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Preface

This thesis consists of a General lntroduction that summarizes the biological

systems we studied and four separate chapters, each outlining separate aspects of our

research involving the regulation of adenosine and adenine-based nucleotide levels in

brain. Chapter 1 outlines the analytical methods that were developed in order to

overcome the challenges of accurately measuring the concentration of purinergic

compounds in small brain tissue samples. Using these techniques it was possible for

us to study the changes in brain purine levels that occur immediately following acute

excitotoxic insults (Chapter 2) and dwing normal regulation of the homeostatic

process of sleep (Chapter 3). In Chapter 4, preliminary experiments designed to

measure gene expression changes in small discrete brain regions are described. The

objective of this work was to develop methods to characterizethe changes in the

expression of adenosine-related receptors, enzymes and transporters that might occur

both with age and over the circadian cycle in order to gain some insight into

components of adenosine regulation that might give rise to the changes in sleep

patterns that occur with circadian rhythm and aging-

The Appendix section at the end of the thesis contains detailed supplemental

data and methods that were discussed in a summarized form in the chapters. This

additional information provides further insight into our interpretation of results and

will help facilitate further development of this research.



Work Not Included in the Thesis

Not discussed in this thesis is a significant quantity of work that I carried out

in collaboration with other research groups that involved developing methods for

nucleotide and adenosine level determination in several different experimental

systems. These works were not detailed in this thesis because although I contributed

in developing experimental methods I was not directly involved in the study design.

In addition, also not included in this thesis are findings from a completely different

research project that I carried out which characterized the effects of diadenosine

polyphosphate compounds on the function of intracellular ryanodine receptor-

regulated Ca2* release channels. Below is a brief description of my collaborative

efforts and a list of the resulting publications and abstracts is presented at the end of

this section.

Adenosine has been referred to by many as an endogenous neuroprotective

molecule given the several protective mechanisms, such as attenuation of excitatory

neurotransmission, that it can mediate. In the study by Sinclair et al. (1999), we

investigated whether adenosine could act in a paracrine fashion to potentiate its own

release during episodes of metabolic stress. Using a cell model known to contain a

full complement of adenosine receptors and transporters it was shown that iodoacetic

acid-induced metabolic stress increased the release of purinergic compounds, a

component of which was adenosine. -Under these stress conditions, it was also found

that adenosine Ar receptor stimulation increased purine release by a protein kinase C

dependent inhibition of adenosine kinase activity. It was concluded that this

9



mechanism might serve to facilitate the protective actions of adenosine, in a paracrine

fashion, during periods ofincreased adenosine release.

Several strategies have been proposed to potentiate the endogenous

neuroprotective actions of adenosine, under conditions of acute tissue insult, that

involve inhibiting adenosine-metabolizing enz)rmes or blocking adenosine transport

across cell membranes. In the study by Parkinson et al. (2000), we tested the

hypothesis that nitrobenzylthioinosine (NBMPR), a potent inhibitor of adenosine

transport through ENTl-type nucleoside transporters, could protect against neuronal

injury during periods of ischemia by increasing tissue adenosine levels and

potentiating protective adenosine receptor responses which include the attenuation of

proinflammatory cytokine production, namely tumor necrosis factor ct (TNF-a). We

observed that NBMPR induced a protective effect when given

intracerebroventricularly prior to the induction of brain ischemia in rats as indicated

by the sparing of hippocampal CAl pyramidal neurons. Because NBMPR did not

affect signif,rcantly ischemia-induced increases in tissue adenosine or TNF-c¿ levels,

however, we concluded that the protective effect by NBMPR was probably

independent of adenosine levels or adenosine receptor-mediated control of TNF-cr.

One element implicated in the pathology of Multiple Sclerosis (MS) is the

involvement of the cytokine family of signaling molecules, which include TNF-ø and

interleukin-6 (IL-6). Indeed, in somð classes of MS patients (relapsing-remitting)

cytokine levels are known to be elevated and these abnormal levels may be due at

least in part to altered adenosine homeostasis given that adenosine, tluough its cell

surface receptors, can alter cytokine levels. In the work by Mayne et al. (I999a), we

10



tested the hypothesis that altered adenosine homeostasis existed in MS patients which

might contribute to their elevated cytokine levels. Comparing plasma levels of

cytokines and adenosine and peripheral blood mononuclear cells (PBMCs) we

observed that MS patients had significantly reduced adenosine Al receptor (ArR)

abundance associated with their PBMCs and that their plasma levels of adenosine and

TNF-cr were significantly reduced and elevated, respectively, compared to controls.

Upon veriffing that activation of ArRs on PBMCs could inhibit mitogen-stimulated

production of TNF-a, it was concluded that altered adenosine homeostasis, by

contributing to dysregulation of cytokine levels, may contribute in the pathology of

MS.

Fixing tissues by microwave irradiation allowed for the accurate and precise

determination of metabolically labile metabolites such as adenine-based nucleotides

and adenosine. It was not known. however. how this method of tissue fixation would

affect tissue RNA and whether measurements of gene expression could be carried out

on microwaved tissue. In the study by Mayne etal. (I999b), we investigated whether

intact RNA could be extracted from microwaved tissue and whether gene expression

measurements could be canied out. In rat brain tissue frxed by microwave

irradiation, to a degree that was suffrcient to preserve endogenous levels of adenosine,

ribosomal RNA was found to be largely degraded, however, messenger RNA

(mRNA) was judged to be left in tacfgiven that oDNA synthesis reactions were

carried out successfully even with genes expected to be of relatively low abundance.

These frndings presented the possibility that in addition to using microwave fixation

11



for the analysis of labile tissue metabolites, one could also investigate the concurrent

gene profile in the same tissue.

In addition to my research investigating adenosine and purine nucleotide

homeostasis in the brain, I also carried out studies determining the effects of

diadenosine polyphosphates (Ap"As) on the function of ryanodine receptor-regulated

intrcellular Ca2* release channels. ApnAs are formed intracellularly during the

activation of amino acids by aminoacyl tRNA synthetases and considerable evidence

suggests that these compounds may be involved in signaling cellular stress responses.

Using radioligand binding studies, I tested the effects of ApnAs on ryanodine

receptors (RyRÐ in different subcellular fractions of rat brain and measured how

these effects were altered by other, known RyR modulators including divalent cations

(C** and Mg2*) and caffeine. A portion of this work involving the analysis of RyRs

in synaptosomal subfractions was included in the review paper by Mattson et al.

(2000).

Diadenosine polyphosphates, in addition to their intracellular fonnation and

actions, have also been implicated in having neurotransmitter actions due to their

release from neural tissues and their ability to activate cell-surface purine receptors.

In the study by Holden et al. (2000), we studied the ability of ApnAs to elevate

intracellular calcium ([Cut*]i) levels in neural tissues using cultured fetal astrocytes

and fluorescent calcium imaging techniques. We tested the effects of several agents

known to alter [Cu'*], levels by specific mechanisms on Ap,,A-induced increases in

([Cu'*],) levels and found that these increases were due partly to C** release from

intracellular ryanodine and IP3-regulated pools and partly to influx of extracellular
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Ca'- due to activation of ionotropic purine receptors. These findings suggested that

conditions resulting in elevated levels of extracellular ApnAs can alter [Cu'*],

signaling pathways in neuronal tissues.

Publications

Sinclair, C.J.D., Shepel, P.N., Geiger J.D. and Parkinson F.E. (1999) Stimulation of nucleoside efflux
and inhibition of adenosine kinase by Ar adenosine receptor activation. Biochem Pharmacol. 59,477-
483.

Parkinson F.E.,Zhang Y.W., Shepel P.N., Greenway S.C., Peeling J., and Geiger J.D. (2000) Effects
of nihobenzylthioinosine on neuronal injury, adenosine levels and adenosine receptor activity in rat
forebrain ischemia. J. Neurochem. 7 5, 7 9 5 -802.

Mayne M., Shepel P.N., Jiang J., Geiger J.D., and Power C. (1999a) Dysregulation of adenosine A¡
receptor-mediated cytokine expression in peripheral blood mononuclear cells from multiple sclerosis
patients. Ann Neurol. 45,633-639.

Mayne M., Shepel P.N., and Geiger J.D. (1999b) Recovery of high integrity mRNA from brains of
rats killed by high-energy focused microwave irradiation. Brain Res Brain Res Protoc. 4,295-302.

Mattson M.P., LaFerla F.M., Chan, S.L., Leissring M.4., Shepel P.N., and Geiger J.D. (2000)
Calcium signaling in the ER: its role in neuronal plasticity and neurodegenerative disorders. Trends
N euro l. S c i. 23, 222-229.
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pentaphosphate increases levels ofintracellular calcium in astrocytes by a mechanism involving
release from caffeine/ryanodine- and IP3-sensitive stores. J. Neurosci. Res. 59,276-282.

Abstracts Presented at Scientific Meetings

Geiger, J.D., Shepel, P.N., and C.P. Holden. "Diadenosine polyphosphates: Positive modulators of
ryanodine receÞtor calcium release channels." Satellite meeting of the Novartis Foundation Meeting
on Dinucleoside Polyphosphates. London, England. March 20-21,1998.

Shepel, P.N., Holden, C.P., and J.D. Geiger. "Mechanisms of diadenosine polyphosphate modulation
of ryanodine receptors in subcellular fractions of rat brain." Joint meeting of the International Sociefy
For Neurochemistry and The American Society For Neurochemistry, Boston, Massachusetts, U.S.A.
July 20-26,1997; Abstract S2398.
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Abstract

Adenosine and the adenine-based nucleotides ATP, ADP and AMP are

purinergic compounds fundamental to cellular energy homeostasis. Produced largely

from ATP metabolism, adenosine is referred to as neuroprotective because it

accumulates during periods of high-intensity cellular activity, and is known to

mediate protective mechanisms that oppose aberrant cellular processes that are

initiated under pathological conditions. We used intrastriatal injections of glutamate

receptor agonists to investigate the simultaneous changes in purine levels following

acute excitotoxic insults to the brain and quantiff the relationship between energy

charge (EC) depletion and adenosine accumulation. Our results showed that

adenosine levels appeared to be regulated in a two-tiered fashion depending on the

depolarizing strength of a stimulus. Extensive EC depletion occurring with highly

depolarizing stimuli produced higher rates of adenosine formation compared to more

weakly depolarizing stimuli. The mechanistic difference between these two modes of

adenosine formation appeared to depend on the absence or presence of NMDA

receptor activation.

Adenosine as a key regulatory molecule in sleep regulation is proposed to

accumulate with prolonged wakefulness as brain ATP stores are gradually depleted.

Our analyses of purine levels in cortical, hypothalamic and basal forebrain regions

following 12 or 24 h sleep deprivation showed small but consistent decreases in ATP

levels in basal forebrain and hypothalamic regions, however, no consistent patterns

were observed in adenosine levels.
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These studies are the first to quantiô/ the relationship between ATP

metabolism and adenosine accumulation in brain and directly measure how the levels

of purinergic compounds in brain are altered with sleep deprivation.
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General Introduction

Adenosine, an endogenous purine nucleoside ubiquitous to living systems is

formed in large part as a breakdown product of the universal biological energy

molecule, ATP. Formed in this fashion, adenosine is referred to as a "retaliatory

metabolite" [133] as its accumulation during periods of high-energy utilization

initiates compensatory mechanisms such as vasodilation [i06,149] and attenuation of

neuronal signaling [39,233]. Because of its fundamental role as an indicator of

cellular metabolic rate, adenosine has been implicated as an important signaling

molecule in a variety of physiological processes including sleep and brain responses

to ischemic insults. We studied the role of adenosine and high-energy adenine-based

nucleotides in in vívo models of excitotoxicity, the predominate damaging mechanism

in ischemia, and sleep deprivation, a model used to study the mechanisms controlling

sleep.

A. Experimental Models Used

Excitotoxicffl. Common to mechanisms of acute brain insult such as stroke [12,115]

and seizure [13], as wcll as of chronic neuropathological conditions such as HIV

infection [80], Parkinson's [27,54] and Huntington's diseases 123,63,122]is

excitotoxicity, a damaging process initiated by abnormally high levels of glutamate

release. Glutamate is the primary exeitatory neurotransmitter in the central nervous

system and under normal conditions is released following nerve depolarization.

Under conditions where energy production is compromised, as occurs with cyanide

poisoning, or by the more global effect of cutting off nutrient supply as occurs during
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stroke, the energy-requiring ion gradients that give rise to the resting membrane

potential in excitable cells begin to dissipate \Mith the failure of active transport

processes. In the early stages of excitotoxicity, cells swell due to ionic imbalances,

membranes depolarize, and glutamate is released (Fig. G.1). This aberrant transmitter

release perpetuates further depolarization through activation of ionotropic glutamate

receptors (iGluRs) and the resultant large influx of calcium sets in motion destructive

apoptotic and necrotic mechanisms. [nthis context, excitotoxicity may be viewed as

a glutamate-initiated cascade of events that leads to increased entropy in brain tissue

while cellular energy generation has been compromised.

Adenosine may serve as a protective, inhibitory neuromodulator during the

early events in excitotoxicity. ln our experimental models, we simulated

excitotoxicity by injecting glutamate receptor agonists into rat brain striatum. The

striatum serves as a good region for these studies due to its innervation by

glutamatergic corticostriatal afferent nerves [189] and its relatively large size and

homogeneity of cells (Fig. G.2). The only other major neuronal input to the striatum

is the dopaminergic nigrostriatal pathway. Intemeurons intrinsic to the striatum are

cholinergic and glutamatergic [100,128]. The majority of striatal neurons are

GABAergic spiny neurons that leave the striatum forming two parallel output

pathways to the globus pallidus and substantianigra. In brain, the striatum serves as

an integration point for neuronal signals coming from both cerebral corlex and

substantia nigra and a convergence area for several major neuronal fiber tracts

including afferent glutamatergic corticostriatal and dopaminergic nigrostriatal

20



*+
iGluRs

NMDA

l adenosine

l Clu release

Figure G.1. The Actions of Glutamate. Extracellular glutamate acts on the pharmacologically

characterized AMPA- and kainate-type ionotropic glutamate receptors (iGluRs) to initiate

rapid and brief depolarization due to the influx of Na* current. With depolarization additional
glutamate may be released to perpetuate this process. -NMDA-type iGluRs are

glutarnate-activated only when, voltage dependent Mg2* block is alleviated by cellular

depolarization, resulting in Ca2* influx from the extracellular space and, among many other

effects, production ofadenosine. Adelosine, by attenuating depolarization through activation

ofadenosine Ar receptors, is thought to play a potential neuroprotective role. The dotted line,

starting at the kainate receptor label, outlines the path by which we propose kainate induces

adenosine level increases. Aberrant activation of NMDA receptors by excessively high
glutamate levels produces a large Ca2* influx initiating a cascade of excitotoxic mechanisms

inctuding the formation of free radicals. Continued depolarization, producing imbalances in

cellular ion homeostasis, leads to the osmotic effect of cell swelling and lysis.

AMPA

/

EETI
\

kainate

depolarization
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A.

Figure G.2. Neuronal Innervation of the Shiatum. A. The striahrm (Sh) is innervated by
glutamatergic neurons that originate in the cerebral cortex (Ctx) and s)mapse on GABAergic medium

spiny neurons in the striatum [ 89]. Medium spiny neurons predominate in the striatum, making up

90-95% of the neuron population. Within the striatum are intrinsic giant aspiny cholinergic

interneurons [t 00] and the glutamatergic [28] interneurons. Medium spiny neurons leaving the

striatum innervate GABA neurons in the substantia nigra (pars compacta aÍea, SN"), which in turn

connect to dopaminergic (DA) neurons that feed back to the medium spiny neurons in the shiatum.

In other ouþut pathway from the striatum, medium spiny neurons synapse with other GABAergic
neurons in the globus pallidus (lateral segment, GP¡) that pass into the subthalamic nucleus (STN)

[189]. This figure was adapted from [28]. B. Shown is the approximate orientation of the areas

described in A in the rat brain. The cortex in this figure is peeled away revealing the underlying

striatal regions. Cylindrical regions represent the tissue we acquired following dissection of the

striatum (see Brain Dissections section of Chapter 2) of which the posterior ventro-medial area is

primarily globus pallidus (G). Located further posterior and toward the ventral surface of the brain is

the substantia nigra (S). Regions are not drawn to scale.
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pathways, and efferent GABAergic projections to the globus pallidus and substantia

nigra. Many types of body movements are coordinated through the striatum as

indicated by the contralateral turning that can be induced by disruptions in striatal

signaling following injection of glutamate agonists [190,191].

Sleep Deprivation. Sleep is a behavior familiar to all of us yet the physiological

reasons for why we sleep or the mechanisms that induce and regulate sleep are largely

unknown. One prominent theory is that sleep serves a restorative function to

replenish energy substrates in the brain after their depletion following periods of

wakefulness [1a]. Because adenosine is formed as a consequence of increased

metabolic activity and since adenosine can attenuate neurotransmission, it has been

hypothesized that elevated adenosine levels, formed during extended periods of

wakefulness, initiate the onset of sleep.

B. Glutamate - An Excitatory Amino Acid

Glutamate released from nerve terminals acts on three types of ion

channel-coupled receptors that were identifred initially by their relative affinities for

NMDA (N-metþl-D-aspartate), kainate and AMPA (a-amino-3-hydroxy-5-methyl-

4-isoxazolepropionate). AMPA and kainate receptors act predominantly to initiate

synaptic depolarization, whereas in addition to contributing to depolarization, NMDA

receptor activation and the resultant influx of calcium initiates a variety of complex

intracellular signaling pathways. Glutamate release can also activate directly

intracellular processes by binding to metabotropic glutamate receptors that are

positively coupled to adenylate cyclase and phospholipase C.
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I o not rop íc G I utømøte Re c eptors

AMPA Receptors. AMPA receptors play a fundamental role in the propagation of

excitatory signaling between neurons. The function of these receptors to conduct

glutamatergic signals is facilitated by their rapid activation and desensitization by

glutamate 118,321and the localization of AMPA receptor subunits to cell bodies,

dendrites and postsynaptic sites [38,116]. The depolarizing currents mediated by

AMPA receptors are predominantly due to the passage of Na- ions, however, several

functional channel-forming combinations of AMPA receptor subunits are permeable

to ct* [85,86].

AMPA receptors are composed of four different subunits GluRl, GluR2,

GluR3, and GluR4 [18,85]; all of which are present in striatum [116] on postsynaptic

neurons 12021. The GluR2 subunit confers a divalent cation impermeability property

to the channel [S5] and neuronal populations where GluR2 expression is down-

regulated are mole susceptible to cell death ll37l. Greater degrees of AMPA

receptor diversity are obtained when receptor subunits are alternatively spliced to

give two different forms for each subunit termed "flip" and "flop" variants [86]. The

variants, although having similar pharmacological propefties, do differ in the

efficiency of activation by glutamate [86].

Pharmacological agonists at AMPA receptors, in addition to AMPA, include

domoate, a neurotoxin found in some-types of marine algae, and kainate [18].

Kainate binds with much lower affrnity than AMPA and causes non-desensitizing

currents ll42). Agonist potency at AMPA receptors is: domoate: AMPA >
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glutamate > kainate [18]. Antagonists at AMPA receptors are the quinoxalinedione

compounds [87] CNQXandNBQX [185].

Køinate Receptors. Like AMPA receptors, kainate receptors are generally regarded

to be fast-signalling glutamate receptors because their constituent ion channels allow

the passage of depolarizing Na* cunents and the receptors rapidly desensitize to

glutamate [18,32]. Kainate receptors are composed of low affrnity GluR5, GluR6,

and GluRT subunits (Ko for kainate:50-100 nM) [8] and high affinity KAI and

KA2 (KD for kainate: 5 nM) [18] subunits [32]. GluR-5, 6, and 7 subunits can form

homomeric receptors, whereas the high affinity subunits KA-l and KA-2 only form

functional receptor complexes when coupled with a low affrnity subunit [32].

Homomeric receptor complexes of GluR5 are sensitive to AMPA whereas those of

GluR-6 and GluR-7 are not [32]. In the striatum, in situ hybridization studies have

revealed the presence of GluR-6, GluR-7 and KA-2 subunit mRNA and only traces

from that of GluR-5 and KA-l ï2261.

The role of kainate receptors in neurotransmission is somewhat ambiguous

given the findings of some recent studies. Activation of kainate receptors has been

shown to both facilitate |791and inhibit [33] transmitter release in hippocampus

depending on the subregion studied. Kainate receptors in cerebral cortex facilitate

glutamate release by a presl.naptic mechanism [152] and in hippocampus they

modulate GABA release [169]. ln striatum, kainate receptors have been

demonstrated on intrinsic postsynaptic neurons 12021, however, their presence on

presynaptic terminals of afferent neurons in the striatum, such as the corticostriatal

25



glutamatergic neurons, is controversial. Receptor localization studies are largely

inconclusive in showing a presynaptic presence of kainate receptors in the striatum.

However, studies showing that destruction of corticostriatal nerves entering striatum

si gnificantly decreases kainate-evoked glutamate release Í1 92,23 41 and reduces the

toxic effects of intrastriatal kainate injection ll21l, and that kainate increases

glutamate release from excitatory terminals in striatum 162,2341support the idea of

presynaptic kainate receptors.

Agonists at kainate receptors include kainate and domoate. The antagonist

classically used to block kainate receptor responses is CNQX which is about one fifth

as effective blocking the kainate receptor as it is blocking AMPA receptors [87].

NMDA Receptors. The NMDA-type glutamate receptor, compared to AMPA and

kainate receptors, is a more slowly gated ion channel (Fig. G.3.). This glutamate

receptor subtype has been extensively studied for its involvement in

calcium-mediated cellular mechanisms, the complexity with which its activation is

modulated, and its role in synaptic plasticity and glutamate excitotoxicity.

NMDA receptors are composed of five different subunits: NMDAR1 [130],

NMDAR2A, NMDAR2B, NMDAR2C and NMDAR2D 1103,1241. For NMDARI,

eight splice variants have been identified 186,1291. NMDAR1 homomeric complexes

and heteromeric NMDARI/¡IMDAR2 combinations form functional NMDA

receptors, however, NMDAR2 subunits alone do not form functional homomeric

charurels 186,1291. Studies of NMDAR subunit mRNA abundance have revealed

high levels of NMDAR1 andNMDAR2B and moderate levels of NMDAR2A in
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striatum l22ll. within striatum, the majority ofNMDA receptors are located

postsynaptically, however, some evidence suggests a presynap tic localization where

they are thought to serve as excitatory autoreceptorc1202]. General characteristics of

NMDA receptors are illustrated in Figure G.3. Here, we will not address the

.,,,.'l' '
, ' ln<-tOi,:

,'PCl

Câ2*, Na*

Figure G.3. The NMDA Receptor. The NMDA receptor is subject to modulator by several different types

ofîompounds. Activation of the receptor allows the influx of predominantly Ca2* and some Na* ions. Not

only does receptor activation require ihe interaction of glutamate (Glu) at the receptor's ligand binding site,

buialso the inieraction ofglycinã (glyc) at a separate site [96]. Under basal conditions, the receptor is

subject to voltage-depenaJní block by tufgt- [A,tSS]. Non-competitive antagorrists, acting away from the

recåptor's tiganã Uinàing site, includã N¿f-Sò1, phåncyclidin" (lCe;, andZtf* [S6]. In addition to

polyämine cãmpounds fspermine, spermidine), which âre known to potentiate the receptor's activity [123],

reduction of disulfrde bonds on the ieceptor also increases responses [6]. Other allosteric modification to

the receptor includes glycosylation (G) i6ll and phosphorylation (P) [168]. Yet another method of altering

the function of NMDA..""pto., is àcíriève¿ through direct interaction with associated inhacellular proteins

[23s].
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individual variations in characteristics between NMDA receptor complexes

containing different subunit combinations as they have been reviewed extensively

elsewhere 186,1291.

Although NMDA receptors are referred to as ionotropic, advances in protein

analysis techniques have revealed that NMDA receptors are associated with proteins

in the post-synaptic density that are in turn coupled to other proteins which mediate

intracellular signaling pathways such as nitric oxide production Í1771. In addition,

for comparable quantities of Ca2* influx, the flow through NMDA receptors proves to

be toxic whereas that through voltage gated Ca2* channels is not U76,2071. Taken

together, these studies suggest that the actions of activated NMDA receptors result

not only from the influx of extracell ular Ct* , but also from activation of irfracellular

proteins directly associated with NMDA receptor complexes.

M etø b otrop íc G I utamate Re cep to rs

In addition to its role in propagating excitatory neurotransmission through

actions on ionotropic receptors, extracellular glutamate can directly alter intracellular

signaling pathways by activating cell-surface metabotropic glutamate receptors

(mGluRs). Early studies showed that glutamate increased inositol trisphosphate (IP¡)

accumulation [i 88] and later cloning-and functional characteúzation studies

confirmed the existence of glutamate receptors that could directly activate

intracellular signal transduction mechanisms [89,117]. Structurally, mGluRs are G-

protein coupled (GPC), contain the seven transmembrane sparuring domain common
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to other GPC receptors, but share little sequence similarity with other members of the

G-protein family [102,153]. Based on sequence similarity, mGluR subtypes are

divided into groups I, II, and III [132]; the numeric designation arising from the order

in which they were cloned. ln general, group I mGluRs (mGluRl, mGluR5) increase

phospholipase C (PLC) activity whereas receptor subtypes in groups II (mGluR2'

mGluR3) and III (mGluR4, mGluR6, mGluRT, and mGluRB) are negatively coupled

to adenylate cyclase 1102,1531. Shown by in situ hybridization analysis, mGluRs 1-5

are all present in the striatum with mGluR5 being in highest abundance 12031.

Whereas mGluRs arelocalized to the periphery of the synaptic region, iGluRs appear

fairly uniformly throughout the synapse [136]. This spatial organization is said to

contribute to the selectivity of GluR activation during episodes of glutamate release.

At the corticostriatal synapse, stimulation of group III mGluRs results in the

attenuation of glutamatergic transmission by presynaptic mechanisms [155].

Glutømate Transpo rters

The transmitter actions of glutamate are terminated by its removal from

extracellular spaces by glutamate transporters (GLTs) located oq both neuronal and

glial cells. The three GLTs identified in rat brain are GLAST (L-glutamatell-

aspartate transporter)ll97l, GLT-I [154], and EAAC-I [99]. EAAC1 transporters

are located on neurons lgg,lTllwhereas GLT-1 controls glutamate uptake into glial

cells [154,171]. GLAST transporters are found on glial cells [171,197]. ln striatum,

the predominant types of GLTs are EAACI and GLT-I [171]. Glutamate uptake is

Nan-dependent [99,15 4,I97) and this electrogenic transport process is somewhat
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offset by the extrusion of a K* ion with every Na*/glutamate pair absorbed [154].

Under depolarizing conditions as occur with ischemia, glutamate transport may be

reversed and thereby contribute to increased extracellular glutamate levels

U84,199,216]. Free radicals, another product of ischemic damage, have also been

found to inhibit glutamate transport Ï2041.

C. Adenosine: A Neuromodulator

Adenosine Receptors

Adenosine receptors are GPC receptors that are generally classified according

to either stimulatory or inhibitory effects on adenylate cyclase activity. Of the four

adenosine receptor subtypes present in brain, Al and A3 receptors when activated

decrease cyclic AMP (cAMP) production while the two A2 receptor subtlpes, A2a

and A2s, when activated have the opposite effect [71]. All adenosine receptor

subtypes except for the A3 receptors are sensitive to antagonism by methylxanthines

(eg. caffeine, theophylline) [71].

A1 Receptors. Activation of adenosine A1 receptors (A1Rs) decreases adenylate

cyclase activity due to receptor-mediated activation of an inhibitory G-protein (Gi).

Of the four adenosine receptor subtypes, ArRs have the highest aff,rnity for adenosine

(Ki: 10 nM) [215]. ArRs inhibit neurotransmission through mechanisms such as

increasing K* conductance [205] and inhibiting voltage-dependent Ca2* influx [80]

and these properties contribute to the endogenous neuroprotective actions of

adenosine. In brain, ArRs are most abundant in cortex and hippocampus [71] and are
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also present in the striatum on intrinsic neurons and corticostriatal nerve terminals

12291 where they suppress glutamatergic neurotransmis si on [6 6] .

A2 Receptors. Adenosine Az receptors (AzRs) are coupled to stimulatory G-protetns

(Gr), and when activated, increase intracellular levels of cAMP. The AzR family is

subdivided into high affinity Az¡(l-20 nM) and low aff,rnity Azs (5-20 ¡rM) receptors

[71]. In brain, AzeRs are highty abundant in striatum, globus pallidus and nucleus

accumbens [92]. In striatum, activation of AznRs suppresses GABAergic synaptic

transmission onto medium spiny neuronsll2Tl, increases acetylcholine release [79]

and can desensitize ArRs [52] in a protein kinase C-dependent manner. ln addition,

AzeR activation in striatum increases glutamate release [15S]. Further evidence for

the endogenous neuroprotective role of adenosine is provided by studies showing that

activation of AznRs can initiate anti-inflammatory mechanisms 142]thatinclude

inhibiting the production of pro-inflammatory cytokines [108,119]. Because of their

relatively low abundance in brain, low affinity for adenosine and the lack of specific

pharmacological agents for AzeRs, relatively less is known about the significance of

adenosine signaling through AzeRs'

A3 Receptors. Adenosine A3 receptors (A:Rs) were the last subtype of adenosine

receptors to be identified [239]. Because of the very low affinity of A¡Rs for

adenosine (>l pM) [71], this receptor subtype is thought to be involved in signaling

during events such as ischemia, when adenosine levels are relatively high l2t5l.

Expression studies of A3 mRNA abundance have revealed only low levels of this
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receptor in brain l23g). However, in striatum A3R activation stimulates

phospholipase C-mediated phosphoinositide hydrolysis [1]. Because AER activation

desensitizes AlRs [56] and can induce apoptosis in astrocytes [3,4], A3R activation

may play a role in mediating events in the focus zone of an ischemic infarct where

adenosine levels are very high and recovery of tissue is unlikely.

Adenosíne Enzymes

Several enz)rmes are involved in controlling levels of endogenous adenosine

(Fig. G.a). Inhibition of adenosine-catabolizing enzymes, adenosine kinase and

adenosine deaminase, increases endogenous adenosine levels and may thus provide a

potential therapeutic intervention point in strategies intended to sustain increased

levels of adenosine.

Adenosine Kinase. Adenosine kinase (AK) catalyzes the phosphorylation of

adenosine to AMP. AK inhibition appears to have a greater effect on basal tissue

levels of adenosine than on adenosine levels following stimulation by, for example,

NMDA receptor activation [49]. Because AK has a relatively high affinity for

adenosine and is subject to substrate inhibition by adenosine, AK activity may

function predominantly to regulate adenosine levels under unstimulated conditions

when adenosine levels are relatively low. Recent studies have shown that AK activity

can also be inhibited in a pKC-dependent fashion following adenosine ArR activation

[187].
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Figure G.4. Regulation of Tissue Adenosine Levels. The diagram above shows several of the major

mechanisms of aãenosine formation and depletion. Intraceilular mechanisms include adenosine

formation from AMP by cytosolic 5'-nucleotidase (5'-N) and adenosine depletion with lhe
phosphorylation of adenosine to AMP by adenosine kinase (AK) and deamination of adenosine to

inorir" by adenosine deaminase (ADA)- Adenosine is moved into and out of the cell through

equilibraiive and concentrative nucleoside hansporters. In the extracellular space, AMP can also be

converted to adenosine by the action ofecto-5'nucleotidases. The dotted line encompases the intra- and

extracellular spaces that we study simultaneously when analyzngtissues fixed by microwave

irradiation. Nôt represented in tire diagram is the effect of circulation, which sweeps away adenosine

from the extracellular space or the S-aãenosylhomocysteine system. Also not outlined in the figure is

the pathway of adenosine formation from cAMP via ecto- and endo-phosphodiesterases that convert

cAMP to AMP.

Adenosine Deamtnase. Adenosine deaminase (ADA) catalyzes the conversion of

adenosine to inosine. Despite its low abundance in brain compared with other organs,

studies with ADA inhibitors indicate that ADA plays a significant role in controlling

brain adenosine levels U12,I31,134]. In contrast to AK, ADA appeals to play a

lesser role in controlling basal levels ofendogenous adenosine than it does under

stimulated conditions like, for example, NMDA receptor activation [47].
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5,-Nucleotidase. Tlteconversion of AMP to adenosine is catalyzed by both

intracellular [139] and extracellular [45] forms of 5'-nucleotidase (5'-N)' In contrast

to ADA and AK, inhibition of 5'-N activity decreases adenosine levels under both

basal and excitatory conditions [49]'

Adenosíne TransP orters.

Themovementofadenosineacrossthecellmembrarreisfacilitatedbyboth

equilibrative, and Na*-dependent concentrative nucleoside transporters' Equilibrative

transporters are classified based on their sensitivity to the transport inhibitor

nitrobenzylthioinosine orBTI); the inhibitor-sensitive ones being referred to as "es"

and the insensitive ones "ei". Recent studies have implicated adenosine transport

function in regulating extracellular adenosine levels in hypothermia, suggesting that

adenosine may contribute in the neuroprotective mechanisms of hypothermia [55]'

under both basal and NMDA-stimulated conditions, inhibition of adenosine transport

increases tissue levels of adenosine [a9]'
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Chapter L

Measurement of Adenosine and Adenine-Based Nucleotide Levels

in Rat Brain Tissue Fixed by Microwave lrradiation.
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Abstract

Adenosine is formed in large part from the breakdown of ATP, particularly

under stimulated conditions when tissue metabolic rate is elevated. The extent to

which changes in the energy state of a tissue, particularly depletion of ATP levels,

results in adenosine formation is largely unquantified probably due to the inherent

challenges in obtaining accurate and precise levels ofadenine-based nucleotides and

adenosine from tissues. Such challenges include the extreme sensitivity of purinergic

compounds to post-mortem metabolism, the nearly 1000-fold difference in the basal

concentrations of ATP and adenosine, and simultaneously measuring the levels of

these compounds in small discrete tissue samples without exceeding the detection

limits of any one. Previous studies from our research group have demonstrated that

microwave irradiation is an effective method of fixing tissues to eliminate post-

mortem metabolism of purines. In this chapter, we describe analyical techniques for

measuring simultaneously adenine-based nucleotides and adenosine in small discrete

tissue samples. We propose a tissue homogenization model that describes tissue

processing parameters, based on sample weight, that yield analytical results within

linear detection limits for both tissue purine and total protein measurements. This

methodology allows for quantitative assessment of shifts in tissue levels of ATP and

adenosine in discrete brain regions under both endogenous and experimental

conditions.
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Introduction

A large volume of excitotoxicity studies have shown that brain adenosine

levels, measured directly in tissues [47,49,50] or in microdialysis samples

183,93,I45,146,151f, are increased in the presence of iGluR agonists, namely NMDA.

Given the neuroprotective properties of adenosine [70], interpretation of these studies

has often led to the hypothesis that EAA-induced adenosine level increases serve as a

protective response to acute excitotoxic insult. A critical factor not well characterized

from this research is the magnitude of ATP level decrease associated with each

adenosine level increase. Because tissue death is a potent stimulus for adenosine

production, adenosine level increases after excitotoxic insult might only be

physiologically protective if a tissue has not been irreparably damaged by excessive

ATP (energy charge) depletion. For this reason, it is important to study adenosine

level changes in terms of the concurrent changes in ATP levels.

Because of the complexity of the brain's cytoarchitecture, studies

investigating specific signalling mechanisms in discrete brain regions must be

targeted to those regions alone because the inclusion of uninvolved, surrounding

tissue may dilute or mask a legitimate effect. Analytical techniques to facilitate these

studies must therefore be effective even on a very small-scale. Adenosine is said to

act in a site- and event-specific manner and therefore its concentration in the

immediate vicinity of a stimulus should be high and then dissipate in an outward

direction. The extent to which this hypothesis is valid can only be tested by analyzing

small tissue regions extending concentrically from the injection site.
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Simultaneous measurement of adenosine and nucleotide levels can be

somewhat challenging given the reciprocal nature with which ATP and adenosine

levels fluctuate and the near 1000-fold difference in their concentrations. In addition,

care must be taken in measuring basal adenosine levels given their very low

concentration in unstimulated tissues. In this chapter we describe a method for

simultaneously determining tissue levels of adenosine and adenosine-based

nucleotides in small samples (>3 mg) that was adapted from various techniques

reported by others 148,227,228,238]. This method allowed us to characterize the

effect of glutamate receptor stimulation not only on tissue adenosine levels but also

on the levels of high-energy nucleotides as well. We could therefore characterize, for

the first time, the relationship between adenosine level increases and concurrent

changes in the energy state ofa tissue.
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Methods

Animals. Adult male Sprague-Dawley rats obtained from the University of

Manitoba central Animal care breeding facility weighing 200 + 20 g were used in

these studies. Rats were allowed at least five days to acclimatize before procedures

were carried out. All protocols were performed in accordance with University of

Manitoba Animal Care Ethics Committee guidelines'

Surgícal procedures. Rats were anaesthetized with sodium pentobarbital (74 mglkg

ip) and placed in a stereotaxic frame. All drug injections were directed to the middle

of the right striatum. From the intersection of the midline and bregma on the surface

of the skull, the injection needle was moved 3.0 mm laterally and then lowered,

through a small burr hole drilled into the skull,4.5 mm ventrally [143]' Drug

injections were delivered through a 3O-gauge needle in either 0.5 or 1.0 ¡rl volumes'

The 1.0 pl injections were administered over two minutes and an additional two

minutes were allowed for drug diffusion before needle removal' For 0'5 ¡rl injections,

injection and diffusion times were one minute each. Following drug injection,

animals were placed on a heating pad to maintain normal body temperature and were

then sacrificed by microwave inadiation 15 min from the time that drug injection was

completed (unless otherwise stated).

Microwave lrradiation Following intrastriatal injection or any other experimental

treatment, animals were sacrificed by focused microwave inadiation (Cober

Electronics). Microwave power settings were always set at 10 kV/ and time was
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varied according to animal size and brain region chosen for recovery. Heavier

animals required slightly longer times and for the recovery of ventrallylocated

regions, times were shortened compared to those when more dorsal ones were

selected for analysis. For intrastriatal injection studies, the microwave time was set at

1.5 sec. ln the sleep deprivation studies described in Chapter 3, microwave times

were set l.l-1.2 sec when basal regions were to be recovered. Times of 1.5-1.6 sec

were used when dorsal regions were to be recovered. The above microwave times are

quoted for animals weighing approximately 200 + 20 E-

To veriff the degree of thermal fixation in the brain tissue (85'C desired),

temperature readings were taken at the base of the pineal gland during dissection

immediately after opening the skull. Given the extreme posterior location of these

measurements, we took them to be conservative estimates of anterior brain

temperature.

Brain Dissections. Immediately following microwaving, brains were removed and

individual brain regions were dissected on an ice-cold tray and immediately frozen on

a dry ice-chilled metal plate. After freezing, samples were transferred to individual

pre-frozen microcentrifuge tubes and stored at -80oC until taken for analysis by high

performance liquid chromatography (HPLC). A detailed description of striatal brain

region dissection is shown in Figure 1-.1.

Tissue Preparation. Frozentissue samples were weighed in plastic centrifuge tubes

(80Ti type, Beckman) containing 750 ¡rl of cold 2Yotrichloroacetic acid (TCA). For
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accurate weighing of tissue samples, centrifuge tubes containing TCA were placed on

an anal¡ical balance and the scale was zeroed prior to transfer of the frozen

Figure 1.1. Striatal Subregions. Shown in the rat brain schematic diagram above are the dorsal brain
regions that lie immediately beneath the cerebral cortex (Ctx), including the hippocampal (Hip) and the
striatum (Str,) regions (indicated within the dotted lines). The dot within the right striatal region
represents the targeted injection site. For closer analysis ofspatial effects, each striatal region was
dissected into three subregions designated anterior (A), middle (M), and posterior (P).

samplesA. Once weighed, centrifuge tubes containing samples were placed on ice and

where necessary, additional 2%TCAwas added to tubes (see Fig. 1.6). Tissues were

homogenized with a Polytron homogenizer (Brinkmann) at setting #6. For samples

up to approximately 15 mg in weight and suspended in up to 1.0 ml, tissues were

homogenized for 13 s. For samples over 20 mg and in volumes greater than 1.0 ml,

homogenization was carried out for 20 s. Afterwards, samples were mixed by vortex

and 50 ¡rl aliquots of each homogenate were removed and stored on ice for

subsequent protein analysis. Remaining homogenates were centrifuged at 4"C for 15

min at 25,000 x g and 500 pl of each resulting supernatant were neutralizedwith an
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equal volume of tri-n-octylamine/freon (45:155) in 1.5 ml microcentrifuge tubes.

Samples were mixed by vortex for 7 s followed by centrifugation at room temperature

for 2 min at 13,000 x g to facilitate separation of organic and aqueous phases and then

stored on ice. The top aqueous layer of each sample was taken for analysis of

nucleotide and adenosine content by HPLC.

HPLC Analysis of Adenosine. All tissue samples were analyzedín duplicate. For

each sample, 100 pl of neutralized aqueous layer was combined with 100 pl of 0.3 M

ZnSOqto induce precipitation of charged nucleotides. FollowingZnSOa addition,

100 ¡rl of 0.3 M Ba(OH)2 wâs added to each tube resulting in the formation of a white

precipitate. Samples were centrifuged for 5 min at room temperature at 13,000 x gB

and 150 pl of supernatant from each tube were combined with 25 ¡i of 5%

chloroacetatdehyde. Incubating the chloroacetaldehyde/anal¡e mixture at 80"C for

60 min produced the fluorescent derivatives of adenosine and cAMP. Following

incubation, samples were centrifuged at room temperature for 2 min at 13,000 x g and

130 pl of each sample were loaded into HPLC sample vials. HPLC analysis was

carried out isocratically using a mobile phase consisting of 0.04 M KHzPO¿c

containing l2%omethanol adjusted to pH 5.0 with potassium hydroxide (KOH).

Mobile phase flow rate was set at 1.5 mlimin and separation of 75 pl injections was

carried out using a C1s ¡rBondapak añat1'tical column (3.9 x 150 mm, Waters).

Fluorescent detection was carried out at excitation and emission wavelengths of 275

and 408 nm, respectively. For a detailed summary of HPLC reagents,

instrumentation, and chromatograms see Appendix I-4.
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HPLC Analysìs of Nucleotides. All tissue samples were analysed in duplicate. For

each sample, 80 pl of neutralized aqueous phase were added directly into HPLC

sample vials. An injected volume of 10 ¡rl was separated using a C1s pBondapak

anal¡ical column (3.9 x 150 mm, V/aters) and a mobile phase consisting of 0.1 M

KHzPO¿ with l% methanol and adjusted to pH 6.0 with KOH. Flow rate was set at

1.0 ml/min. Separated components were identified by W detection at267 r:mt.

Proteín Analysis. Total protein was measured by the Bradford method [21] using a

commercial kit (BioRad). The 50 ¡rl portions of TCA homogenate stored on ice after

homogenization were centrifuged at4"C for 15 min at 13,000 x g. Supernatants were

removed completely and remaining protein pellets were resuspended in 0.i M NaOH.

The quantity of NaOH used was dependent on the mass of the original tissue sample

and the original TCA homogenizationvolume. The tissue homogenization model

presented in this chapter can be used to estimate the appropriate NaOH volume to

maintain the protein analysis in a linear range. Protein pellets suspended in NaOH

were incubated for 15 min at 80"C. During incubation, samples were mixed by

vortex periodically in order to ensure that all pellets were completely dissolved.

Following incubation, samples were centrifuged at room temperature for 2 min at

13,000 x g to collect any condensation formed within the tubes and remove any

interfering particulate matter. Supernatants \ilere analyzed in triplicate by adding 10

pl aliquots to wells of 96-well microplates followed by addition of 200 ¡rl of diluted

(1:5 with water) BioRad protein reagent. Microplates, after equilibration for five
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minutes, were read at 620 nm using a microplate reader (Bio-Tek Instruments).

Included in the analysis of each plate were 0.5, 1.0, 2.0,3.0,4.0, and 5.0 pgl10 pl

bovine serum albumin (BSA) standards.

Identification and Quantification of Compounds. For adenosine and adenine

nucleotides, anal¡e peaks were identified by comparison to standards. One single

standard was pfepared for use in both analyses by diluting 10 mM ATP, ADP and

AMP standards and I mM adenosine and oAMP standardsD withZYoTCA to give a

single mixture containing 30 pM ATP, 10 pM ADP, 5 pM AMP, 0.1 pM adenosine

and 0.1 pM cAMP. Standards were treated with the exact same preparation

procedure that was used for tissue samples. For nucleotide analysis, a l0 ¡rl injection

of standard mixture gave 300, 100 and 50 pmol peaks for ATP, ADP and AMP,

respectively. For adenosine analysis, a75 ¡:,Linjection of standard yielded 10 pmol

peaks of gAMP and adenosine (the concentration of each compound in the 100 ¡rl

aliquot subject to ZnSOy'Ba(OH)z treatment was 0.1 pM). Analyte peaks were

quantified by area using Millennium version 3.05 software (Waters).

Pooling of Striatal Subregion Døta. ln analyses where striatal subregions were

analysed as opposed to whole striatum, as carried out in earlier work, the following

calculations were used to determine purine levels in whole striatum:

[¡q^ x tarr]*ìl *f--r"r,"r x terrl*rìl * [-loe,. tArp]p"l

Lr,o ) LM,o ) LVtu, )

44

[ATP],¡ :



The equation above shows how levels of ATP measured in individual striatal

subregions ([ATP]*I, [ATP]'¡¿, [ATP]port) were converted to represent ATP levels in

a whole striatal region ([ATP].t ) from one side of the brain. The contribution of each

subregional purine level to the value representing the entire striatal region was

dependent on the ratio of the mass of the individual subregion (Munu Mmid, or Moot) to

the mass of the whole striatal region (M"J where Mstr: (M*, + Mmid * Mpo't). The

above equation is shown for ATP, however, the same technique was used in

calculation of total striatum levels of ADP, AMP and adenosine.

Samples were transferred quickly from the frozen microcentrifuge tubes to the tubes on the

balance to prevent melting of the sample during transfer.

This centrifugation was carried out to collect condensed water drops and sediment and solid

interferences.

In earlier work reported from this lab, a 0.01 M KH2PO4 mobile phase with the same pH and

methanol contentãs listed was used. It was found, however, that with analysis of very low

basal levels of adenosine that a higher salt concentration (0.04 M) was required to completely

resolve interfering cAMP peaks from small adenosine peaks, With relatively large adenosine

peaks, the small interfering cAMP peaks contribute insignificantly to peak quantitation.

All standards were prepared in water and then immediately frozen in individual aliquots and

stored at -80"C.

A.

B.

C.

D.
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A.
Results

Analysís of Nucle otide s. IIPLC analyses

of ATP and ADP yielded linear peak area

results for injected nucleotide quantities

between 2.5 and500 pmol as indicated by

the correlation coefficients (r2) of0.994

and 0.995, respectively (Fig. 1.2) For

AMP, the upper limit of analysis was 300

pmol yielding an 12 value of 0.996. To

veriff that our tissue analyses were

routinely carried out within these linear

ranges, we pooled the data collected from

260 arbitranly chosen rat brain striatal

samples, spanning several different

treatments, and calculated the mean and

95Yo confidence limits of the pmol values

of nucleotides detected from 10 pl sample

injections. Values for mean and95o/o

confidence limits (in parentheses) for

ATP, ADP and AMP were 305.73 -

(290.99, 320.47), r27 .13 (12r.05, 133.21)

and 47 .64 (42.7 3, 52.5 5), respectively.

These representative data, superimposed

0 100 200 300

AMP Injected
(pmol)

Figure 1.2. Nucleotide Standard Curves. Data shown are

mean * SD (n=3) of peak areas measured from HPLC analysis

of ATP (A), ADP (B), and AMP (C) standards. The data

points shown come from 3 separate analyses carried out over a

i0 month period and correlation coefftcients for each curve are

annotated. The vertical solid and dashed lines represent the

mean and 95% confidence intervals of pmol values measured

from 260 representative rat brain striatal tissue samples'

X

q)
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ç

X
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200 300

ATP Injected
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on the plots in Figure l.2,indicate

that our HPLC analyses of

nucleotides were carried out well

within detectable linear ranses.

Analysis of Adenosine.

Detection of adenosine was linear for

injected quantities from 0.75 to 1500

pmol (Fig. 1.3, entire range not

shown here). Unlike the data from

nucleotide standards. the adenosine

50 100 150

Adenosine Injected
(pmol)

Figure 1.3. Adenosine Standard Curve. Data shown are mean *
SD (n:3) of peak areas measured from IIPLC analysis of
adenosine standards. The two separate curves (E,A) represent
analyses carried out 2 months apart. Also annotated are
correlation coeffrcients for each curve. The vertical solid and
dashed lines represent mean and95Yo confidence intervals of
pmol values measured ûom the 260 tissue samples described in
Figure 1.2.

X

q¡

q)

data were reported in two separate relationships according to time of analysis.

Although the standard analyses carried out on the separate occasions were both linear,

the slopes from each of the data groups differed and so the data were reported on

separate curves. To verify that our HPLC analyses for adenosine were indeed canied

out within linear range, we pooled the pmol values of adenosine measured from

analysis of the same 260 representative tissue samples described above and calculated

a mean value of 31.2 pmol with 95Yo conftdence limits of 24.9 and37.7 pmol (Fig.

1.3). Although not shown here, similar analyses with oAMP standards revealed a

linear detection range between 2.5 and,1500 pmol. Standard curves in both adenosine

and nucleotide analyses were generated by injecting a constant volume of each

standard, of appropriate concentration, to give the indicated pmoVinjection quantities.

47



Protein Analysis. Protein analyses

were validated in a fashion similar to

that conducted for nucleotides and

adenosine. Analysis of BSA protein

standards was linear up to 4.0 pg/10

pl (aliquots taken for protein analysis

were 10 ¡rl). Averaging the raw data

samples described above, we

determined a mean value of 1.85

1.0 2.0 3.0 4.0

Protein (pg/l0pl)

c)

Ø

1.000

0.750

0.500

0.250

0.000
5.0

Figure 1.4. Protein Analysis Linear Range. Bovine serum

albumin (BSA) protein standards were used to prepare all

collected from the 260 representative standard curves' latl stt9y1T:.to:** S-!ttom tO 
¡¡naræe

analyses, each canied out in hiplicate. Protein measurements

were found to be most linear (r2 : 0.991) up to the 4.0 ¡tg/10 ¡ú
level. The thick vertical and thinner lines represent the mean
(1.85) and 95% confidence limits (1.79, l.9l), respectively, of
protein measurements from the 260 tissue samples described in
Figure 1.2.

pgll} pl and 95% confidence limits

of 1.79 and 1.91 ¡tgll} pl. These data veriff that our protein analyses were carried

out well within the boundaries of linear detection (Fig.l.a).

In addition to veriffing that our protein readings were determined within the

linear range of detection, it was also critical to ensure that our determination of

protein in tissue samples was both efficient and consistent over the range of protein

concentrations to be expected in the tissue homogenates. Using BSA protein, we

prepared a series of standards and subjected them to treatment with2Yo TCA and

protein measurement in a fashion identical to how tissue samples were handled (a

more detailed description of the experiment is presented in Appendix I.B.). The

analysis revealed that from 1.0 to 3.0 mg/ml protein we were able to consistently

recover and detect 95Yo of the theoretical yield (Fig. 1.5). Pooling the data from the

260 tissue samples described above, we calculated a mean value of 1.60 mg/ml and
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95Yo confidence limits of 1.54 and 1.66 mglml. These data show that our protein

isolation and measurement procedures were95o/o effrcient and were consistent, in

terms of yield, within the range of protein concentration used.

0.00 0.7s 1.50 2.25 3.00

Protein Standards
(mg/ml)

Figure 1.5. Determination of Protein Detection Effrciency. Shown above are the
means * SD oflevels ofprotein detected ( n ) and percent protein detected
experimentally (r) from three protein analyses carried out as outlined in Table
I.B.l. The diagonal line represents 100o/o protein detection. The horizontal dotted
line shows the 95o/o detection level. The solid vertical line and the associated two
vertical dotted lines mark the mean (1.60) and95Yo confidence limits (1.54,1.66),
respectively, of the TCA homogenate protein concentrations (mg/ml) in the 260
tissue samples reported in the tissue homogenization model.

Tissue Homogenization Model. Throughout this section \¡/e reported on experiments

that determined our linear detection limits and using the raw data from a

representative set of tissues we verified that our analyses indeed fell with in these

linear detection ranges. It was impo{ant, however, to create a protocol with which a

user could easily identiff, according to the wet mass of a tissue sample, the quantities

of 2Yo TCA and 0.1 M NaOH to use during sample preparation to ensure that both

purine and protein readings fell into linear ranges. Using raw data from the 260 rat

brain striatal samples .r¡/e created a user-friendly model that would predict, based on
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the wet mass of a sample, the volumes of TCA and NaOH that should be used in the

sample preparation procedure (Fig.1.6). The fundamental assumption used in

calculating the model was that the sum of pmol quantities of ATP, ADP and AMP

(Ðnu.) for each tissue sample should be approximately the same and for our pu4)oses,

we based our calculations in the model on a target value of Enur: 300 pmol' Using

dilution factor corrections, we predicted the nucleotide, adenosine and protein data

that would have resulted had the260 samples in the model been processed according

the procedural specifications that were ultimately proposed. The means and 95Vo

confidence limits for projected nucleotide, adenosine, and protein measurements fell

well within linear ranges for each set of samples within a designated TCA volume. A

detailed description of the tissue homogenization model and associated calculations

used are shown in APPendix I.C'
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Figure 1.6. Tissue Homogenization Model. The first three columns predict the volumes of 2% TCA and 0.1 M NaOH,

given a sample's wet tissue mass, for use in the tissue preparation and protein analysis procedures to ensure that purine

ãnd protein measurements fall within linear detection range. The data on the right side of the figure correspond to

statiitical analysis of projected data obtained by applying the regimen in the first tlree columns, using appropriate

dilution factors, to the empirical datacollected from the 260 representative striatal tissue samples.
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Discussion

For the simultaneous determination of adenine-based nucleotide or adenosine

levels in discrete brain regions, several challenges needed to be addressed' First' due

to the extremely labile nature of these purinergic compounds, particularly in a

post-mortem environment, tissue enzymes had to be rapidty inactivated in order to

preserve true endogenous levels. Second, when only specific brain regions were to be

analyzed,the method of tissue inactivation needed to leave intact the physical

features of the brain to allow accurate and precise dissection of brain regions'

Finally, due to the reciprocal nature of ATP and adenosine level fluctuations and the

nearly 1000-fold difference in the endogenous levels of these two compounds'

measuring the concentrations of both from a single sample could often result in

adenosine levels too low or ATP levels too high for accurate determination. Perhaps

because of these challenges, no quantitative characterizations of the relationship

between ATP depletion and concurrent adenosine formation in brain tissue have been

made.

previously, we established that microwave inadiation was an effective method

of rapidly inactivating brain tissue and eliminated post-mortem changes in purine

levels by endogenous enzymes [48]. In addition, this technique when used optimally

leaves brain structures completely intact to allow for accurate and precise dissection

of very small brain regions.

In this chapter we described an analytical procedure deigned to facilitate the

simultaneous determination of adenosine and adenine-based nucleotides in brain

tissues fixed by microwave inadiation. By homogenizingtissues in trichloroacetic
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acid (TCA) cellular debris was eliminated leaving a mixture of aqueous, acid-soluble

compounds. Neutralizing this mixture with a tri-n-octylamine/freon solution yielded

an extract that could be directly analysed for ATP, ADP, and AMP or subject to

ZnSOqlBa(OH)2 treatment (to remove charged nucleotides) and then analyzedfor

adenosine and cAMP content. The added sensitivity of detecting the fluorescent

analogs of adenosine and cAMP was found to compensate for additional sample

dilution steps introduced by the ZnSO¿/Ba(OH)2 and derivitization treatments. To

compensate for any loss of analyte in the preparation procedures, the standard

mixture used to quantiff compounds was subject to the same conditions as tissue

samples were.

Due to interference by TCA in the Bradford method of protein analysis we

introduced a homogenate centrifugation step followed by resuspension and digestion

of the resulting protein pellet in NaOH, a medium compatible with the Bradford

analysis. To verify that this anal¡ical procedure was indeed sound, we tested a range

of protein standards in concentrations that we could expect in our tissue analyses and

found that this method yielded a consistently high level of efficiency (95%) for

protein determination.

The tissue homogenization model described in this chapter served two

purposes. First, by pooling a large population of data from our injection experiments

we were able to verify statistically that our raw data measurements consistently fell

well within linear detection ranges in both purine and protein analyses. This

verification was critical because of the wide fluctuation of purine levels that resulted
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with different drug treatments and the inherent reciprocal relationship between

adenosine and ATP levels.

The main purpose of the tissue homogenization model was to generate a

guideline by which brain tissues fixed by microwave inadiation could be processed,

based only on wet weight, to yield purine and protein levels that would fall within

linear detection ranges. By setting target values for raw sum of nucleotides (Enu.) and

protein concentration data we worked backwards to determine TCA volume and

protein dilution factors to accommodate all ranges of wet tissue weight. The final

model, being easy to use, greatly enhances the time efficiency of this work at the

benchtop.

The ability to measure the relationship between levels of purinergic

compounds in a single tissue sample will help broaden our knowledge of the

relationship between adenosine and ATP levels under both stimulated and basal

conditions. With this information, we can more effectively address the questions of

whether adenosine serves as an endogenous neuroprotectant and how the individual

protective properties of this purine nucleoside could be exploited using therapeutic

interventions.
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Chapter 2

Effects of Glutamate Receptor Stimulation on

Adenosine and Energy Charge Levels in Rat Brain.
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Abstract

Given the endogenous neuroprotective properties of adenosine, its formation

and release following glutamate receptor stimulation is thought to represent an early

resistance mechanism against the damaging processes resulting from glutamate

excitotoxicity. In contrast, however, high adenosine levels are also known to occur in

permanently damaged tissue, merely reflecting the results of obstructed energy

metabolism. In this chapter, we addressed the hypothesis that glutamate receptor

activation increases adenosine levels by characterízingthe adenosine level increases

induced by activation of different glutamate receptors using L-glutamate and/or

specific glutamate receptor agonists and antagonists. Using the methodology

developed in Chapter 1, we determined the effects of glutamate receptor induced

adenosine level increases in terms of tissue energy charge (EC) depletion and verified

that these effects occurred largely in a site- and event-specific manner. In some

cases, however, where strongly-depolarizing stimuli were administered unilaterally,

we did observe small changes in purine levels in corresponding contralateral regions

which are known to be connected by neuronal pathways to the treated ipsilateral

regions. From a quantitative perspective, our data suggest that adenosine level

increases are twice as responsive to changes in tissue EC under excitatory conditions

that favour NMDA-type glutamate receptor activation compared to those conditions

that are expected to induce lower levgls of tissue depolarization. By quantitatively

studying the relationship between EC depletion and adenosine level increases we can

begin to address whether adenosine level increases, under conditions such as acute

excitotoxicity, could play a physiologically protective role.
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Introduction

Adenosine, an endogenous purine nucleoside, is produced and released with

elevated cellular activity. Accumulating in this manner, adenosine can stimulate

compensatory responses such as vasodilation [106,149] and attenuation of

neurotransmission through activation of cell-surface receptors 160,66,2331. As an

attenuator of neuronal activity, adenosine is known to limit the release of excitatory

neurotransmitters [16,19,34,51,81,186], decrease seizwe activity 15,57,69,236], and

improve cell viability in models of excitotoxicity f60,65,74,150,1721. Having the

potential to mediate these types of responses, adenosine has been referred to as an

endogenous neuroprotectant 17 0,17 31.

A large volume of studies has been published, using several different tlpes of

brain models, showing that activating different neurotransmitter receptors or altering

the activity of adenosine metabolizing enz¡rrnes and transporters can change local

adenosine levels. Numerous in vivo studies on whole brainl47,49,50] or on in vitro

preparations such as tissue slices 140,47,82,147f, or cell cultures [181], have shown

that exposwe of brain tissues to glutamate receptor agonists increases adenosine

production and release. A common conclusion in these studies is that glutamate

receptor activation-induced adenosine release may serve a protective role during

periods of excitotoxicity, when a similar degree of high intensity glutamate receptor

stimulation occurs. This idea that adenosine release may be a protective response

encouraged a branch of adenosine research focusing on increasing or maintaining

elevated adenosine levels through altering the activity of adenosine-metabolizing

enzymes or 194,107,222,236] blocking adenosine transporters [140,141,236] or a
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combination of both l47,73lto maximize protective potential. With further evidence

that some enz)¡mes involved in adenosine homeostasis are selectiveiy more active

under basal conditions (when adenosine levels are generally low) compared to

stimulated conditions (when adenosine levels are significantly elevated) and vice

versa came the idea of REAL agents (¡egulators of endogenous adenosine levels)

[49]. REAL agents are adenosine enzyme or transport inhibitors that may serve as

therapeutic agents because they have the potential to act in a site- and event-specific

manner. Because adenosine deaminase (ADA) appears to cause adenosine depletion

selectively when adenosine levels are elevated, an ADA inhibitor would have

minimal effect on adenosine homeostasis in normally-functioning tissue but would

attenuate adenosine level depletion in those tissues affected by conditions such as

excitotoxicity where adenosine levels are high.

In all of the work pertaining to characterizing and maintaining adenosine level

increases, there remains very liule focus on high-energy nucleotide depletion as the

source for the adenosine formation. Cell death is a potent stimulus for increasing

tissue adenosine levels and not knowing the extent of cellular energy depletion

accompanying the adenosine level increases observed in experimental models can put

into question the physiological significance of these increases. As well, particularly

when levels are high, adenosine is known to mediate several harmful responses

including apoptosis 1215,217,2181, inflammation [215], and potentiation of excitatory

neurotransmission [56]. Whether adenosine exerts harmful or protective effects

seems to depend on its concentration in a tissue region because higher levels through

activation of adenosine Az¡,and A3-type receptors, can initiate some of the harmful
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responses outlined above. Adenosine levels in tissues are usually highest at the point

of focal stimulus (injection site or focal ischemic site) and dissipate moving away

from the foci producing selective activation of adenosine receptors throughout these

regions l2l5l.

Here, we investigated the hypothesis that glutamate receptor activation

increases adenosine levels by measuring the relationship between glutamate receptor-

induced adenosine level increases and concomitant reductions in levels of high-

energy nucleotides, namely ATP, ADP, AMP. Our results suggested that adenosine

level increases and concurrent energy charge depletion occur in a two-tiered fashion ¡

depending on the depolarizing strength of an event and whether significant NMDA

receptor activation had occurred as a result. In addition,by analyzing small tissue

regions at or surrounding intrastriatat drug injection sites, we demonstrated that

changes in energy and tissue adenosine levels appear to occur in a site- and event-

specific fashion. Finally, we report a novel finding that strongly-depolarizing

excitatory amino acid stimuli, injected unilaterally into the striatum, induce changes

in purine levels in striatum on the contralateral side'
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Methods

Animals. See description in Chapter 1.

Surgical Procedures. Described in Chapter 1.

Chemicals. L-Glutamate (monosodium salt), kainic acid, N-methyl-D-aspartate

(NMDA) and tri-n-octylamine (TOA) were purchased from Sigrna Chemical

company (St. Louis, MO). Chloroacetaldehyde was obtained from Fluka

(Ronkonkoma, NY). 5-Methyl-10,11-dihydro-5H-dibenzocyclohepten-5,10-imine

maleate (MK-801), 6-cyarn-7-nitroquinoxaline-2,3-dione (CNQX),2,3-dihydroxy-6-

nitro-7-sulphamoylbenzo(F)-quinoxaline (NBQX), L-(-)-threo-3-hydroxyaspartic acid

(HAsp), and (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) were

purchased from Tocris Cookson (Ballwin, MO). All HPLC reagents were ordered

fiom Fisher Scientific Q'[epean, Ont).

Intrastriatal Injections. Injection procedures were outlined in Chapter 1 and the drug

doses used in each experiment have been described in Figure legends. Tris injection

vehicle \¡/as composed of 50 mM Tris adjusted to pH 7 .4 with HCl. Artificial CSF

(aCSF) vehicle contained 124 mMNaCl, 5 mM KCl, 0.1 mM CaClz, 1.2 mM MgCl2,

26 nMNaHCO¡, l0 mM glucose with final pH adjustedto 7.4 with HCl. Salt

solution was composed of 140 mM NaCl, 4.7 mM KCl, 1.2 mM MgSOa, 2.5 mM

CaCl2, 10 mM glucose, 1.4 mM KH2POa, and 4.3 mM NazHPO¿ with final pH

adjusted to 7.4 using NaOH. All vehicle and drug solutions \'r'ere prepared on the day
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of use and pH levels were always adjusted to 7.4. MK-801 was administered i.p. (4

mglkg) in a 0.9 % NaCl solution 30 min before drug injections were carried out

intrastriatally.

Brain Dissections. Dissections were carried out as described in Chapter l. Striata

were dissected whole or were cut coronally into three subregions designated anterior

(Ant), middle (Mid) and posterior (Posr) of equal rostro-caudal length (Fig. l.l).

When dissecting microwaved tissue, brain regions separated by white matter tracts

pull apart easily. From rat brain atlas diagrams U43l,we concluded that anterior

subregions were predominantly caudate-putamen (striatum) with a small portion of

nucleus accumbens near the ventral surface; middle subregions were all striatum

tissue, and posterior regions contained predominantly striatum with some globus

pallidus near the medial-ventral surface.

Purine and Protein Analyses. Outlined in Chapter 1.

Data Analysis and Statistics. All data were reported as mean t S.E.M. Statistical

comparisons between two groups (contralateral vs ipsilateral) were carried out using

unpaired, two-tailed t-tests and statistically significant differences were annotated by

asterisk (*). For comparisons between more than two data groups an ANOVA was

carried out followed by a Student-Neuman-Keuls multiple comparisons test.

Statistically significant differences found from multiple comparisons tests were

indicated by a dagger (T). In order to compare resuits from subregional analysis to
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whole striatum dat4 and historical results, we devised a method of pooling the

subregional data based on the mass of each subregion, allowing us to predict purine

levels in whole striata from subregional data. The data pooling technique is described

in the Methods section of Chapter 1. The equation used to calculate energy charge is:

EC: ([ArP] + %[ADP]) / ([ArP] + [ADP] + [AMP]).

where the maximum EC level approaches 1.0.
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Results

Intrastriatal L-Glutamate Injection. ln previous work from this group L47,49'50f,

EAA-induced increases in brain tissue adenosine levels were charactenzed using

specific pharmacological glutamate receptor agonists, namely AMPA, kainate, and

NMDA. Here, we tested the effects of the endogenous EAA receptor agonist L-

glutamate (Fig. 2.1). L-Glutamate at doses of 111 and 333 nmol increased tissue

adenosine levels to an extent not significantly different fiom injection of the Mg'*-

free Tris buffer vehicle. However, adenosine levels in striata injected with vehicle or

glutamate at 111 or 333 nmol doses were significantly greater than those measured in

1000

vehicle
Glu Glu Glu NMDA

Figure 2.1. L-Glutamate Injections. Shown are tissue adenosine levels (mean +

S.Ë.frA.¡ measured in injected (black bars) and corresponding conhalateral shiata (white

bars) following administration of L-gluQmate or NMDA (doses shown)- The vehicle

ur.d in these experiments was Mgt*-fr.. 50 mM Tris buffer atpH7.4. The number of
rats used in each treatment group is shown in parentheses-
*,**,*** - different (p<0.05, 0.01, 0.001) from corresponding contralateral region.

t - different (p<0.05) from all other bars representing injected striata.

111 nmol 333 nmot 1000 nmol 50 nmol
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the corresponding contralateral regions. L-glutamate at doses of 1.0 pmol produced

large, statistically significant (p<0.05) increases in tissue adenosine levels when

compared to levels from the lower glutamate doses 0<0.05) or the 50 nmol NMDA

injections. Although the 50 nmol NMDA injection increased tissue adenosine levels

to an extent greater than the two lower doses of glutamate, the differences did not

reach a level ofstatistical sisnificance.

Antagonism of L-Glutamate Effects. Because glutamate-induced adenosine level

increases could have arisen from a variety of mechanisms, given the several different

types of glutamate receptors that might be activated with the injection of exogenous

glutamate, we tested the ability of different glutamate receptor antagonists to block

the effects of glutamate on adenosine responses (Fig. 2.2). Withvehicle injection

alone (Mg2*-free Tris), we found that the NMDA-type glutamate receptor antagonist

MK-801, and to a greater extent the non-NMDA glutamate receptor antagonists

CNQX and NBQX not only reduced the adenosine levels stimulated by vehicle

injection, but also significantly þ<0.001) lowered tissue adenosine levels in

corresponding contralateral striatal regions. Consistently, CNQX and NBQX

attenuated the adenosine level increases caused by I l1 nmol glutamate injection (Fig.

2.28). Higher glutamate doses could not be tested with CNQX and NBQX due to

solubility limitations with the co-injeetion of the antagonist drugs. MK-801 blocked

the adenosine level increases by 333 nmol (Fig. 2.28) and 1.0 pmol (Fig. 2.5)

glutamate injections.
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Figure 2.2. Glutamate
Receptor Anatgonist
Injections. Shown are tissue

adenosine levels (mean r-

S.E.M.) in injected (black
bars) and contralateral (white
bars) striata following
injection ofnon-NMDA
glutamate receptor
antagonists CNQX (5 nmol)
and NBQX (15 nmol) alone
(A) or in combination with L-
glutamate (B). MK-801 (4
mglkg ip) was given 30 min
prior to intrashiatal injection
of either Tris vehicle (A) or
L-glutamate (B). The
number of rats used in each
treatment is shown in
parentheses.
*,** - different (p<0.05, 0.01)
from contralateral data set.

tft - different (p<0.001)
from other bars of the same
color.

$ - different (p<0.05) ûom
333 nmol injected striata
(unpaired, 2-tailed t-test)
f - same data set as shown in
Figure 2.1.
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Analysis of Adenosine and Nucleotíde Levels. Measuring changes in high-energy

nucleotides that occur with tissue adenosine level increases, we were able to begrn

studying, in a quantitative manner, th; reciprocal relationship between adenosine and

ATP levels (Fig. 2.3). Because we found significant increases in tissue adenosine

levels following injection of Tris vehicle, we tested two other injection vehicles

namely aCSF and a balanced salt solution (Fig. 23A andB). Intrastriatal injections
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of aCSF and balanced salt solution produced small, statistically non-significant

increases in adenosine levels when compared with contralateral regions and both

increases were less than those measured following Tris vehicle injection (Fig.2.3C).

aCSF was used in subsequent analyses because the salt solution was found to form

precipitate several hours following preparation. As expected, ATP and AMP levels

changed reciprocally and the magnitude of decreases in ATP levels reflected the

concomitant increases in adenosine levels although this relationship was by no means

stoichiometric. Those treatments that stimulated NMDA receptors, namely Tris

vehicle (the absence of Mg2* reduces voltage-dependent block of NMDA receptors)

and NMDA, increased levels of adenosine to an extent gteater than those observed

from injections of vehicle containing physiological levels of Mg2* (Fig.2. {and B).

Levels of cAMP in these studies remained fairly uniform and although no statistical

differences were observed when comparing injected and contralateral striata,

significant differences (p<0.05) were found between conhalateral data sets from

different treatments (Fig. 2.aB). Energy charge (EC) calculations using the

nucleotide data from Figure 2.3 revealed a consistent and reciprocal relationship

between adenosine level increases and decreases in EC (Fig.z.aC).

Purine Levels at the Injection Site. To determine purine levels in the immediate

vicinity of an injection site (as opposed to looking at whole striata where

approximately three times more tissue volume is analysed) we examined purine levels

from middle injected and contralateral subregions (Fig. 2.5). Purine levels in striata

of rats subjected to anaesthetic only (basal group), following insertion and placement
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Figure 2.3. Concomitant Analysis ofNucleotide, Adenosine, and cAMP Levels. Data shown are adenosine
(Ado), cAMP, and adenine-based nucleotide levels (mean + S.E.M.) following 1.0 ¡rl injections of aCSF (4,
n:3), salt solution (8, n:6), Tris buffer (C, n:4) and NMDA (D, 50 nmol in Tris vehicle, n:5). The results
shown in B, C, and D, are pooled from measurements taken from individually dissected subregions to give
results representative ofwhole injected and contralateral striata. For details on shiatal subregion dissection or
the data pooling method see the Methods section of Chapter l. A complete sunìmary of purine levels in all
individual striatal subregions is shown in Appendix II.
*,xx - different þ<0.05, 0.01) from corresponding contralateral data set.
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of the injection needle (no-vol group), and aCSF injection did not differ statistically

comparing injected and contralateral sides except for a decrease in energy charge

þ<0.05) in the injected middle subregion of the no-vol group compared to the

contralateral subregion.

NMDA injections delivered in aCSF vehicle gave lower þ<0.05) tissue

adenosine levels of 309 + 64 (Fig. 2.5A) compared to 823 + 184 pmol/mg protein

(Appendix II, Fig. II.H) for injections delivered in Tris vehicle. The amplified effect

using Tris vehicle was also observed when adenosine levels following glutamate

injected in aCSF (542 + 102, pooled data from Fig. II.F) were compared to those

following glutamate injected in Tris vehicle (952 X 152 pmol/mg protein, Fig2.I).

Injection of 1.0 pmol glutamate, however, elevated adenosine levels to a greater

extent (p<0.01) than did any of the other treatments shown (Fig 2.54).

Complimenting this effect, we observed EC values to be lowest (p<0.01) in the

glutamate-injected regions. In the presence of the NMDA receptor antagonist MK-

801, the effects of glutamate on EC depletion and adenosine accumulation were

significantly attenuated (p<0.0 1 ).

Cortical Stimulation Studies. Unexpectedly, we observed changes in adenosine and

energy charge levels in contralateral striatal regions that appeared to reflect the

magnitude of changes seen in the corresponding injected regions. This was

particularly evident in the glutamate injection group. Some corticostriatal

glutamatergic afferent nerves are known to cross in the corpus callosum and innervate
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Figure 2.5. Adenosine and Energy Charge Level Changes at the Injection Site. Shown are
adenosine and EC levels (mean t S.E.M.) measured in middle injected (4, dark symbols) and
middle contralateral (8, white symbols) shiatal subregions following 1.0 ¡rl injections of aCSF,
NMDA (50 nmol) or glutamate (1.0 pmol) in the presence or absence of MK-801 pre-
administration (4 mglkg i.p., 30 min prior to inhastriatal injection). Shown in parentheses is the
number of animals in each treatment group. The basal data group represents animals that were
anesthetized and then sacrificed at thepoint when the surgical procedure to perform the intrastriatal
injection would have been initiated. Rats in the no-vol group underwent the inhastriatal injection
procedure, however, no fluid volume was delivered from the needle. For a complete summary of
all subregional data from the experiments shown in this figure, refer to Appendix II.
*,** - diffbrent (p<0.05, 0.01) ûom corresponding contralateral region in B.
tt - different (p<0.001) ûom adenosine levels in all other injected middle subregions.
ff - different (p<0.01) from energy charge values calculated for basal, no-vol and aCSF treatmenr
groups in A.

70



contralateral striatal regions U7,37,2251. Accordingly, we investigated whether

mechanical stimulation of the cortical surface, in the vicinity of where needle

insertions into the striatum passed through the cortex, could noticeable alter purine

levels in contralateral striata (Fig 2.6). Following cortical stimulation, no significant

differences were observed between ipsilateral and contralateral striata, although

higher adenosine levels were measured on the contralateral side. EC values in

ipsilateral and contralateral striata were calculated to be 0.81 + 0.02 and 0.78 + 0.04,

respectively.
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Figure 2.6. Cortex Stimulation
Experiments. Shown are pooled purine
data (mean + S.E.M.) measured ín
contralateral (white bars) and ipsilateral
(black bars) shiata following unilateral
mechanical stimulation of the cerebral
cortex. The cortical area in the
immediate vicinity of where needle
injections passed through to the shiatum
was touched with forceps repeatedly for
several seconds to simulate the
manipulations that might have occurred
during routine intrastriatal injections
(dura was not damaged in these

experiments). Following stimulation,
rats were allowed to recover in the same

fashion as animals undergoing drug
injection. Data shown were collected
from six animals and statistical
evaluation detected no significant
differences between purine levels in
ipsilateral and contralateral striata.
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Efficts of Glutamate Uptake Inhíbition. Activation of striatal kainate receptors results

in the release of glutamate from the terminals of corticostriatal glutamatergic

afferents [62,2341and our group has shown that intrastriatal injection of kainate

increases tissue adenosine levels [50]. Here, we tested whether inhibiting the uptake

of glutamate during kainate receptor stimulation had an additive effect on tissue

adenosine level increases (Fig. 2.7). ltlthough in the past, we observed significant

increases in tissue adenosine levels in injected compared to contralateral striata

following 0.25 nmol kainate injection [50], in these experiments the increases in

adenosine levels did not reach a level ofstatistical signif,rcance. Inthe presence ofthe

glutamate uptake blocker r- (-)-threo-3 -hydroxyaspartic acid (HAsp) 19 9,1 5 4,197 l,

1000

750

s00

2s0

0
kain. kainÆIAsp HAsp vehicle

Figure 2.7. Effects of Glutamate Uptake Inhibition Kainate-Induced Adenosine

Level Increases. Data shown are adenosine levels (mean t S.E.M.) measured in
conkalateral (white bars) and injected (black bars) whole striata following 0.5 ¡tl
adminishation of Tris vehicle, kainate (0.25 nmol), L-(-)-threo-3-hydroxyaspartic
acid (HAsp, 150 nmol), or a combination of both kainate (0.25 nmol) and HAsp
(150 nmol). Number of animals in each treatment group is shown in parentheses.

Kainate, in addition to activating glutamate receptors is also known to inhibit
glutamate uptake [171].
* - different (p<0.05) from corresponding contralateral data set

f - different from all other dark bars
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however, kainate injection resulted in large adenosine level increases that were

significantly greater 0<0.05) than in contralateral regions and in regions injected

with kainate, HAsp, or vehicle alone.

Site- and Event-Specificity of Purine Level Changes. Adenosine level changes in

response to stimuli are often referred to as site- and event-specific, meaning that the

adenosine level changes occur predominantly in the vicinity of the stimulus site and

the magnitude of the adenosine level changes reflects the strength of the stimulus.

Here, we used the same experimental treatments as shown in Figure 2.7 but upon

dissection separated each striatum into three subregions ofequal rostro-caudal length

and measured the changes in purine levels in the immediate vicinity of the injection

site, and in adjacent regions (Fig 2.8). In these experiments we found patterns in

purine level changes that were seen with other EAA stimuli, namely that ATP level

decreases were accompanied by reciprocal AMP level increases and the magnitude of

ATP level decreases reflected the degree to which tissue adenosine levels increased.

We also observed significant differences in purine levels between subregions in the

same striat4 which were particularly evident following treatment with the

kainateÆIAsp combination. These differences support the idea that adenosine

responses are localized to the stimulus site. Comparing pooled and subregional data

(Fig. 2.9) it was clear that analysis of'the Mid subregion immediately around the

injection site revealed significantly (p<0.05) greater changes in purine levels than

were observed when striata were analysed whole.
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Figure 2.8. Subregional Analysis of
kainate/HAsp Injections. Shown are
nucleotide, adenosine (A), and energy
charge (B) levels in striatal subregions
following injection of either kainate (0.25
nmol) alone (left side of plots) or in
combination with L-(-)-threo-3 -
hydroxyaspartic acid (HAsp, 150 nmol).
Striatal subregions were created by cutting
dissected striata into three portions of equal
rostro-caudal length, giving anterior (Ant),
middle (Mid) and posterior (Post)
subregions. Dark bars represent shiatal
subregions on the injected side ofthe brain
and white bars show levels in
corresponding contralateral striatal
subregions. Results are averaged from six
animals in the kainate group and three in
the KainÆIAsp group.
*,**,*** - Difilerent from corresponding
contralateral region (p<0.05, 0.01, 0.001). ,

t, ft - different (p<0.05, 0.01) from other
bars of the same color from the same
treatment group unless otherwise
arurotated.
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Figure 2.9. Differences Between
Pooled and Subregional Purine
Data. Shown are middle subregion
(S) adenosine levels from Fig. 2.8
compared with mathematically-
pooled @) subregional data that
represent adenosine levels had the
corresponding striatal regions been
analysed in whole. White and black
bars represent contralateral and

injected shiata, respectively.
*,{<** - greaterthan pooled data
(p<0.05,0.001).

Kainate Kainate/HAsp

Effects of mGIuRActivøtion. Activation of metabotropic glutamate receptors

(mGluRs) is known to stimulate several different intracellular pathways including

cAMP production and activation of phospholipase C [153]. Here we tested the

hypothesis that activation of mGluRs in striatum, with the non-specif,ic mGluR

agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), would increase

tissue adenosine levels (Fig. 2.10). At injected doses of 200 and 350 nmol we

observed no statistically significant changes in adenosine levels between injected and

contralateral striata. Unexpectedly, at the 350 nmol ACPD dose we observed

significantly higher (p<0.05) levels of adenosine in the contralateral striata compared

to those measured in both striatal regions in 200 nmol group.

Adenosine Levels and Energt Charge. We observed that injection of substances with

varying degrees of excitotoxic potential caused different degrees of fluctuation in

levels of adenosine and EC. We compiled EC and adenosine data from the various

experiments described to this point and plotted, using EC as the independent variable,

PS PS
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Figure 2.10. ACPD Injections. Data
shown are me¿m + S.E.M. of adenosine
levels in injected (dark bars) and
contralateral (light bars) striata. Doses
of ( I S,3R)- 1 -aminocyclopentane- 1,3 -
dicarboxylic acid (ACPD) were

delivered in a 1.0 pl injection volume
using a 0.9% NaCl vehicle. Animals
were sacrificed 20 min post injection in
contrast to the 15 min period allowed in
all other injection experiments. Number
of animals in each treatrnent group is

annotated in parentheses.

t - different (p<0.05) from both data sets

in the 200 nmol treatment group.

ACPD
(200 nmol)

ACPD
(350 nmol)

adenosine values against EC levels (see Appendix III for plots) and calculated slopes.

The results of this analvsis are shown in Fieure 2.1I. In several cases we observed

significant differences in slope values between injected and corresponding

contralateral striata.
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Figure 2.11. Slopes of Adenosine-EC relationships. Shown are the absolute values of slopes from linear

relationships formed by plotting tissue adenosine levels against corresponding EC values. The treafments

shown above and corresponding data have all been described in previous figures. See Appendix III for
individual adenosine-EC graphs and correlation coefficient values. The dotted horizontal line represents a

slope threshold above which NMDA receptor activation is hypothesized to initiate mechanisms that

contribute to adenosine level increases. Statistical analysis also revealed that all bars represented slopes

that were significantly (minimum p<0.05) non-zero.
*,** - slope differs (p<0.05, 0.01) from data set representing corresponding contralateral striatum.
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Discussion

The analytical techniques described in Chapter 1 enabled us to study

simultaneously high-energy nucleotide, adenosine and cAMP levels in discrete brain

regions. Studying the changes in the levels of these pwines allowed us to address

several fundamental questions and test several hypotheses. First, we tested the

hypothesis that adenosine levels rise in response to falling ATP levels as occur with

glutamate excitotoxicity. Second,by analyzing very small tissue regions we tested

the site- and event-specificity of changes in adenosine and nucleotide levels by

measuring purine levels in tissue regions extending away from points of

excitotoxicity. In addition, we tested the hypothesis that the effects of unilateral

intrastriatal injection were not isolated to ipsilateral striata but were, as well,

transmitted to contralateral striata. Our data suggested that different modes of

adenosine level regulation exist depending on the degree of NMDA receptor

stimulation.

Adenosine Levels and Energt Charge. In order to measure changes in the levels of

metabolically labile purines in brain, techniques have been developed to rapidly

inactivate brain enzymatic activity and eliminate post-mortem changes in nucleotide

and adenosine concentrations. Procedures such as freeze-blowing 1211], decapitation

into liquid nitrogen and microwave irradiation [48] were all used in attempts to

maintain the highest tissue EC and preserve accurate levels of purinergic compounds.

Many of these studies 148,211], canied out on either whole brain or large brain

regions, determined that EC values of greater than 0.80 were obtainable with
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appropriate levels of metabolic deactivation (theoretical maximum approaches 1.0).

Under ischemic conditions, immediately following cortical depolanzation, EC values

from whole brain were reported in the 0.25 - 0.30 range [212] and following 10

minutes of ischemia levels dropped further to 0.15 [138]. In studies reported here,

focusing on discrete brain regions, we observed cases where tissues, upon dissection,

appeared thermally fixed and conservative estimates of brain temperature

immediately following microwave fixation were over 80oC, yet EC levels in some

unstimulated tissues were slightly reduced (- 0.75) and adenosine levels were

elevated. In these situations, the idea that these altered levels of purines may reflect

intense neuronal activity in these regions, and not merely post-mortem artefacts, is

supported by several studies. During striatal perfusion experiments, animals allowed

to recover from anaesthetic produced increased adenosine release (presumably due to

heightened neuronal activify) compared to those maintained under anaesthetic tl45].

Furthermore, tetrodotoxin (TTX), which suppresses the propagation of action

potentials by blocking Na* flow through voltage-gated ion channels, reduced

adenosine release and blocked [3H]purine efflux elicited by low intensity (a

simulation of actively signalling neurons) but not high intensity field stimulation of

brain slices U45]. Thus, under depolarizing conditions as occur with K* perfusion or

injection of compounds that potently activate depolarizing ionotropic receptors, tissue

adenosine levels rise and EC values fall due to increases in neuronal activity and

activation of adenosine-generating intracellular pathways. The extent to which

decreases in ATP (and hence EC) translate into increases in adenosine levels,

however, has not been well characterized.

79



We used a linear regression analysis of adenosine-energy charge (Ado-EC)

relationships to quantitatively describe what we refer to as the two-tiered system of

regulation for adenosine and purine nucleotide (represented by the EC term) levels.

Doing so provided us with a \üay of comparing changes in the energy state of the

tissue to corresponding adenosine level changes. Direct comparisons between ATP

and adenosine levels are difficult because of the nearly 1000-fold difference in the

endogenous concentrations of these compounds. In addition, calculation of EC takes

into account the concentrations of all high-energy adenine-based nucleotides. The

data in Figure 2.11, which summarizes most of the work in this chapter, supports the

idea of two general states of purine level regulation. The lower level Ado-EC slope

(1200-1500), observed primarily in the contralateral striatal regions, would represent

adenosine level regulation under basal or slightly depolarizing conditions. We refer

to this as tier-l regulation. Above the hypothetical2500 slope value, we propose that

tissue depolarization, due to either administration of exogenous agents or endogenous

conditions such as ischemia, has occurred to an extent where NMDA-receptor

mediated mechanisms are activated. This more volatile adenosine-EC relationship

we propose is indicative of tier-2 regulation. Pivotal changes in endogenous

mechanisms that may contribute to the two-tier system we have proposed include

differential regulation of adenosinergic enzymes and transporters 149,93,145] and

even perhaps inhibition of glutamate uptake by peroxl'nitrite [204], a free radical that

can be generated following NMDA receptor activation. From a slightly different

perspective, studies have also shown that adenosine formed with low level NMDA

receptor activation can provide an inhibitory threshold against further receptor
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activation 1223} This finding may represent one of the regulatory factors defining

the boundary between tier-l and tier-2 regulation of purine levels.

Others [93,145] and we [49] have reported that different adenosinergic

enzÐrmes appear to be involved in the regulation of adenosine levels under basal and

stimulated conditions, which suggests that adenosine levels under each condition are

likely different. An example of apparent two-tiered adenosine level regulation was

observed when our injections of Mg2*-free Tris buffer had a greater effect on

adenosine and EC values than did administration of aCSF. Mechanical manipulation

is known to reduce voltage-dependent block of NMDA receptors by Mg'* 12371. The

1.0 pl Tris injections probably provided suffrcient mechanical stimulation to activate

some NMDA receptors and the Mg2*-free vehicle also likely diluted the endogenous

Mg2* concentration allowing localized relief of voltage-dependent Mg2* block and

thus potentiation of NMDA receptor activation causing a robust adenosine level

response. For these reasons it appears that Tris vehicle injections, and drugs

delivered in Tris vehicle had greater effects on purine level shifts than did aCSF or

those drug treatments administered in aCSF and we therefore continued our studies

using the aCSF vehicle.

Microdialysis studies in the cortex have shown that excitatory amino acids

induce the release of adenosine with an order of potency ofNMDA > glutamate >

kainate [93,151]. At least part of this-response, which is similar to results from our

studies, may be explained by a two-tiered pattern of adenosine and EC level changes.

With administration of glutamate and/or kainate, non-NMDA receptors are activated

and result in neuronal depolarization and relief of voltage-dependent Mg" block of
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NMDA receptors. Under moderate depolarization conditions, ATp levels are slightly

lowered and AMP and adenosine levels are slightly elevated (tier-l regulation).

However, under high-level depolarization conditions where released endogenous

glutamate 125,751can stimulate NMDA receptors, a different combination of cellular

mechanisms appears to be activated that culminate in much larger shifts ofpurine

levels to significantly lower levels of ATP and higher levels of AMp and particularly

adenosine (tier-2 regulation). The low magnitude changes in EC and adenosine levels

we observed with kainate administration may represent a low level of depolarization

occurring in the absence of significant NMDA receptor activation. Under these

conditions we propose that purine levels are under tier-l regulation. However, in the

presence of glutamate uptake inhibitor, kainate coupled with the increase in

endogenous extracellular glutamate concentration (due to uptake inhibition)

apparently increased depolarization, activated NMDA receptors, and resulted in a

shift to tier-2 regulation ofpurine levels as illustrated by the much larger changes in

adenosine and EC levels. Further support for a two-tiered regulation of purine levels

can be derived from studies showing that K+-induced increases in adenosine levels

were partly blocked by TTX but complete inhibition required the inclusion of an

NMDA receptor antagonist [145]. Moreover, while glutamate-evoked adenosine

release could be blocked partialy by MK-g0r, comprete inhibition required the

inclusion of antagonists to non-NMDA receptors [g3]. These findings suggest that

adenosine production during periods of depolari zationand/or excitotoxicity occurs in

two mechanistically different phases that we have found produce different degrees of
volatility in the adenosine-EC relationship. The mechanisms involved in these
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phases, we proposed, are representative of either tier-l ot tiet-2 purine level

regulation depending on the extent of NMDA receptor activation.

Adenosine: Site- and Event-Specificity. Physiological responses of adenosine levels

to stimuli are site- and event-specific in that increases in levels of adenosine occtn in

the immediate vicinity of a stimulus site and the magnitude of the adenosine response

reflects the intensity of the stimulus and the level of adenosine receptor activation.

By studying small striatal subregions at and around drug injection sites, we found that

adenosine level increases were indeed much greater at the injection site and the effect

rapidly dissipated in the surrounding tissues. In these cases we observed tier-l and

tier-2 purine level regulation occurring simultaneously in different tissues depending

on the distance from the injection site and the intensity of the stimulus. Following

events such as focal ischemia, it seems possible that tissue regions moving from tier-l

to tier-2 type purine regulation may become more prone to excitotoxic damage and at

this point damaging mechanisms such as apoptosis and necrosis may be initiated.

Indeed, activation of adenosine A3 receptors, aS occurs in the presence of high

adenosine levels, can induce apoptosis Í2151. The site- and event-specificity of the

adenosine system may be taken advantage of therapeutically to minimize side effects

and several groups have proposed the use of modulators of adenosine metabolism as

therapeutic agents L2,68,1 13,21 4,224J.

The Contralaterøl Effict. To determine whether the effects of unilateral drug

injections into the brain are specific to the treatment, it is common practice to
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compare changes between ipsilateral (treated) and contralateral (untreated) sides of

the brain because the contralateral side is thought to serve as an intemal control. This

assumption is valid if the contralateral side is completely disconnected from the

effects induced in the ipsilateral side. In our studies, we observed occasional

adenosine level increases in contralateral striata following unilateral drug injection.

These increases, although inconsistent, appeared most often when strong depolarizing

stimuli were administered (1.0 pmol glutamate). When glutamate receptor

antagonists were injected, we consistently noticed lower adenosine levels in

contralateral striata. In addition, slope values of adenosine-EC relationships were

much higher in the contralateral striata of glutamate-injected brains compared with

any other treatment and were attenuated by MK-801. Therefore, intense

depolarization of the ipsilateral striatum may stimulate neuronal activity in the

contralateral striatum thereby producing small increases in adenosine levels. Indeed,

unilateral mechanical stimulation of cerebral cortex increased adenosine levels

somewhat in contralateral striatum, but these changes were not significantly different

from ipsilateral regions. This contralateral effect can be explained neuroanatomically

because corticostriatal projections originating in motor cortex [37], prefrontal cortex

[17], and medial agranular cortical freld [53] project bilaterally to ipsilateralllTl and

contralateral striata [67] and cerebral cortex 1225). Examples of contralateral effects

were observed previously in studies showing that kainic acid injection into the

amygdala caused damage, of variable extent, to ipsilateral and contralateral CAl and

CA3 regions of hippoc¿unpus [105]. Moreover, following unilateral decortication,

altered glutamate levels were found in contralateral striata U92} These contralateral

84



effects by glutamate agonists reported by others, appear to occur with irregular

frequency. According to our findings and those reported by others, it seems possible

that contralateral effects are not artefacts due to problems with experimental

procedures but rather are a true reflection of biological effects due to contralateral

brain manipulations. Furthermore, expressing levels in terms of increases over

contralateral side may lead to underestimates of the eflects occurring in the ipsilateral

striatum.

Although we did not see significant differences in adenosine levels between

contralateral and ipsilateral striata injected with either of the mGluR agonist doses

used, we did see significantly higher adenosine levels in contralateral striata at the

higher dose compared to both striatum groups at the lower dose. This was interesting

given that activation of group I and group III mGluRs attenuates the inhibitory effects

of A¡ adenosine receptors [46]. One explanation of our results may be that elevated

levels of depolarization due to relief of A1 receptor-mediated inhibition of

neurotransmission were adequate to stimulate contralateral striata thus causing the

observed increases in adenosine levels in the untreated side.

Our findings support the general notion that as ATP levels drop adenosine

levels rise. However, we have shown quantitatively that the flux between ATp

depletion and adenosine formation occurs at different rates depending on the

depolarizing strength of the stimulus involved and whether significant NMDA

receptor activation occurs. We proposed that these rates are indicative of different

systems ofpurine level regulation and have designated them tier-l and.tier-2.
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Chapter 3

Effects of Steep Deprivation on Adenosine and

EnergY Charge Levels in Rat Brain'
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Abstract

One prominent theory addressing the physiological role of sleep states that

sleep serves a restorative function in which the levels of high-energy molecules in the

brain are replenished following their depletion dwing periods of wakefulness. [n this

model, adenosine has been implicated as a sleep-signaling molecule because of its

production and accumulation during periods of ATP depletion and its ability to alter

neuronal firing pattems primarily in an inhibitory fashion. Using male Sprague-

Dawley rats in 12- and24-hour models of sleep deprivation we measured the effect of

prolonged wakefulness on adenosine and adenine nucleotide levels in specific brain

regions implicated in the control of sleep including frontal cortex, basal forebrain, and

hypothalamus. Our results showed that neither 12- or 24- hour periods of sleep

deprivation produced a consistent pattem in adenosine level changes compared to

animals allowed to rest normally. After normalizing adenine nucleotide data to

remove between-experiment variability, we noticed a small but consistent depletion

of ATP levels in brain regions of sleep deprived animals from both the 12- and24-

hour studies. We also carried out a preliminary study focusing on striatum,

hippocampus and the parietal, temporal and occipital cortical regions. These data

showed no consistent changes in adenosine or adenine nucleotide levels resulting

from sleep-deprivation, however, we did observe higher adenosine levels in striatum

and hippocampus compared to those measured in cortical regions. Our data suggest

that sleep deprivation produces a gradual depletion of brain ATP in some brain

regions and that different regulatory mechanisms control adenosine levels in cortex

compared to striatum and hippocampus.

87



Introduction

The behavior we refer to as sleep is practiced by nearly all animals, including

humans. We appreciate first hand the importance of sleep given the detrimental

effects of altered sleep pattems and sleep deprivation on our ability to carry out daily

tasks. Fatigue due to disrupted sleep takes a significant toll on society by reducing

worþlace productivity and increasing accidents both in and outside the worþlace.

A major limitation of today's sleep aid medications is their inability to promote

restful sleep (slow-wave) as they generally only increase overall sleep time. One

factor limiting the development of better sleep therapeutics is our lack of knowledge

about why we sleep, the restorative functions of sleep, the neurochemical

mechanisms that initiate sleep onset, and the mechanisms that regulate various sleep

stages.

Sleep is divided into several stages according to characteristic patterns of

electrical activity emitted by the cerebral cortex that are detected using an

electroencephalograph (EEG). Sleep is classified as either non-REM or REM based

on EEG readings that indicate synchronized or desynchronized neuronal activity,

respectively. Non-REM sleep is further divided, based on EEG patterns, into stages

1,2,3, and 4 with stages 3 and 4 referred to as slow-wave sleep (SWS). When a

person initially falls asleep, they begin in stage 1 of non-REM sleep and then progress

through stages 2,3, and 4 before entering REM sleep. The non-REM stages of 3 and

4, comprised of SWS, produce the deepest and most restful sleep. The pattern of

separate stages that alternates during sleep is referred to as sleep architecture.
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Although the appearance of a sleeping organism suggests that sleep is a fairly

homogenous process, the variations in neuronal activity in the brain as it goes through

the various sleep cycles are quite profound. REM sleep is referred to as paradoxical

sleep because of the high, awake-like levels of brain activity that are detected during

this period. Physical characteristics of this sleep stage include ¡apid gye movement

(REM), general body paralysis that excludes ocular and respiratory muscles, and this

is also the sleep stage when dreaming occurs. Because of the high levels of brain

activity during REM sleep and the learning deficits that occur with REM sleep

deprivation, this sleep stage is thought to play a role in memory consolidation [78].

Several regions of the brain are associated with controlling various aspects of

sleep. The basal forebrain U61,162,175] and the preoptic alea of the anterior

hypothalamus [200] have been implicated in controlling SWS. In the posterior

hypothalamus, the suprachiasmatic nucleus acts as the brain's clock, signaling the

changes in the diurnal cycle [9]. Although they were not studied in this report,

several other regions in the brainstem including the raphe nuclei lz\,gSf,laterodorsal

[88,101] and pedunculopontine [96] tegmental nuclei, and the mesopontine

cholinergic 126,162,196] nuclei control various aspects of sleep.

The EEG patterns used to charactenze different sleep stages arise from

changing neuronal firing patterns in the cerebral cortex and are hypothesized to arise

from altered K* conductance resulting from the activation of adenosine Al receptors

by accumulated adenosine [14]. In both rat striatum and hippocampus, adenosine

release was found to be elevated during active periods and in hippocampus these

increases were greatest at the end of active periods [9 1].
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Of the many compounds purported to be endogenous signaling molecules for

sleep, adenosine has received considerable attention for several reasons. First, from

the standpoint that sleep serves to replenish brain energy levels [14], adenosine would

be a logical signal to initiate an energy restoration process given that adenosine is

formed from ATP metabolism and can accumulate under conditions where the rate of

cellular energy demand exceeds energy supply. Experimentally, however, very few

studies [208] have demonstrated that ATP levels are depleted by sleep deprivation,

although several groups have demonstrated that brain adenosine levels change

according to circadian rhythm [29,91,16I] and that periods of sleep deprivation result

in small adenosine level increases in brain [161].

Given the changes in neuronal firing patterns associated with the onset of

sleep, a second characteristic we would expect with a sleep-inducing compound is the

ability to modulate neurotransmission. Indeed, adenosine is known to predominantly

inhibit and in some cases potentiate neurotransmission through activation of

adenosine A1 17,66,I63,2331and Az receptors [183], respectively. In basal forebrain

and mesopontine cholinergic neurons, two pathways involved in EEG arousal [97],

adenosine exhibits tonic inhibitory control [166] and when perfused in these areas

wakefulness is found to decrease and overall sleep architecture is modified [162]. In

addition, stimulation of adenosine A¡ receptors by systemic [165], or

intracerebroventricular administration of A1 receptor agonists increases slow-wave

activity in non-REM sleep, an effect similar to that caused by sleep deprivation [15].

In basal forebrain, activation of adenosine Az¿.receptors increases both REM and

non-REM sleep [174]. In addition to studies showing that direct adenosine receptor
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activation increases sleep, the concept of adenosine as a sleep modulator is also

supported by the commonly known and often abused stimulatory properties of the

adenosine receptor antagonists caffeine and theophylline.

A third characteristic we would expect with a sleep-modulatingcompound

would be diumal regulation of its production and metabolism by endogenous en-,,,rne

systems. Indeed, studies have show that enzymes responsible for adenosine

metabolism exhibit some diurnal variation in their activity levels [29].

This work focused on testing the hypothesis put forth by Bennington and

Heller [14] that sleep serves a restorative function for the replenishment of brain

energy reserves and that as a result ofgradual energy charge depletion, adenosine

levels increase during waking hours to ultimately signal the onset of sleep. To test

this hypothesis we measured simultaneously ATP, ADp, AMp and adenosine levels

in discrete brain regions following sleep deprivation. To date, no such studies have

been carried out using methods that provide both precise and accurate measuremenæ

of purines in discrete brain regions. Studies mentioned here showing changes in

adenosine levels with circadian rhythm were carried out on decapitated animals and

focused on only one brain region l29l or were done on awake and freely moving

animals that were implanted with microdialysis probes [91,161]. In these reported

studies the adenosine level changes, although statistically significant in some cases,

were relatively small and in both of the methodologies used, particularly with

decapitation as a method of sacrifice, artificially high adenosine level changes can

result. In the microdialysis studies, presumably suffrcient time was allowed for

adenosine levels to stabilize following probe implantation, however, it is not known
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whether the adenosine level increases measured over the active period of the animals

might have resulted from mechanical stimulation of brain tissues from even small

vibrations around implanted cannuli due to animal movement. Our methods, using

microwave fixation of brain tissue allow us to rapidly and efficiently halt brain

metabolism [48] thus preserving the endogenous levels of high-energy nucleotides

and adenosine. In addition, microwave fixation of brain tissue allows for accurate

and precise dissection of small, discrete brain regions, allowing us to study changes in

the levels of pwinergic compounds in specific brain regions proposed to be involved

in sleep. Here, we studied brain regions including basal forebrain, cortex, and

hypothalamus and carried out preliminary measurements of purinergic compounds in

dorsal brain regions including the frontal, parietal, temporal and occipital cortical

regions as well as striatum and hippocampus. Using a sleep deprivation model, the

overall hypothesis we tested was that prolonged waking resulted in depletion of brain

energy stores, namely ATP, and accumulation of adenosine.
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Methods

Animals. Adult male Sprague-Dawley rats obtained from the University of Manitoba

Central Animal Care breeding facility weighing 200 + 20 g were used in the present

study. Following transportation, rats were allowed five to seven days to acclimatize

before being used in studies. All protocols were performed in accordance with

University of Manitoba Animal Care Ethics Committee guidelines.

Sleep Deprívation. In 12- and 24-hour sleep deprivation studies, animals were not

allowed to sleep between 6:00 AM to 6:00 PM or between 6:00 AM to 6:00 AM

respectively. Animals were kept awake by gently handling and providing novel

environmental stimuli while constant access to food and water was maintained.

Control groups were placed in a quite room and were allowed to sleep normally.

Microwave lrradiøtion and Dissections. Following sleep deprivation, animals were

sacrif,rced by microwave inadiation. Using a power level of 10 kW, microwave times

of 1.0 - 1.1 s were used when frontal cortex, basal forebrain, anterior hypothalamus,

and posterior hypothalamus were to be dissected (Fig. 3.1). Longer microwave times

of 1.5 s were used when parietal cortex, striatum, temporal cortex, hippocampus, and

occipital cortex were isolated (Fig. 3.2). Immediately following microwave fixation,

brain temperatures were taken at the posterior limit of the cortex immediately below

the pineal gland to verifu that brain tissue was appropriately heated. Brain regions
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were dissected on an ice-chilled metal plate and immediately frozen on dry ice.

Tissue samples were stored at -80'C until taken for HPLC analysis.

3 21

B.

Figure 3.1 Dissection of Basal Brain Regions. A. For dissection of basal brain regions, the brain was

cut coronally starting at the level of the optic neryes (=AP 9.0 mm, cut 1). The next coronal cut was

then taken 2 mm in the posterior direction (=AP 7.0 rnm, cut 2) producing a brain slice from which the

anterior hypothalamus (AH) was dissected. The final cut was taken 1.5 mm further posterior (=AP 5.5
rnm, cut 3) and yielded the brain slice from which the posterior hypothalamus (PH) was dissected. The
basal forebrain (BF) was dissected directly from the remaining anterior portion of the brain. Brain
coordinates listed are measured from the bregma and were obtained from Paxinos and V/atson [43].
B. Illustrated are the approximate measurements of the dissected basal forebrain (BF), anterior
hypothalamus (AH), and posterior hypothalamus (PH) brain regions. The dotted line indicates the
midline of the ventral brain surface, which is represented by the top, lightly-shaded side of each cube.

Dimensions shown are in millimeter units.
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Figure 3.2. Cortical Dissections. Shown is a schematic diagram of the dorsal rat brain surface.
Horizontal lines conespond to the coronal cuts described in figure 3.1. Dotted shapes indicate
where dissections of frontal (FC), parietal (PC), temporal (rcþnd occipital (oC) óortex ru¡1plr.
were carried out.

Anølysis of Purinergíc Compounds. See Chapter 1.

B e tw e e n- Study D ata N ormal izati on.

The sleep deprivation studies outlined in this report were carried out over a

two year period. In some cases, the data collected was significantly different between

studies conducted at different times (Fig. 3.3). After we verified that our anal¡ical

techniques and calculations were accurate, we concluded that these differences were

representative of in vivo conditions. These differences, however, made it impossible

to pool the control or sleep deprivation data from separate studies carried out at

different times. Accordingly, we developed a method to normalize the data and this

allowed us to focus specifically on potential differences in purine levels between

control and sleep deprived animals.
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Post. Hyp. - Control Data - Study #1

Post. Hyp. - Control Data - Study #2

1.1 31.1

0.5 30.1

0.5 26.8

1.0 31.3

0.9 34.9

24.9

1.7

Figure 3.3. Sleep Deprivation Study
Sample Data. Shown are posterior
hypothalamus data collected from sleep
deprivation studies carried out at two
different times. The number in bold,
underlined text is the average Xo* value
for each group.

ÄTP**,n = ATPz x ($*r + Ðe,c)

\-r-/w¿

Equation #2

38.4 6.0 0.5 44.9

26.5 5.6 0.3 32.4

45.3 7.7 0.8 53.8

mean
S.EM.

36.7

5.5

6.5

0.6

0.5

0.2

43.7

24.2 5.8

25.4 4.1

22.4 3.9

24j 6.2

28.1 5.9

mean
S.EM.

5.3

0.7

0.8 30.8

0.1

To normalize the between-experiments data we chose the sum of purines

value (Xou) as a constant variable to which each of the chronologically distinct data

sets (control or sleep deprivation) could be normalized. Previous data from our

intrastriatal injections work supported the validity of this assumption. 'We 
therefore

normalized the data according to the following equation:

,ATP,.o,.r =ATPr. 

[3#t
L xr,*r j
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In the equation above, the subscript 1 indicates control data from one study and the

subscript 2 represents control data from a second study carried out at a difÊerent time.

Normalization was carried out only between data sets of the same type, either control

or sleep deprivation. The term [(Xpur1+ Ðpurz)|2) calculated an average value for Xpu,

to which each data set could be normalized. This value was then divided by the

average Xpu, for that data set (Xpurr) to create a factor that was then used to correct

eachdatapoint (ATP1) in study #1 (Eqn. #1). The same procedure was used to

normalize the data from Study #2 (Eqn. #2). The term in square brackets is greater

than 1.0 in one equation and less than 1.0 in the other resulting in a uniform increase

in the nucleotide data from one study and a uniform decrease in the data from the

other study. Both data sets were nonnalized to the [(Epurr + Ðp*z)l2J value. Shown in

Figure 3.4 are the normalized dataconverted from the values shown in Figure 3.3.

Post. Hyp. - Control Data - Study #I

32.7

22.6
38.6

5.1

4.8

6.6

0.4

0.2

0.7

38.3

27.6

45.9
mean
S.EM.

31.3

4.7
0.4

0.1

5.5

0.5

37.3

1.3 37.5

0.7 36.3

0.6 32.4

1.2 37.8

1.1 42.2

Figure 3.4. Normalized Sleep
Deprivation Study Sample Data. Shown
are the normalized posterior
hypothalamus data calculated from the
data in Figure 3.3.

Post. Hyp. - Control Data - Study #2

29.3
30.7
27.0
29.2

34.0

7.0

4.9

4.7

7.5

7.1

mean
S.EM.

6.2

0.6

30.1

1.2

1.0 37.3

0.1
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Results

24-Hour Sleep Deprivation Studies. After normalizing (nucleotide dataonly) and

pooling the data from three separate experiments (Fig.3.5), we found that24-hotn

sleep deprivation produced no signif,rcant changes in nucleotide levels in the basal

regions of sleep-deprived rats compared to control animals. The data do, however,

show consistent trends toward decreased levels of ATP in the brain regions of sleep-

deprived animals. Results from individual studies are shown in Appendix IV (4, B,

and C). Interestingly, the variation in sum of nucleotide values observed between our

individual sleep deprivation studies was similar to variation seen in some of our

intrastriatal injection experiments (compare results in Appendix II.D with II.C, F or

J). In both control and sleep deprivation treatment groups, energy charge (EC) levels

were significantly lower (p<0.001) in the frontal cortex region compared to the other

three basal regions studied (Fig.3.5). As indicated by the data in Appendix fV, our

analytical methods were unable to consistently detect the very low endogenous

adenosine levels present in the basal brain regions in Studies 1 and2 but by Study 3,

however, we rectified this problem. Therefore, the adenosine data in Figure 3.5 was

taken directly from Study 3. Although it was not the direct focus of these studies, we

also carried out purine analysis on portions of dorsal brain regions following one

24-hour sleep deprivation study (Fig. 3.6), which were originally dissected for the

purpose of glycogen analysis (not discussed here). The results from this single study

revealed generally lower ATP levels in control and 24-hour sleep deprived rats and

higher levels of adenosine in striatum and hippocampus. In cerebral cortex, even
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Frontal Cortex
Basal Forebrain

Posterior Hypothalamus

Figure 3.5. 24-Hour Sleep
Deprivation. Shown are pooled data
from control (n:17 ,light bars) and
sleep deprived (n: I 6, dark bars)
animals collected from three separate
sleep deprivation studies. Data from
the th¡ee studies were normalized and
pooled according to the method
outlined in the Methods section. All
axes are presented in the same units as

shown in the frontal cortex graph.
Data from the individual studies are
shown in Appendix IV.A, B, and C.

tft - different (p<0.001) from all
other bars of the same shade.
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Figure 3.6. 24-Hour Sleep
Deprivation - Dorsal Regions. Shown
are purine levels (mean t S.E.M.) from
control (n:5, light bars) and sleep
deprived (n:4, dark bars) rats. All axes
are presented in the same units as

annotated in the shiatum graph.
Results shown are from one study.
x - different (p<0.05) from
corresponding sleep deprivation data
set.
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Occipital Cortex
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though ATP levels were lower when compared to levels in basal regions, adenosine

levels were not elevated to the same extent as in hippocampus and striatum.

I2-Hour Sleep Deprivation Studies. Consistent with the 24-hour sleep deprivation

experiments, 12-hour periods of sleep deprivation produced no statistically signifrcant

purine level changes in basal brain regions, however, we did observe consistent and

small decreases in the levels of ATP in frontal cortex, basal forebrain, and anterior

hypothalamus regions (Fig.3.7). EC values in frontal cortex from control and l2-hour

sleep deprived rats were significantly lower than those measured in the other basal

regions studied. Purine analysis of dorsal brain regions following 12 hours of sleep

deprivation (Fig. 3.S) revealed similar results to those from the 24-hour study except

for lower adenosine levels in the striatal and hippocampal regions and a significant

0<0.05) increase in adenosine levels in the occipital cortex of the sleep deprived

treatment group compared to controls (Fig. 3.8).
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Figure 3.7. 12-Hour Sleep Deprivation.
Shown are pooled data from control
(n:8, light bars) and sleep deprived
(n=10, dark bars) animals collected
from two separate sleep deprivation
studies. Data were normalized and
pooled as described in the Methods
section. Data from individual studies
are shown in Appendix IV.D, and E.
ttt - different (p<0.001) from all other
bars of the same shade.
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Striatum

Hippocampus

Temporal Cortex

Figure 3.8. l2-Hour Sleep Deprivation -
Dorsal Brain Regions. Shown are purine
levels (mean t S.E.M.) from control (n:5,
light bars) and sleep deprived (n:5, dark
bars) rats. Results shown are from one
study.
* - different (p<0.05) from conesponding
sleep deprivation data set.
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Discussion

The hypothesis that sleep serves a restorative function in the brain [4] to

replenish depleted glycogen and high-energy phosphate stores predicts two general

phenomena. First, that wakefulness results in a gradual depletion of brain energy

stores and a consequential increase in adenosine levels. Second, the increase in brain

adenosine levels with continued wakefulness induces changes in the firing patterns in

brain areas associated with the onset and control of sleep. The few studies carried out

to address the first phenomena have shown decreases in creatine phosphate and ATP

levels in whole brain [208] and small increases in extracellular adenosine levels in

basal forebrain [160,161] and cortex [160] following periods of sleep deprivation. No

studies, however, have monitored changes in levels of high-energy purine nucleotides

and adenosine simultaneously using methods shown to measure accurate levels of

endogenous purines, in multiple brain regions associated with sleep, following

extended periods of wakefulness. Here, we carried out such studies using the

techniques developed in Chapter 1.

Data from individual sleep deprivation studies reported here were found to

differ in terms of sum of purine nucleotides (Xpu.: ATP + ADP + AMP) levels.

Although this variation existed between studies, data from control and sleep

deprivation groups within individual studies were predominantly not statistically

difÊerent, and trends were largely toward slightly lower Xpur levels in sleep deprived

animals. In order to detect changes in nucleotide levels that might be masked by

between-experiment variability in Ðpu, values, we combined data from individual

sleep deprivation studies of the same duration and then separately normalized control
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and sleep deprivation data groups for each individual brain region to an averâge Xpur

value calculated for each group. This method allowed us to remove

between-experiment variability in both data sets without numerically altering the

magnitude of changes in purine nucleotide levels in each region. This was of obvious

importance in testing our hypothesis that tissue energy level would decrease with

sleep deprivation. For normalizationpurposes we made the assumption that Xpu,

levels in the same treatment group should be essentially constant between individual

experiments. Data from our experiments with excitatory amino acid injections

supported this assumption. It should be emphasizedthat data normalizationcarried

out on combined control group data did not take into account Xou, values from

corresponding sleep deprivation data groups because we could not be sure, from a

theoretical standpoint, that sleep deprivation did not alter Xpu' values. Under the

premise that high-energy purine nucleotides are gradually depleted with prolonged

wakefulness, it is possible that the Xo* level could drop if accumulated purines such

as AMP, that are gradually formed during energy depletion, are converted to IMP or

adenosine.

Our data showing between-experiment discrepancies in Xpu. values may have

resulted for several reasons. First, individual sleep deprivation experiments were

carried out several months apart at different times of the year and animals in each of

the studies were likely obtained from different breeding groups. Second, the¡e is

literature reporting mechanisms in disease that can lead to alterations in nucleotide

levels 122,1481. We are not implying that some of our experiments were carried out
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on diseased animals, but are offering evidence for biological mechanisms that may

alter pwine nucleotide levels.

In these studies we set out to test the hypothesis that brain tissue adenosine

levels increased with sleep deprivation due to gradual wakefulness-induced depletion

of high-energy nucleotides. With sleep deprivation carried out over the time periods

chosen in these studies we did not expect ATP level decreases of the magnitude

reported in our excitotoxicity work given that there has been no previous record of

animals undergoing ischemic depolarization under these conditions. lndeed, in our

studies we observed only very small yet consistent decreases in ATP levels in the

basal brain regions of sleep-deprived rats. ln the same fashion, we did not expect

adenosine levels to rise indefinitely with prolonged sleep deprivation because if they

did, the adenosine Al receptors, which mediate most of the adenosine effects with

sleep, might desensitize and the sleep promoting effects following continuous

adenosine accumulation would be lost. From a behavioral standpoint, we observed

that animals went through alternating active and sleepiness periods over the duration

of each sleep deprivation study with the drive to sleep during each sleepy period

increasing with study duration. Assuming that adenosine acts as a signal for the onset

ofsleep, these behavioral characteristics and our inability to detect consistent

adenosine level increases with sleep deprivation suggested that adenosine levels over

periods of sleep deprivation may actually fluctuate over time as opposed to steadily

accumulate (Fig. 3.9). ln the models proposed in Figure 3.9, adenosine levels are

predicted to oscillate during periods of sleep deprivation to reflect the sleep-active

cycles that we observed from the animals. ln the same fashion we predict that ATP
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Figure 3.9. Proposed Adenosine Level Fluctuations During Sleep Deprivation. Shown are
patterns of adenosine level fluctuations proposed to occur with normal circadian rhythm (solid
lines) and with sleep deprivation (dotted lines). Assuming that adenosine is a sleep moderator,
we can associate peaks in adenosine concentration with maximum sleepiness and troughs with
awake, alert activþ. In all cases, adenosine levels are predicted to fluctuate to reflect the
alternating sleepy-active episodes observed over the duration ofa sleep deprivation study. In
panel A, it is hypothesizedthat with sleep deprivation, the adenosine levels follow a
fluctuating pattern as with control, however, with increasing sleeplessness, the adenosine Ievel
fluctuations climb continually to higher levels. The increasing "average" can then account for
the increased desire to sleep with continuing sleep deprivation. In panel B, a slightly more
complex pattern is proposed. As in A, average adenosine levels increase in a stepwise fashion,
however, a maximum is reached where adenosine levels and desire to sleep are the highest.
Afterwards, sleep desire begins decrease with decreasing adenosine levels. In the pattern
proposed in B, with continued sleep deprivation, we would predict a repeat of the wave pattern
with an increased amplitude that may occur over a longer duration. From a behavioral
standpoint, the pattern in B is representative of animals that initially follow the pattern in A,
but then go through a long period of active behavior showing little desire to sleep.

levels would fluctuate, except with a lesser amplitude and longer period between

wave peaks. When ATP levels approach wave troughs and AMP levels

simultaneously rise, we predict that energy levels \¡/ould then be replenished by the

activation of glycogen mobilizing pathways. At ATP wave peaks these mobilizing

pathways \¡iould then be inhibited. Indeed, in separate studies we have observed

signif,rcant glycogen depletion in certain brain regions following sleep deprivation

(unpublished observations). According to this model it would be difficult to detect

consistent increases in ATP, and particularly adenosine, when sampling tissue at a

designated clock time. Consistent increases in adenosine levels in this case would be

detected only by chance or if sampling happened to occur at the same time in each

Time* Timc--*
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rat's sleep-active behavior cycle. Detecting these increases might be possible with

careful monitoring of the rat's behavior and activity levels following sleep

deprivation to determine the appropriate time for tissue sampling. We propose that

consistent collection of tissue samples from sleep deprived animals in the middle of a

sleepy period would reveal significant increases in tissue adenosine levels compared

to control animals sampled at the start of an active cycle.

The decreased EC values we observed in frontal cortex regions were of

particular interest given that the associated adenosine levels, although compared to

other basal regions seemed high, were actually quite low compared to adenosine level

increases from the same drop in EC in striatal tissues. Our studies of dorsal brain

regions with sleep deprivation are also consistent with these findings given the high

adenosine levels in striatal and hippocampal tissues, compared to those in the three

cortical regions sampled. These findings and the study by Wojcik and Neff (1982),

showing the adenosine levels in striatum were almost five times higher following

decapitation that in frontal cortex [228], suggest that the potential for adenosine

production in the striatum is much greater than in cortex. In addition, recent studies

have also shown that 5'-nucleotidase, aî enryme that converts AMP to adenosine, has

relatively low activity in cortical tissues compared to other brain regions [111].

These studies might help explain the difference in volatility of the adenosine-EC

relationships we observed in cortical compared to striatal tissues and would imply

different modes of adenosine level regulation in the two brain regions. This notion is

analogous to the two-tiered model for adenosine and nucleotide regulation we

proposed in Chapter 2. Perhaps the glutamatergicladenosinergic systems in place in
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the striatum that give rise to the volatile adenosine-EC relationships characteristic of

tier-two type purine regulation are absent or are under different control in the cortex.
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Chapter 4

Expression Profiling of Adenosine-Related Genes in Rat Brain:

Changes \ryith Diurnal Rhythm and Age - Preliminary Studies.
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Abstract

Adenosine, because it can accumulate during periods of ATP depletion and

due to its ability to alter neuronal firing patterns primarily in an inhibitory fashion,

has been implicated as a sleep-signaling molecule in models that propose sleep as a

process to restore levels ofhigh-energy phosphates that are depleted during

wakefulness. Here, we attempted to measure changes in adenosine-related gene

expression that might occur over the diumal cycle or with aging to determine which

regulatory elements of adenosine homeostasis might give rise to the changes in sleep

that occur in these two paradigms. Three different gene expression studies in their

preliminary stages are described in this chapter. In the first study, we adapted a linear

mRNA amplification technique in order to intensiff the gene expression message

when studying very small tissue samples given the relatively low natural abundance

of mRNA in tissues and the non-linear amplification of different sized mRNA

molecules in a given population when traditional PCR-based methods are used.

Using this technique we attempted to compare differences in gene expression

between day and night. In the second study, we compared adenosine-related gene

expression between 2- and 24-month old rats using larger tissue samples and our own

cDNA mini arrays. In the final project we attempted to compare gene expression

changes between young and aged rats using a cortmercially prepared cDNA anay

containing 588 genes. These were preliminary studies and limited conclusions about

changes in gene expression were reached. However, the methods that were

developed will facilitate rapid continuation of these projects.
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Introduction

In the human population, aging is often associated with altered sleep patterns

that result in increased time to sleep onset, higher incidence of wakefulness periods

during the night and increased daytime sleepiness [24]. These changes, said to be

associated with a less robust circadian rhythm, are exaggerated in those suffering

from age-related dementias [24]. With aging, similar alterations in sleep patterns

occur in rats including a reduction in circadian rhythm amplitude and increased sleep

fragmentationl20l,2I0]. Several have proposed that neurobiological deficits in

specific brain regions that alter the balance of specific neurotransmitter systems give

rise to age-related impairments in both sleep and learning and memory [114,198].

Changes in adenosine metabolism and signaling in the aged rat brain alter

neurotransmission and may give rise to age-related changes in sleep. With aging, the

levels of adenosine A1 receptors (A1Rs) are decreased in hippocampal and cortical

regions f31,43,44,193] while A2a receptor (A¿eR) abundance in these same regions

increases [43]. In the striatum, AIR abundance does not appear to change with aging,

however, levels of AzeR decrease 143,1781. In terms of adenosinergic enzymes, the

activity of 5'-nucleotidase was increasedlT2l while that of adenosine deaminase was

found to decrease ll44linbrains of aged compared to young rats. Age-related

changes in adenosine signaling and regulation are known to alter neurotransmission

in several brain regions including hippocampus [95,182,r93J, cortex [l l0] and

striatum 135,36,159,1931. In some cases, these changes in adenosine receptor

abundance and subsequent alteration of neurotransmission can be linked to changes in

the expression of adenosine-related genes [3 1, I 78].
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Changes in neuronal signaling in the brain over the diumal cycle can initiate

the onset ofsleep, control the various stages ofsleep (sleep architecture) and induce

wakefulness. Evidence that adenosine plays a role in these changes comes from

studies showing that levels of adenosine 129,91,161], adenosine receptorsllT0,2l3l

and adenosine-metabolizing enzymes [29] exhibit diumal patterns of variation. As

outlined in Chapter 3, in brain regions implicated in sleep, adenosine can alter the

onset and regulation of sleep stages. To date, no studies have shown whether

adenosinergic genes are differentially expressed over the diurnal cycle. In contrast,

many studies have shown diurnal variation in the expression of immediate early genes

(IEGs) such as c-fos [10,11,76,77,t561 and jun-B [125] and in those genes involved

in regulating the circadian clock including perl and per2 1118,2301.

The brain is an extremely complex organ in terms of its highly intricate

cytoarchitecture and heterogeneity ofcell types. Studies carried out on large brain

regions (ie: entire cerebral cortex), investigating specific neurological mechanisms

such as sleep, can produce ambiguous findings when a legitimate effect in a specific

nucleus of cells is masked or diluted by the concurrent analysis of a relatively large

surrounding and uninvolved tissue volume. For this reason gene expression studies

have been incrementally reduced in scale down to the single cell level [58,59].

Messenger RNA (mRNA), the cellular indicator of gene expression,

represents only l-5Yo of total cellular RNA. Reducing the size of a tissue sample to

increase the regional specificity of an analysis produces greater challenges in

measuring the relative abundance of individual mRNA species because levels of

isolated mRNA are too low for routine methods of analysis. For this reason. methods
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have been developed to amplify mRNA populations isolated from samples as small as

a single cell while maintaining the original proportions of individual endogenous

mRNA species and thus preserving the gene expression profile in the sample. The

drawback to using traditional PCR-based methods results from the tendency of DNA

polymerase to disproportionately reduce the amplification of longer cDNA molecules

resulting from large mRNA transcripts 12091. Starting with an mRNA population

containing only a few copies of each transcript, this type of disproportionate

amplification of the gene expression signal produces ambiguous results when mRNA

expression patterns are compared. To address this problem, methods have been

developed to amplify the mRNA message using RNA polymerase, which facilitates

the linear amplification of even large mRNA transcripts resulting in an anti-sense

mRNA (aRNA) product in the same proportions as the original mRNA sample l20gl.

Here, we adapted the RNA polymerase-based mRNA amplif,rcation methods to study

the changes in gene expression pattems that occur with aging and over the diurnal

cycle in small (l-2 mg) discrete brain regions. Our intention was to identify genes,

particularly ones involved in adenosine metabolism that may be involved in the

regulation, or in the case of the aging model, dysregulation of sleep.
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Methods

The preliminary experiments described in this Chapter were carried out at the

University of Pennsylvania in the Department of Sleep and RespiratoryNeurobiology

under the supervision of Drs. Allan Pack and Mirek Mackiewicz.

Animals. Young (2 month) or old (24 montþ male Fisher rats obtained from Charles

River breeding facilities (Boston, MA) were used in these studies.

Tíssue Dissections. Rats were sacrificed by decapitation and brain regions were

immediately dissected on a cold surface. When required, small tissue punch samples

were obtained from 2 mm thick coronal brain slices. The cortical samples used in

these studies were taken from the parietal region.

Experimenls. Three different gene expression studies are described in this chapter.

In the first study, we adapted RNA polymerase-based mRNA amplification methods

to studying gene expression in small tissue punch samples of parietal cortex. In the

second study, we created small-scale oDNA affays by spotting oDNA from several

different adenosine transporters, receptors, and adenosine metabolizing enzlrnes onto

blotting membranes. By hybridizing these membranes with radiolabeled

single-stranded cDNA derived from mRNA from either young or old rats we

attempted to characterize gene expression changes between young and old animals.

In the third study, we used a commercial rat brain cDNA array kit to measure changes

in gene expression between young and old animals to gain a wider perspective on
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age-related changes in gene expression. The commercial array contained cDNA spots

for 588 different genes from 16 different categories. In a fourth study, we

demonstrated that high integrity mRNA could be isolated from small tissue punch

samples fixed by microwave irradiation. The specific methods developed here have

not been described elsewhere, therefore a detailed methods section is presented at the

end of the chapter which outlines all reactions, reagents and conditions that were used

or developed in carrying out this work. Supplemental information has also been

provided in Appendix V.
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Results and Discussion

Diurnal Changes in Gene Expression We used a novel method of amplifying mRNA

to test for changes in the expression of adenosine-related genes across the diumal

cycle. This mRNA amplification procedure (Fig. 4.1), described in detail elsewhere

[58], amplifies mRNA from very small tissue samples (- 2 mg) or single cells, and
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Figure 4.1. Reaction Scheme for Amplif,rcation of
mRNA. The original mRNA sequence is preserved in
the construction of a double-shanded cDNA molecule
fitted with a T7-RNA polymerase promoter region.
Once fully constructed, the cDNA molecule is
transcribed using a high activity T7-RNA polymerase

to produce an RNA molecule anti-sense with respect to
the sequence of the original mRNA.

yields an accurate measure of

relative mRNA abundance.

High-activity T7-RNA

polymerase was used in the

amplif,rcation step of this

procedure because it generates

high integrity copies of RNA

without bias to size of the original

DNA template. Traditional PCR

methods to ampliff gene

expression patterns were not used

because of the tendency of DNA

polymerase to disproportionately

reduce the amplification of longer

oDNA molecules 12091.

As outlined in Figure 4.1,

the reverse transcription of

mRNA was primed with an oligo
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(dT)-T7 primer [58] and a double-stranded DNA (dsDNA) molecule containing both

a T7-RNA polymerase promoter and the information from the mRNA transcript

coded in the form of oDNA was produced. The primer used above annealed to the

poly-A øil of eukaryotic mRNA and at the same time incorporated the T7 promoter

region into the dsDNA molecule; a step necessary for the subsequent amplification

step with T7-RNA polymerase. Following the second strand cDNA synthesis, several

reactions were carried out to prepare the cDNA for reaction with RNA polymerase'

The product of the T7-RNA polymerase reaction was a single-strand radiolabeled

RNA molecule that was antisense (aRNA) with respect to the original mRNA

molecule. The sequence of reactions in Figure 4.1 is estimated to yield a 2000-fold

amplification of mRNA message l20gl. The amplified aRNA product was then used

for hybridization to cDNA ¿rrays or further amplified approximately an additional

500-fold in a second series of reactions similar to those outlined in Figure 4'1 [58]'

Starting with a rat brain parietal cortex sample isolated from a young Fisher

rat sacrificed at either 2 AM or 2 PM, we used the procedure outlined in Figure 4'1 to

synthesize high molecular weight radiolabeled aRNA as illustrated by the

autoradiogtaph shown in Figure 4.2. This result, howevet, came after considerable

work in optimizing the conditions for each individual reaction and veriffing its

success. One such verification step involved incorporating [35S]dATP in the

second-strand synthesis reaction. overall, the entire procedure was very challenging

due to the very small quantity of mRNA starting material coupled with the numerous

çDNA precipitation þurifrcation) steps required throughout the procedure'
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Figure 4.2. Amplified aRNA. Shown is an
autoradiograph of amplif,red aRNA synthesized
from parietal cortex mRNA isolated from young
Fisher rats. Samples were taken after sacrifice at
either 2 AM (left lane) or 2 PM (right lane). The
above separation was carried out on a 1.50á

non-denaturing agarose gel. Molecular weight
markers are arurotated.

An attempt to hybridize the

aRNA probes to cDNA dot blots

(Detailed Methods section A. 1 1)

proved unsuccessful, as no hybridized

probe was detectable from either of the

two blots. Most likely, too little

labeled aRNA was present and a

second round of amplification would

be necessary to obtain an aRNA signal

that would enable accurate and precise

measurement.

Age-Related Changes in Gene Expression Miniature cDNA ¿urays containing genes

related to adenosine metabolism \¡/ere created in order to determine difFerences in

gene expression in parietal cortex of young and old rats. Included on the mini-anay

were adenosine receptors and transporters as well as adenosine-metabolizing enzymes

and several constitutively expressed genes for normalizationpurposes (Detailed

Methods section 8.2). The array was probed with radiolabeled single-strand cDNA

generated using mRNA isolated from a large sample of parietal cortex from either a

young or old rat. The relative levels of gene expression were determined without any

prior amplification of the mRNA message. A detailed description of this project is

given in Detailed Methods section B.
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As shown in Figwe 4.3,there appeared to be no significært changes in

adenosine-related gene expression between young and old rats. Adenosine deaminase

mRNA was not detectable given its low abundance in cortex compared to other brain

regions such as the tuberomammillary nucleus |ll2l. Additional experiments on

smaller more discrete brain samples coupled with an amplification procedure may

have yielded detectable signals for ADA and may also reveal gene expression

differences between young and old rats.

A.

Figure 4.3. cDNA Mini Anays. A. Comparison of adenosine-related gene expression ín parietal
cortex of a young (left anay) or an old (right anay) Fisher rat. The orientation of genes on the two
identical arrays is described in Detailed Methods section 8.2. The primer sets used to synthesize the
array cDNAs are listed in Appendix V.A. B. Quantitative analysis of both arrays, by densitometric
methods, yielded the figure on the right showing relative gene expression levels in the young (white
bars) and the old (dark bars) rat. Values in the bar graph are shown after normalizing both data sets to
expression level ofthe tubulin gene.

B.

u)

q)

q)
X
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We also investigated changes in gene expression between young and old rats

using a commercially-available AtlasrM rat oDNA expression array (clontech)

containing 588 different cDNAs. With these affays we measured expression profiles

using radiolabeled cDNA probes constructed from first-strand cDNA synthesis

r: :; ty:- I ì

Figure 4.4. AnAtlasrM rat brain cDNA anay (clontech) containing 5gg
genes spotted in duplicate from l6 separate classes. After hybridizing with
a oDNA probe synthesized from parietal cortex 

'RNA 
fiom an old rát, ¿S

genes were detectable. The identity ofthese genes and theirrelative
intensity are listed in Appendix V.B. The autoradiograph above was
developed after an exposr¡re time of approximately 1 week at -g0oC.

(Detailed Methods section c). Initially, we hybridized one AtlasrM anay with a

cDNA probe constructed from mRNA extracted from parietal cortex of an old rat

(Fig. a.a.). A complete list of the 45 detected genes along with relative intensity

estimates is listed in Appendix V.B. However, due to the high level of background

signal emitting from one of the blots that was previously used to obtain the results
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shown in Figure 4.4, comparisons were not possible between parietal cofex gene

expression levels in young and old rats. Additional studies are required implementing

an amplification step on the original mRNA population to produce more intense

autoradiographs allowing for the detection of a gteater number of genes'

uRNA Isolation From Smalt Microwøved Tissue Samples' To extend our analysis of

gene expression to our studies of excitatory amino acid regulation of adenosine levels

we isolated mRNA from very small tissue punches (- 2 mg) from microwave-fixed

tissue and performed first-strand DNA synthesis. We showed previously that intact

'RNA 
could be isolated from tissues fixed by microwave irradiation [120]. Isolation

of mRNA was carried out as outlined in Detailed Methods section A'1' As shown in

Figure 4.5 (top lanes 2 and 3) we were able to amplis the glyceraldehyde-3-

phosphate dehydrogenase (GAPDII) mRNA message from small microwaved tissue

punches. Because ribosomal RNA (rRNA) is degraded in microwaved brain [120]

we were unable to detect rRNA in the two mRNA samples from microwaved brain

(bottom lanes 2 and 3 in Fig a.5) compared to the strong rRNA signals in decapitated

brain (bottom lane 1 in Fig. 4.5). Light smears of high molecular weight mRNA were

observed in bottom lanes 2 and 3 of Figure 4'5'

The ability to isolate intact mRNA from very small tissue samples fixed by

microwave inadiation allows us to measure simultaneously metabolite and gene

expression levels in discrete brain areas following stimuli such as NMDA receptor

activation [s4]. changes in early gene expression following injection of glutamate

receptor agonists into striatum occur as early as 30 min 12I9,2201or in other cases
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Figure 4.5. mRNA Isolation and First Strand cDNA Synthesis'

fop Hatn RT-PCR (26 cycles) products, using rat glyceralde-3-

phôsphate dehydrogenase (GAPDH) primers, from reactions carried out

on tnRNA isolated from decapitated brain tisssue (l), a tissue punch (-
2 mg) from microwaved striatum (2), and a tissue punch from

miciówaved cortex (3). Shown in lane B is a no-mRNA confrol and

lanes designated by (+) and o show results from positive and negative

controls, respectively. Bottom Half, Non-denaturing agarose gel

separation oithe mRNA samples used in the RT-PCR reactions shown

in the top half of the figure. see the Detailed Methods section for

procedural details on RNA isolation and RT-PCR'

two hours [84,164]. Matching the levels of metabolite markers with concurrent gene

expression changes may finally allow us to begin evaluating the degree to which EC

must be depleted in order for destructive processes such as apoptosis and necrosis to

be initiated. This will hetp us determine the extent to which adenosine level increases
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due to ATP metabolism, under conditions such as glutamate receptor stimulation, are

neuroprotective.

Detailed Methods

A. Measuring Gene Expression Using Antisense RNA Amplification

4.1. Isolation of Total RNA

For total RNA isolation, small (- 3 mm3¡ tissue portions were cut from frozen

parietal cortex samples without thawing. In 500 pl microcentrifuge tubes, tissues for

total RNA isolation were combined with 100 pl of UltraspecrM RNA reagenta and

homogenization was ca:ried out by passing the tissue through a25 Ganeedle attached

to a 1.0 ml syringe. After storing homogenates on ice for 5 min, 100 pl of chloroform

was added to each tube and mixing was carried out by vortex at medium speed for 20

s. Samples were stored on ice for 5 min and then centrifuged at maximum speed for

15 min at 4oC. Top aqueous phases (-a0 pl) were carefullyb removed and transferred

to new 500 pl microcentrifuge tubes. After adding an equal volume of isopropanol,

tubes were placed on ice for 10 min and then centrifuged at maximum speed lor 25

min at 4oC. Resulting supernatants were discarded, pellets'were washed withT5o/o

ethanol, and samples were centrifuged once more at maximum speed for 25 min at

4"C. Supernatants were removed and pellets were dried under vacuum for 5-8 mind.

Total RNA was suspended in 20 pl of DEPC-treated water and stored at -20oC. RNA

quality was determined by agarose gel (1-1.5%) electrophoresis under non-denaturing
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conditions with subsequent ethidium bromide staining. Molecular weights were

estimated using 1.0 pg of $X174 DNNHae III size markers.

a - Total RNA was isolated using the ultraspecrM RNA isolation system (Biotecx bulletin #27 ' 1992)

with some modifications to the suggested protocol'

b - Removal of any interface will result in DNA contamination'

c - Pellets afe not easily visible at this point and may appear only as a-small colorless smear at the

bottom of the tube. The location of thå pellet can be eiiimated according to the orientation of the

microcentrifuge tube in the centrifuge'

d - Pellets should be d¡ied to remove excess ethanol which may interfere in subsequent steps' however'

drying RNA pellets too long will result in difficulties with subsequent suspension'
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4.2. DNase Treatment of total RNAU

For each reaction, the following components were combined in a 500 pl

microcentrifuge tube to give a final volume of 50 pl:

2.5 ¡l 0.1 M Tris-Cl (pH 8.3)

0.5 pl ribonuclease inhibitor (a0 U/pl)

2.5 ¡tI 0.5 M KCI

2.5 ¡tl 15 mM MgCl2

5.0 pl DNase (RQl, RNase-Free, 1 U/pl)

16 pl total RNA

2l ¡tI DEPC-treated water

Mixtures were incubated at 37 "C for 15 min. Reactions were stopped by

addition of 50 pl of 3:1 buffered phenol/chloroform. Phases were mixed thoroughly

by vortex and separated by centrifugation at maximum speed for 2 min at 4oC. Top,

aqueous phases (- 35 pl) were transferred to 1.5 ml microcentrifuge tubes and mixed

\Mith 5 prl of sodium acetate OH 5.2) and then 200 ¡i of 100% ethanol. RNA

precipitation was facilitated by incubation in a dry ice/ethanol bath for 90 min.

Following precipitation, RNA was collected by centrifugation at maximum speed for

30 min at 4C. Upon removal of supernatants, RNA pellets were washed with cold

80% ethanol and centrifuged for 30 min at 4oC. Supernatants were removed and

pellets were dried brieflyb under vacuum and then suspended in 15 ¡rl of DEPC-

treated water.

a - Procedure adapted from a previous report [109].

b - See note d in the Isolation of Total RNA section.
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4.3. First Strand cDNA SYnthesis

Thefollowingreagentswereusedineachreaction:

5.0 pl 5x f,rrst strand buffer

2.5 ¡i 100 mM DTT

1.0 pl oligo (dT)-T7 primer (0'5 pglpl)"

0.5 ¡rl ribonuclease inhibitor (a0 Uipl)

5.0 pl DEPC-treated water

6.0 pl total RNA

Components v/efe mixed and then incubated at 100oC for 2 min' After

cooling on ice, the following components were added:

0.5 pl ribonuclease inhibitor (a0 U/pl)

4.0 pl dNTP mixture (2.5 mM dATP, dGTP, dCTP' dTTP)

1.0 ¡r1 MMLV reverse transcriptase QUI¡ù)

First strand synthesis was carried out for 60 min at37"C' Reactions were

stopped by incubating samples for 7 min at 100"C. Samples were then cooled on ice

and stored at-20"C until later use'

a - Sequence of oligo (dT)-T7 primer: 5'-AAA CGA CGG CCA GTG AAT TGT AAT

eCc acr cAC TAT AGG cGC (T)24-3' [s8]

r27



4.4. Polymerase Chain Reaction (PCR)

Foreachreactionthefollowingreagentswerecombined":

5.0 pl lOx PCR buffer

1.0 pl 3' end Primer (0.1Pg/Pl)

1.0 pl 5' end Primer (0.1 ¡tglPl)

4.0 pl dNTP mix (2.5 mM dATP, dGTP, dTTP' and dCTP)

5.0 pl 100 % glYcerol

0.5 pl AmpliTaq@ DNA Polymerase (5 U/pl)

30.5 pl DEPC-treated water

3.0 pl DNA samPle

After combining all reagents, 50 ¡r1 of mineral oil was layered over the

aqueous reaction mixture. To qualitatively veriff the success of first cDNA strand

synthesis, 29 reactioncycles of PCR were carried out using the following temperature

parameters and actin Primersb:

denaturation: 94oC for 30 sec

annealing: 55"C for 1 min

polymerization: 72"C fot 30 sec

a - For three or more reactions, a master mix was prepared containing all components except

sample DNA. Reactio" rnktui" was then added tò individuat reaction vessels followed by

sample DNA.

b - See primer list in Appendix V'A' for sequences'
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4.5. Second Strand cDNA SYnthesis

Samples from first strand synthesis reactions were heated for 3 min at 95oC to

denature DNA-RNA hybrids. After cooling, the following reagents were added to

each reaction:

10 pl DEPC treated wateru

4.0 pl 10x second strand buffer

4.0 pl dNTP mixture (2.5 mM dATP, dGTP, dCTP, dTTP)b

1.0 pl T4 DNA polymerase (lU/Pl)"

1.0 ¡rl Klenow fragment (lU/¡rl)'

Reactions were mixed gently by vortex and incubated for 2.5 hours at I4C.

Sl nuclease digestions of single-stranded DNA were carried out immediately after the

second strand synthesis steP.

a -For ¡"S1 taUeting of second strand synthesis, l0 ¡rl of ¡3sS1aafl (500 Cilmmol) was substituted

for 10 pl of DEPC-treated water.

b - In labeling reactions witfr ¡35S¡daTP the following nucleotide mixture was used; 2.5 mM dCTP,

dGTP dTTP and25 pM dATP.

c - Enryme was diluted with lx reaction buffer (supplied with enzyme).
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4.6. Sl Nuclease Degradation of Single-Stranded cDNA

The following reagents were added to second strand synthesis reactions:

319 pl DEPC-treated water

40 ul 10x Sl buffer

1.0 pl Sl nuclease (lu/pl)

Reactions were incubated for 5 min at37"C and stopped with the addition of

400 pl of 1:1 phenol/chloroform. Phases were mixed by vortex for 30 sec and

separated by centrifugation at maximum speed for 60 s. Top aqueous phases were

transferred carefully to new 1.5 ml microcentrifuge tubes. DNA was precipitated by

adding 1 ml of I00% ethanol to samples and incubating them in a dry ice/ethanol bath

for 2 hours. For collection of DNA, samples were centrifuged at maximum speed for

15 min at 4"C. Supematants were discarded and pelletsu \t/ere dried briefly (5-8 min)

under vacuum and then suspended in20 ¡il of DEPC-treated water. For reactions

containing ["S]¿efp labeling, 3.0 ¡rl of sample were taken for agarose gel

electrophoreisis.

a - Protocols state that alarge salt pellet can result at this point. Should this occur it is suggested that

the ethanol precipitation step be repeated with no added salt. This problem can also be minimized by

using smaller volumes during the Sl reaction.
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A..7. Creation of Blunt-Ended cDNA

The following reagents were added to the suspended DNA from 51 nuclease

reactions:

2.5 ¡l 10x KFI buffer

2.0 ¡tl dNTP mixture (2.5 mM dATP, dCTP, dGTP and dTTP)

0.5 pt Klenow fragment (lU/Pl)

After mixing, reactions were incubated for 15 min at 37"C and then stopped

by addition of 1:1 phenol/chloroform. Phases were mixed by vortex for 30 s and then

separated by centrifugation at maximum speed for I min. Top aqueous phases were

transferred to new 1.5 ml microcentrifuge tubes and combined with 2.5 ¡i of 5 M

NaCl and 75 ¡tl100% ethanol. DNA was precipitated by incubating samples in a dry

icelethanol bath for 2 hours followed by centrifugation at maximum speed for 15 min

at 4C. Supernatants were discarded and pellets were dried for 5-8 min under

vacuum and then suspended in 20 pl of TE buffer.
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4.8. Drop Dialysis of Double-Stranded cDNA

Drop dialysis of each double-stranded DNA sample was performed in

duplicate. Each drop (10 pl) was carefully placed in the middle of a 0.025 pm filter

(Millipore) floating on the surface of TE buffer. Dialysis was carried out in a}4-well

culture plate with approximately 3 ml of TE buffer in each well. All wells were filled

with buffer to reduce evaporation of the DNA drops. Dialysis was carried out at

room temperature for 5 hours and the TE buffer in wells used for dialysis was

refreshed four times during this period. After dialysis, drop volume was decreased

considerably for some samples. Remaining drop volume \ryas removed and filter

spotsu were rinsedb twice with 7 ¡rl of TE buffer and once more with an additional3 -

4 pl to give a final collected volume of approximately 18 ¡r1'

a - The area on the filter where the drop was originally placed appeared dull whereas the surrounding

region ofthe filter had a glossy appearance'

b - Rinsing was carried out carefully by repeatedly (10-15 times) pipetting TE buffer onto the filter

paper.
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4.9. Synthesis of aRNA

For aRNA synthesis reactions, the following reagents were combined in a 500

pl microcentrifuge tube:

4.0 pl 5x RNA amPlification buffer

1.0 ¡rl 100 mM DTT

2.0 ¡tl 3 NTP mix (2.5 mM ATP, GTP and UTP)

2.5 ¡i 0.1 mM CTP

0.5 pt ribonuclease inhibitor

1.0 ¡rl T7 RNA polymerase (1000 U/pl) pl

2.0 ¡Ã droP dialYzed DNA

5.5 pl DEPC-treated water

1.5 pl [o"P] crP (soo Cilmmol)

The above components were mixed by pipet and incubatedu for 4 hours at

37.C. Reactions were stopped by the addition of 20 ¡rl of 1 :1 phenol/chloroform and

2.0 li-of 3 M sodium acetate (pH 6.5). Samples were mixed by vortex for 30 s and

phases wefe separated by centrifugation at maximum speed for 1 min' Top aqueous

phases were transferred to 1.5 ml microcentrifuge tubes and aRNA was precipitated

by adding 70 pl of 100% ethanol, mixing, and then incubating in a dry ice/ethanol

bath for 2 hours. aRNA was collected by centrifugation at maximum speed for 15

min at 4oC. Supernatants were discarded and pellets were driedb under vacuum for

approximately 5 min and then suspended in 20 pl of DEPC-treated water' To veriff
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the aRNA product, 2.0 ¡tlwere taken for agarose gel electrophoreisis with lambda

DNNHind III markers.

a - This incubation can be ca¡ried out conveniently in a PCR thermocycler maintained at37 "C.

b - Remember note d in the Isolation of Total RNA section.

4.10. Purification of aRNA

Before use aS a probe, aRNA'was precipitated to remove residual

unincorporated nucleotides. To each 18 ¡rl aRNA sample the following reagents were

added:

1.5 pl tRNA (1.0 pglpl)

2.0 ¡tl 3 M sodium acetate (PH 5.2)

60 pl 100% ethanol

Samples were mixed and incubated on dry ice for 30 min. RNA was

recovered by centrifugation at maximum speed for 30 min at 4oC. Supernatants were

discarded and pellets were \ /ashed once with 60 pl of cold 75%o ethartol. Residual

ethanol was removed by air drying. Pellets were suspended in 20 pl of DEPC treated

water. aRNA probes derived from parietal cortex total RNA of rats sacriftced at2

AM and 2 PM contained 9724 andl3,096 cpm/pl, respectively
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4.11. Hybridization with aRNA

aRNA was incubated at 84'C for 5 min and then cooled on ice. Hybridization

was carried out as outlined in Detailed Methods section B.3. Each aRNA sample was

added to approximately 2-3 ml of hybridization solution and hybridization was

carried out overnight. Washing steps were as outlined in Detailed Methods section

8.3.

B. Mini-Array Analysis of Adenosine-Related Genes

8.1. 32P-Labeled cDNA Probe Synthesis

The following reagents were combined in a 1.5 ml microcentrifuge tube:

5.0 pl 5x first strand buffer

2.5 ¡i 100 mM DTT

1.0 ¡rl 3'primer mixtureu

0.5 ¡r1 ribonuclease inhibitor

5.0 pl total RNA (1 pdpl)

Components wers mixed and incubated at 100'C for 2 min. After cooling on

ice, the following were added:

0.5 pl ribonuclease inhibitor (a0 U/pl)

2.0 ¡il dNTP mixtureb

2.0 ¡tl MMLV reverse transcriptase (2Ulpl)

1o.o pl [o"P] dATP (8oo cilmmol)
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Reactions were incubated for 60 min at37"C followed by 7 min at 100'C.

After incubations, reactions were cooled on ice and then stored at-20"C until future

use. Purification of 32P-labeled oDNA probes was carried out using Qiagen's

QlAquick PCR purifrcation kit and protocol'. After purification, approximately 48 pl

of sample was left for hybridization experiments.

a - The primer mix was obtained by combining 1.0 pl of each of the 14, 3'-primers (each 10 pgipl

stock conc.).

b - For labeling with [cr32P] dATP the following dNTP mixture was used (5.0 mM dTTP,

dGTP, dCTP, and 50 pM dATP).

c - For removing primers, nucleotides, polSrmerases and salts from single- or double-stranded PCR

products ranging from 100 bp to l0 kb.

8.2. Preparation of cDNA Mini-Arrays

çDNA used for preparation of dot blot membranes \ilas synthesized using first

strand synthesis reactions (Detailed Methods section 4.3) canied out using total RNA

from whole rat brain homogenates. The resulting single-stranded oDNA was then

used in 14 individual PCR reactions (Detailed Methods section 4.4) each containing

a set of PCR primers for one gene of interest. All PCR primers were designed to

amplify 3'-end regions of their respective genes to ensure that DNA products would

have a high probability of hybridizing with single-stranded cDNA probes synthesized

from total RNA using an oligo (dT) primer. For PCR amplifications involving ADA,

41, CNTI, and Ag (see complete list of genes below) second rounds of PCR

amplification were necessary to generate suffrcient cDNA for blot preparation. After

PCR amplification, products were analyzedby aga.rose gel electrophoresis (2.5 %)
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with ethidium bromide staining. PCR products were purified using Qiagen s

elAquick PCR pwification kit and protocol (see Detailed Methods section 8.1) and

once more verified by agarose gel electrophoreisis. Band intensity of each amplified

DNA sample was determined and aliquots of approximately 0.1 - 0.5 pg DNA were

placed on the final blot.

Dot blots were constructed on Zeta-Probe@ blotting membrane (Bio-Rad)

using a Bio-DotrM apparatus (Bio-Rad) to guide dot orientation. DNA was prepared

according to protocols supplied with the membrane. Briefly, DNA was prepared in a

final volume of 500 ¡.rl containing 0.4 M NaOH and 10 mM EDTA and denatured by

heating at 100oC for 10 min. Membranes were immersed in distilled water and then

inserted into the Bio-DotrM apparatus. Apparatus wells were rinsed with distilled

water and then emptied by vacuum suction without allowing the membrane to

become dry. After boiling and subsequent cooling on ice, DNA samples were applied

to the wells of the Bio-DotrM apparatus. After aspirating the samples through the

membrane, wells were washed once with 500 pl of 0.4 M NaOH' Vacuum was

continued until all wells were essentially dry. The membrane, once removed from the

Bio-DotrM apparatus was rinsed briefly in 2x SSC and then crosslinking of the DNA

to the membrane was carried out in a Bio-Rad Gene LinkerrM IJV chamber on a 30 mJ

setting.

Three categories of adenosine-related genes were placed on each blot:

receptors (3,5,7,9), enzymes (6, 8, 10) andtransporters (4, 13, 15). Also included

were housekeeping genes (1,2,11,72) and a negative control (14). Each dot blot

was designed with the following layout:
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1. actin

2. 529 (ribosomal Protein)

3. Ar receptor

4. concentrative nucleoside
transporter I (CNTI)

5. Az¡,receptor

6. adenosine deamanise (ADA)

7. Az¡- receptor

8. adenosine kinase (AK)

9. A¡ recePtor

10. S'-nucleotidase (5'-N)

T2
34
56
78
910
11 12

13 14

15

11. o¿-tubulin

12. glyceruldehyde-3-phosphate dehydrogenase (GAPDH)

13. equilibrative, NBTl-sensitive nucleoside transporter (es)

14. þX174 DNA/É/øe III

1 5. equilibrative, NBTl-insensitive nucleoside transporter (ei)
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8.3. Mini-ArraY HYbridization

Formini-arrayhybirdization,asolutioncomposedofS}Yoformamide,5x

SSPE, 0.5% SDS, 0.5% Blott ou,o.zmglml single-stranded salmon spenn DNA and

5o/o dextrartsulfate w¿ls prepared from the reagents below:

15 ml I00% formamide

7.5 ml20x SSPE

1.5 ml 10 % SDS

1.5 mt 10% Blotto

1.5 ml 4 mglmlsingle-stranded salmon sperm DNA

3.0 ml 50% dextran sulfate

Arrayswerepre-hybridizedusing|2m|ofthesolutionoutlinedaboveinl5

ml conical tubes at 420C fot4 hours. Purified cDNA probes were denatured at 950C

for 5 min and then added to the hybridization tubes containing the solution outlined

abovetogivea|rnalhybridizationvolumeof2.0ml.Hybridizationwasrun

ovemight at42"C.

Arrayswerewashedinitiallywithasolutionof2xSSCand0.5o/oSDS.A

second set of washes was carried out with 0.lx ssc and0'5Yo SDS' Membranes

were exposed to BioMax Film for times ranging from 1-3 hours at room temperature'

FilmswereanalyzedbydensitometryusingScionlmageversionl.60software.

a - Blocker' non-fat dry milk (BioRad' cat#: 170-6404)
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c. Measurement of Gene Expression using a commercial cDNA Array

AtlasrM rat cDNA expression afÏays were obtained from Clontech' Kits

included 2 identical arrays on nylon membranes each containing 588 rat cDNAs' 9

housekeeping control cDNAs as well as negative controls; each cDNA was

immobilized in duplicate dots (10 ng cDNA/dot). sufficient reagents were supplied

for 10 oDNA probe synthesis reactions'

C.1. 32P-Labeled cDNA Probe Synthesisu

For each oDNA probe synthesis, 5.0 pl of total RNA was combined with 1'0

pl of 10x cDs primer mix* in a 500 pl microcentrifuge tube. Mixtures were

incubated in a PCR thermal cycler for 2 min at70"c and then 2 min at 50"c'

Immediately afterwards, 14 pl of the mixture below was added to each tube:

4.0 pl 5x reaction buffer*

2.0 ¡il 10x dNTP mixx

5.0 pl ¡oc32e1dAtP (3ooo cilmmol)

1.0 ¡r1 100 mM DTT*

2.0 pl MMLV reverse transcriptase*

Reactions were mixed and incubated for 25 min at 50"c' Each reaction was

terminated by adding 2.0 ¡úof 10x termination mix*. cDNA probes were purified

using Qiagen's QlAquick PCR purification kit and protocol' Spin columns provided

with the Atlas kit were not used.

* - Reagent provided with Atlas membrane kit'

a - Carried out according to protocols provided by Clontech'
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C.2. Array HYbridizationu

Atlas arrays were moistened in distilled water, placed onto a mesh backing

and inserted into hybridization bottles. Pre-hybridizationwas carried out for

approximately 2 hours in 10 ml of pre-warmed (68'C) hybridization medium (1.5 mg

of sheared salmon spenn DNAb added to l5 ml Expresshyb* solution).

After purification using the Qiagen kit, cDNA probes \¡/ere suspended in a

volume of approximately 50 prl. To each purified probe sample, 5 pl of 10x

denaturing solution (1 M NaOH, l0 mM EDTA) was added and mixtures were

incubatedat6S"c for20min. Afterincubation, 1.3 plof Cot-l DNA* followedby55

pl of 2x neutralizing solution (1 M NaFI2POa, pH 7.0) were added to each sample and

incubation at 68"C was continued for an additional 10 min. cDNA probe samples

were then combined with 5.0 ml of pre-warmed hybridization medium and added to

hybridization bottles after pre-hybridization medium was discarded. Hybridization

was carried out with continuous agitation (5-7 {pm) overnight at 68oC.

After discarding hybridizationmixtures, membranes were washed four times

(each 30 min, 100 ml) with wash solution #l (2x ssc, 1% sDS) and twice (each 30

min, 100 ml) with wash solution#Z (0.1x SSC, 0.5% SDS). Membranes \¡/ere

carefully removed from hybridizationbottles, peeled from mesh supports and

wrapped in plastic film. Mounted on Whatman paper (3 MM Chr), membranes were

exposed to BioMax x-ray film with intensifuing screen for approximately 1 week at -

80'c.

* - Reagent provided with Atlas membrane kit'

a - Carried out according to protocols provided by Clontech'

b - Heat denatu¡ed for 5 min at 95 - 100"c and then rapidly cooled on ice.
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And
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Conclusions and Future Directions

ln this work we studied how levels of adenosine and adenine-based

nucleotides in brain tissue are regulated during episodes of acute insult and in the

regulation of the normal homeostatic process of sleep. Under both paradigms, we

identified not only adenosine level changes but also the fluctuations in tissue energy

state that gave rise to these changes. From models of acute excitotoxicity' we

determined that the decline in tissue energy state and more specifically ATP levels

was translated into adenosine level increases at two different rates depending on the

depolarizing strenglh of the excitotoxic stimulus and degree of endogenous NMDA

receptor activation. In our sleep deprivation studies we found that adenosine does not

steadily accumulate with prolonged wakefulness, however, we did see some evidence

of a small, yet consistent, depletion of ATP in several brain regions' ln addition' our

measurements of purine levels in different sleep-related brain regions revealed what

appeared to be different tissue-specific regulatory mechanisms for controlling the

balance between endogenous levels of ATP and adenosine' These tissue-specific

mechanisms were especially evident when comparing the volatile shifts in the

adenosine-EC relationship seen in tissues such as striatum and hippocampus with the

much less responsive adenosine-Ec shifts observed in cortical tissues' From these

findings we concluded that "tief-l" purine regulation appeared to predominate in

cortical tissues whereas in striatum and hippocampus there appeared to be the

additional potential tot,,tiel-2,, purine regulation as well.

concurrent analysis of ATP and adenosine levels begins to provide clear

insight into validating the extent to which adenosine canacLas an endogenous
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neuroprotecticve molecule. Along with being able to accurately determine purine

levels and tissue energy state, however, it is necessary to link the changes in energy

state to the functional changes in the tissue induced by energy depletion' By

incorporating the gene expression methods outlined in chapter 4 into the acute

excitotoxicity research described in Chapter 2,itmightbe possible to identiff the

cellular regulatory mechanisms that are activated when tissues undergo various

degrees of EC depletion. This type of analysis might reveal EC threshold(s) below

which destructive pïocesses such as apoptosis and necrosis are initiated' In models of

acute excitotoxicity, which represent the early onset events in stroke' EC depletion

might be the initial stimulus that sets into motion the damaging cascade of events that

include intracellular Ca2* influx, loss of mitochondria potentials and free radical

formation. If such a 
.,destructive,, EC threshord courd be identified, it would provide

a target to which therapeutic interventions could be directed, including those

involving adenosine metabolism, which would help attenuate EC depletion under

pathological conditions. Perhaps the defining factor in determining if endogenous

adenosine plays a neuroprotective role is whether it can act significantly to resist the

decline in EC levels during episodes of acute trauma'

Results from our sleep deprivation studies suggested that adenosine does not

accumulate steadily with prolonged wakefulness' In out view, this finding does not

exclude adenosine as an important regulatory molecule in sleep because adenosine

levels may actually fluctuate with prolonged waking as discussed in chapter 3' we

did, however, find that ATP levels appeared to be slightly depleted with sleep

deprivation in some of the brain regions studied, which is consistent with the sleep
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regulatory hypotheses put forth by Bennington and Heller t14l' In future studies' it

will be important to investigate purine levels in sleep deprived animals that are

sacrificed when in a common behavioral state, either active or sleepy, as opposed to

using a designated clock time as the study endpoint. This procedural modification

wouldmoreeffectivelyaddresswhetheraconelationexistsbetweenadenosinelevel

changes in sleep-related regions and behavioral state' ln addition' because these

sleep-related studies are essentially behavioral in nature' it will be critical to continue

minimizing physical stress on the animals during studies and keep animal handling as

consistent as possible between investigators. ln Chapter 2 we proposed that large

increases in basal neuronal signaling can increase local adenosine levels' therefore'

stress-inducing animal handling, particularly before tissue sampling may significantly

alter the distribution of tissue purine levels established over the sleep deprivation

period.

DepletionoftissueECisarguablythefirstdefinitivestepintheharmful

cascade of events that foll0w acute brain insult. Because events such as focal

ischemia result in tissue damage of varying degrees, it seems possible that the

magnitude of EC depletion with a given trauma may determine the extent to which

downstream,harmfulmechanismsareactivated'Theresearchdescribedinthisthesis

helps to set the groundwork for studies to investigate ways of helping to preserve

normal balances of purinergic compounds and maintain tissue EC in conditions of

acute insult such as stroke. By controlling the depletion of EC' it might be possible to

attenuate the initiation of destructive mechanisms at an eatly stage and avoid the

later-onset processes causing longer-term tissue damage' This type of strategy offers
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a more thorough approach to treating brain insult compared to those that only target

individual late-onset events.
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Appendix

I. Purine and Protein AnalYses

II. Striatal Subregion Purine Analyses

III. Linear Regression Analysis of Adenosine-Energy

Charge RelationshiPs

IV. Individual Sleep Deprivation Studies

V. Expression Profiling of Adenosine-Related Genes

- SupPlemental Information'
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Appendix I. - Purine and Protein Analyses

A. HPLC Equipment and Chromatograms

B. Protein Analysis - Method Validation

C. TissueHomogenizationModel
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I.A. HPLC Equipment and Chromatograms

Tablel.A.l.HPLCEquipment.Listedare.thellPLCcomponents,mobilephasesandflowrates
used for analysis "f 

u¿"nåii"" ãnJr,.|r"t"oti¿es. 
x - Waters Intelligent Sample Processor

5.m
Mnutes

Fisure I.4.1. HPLC Chromatograms' Shown are representativg cl'uolatograms from

anãlysis of adenosine (Aö;AÑitiÃl ãt¿ t"A."irí" iei standards' Adenosine and cAMP

peaks represe"t lO p-oiìí"ntiri", òr, f OO ¡rf oioriginaístundatd $yure) 
and ATP' ADP

and AMP peaks represe"läöôlïóoätd 50 pmol quantities' respectively'
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I.B. Protein Analysis - Method Validation

Because \ile expressed our nucleotide and adenosine data in terms of nmol and

pmol/mg protein, respectively, it was critical to verify the efficiency of our protein

determinations to ensure that final purine levels were indeed accurate. The analysis

described in Table I.B.l was designed to determine both the effrciency of protein

recovery and variations in this efficiency over the range of protein concentrations that

we could expect with our standard method of tissue homogenization using 2%TCA.

Our empirical data showéd an average of approximately 8%o protein content with wet

tissue mass and an approximate mass range of 10-30 mg. From these estimates, and

assuming a 1.0 ml homogenization volume, we selected the protein concentration

range that was ultimately tested.

The final data shown in Figure 1.4 indicate a consistent 95%o detection rate of

BSA protein in the range from 1.0-3.0 mg/ml. The protein concentration values of

tissue samples used in our tissue homogenization model, which are representative of

protein measurements throughout all of our work, fell well \¡/ithin the 95Yo detection

range. For protein analyses of ZnSO¿ homogenates, in cases where only tissue

adenosine levels arc analyzed, a minimum molar ratio of 1:3 ZnSO¿AtraOH is

necessary to eliminate interference by ZnSO¿ when analyzingprotein by the Bradford

method.
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Tabte I.8.1. Preparation of Standards to Determine Protein Measurement Efficiency. BSA
protein (16 mg/ml, prepared in water), was combined with water to produce 12,200 pl protein
standards. After each standard was combinedwith2%TcL(1.6% final) to give a fural volume of
1.0 ml, they were stored on ice for 20 min to facilitate protein precipitation. Protein was collected

by centrifugation at 13,000 x g for 20 min at4"C. After discarding supematants, pellets were

suspended in 0.1 M NaOH (see table for volumes) and incubated at 80'C for 15 min with periodic
vortexing to facilitate dissolution of the pellets. Following incubation, samples were centrifuged at

room temperature for 2 mn at 13,000 x g and supernatants were then diluted l: l0 with 0.1 M
NaOH for spectroscopic analysis. For frrther protein analysis details see the Methods section in
Chapter l.
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I.C. Tissue Homogenization Model

This model was designed from empirical data collected from 260 ratbrain

samples. Using these data, projected homogenization volumes and dilution factors

were determined that would maintain purine and protein analyses within detectable

linear ranges given that both determinations were ultimately carried out

spectroscopically. A sample of the full-form tissue homogenization model is shown

in Figure I.C.1.

The first 12 columns contain empirical data. Columns l-3 describe the type of

tissue region (striatal subregions), the experimental treatment carried out on that

tissue and the wet mass (mg) of the dissected tissue. The volume of 2o/o TCA (ml)

used to homogenize the tissue sample is listed in column 4 andthe tissue

concentration (mg/ml) of the resulting homogenate is shown in column 5. Listed in

columns 6,7,8,and 10 are pmol measurements of ATP, ADP, AMP and adenosine,

respectively. The three columns of nucleotide data, showing raw values determined

from peak areas and calibration curves resulting from HPLC analysis of a 10 pl

injection were not adjusted for protein content. Listed in column 9 is the total sum of

nucleotides ATP, ADP and AMP (X nu", pmol). The data in columns 11 and 12 cane

from the protein analysis of each sample. Immediately following tissue

homogenization, 50 pl of homogenate was taken for protein analysis and stored on

ice. These samples were then centrifuged and pellets were digested in 0.1 M NaOH.

Because the protein contained in each tube came from 50 ¡rl of original homogenate,

the pellet, after removal of the TCA supematant, was dissolved in a multiple of 50 pl

volume of 0.1 M NaOH giving a dilution factor that was then used for final
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calculation of protein concentration. ln column 11 for example, a listing of 4

indicates that the protein pellet resulting from the original 50 ¡rl of TCA homogenate

\¡/as suspended in 200 ¡rl of NaoH. column 12 lists the protein content (pg) of a 10

pl aliquot of the protein sample in NaOH before accounting for dilution. With these

data, the protein concentration (mg/ml) in the original TCA homogenate (col. 13) was

calculated using the equation below:

Protein (mg/ml): çNaOH dil. factor) x (pg/l0 pl value)
10

or in terms of column labels:

Ct3: Ctr x Crz
10

One of the fundamental objectives of the model was to establish a criterion,

based on wet tissue mass, to determine an appropriate homogenization volume that

would result in adenosine and nucleotide values that would fall within detectable

ranges. Because of the fluctuating nature of the single parameters of ATP, ADP,

AMP or adenosine that occur with experimental treatments, we were unable to base

the model on any one of these variables. Because the sum of ATP, ADP and AMP,

however, does not change to any significant extent under our experimental conditions

and time frames, we chose to use the X nu. value to guide our determination of

homogenization volume. The value of E nu.: 300 was chosen as a target value

because it would generally result from ATP, ADP and AMP values þmol) of

approximately 200, 100 and 25, respectively. These predicted values fell well within

the linear detection range of the HPLC equipment. Using X nur: 300 as atatget value,
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column 14, the TCA homo gentzationvolume (ml) required to yield â E nu. value of

300 was calculated with the following equation:

calc vol : (orig TCA vol.) x (Ð nu.)
300

Column 15 shows the difference between the calculated volume and the

homogentation volume used experimentally. Columns 16, 17 , 18, and 19 are the

predicted values (pmol) of ATP, ADP, AMP, and adenosine, respectively if the

calculated homogenization volume \¡/as used originally. These values were obtained

by multiplying the corresponding values in columns 6,7 ,8, and l0 (empirical data)

by the factor: (orig.vol./calc.vol.). ln the same fashion, column 20,the new pg

protein/l0 pl value was determined by multiplying the data in column 12 by the

factor: (orig.vol./calc.vol.).

Because it would be laborious and impractical to homogenize each sample in

its own specific volume as dictated by the model, we assigned a single

homogenization volume (column 2l) for all tissue samples falling within a given

range of tissue mass. The first volume, 575 ¡Ã, was chosen because that was the

smallest volume that would provide enough homogenate to accommodate the

nucleotide, adenosine and protein analyses. Given the designated homogenization

volume, the predicted pmol values for ATP, ADP, AMP and adenosine were

calculated (col.22-25) using the data in columns 6,7,8 and 10 and the dilution factor:

(orig. TCA vol./desig. TCA vol.). Mass range cutoffs for designated homogenization
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volgmes were estimated where X nu, (col. 26, pmol) values, calculated from columns

22-24, began to approach and exceed 300 pmol.

ln addition to predicting a homogerizafionvolume that would yield

appropriate values from the purine analysis, it was necessary to include in the model

criteria to predict the quantity of NaOH necessary to dissolve pellets for protein

analysis. The NaOH dissolution volume necessary was dependent on the TCA

quantity used to homogenize the original tissue sample and would determine whether

samples were too concentrated or dilute to provide readings within a linear range.

Using BSA standards and carrying out protein analyses in the same fashion as that

used with tissue samples, we determined the linear range of our protein analysis and

chose a value of 1.75 pg/10 pl as a target value for determining NaOH volumes. The

value in column 27, analogous to that in column 11, represents the NaOH dilution

factor necessary to yield a value of 1.75 ¡rgl10 ¡rl if the new TCA homogenization

volume was used (col. l4). Also taken into account in this calculation were the

original protein (col. 12), initial TCA homogenization volume (col.4), and initial

NaOH dilution (col.l l) values. The equation used is outlined below:

dil (col. 27): (orig. TCA vol. x orig. NaOH dil.) x (orig. TCA vol./calc. TCA vol.)
1.75

in terms of columns: Czt: (C¿x Crr) x (Crl Cs)
1.75

As with the TCA homogenization volume, it would be cumbersome to dilute

each individual sample to obtain an exact protein value of 1.75 pgll} pl. Therefore,

we assigned a single NaOH dilution factor for sample masses that fell into designated
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ranges. The range boundaries were determined by the magnitude of the predicted

protein value in column 29. As values generally began to exceed 1.75 with increasing

tissue mass, the designated NaOH dilution factor was increased accordingly.

The working form of the tissue homogenization model is shown in Figure 1.6.

For each TCA homogenization volume, mean and standard deviation (SD) values

were calculated from the projected ATP, ADP, AMP, adenosine and protein values.

These statistics suggest that the calculations in model have indeed predicted TCA

homogenization volumes and NaOH dilution factors that would provide raw data

readings within the linear range of both purine and protein analyses.
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90.3
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96.6
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214.8
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169.3

28.9 15.0

41.1 17 .8

31.3 9.1

34.0 11.4

51.1 2',1.1

56.1 22.3

Figure I.C.l. Tissue Homogenization Model Derivation. Shown are 6 representative datapoints of the 260 used in formulating the tissue homogenization model'

The columns shown in B are a continuation of the table that begins in A. Columns 1 and 2 indicate tissue region and the experimental treafnent carried out on

that tissue, respectively. shown in columns 3-13 are empiricalãata. _The 
purine values þmol)-in these columns are not normalized for protein content' values in

the remaining columns are calculated ones derived fromìet target values, àilution factorJ and the empirical data' For complete details of the calculations used in

this model, refer to the text in this appendix section.
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Appendix II - Striatal Subregion Purine Analyses

A. Basal Purine Levels

B. No-Volume Injections

C. Tris Vehicle Injections

D. Salt Solution Injections

E. aCSF Vehicle Injections

F. Glutamate Injections (aCSF vehicle)

G. Glutamate Injections (withMK-801 ip)

H. NMDA Injections (Tris vehicle)

I. NMDA Injections (aCSF vehicle)

J. Cortex Stimulation
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II.A. Basal Purine Levels

A.
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Figure II.A. Basal Purine Levels' Shown are basal

leiels of nucleotides (A,B,C), adenosine @) and

energy charge (E) in striatal subregions ofrats

subjõct only to anaesthesia. Dark bars represent

striätal subiegions on the right side ofthe brain

(side used foi injections) and white bars show levels

iì corresponding contralateral striatal subregions on

the left side of the brain. Data are mean + S'E'M'

from four animals. Statistical analysis revealed no

significant differences in levels between ipsilateral

anld contralateral subregions or between subregions

on the same side of the brain. Average brain

temperature following microwaving was 86'4 + 0'9

"C (mean t S.E.M.).
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II.B. No-Volume Injections

Mid.

750

Ë9soo'ãã
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o¡ 0.9
è0
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õ o.s

Þ0

b o.z

r-ì

0.6

I.0

()

Êoo<q

Post. Mid.

Figure II.B. No-Volume lnjections. Shown are

ATP (A), ADP (B), AMP (C), adenosine (D) and
energy charge levels (E) in striatal subregions
following insertion of the injection needle into the
middle (Mid) striatal subregion. The needle was
allowed to remain in place for the duration of a

normal drug injection. Da¡k bars represent
shiatal subregions on the injected side ofthe
brain and white bars show levels in corresponding
contralateral regions. Results are mean t S.E.M.
averaged from five animals.
*,** - different from corresponding conhalateral
subregion (p<0.05, 0.0 1).

t, tt - different þ<0.05, 0.01) from the other two
subregions of the same side of the brain or as

otherwise annotated.
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II.D. Salt Solution Injections

()

'á ô.
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5o¡<E
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Þ¡

U
Þo
q)

Figure II.D. Salt Solution Injections'- Sho-rvn are

efp (e), ADP (B), AMP (c), adenosine (D) and

"n.Ç 
ótt*g.levels (E) in striatal subregions

folloîing injection of 1'0 pl of salt solution D?tk

l.t t.ptirtot striatal subregions on the.injected side

of the úrain and white bars show levels in

corresponding contralateral regions' Results are

mean * S.E.M' averaged from six animals'

üatistical analysis revealed no significant differences

in levels between ipsilateral and corresponding

"ont 
ulut.rul subregions or between subregions on the

same side of the brain'
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II.E. aCSF Vehicle Injections

Mid.

Ant. Mid' rost'

Figure II.E. aCSF Vehicle Injections' Shown

urJArp (A), ADP (B), AMP (c), adenosine

(D) and 
";.try 

charge levels (E) in shiatal

,uú."giont following injection of 1'0 pl of
aCSFlehicle. Dark bars represent striatal

subregions on the injected side ofthe brain and

white bars show levels in corresponding

conhalateral regions. Injections were directed

into the middle (Mid) striatal subregion'

Results are mean t S.E.M. averaged from nine

animals. Statistical analysis revealed no

significant differences in levels between

ipiitut"tut and corresponding contralateral

subregions or between subregions on the same

side of the brain'
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II.F. Glutamate Injections (aCSF Vehicle)
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tEl

Mid.

Figure II.F. Glutamate Injections tu9lF - -u"hi"l.¡. Shown are ATP (A), ADP (B), 4Ml.
(C), adónosine (D) and energy charge levels-(E)

in striatal subregions following injection of 1'0

¡rmol glutamate in 1.0 pl volume of aCSF' Dark

tars rãpresent striatal subregions on the injected

side of the brain and white bars show levels in

corresponding contralateral regions' Injections 
.

were directedonly into the middle (Mid) striatal

subregion. Results shown are mean * S'E'M'

averaged from eight animals.
* - different (p<0.05) from corresponding

contralateral region'

t, ft - different þ<0.05, 0.01) from the other two

subregions of the same side of the brain'
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II.G. Glutamate Injections (with MK-801 ip)

o
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Ant. Iutd' rtlsl'

Figure II.G. Glutamate Inj ection (with lvfK-80 1

ip¡l Shown are ATP (A), ADP (Ð, AML(Ç),
uáenosine (D) and energy charge levels (E) in

shiatal subregions following a l'0 ¡rmol

slutamate iniection in 1.0 ¡rl of aCSF' carried out

ãO *in following ip administration of the NMDA

receptor antagonisi MK-801 (4 mglkg)' Dark 
.

bars^represenî sfiiatal subregions on the injected

side of the brain and white bars show levels in

corresponding confralateral regions' Results are

mean t S.E.M' averaged from four animals'
*,x* - different þ<0.05, 0.01) from

corresponding contralateral subregion'

L TTT - diffeient (p<0.05, 0.001) fromrhe.other

two subregions of the same side of the brain or as

otherwise annotated.

165



¡r
F{ÈF ÞI)<E

II.H. NMDA Injections (Tris vehicle)

Figure II.H. NMDA Injections (Tris vehicle)'

Shãwn are ATP (A), ADP (B), AMP (C), adenosine

(D) and energy charge levels (E) in striatal subregions

following a 50 nmol NMDA injection in 1'0 pl of
Tris buffer. Dark bars represent striatal subregions

on the injected side of the brain and white bars show

levels in corresponding contralateral regions. Results

are mean t S.E.M. averaged from f,ive animals'
*,**,*** , different (p<0.05, 0.01,0.001) from

corresponding contralateral subregion.

t, - diiferent (p<0.05) from other subregions of the

same side of the brain or as annotated.
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II.I. NMDA Injections (aCSF' vehicle)
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Figure II.I. NMDA Injections (aCSF vehicle)'

Shãwn are ATP (A), ADP (B), AMP (C), adenosine

iOl ut¿ enerry charge levels (E) in striatal subregions

ioliowittg a 50 nmol NMDA injection in l.'0 pl of
aCSF. Dark bars represent striatal subregions on the

i"¡.J"¿ side of the train and white bars show levels in

cðnesponding contralateral regions' Results are mean

t S.E.ivf. aveiaged from fou¡ animals' Statistical

unãiutit revealJd no differences between injected and

conãsponding contralateral subregions'

T, TT 
j 

¿if"re-nt (p<0.05, 0'01) from other subregions

of the same side of the brain as annotated'
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II.J. Cortex Stimulation

4)q¡l
.t7

9oo
otr
RO

q)

¡'
âo¡4É

I s.0

loo<É
? z.s

è¡),
()
Þ0þ()

E

Figure II.J. Cortex Stimulation' Shown are ATP

(Aj, ADP (B), AMP (C), adenosine (D)-Td elergy

òhig" tevàts 1n¡ in striatal subregions following

mecñanical stimulation of the cerebral cortex

surface in the immediate vicinity of where

intrastriatal injections would pass through the cortex

in reaching the striatum. Dark bars represent shiatal

subregionlon the injected side ofthe brain and

white bars show levels in conesponding

contralateral regions. Results are mean t S'E'M'

averaged fiom iix animals. Statistical analysis

,"u"ul-.d no significant differences in levels between

ipsilateral and corresponding conhalateral

subregions or between subregions on the same side

of the brain.
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Appendix III - Linear Regression Analyses of

Adenosine - Energy Charge Relationships

A. Adenosine - EC Linear Regression #1

B. Adenosine - EC Linear Regression #2
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III.,A,. Adenosine-EC Linear Regression #1

?:o.ttt
o

NMDA (aCSF)

É: o.sra

NMDA (Tris)

o

Figure III.A. Adenosine-EC Linear
Regression #1. Shown on vertical axes are

adenosine (Ado, pmol/mg protein) values

measured from injected 1o¡ and contralateral

(o) striatat subregions plotted against their

corresponding energy charge (EC, horizontal

axes) for the treatments indicated by the titles.

Annotated are correlation coefTicients for the

best-frt line through each set ofdata points.

The slope of each line is shown in Figure 2.11.
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III.B. Adenosine-EC Linear Regression #2

Kainate

0.9 1.0 0.5

0
0.5

GIU/IVIK-8O1

KainateÆIAsp

a

l: o.szo

f :o.zx

0.4 0.s 0.6 0.7 0.8

EC

1.0

Figure III.B. Adenosine-EC Linear Regression #2. Shown on vertical axes are adenosine

(Ado, pmoVmg protein) values measured from injected i.¡ and contralateral (o) striatal

iubt"gions ptotea against their corresponding energy charge (EC, horizontal axes) for the

treatrients indicated by the titles. An¡rotated are correlation coefficients for the best-fit line

through each set of data points. The slope of each line is shown in Figure 2. I 1.

771

Glutamate



Appendix IV - Individual sleep Deprivation studies

A. 24h SleeP DePrivation - StudY #1

B. 24h SleeP DePrivation - StudY #2

C. 24h SteeP DePrivation - StudY #3

D. 12h SleeP DePrivation - StudY #1

E,. 12h SleeP DePrivation - StudY #2
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IV.A. 24h Sleep Deprivation - Study #1

Frontal Cortex

ADP AMP

Basal Forebrain

3Þ
ão
oqã
l-e.
árD
(D

,- 'õ 4:ö:

9ä 3()<á-z2Er

Figure IV.A. 24h Sleep Deprivalio.n -
stõay +t. Shown are purine levels (mean

I S.E.M.) from control (n:4, ligþtbars)

and sleep deprived (n:4, dark bars) rats'

All axes are presented in the same unrts as

annotated inihe frontal cortex figure' ln

some cases in this study adenosine levels

were below detectable levels (bdl) given

the analytical methods used at the time'

Post. HyPothalamus

Ant. Hypothalamus
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Frontal Cortex
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IV.B. 24h Sleep Deprivation - Study #2

Ant. HyPothalamus

Figure IV.B. 24h Sleep Deprivation -
Stu¿v +2. Shown are purine levels (mean t
ã.B.rt¡.1 from control (n=8, light bars) a.nd

ste"p aeptiued (n:8, dark bars) rats' All
axes are presented in the same unlts as

annotateå in the frontal cortex figure' In

,o*" ,ur., in this study adenosine levels

were below detectable levels (bdl) given the

analWical methods used at the time'

Post. HYPothalamus

Basal Forebrain
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ry.C. 24h Sleep Deprivation - Study #3

Frontal Cortex

g>r-Ê
H(D

8".
:iôô

^
.^ c)ó:
Ro¡

=>>o

Basal Forebrain
Figure IV.C. 24h Sleep Deprivation -
Study #3. Shown are Purine levels

(mean + S.E.M.) from control (n:5, light

bars) and sleep deprived (n:5, dark bars)

rats. All axes are presented in the same

units as annotated in the frontal cortex

figure. The modified analYtical

teõhttiqu"t used in this study allowed us

to quantify all adenosine levels.

ATP ADP

Anl Hypothalamus Post. Ilypothalamus
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IV.D. 12h Steep Deprivation - Study #1

Frontal CoÉex

Basal Forebrain

Ant. Ilypothalamus

Figure IV.D. 12h Sleep Deprivation -
Study #1. Shown are Purine levels

(mean t S.E.M.) from control (n:3,
light bars) and sleep deprived (n=5, dark

bars) rats. All axes are presented in the

same units as annotated in the frontal

cortex figure.

Post. Hypothalamus
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W.E. 12h Sleep Deprivation - Study #2

Frontal Cortex

gÞ
.- iã.ãô
oqã
l-9.
å(Þô

,e)

Roo
ç¿<
>o

Basal Forebrain Figure IV.E. 12h Sleep Deprivation -
Study #2. Shown are Purine levels

(mean + S.E.M.) from control (n:5,light
bars) and sleep deprived (n:5, dark bars)

rats. All axes are presented in the same

units as annotated in the frontal cortex

figure.

ADP AMP

Ant. Ilypothalamus Post. Hy'pothalamus
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Appendix V - Expression Profiling of

Adenosine.RelatedGenes-Supplementallnformation

e. Oligonucleotide Primers

B. AtlasrM Gene Expression Array - Detected Genes

C. Reaction EnzYmes

D. CommercialNucleotides

E. Other Materials

F. Buffers
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V.A. Otigonucleotide Primers

Sequence

Designed
according to

sequence
reported bY:

Gene

HousekeePing

s', (113-132)

s'-GTG GGG CGC CCC AGG CAC CA-3'

3', (629-652)

s'-CTC CTT AAT GTC ACG CAC GAT TTC-3'

[1 s7]
p-actin

Glyceraldehyde-
3-phosphate

dehydrogenase
(GAPDH)

s', (546-570)

s'.CAT GAC CAC AGT CCA TGC CAT CAC T-3'

3'(1141-1165)
s'-ATG GGG TCT GGG ATG GAA TTG TGA G -3'

Í2061

s'. (l-23)
s'-CTC GTT CCT TTT CCT CCT TGG G-3'

3', (277-300)

5'-TAT TCT GTG TGC GCA AAG ACT AGC-3'

t30ls29

s', (769-793)

s'.GTG TCT TCC ATC ACT GCT TCC CTC A-3'
3', (1296-1320)

s'-GAA CTC TCC CTC CTC CAT GCC CTC A-3'

Fo4l
o¿-Tubulin

Receptors

s', (766-788)

s'-TCG CTG GCC CTC ATC CTC TTC CT-3'

3'(1031-1052)
s'-GGC AGA GTC TAG TCC TCA GCT T-3'

11671A¡

1641
Azu

5'(1208-1231)
s'-GGA GCG CCA GGA AGG CCA AGA GCA-3'

3' (1862-1886)

s'.GCC CTG TGA CTA AGT GCA TGG TAG C-3'

5' (1 161-1i84)

s'-CAG CTG GTG ACC TCA CTG TGG AGG-3'

3', (1716-1740)

s'-AGA GAA GCA AAC TCT AGT ACC TAG C-3'

[1e5]
Azu
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V.A. Otigonucleotide Primers (con't)

Gene Sequence
Designed

according to
sequence

reported bv:

Receptors contt

A3
5'(1117-1139)

s'-CTG GGC ATC CTG TTG TCC CAT GC-3'
3', (1681-1703)

s'-CCT TCA ACG CAG GTT CTG TAC AT-3'

l23el

Enrymes

Adenosine
kinase

s', (303-325)

5'-GGC TGA AGA CAA ACA CAA GGA AC-3'
3', (775-798)

S'-GAA CTG GCT A.AT A.r^\r{ CGG TGC AGA-3'

lre4l

Adenosine
deaminase

s', (524-548)

s'-CTG TGC TGC ATG CGC CAC CAG CCC A-3'
3' (853-876)

s'-GTG AGG TAG CTG GAC CAG GGG CAG 4.3'

12321

5'-Nucleotidase
s' (830-853)

s'-CGG GGG CCA CTA GCA CCT CAG ATA-3'
3' (na)

s'-TTG ATG GCT GCA TCT TCA CGA AT-3'

û261

Transporters

rCNTI
s'. (1698-1721)

s'-GGC TGA GGA GTG GCT TGG TGA CA-3'
3',(1996-2220)

s'-ACA TGG GAG CAG CGA TGA CCG TTG C-3'

te0l

E¡
5'(1033-1059)

s'-GGC GCT GTG CCT TGT GTT GGT CTT C-3'
3', (1602-1624)

s'.CCA CAG ACC AAG AGA CCC GGT AT-3'

Í23r1

E,
5' (lo4o-1062)

s'-CGG AGC CTC ACA GCT ATT TGC AT-3'
3', (1521-1544)

5'-CCA ATC CCA AGT CCA TCC TCA GAG-3'

12311
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V.B. AtlasrM Gene Expression Array - Detected Genes

Intensitv
Array

Location
Gene Bank
Accession # Class Gene Description

4 c3f Mt 1l85 Myelin proteolipid protein (PLP) DM-20;
lipophilin

J c6g

D5a

103754

I|{4l8547

I

2

Plasma membrane Ca-ATPase (brain isoform 2)
EC 3.6.1.38

40S ribosomal protein S12

7 A7d

B4d

B6g

B6i

C2e

c5d

c5k

D4l

D4m

E5d

E'? o-"ó

IF5

Y00404

M19007;
x04440

xl38l7

Dt76t5

M64723

AFo19973

1v127925

1v127905

J02650

1v128647

u62326

lll31602;
J04625

4

4

5

1

I

2

2

6

a
J

4

Superoxide dismutase I (SOD-l; CulZn)

(PKC-pI) + (PKC-pD

calmodulin

PKC inhibitor protein-l ; KCIP- I

apolipoprotein J; clusterin

neuron-specifi c enolase

synapsins 2A &.28

603 ribosomal protein L21

605 ribosomal protein L20

Na,K-ATPase crl subunit

macrophage migration inhibitory factor (MIF)

carboxypeptidase E; carboxypeptidase H

I Ala

A2l

A2i

A3c

A3e

D38629

xt7163

D26307

x06942

Li56l9

8

9

9

l0

10

adenomatous polyposis coli protein (APC)

c-jun proto-oncogene; transcription factor AP- I
component.

Jun-D; c-jun-related transcription factor

A-raf proto-oncogene

casein kinase II (P subunit)
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v.B. AttasrM Gene Expression Array - Detected Genes (con't)

Intensitv
Array

Location
Gene Bank
Accession # Class Gene Description

A4d

A6c

A6f

Bld

B2f

B4g

B4i

B5i

B5k

B6b

Clm

C4a

c4h

C5e

c5j

c7d

c'7 f

D4n

A3 D37880

M13011

M20035

Y13380

u93306

u09307

MI8331

M18332

D85760

u34959

x06889

x02904

M17528

Mr6736

M63901

Nn18n

l|{93669

1,124105

K03250

il

t2

13

l3

t4

A

'l

A

4

4

)

I

.t

I

I

1

1

I

2

Sþ proto-oncogene; Tyro3; Rse; Dtk

c-H-ras proto-oncogene; transforming G-protein
p2l

Prothymosin a

amphiphysin II; Amph2

KDR/flkl vascular endothelial growth factor

tyrosine kinase receptor (VEGFR2)

Syp; SH-PTP2; adaptor protein tyrosine
phosphatase

PKC-e

PKC-zeta

Gcrl2 guanine nucleotide regulatory protein

transducin p-2 subunit; GTP binding

proteinG(i)/G$)/G(t) B subunit 2

Rab-3a ras-related Protein

Glutathione S-transferase (class æ)

GTP-binding protein; G-u-iZ; adenylate cyclase

inhibiting
Neuromodulin; axonal membrane protein GAP-43

782 neuroendocrine Protein

synapsins IA & IB

secretogranin II precursor (SGII); chromogranin C

synaptobrevin-2 (SYB2); vesicle associated

membrane protein 2 (VAMP-2)

L 40S ribosomal protein Sl I
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v.B. AtlasrM Gene Expression Array - Detected Genes (con't)

Classifications:

l. nervous system-relatedproteins

2. translation

3. DNA synthesis, repair and recombination proteins

4. intracellular signal transduction

5. apoptosis related Proteins

6. channels and transPorters

7. cell-cell communication

8. tumor suppressors and related proteins

9. transcription factor-related oncogenes

1 0. serine-threonine protein kinase onco genes

1 1. receptor protein tyrosine kinase oncogenes

I 2. intracellular signal transduction-related oncogenes

13. cell cycle regulatory Proteins

14. receptors and cell-surface proteins

15. hormone receptors

1 6. protein tumover (proteases/inhibitors)

Intensity
Array

Location
Gene Bank
Accession # Class Gene Description

t E3c

E5n

E6i

F2l

F3d

F5a

u72487

M64373

u15098

M25890

uzs65l

M76426

l5

6

6

16

calcium-independent alpha-latrotoxin receptor

calcium channel crl subunit

GluT and GluT-R glutamate transporter

Somatostatin

Testicular luteinizing hormone p-subunit (TLHB I )

Dipeptidyl aminopeptidase related protein (DPP6)
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V.C. Reaction EnzYmes

Supplier Cataloe #

Concentration
(U/ul)

Product 
I

AmpliTaq@ DNA PolYmerase 
I

I

DNA PolYmerase (Klenow 
IFraement) 
I

DNase (RQl, RNase-Free) 
]

I MolontY Murine Leukemia Virus

I Reu".se TranscriPtase

lO,nulv-nrl

I Ribonuclease inhibitor

| (recombinant Rnasin@)

N808-0160 5
Perkin Elmer

lvl220l* 5
Promega

M6101 I
Promega

2
Life

Technologies

28025-013*

N2511 40
Promega

Promega M5761* | 30

S1 Nuclease

T4 DNA PolYmerase

T7 RNA Pol5'rnerase

T7 RNA PolYmerase*

1 8005-017* f
Life

Technologies

TH925K 1000
Epicentre

Technologies

20
Promega P2075

* - supplied with concentrated reaction buffer
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V.D. Commercial Nucleotides

V.E. Other Materials

Product Sunplier Catalos #
Concentration

(relul)

DNTP Set
(dATP, dCTP, dGTP, dTTP)

Pharmacia 27-2035-01 4xl00mM
(25 umol each)

NTP Set
(ATP, CTP, GTP, UTP)

Pharmacia 27-2025-01 4xl00mM
(25 umol each)

Deoxyadenosine 5'-triphosPhate

la32Pl

NEN NEGOI2A 800 Cilmmol
(lOmCi/ml)

Deoxyadenosine 5'-(a-thio)
triohosohate ["Sì

NEN NEGO34S 500 Cilmmol
(1OmCi/ml)

Deoxyadenosine 5'-tiphosPhate
lcr32Pl

NEN NEG512H 3000 Cilmmol
(1OmCi/ml)

Cytidine S'-triphosphate ¡ct32P¡ NEN NEG5OSX 800 Cilmmol
(1OmCi/ml)

Product Supplier Catalog #
Concentration

(ue/pl)

BioMax Film MR-l
(8"x10")

Kodak v8701302 nla

Lambda DNNHindIII
Q3,130 - 125 bp)

Promega Gl7l l' 0.5

þX174 DNAiI/øe III
(1353 -72bo\

Promega Gl76l' I

AtlasrM Rat cDNA Expression
Arrav

Clontech 7738-1 nJa

UltraspecrM RNA Reagent Biotecx BL-10050 nJa

Zeta-Probe@ Blotting Membrane Bio-Rad r62-016s N/a

" - supplied with 6x blue/orange loading dye
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V.F. Buffers

250 mM Tris-HCl (PH8'3)

375 mMKCI
15 mMMgCb

contains 15 mMMgCl2

165 mM Tris-acetate (PH 7'9)

330 mM sodium acetate

50 mM magnesium acetate

500 ¡rglml BSA
2.5 mMDTT

5x T4 DNA PolYmerase* buffer

500 mM Tris-HCl (PH7'2)

100 mM MgSOa
1.0 mMDTTKlenow lOx buffer*

1.0 M Tris-HCl
200 mM KCI

l00mMMgCl2
50 mM DTT

lOx second strand bufferu

500 mM sodium acetate þH  '5 at25 "C)
2.8 MNaCI

45 mM ZnSOaS1 nuclease 10x reaction buffer*

200 mM Tris-HCl (PH 7'5)

l00mMMgCl2
50 mMNaCl
50 mM DTT

10 mMTris-HCl (PH 8'0)

I mM EDTA (PH 8.0)

200 mM Tris (PH 7.9)

30 mM MgCh
10 mM sPermidine

50 mMNaCl

5x RNA amPlification bufferb

* - suoplied with enryme.

" - 
fràm P¡"t*ine and Crino, 1997 [58]' - - .

i _ 
"r.ä 

¡"r.r provided with promega T7 RNA pol¡'rnerase.
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