressed 

in terms of mean ± SEM Units/ml (Unit defined previously in the Methods section) of 

phosphorylated Akt (phospho-Akt) in Table 1. For a group of animals (n=3), the baseline 

levels (exposed to aCSF only) of phospho-Akt were reduced by almost 58% in the aged 

as compared to the young hippocampal slices (3.39 ±0.17 vs. 1.45 ± 0.04 Units/ml, 

young and aged, respectively). Total Akt levels in all four experimental conditions in 

both young and aged animals were not significantly different from one another (Figure 

4). Hence, differences in baseline phosphorylation were not due to differences in total 

Akt levels or amounts of protein loaded into each well. 

Adenosine-mediated activation of Akt is reduced 
in the aged hippocampus 

Administration of CHA, an adenosine Ai selective agonist, resulted in increased 

phosphorylation of Akt in both young and aged animals compared to their respective 

controls (a 2-fold increase in both young and aged samples). In order to compare the 



relative action of phospho-Akt and since the baseline levels of phospho-Akt were 

significantiy different between young and aged animals, comparisons of increased 

phospho-Akt were made with respect to the total Akt measured in each respective group. 

When tiie ratio of phospho-Akt to total Akt (P-Akt/Total Akt) was compared between the 

young and the aged following CHA (Figure 5), the ratio for the aged animals was 

significantly lower than the young (0.17 ± 0.01 vs. 0.09 ±0.01, young and aged, 

respectively). Hence, this resuft clearly implies an age-related impairment of the 

adenosine Ai receptor-mediated activation of Akt. 

Increased activation of Akt is completely attenuated by 8-CPT 

Adminisfration of the adenosine Ai selective antagonist 8-CPT alone had no 

effect on either the yoimg or the aged baseline levels of phospho-Akt (not significantly 

different from their respective baseline levels) (Figure 3). However, in both young and 

aged slices, incubation with CHA + 8-CPT completely attenuated the increase in 

phosphorylation mediated by CHA alone to their respective baseline levels (2.99 ± 0.08 

for CHA + 8-CPT, 6.89 ± 0.12 for CHA vs. 0.96 ± 0.13 for CHA + 8-CPT, 2.96 ± 0.38 

for CHA [Units/ml], young and aged, respectively) 

Reconfirmation of results 

To the best of our knowledge, the age-related impairment of the Akt pathway had 

not been demonstrated in neurons before; hence, we wanted to confirm our findings. We 

decided to repeat part of our experiments to see if we could produce similar resuhs witii a 
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different set of young and aged animals. This time we also decided to confirm our 

analysis with Westem blot analysis, in addition to the ELISA. We ran control 

experiments (slices exposed only to aCSF for 2 hours 20 minutes) to confirm our finding 

that the baseline levels of phospho-Akt were reduced in the aged. In the second set of 

experiments, we controlled for the fact that the aged brain takes longer to isolate because 

of thicker skulls. During slice preparation, the young and the aged brain remained in the 

skull for the same amount of time before being immersed in ice-cold aCSF. The young 

and aged animal experiments were conducted on the same day and at the same time using 

the same chamber for incubation. Methods of analyses remained the same. 

Using ELISA, for a group of animals (n=3), the baseline levels (exposed to aCSF 

only) of phospho-Akt were reduced by 40% in the aged as compared to the young 

hippocampal slices (3.35 ± 0.17 vs. 2.02 ± 0.1 Units/ml, young and aged, respectively). 

Total Akt levels in both young and aged samples were not significantly different from 

one another (Figure 6). 

Using Westem blot analysis, on the same protein samples, the baseline levels of 

phospho-Akt were reduced by 44% in the aged as compared to the young hippocampal 

slices (reduced to 0.56 ± 0.09 relative intensity (r.i.) in the aged). Total Akt levels in both 

young and aged samples were not significantly different from one another (Figure 7). 

Hence, differences in phosphorylation were not due to differences in total Akt levels, 

amounts of protein loaded into each well/lane, or slice preparation time. 
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Table 1. Changes in levels of phospho-Akt on application of adenosine Ai agonist 
(CHA) and antagonist (8-CPT) to young (2 mo.) and aged (20 mo.) rat hippocampal 
slices. Values are means ± SEM. ELISA group data (n=3, for each category) for Control, 
CHA (lOiaM), CHA (lOpM) + 8-CPT (lO^iM), and 8-CPT (10|.iM) in young and aged 
Fischer 344 rats, illustrating levels of phospho-Akt (Units/ml) in each group (*** 
significant from young control, young CHA+8-CPT and old CHA; f t significant from 
old confrol and CHA+8-CPT; * significant from young control, p < 0.001, ANOVA 
followed by Student Neuman-Keuls). 

Young 

Aged 

Control 

3.39±0.17 

1.45 ±0.05* 

CHA 

6.89 ±0.12*** 

2.96 ± 0.38 t t 

CHA + 8-CPT 

2.99 ± 0.08 

0.96 ±0.13 

8-CPT 

2.67 ± 0.20 

1.18±0.15 
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Figure 3. Changes in levels of phospho-Akt on application of adenosine Ai agonist 
(CHA) and antagonist (8-CPT) to young (2 mo.) and aged (20 mo.) rat hippocampal 
slices. ELISA group data (data are mean ± SEM, n=3, for each category) for control, 
CHA (lO^iM), CHA (lO^iM) + 8-CPT (lOpM), and 8-CPT (lO^iM) in young and aged 
Fischer 344 rats, illustrating levels of phospho-Akt (Units/ml) in each group (*** 
significantly different from young control, young CHA+8-CPT and old CHA; f t 
significantly different from old control and CHA+8-CPT; * significantly different from 
young control, p < 0.001, ANOVA followed by Student Neuman-Keuls). 
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Figure 4. No changes in levels of total Akt on application of adenosine Ai agonist 
(CHA) and antagonist (8-CPT) to young and aged rat hippocampal slices. ELISA group 
data (data are mean ± SEM, n=3, for each category) for control, CHA (lO îM), CHA 
(lO îM) + 8-CPT (lOuM), and 8-CPT (10|aM) in young and aged Fischer 344 rats, 
illusfrating levels of total Akt (ng/ml) in each group (not significantly different from one 
another; p > 0.05, ANOVA). 

39 



< 
to 
o 

< 
Q-

ro 

Control CHA Control CHA 

YOUNG AGED 

Figure 5. Comparison between ratios of respective phospho-Akt and total Akt levels in 
confrol and CHA-freated conditions in young and aged rat hippocampal sUces. ELISA 
group data (data are mean ± SEM, n=3, for each category) for controls and CHA-treated 
conditions in young and aged Fischer 344 rats, illustrating average means of P-Akt/Total 
Akt ratios in each group (* significantly different from young CHA; t significantiy 
different from young control; p < 0.001, ANOVA followed by Student Neuman-Keuls). 
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Figure 6. Comparison between ELISA group data for basal activation of phospho-Akt 
and total Akt in controls of young and aged rat hippocampal slices. ELISA group data 
(data are mean ± SEM, n=3, for each category) for confrols in young and aged Fischer 
344 rats, illustrating levels of (A) Phospho-Akt (Units/ml) in each group (* significantly 
different from young confrol, p=0.003, t-test). (B) Total Akt (ng/ml) in each group (not 
significantly different from one another, p=0.438, t-test). 
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Figure 7. Comparisons of Westem blot group data for basal activation of phospho-Akt 
and total Akt in confrols of young and aged rat hippocampal slices. Westem blot group 
data (data are mean ± SEM, n=3, for each category) for confrols in young and aged 
Fischer 344 rats, illustrating average differences in relative intensity (A) Phospho-Akt 
between groups (* significantly different from young control, p=0.008, t-test). (B) Total 
Akt between groups (not significantly different from one another, p=0.073, t-test). 
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Hypothesis H: The activation of Akt in response to a hypoxic 
exposure with anoxic depolarization occurs to a lesser degree 

in aged animals as compared to young animals 

Rationale 

We wanted to investigate whether there was an age-related impairment of Akt 

activation in response to anoxic depolarization (AD). We predicted that hypoxia with 

AD will result in increased activation of Akt in both young and aged animals, both in 

vivo and in vitro; however in the aged animals, this activation will occur to a much lesser 

extent as compared to the young animals. 

Methods-/^ vivo 

In vivo hypoxia protocol 

Initially animals spontaneously breathed room air. Hypoxia was administered by 

mixing compressed air with N2. Both young and aged animals were exposed to 10.5% 

inspired oxygen for a duration of 20 minutes, during which time an AD of the ipsilateral 

hippocampal neurons occurred (same side as carotid occlusion). After the 20-minute 

exposure, the animals breathed room air for a period of one hour. 

Electrophysiological Characterization 

The effects of hypoxia were studied via electrophysiological recordings 

throughout the experiment. The Schaeffer collateral fibers of the right hippocampus (the 

contralateral side to the carotid occlusion) were stimulated. Evoked field excitatory 

postsynaptic potentials (fEPSPs) were recorded bilaterally in the stratum radiatiam of the 
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CAl regions (described in detail in the Methods section). Recordings of hippocampal 

fEPSPs were made in both young and aged rats (n=5 for each category). Hypoxia (10.5% 

inspired oxygen) resuhed in the reversible depression of fEPSPs recorded ipsilateral to 

tiie occlusion, with no significant change in the fEPSPs on the contralateral side. The 

neurons depolarized (after approx. 8-10 min of hypoxia) during this extended hypoxic 

exposure. Often, AD was preceded by a transient paradoxical increase in fEPSPs. The 

reason for tiiis paradoxical increase in fEPSPs is not known. After reintroduction of 

normoxia, the amplitude of the fEPSPs recovered to approx. 80% of the pre-hypoxic 

amplitude on the ipsilateral side (Figure 8). There was no significant difference in the 

elecfrophysiological response to hypoxia between young and aged animals. 

Westem Blot analysis 

Westem Blot analysis was conducted using protein samples extracted from both 

hippocampi, from both young and aged animals. Equal amounts of protein were loaded 

into each lane. Two separate antibodies were used to assess phosphorylated Akt (anti-

phospho Ser-473) and total Akt (total amount of Akt present). 

Results-/^ vivo 

Increased activation of Akt in response to the hypoxia-induced 
anoxic depolarization in vivo 

On Westem blot analysis, there was increased phosphorylation of Akt in the 

ipsilateral hippocampus (as compared to the contralateral side) of both young and aged 

animals in response to the AD. However, increases in activation of Akt were not 
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significantly different between the young and aged animals (data are mean ± SEM) (2.38 

± 0.37 vs. 2.01 ± 0.27 fold increase, young and aged, respectively) (Figure 9). Baseline 

phospho-Akt levels on the contralateral side were lower in the aged as compared to the 

young, (reduced to 0.79 ± 0.12 vs. 1 r.i., young and aged, respectively), but did not reach 

significance. The total Akt levels were the same across all conditions. 

Methods-/^ vitro 

In vitro anoxia protocol 

Hippocampal slices were made anoxic by switching the gas mixture in the 

atmosphere above the slice from 95% O2 / 5% CO2 to 95% N2 / 5% CO2. The duration of 

the anoxic exposure extended for 2 minutes after the AD. The slices were re-oxygenated 

with humidified 95% O2/ 5% CO2 for a period of one hour. 

Electrophysiological Characterization 

The slice was stimulated in the Schaeffer collateral fibers, and population spikes 

were recorded in the stratum pyramidale of the CAl region (described in detail in the 

Methods section). Anoxia (0% oxygen) resulted in the reversible depression of 

population spikes recorded from young hippocampal slices. The time taken for neurons 

to depolarize (time-to-AD) was variable; 18.6 ± 4.3 minutes (n=6) into the anoxic 

exposure. In 4 out of 6 slices, AD was preceded by a paradoxical increase in population 

spike amplitude. After reintroduction of normoxia, the amplitude of the population 

spikes recovered to 140.6 ± 40.4 % of the pre-hypoxic amplitude (n=6), and exhibited 
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anoxic long-term potentiation (LTP) (in 5 out of 6 slices) after Ihour of recovery (Figure 

10). A recording from control slices (exposed to 95% O2) showed no significant changes 

in population spike amplitude for a similar time course (104.9 ± 6.8% of baseline 

amplitude after 1 hour). 

ELISA analysis 

Initially, an ELISA assay was conducted using protein samples extracted from 

young slices alone. Equal amounts of protein were loaded into each well. Two different 

antibodies were used to assess phosphorylated Akt (anti-phospho Ser-473) and total Akt 

(total amount of Akt present). 

Results—/A? vitro 

No increased activation of Akt in response to anoxic 
depolarization in vitro 

On ELISA analysis, there was no increase in phosphorylation of Akt in response 

to AD, as compared to control slices (5.69 ± 0.1 vs. 5.36 ± 0.1 Units/ml, control and AD, 

respectively) (Figure 11). The total Akt levels (ng/ml) were the same in both conditions. 
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Figure 8. Representative in vivo trial record for an extended hypoxic exposure (10.5% O2 
for 20 min), resulting in anoxic depolarization (AD) of the ipsilateral hippocampus (filled 
circles), with no significant change in fEPSPs on the contralateral side (open circles), (a) 
Baseline recording of field excitatory post synaptic potentials (fEPSPs) with animal 
breathing room air. (b) Inhibition of fEPSPs in response to hypoxia, (c) Paradoxical 
increase in fEPSPs preceding AD. (d) Anoxic depolarization, (e) Recovery of fEPSPs 
toward baseline with animal breathing room air. 
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Figure 9. A twenty-minute hypoxic exposure (10.5% O2) in vivo, with anoxic 
depolarization, increases phosphorylated Akt in the ipsilateral hippocampus of both 
young and aged rats. (A) Representative Westem blots for hippocampi, both ipsilateral 
and contralateral to the occlusion, in young and aged Fischer 344 rats. (B) Group data 
(data are mean ± SEM, n=5, for each category) illustrating average differences in relative 
intensity of phospho-Akt between groups. (* significantly different from young 
contralateral, f significantly different from old contralateral, p < 0.05, ANOVA followed 
by Student Neuman-Keuls). 
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Figure 10. Representative in vitro population spike traces and trial record. (A) 
Representative population spike traces that correspond to different time points (letters a-
f) in the trial record. (B) Representative in vitro trial record for an extended hypoxic 
exposure (0% O2 for 18 min), resulting in anoxic depolarization (AD) of the young 
Fischer 344 rat hippocampal slice, (a) Baseline recording of population spikes with 95% 
O2. (b) Inhibition of population spikes (0% O2). (c) Paradoxical increase in population 
spike amplitude preceding AD. (d) Anoxic depolarization, (e) Recovery of population 
spikes to baseline with 95% O2. (f) Anoxic long term potentiation 

49 



E 
"to 

"c 

< 
I 

Q-

Control Anoxic Depol 

Figure 11. An anoxic exposure (0% O2) in vitro, with anoxic depolarization (AD), does 
not increase phosphorylated Akt. ELISA group data (data are mean ± SEM, n=6, for 
each category) illusfrating levels of phospho-Akt (Units/ml) in control and AD slices in 
young Fischer 344 rats. Phospho-Akt was not significantly different between the two 
conditions, p > 0.05, t-test. 
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Hypothesis III (a): Hypoxia-induced anoxic depolarization 
is necessary for the activation of Akt in vitro 

Rationale 

There is experimental evidence that AD leads to a large release of adenosine 

(Fowler, 1993), which in turn could activate Akt. Given that, we predicted that the 

increase in phospho-Akt with hypoxia alone would be less than that seen with AD. 

Methods 

Hippocampal slices were made anoxic by switching the gas mixture in the 

afrnosphere above the slices from 95% 02 /5% C02to 95% N2/ 5% CO2 for 10 minutes 

The anoxic exposure was short enough in duration to ensure that the neurons did not 

depolarize (time-to-AD was established in earlier experiment to be 18.6 ± 4.3 minutes 

using this setup), but long enough to induce hypoxic stress in the neurons. The effects of 

anoxia were examined via electrophysiological recordings (described in detail in the in 

vitro protocol in the Methods section). The slices were then re-oxygenated with 

humidified 95% O2 / 5% CO2 for a period of one hour. 

Results 

Westem blot analysis using protein samples extracted from young hippocampal 

slices showed that hypoxia without AD not only failed to show the increased 

phosphorylation of Akt, it actually decreased phosphorylated Akt (as compared to 

controls). 
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Hypothesis III (h): Akt dephosphorylation in response to a hypoxic 
exposure without anoxic depolarization occurs to a greater degree in 

aged animals as compared to young animals 

Rationale 

Since this dephosphorylation of Akt was an unexpected result, it was of interest to 

further investigate the age-related changes in this process. We expected that the hypoxia 

witiiout anoxic depolarization would result in decreased phosphorylation of Akt in both 

young and aged animals, but in aged animals, this dephosphorylation would occur to a 

much greater extent as compared to young animals. 

Methods 

Electrophysiological Characterization 

Both young and aged, hippocampal slices (n=6, for each category) were made 

anoxic as mentioned above. Anoxia (0% oxygen) resulted in the reversible depression of 

population spikes recorded from hippocampal slices. The 10-minute duration of anoxia 

ensured that the neurons did not depolarize. After reintroduction of normoxia, the 

amplitude of the population spikes recovered to 123.3 ± 12.2% of the pre-hypoxic 

amplitude (n=3) (Figure 12). A recording from a control slice showed no significant 

changes in population spike amplitude, exposed to 95% O2 for a similar time course 

(106.1 ± 8.2 % of baseline amplitude after 1 hour). 
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Results 

Decreased phosphorylation of Akt in response to a hypoxic exposure 
without anoxic depolarization 

On Westem blot analysis, there was decreased phosphorylation of Akt in exposed 

slices (as compared to control slices) of both young and aged animals in response to a 

hypoxic exposure without AD. However, decreases in activation of Akt were not 

significantiy different between the young and aged animals (67% decrease from 1 to 0.33 

± 0.05 vs. 63% decrease from 0.91 ± 0.18 to 0.34 ± 0.08, young and aged, respectively) 

(Figure 13). The total Akt levels were the same across all conditions. 

Baseline/Control levels of phosphorylated Akt are reduced 
in the aged hippocampus when data are pooled together 

In the above experiment, baseline or control levels of phospho-Akt (from slices 

not exposed to hypoxia) tended to be lower in the aged slices as compared to the young, 

but were not significantly different from one another. This was not consistent with our 

earlier findings, where baseline levels of phospho -Akt were reduced in the aged 

(Hypothesis I, Figure 7). The trend existed (even with in vivo conditions), but did not 

reach significance. Since the experimental conditions, incubation times, protein 

extraction technique, and analysis techniques (Westem blotting) were the same across all 

earlier and present experiments, we wanted to test whether significance could be reached 

if the power of the statistical test was increased by pooling all the data together 

(increasing the n). 
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The Westem blot data was indeed significant when all the data were pooled 

together (Figure 7 and 13), increasing the power of the statistical test (n=8). Baseline 

levels of phospho-Akt were reduced by 27% in the aged as compared to the young 

(reduced to 0.73 ±0.13 r.i. in the aged) (Figure 14). 
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Figure 12. Representative in vitro population spike traces and trial record. (A) 
Representative population spike traces that correspond to different time points (letters a-
c) in the trial record. (B) Representative in vitro trial record for a ten-minute anoxic 
exposure (0% O2) without anoxic depolarization in a rat hippocampal slice, (a) Baseline 
recording of population spikes with 95% O2. (b) Inhibition of population spikes during 
anoxia (0% O2). (c) Recovery of population spikes to baseline with 95% O2. 
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Figure 13. A ten-minute anoxic exposure (0% O2) in vitro, without anoxic 
depolarization, decreases phosphorylated Akt in young and aged rat hippocampal slices. 
(A) Representative Westem blots for control and hypoxic exposures in young and aged 
Fischer 344 rats. (B) Group data (data are mean ± SEM, n=6, for each category) 
illustrating average differences in relative intensity of phospho-Akt between groups. (* 
significantly different from young control, f significantly different from old control, p < 
0.001, ANOVA followed by Student Neuman-Keuls). 
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Figure 14. Comparison between Westem blot group data for basal activation of phospho-
Akt in controls of young and aged rat hippocampal slices. Westem blot group data (data 
are mean ± SEM, n=8, for each category) for pooled control experiments (Figure 7 and 
13) in young and aged Fischer 344 rats, illustrating average differences in relative 
intensity of phospho-Akt between groups (* significant from young confrol, p=0.049, t-
test). 
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Hypothesis IV: Akt dephosphorylation is proportional 
to the severity of hypoxia 

Rationale 

We wanted to investigate whether phospho-Akt levels were inversely proportional 

to the severity of a hypoxic exposure without anoxic depolarization (AD) in vitro. Based 

on similar results from in vivo studies, we predicted that decreases in levels of 

phosphorylated Akt will be proportional to the severity of hypoxia. 

Methods 

Study specific hypoxia protocols 

Hippocampal slices were made hypoxic by switching the gas mixture in the 

atinosphere above the slices from 95% O2 / 5% CO2 to 95% N2 / 5% CO2 or 90% N2 / 

10% O2 for 3 minutes. The hypoxic exposure was short enough in duration to ensure that 

the neurons did not depolarize. After the experiment, the slices were re-oxygenated with 

humidified 95% O2 / 5% CO2 for a period of one hour. 

Electrophysiological Characterization 

The effects of hypoxia were examined via electrophysiological recordings. 

Hippocampal slices (n=6, for each category) were made hypoxic by exposing the slices to 

one of the two gas mixtures mentioned above. Hypoxia (0% or 10% oxygen) resulted in 

the reversible depression of population spikes. The exposure to 0% O2 produced a greater 

depression of population spike amplitude than the exposure to 10% O2 (34.8 ± 1. 5% 

depression for 0% O2 vs. 15.3 ± 1.2% depression for 10% O2; n=3) (Figures 15 and 16). 
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After reintroduction of normoxia, the amplitude of population spikes recovered to 129.9 

± 6.7% of the pre-hypoxic amplitude for the 0% O2 and 115.5 ± 7.8% of the pre-hypoxic 

amplitude for the 10% O2. A recording from a control slice showed no significant 

changes in population spike amplitude, exposed to 95% O2 for a similar time course 

(102.7 ± 10.5 % of baseline amplitude after 1 hour). 

Results 

The degree of dephosphorylation of Akt is proportional 
to the severity of hypoxia 

On Westem blot analysis, using protein samples extracted from hippocampal 

slices, there was decreased phosphorylation of Akt in exposed slices (as compared to 

confrol slices) for both 3-minute hypoxic exposures (0% and 10% O2). Notably, 

decreases in activation of Akt were proportional to the severity of the hypoxia. The 

exposure to 0% O2 produced a greater depression of phospho-Akt levels than the 

exposure to 10% O2 (58% decrease from 1 to 0.42 ± 0.09 vs. 29% decrease from 1 to 

0.71 ± 0.13, 0% exposure and 10% exposure, respectively) (Figure 17). The control 

phospho-Akt and total Akt levels were the same across all conditions. 

Exposure to 10% O2 seemed to be the middle point on the curve between control 

(exposure to 95% O2) and 0% O2. Since the midpoint is the most sensitive portion of a 

curve, we tested whether this curve shifts when aged hippocampal slices were exposed to 

similar conditions. In other words, we tested whether there was a difference in the degree 

of dephosphorylation when exposed to 10% O2 between young and aged hippocampal 

slices. 
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There was decreased phosphorylation of Akt in exposed slices (as compared to 

confrol slices) of both young and aged animals in response to a 3-minute hypoxic 

exposure with 10% O2. However, decreases in activation of Akt were not significantly 

different between the young and aged animals (27% decrease from 1 to 0.73 ± 0.1 vs. 

31% decrease from 1.58 ± 0.68 to 1.07 ±0.41, young and aged, respectively) (Figure 18). 

The control phospho-Akt levels were not significantly different between the young and 

aged animals, though there was a large variance observed amongst the values for aged 

confrol animals. In all past experiments, the trend has been that the aged control 

phospho-Akt levels have always been lower than young control levels. This apparent 

increase in aged control levels may be attributed to experimental errors whilst conducting 

the Westem blots for that particular experiment. This data were derived from a single 

Westem blot wath a small group of animals (n=4), which was never replicated; hence, 

these particular results need to be interpreted with caution. The total Akt levels were the 

same across all conditions. 
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Figure 15. Representative in vitro population spike traces and trial record. (A) 
Representative population spike traces that correspond to different time points (letters a-
c) in the trial record. (B) Representative in vitro trial record for a three-minute hypoxic 
exposure (0% O2) without anoxic depolarization in a rat hippocampal slice, (a) Baseline 
recording of population spikes with 95% O2. (b) Inhibition of population spikes during 
hypoxia (0% O2). (c) Recovery of population spikes to baseline with 95% O2. 
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Figure 16. Representative in vitro population spike traces and frial record. (A) 
Representative population spike traces that correspond to different time points (letters a-
c) in the trial record. (B) Representative in vitro trial record for a three-minute hypoxic 
exposure (10% O2) without anoxic depolarization in a rat hippocampal slice, (a) Baseline 
recording of population spikes with 95% O2. (b) Inhibition of population spikes during 
hypoxia (10% O2). (c) Recovery of population spikes to baseline with 95% O2. 
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Figure 17. Three-minute hypoxic exposures (0% O2, 10% O2) in vitro, without anoxic 
depolarization, decreases phosphorylated Akt proportional to the severity of hypoxia in 
young hippocampal slices. (A) Representative Westem blots for control and hypoxic 
exposures in young Fischer 344 rats. (B) Group data (data are mean ± SEM, n=6, for 
each category) illustrating average differences in relative intensity of phospho-Akt 
between groups (control for 0% O2 not shown for clarity) (* significantly different from 
control, ** significantly different from control and 10% O2, p < 0.05, ANOVA followed 
by Student Neuman-Keuls). 
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Figure 18. A three-minute hypoxic exposure (10% O2) in vitro, without anoxic 
depolarization, decreases phosphorylated Akt in young rat hippocampal slices. (A) 
Representative Westem blots for control and hypoxic exposures in young and aged 
Fischer 344 rats. (B) Group data (data are mean ± SEM, n=4, for each category) 
illustrating average differences in relative intensity of phospho-Akt between groups. (* 
significantly different from young control, p = 0.04, t-test) 

64 



CHAPTER V 

DISCUSSION 

In this chapter, each result from every hypothesis will be discussed as separate 

subsections. 

Hypothesis 1: The activation of Akt by exogenous adenosine occurs 
to a lesser extent in aged animals as compared to young animals 

There is an age-related reduction in the constitutive levels 
of phosphorylated Akt 

Baseline levels of phosphorylated or activated Akt are reduced in the aged 

hippocampal slices as compared to the young. Since total Akt levels are the same across 

all conditions, one or more components of the phosphorylating mechanism may be 

implicated in this downregulation. Our findings are consistent with numerous reports 

that that the anti-apoptotic pathway mediated by Akt may be impaired in aged animals. 

Activation of the Akt pathway is dovmregulated with age in a number of non-neural cell 

types including human cardiac fibroblasts (Diez et al., 2001), rat cardiac tissue 

(Centurione et al., 2002), rat muscle tissue (Carvalho et al., 2000), rat hepatocytes 

(Ikeyama et al., 2002), and mouse skeletal muscle (Li et al., 2003). 

Studying the various mechanisms, pathways, and effectors associated with the 

activation of Akt is important because of its crucial anti-apoptotic actions and the major 

role Akt plays in cell survival. Within the CNS, the PI3K-Akt pathway has been 

implicated as being a potent endogenous neuroprotective pathway. The neuroprotection 
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is achieved by promoting growth factor-mediated survival and blocking apoptosis 

(Brunet et al , 2001). This is especially evident in the response to cerebral ischemia, 

where Akt exhibits effective neuroprotection in both necrotic (Honda et al., 2000; 

Melchiorri et al., 2001) and apoptotic models of cell death (Crowder and Freeman, 1998; 

Dudek et al., 1997). Increased levels of phosphorylated Akt are found in the 

hippocampus following ischemia (Gervitz et al., 2002; Yano et al., 2001), which is 

mobilized in a matter of minutes (Ouyang et al., 1999). Akt promotes neuronal survival 

by blocking apoptotic events like cytochrome C release and appearance of executioner 

caspases (Jin et al., 2000; Noshita et al., 2001; Ouyang et al., 1999); and also by inducing 

ischemic tolerance (Yano et al., 2001). ft is evident that the protective role of Akt can be 

very cmcial to neuronal survival in response to cerebral ischemia. 

It is well documented that the aged brain shows an increased vulnerability to 

neuronal injury, especially from cerebral ischemia or hypoxia (Kharlamov et al., 2000; 

Roberts and Chih, 1995; Sutheriand et al., 1996). Also well established are the reports of 

the Akt pathway being suppressed with age (Carvalho et al., 2000; Centurione et al., 

2002; Diez et al., 2001; Ikeyama et al., 2002; Li et al., 2003). Therefore, in broad terms, 

our central hypothesis was that the increased damage following cerebral ischemia in the 

aged brain is due to an age-related impairment of the neuroprotective pathway mediated 

by Akt. From our initial investigations, we observe that there is a reduction in the 

constitutive levels of phosphorylated Akt in the aged hippocampus. To the best of our 

knowledge, this is the first time that age-related changes in the PI3K-Akt pathway have 

been showoi in neuronal tissue. 
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There is an age-related impairment of the adenosine Aĵ  
receptor-mediated activation of Akt 

From our initial investigations, we observe that the adenosine A, receptor-

mediated activation of Akt in vitro is reduced in the aged hippocampus. Administration 

of an adenosine Ai selective agonist resulted in increased phosphorylation of Akt, which 

was completely attenuated by the administration of an adenosine Ai selective antagonist, 

in botii young and aged rat hippocampal slices; however, in the aged hippocampal slices, 

this activation of Akt was significantly impaired as compared to the young. 

Our present observations are consistent with increasing evidence that suggests 

there is an age-related downregulation of the adenosine Aj receptors (Al-ARs). There are 

studies that show age-dependent reduction in the density of adenosine Ai receptors and 

adenosine uptake sites (Ekonomou et al., 2000), Ai receptor gene expression (Cheng et 

al., 2000), and responsiveness of presynaptic A] receptors (Speriagh et al., 1997). While 

the exact mechanism for this downregulation is unclear, it is thought that the increased 

concentration of adenosine and activity of 5'-nucleotidase (a cmcial enzyme involved in 

adenosine synthesis) in the aged result in increased adenosine activity, which in turn 

leads to the downregulation of adenosine Ai receptors (Jin et al., 1993). 

Adenosine plays a cmcial role in mediating the neuronal response to cerebral 

ischemia. An early response to cerebral hypoxia/ischemia is a reversible inhibition of 

synaptic transmission (reviewed in Astmp et al., 1981; Martin et al., 1994). This 

depression of synaptic activity serves as a neuroprotective mechanism during a 

metabolically stressful event like hypoxia, as it conserves energy expenditure by reducing 

metabolic demand. There is substantial evidence that this initial reversible 
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neuroprotective suppression of synaptic fiinction during hypoxic/ischemic conditions is 

due to the release of endogenous adenosine acting at neuronal Ai receptors, leading to the 

inhibition of excitotoxic effects caused by glutamate release (Fowler, 1993; Gervitz et al., 

2001; Gervitz, 2000; Gribkoff and Bauman, 1992). 

Adenosine Ai receptor may activate Akt in a number of ways. Adenosine binds to 

Al receptors, that in turn activate Gj proteins, which then results in the inhibition of 

adenyl cyclase (reviewed in Stiles, 1992). It has been established that adenosine 

mediates activation of Akt in the rat hippocampus via adenosine Ai receptors (Gervitz et 

al., 2002), tiiat are possibly Gi protein coupled. The mechanism by which Gj protein-

coupled receptors (GPCRs) are linked to Akt activation is not well understood. One of 

the proposed mechanisms for the signal transduction pathway is that the activation of Akt 

by GPCRs is thought to be PI3K-dependent and tyrosine phosphorylation-independent; 

PI3K being directly activated by Gi protein Py dimers (Murga et al., 2000; Murga et al., 

1998). There is a report of age-related reduction in the coupling between Al-ARs and 

their G proteins in rat ventricular myocardium (Cai et al., 1997). Another proposed 

mechanism is that the adenosine-mediated Akt activation may act via decreasing cyclic 

adenosine monophosphate (cAMP), as cAMP is knovm to inhibit Akt activity by 

blocking membrane localization of PDKl (Kim et al., 2001). 
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Hypothesis II: The activation of Akt in response to a hypoxic exposure 
with anoxic depolarization occurs to a lesser degree in aged animals 

as compared to young animals 

There is increased activation of Akt in response to 
the hypoxia-induced anoxic depolarization in vivo 

Anoxic depolarization (AD) causes increased Akt phosphorylation in both young 

and aged hippocampus, in vivo. The objective of this study was to test whether there 

were any differences in Akt activation in response to AD between young and aged 

animals. It is important to understand the mechanisms involved with AD, because it 

seems to play an integral role in determining whether neuronal function recovers or is lost 

after ischemic injury. If not terminated in time, a prolonged depolarization results in 

irreversible loss of neuronal function and cell death (reviewed in Somjen, 2001). 

It is known that the aged brain shows an increased vulnerability to AD (Somjen, 

2001), though the reasons for this are not clear. It is also knovm that the threshold for 

AD initiation decreases with aging, wherein the latency period from oxygen withdrawal 

to the actual appearance of AD is shorter in the aged rat as compared to young (Roberts 

et al., 1990). There is evidence of an age-related increase in adenosinergic activity, 

probably due to increased adenosine concentrations in the aged (Bauman et al., 1992; 

Ethier et al., 1989). It is well documented that there is an increased release of adenosine 

(4- to 5-fold increase) following AD of the neurons (Fowler, 1993) and that AD has to 

occur for the adenosine Ai-mediated activation of Akt in vivo (Gervitz et al., 2002). 

Based on the above-mentioned facts, we expected that the increased 

concentrations of adenosine in the aged would lead to the downregulation of Al-ARs and 

decreased binding of adenosine following AD; which in turn would resuft in decreased 
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activation of Akt in the aged as compared to the young. This would essentially ftirther 

corroborate our earlier finding of an age-related impairment of the adenosine-mediated 

Akt pathway. 

Our in vivo results indicate that there was increased phosphorylation of Akt in 

response to AD in the ipsilateral hippocampus (as compared to the contralateral side) of 

both young and aged animals. However, increases in activation of Akt were not 

significantly different between the young and aged animals. Therefore, the hypothesis is 

not supported by the data. 

No increased activation of Akt in response to anoxic depolarization in vitro 

In our in vitro preparation, AD failed to increase activation of Akt in young 

hippocampal slices. Since levels of phospho-Akt were not significantly different between 

the young control and AD slices, there was no necessity of performing the same 

experiments in the aged. 

While conducting electrophysiological recordings from the hippocampal slice, ft 

soon became apparent that electric^ly, the slice responded very differently from whole 

animal experiments to similar hypoxic insufts. The discrepancy between our in vitro and 

in vivo resuhs may be explained by the fact that our in vitro time-to-AD differed from our 

in vivo experiments (12-25 minutes, in vitro vs. 7-10 minutes, in vivo experiments). 

Moreover, the in vivo experiments were exposed to a fixed hypoxic exposure, whereas 

the exposure varied from slice to slice for our in vitro AD experiments, as time-to-AD 

varied so greatly. Since all the slices had to be grouped together in order to procure 
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enough sample to conduct the protein assay, a positive effect could have easily been 

diluted by different levels of phosphorylation among different slices. 

Hypothesis III (a): Hypoxia-induced anoxic depolarization is necessary 
for the activation of Akt in vitro 

There is decreased phosphorylation of Akt in response to hypoxia 
without anoxic depolarization 

The objective of this study was to test whether anoxic depolarization (AD) is 

required for the activation of Akt in hippocampal slices. The rationale behind this study 

is that AD leads to the increased release of adenosine (Fowler, 1993), which in tum could 

activate Akt. It has been observed in vivo experiments that repeated transient 2-minute 

hypoxic exposures without AD were not sufficient to increase phosphorylated Akt 

(Gervftz et al., 2002). Given that, we predicted that a hypoxic exposure without anoxic 

depolarization in vitro, would fail to increase phosphorylated Akt in exposed 

hippocampal slices. 

Interestingly, we discovered that not only did a hypoxic exposure without AD fail 

to show increased phosphorylated Akt; there was actually a decrease in levels of 

phospho-Akt as compared to control conditions. Since this resuft was such an 

unexpected one, we decided to investigate it further. Specifically, it was of interest to test 

whether there were any age-related changes in the observed dephosphorylation of Akt. 
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Hypothesis III (b): Akt dephosphorylation in response to a hypoxic 
exposure without anoxic depolarization occurs to a greater degree in 

aged animals as compared to young animals 

Aged animals do not show a greater degree of Akt dephosphorylation 
in response to a hypoxic exposure without anoxic depolarization 

The purpose of this study was to test whether there was an age-related impairment 

in the observed dephosphorylation of Akt. The hypothesis for this study was based on 

the fact that one of the potential areas we were exploring as an explanation for the 

increased susceptibility to neuronal injury in the aged brain was the suppression of the 

Akt neuroprotective pathway with age. 

There is evidence of Akt being dephosphorylated to undetectable levels at the end 

of 15 minutes of ischemia (Ouyang et al., 1999). Other reports of phospho-Akt 

dephosphorylation immediately after ischemia are well documented (Noshita et al., 2001; 

Yano et al., 2001). Akt dephosphorylation may be caused by drops in ATP levels at the 

end of the ischemic period, which in tum increases activation of phosphatases (Hu et al., 

1999). The phospho-Akt then rapidly rephosphorylates over control levels at 30 minutes 

and 4 hours of reperfusion (Ouyang et al., 1999). 

There is strong evidence that ATP levels (which serve as one of the sources of 

adenosine) do not drop dramatically until after AD has occurred (Fowler and Li, 1998). 

Age-related changes in energy metabolism contributes to the increased susceptibility to 

hypoxic damage (Roberts and Chih, 1995), specifically changes in intracellular ATP 

maintenance (Joo et al., 1999). It is known that ATP levels are reduced with aging, 

which contributes to reduced biological plasticity in the aging brain (Hoyer, 1986, 1985). 
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The phosphatase specifically responsible for the dephosphorylation of Akt is 

protein phosphatase 2A (PP2A). There are recent reports that the local activation of 

PP2A is crucial in integrin-mediated regulation of Akt signaling (Pankov et al., 2003) and 

caspase-mediated downregulation of Akt (Liu et al., 2003). Additionally, there are also 

age-related alterations in the balance of kinase/phosphatase activities, particularly the 

serine-tiireonine kinase/PP2A activity (Norris et al., 1998). 

Our hypothesis was based on the above-stated facts, wherein we expected 

increased dephosphorylation of Akt in response to hypoxia in the aged brain due to age-

related changes in ATP maintenance and PP2A activity. This would further strengthen 

our central hypothesis of age-related impairment of the Akt pathway. 

Our results indicate that there was decreased phosphorylated Akt in exposed 

slices of both young and aged animals in response to a hypoxic exposure without AD. 

However, decreases in phosphorylated Akt were not significantly different between the 

young and aged animals. Therefore, the hypothesis is not supported by the data. 

Hypothesis IV: Akt dephosphorylation is proportional 
to the severity of hypoxia 

The degree of dephosphorylation of Akt is proportional 
to the severity of hypoxia 

The objective of this study was to test whether phospho-Akt levels were inversely 

proportional to the severity of hypoxia without AD, in vitro. The goal was to 

demonstrate that the severity and duration of hypoxia affects the levels of phosphorylated 
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Akt formed downstream, which in tum can influence the extent and reversibility of 

neuronal damage. 

Our results show that exposure to 0% O2 produced a greater depression of 

phospho-Akt levels than the exposure to 10% O2, in vitro. Therefore, the hypothesis is 

supported by the data. 

Our observations are consistent with in vivo studies, wherein variation in ischemic 

severity resulted in differences in levels of phosphorylated Akt (Yano et al., 2001). The 

authors found that a lethal neuronal damage reduced phosphorylation of Akt, whereas a 

sublethal damage increased it (Yano et al., 2001). There is also a difference in the 

regional disfribution of phospho-Akt after cerebral ischemia (Noshita et al., 2001), which 

might reflect the degree of neuronal damage (Yano et al., 2001). This observation is 

especially important as it may help characterize the ischemic core and penumbra on the 

basis of levels of phospho-Akt present in that region. In the ischemic core, 

phosphorylation of Akt was reduced after ischemia, whereas in regions with moderate 

damage, Akt was activated (Noshita et al., 2001). 

With respect to our experimental protocols, we observed reduced phosphorylated 

Akt in response to a hypoxic exposure without AD. Further, this dephosphorylation was 

proportional to the severity (decreasing percent oxygen) and duration of the hypoxic 

exposure. On the other hand, we observed increased phosphorylated Akt in response to a 

hypoxic exposure with AD (in vivo). This increase in phospho-Akt is due to the rapid 

elevation of adenosine levels associated with AD (Fowler, 1993), and not because the 

extent of damage is sublethal as observed by Yano and his colleagues. In fact, AD occurs 
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as a result of increased severity and duration of hypoxia, which then leads to an increased 

adenosine release, which subsequently results in increased Akt activation. This may 

reflect an adenosine-mediated neuroprotective mechanism leading to the downstream 

activation of Akt. 
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CHAPTER VI 

CONCLUDING REMARKS 

This thesis examined age-related changes in the survival pathway mediated by 

Akt in neuronal tissue, and additionally examined age-related changes in the adenosine 

Al receptor-mediated activation of Akt. The significance of this work is that it attempts 

to contribute toward the better understanding of neuronal injury due to cerebral ischemia 

and how aging affects this process. 

It is well knovm that the aged exhibit an increased disproportionate risk of sfroke 

(Carolei et al., 2002; Marini et al., 2001). Though there is a strong connection between 

increasing stroke-related morbidity and aging, the precise cause for this increased 

susceptibility is not known. It has been observed that following cerebral ischemia, the 

aged show an increased propensity to neuronal damage (Roberts and Chih, 1995). It is 

now well established that the initial loss of synaptic activity during hypoxia/ischemia is 

neuroprotective in nature, and is mediated by the release of endogenous adenosine 

(Fowler, 1993; Gervitz et al., 2001; Gervitz, 2000; Gribkoff and Bauman, 1992). 

Adenosine acting through A] receptors plays a major role in activating another 

potent endogenous neuroprotective pathway- the Akt/ Protein Kinase B pathway (Gervitz 

et al., 2002). Akt is an integral part of the PI3K-Akt patiiway that is thought to exert 

neuroprotection from ischemic damage through its anti-apoptotic actions. Akt is of 

particular interest as fts activation may be a critical regulator of neuronal survival (Dudek 

et al., 1997). This is of further interest, as there is substantial evidence that the Akt-
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mediated survival pathway is downregulated with age. Based on these facts, we 

hypothesized tiiat the increased damage following cerebral hypoxia in the aged brain is 

due to an age-related impairment of the neuroprotective pathway mediated by adenosine 

and Akt. 

Our results seem to indicate that this pro-survival pathway is indeed 

downregulated with age. To the best of our knowledge, this is the first time that an age-

related impairment of Akt activation has been shown in neuronal tissue. We additionally 

also demonstrated that the adenosine-mediated activation of Akt was reduced in the aged 

animals. 

It is evident that adenosine is capable of activating a physiologically significant 

survival response through cross-talk between GPCRs, such as the adenosine Ai receptor, 

and the tyrosine kinase receptor-PI3K-Akt signal transduction pathway {Figure 19). 

Therapeutic facilitation of this survival response could be a possible mode of intervention 

in strokes and other cerebrovascular accidents. The Akt activation is initiated very fast, is 

very robust, and it declines only by 24 hours (Ouyang et al., 1999). Further, the notion 

that these neuroprotective pathways may be impaired with age presents us with a 

potential target for possible intervention aimed at reducing morbidity associated with 

strokes in the elderly. Hence, one possible therapeutic strategy could be to prolong 

elevated levels of Akt post-ischemically, possibly via an adenosinergic pathway agonist. 

It is clear that one future direction for this research would be the better characterization of 

interactions between the two pathways, as it may give us further insights in devising 

more effective and age-specific therapeutic interventions in stroke care. 
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Figure 19. Schematic representation of proposed mechanisms for adenosine Ai receptor 
mediated activation of Akt. Adenosine is capable of activating a physiologically 
significant survival response through cross-talk between G-protein coupled receptors 
such as the adenosine Ai receptor, and the tyrosine kinase receptor-PI3K-Akt signal 
transduction pathway. 
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