A New Approach to the Study of Middle Cerebral Artery

Occlusion in the Rat Using Magnetic Resonance Techniques

by

Asta Hdberg

Thesis submitted in partial fulfillment

of the degree of doctor medicinae

Department of Clinical Neuroscience

Medical Faculty
Norwegian University of Science and Technology
2001
@R (niversiletshiblioteket § Trondheim

@ *.3 Medisinsh biblioteh og informasjonssenter
WD N-7006 'Trondheim



1634

ISBN 82-471-5082-4



Acknowledgment

The study was supported by the Norwegian Council on Cardiovascular Disease, the
Norwegian Research Council, the SINTEF Foundation, Yamanouchi Pharmaceuticals and
Inger R. Haldorsen’s Grant.

This thesis presents results of experimental work carried out at the MR-center at RiT over
three years and three months from January 1995.

. I would like to thank Professor Ursula Sonnewald, Professor Olav Haralseth and Professor
Geirmund Unsgérd for giving me the opportunity to enter the exciting field of cerebral
research. The present work would not have been compiled without Professor Ursula
Sonnewald introducing me to the world of cerebral metabolism and compartmentation, or
without Can. sci. Hong Qu’s excellent technical assistance and help. I am also grateful for
their continued support and encouragement throughout the years, and for our fruitful
discussions. I would like to thank Dr. med. Tomm B. Miiller for showing me the MCAO
model. Dr. ing. Mari H. Hjellstuen, Dr. ing. Inger Johanne Bakken, Siv. ing. Oddbjern Szther
are acknowledged for their skills and assistance. I am very grateful to Trond Singstand and
David Axelson for their help with the new Biospec. In addition, I appreciated all help and
encouragement from my other co-workers at the MR-center.

Finally, I would like to thank my family for their love and support.



Table of Contents

Abbreviations..........o.vviiiiiiiii e 7
List 0f PAPeIS.....oooniniiiiiiiii i e 8
1 TN O NN om0 9
1.1 Brain structure and melabolism.. .. ..o vvoivsiiimmsssssnssvnmavssas sy ess 9

1:1:1 Thewcellnlat slements inithe braifitommemmmnnrrmmams 9

1.1.2 Substrates for cerebral metabolism...........coooveiiiiiiniiiniinin 10

1.1.3 Neurotransmitters. .. ... evueunerneriereeinnesneniiniiniieeienie i 11

1.1.4 Synthesis and breakdown of amino acid neurotransmitters........... 11

1.1.5 Cellular compartmentation.............cccoeeveiunianiann em— 14

1.2 The pathophysiology of cerebral ischemia........................cccoeviviniiinininnnn. 15

1.2.1 The concept of the ischemic core and penumbra.............cooevnenn 15

1,22 Glitam e e e O ORI o v O S 17

1.2 3 Bram GAeHAH. . cousnsnsemsemmmsmnnns seamsis s i A s 20

1.2.4 Astrocytes in ischemia.........ooviiiiiiiiiiiiiiiiic e 20

IV OO 87 s mssssmsssmsssvarrrs oo o e e T S P s 21
2.1 Experimental procedures. ... ciiiiviesmimcsisivivssivesssvavermiiisrissrseaves 21
2.1.1 Middle cerebral artery ocCIUSION. .« vu sisuvvvsininnss sovnimsnsvninemsnin 21

2.1.2 Experimental procedures using °C labeled compounds in vivo....22

2.1.3 Magnetic resonance imaging .......ccc.ccoeevveevinriniiniiniiiianianns 23
2.1.4 Preparation for histopathological evaluation.................cceene.n. 24
2.1.5 High performance liquid chromatography .......c.cccoeveviiinnininen. 24
2.2 Magnetic reSOMINCE . .oovvvssiisi vasss i s s s ST s s s asy 25
2.2.1.GeneralintroducHon s s emmmansssassenmiasurnn v 25
22D POMIBE, s svmmarsmmmmsmsys v onsss e s s s eesnss 26
2.2.3 Diffusion weighted MR imaging ................ s 31
3 AN OF SUAY ... .ot eee e e e e 33
4, SYNOPSIS OF PAPLIS......oviiiiiiiiiiiie e a e 34
B DS CUSSIOM  vicisna ssvaminwansinins s w v T S T S A e SR S R G 37



5.1.1 Supply of labeled substrates...........c.coeeivvinivinininieieeneneannns 37

5.1.1.1 Fasting and extracerebral metabolism of labeled substrates..37

5.1.1.2 Cerebral uptake of labeled substrates................c.uevneen.. 38

5.1.2 Cerebral metabolism of labeled substrates................cccevvvuvnnenn 40

5.1.2.1 Cerebral glucose and acetate metabolism...................... 40

5.1.2.2 Alternative metabolic pathways.................coevvvinvvnnene. 41

5122 L PYruvale ¥etVElNg covsvemmmnvearmmeyrcn 41

9: ) 2 O ey IS s R R T s 42

5.1.2.3 Cerebral effects of acetate infusion..................c..ceunnenen 43

5.1.2.4 Cerebral effects of glucose infusion...............o.eceevnnen.. 44

5.1.2.5 Effects of isoflurane anesthesia on cerebral metabolism......45

5.1.2.6 Effects of elevated body temperature.................ccceenn.n.. 45

T B 1T o 2T T — 46

5.1.3.1 Preservation of label and amino acids content................. 46

5.1.3.2 Amount of tissue sampled for *C MRS..............ceeveen... 46

5.1.3.3 Contralateral hemisphere or sham operated rats............... 47

S2Major fiRAINGS. .........c..coouiiiiiiiiiii i, 47
5.2.1 Changes in the glutamate-glutamine cycle during MCAO and its

implications for glutamate excitotoXicity........cooviuvivainiininn.n. 47

5.2.2 The role of astrocytes in neuronal survival during MCAO............ 49

B T T 50

R T RE v 55 o T T 050 F 0 o o o e s Bt A LA 0 8 B et 51






List of Papers

This thesis is based on the following papers:

L. Héberg A, Qu H, Haraldseth O, Unsgérd G, Sonnewald U (1998) In vivo injection of
[1-*C]glucose and 2 Clacetate combined with ex vivo *C NMR spectroscopy:
A novel approach to the study of MCA occlusion in rat. J Cereb Blood Flow Metab
18: 1223-1232

II. Hiberg A, Qu H, Bakken IJ, Sande LM, White L, Haraldseth O, Unsgard G, Aasly J,
Sonnewald U (1998) In vitro and ex vivo *C NMR spectroscopy studies of pyruvate
recycling in brain. Dev Neurosci 20: 289-398

III. Haberg A, Qu H, Haraldseth O, Unsgérd G, Sonnewald U (2000) In vivo effects of
adenosine A; receptor agonist and antagonist on neuronal and astrocytic

intermediary metabolism studied with ex vivo *C NMR spectroscopy. J Neurochem
74:327-333

IV. Qu H, Haberg A, Haraldseth O, Unsgard G, Sonnewald U (2000) "*C MR

spectroscopy study of lactate as substrate for rat brain. Dev Neurosci 22: 429-436

V.Héberg A, Qu H, Szther O, Haraldseth O, Unsgird G, Sonnewald U (2001)
Differences in neurotransmitter synthesis and intermediary metabolism between
glutamatergic and GABAergic neurons during 4 hours of MCAO in the rat. The role

of astrocytes in neuronal survival. In press J Cereb Blood Flow Metab
VI. Héberg A, Takahashi M, Yamaguchi T, Hjelstuen M Haraldseth O (1998)
Neuroprotective effect of the novel glutamate AMPA receptor antagonist YM872

assessed with in vivo MR imaging of rat MCA occlusion. Brain Res 811: 63-70

The papers are referred to by their roman numeral in the text.



Abbreviations

ADC, apparent diffusion coefficient
AMPA, a-amino-3~hydroxy-5-mehtyl-4-isoxazo]e-propionic acid
ALAT, alanine aminotransferase

ASAT, aspartate aminotransferase

BBB, blood brain barrier

CBE, cerebral blood flow

DWI, diffusion weighted imaging

FID, free induction decay

GABA, y-aminobutyric acid

GABA-T, GABA aminotransferase
GAD, glutamate decarboxylase

GS, glutamine synthetase

HPLC, high performance liquid chromatography
iv, intravenous

KA, kainate

MCAO, middle cerebral artery occlusion
MR, magnetic resonance

MRI, magnetic resonance imaging
MRS, magnetic resonance spectroscopy
NMDA, N-methyl-D-aspartate

nQe, nuclear Overhauser effects

PAG, phosphate activated glutaminase
PC, pyruvate carboxylase

PDH, pyruvate dehydrogenase

ppm, parts per million

RF, radio frequency

TCA, tricarboxylic acid



1. Introduction

1.1 Brain structure and metabolism

1.1.1 The cellular elements in the brain

The brain parenchyma is made up of neurons and glia. The neuron is the critical cellular
element in the brain as all neurological processes are dependent on complex cell-cell
interactions between single neurons and/or groups of related neurons. The glial cell is
the other cell type in the brain and was originally considered to keep neurons in their
proper orientation, acting as scaffolding or glue (glia = glue). Glial cells include
astrocytes, oligodendrocytes, microglia and ependymal cells. In short oligodendrocytes
provide the myelin sheath of the axons, microglia are the resident macrophage of the
brain and ependymal cells line the brain ventricles and the spinal cord central canal. The
role of the astrocytes remains incompletely understood, but is related to maintenance
and support of neuronal physiology. As the name suggests astrocytes are star shaped,
process-bearing cells which isolate neurons, ensheathing synapses and dendrites.
Usually the membranes of astrocytes and neurons are separated only by narrow
extracellular clefts, of the order of 15 nm wide. Astrocytes are connected to each other
by gap junctions, forming a syncytium that allows ions, second messenger molecules
and metabolites to diffuse across the brain parenchyma (Cornell-Bell et al., 1989;
Dermietzel and Spray, 1993; Giaume and McCarthy, 1996). A number of functions
necessary for normal brain development and performance has been ascribed to
astrocytes. Some examples are induction and maintenance of the blood brain barrier
(BBB) (Janzer and Raff, 1987; Raub et al, 1992) and production of a variety of
extracellular adhesion molecules, cytokines and growth factors (Liesi and Risteli, 1989;
Lin et al,, 1993). The extracellular concentrations of K" and H* are regulated by
astrocytes, and thus neurotransmission can be modified (Verkhratsky and Steinhauser,
2000; Walz, 2000). Furthermore, astrocytes efficiently remove certain neurotransmitters
from the synaptic cleft (Tanaka, 2000; Schousboe, 2000) thereby participating in the
termination of neurotransmission. Astrocytes also provide precursors for neuronal
neurotransmitter synthesis (Hertz, 1979; Hertz et al., 1999), and recent data imply that
astrocytes supply energy substrates to neurons during neurotransmission (Pellerin and

Magisteretti, 1994; Magisteretti et al., 1999a). The positioning of astrocytes between the



brain capillaries and the neurons is considered to make the astrocytes ideally suited to
sense local neuronal activity and couple it with energy metabolism and cerebral blood
flow (CBF).

1.1.2 Substrates for cerebral metabolism

The adult brain depends almost entirely upon oxidative metabolism of glucose to
support its metabolic needs (Lund-Andersen, 1979; Clarke and Sokoloff, 1999). In the
brain glucose is as good as completely oxidized to CO, and water through the sequential
processing by glycolysis, the ftricarboxylic acid (TCA) cycle and oxidative
phosphorylation. Together these processes yield between 31 and 38 mol ATP per mol
glucose (Clarke and Sokoloff, 1999; Magistretti, 1999b). Glucose is also used in
glycogen synthesis, but this pathway makes up only 2% of the normal glycolytic flux in
the brain. Glycogen is mainly localized to astrocytes (Cataldo and Broadwell, 1986).
Moreover, glucose is a precursor for neurotransmitters such as glutamate, GABA and
acetylcholine, and the important amino acid glutamine. Finally, glucose is a constituent
of some macromolecules, i.e. glycolipids and glycoproteins.

In the brain ketone bodies (acetoacetate and D-3-hydroxybutyrate) and free fatty acids
(butyrate, proprionate and acetate) can also enter the TCA cycle, but these substrates
cannot fully replace glucose in the adult brain, as illustrated by hypoglycemic coma.
Neurons predominantly metabolize glucose, but can also use ketone bodies (Kiinnecke
et al,, 1993; Clarke and Sokoloff, 1999). The free fatty acids are, however, only utilized
by astrocytes (Auestad et al., 1991; Waniewski and Martin, 1998). Plasma lactate has
traditionally not been considered an energy substrate for the adult brain, due to poor
BBB penetrance (Pardridge, 1983; Clarke and Sokoloff, 1999). Recent data do,
however, indicate that during neuronal activation astrocytes metabolize glucose
glycolytically to lactate which is released to the extracellular space and taken up by
neurons for use mainly as energy substrate (Pellerin and Magistretti, 1994; Magistretti et
al., 1999a). Pyruvate recycling is another controversial metabolic pathway in the brain.
This pathway involves synthesis of pyruvate from malate and/or oxaloacetate from the
TCA cycle, thus making brain cells able to produce pyruvate from amino acids and

other metabolic intermediates connected to the TCA cycle. Evidence of pyruvate
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recycling has been detected by some groups (Cerdan et al., 1990; Kiinneck et al., 1993;
Hassel and Sonnewald, 1995; Sonnewald et al., 1996a; Bakken et al., 1997), whereas
other find no evidence of such activity (Lapidot and Gopher, 1994; Lee et al., 1996).

1.1.3 Neurotransmitters

The major route of signal transmission from one neuron to another is chemically
mediated transmission achieved by the release of neurotransmitters. The
neurotransmitters are divided into classical and non-classical neurotransmitters (see f.
ex., Deutch and Roth, 1999; Holz and Fisher, 1999). The classical neurotransmitters
include acetylcholine, the catecholamines (dopamine, noreinephrine, epinephrine),
serotonine, and the amino acids (glutamate and y-aminobutyric acid, GABA). These
neurotransmitters are synthesized in the synaptic terminal and stored in vesicles there
until release which is elicited by depolarization and depends on Ca®*. Once released, the
classical neurotransmitters are either taken up by specific reuptake mechanisms on
neurons and astrocytes, and/or inactivated enzymatically in the synaptic cleft. Non-
classical neurotransmitters include peptides (for instance substance P and vasopressin)

and unconventional transmitters such as NO, CO and growth factors.

1.1.4 Synthesis and breakdown of amino acid neurotransmitters

Glutamate and GABA are respectively the major excitatory and inhibitory
neurotransmitters in the brain. Both neurotransmitters are derived from the TCA cycle
and thus have a dual role as participant in the intermediary metabolism as well as in
cellular communication. The part of glutamate or GABA stored in synaptic vesicles and
in rapid exchange with these vesicles is considered to belong to the neurotransmitter
pool of glutamate or GABA, whereas the remaining glutamate or GABA is designated
the metabolic pool.

Glutamate synthesis

In the neuron the carbon backbone of glutamate is synthesized from glucose via the
TCA cycle and subsequent transamination of o-ketoglutarate to glutamate by aspartate
aminotransferase (ASAT, EC 2.6.1.1) or alanine aminotransferase (ALAT, EC 2.6.1.2).

Glutamate de novo synthesis in neurons is considered not to take place (Hertz et al.,

11



1999). Only in astrocytes is glutamate synthesized de novo. However, also in astrocytes
is transamination of a-ketoglutarate the main metabolic pathway in glutamate
formation. a-Ketoglutarate comes from glucose or other acetyl CoA precursors via the
TCA cycle, and the amino group required for net glutamate synthesis is obtained from
the systemic circulation (Yudkoff et al., 1992; Yudkoff, 1997). In the astrocyte
glutamate is converted to glutamine by the action of glutamine synthetase (GS, EC
6.3.1.2), which is found only in astrocytes and oligodendrocytes (Norenberg and
Martinez-Hernandez, 1979; Tansey et al., 1991). Glutamine is released from astrocytes
and subsequently taken up by high affinity glutamine transporters present on neurons
(Varoqui et al., 2000). In the neuron glutamine is converted to glutamate by phosphate
activated glutaminase (PAG, EC 3.4.1.2; Hogstad et al., 1988; Kvamme et al., 2000)
which is located to the inner mitochondrial membrane. Alanine and o-ketoglutarate
released from astrocytes have also been proposed to be a source of neuronal glutamate
via transamination by ALAT (Peng et al., 1991; Westergaard et al., 1994 and 1995a).
Neurons depend on transfer of metabolites from astrocytes (Hertz, 1979; Yudkoff et al.,
1992; Hertz et al., 1999) because of their inability of de novo glutamate synthesis and
the fact that a substantial amount of the neurotransmitters released is taken up by high
affinity uptake carriers on astrocytes. The latter is particularly notable in glutamate
neurotransmission (Erecinska, 1987; Tanaki, 2000). Furthermore, the neurons lack an
anaplerotic pathway as the brain’s principal anaplerotic enzyme pyruvate carboxylase
(PC, EC 6.4.1.1, Patel, 1974), is found only in astrocytes (Yu et al., 1983; Shank et al.,
1985). Neuronal pyruvate carboxylation via mitochondrial malic enzyme (EC 1.1.1.39)
has been demonstrated in mice in vivo (Hassel and Bréthe, 2000), but the physiological
importance of this reaction is uncertain.

Neurotransmitter glutamate taken up by astrocytes is either converted directly to
glutamine by GS or enters the astrocytic TCA cycle via transamination by ASAT or
NAD-requiring oxidative deamination by glutamate dehydrogenase (EC 1.4.1.2)
(Yudkoff et al., 1986; Farinelli and Nicklas, 1992; Westergaard et al., 1996). The close
metabolic co-operation between neurons and astrocytes in synthesis and disposal of
glutamate is termed the glutamate-glutamine cycle (Hertz, 1979; Westergaard et al.,
1995a; Daikhin and Yudkoff, 2000).

12



GABA synthesis

Glutamate is the immediate precursor for GABA, and is converted to GABA by the
cytosolic enzyme glutamate decarboxylase (GAD; EC 4.1.1.15). GAD has been
regarded as a marker for GABAergic neurons, but is also been found in a subpopulation
of excitatory neurons (Sloviter et al., 1996). GAD exists in two isoforms: GADgs and
GADg7. GADgs is predominantly localized to nerve terminals, and may be anchored to
the GABA neurotransmitter vesicle, whereas GADg; is a cytosolic enzyme distributed
throughout the GABAergic cell body (Kaufmann et al., 1991). The regulation of GAD is
complex. About 50% of GAD is present as an apoenzyme of which GADggs is the major
contributor. The interconversion between apo- and holoenzyme is regulated by ATP and
P; (Martin and Rimvall, 1993; Bao et al., 1995; Hsu et al., 1999).

The relative contribution from astrocytic intermediates to GABA synthesis is
controversial. Since GABA is taken up primarily by GABAergic neurons, and only to a
lesser extent by astrocytes (Hertz and Schousboe, 1987; Borden, 1996; Schousboe,
2000), it has been proposed that astrocytic glutamine plays a minor role in GABA
synthesis (Hertz and Schousboe, 1987; Hertz et al., 1992; Westergaard et al., 1995b). In
vivo data on glutamine’s importance in GABA synthesis have been conflicting (Ward et
al., 1983; Paulsen et al, 1988; Cerdan et al., 1990; Hertz et al., 1992; Preece and Cerdan,
1996). The pathway from glutamine to GABA is also a subject of controversy. Some in
vitro data point to glutamine first entering the TCA cycle in GABAergic neurons before
incorporation into GABA (Westergaard et al., 1995b, Waagepetersen et al., 1999a), but
in vivo experiments have demonstrated significant direct conversion of glutamine to
glutamate and subsequently to GABA (Hassel et al., 1995a and 1998; Sonnewald et al.,
1996b).

GABA is metabolized by GABA aminotransferase (GABA-T; EC 2.6.1.19) in the so-
called GABA-shunt (Balézs et al., 1970) which allows four of the five C-atoms from a-
ketoglutarate to re-enter the TCA cycle as succinate. Flux through the GABA-shunt
compared to TCA cycle activity has been calculated to be between 1-17% (Balazs et al.,
1970; Martin and Rimvall, 1993, Hassel et al., 1998). The GABA-shunt bypasses one
substrate-level phosphorylation catalyzed by succinyl-CoA synthetase and is therefore

slightly less energy efficient than the TCA cycle. GABA-T activity is predominantly
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found in neurons, but is also present in astrocytes, making astrocytes and neurons

equally capable of metabolizing GABA (Baxter, 1976).

1.1.5 Cellular compartmentation

Compartmentation refers to the presence of more than one pool of a
metabolite/compound in the tissue. By definition each compartment of a
metabolite/compound has its own metabolic rate which distinguishes it from the same
‘metabolite/compound in another compartment. The differences in metabolism observed
between each compartment are founded on the expression of specific enzymes and
transporter mechanisms in distinct cellular subtypes. The original observations of
metabolic compartments in the brain were made in 1953 and 1957, but these findings
were first later explained on the basis of compartmentation (Lajtha et al., 1959; Berl et
al., 1961). A large glutamate pool with slow turnover and a small glutamate pool which
was precursor for glutamine were demonstrated by this group. The large glutamate pool
was considered to represent neuronal metabolism, and the small glutamate pool
astrocytic metabolism. This two compartment model is naturally an oversimplification
as the neuronal population is heterogeneous, consisting of a variety of cells using
different neurotransmitters. Furthermore, glutamatergic and GABAergic neurons exist
as both interneurons and projectory neurons, which possibly give rise to differences in
metabolic characteristics. In glutamatergic neurons for instance, PAG has been shown to
be distributed unevenly (Laake et al., 1999), and in synaptosomes from different
neuronal subpopulations heterogeneous metabolic pathways have been described
(Gorini et al., 1999). Also metabolic differences between astrocytes from different brain
regions have been demonstrated in vifro (Schousboe and Divac, 1979; Hassel et al.,
1995b). In cell cultures evidence of compartmentation within a relative homogenous cell
population has been found, suggesting the existence of intraneuronal and intraastrocytic
compartmentation, which is believed to be caused by mitochondrial heterogeneity

(Sonnewald et al., 1993a and 1998; McKenna et al., 1996; Waagepetersen, 2000).
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1.2 The pathophysiology of cerebral ischemia

The brain depends on continuos supply of glucose and oxygen since neither is stored in
appreciable amounts. The glycogen reserve in the brain has been estimated to maintain
normal glycolytic flux for about 5 min if glycogen were the sole supply (Clarke and
Sokoloff, 1999). There are two manners in which the normal supply of oxygen and
glucose to the brain can be interrupted thereby causing immediate loss of brain function.
The first is global ischemia which refers to complete loss of CBF, as in cardiac arrest.
The second is focal ischemia resulting from thromboembolic occlusion of an
intracranial artery. Focal cerebral ischemia together with intracerebral hemorrhage and
subarachnoid hemorrhage are classified as stroke. Stroke is a clinically defined
syndrome of rapidly developing symptoms or signs of focal loss of cerebral function
with no apparent cause other than that of vascular origin, but the loss of function can at
times also be global, i.e. coma. The symptoms last for more than 24 hours or lead to
death. Stroke is the most common life-threatening neurological disorder and has an
adjusted annual incidence rate for first-ever stroke of 2.21 per 1 000 at the age of 15 or
older in Norway (Ellekjar et al., 1997). Furthermore, stroke is a major source of

disability, dependency and reduced quality of life (Thommessen et al., 1997).

1.2.1 The concept of the ischemic core and penumbra

Occlusion of an intracranial artery by a thrombus or an embolus results in CBF decline
which initiats a complex series of events transforming the ischemic tissue into
infarction. The ultimate area of infarction depends mainly on the residual CBF, the
duration of ischemia and selective neuronal vulnerability. The tissue damage spreads
circumferentially from a central ischemic core where CBF is severely impaired and the
brain tissue rapidly becomes irreversibly damaged (Symon et al., 1974; Heiss et al.,
1994; Touzani et al., 1995). Surrounding and probably also intermixed in this core are
zones of less severely reduced CBF. With declining CBF the normal biochemical
processes in the cells are affected in a sequential manner (Astrup et al., 1977 and 1981;
Mies et al., 1991; Hossmann, 1994). Animal studies have demonstrated that there are
two important threshold values for CBF in cerebral ischemia. At CBF values between 5-

15 ml/100g/min anoxic depolarization occurs (Branston et al., 1977; Astrup et al., 1977,

15



Morawetz et al., 1978; Hossmann, 1994). Anoxic depolarization leads to irreversible
cell damage due to failure of the Na"/K*ATPase disrupting the cell membrane potential.
Tissue with CBF values in this range has been termed the ischemic core. Surrounding
the ischemic core is brain tissue with CBF values between 12-25 ml/100g/min where
spontaneous electrical activity is abolished, but ion homeostasis and membrane
potentials remain intact. Several studies have shown that this tissue is potentially viable
(Astrup et al., 1977; Morawetz et al., 1978; Jones et al., 1981; Ginsberg and Pulsinelli,
1994). In analogy to the partly lighted area surrounding the center of a complete solar
eclipse this region has been termed the penumbra (Astrup et al., 1981). Since the
electrophysiological definition of penumbra is of little clinical value, various operational
definitions have emerged. The penumbra has been defined as the ischemic tissue
salvageable by reperfusion (Memezawa et al., 1992a and b), or by pharmacological
agents (Siesjo, 1992). Using magnetic resonance imaging (MRI), the penumbra has been
described as the area with reduced perfusion but no changes in diffusion characteristics
(Warach et al., 1993; Sorensen et al., 1996; Barber et al., 1998). A metabolic penumbra
has been described in which increased metabolism and O, extraction are coupled to
decreased CBF (Baron et al., 1989; Heiss et al., 1994), or alternatively as tissue with
acidosis, but no ATP depletion (Hossmann, 1994). The presence of central
benzodiazepine receptors as a marker of neuronal integrity has also been used to identify
the penumbra (Heiss et al., 2000). Independent of the definitions used to conceptualize
this region, it is the possibility of reversing the failure in the neuronal activity which is
quintessential to the concept of the ischemic penumbra. The potential for recovery of
function is determined not only by the level of residual CBF, but also by the duration of
the flow disturbance as the CBF thresholds for electrical and membrane failure increase
with increasing duration of ischemia (Mies et al., 1991; Kohno et al., 1995; Zhao et al.,
1997). In addition, reduced CBF has been demonstrated to initiate detrimental
biochemical processes amplifying the harmful CBF reduction and increasing the final
infarct volume. Some of the mechanisms identified today as important mediators of
ischemic cell death are glutamate excitotoxicity, intracellular Ca®>* accumulation, Zn**

neurotoxicity, induction of apoptosis, and generation of oxygen free radicals and NO
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(for reviews see, Bredt, 1999; Lee et al., 1999; Meldrum, 2000; Zipfel et al., 2000;
Fiskum, 2000; Mattson et al., 2000).

1.2.2 Glutamate excitotoxicity

In cerebral ischemia increased extracellular glutamate concentrations leading to
excessive stimulation of glutamate receptors are considered a major contributor to
neuronal death (Rothman and Olney, 1986; Benveniste et al., 1991; Choi, 1992;
Meldrum, 2000). This phenomenon was termed glutamate excitotoxicity by Olney in
1974, When CBF values are reduced to 20-40% of preischemic values, substantial
elevation of extracellular glutamate content has been demonstrated using microdialysis
in the ischemic core and penumbra (Shimada et al., 1989; Butcher et al., 1990; Takagi et
al., 1993; Uchiyama-Tsuyuki et al., 1994). In the ischemic core several mechanisms for
glutamate release are probably involved (Wahl et al., 1994). The early component of
glutamate release is considered to be of neurotransmitter origin, using ATP at the
expense of phosphocreatine whose depletion precedes that of ATP (Drejer et al., 1985;
Wahl et al., 1994). However, the majority of glutamate released in this region is
considered to belong to the metabolic pool, released by reversal of the glutamate
transporter system owing to ATP decline and/or increased extracellular K*
concentrations (Sanchez-Pietro and Gonzalez, 1988; Kauppinen et al., 1988; Szatkowski
et al., 1990; Rossi et al., 2000). In the ischemic penumbra glutamate release is
considered to be mainly from the neurotransmitter pool (Obrenovitch, 1996; Zhao et al.,
1998).

The contribution from astrocytes to glutamate release during ischemia is controversial.
Some studies have demonstrated glutamate release from astrocytes under ischemia-like
conditions (Kimmelberg et al., 1990; Ogata et al., 1992; Phillis et al., 2000; Dawson et
al., 2000), but other data indicate that reversal of astrocytic glutamate uptake contributes
minimally (Mitani et al., 1994; Obrenovitch, 1996; Ottersen et al., 1996). There is
substantial evidence for continued astrocytic glutamate uptake during ischemia (Aas et
al., 1993; Takagi et al, 1993; Swanson, 1992; Torp et al., 1991 and 1993), and
inhibition of the glial glutamate transporter GLT-1 results in increased infarct volume

and mortality after transient focal ischemia (Rao et al., 2001).
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Increased extracellular glutamate concentrations lead to prolonged and excessive
stimulation of glutamate receptors. Glutamate activates four major classes of ionophore-
linked receptors: N-methyl-D-aspartate (NMDA), o-amino-3-hydroxy-5-mehtyl-4-
isoxazole-propionic acid (AMPA), kainate (KA) and quisqualate. The AMPA and KA
receptors are often referred totogether as AMPA/KA receptors. The NMDA and
AMPA/KA receptors gate ion channels permeable to both Na* and K*. In addition, all
NMDA receptors and a small subset of AMPA/KA receptors gate Ca>* channels (Hume
et al,, 1991; Wollmuth et al., 1996). Quisqualate receptors have the capacity to activate
both ionotropic and metabotropic glutamate receptor subtypes and are thus unique
within this group (Hollmann and Heinemann, 1994). Glutamate also activates three
classes of metabotropic glutamate receptors. How these are involved in excitotoxic
injury is still uncertain, but they appear to modify events in the excitotoxic cascade
(Maiese, 1998; Pizzi et al., 1999).

Antagonist studies in cell cultures have suggested that NMDA receptors mediate most
of the neuronal death associated with brief (minutes) intense glutamate exposure.
AMPA/KA receptor activation induces neuronal death only when persisting for an
extended time period (hours), but will then do so even at low agonist concentrations
(Choi, 1992 and 1997). Intense and prolonged stimulation of NMDA and AMPA/KA
receptors results in massive influx of Na* and Ca®*, which is neurotoxic to the cell. Na*
influx activates voltage gated Ca®" channels, and also leads to cell swelling due to entry
of concomitant water. The Ca®*" influx results in increased free intracellular Ca®*
concentrations which trigger a cascade of unfavorable biochemical processes. The
increased free cytosolic Ca™ levels will activate Ca**-dependent proteolytic enzymes
such as lipases, proteases and endonucleases, resulting in protein phosporylation.
Protein phosphorylation in turn causes sustained changes in the activity of ion channels
and receptors, leads to generation of free radicals, enhances proteolysis and
microtubular disassembly, interrupts the axoplasmic transport, and alters gene
transcription and translation (Siesjd and Bengtson, 1989; Siesjs, 1992; Morley et al.,
1994; Abe et al., 1995; Choi, 1995; Zipfel et al., 2000). Furthermore, increased cytosolic
Ca®* results in accumulation of large amounts of Ca’* in the mitochondria which

precipitates activation of mitochondrial phospolipases, generation of free radicals and
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decreased ATP synthesis (Richter et al., 1995; Kristian and Siesjd, 1998; Fiskum, 2000).
Finally the mitochondrial membrane potential collapses and the mitochondria depolarize
(Kristian and Siesjd, 1998; Nicholls and Budd, 1998). Sustained depolarization will
damage the mitochondria irreversibly. It is suggested that the mitochondrion is the
sensor that converts the elevation of intracellular Ca?* from a physiological modulator
into a trigger for cell death (Kristan and Siesj, 1998; Nicholls and Budd, 1998).

The significance of NMDA versus AMPA/KA receptor activation to neuronal death in
vivo is yet undetermined. There are several factors operating in the ischemic brain
considered to attenuate NMDA receptor function such as acidosis, extracellular buildup
of Zn**, receptor dephosphorylation owing to lowered cellular ATP levels and inhibition
by Ca’*/calmodulin (Dingledine and McBain, 1999; Lee et al., 1999). In addition,
NMDA receptor antagonists have been shown to have adverse psycomimetic effects and
possibly to be neurotoxic in clinical studies (Olney, 1994; Lees, 1999; Davis et al.,
2000). AMPA/KA receptor antagonists appear not to share these unfavorable properties
with the NMDA receptor antagonists (Kapus et al., 2000). Moreover, the importance of
AMPA/KA receptor activation may be increased in ischemia as the expression of Ca"
permeable AMPA receptors increases (Pellegrini-Giampietro et al., 1992 and 1997) and
receptor function is enhanced by acidosis (McDonald et al., 1998). Thus neuroprotection
by AMPA/KA receptor antagonists has gained increasing attention.

The strongest evidence today implicating excitotoxicity with attendant neuronal Ca®*
overload in the pathogenesis of ischemic neuronal death is data obtained in cell cultures
and animal studies demonstrating decreased neuronal death with the administration of
antagonist contracting the action of one or several of these mechanisms (Scatton, 1994;
Choi, 1997; Kobayashi and Mori, 1998; Lee et al., 1999). However, all neuroprotective
drugs have failed so far in clinical trials (European Ad Hoc Consensus Group, 1998;
Davies et al., 2000; DeGraba and Pettigrew, 2000; Horn and Limburg, 2001). Whether
this discrepancy is caused by the set up of the clinical trials, or the lack of applicability

of results from in vitro and animal experiments to human stroke pathology is yet to be

discovered.
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1.2.3 Brain edema

Brain edema is classified as cytotoxic or vasogenic depending upon whether the BBB is
intact or not (Klatzo, 1967). The cytotoxic edema is primarily found in gray matter and
appears almost instantaneously after onset of ischemia (Matsuoka and Hossmann, 1982a
and b). In cytotoxic edema, cell volume is increased owing to uptake of extracellular
fluid into the cells while the BBB remains intact. Maintenance of normal cell volume
involves the double-Donnan-equilibrium, thus disruption of cell membrane Na'-
permeability, leading to Na" influx exceeding Na" extrusion will cause cytotoxic edema.
All processes that result in a net increase of intracellular Na" which by osmosis
increases cell water, can cause cytotoxic edema. Thus swelling of astrocytes associated
with accumulation of glutamate, H*, K" and Na* is not necessarily pathological, but a
mere compensatory response aimed at restoring cellular and/or extracellular homeostasis
(Baethman and Staub, 1997). This is in line with the observation that the flow threshold
for development of cytotoxic edema is higher than for anoxic depolarization (Matsuoka
and Hossmann, 1982b).

Vasogenic edema is associated with increased vascular permeability resulting from
breakdown of the BBB. Increased BBB permeability leads to leakage of protein-rich
fluid from plasma into the extracellular space. The ensuing edema is especially
prominent in white matter where enlargement of the extracellular space is noted. In
focal cerebral ischemia the BBB remains intact the initial 3-6 h after ictus (Olsson et al.,

1971; Leberg et al., 1994).

1.2.4 Astrocytes in ischemia

The role of astrocytes in ischemia is controversial, as is the susceptibility of astrocytes
to ischemia. On one hand, astrocytes are considered to die as a secondary consequence
of neuronal death (Lee et al., 1999), and their presence has been regarded as a mere
impediment to neuronal regeneration after CNS injury (Aguayo et al., 1981; Reier et al,,
1983). On the other hand, astrocytes have been shown to promote neuronal survival
after brain damage in vitro and in vivo through synthesis and release of glial cell-line
derived neurotrophic factor (Ridet et al., 1997; Kitagawa et al.,1998; Louw et al., 1998),

and mice deficient for glial fibrillary acidic protein (an astrocytic marker) suffer
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significantly bigger cortical infarcts after focal cerebral ischemia than do normal mice
(Nawashiro et al., 2000).

Since astrocytes are intimately involved in glutamate neurotransmission, astrocytes may
also play an important role in glutamate excitotoxicity. Continued astrocytic glutamate
uptake is considered to protect neurons during ischemia/excitotoxicity (Rosenberg and
Aizenman, 1989; Rosenberg et al., 1991). However, glutamate release from astrocytes is
believed to contribute significantly to glutamate excitotoxicity (see section 1.2.3).
Furthermore, astrocytic glutamine has been demonstrated to both increase and decrease
neuronal survival in vitro (Goldberg et al., 1988; Simantov, 1989: Driscoll et al., 1993).
Astrocytes are considered to be more resistant to ischemia than neurons, partly due to
the more flexible astrocytic metabolism. Astrocytes can obtain sufficient energy through
glycolysis, whereas neurons depend on mitochondrial function and have a high degree
of mitochondrial coupling (Almeida and Medina, 1997). However, some in vitro data
has demonstrated increased sensitivity of astrocytes compared to neurons to
hypoxia/ischemia/excitotoxicity (Tholey and Ledig, 1990; Simantov, 1989; Sonnewald
etal., 1994a and b). Moreover, certain astrocytic sub-populations have been shown to be

more vulnerable to hypoxic-hypoglycemic conditions than other (Zhao and Flavin.,
2000).

2. Methods

2.1 Experimental procedures

2.1.1 Middle cerebral artery occlusion (MCAO)

Middle cerebral artery occlusion (MCAOQ) was induced with the intraluminal filament
technique first developed by Koizumi and co-workers in 1986, and later made
internationally known by Longa et al. (1989). Since then the model has been modified
by various groups (Memezawa et al., 1992a; Miiller et al., 1994; Kawamura et al.,
1994).

Male Wistar rats (Mellegaard Breeding Center, Copenhagen, Denmark) weighing 320-
340 g were fasted over night with free access to water. Anesthesia was introduced in a
closed chamber with 3.5% isoflurane in 70/30% N/O,. During surgery the animals were

placed on a feedback controlled heating blanket connected to a rectal temperature probe,
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and the body temperature was maintained at 37°C. Anesthesia was continued with 2%
isoflurane in 70/30% N»/O; delivered through a close fitting snout mask. Through a
mid-line incision in the neck the right common carotid artery was exposed. Aneurysm
clips were placed on the common carotid artery and the internal carotid artery. A small
incision was made in the proximal part of the external carotid artery through which a
nylon filament with a diameter of 0.27 mm and a rounded tip was introduced and
secured with a silk suture. The external carotid artery was ligated distally for the
incision. The proximal end of the external carotid artery was mobilized, and the
aneurysm clips removed from the common and internal carotid arteries. Next the
filament was pushed into the internal carotid artery and advanced 19-20 mm, thereby
blocking the origin of the middle cerebral artery. In this position the filament was tightly
secured with the silk suture. Anesthesia was turned off at time of MCAOQ. All incisions
were sprayed with lidocaine (10 mg/ doses) before closure.

Permanent MCAO induced with the intraluminal filament technique results in infarction
of the caudoputamen and the overlaying cortex (Longa et al., 1986; Memezawa et al.,
1992a and b; Miiller et al.,1995). The most severe reduction in flow is found in the
lateral caudoputamen and lower part of the somatosensory area in the frontoparietal
cortex. In the upper somatosensory and motor areas of the frontoparietal cortex blood
flow is moderately reduced (Miiller et al., 1994 and 1995; Belayev et al., 1997). The
former region is considered to represent the ischemic core, the latter the penumbra in
this MCAO model.

2.1.2 Experimental procedures using '°C labeled compounds in vivo

The "“C labeled compounds, [1-’3C]glucose, [1,2-3Clacetate and [U-">C]lactate

(Cambridge Isotope Laboratories, Woburn, Mass., USA), were given as an intravenous

(iv.) bolus injection over two min or administered intraperitoneally or subcutanously.

The rats were decapitated into liquid N, 15 or 30 min after administration of the *C

labeled compound had started. Blood was collected from the severed neck vessels,
immediately centrifuged, and plasma retained and frozen at -80°C.

The frozen brains were subsequently removed and either the entire cerebrum or selected

regions were sampled. In rats subjected to MCAO, a 3 or 5 mm coronal slice extending
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caudally from the chiasma opticum was cut from the frozen brains using a brain tissue
matrix (RBM-40000, Activational Systems Inc., USA). The lateral caudoputamen and
lower parietal cortex, and the upper frontoparietal cortex from both hemispheres were
sampled (Fig.1), thus aiming to obtain severely and moderately ischemic tissue.

Identical samples were also taken from sham operated rats.

Lateral caudoputamen and
lower parietal cortex

Upper frontoparietal cortex

As discussed above, cerebral ischemia is a dynamic process and there is a gradual
progression from reversible ischemia towards infarction. The time-frame within which
penumbral  deterioration occurs is still controversial. In order to avoid
misunderstandings anatomical designations are used.

The frozen brain samples were homogenized in 1 ml 70% ethanol (v/v) and centrifuged
at 4 000 to 10 000 g for 5 to 30 min. To the frozen plasma samples 7% PCA (w/v) was
added before centrifugation at 4 000 g for 10 min. Supernatants from both brain and
plasma samples were retained and neutralized with KOH to pH 6.5-7.5 before
lyophilization. The brain and plasma samples were redissolved in 0.5 ml D;0 containing
0.1% dioxane or 0.15% ethyleneglycol as a chemical shift and quantification standard
before 'H and *C magnetic resonance spectroscopy (MRS). The pH in all samples were

adjusted to 6.5- 7.5 before MRS acquired on a Bruker DRX-500 spectrometer (Bruker
AG, Fillanden, Switzerland).

2.1.3 Magnetic resonance imaging (MRI)

During MRI the rats were placed in a plexiglass cradle heated with circulating

fluorocarbons in order to maintain body temperature, which was monitored with a rectal
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temperature probe. The rat head was fixed inside a specially designed rat-head coil using
a small bar underneath the front teeth. To the rats assigned to recover after MRI,
isoflurane anesthesia was delivered through a close fitting snout mask during image
acquisition. The rats undergoing MRI directly before termination of the experimental
period were intubated and connected to a respirator. Full muscle relaxation was induced
with pancuronium bromide (2 mg/kg rat). MRI was performed on a 2.35 T Bruker
Biospec (Bruker AG, Fillanden, Switzerland).

2.1.4 Preparation for histopathological evaluation

The rats were transcardially perfusion fixed with 4% formaldehyde while under
continued isoflurane anesthesia and connected to the respirator. The heads were stored
in 4% formaldehyde for 24 h before the brains were removed. From cach brain eight
coronal sections were cut, aiming at representing the middle of each of the eight slices
visualized with MRI. The slices were stained with hematoxylin and eosin. Neuronal
damage was based on the following morphological characteristics: microvacuolation,
shrinkage of the neuropil and the presence of dark and eosinophilic neurons. The infarct
area was calculated using a computer-aided image analyzer system (Luzek III, Nireco,

Tokyo, Japan).

2.1.5 High performance liquid chromatography (HPLC)

HPLC was used for quantitative analysis of the amino acids glutamate, glutamine,
GABA, aspartate and alanine in the rat brain samples. After BC MRS, 50 L of the
brain extracts were retained, lyophilized, redissolved and diluted (1:1000) in sterile
water prior to HPLC analysis using either Merck-Hitachi LaChrom HPLC system
(Merck KGaA, Darmstadt, Germany) or Specta Physics P2000 system (Specta System,
Freemont, CA, USA), and fluorescence detection (Shimadzu RF 530, Tokyo, Japan)
after derivatization with o-phthaldialdehyde (Sigma Chemical Co., St. Louis, MO,

USA). L-amino-butyric acid was used as the internal standard.
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2.2 Magnetic resonance (MR)

2.2.1 General introduction

MRS and MRI are based on the same physiochemical principles which will be described
briefly in the following section (for further details see Bachelard and Badar-Goffer,
1993; Bachelard, 1998; Friebolin 1998; Westbrook and Kaut, 1993; Baird and Warach,
1999).

Atoms with uneven mass numbers and/or atomic numbers have nuclear spin. There are
several such nuclei, but to date only 'H, *C, *'P and to some extent 2*Na have proven
useful in MR research. MRI is restricted to 'H owing to the superior sensitivity and high
natural abundance (99.98%) of this nucleus, whereas in MRS all of the above nuclei can
be observed. The MR signal obtained from the nucleus under investigation depends on
the sensitivity of that nucleus, its natural abundance, its chemical environment and the
concentration of the specific nuclei in the tissue of interest. The MR active nuclei, 'H
and "°C for example, possess a spin quantum number of /=1/2, and can therefore adopt
two different orientations relative to an arbitrary axis. The spins are randomly oriented,
but when placed along the Z axis in an external magnetic field (By), the spins will align
themselves either with or against the direction of By. Each orientation is associated with
an energy state, and more spins will align themselves with the magnetic field since this
is the lower energy state. The energy difference between the two states is: AE= yhBo/2m,
v is the gyromagnetic ratio. The distribution of the spins between the two energy states

Akt Np is the number of spins in the

can be described by Bolzman statistics: Np/Ny=¢
higher energy state, N, is the number of spins in the lower energy state, Ky is the
Bolzman’s constant and T is the absolute temperature. At normal temperatures the
excess in the lower energy level is very small. However, this small difference in
populations of precessing nuclei leads to a net magnetization which can be represented
as a vector M aligned along Z. To detect these spins it is necessary to perturb the system
which is at equilibrium. This is done by the application of a second magnetic field (By)
in the form of a radio frequency (RF) pulse. The system will only absorb the energy
from the RF pulse if the resonance condition is fulfilled: AE=hv, which gives: v=
¥Bo/2m. This frequency is called the Larmor frequency. When a RF pulse at the Larmor

frequency is applied at a right angle to By, via a tuned coil, it has the effect of tilting the
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net magnetization M, towards the My, plane. It is the duration of the RF pulse which
determines how far M will tilt. If the duration is set to tilt M completely to My, i.e.,
M;=0, it is referred to as a 90° pulse. When B, is removed, i.e. RF pulse is off, the spins
in Myy return to M, in a precessing manner at their Larmor frequency. During this
process they induce a current in the coil that decays as the equilibrium is reestablished.
The current induced in the coil is recorded as the MR signal known as the free induction
decay (FID). The FID is usually a superposition of several signals with slightly different
precessing frequencies. These different components can be resolved using the
mathematical method known as a Fourier transformation, which converts amplitude
against time to amplitude against frequency. In MRS the field strength is constant, and it
is the amplitude of the frequencies of individual nuclei which is recorded. In MRI the
spatial resolution is obtained by a gradient of the applied B over the brain, so that
frequencies of the FDIs vary according to the field strength at the position in space
throughout the brain.

One cycle of pulsing and data acquisition is called a scan. The signal to noise ratio
increases with the square root of the number of scans, and usually averaging is

performed from several scans.

2.2.2"°C MRS

1C MRS has been used to study cerebral metabolism in vivo and in vitro from the
middle of the 1980s (Behar et al., 1985; Rothman et al., 1985; Morris et al., 1986). In
vivo C MRS studies in humans and animals have mainly focused on the pathways of
glucose metabolism (Fitzpatrick et al., 1990; Shank et al., 1993; Gruetter et al., 1994
and 1998; Rothman et al., 1999). However, other 13C labeled compounds have been
used in cell cultures (Sonnewald et al., 1993a+b and 1996a; Bakken et al., 1998;
Waagepetersen et al., 1999b), brain slices (Badar-Goffer et al., 1990 and 1992) and in
animals in vivo (Cerdan et al., 1990; Kiinnecke et al., 1993; Hassel et al., 1995a).

The natural abundance of "*C is only 1.1% and the sensitivity is 0.02, which makes
studies of endogenous *C containing metabolites very difficult, unless they occur in
large amounts. These features do, however, make the *C nucleus perfectly suited for

experiments using '°C labeled precursors to study metabolic pathways with little
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background interference from endogenous metabolites. Using '*C MRS it is possible to
identify the position of the "*C atom within a molecule. This property results from the
fact that different '*C atoms within a molecule experience small perturbations in the
local magnetic field around the nucleus depending on the immediate physiochemical
environment (due to the electrons surrounding the nucleus) therefore each nucleus will
resonate at an unique Larmor frequency. The frequency scale at which the nuclei are
measured is called the chemical shift and is given in units of parts per million (ppm) of
the applied magnetic field (B), and has the advantage of being independent of magnet
strength. In the present studies the chemical shift range was 200 ppm. Often in '>C MRS
an exogenous or endogenous reference compound is used. Furthermore, unlabelled
substances in high concentrations can be added to the solution and a *C MR spectrum
obtained utilizing the naturally occurring *C for confirmation of peak assignments.
Identification of the different peaks in the "*C spectra are usually based on previous
reports (see f.ex. Fan, 1996).

The sensitivity of *C MRS is so low that considerable acquisition time is usually
required to produce useful spectra. The low sensitivity of '*C MRS is further reduced by
splitting of some resonances into several peaks due to coupling between neighboring 'H
and "°C atoms. This is called heteronuclear spin-spin coupling, and makes the spectra
very complex. To avoid this, '°C MR spectra are usually proton decoupled (broad-band
decoupled). In the proton decoupled spectra all carbon nuclei give single peaks, as long
as they are not coupled to other MR active nuclei, such as another >C nucleus (see
below). In addition, the signal will be amplified by the nuclear Overhauser effects (nOe)
in proton decoupled spectra (for details see Chp. 10, Friebolin, 1998). nOe effects
depend on conditions influencing relaxation such as the number of protons covalently
bound, and will therefore vary from nucleus to nucleus, making it impossible to obtain
the theoretically estimated maximum nOe value of 2.98 in '*C MRS experiments with
broad-band decoupling. The different nOe are together with different relaxation times
the most important sources of error in *C MRS. nOe can be suppressed by
implementing inverse gated decoupling, which is done by applying proton decoupling
only during acquisition in order to avoid nOe to build up. This will, however, decrease

the signal intensity, and a larger number of scans will be necessary. By combining
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proton (broad-band) decoupling and inverse-gated decoupling measurements in a few
samples it is possible to get correction factors for the nOe of different atoms relative to
the reference compound added. The correction factors can then be applied to all spectra.
The occurrence of two adjacent ">C atoms, leading to homonuclear spin-spin coupling,
causes splitting and displacement of the resonance from the central single resonance that
is present if the '>C atom were alone. *C-">C spin coupling patterns make the detection
of label incorporation unambiguous since the probability of having two naturally
occurring ">C atoms adjacent in the same molecule is very small (0.01%).

The best spectral resolution in *C MRS is obtained using protein free extracts of brain
tissue (Morris et al., 1986; Badar-Goffer et al., 1990; Cerdan et al., 1990; Shank et al.,
1993), and thus the metabolic pathways in the brain can be studied in detail based on
isotopomer analysis. An isotopomer is an isotope isomer, i.e. a compound enriched with
1*C atom(s) in one or more positions. In the '*C MR spectra the position of >C atoms
within a variety of compounds can be discerned. Because the labeling of various carbon
positions within a compound (usually an amino acid) depends on different enzymatic
pathways, some of which are purely neuronal or glial, the metabolic fate of the *C
labeled compound can be followed in great detail. It has been demonstrated ir vitro that
neuronal and astrocytic metabolism can be studied simultaneously by superfusion of
brain slices with ">C labeled glucose and acetate (Badar-Goffer et al., 1992; McLean et
al., 1993; Taylor et al., 1996). In the present work concurrent administration of [1,2-
BC]acetate and [1-13C]glucose to rats in vivo followed by ex vivo BC MRS of
deproteinized brain extracts was employed for the first time.

A model of the compartmentation of glucose and acetate metabolism in the brain is
shown in Fig. 2, and the labeling patterns in glutamate, glutamine and GABA resulting
from [1,2-"*Cacetate and [1 -BCglucose metabolism are shown in Fig. 3. For more
details see also section 1.1.4.

[1,2-"*C]Acetate is metabolized by astrocytes (Van den Berg, 1973) due to the presence
of a specific acetate carrier on these cells (Waniewski and Martin, 1998). In the
astrocyte [1,2-">Clacetate is converted by acetyl CoA synthetase (EC 6.2.1.1) to double
labeled acetyl CoA which enters the TCA cycle, and finally [4,5-">C]glutamate can be
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formed (Fig. 2 and 3). [4,5-*C]Glutamate is rapidly converted to [4,5-”C]glutamine by
the glia specific enzyme GS. Glutamate is present only in low concentrations in
astrocytes (Ottersen, 1989; Ottersen et al., 1992). [4,5-"*C]Glutamine is released from

astrocytes and taken up by neurons.

Glucose Acetate Glucose

Pyruvate

ASTROCYTE NEURON

Fig. 2. Model of the astrocytic and neuronal compartments. Please note that the neuron
depicted is a non-existing neuron using both glutamate and GABA as neurotransmitters.
Furthermore, the enzymes have not been place in the correct subcellular location. For detailed

explanation see also section 1.1.4.

In glutamatergic neurons direct conversion of [4,5-"*C]glutamine by PAG results in
[4,5-"*C]glutamate formation. In GABAergic neurons [4,5-*C]glutamate can be further
directly metabolized by GAD to [1,2-”C]GABA (Fig. 2 and 3). Astrocytes metabolize

glucose to a lesser extent than neurons, but in these cells pyruvate from [1-"*C]glucose
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can enter the TCA cycle via the astrocyte specific anaplerotic enzyme PC, and will then

give rise to [2-"C]glutamate and subsequently [2-'"*C]glutamine (Fig. 3).

Labeling patterns from [1-'*C|glucose Labeling patterns from [1,2-13C] acetate
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Fig. 3. The isotopomers arising from [1-13C]glucose and [1,2-13C]acetate metabolism.

13C labeling of glutamate, glutamine and GABA from [1-13C]glucose via ¢ PDH or O PC
activity, and e from [1,2-13C]Jacetate.

Neurons metabolize primarily glucose (Van den Berg, 1973; Kiinnecke et al., 1993). [1-
13C]glucose enters the neuronal TCA cycle as single labeled acetyl CoA derived from
pyruvate solely via the activity of pyruvate dehydrogenase (PDH; EC 1.2.4.1) and
results in [4-"*C]glutamate formation (Fig. 2 and 3). The majority of glutamate is found
in glutamatergic neurons (Ottersen, 1989; Ottersen et al., 1992). Astrocytes will take up
[4-"Clglutamate released ~ from neurons and convert it to [4-"Clglutamine.
Alternatively, [4-1 Clglutamate enters the astrocytic TCA cycle. In GABAergic neurons
[4-*C]glutamate is rapidly converted to [2-PC]GABA, and very little glutamate is
present in these neurons (Ottersen, 1989; Ottersen et al, 1992; Martin and Rimvall,
1993). The relative contribution from the neuronal and the astrocytic compartment in
glutamate, glutamine and GABA formation can be derived from analysis of the total

amount and the distribution of label in the different isotopomers (Taylor et al., 1996).
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2.2.3 Diffusion weighted MR imaging (DWI)

DWI has shown great promise in the evaluation of acute cerebral ischemia. In DWI it is
the diffusion of water protons in the absence of any concentration gradient, i.e. random
thermal motions, often called Brownian motion, which is mapped. The overall principle
of DWI is that the spatial location of the water molecule is tagged so that any movement
of the water molecule during the time of observation results in signal loss. This is
achieved by applying very strong field gradients, called diffusion gradients, with
increasing strength to a standard MR sequence, for instance a T2 weighted spin echo
sequence. In the simplest type of DWI sequence two diffusion gradients are applied. The
first of these diffusion gradients (the dephasing gradient) causes the spinning protons to
fall out of phase with one another. The second diffusion gradient (the rephasing
gradient) rephases the protons completely with one another only if there were no
movement of the water molecules between the application of the two diffusion
gradients. The further the water has moved, the more out of phase it will be, and the
more signal attenuation will occur. As a result areas of high diffusion will appear dark,
and areas with low diffusion bright. The amount of signal loss is related to the
magnitude of the molecular translation, i.e. the net diffusion, and to the strength of the
diffusion weighting. The strength of the diffusion gradient is expressed in b-values.
Because of; the restricted diffusion in biological tissue, self-diffusion of water is referred
to as apparent diffusion and can be quantitatively described by the apparent diffusion
coefficient (ADC). The ADC of water is calculated from the slope of the curve obtained
by plotting signal intensity versus the b-value used. At least two b-values are required,
one of which can be b= 0.

In acute cerebral ischemia diffusion is reduced. This was first demonstrated by Moseley
and his group in the cat in 1990 and by Warach and co-workers in humans in 1992,
Several theories have been proposed to explain the biophysical mechanisms causing
restricted diffusion in ischemia, but only two have been commonly acclaimed. The
leading theory suggests that the reduced diffusion observed in acute cerebral ischemia
results from the formation of cytotoxic edema (Moseley et al, 1990a and b
Mintorovitch 1991; Benvensite et al., 1992). Cytotoxic edema results in an increased

fraction of water protons in the intracellular space where diffusion is slower, and
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correspondingly less water protons in the extracellular compartment with faster
diffusion (Schuier and Hossmann, 1980). In the second theory developed by Norris et al.
(1994), it has been suggested that cytotoxic edema causes entrapment of extracellular
water in non-contiguous small pockets between the cells, which results in the
extracellular water experiencing the same diffusion properties as intracellular water.

DWI hyperintensity has been observed as eatly as 2.5-6 min after arterial occlusion in
cat and rat (Moseley et al., 1990a and b; Minematsu et al., 1992; Davis et al., 1994; Li et
al., 1998), at which time there is no sign of histological damage (Benveniste et al., 1992;
Knight et al., 1994). Ischemia induced ADC drop is observed at CBF values around 41
ml/100g/min at the beginning of the ischemic insult, but with increasing duration of
ischemia ADC changes are detected at higher CBF values (Hoehn-Berlage et al., 1995;
Kohno et al., 1995; Mancuso et al., 1995). ADC values continue to decrease for 24
hours after ictus to a level of about 50-60% of control values (Hoehn-Berlage et al.,
1995). Regression of DWI hyperintesity has been reported to occur with reperfusion
after 33-60 min of MCAO (Mintorovicht et al., 1991, Miiller et al., 1995; Davis et al.,
1994). However, the hyperintensity, which was first normalized after reperfusion, has
been shown to reappear 24 hours later (Li et al., 2000). In cerebral ischemia the decrease
in ADC precedes the changes on T2-weighted images by at least 2-3 hours
(Mintorovitch et al., 1991; Moseley et al., 1990a and b; Lansberg et al., 2001) which

coincides with the beginning formation of vasogenic edema.
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3. Aim of study

Primary aims:

1. Development of a method for studying neuronal and astrocytic metabolism and
trafficking of metabolites between these compartments simultaneously during
MCAO by combining in vivo injection of [1-"*C]glucose and [1,2-"*C]acetate with ex
vivo *C MRS (Papers I-V). '

2. Using the method to identify differences in neuronal and astrocytic metabolism and
intercellular trafficking in vivo in two anatomical regions suffering severe and
moderate ischemia respectively (Papers I and V).

Secondary aim:

1. Evaluate the effect of pharmacological neuroprotection in a rat model of middle

cerebral artery occlusion using diffusion-weighted MRI (Paper VI).
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4. Synopsis of Papers

L. Haberg A, Qu H, Haraldseth O, Unsgard G, Sonnewald U (1998) In vivo injection of
[1-°CJglucose and [1,2-5C Jacetate combined with ex vivo *C NMR spectroscopy: A
novel approach to the study of MCA occlusion in rat. J Cereb Blood Flow Metab 18:
1223-1232

Rats were subjected to permanent MCAO. At 75 min after on-set the fully awaken rats
received an iv. bolus injection of [1-"*C]glucose and [1,2-®CJacetate. The rats were
decapitated 15 min later into liquid N,. From the frozen brains 3 mm slices were cut,
and from these the lateral caudoputamen plus lower parietal cortex, and the upper
frontoparietal cortex from both hemispheres were sampled, aiming at representing
severely and moderately ischemic tissue respectively. Then brain samples were
extracted and analyzed with '*C MRS and HPLC. Distinct changes in glutamate and
GABA metabolism, in astrocytic metabolism, as well as in neuro-astrocytic trafficking
were identified in the regions suffering moderate and severe ischemia. The findings
demonstrated that this approach can be used in the study of cerebral intermediary
metabolism and intercellular trafficking during MCAOQ, and that the method is sensitive
enough to reveal differences in metabolism within discreet regions suffering varying

degrees of ischemia.

IL. Haberg A, Qu H, Bakken IJ, Sande LM, White L, Haraldseth O, Unsgard G, Aasly J,
Sonnewald U (1998) In vitro and ex vivo °C NMR spectroscopy studies of pyruvate
recycling in brain. Dev Neurosci 20: 289-398

Incubating astrocyte cultures with [U-'*C]glutamate and subsequently analyzing cell
extracts and media with '*C MRS demonstrated that pyruvate recycling takes place in
astrocytes in vitro. In the animal experiment, [1,2-'*CJacetate was administered to rats
in vivo either subcutanously or intraperitoneally followed by ex vivo '*C MRS of the
cerebral cortices and plasma. The results suggeste that pyruvate recycling is found in

astrocytes also in vivo, but the activity of this pathway is very low.
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IIL. Haberg A, Qu H, Haraldseth O, Unsgard G, Sonnewald U (2000) In vivo effects of
adenosine A; receplor agonist and antagonist on neuronal and astrocytic intermediary
metabolism studied with ex vivo '*C NMR spectroscopy. J Neurochem 74: 327-33

Cerebral acetate metabolism has been suggested to induce adenosine formation and
subsequent activation of A, receptors. Fasted rats received adenosine A, receptor agonist
(CCPA), antagonist (DPCPX) or vehicle iv., followed 15 min later by either [1-
13C)glucose or [1,2-"CJacetate intraperitoneally. DPCPX was shown to exert profound
effects on both neuronal and astrocytic amino acid synthesis and degradation. CCPA
only reduced the contribution from astrocytic anaplerotic activity in glutamate
formation. Finally, no adenosine A; receptor effects arising from cerebral acetate

metabolism were detected.

IV. Qu H, Héiberg A, Haraldseth O, Unsgérd G, Sonnewald U (2000) *C MR
spectroscopy study of lactate as substrate for rat brain. Dev Neurosci 22: 429-436
Cerebral lactate metabolism was studied in fasted rats receiving either 0.3 M [U-*C]
lactate or 0.15 M [U-"C] glucose iv. After 15 min the rats were decapitated into liquid
N,. Brain and plasma extracts were analyzed with *C MRS and HPLC. Neuronal
metabolism of acetyl CoA from glucose was estimated to account for at least 2/3, and
glia less than 1/3 of the total cerebral glucose consumption. Lactate crossed the BBB
and was more avidly metabolized by neurons than astrocytes. Furthermore, the results

suggest that lactate entered preferentially into glutamatergic neurons.

V. Haberg A, Qu H, Swther O, Unsgard G, Haraldseth O, Sonnewald U (2001)
Differences in neurotransmitter synthesis and intermediary metabolism between
glutamatergic and GABAergic neurons during 4 Hours of MCAQ in the rat. The role of
astrocytes in neuronal survival. Under revision for J Cereb Blood Flow Metab.

Rats were subjected to permanent MCAO lasting 30, 60, 120 or 240 min, and the
changes in neuronal and astrocytic metabolism during ischemia were analyzed using the
method in Paper L. In the severely ischemic tissue both neurons and astrocytes had
impaired metabolism from 30 min of MCAO. The normal equilibrium in the glutamate-

glutamine cycle was greatly disturbed as indicated by mismatch between reduced
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glutamate synthesis and re-uptake on one hand, and increased glutamate consumption
and loss in to systemic circulation and CSF on the other hand. In GABAergic neurons
astrocytic precursors were not used in GABA synthesis at any time after MCAO, and
neuronal glucose metabolism and GABA-shunt activity declined with time. At 240 min
of MCAO no flux through the tricarboxylic acid cycle was found in GABAergic neurons
indicating neuronal death. In moderately ischemic tissue signs of decreased astrocytic
metabolism were first seen at 120 min of MCAO. In glutamatergic neurons there was a
progressive decline in glucose metabolism, but the neurotransmitter pool of glutamate
coming from astrocytic glutamine was relatively preserved, implying that glutamine
contributed significantly to glutamate excitotoxicity. In GABAergic neurons astrocytic
precursors were used to a limited extent during the initial 120 min, and there was
continued tricarboxylic acid cycle activity for 240 min. These results suggested that
changes in the utilization of astrocytic precursors in neuronal metabolism during
ischemia contribute significantly to neuronal death, although through different

mechanisms in glutamatergic and GABAergic neurons.

VI. Haberg A, Takahashi M, Yamaguchi T, Hjelstuen M, Haraldseth O (1998)
Neuroprotective effect of the novel glutamate AMPA receptor antagonist YM872
assessed with in vivo MR imaging of rat MCA occlusion. Brain Res 811: 63-70

The neuroprotective effect of 4 h versus 24 h of post-ischemic administration of the
AMPA antagonist, YM872, was evaluated in permanent MCAO in rats. YM872
significantly reduced the volume of ischemic tissue measured with DWI 4 1/2 hour after
MCAO as compared to control rats. After 24 h the infarct volume, based on T2
weighted MRI and histopathological assessment, was significantly smaller only in rats
receiving YM872 treatment for 24 h compared to both the 4 h treatment group and the

control group.
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5. Discussion

The principal aim of this work was to establish a method for the study of neuronal and
astrocytic metabolism in vivo during cerebral ischemia. This was done by combining in
vivo injection of °C labeled glucose and acetate in rats subjected to MCAO with ex vivo
C MRS of brain and plasma extracts. There are several aspects of this methodology
which need closer examination before this approach to the study of MCAO can be
endorsed. Validation of the method, based on results obtained in the present work and
by others, is thus discussed first before a brief recount of the major findings from the

ischemic rat brains.

5.1 Validation of method

5.1.1 Supply of labeled substrates

5.1.1.1 Fasting and extracerebral substrate metabolism

Extra cerebral formation of newly labeled substrates from the originally labeled glucose,
acetate or lactate administered may be used in the cerebral metabolism and thus interfere
with the interpretation of the isotopomer data. Plasma samples were analyzed in order to
evaluate the extent of synthesis of labeled substrates from [1-C]- and [U-”C]glucose,
[1,2-"*CJacetate and [U-">C]lactate.

All rats were fasted over night in order to control plasma glucose levels, thereby
minimizing variability. However, fasting influences the rate of gluconeogenesis. Label
from glucose and acetate (and lactate) can be incorporated into glucose via
gluconeogenesis, resulting in new glucose isotopomers. Moreover, the Cori and alanine
cycles as well as the presence of pyruvate recycling and futile cycling in the liver lead to
non-symmetrical scrambling of label in glucose (Katz and Rognstad, 1976). The present
studies demonstrated that label from [1-C]-, [U-"*C]glucose and [1,2-"CJacetate was
introduced into newly synthesized glucose within 15 min in fasted rats. [U-C]glucose
gave rise to [1,2-" Clglucose (Paper IV), and label from [1,2-'*CJacetate was detected in
plasma glucose C-la. (Paper II) as well as in [2,3-°C]- and [4,5-*C]glucose (Paper I
and V). [1-"*C]glucose was only about 1% enriched from [1,2-"*CJacetate, making the

contribution from [1,2-"*CJacetate to [1-"*C]glucose minimal since [1-C]glucose was
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around 50% enrichment (Paper I). No [1,2-"Cl- or [5.6-"*C]glucose were detected
(Paper I, I and V). Such isotopomers would have labeled cerebral amino acids similarly
to [1,2-"*C]acetate.

The presence of single labeled acetate may also interfere with label interpretation as [2-
B(Clacetate gives rise to the same labeling patterns as [1-1*C]glucose. However, the
amount of single labeled acetate was estimated to make up about 5% of total the acetate
concentration which was less than 1/5 of the glucose concentration (Paper I), thus [2-
3Clacetate did not contribute significantly to amino acid labeling as compared [1-
BC)glucose.

Significant labeling of plasma lactate originating from labeled glucose was detected in
fasted rats (Paper IV) in line with results from fasted mice (Hassel and Brathe, 2000).
Labeled lactate was also detected after simultaneous administration of [1-"C]glucose
and [1,2-"*Cacetate (Paper I and V). However, plasma lactate in rats receiving both
glucose and acetate was less enriched than in rats receiving only glucose (Paper I, IV
and V), perhaps owing to reduced glycolysis produced by the simultaneous fatty acid
oxidation (Anderson and Bridges, 1984).

Label in amino acids in plasma was not quantifiable (Paper I, IV and V). This is in
accordance with previous results (Gaitonde et al., 1965; Vrba, 1962) and is due to
conversion of glucose into amino acids in the brain proceeding at a rate several times
higher than in all other organs.

In conclusion, using the current set-up extracerebral metabolism of [1-*C]glucose and
[1,2-"*CJacetate does not result in significant amounts of newly labeled substrates for
the cerebral metabolism.

5.1.1.2 Cerebral uptake of labeled substrates

The supply of the peripherally administered glucose, acetate and lactate to the brain
tissue for further metabolism depends on BBB penetrance for each compound and CBF,
as both critically influence the rate of exchange of substances between blood and brain
tissue.

Glucose is avidly taken up by the brain via facilitated transport mediated by

stereospecific, insulin-independent GLUT-1 transporters which are present in high
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concentrations in brain capillary endothelial cells (Maher et al., 1994), Acetate and
lactate are transported by separate stereospecific systems (Pardridge, 1983; Gerhart et
al., 1997), and the entry rate of these substances is considered to be significantly lower
than that of glucose. However, disagreement exists as to the permeability of the adult
BBB to lactate and acetate (Oldendorf, 1973; Nemoto et al., 1974, Partridge, 1983;
Harada et al., 1992, Clarke and Sokoloff, 1999). The results from the fasted rats
receiving [U-"*C]lactate or [U-"C]glucose confirmed that glucose is taken up more
avidly by the brain, but also lactate crossed the BBB and was further metabolized there
(Paper IV). Similar results were obtained in mice (Hassel and Bréthe, 2000). [1,2-
PClAcetate was also rapidly taken up into the brain, but plasma concentrations
appeared to seriously influence its availability as cerebral substrate (Paper 1I).

The presence of an intraluminal filament occluding the origin of the middle cerebral
artery did not completely stop the supply of labeled substrates, as the total amount of [1-
BClglucose was significantly increased in ischemic brain tissue at all times after
MCAO, and the concentration of unmetabolized [1,2-'3C]acetate increased with time
(Paper I and V). The existence of a rich network of end-to-end anastomoses connecting
branches of the middle, anterior and posterior cerebral arteries at the surface of the rat
brain (Coyle and Jokelainen, 1982) most likely played an important role in the continuos
supply of labeled substrates to the ischemic brain tissue (Paper I and V). During
neonatal life in rodents abundant collaterals between distal branches of the middle,
anterior and posterior cerebral arteries do not undergo regression to the same extent as
in primates (Coyle, 1975), but the gross vascular anatomy of rodents and primates is the
same. Previous studies have also shown that glucose enters into both severely and
mildly ischemic tissue after MCAO in the rat (Nowicki et al., 1988; Shiraishi et al.,
1989; Belayev et al., 1997). Accumulation of unmetabolized acetate has been detected
in ischemic brain tissue in a model of combined global and focal ischemia (Pascual et
al., 1998). The current studies clearly showed that the peripherally administered [1-
”C}glucose and [1,2-”C]acetate did reach the ischemic brain tissue in sufficient

quantities. Moreover, the presence of markedly elevated [1-"*C]glucose and [1,2-
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”C]acetate levels in the ischemic tissue demonstrated that reduced metabolism is an

important consequence of reduced CBF.

5.1.2 Cerebral metabolism of labeled substrates

3.1.2.1 Cerebral glucose and acetate metabolism

The validity of systemic administration of labeled glucose and acetate for the study of
neuronal and astrocytic metabolism relies on glucose being predominantly metabolized
by neurons and acetate by astrocytes, which again depends on heterogeneous
distribution of enzymes and transporter proteins between these two cellular subtypes. It
is conceivable that some of these features may change during MCAO. As previously
noted acetate is converted to acetyl CoA by acetyl CoA synthetase. This enzyme is
found in both astrocytes and neurons, and actually has higher activity in synaptosomes
than in astrocytes (Waniewski and Martin, 1998). The preferential utilization of acetate
by astrocytes is attributed to the presence of a specific monocarboxylate transporter on
astrocytes (Waniewski and Martin, 1998). Ischemia may alter the neuronal cell
membrane, making it more permeable to acetate, causing acetate metabolism to take
place in both cellular compartments. The total amount of [4,5-"°C]glutamine was
invariably larger than the total amount of [4,5-"°C]glutamate during MCAQ in both
ischemic regions, and the acetate/glucose utilization ratio in glutamine was always
greater than iﬁ glutamate (Paper I and V). Furthermore, labeling in [1,2-*C]JGABA was
not detected in the ischemic lateral caudoputamen and lower parietal cortex (Paper V).
These data indicate that acetate metabolism took place in the astrocytic compartment
also during ischemia.

From hepatocytes and myocytes it is well known that cytosolic and mitochondrial
enzymes leak out in response to cell injury and/or necrosis. During MCAO it is likely
that neuronal and astrocytic enzymes enter into the extracellular space. The presence of
active glial and neuronal specific enzymes outside the compartments of origin will make
the isotopomer analysis used presently misleading. Fortunately, the astrocytic enzymes
GS and PC are ATP dependent. In addition, acetyl CoA synthetase witch metabolizes
acetate is also ATP dependent. Extracellular acetate metabolism, glutamine formation

and anaplerosis thus appear unlikely. PAG activity in the extracellular space may cause
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extracellular glutamate formation, but PAG is located to the inner mitochondrial
membrane and since there is limited cell necrosis present until six hours after MCAO
(Bartus et al.,1995; Garcia et al., 1995), the presence of significant amounts of PAG in
the extracellular space during the first four hours of MCAO seems unlikely. GAD which
is a cytosolic enzyme may, however, be relocated to the extracellular space.
Extracellular GABA formation may ensue since this enzyme is stimulated by ischemic
conditions (Tursky, 1970; Erecinska et al., 1996).

In summary, acetate was metabolized by astrocytes also during MCAO, and the glial
specific enzymes appeared to remain intracellularly, indicating that the astrocytic
compartment can be described by the same metabolic pathways during four hours of
MCAO as in the control situation. However, GAD which is a marker for the neuronal
compartment may be active also extracellularly during MCAO.

3.1.2.2 Alternative metabolic pathways

5.1.2.2.1 Pyruvate recycling

Synthesis of pyruvate from part of the carbon skeleton of TCA cycle intermediates
originating from labeled glucose, acetate or lactate, called pyruvate recycling (see
section 1.1.2), will interfere with the interpretation of the labeling patterns (Paper I and
I). Pyruvate recycling will result in [1-"C]- and [2-'*CJacetyl CoA formation from
[1,2-®C]acetate, and thereby labeling coming from [1,2-">Clacetate will appear as
labeling from [1-'3C]glucose (Paper II). If pyruvate recycling were an important
metabolic pathway in the brain, simultaneous injection of [1—'3C]glucose and [1,2-
BClacetate cannot be used as a tool to differentiate between neuronal and astrocytic
metabolism. The '*C enrichment in glutamate and glutamine C-4 singlet and in GABA
C-2 singlet after [1,2-">Clacetate administration demonstrated that pyruvate recycling
took place in the rat brain, but that the activity of this pathway was very low (Paper II).
Furthermore, the activity of pyruvate recycling has been shown to be reduced in acute
ischemia in a model of combined focal and global ischemia (Pascual et al., 1998). Based
on these results it appears unlikely that [1,2-"*Clacetate metabolism via pyruvate
recycling contributes significantly to labeling of [4-”C]glutamate/glutamine and [2-

C]GABA in the brain during MCAO.
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The results from cell cultures and animal experiments in our laboratory (Paper II;
Sonnewald et al., 1996a; Bakken et al., 1997) and by others indicate that pyruvate
recycling takes place in astrocytes (Hassel and Sonnewald, 1995), which is at variance
with the results reported by Cerdan’s group (Cerdan et al., 1990; Kiinnecke et al., 1993;
Cruz and Cerdan, 1999).

5.1.2.2.2 Other pathways

In the brain metabolic pathways other than the TCA cycle exist where label from [1-
PClglucose and/or [1,2-"*Clacetate may enter, and thus label can either be lost or
scrambled into new positions in the amino acids under investigation.

The pentose phosphate pathway utilizes glucose, but by using [1-*C]glucose label is
almost quantitatively retained for 10 min after iv. injection in rats (Hawkins et al.,
1985), and subsequently only a small proportion of label (<5%) enters this pathway.
However, the activity of the pentose phosphate pathway has been suggested to increase
in ischemia (Ben-Yoseph et al., 1995 and 1996), thus some label from [1-"*C]glucose
may have been lost in this reaction during MCAO.

Cerebral lipid synthesis may also interfere with the interpretation of labeling patterns.
Citrate produced from either [1-"*C]glucose or [1,2-*C]acetate in the mitochondria is
transferred to the cytosol and cleaved by ATP citrate lyase (EC 4.1.3.28) yielding
oxaloacetate and acetyl CoA, which in turn can re-enter the TCA cycle. The activity of
ATP citrate lyase is considered to be especially high in glia (Van den Berg and Ronda,
1976), but only about 2% of the glycolytic flux is directed towards lipid synthesis under
control conditions (Sokoloff and Clark, 1999). Using the present experimental set-up, it
is mainly label from [1,2-">CJacetate entering into the initial step of free fatty acid
synthesis for subsequently to re-enter the TCA cycle as single labeled acetyl CoA, which
will interfere with isotopomer analysis. Increased activity of this pathway will for
instance, lead to overestimation of PC/PDH activity. However, acetate metabolism via
this pathway has been observed to a limited extent in mice in vivo 15 min after iv
injection (Hassel et al., 1995a).

Backflow of TCA cycle intermediates, i.e. flow backward from oxaloacetate to

fumarate, is also possible. This pathway would be thermodynamically favorable during
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ischemia. If ischemia increased the backflow significantly, PC activity cannot be
estimated reliably.

PC is considered the predominant anaplerotic pathway in the brain, and is located to the
astrocytic compartment. However, neuronal anaplerotic activity has been described via
mitochondrial malic enzyme in neurons in mice in vivo (Hassel and Brathe, 2000). In
rats there were no indications of neuronal anaplerosis in vivo (Paper IV). Thus the
anaplerotic activity detected in the present studies may be regarded as derived from
astrocytic PC activity alone.

From the above it is obvious that there are alternative metabolic pathways into which [1-
1Clglucose and [1,2-"*CJacetate may enter, leading to loss of label or the introduction
of label into new positions in amino acids thereby complicating the isotopomer analysis.
It is especially labeling of amino acids in the second and subsequent turns of the TCA
cycle which has to be interpreted with the existence of these alternative pathways in
mind, but also errors in the estimation of PC versus PDH activity is easily produced by
changes in the activity of the pathways discussed above.

1.2.3 Cerebral effects of acetate infusion

The use of acetate for the study of cerebral metabolism depends on acetate being an
inert probe not affecting cerebral processes. It has been suggested that cerebral acetate
metabolism leads to increased adenosine formation (Carmichael et al., 1991 and 1993).
Adenosine is considered to be a neuromodulator (Linden, 1999) which decreases the
release of a broad range of neurotransmitters (Fredholm and Dunwiddie, 1988). These
features of adenosine have lead to the assumption that adenosine is an endogenous
neuroprotective substance (Rudolphi et al., 1992). However, in the present work no
adenosine effects arising from acetate metabolism were observed (Paper III), concurring
with results from other groups (Bundege and Dunwiddie, 1995: Fredholm and Wallman-
Johansson, 1996). The tendency to liec down observed in rats receiving high doses of
acetate (1.0 g/kg) was most likely connected to the depressed cardiac contractility and
reduced blood pressure following bolus injections of acetate (Kirkendol et al., 1977).
Furthermore, the administration of acetate has been reported to produce an array of
adverse symptoms such as nausea, headache, confusion, dizziness and general weariness

(Graefe et al., 1978; Diamond and Henrich, 1987). It should be noted that no behavioral

43



changes were observed in rats after iv. administration of 0.3 mM [1-"*C]glucose and
[1,2-"C]acetate, which corresponds to 0.25 g acetate per kg rat.

Acetate administration has also been shown to increase the content of glutamate and
GABA in mice (Hassel et al., 1995a), but in the current work using rats no effect of
acetate on amino acid levels was observed (Paper III).

Finally, acetate has been found to specifically reduce glucose incorporation into the
TCA cycle via PDH activity in the heart (Randle et al, 1970). Whether acetate also
inhibits PDH activity in the brain has to my knowledge not been studied. If such PDH
inhibition were present in the brain, it is conceivable that co-administration of acetate
and glucose leads to inhibition of glucose utilization via PDH in the astrocytic TCA
cycle, thereby improving the specificity of glucose as a neuronal marker.

In conclusion, acetate can be regarded as an inert probe for the study of cerebral
metabolism in rats.

1.2.4 Cerebral effects of glucose infusion

It is generally accepted that hyperglycemia aggravates cerebral injury in ischemia
(Candelise et al., 1985; Bruno et al., 1999;. In order to control plasma glucose levels all
rats were fasted over night. Local cerebral glucose utilization has been shown not to be
affect by fasting (Sokoloff et al., 1977). However, bolus injection of [1-"*C]glucose and
[1,2-'3C]acetate led to a rapid increase in plasma glucose to approximately 18 mM at 15
min after infusion (Paper I and V). Acute hyperglycemia has previously been shown not
to alter cerebral glucose metabolism (Duckrow and Bryan, 1987). In animal models of
permanent focal cerebral ischemia, acute hyperglycemia occurring after onset of
ischemia has been reported to be deleterious (Prado et al., 1988), beneficial (Ginsberg et
al., 1987; Choi et al., 1994) and also to have no effect (Nedergaard and Diemer, 1987)
on final infarct volume. Hyperglycemia may also alter glucose metabolism. Actually
both increased and decreased glucose metabolism has been demonstrated surrounding
the ischemic core in hyperglycemic rats (Nedergaard et al., 1988). Except for increased
metabolism of glucose via PC activity at 60 min of MCAOQ in the ischemic lateral
caudoputamen and lower parietal cortex, glucose metabolism via the TCA cycle was
consistently reduced during MCAO (Paper I and V). The current infusion scheme, with

15 min from glucose administration to decapitation was chosen in an attempt to
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minimize any adverse effects hyperglycemia may have on the evolution of ischemic
tissue damage and on the cerebral metabolism.,

1.2.5 Effects of isoflurane anesthesia on cerebral metabolism

Isoflurane decreases the cerebral metabolic rate while CBF increases, thereby
uncoupling the tight relationship that normally exists between cerebral metabolic rate
and CBF (Hoffman et al., 1991; Lenz et al., 1998). This observation has lead to the
assumption that isoflurane is neuroprotective, which is supported by results from animal
studies (Patel et al., 1995; Harada et al., 1999). In order to minimize possible effects of
isoflurane on cerebral metabolism and CBF during MCAO, isoflurane administration
was stopped at the time of MCAO in the present studies (Paper I,V and VI). However,
isoflurane was shown to affect both neuronal and astrocytic metabolism in vivo 30, but
not 60 min, after the anesthetic gas was turned off (Paper V). Furthermore, it was
demonstrated that isoflurane reduced the metabolism in subcortical structures more than
in pure cortical structures (Paper V), and that isoflurane reduced glutamate release in the
former region (Paper V). The latter finding is line with the putative neuroprotective role
of isoflurane.

These results underscore the importance of caution when interpreting data on cerebral
metabolism obtained during anesthesia. Using the current experimental set-up more than
15 min should ideally pass from the anesthetic agent was turned off until administration
of labeled glucose and acetate. It should, however, be noted that distinct changes
induced by ischemia were detected in rats at 30 min of MCAO (Paper V).

1.2.6 Effects of elevated body temperature

Hyperthermia aggravates the extent of neuronal injury in cerebral ischemia, and
increases morbidity and mortality (Ginsberg and Busto, 1998; Hajat et al., 2000). In the
present work increased body temperature was detected in all rats subjected to MCAO
(Paper VI). This is in line with results from other groups using the intraluminal filament
technique for MCAO (Zhao et al. 1994; Li et al., 1999). The hyperthermia arises from
ischemia in the medial hypothalamus (He et al., 1999). Elevated brain temperature is
also present in all patients with severe MCA infarction (Schwab et al., 1998), and about
60% of patients with cerebral ischemia have fever during the first 72 h after ictus

(Castillo et al., 1998). No effort was made to reduce body temperature to normal values
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during MCAO in the present studies. This may have accelerated the neuronal injury, and
had direct effects on the cerebral intermediary metabolism.

5.1.3 Other factors

1.3.1 Preservation of label and amino acid content during extract preparation

The optimal method for preservation of cerebral metabolites in situ is considered to be
funnel freezing (Pontén et al., 1973), which requires anesthesia and artificial ventilation.
As discussed above isoflurane anesthesia influences both glucose and acetate
metabolism. Decapitation and immediate immersion of the rat head in liquid N, was
used instead. Previous studies have shown that there was no label incorporation from [1-
BClglucose into glutamate and glutamine in rat brains when freezing was delayed with
2 min after death, but label was incorporated into GABA and aspartate (Shank et al.,
1993). Furthermore, glutamate, glutamine and aspartate levels have been shown to
remain constant for at least one hour after death in rat brains kept at 35°C, whereas
alanine and GABA concentrations increase significantly with time (Perry et al., 1981).
However, also aspartate synthesis has been shown to take place for several min
postmortem (Shank and Aprison, 1971). Based on these data GABA, alanine and
aspartate concentrations may have been increased, and label could be incorporated into
these amino acids after decapitation. However, the concentrations of glutamate,
glutamine, GABA, alanine and aspartate differed significantly between specific groups
of rats, as seen in Paper I, IIl and V, which indicate that the technique preserves the
original differences in amino acid content between the groups.

1.3.2 Amount of tissue sampled for *C MRS and choice of internal standard

There are some discrepancies between the findings in Paper I and V that most likely
arise from the modifications of the method used in Paper I compared to Paper V. In
Paper I the size of the slice selected for *C MRS was 3 mm thick, compared to 5 mm in
Paper V. Furthermore, a shift in internal standard from dioxane (Paper I) to
ethyleneglycol (Paper V) took place, making it possible to acquire spectra at half the
delay time used previously owing to the shorter relaxation time for ethyleneglycol.

No PC activity was detected in glutamine or glutamate in the lateral caudoputamen and
lower parietal cortex at 90 min of MCAO in Paper 1. In Paper V, however, PC activity

was found in glutamine and glutamate at 120 min of MCAO in the same region. There
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are three possible explanation. 1. The low sensitivity of °C MRS may have interfered
with the estimation of a small excess of label in the C-2 singlet position in
glutamine/glutamate compared to in the C-3 singlet position. This phenomenon may be
more prominent in smaller tissue samples. 2. The 5 mm thick slice in Paper V may have
included more better perfused tissue where astrocytic PC activity was greater. 3. The use
of ethyleneglycol as an internal standard in paper V resulted in improve spectral quality.

In Paper I some samples from the upper frontoparietal cortex needed to be pooled in
order to obtain useful >C MR spectra, This problem was not encountered in Paper V.

In conclusion, the spectral quality was greatly improved when sample size was increased
from 3 to 5 mm and ethyleneglycol was used as the internal standard. It should,
however, be noted that the 5 mm slice probably was more heterogeneous with regard to
degree of ischemia, at least in the early phase of MCAO.

1.3.3 Contralateral hemisphere or sham operated rats as control group

In studies of MCAO both the contralateral hemisphere and brains from sham operated
rats are used as controls. The contralateral hemispheres were used as control in Paper I,
and brain tissue from sham operated were used in Paper V. The results from the current
studies point to sham operated rats as the preferred control group. In Paper 1 [1,2-
BCIGABA was not present in quantifiable amounts in the samples taken from the
hemisphere ipsilateral nor contralateral to the to MCAO. In sham operated rats,
however, [1,2-13C]GABA was present. Analysis of the hemispheres contralateral to the
ischemic hemisphere in the rats in Paper V revealed that [1,2-*C]GABA was not
present in quantifiable amounts in this region before 120 min after MCAO (unpublished
data). This observation shows that focal ischemia altered cerebral metabolism in the
contralateral hemisphere, a phenomenon termed diaschisis (Andrews, 1991). The use of
the contralateral hemispheres as controls in studies of cerebral metabolism during
MCAO may thus lead to misinterpretation of the data obtained, thus making sham

operated animals the preferred control group.
5.2 Major findings

5.2.1 Changes in the glutamate-glutamine cycle during MCAO and its implications for

glutamate exitotoxicity.

47



The glutamate-glutamine cycle underwent marked changes after on-set of MCAO
(Paper 1 and V). In moderately ischemic tissue in the upper frontoparietal cortex,
glutamate content was at control levels throughout 240 min of MCAO, despite evidence
of increased glutamate oxidation and consumption of glutamate in glutamine, GABA
and alanine formation. Furthermore, glutamate synthesis from neuronal precursors was
markedly reduced from 30 min after MCAO. Direct conversion of glutamine to
glutamate was also slightly reduced, to the same level throughout 240 min of MCAO.
The contribution from astrocytic glutamine in glutamate formation was doubled at 240
min of MCAO. These results suggest that preservation of the glutamate content was
largely due to continued utilization of astrocytic precursors in glutamate formation. It
has previously been shown that astrocytic glutamine specifically replenish the
neurotransmitter pool of glutamate (Laake et al., 1995), from which glutamate release is
considered to originate in moderately ischemic tissue. The combination of continued
replenishment of vesicular glutamate and gradually declining neuronal TCA cycle
activity which was demonstrated currently, may render the neurons in the ischemic
upper frontoparietal cortex extremely vulnerable to glutamate excitotoxicity. In addition,
glutamate release further may have been accelerated further by the steadily increasing
glutamine levels detected in this region (Thanki et al., 1983; Szerb and O’Regan, 1985).
In conclusion, these results suggest that astrocytic glutamine contributes significantly to
glutamate excitotoxicity, and that glutamate excitotoxicity is continued beyond 240 min
after on-set of MCAO. This is supported by the findings in Paper VI, where
administration of the AMPA receptor antagonist, YM872, for four hours did not reduce
final infarct volume, whereas administration for 24 h did. Thus treatment with glutamate
antagonists has to be continued for an extended period of time, which bears important
implications for the use of such drugs in the clinical setting.

In the severely ischemic tissue in the lateral caudoputamen and lower parietal cortex,
administration of the AMPA receptor antagonist, YM872, did not reduce the extent of
infarction (Paper VI). This is in line with results from other groups (Gill and Lodge,
1994; Kawasaki-Yatsugi et al., 1998). The lack of efficacy of glutamate receptor
antagonist in rescuing the severely ischemic region points to other mechanisms as more

important in the development of cerebral infarction in this region. This notion is further
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supported by the steadily declining glutamate levels in this region after MCAO,
resulting from mismatch between glutamate synthesis and re-uptake on one hand, and
consumption and loss into systemic circulation and CSF on the other hand. Furthermore,
metabolism was reduced in both neurons and astrocytes from 30 min of MCAOQ, and at
240 min there was no TCA cycle flux in GABAergic neurons, giving additional

evidence of severely impaired cellular function in this region.

5.2.2 The role of astrocytes in neuronal survival during MCAO

A complex picture of the involvement of astrocytes in neuronal survival in focal
ischemia emerged from the present studies. Changes in the metabolic interactions
between neurons and astrocytes during focal ischemia were identified, and neuronal
utilization of astrocytic precursors and the metabolic activity of astrocytes appeared to
be important determinants for neuronal survival.

Alterations in the utilization of astrocytic glutamine seemed to contribute significantly
to neuronal death, although by different mechanisms in glutamatergic and GABAergic
neurons. The results from Paper I, V and VI suggested that astrocytic glutamine
contributed significantly to glutamate excitotoxicity in the moderately ischemic region
in the upper frontoparietal cortex. Thus continued supply of glutamine to glutamatergic
neurons, and the persistent conversion of glutamine to glutamate in these neurons
contributed to neuronal death by excitotoxicity. In GABAergic neurons, on the other
hand, there was complete stop in the use of glutamine in GABA formation. This was
probably an important factor leading to stop in TCA cycle flux, and thus death of the
GABAergic neurons in the lateral caudoputamen and lower parietal cortex at 240 min of
MCAO. In summary, both continued supply and utilization of astrocytic precursors as
well as cessation in the utilization of such precursors can be a major cause of neuronal
death in focal ischemia. In previous studies the presence of astrocytes and supply of
glutamine have been shown to both improve as well as reduce neuronal survival (see
section 1.2.4). Two possible mechanisms behind these conflicting observations have
been elucidated in the current work.

To further complicate the picture, normal astrocytic metabolism may be a prerequisite

for neuronal survival. In severely ischemic tissue in the lateral caudoputamen and lower
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parietal cortex, the first signs of reduced astrocytic metabolism was detected at 30 min
of MCAO, whereas in moderately ischemic tissue in the upper frontoparietal cortex
astrocytic metabolism was first reduced at 90-120 min of MCAOQ. Reperfusion within
30 min has been shown to rescue some of the lateral caudoputamen and lower parietal
cortex, whereas the upper frontoparietal cortex can be saved by reperfusion within 90-
120 min of MCAO (Memezawa et al., 1992b). These time points coincides with the
beginning signs of reduced astrocytic metabolism, suggesting that successful reperfusion
may depend on the presence of at least close to normal astrocytic metabolism.

In conclusion, the present work clearly demonstrated the paradoxical role of the
astrocyte in neuronal survival in ischemia. On one hand, changes in the normal
equilibrium between neuronal derived precursors and astrocytic derived precursors in
neurotransmitter synthesis significantly contributed to neuronal death. On the other

hand, neuronal survival may depend on the well-being of the astrocytic metabolism.

6. Conclusions

The present work demonstrated that neuronal and astrocytic metabolism, and trafficking
of metabolites between these two compartments can be studied in detail in regions of
severe and moderate ischemia using simultaneous administration of [1-"*C]glucose and
[1,2-Clacetate in vivo combined with ex vivo *C MRS and HPLC analysis. By
applying this approach the role of the astrocyte in glutamate excitotoxicity and in

neuronal survival in moderately and severely ischemic regions was further elucidated.
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Abstract

Astrocytes are intimately involved in both glutamate and GABA synthesis thus ischemia
induced disruption of normal neuro-astrocytic interactions may have important implications
for neuronal survival. The effects of middle cerebral artery occlusion (MCAO) on neuronal
and astrocytic intermediary metabolism were studied in rats 30, 60, 120 and 240 min after
MCAO using in vivo injection of [1-*C]glucose and [1,2-"3C]acetate combined with ex vivo
3¢ MR spectroscopy and HPLC analysis of the ischemic core (lateral caudoputamen and
lower parietal cortex) and penumbra (upper frontoparietal cortex). In the ischemic core both
neuronal and astrocytic metabolism were impaired from 30 min of MCAO. In glutamatergic
neurons there was a continuos loss of glutamate which was not replaced as neuronal glucose
metabolism and utilization of astrocytic precursors gradually declined. In GABAergic neurons
astrocytic precursors were not used in GABA synthesis at any time after MCAOQ, and neuronal
glucose metabolism and GABA-shunt activity declined with time. At 240 min of MCAO no
flux through the tricarboxylic acid cycle was found in GABAergic neurons indicating
neuronal death. In the penumbra the neurotransmitter pool of glutamate coming from
astrocytic glutamine was preserved while neuronal metabolism progressively declined
implying that glutamine contributed significantly to glutamate excitotoxicity. In GABAergic
neurons astrocytic precursors were used to a limited extent during the initial 120 min, and
tricarboxylic acid cycle activity was continued for 240 min. The present study demonstrated
the paradoxical role astrocytes play in neuronal survival in ischemia as changes in the use of
astrocytic precursors appeared to contribute significantly to neuronal death, although through
different mechanisms in glutamatergic and GABAergic neurons.

Key words: MCAO, glutamate, glutamine, GABA, astrocytes, 13¢ MRS
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Introduction

Astrocytes are intimately involved in both glutamate and y-aminobutyric acid (GABA)
synthesis, and changes in trafficking of metabolites between astrocytes and glutamatergic and
GABAergic neurons during ischemia in vivo may have important implications for neuronal
survival. In a previous paper on middle cerebral artery occlusion (MCAO) we showed that
astrocytic and neuronal intermediary metabolism as well as trafficking of metabolites between
'these two cellular compartments can be analyzed in great detail by combining in vivo injection
of 3C labeled acetate and glucose with ex vivo °C magnetic resonance spectroscopy (MRS)
of deproteinized brain extracts (Haberg et al., 1998a). In the present work this method was
used to identify changes in glutamate and GABA synthesis, and also in astrocytic metabolism
during the first four hours of MCAO. In cerebral ischemia glutamate excitotoxicity is
considered an important mediator of neuronal death (Choi, 1992; Meldrum, 2000). GABA, on
the other hand, is recognized as an endogenous neuroprotectant in the mature brain (Schwartz-
Bloom and Sah, 2001).

The lateral caudoputamen and lower parietal cortex, and the upper frontoparietal cortex
ipsilateral to the MCAO were analyzed separately to gain insight into regionally specific
alterations in the metabolic activity of glutamatergic and GABAergic neurons as well as
astrocytes. In MCAO induced with the intraluminal filament technique, the ipsilateral lateral
caudoputamen and lower parietal cortex are rendered severely ischemic, whereas the upper
frontoparietal cortex represents moderately ischemic tissue. The former is often referred to as
the ischemic core, and thelatter as the penumbra (Memezawa et al., 1992a; Back, 1998).
Inherent to the definition of the penumbra is the possibility of reversing the neuronal failure,
but with time the penumbra is incorporated into the ischemic core (Back, 1998). In the present
study neuronal and astrocytic tricarboxylic acid (TCA) cycle activity and utilization of

astrocytic intermediates for neurotransmitter synthesis in the two regions were followed



closely during the initial 240 min of MCAO in order to identify changes influencing neuronal
survival.

Materials and Method
Animal experiments
All animal procedures were conducted following an institutionally approved protocol in
accordance with the guidelines set by the Norwegian Committee for Animal Research.
Male Wistar rats (Mellegaard Breeding Center, Copenhagen, Denmark), weighing 320-340 g,
were fasted over night. Anesthesia was induced with 3.5% isoflurane in 70/30% N,/O,.
During surgery the animals were spontaneously breathing 2% isoflurane in 70/30% N/O»
delivered through a face mask. Body temperature was maintained using a feedback-controlled
heating blanket connected to a rectal temperature probe. A catheter was introduced into the
right femoral vein, externalized at the tail radix and taped in place. MCAO was induced with
the intraluminal filament technique (Longa et al., 1989; Memezawa et al., 1992a). All
incisions were sprayed with lidocaine (10 mg/doses) before closure. The rats subjected to
MCAO were assigned to four different groups with MCAO lasting 30 (n=7), 60 (n=7), 120
(n=7) or 240 min (n=7). Ten rats were sham operated and allowed to recover for either 30
(n=3) or 240 min (n=7). Isoflurane was turned off at time of MCAO except in rats assigned to
MCAQO for 120 and 240 min which underwent diffusion weighted MR imaging (DWI) directly
after surgery. DWI was performed 18 min after MCAO on a 2.35 T Bruker Biospec (Bruker
AG, Fillanden, Switzerland) with a single b value of 1468 mm?/s, TE/TR 32/1500 and NEX
two in eighth transaxial slices with slice thickness 1.5 mm covering the entire hemisphere.
Isoflurane was maintained at 2% during MR imaging. Rats assigned to either 30 or 60 min of
MCAQO did not undergo DWI in order to avoid unwanted effects of anesthesia on the cerebral
metabolism. The rats were returned to individual cages and allowed to recover directly after

surgery or MR imaging. An intravenous injection (I mL/100g rat) of 0.3 mmol/L [1-"*C]



glucose and [1,2-'3C]acetate (Cambridge Isotopes Laboratories, Woburn, MA, USA) in sterile
water was given over 2 min starting 15 min before decapitation. The rats were decapitated into
liquid N 30, 60, 120 or 240 min after MCAO or sham operation. Blood was collected from
the severed neck vessels of rats subjected to 240 min of MCAO. From the frozen brains a 5
mm coronal slice extending from chiasma opticum and caudally was cut using a brain matrix
(RBM-40000, Activational Systems, Warren, MI, USA), and the right lateral caudoputamen
" and lower parietal cortex, and upper frontoparietal cortex were sampled. The brain and plasma
samples were extracted as described previously (Héberg et al., 1998a).

¢ MRS

Proton decoupled 125.5 MHz *C MR spectra were obtained on a Bruker DRX-500
spectrometer (Bruker AG, Féllanden, Switzerland) using a 35° pulse angel, 25 kHz spectral
width and 64 K data points. The acquisition time was 1.3 s per scan, plus 2.5 s for relaxation
delay. The number of scans was typically 8 000 for brain samples. To avoid nuclear
Overhauser effects, some spectra were broadband decoupled during acquisition only. The
respective correction factors were then applied to the spectra obtained.

'H MRS

500 MHz 'H MR spectra of the plasma extracts were obtained on a Bruker DRX-500
spectrometer using a 90° pulse angle, 7.5 kHz spectral width and 16 K data points. The
acquisition time was 1.1 s per scan and an additional 15.0 s relaxation delay was used. The
number of scans was typically 200.

HPLC analysis

After C MRS total amino acid concentrations were determined with HPLC (Specta System
Gradient Pump, Freemont, CA, USA), and fluorescence detection (Shimadzu RF 530, Tokyo,
Japan) after derivatization with o-phthaldialdehyde (Sigma Chemical Co., St. Louise, MO,

USA) using L-amino-butyric acid as an internal standard.



Analysis of BC and 'H MR spectra and rationale behind data interpretation

Relevant peaks in the °C and 'H MR spectra were identified, and the total amount of "*C or
'H in the resonance of a particular metabolite was quantified from the integral of the peak
area, using ethyleneglycol as an internal standard. The total amount of *C includes the
naturally abundant ">C (1.1% of all carbon atoms). Data anlysis is described in detail in
Héberg et al. (1998a).

The neuronal and the astrocytic compartment can be analyzed simultaneously by concomitant
administration of [1-13C]glucose and [1,2-"CJacetate (Badar-Goffer et al., 1990; McLean et
al, 1993; Sonnewald et al., 1996; Haberg et al., 1998a) due to uneven distribution of enzymes
and transporter proteins between neurons and astrocytes.

The astrocytic compartment is recognized by its ability to use acetate as a substrate for the
TCA cycle (Van den Berg, 1973) owing to the presence of a specific acetate uptake
mechanism (Waniewski and Martin, 1998). In the astroctes [1,2-*CJacetate is metabolized by
acetyl CoA synthetase (EC 6.2.1.1) to acetyl CoA which enters the TCA cycle and finally
gives rise to [4,5-"Clglutamate. [4,5-°C]Glutamate is rapidly converted to [4,5-
13C]glutamine by the glia specific enzyme glutamine synthetase (GS, EC 6.3.1.2; Norenberg
and Martinez-Hernandez, 1979). Glutamate is present only in low concentrations in astrocytes
(Ottersen, 1989). [4,5-">C]Glutamine is released from astrocytes and taken up by high affinity
glutamine transporter present on neurons (Varoqui et al., 2000). In the neurons glutamate is
regenerated from glutamine by phosphate activated glutaminase (PAG, EC 3.4.1.2; Kvamme
et al., 2000), which converts [4,5-*C]glutamine to [4,5-'3C]glutamate. In GABAergic neurons
GABA is synthesized from glutamate by glutamate decarboxylase (GAD; EC 4.1.1.15), and
direct conversion of [4,5-*C]glutamate results in [1,2-2C]GABA. GABA synthesis only

takes place in neurons (Sze, 1979; Sloviter et al., 1996). [4,5-">C]glutamate/glutamin and [1,2-



CJGABA can be reintroduced into the TCA cycle. In the secomd turn of the TCA cycle,
label originally in [4,5-13C]glutamate/g1utamine will be equally distributed into [1,2-]3C]- and
[3-”C}giutamate/glutamine due to the symmetrical succinate step. Likewise, label in 1220
GABA is distributed equally into [3-'>C]- and [4-*CIGABA in the second turn.

Astrocytes can also metabolize glucose, but to a lesser extent than neurons. However, in these
cells glucose can enter the TCA cycle via the astrocyte specific anaplerotic enzyme pyruvate
' carboxylase (PC, EC 6.4.1.1; Yu et al., 1983) which is the brain’s principal anaplerotic
enzyme (Patel, 1974). In astrocytes, [1-' Clglucose metabolized via PC activity gives rise to
[2-"°C]glutamine formation. In the neurons [2-"*C]glutamine is converted to [2-C]glutamate
and in GABAergic neurons to [4-'*C]JGABA.

Neurons metabolize primarily glucose (Van den Berg, 1973; Kiinnecke et al., 1993). [1-
*C]Glucose enters the neuronal TCA cycle as acetyl CoA solely via pyruvate dehydrogenase
(PDH; EC 1.2.4.1), and finally results in [4-">C]glutamate formation. However, glutamate de
novo synthesis is considered not to take place in neurons, but in astrocytes (Hertz et al., 1999).
The majority of glutamate is found in glutamatergic neurons (Ottersen, 1989). Synaptically
released glutamate is predominantly taken up by high affinity glutamate transporters located
on astrocytes (Erecinska, 1987; Tanaka, 2000). In the astrocyte [4-">Clglutamate is either
converted directly to [4-]3C]glutamine, or reintroduced into the TCA cycle (Farinelli and
Nicklas, 1992). The exchange of glutamate and glutamine between astrocytes and neurons is
termed the glutamate-glutamine cycle (Westergaard et al., 1995; Daikhin and Yudkoff, 2000).
After one turn in the astrocytic TCA cycle label from [4-13C]glutamate will be recovered in
[3-'3C]- and [2-]3C]glutamine. In GABAergic neurons [4-'3C]glutamate is rapidly converted

to [2-">C]GABA, and very little glutamate is present in these neurons (Ottersen, 1989). After



one turn in the TCA cycle label originally in [2-'*CIGABA will be distributed equally into [3-
CJ- and [4-"CIGABA.
Neurons depend on transfer of metabolites from astrocytes because of their inability of
glutamate de novo synthesis and lack of anaplerotic activity combined with the continuous
drain of metabolic intermediates from the neuronal TCA cycle caused by neurotransmitter
production and release (Hertz, 1979; Kaufmann and Driscoll, 1993; Hertz et al., 1999). The
contribution from astrocytic precursors to neuronal glutamate and GABA formation can be
derived from the PC versus PDH activity ratio, which is an estimate of the anaplerotic
(astrocytic) compared to the oxidative (neuronal) pathway in glutamate, glutamine and GABA
formation (Taylor et al., 1996). Furthermore, the acetate versus glucose utilization ratio gives
an approximation for the relative contribution from precursors for the astrocytic TCA cycle
compared to precursors for the neuronal TCA in glutamate, glutamine and GABA formation
(Taylor et al., 1996).
All values are mean + SD. Statistical comparisons between the groups subjected to MCAO of
varying duration and the sham operated rats recovering for 240 min before decapitation were
performed with ANOVA followed by LSD post hoc test for multiple comparisons. Unpaired
two-way Student’s T-test was used to compare the sham operated rats recovering for 30 and
240 min after termination of anesthesia. p<0.05 was considered significant.

Results
Diffusion weighted MR imaging
The total volume of ischemic tissue 18 min after MCAO as estimated by DWI was 125.5 +
52.15 mm® (n=14). The volume of ischemia for each separate slice from caudal to rostral was
22+4.8mm’, 18.9 +12.1 mm’, 31.1 + 16.2 mm’, 38.5 £ 10.5 mm’, 22.2 + 10.9 mm’, 8.1 +

10.0 mm?®, 8.3 £ 2.1 mm® and 1.3 + 4.2 mm®. The 5 mm slice cut after decapitation to sample



brain tissue for further analysis with *C MR spectroscopy was aimed to be located between
slice three and five in which the largest areas of ischemic tissue were found.

Analysis of plasma extracts

In rats subjected to 240 min of MCAO the total glucose concentration in plasma was 16.1 +
1.1 mM estimated from the 'H MR spectra, and only glucose enriched in the C-1 position was
detected in significant amounts. The concentration of [1,2—'3C]acetate was 1.7 £ 0.8 mM. The
total amount of lactate was 2.1 £ 0.5 mM and hydroxybutyrate 1.2 + 0.4 mM. There was no
significant *C enrichment in lactate or hydroxybutyrate. The observed amino acid labeling
thus originated from cerebral [1-"*C]glucose and [1,2-"CJacetate metabolism. Furthermore,
neither the duration of fasting nor the stress of cerebral ischemia influenced the plasma
composition as similar amounts of '*C labeled substrates were present in plasma at 90 min of
MCAO (Haberg et al., 1998a).

Effects of MCAO on total amino acid content

Lateral caudoputamen and lower parietal cortex. In this region rendered severely ischemic
the total glutamate content was significantly decreased already 30 min after MCAO, and
continued to decline for the next 240 min (Fig.1A). The glutamine content was at control
levels until 240 min when it was significantly decreased only compared to 60 min of MCAO
(Fig.1A). The total GABA content was more than doubled at 240 min of MCAO (Fig.1C).
The alanine levels started to rise markedly from 60 min of MCAO, and at 240 min it had
doubled (Fig.1E). The total amount of aspartate on the other hand, fell from 60 min of
MCAO, and was about half the amount found in sham operated rats at 240 min of MCAO
(Fig.1E).

Upper frontoparietal cortex. In the region subjected to moderate ischemia glutamate was at
control levels during the 240 min of MCAO (Fig.1B), but the glutamine content increased

significantly from 60 min of MCAO and was nearly doubled at 240 min (Fig.1B). Also the



GABA content was significantly increased from 60 min of MCAO and onward (Fig.1D). The
alanine levels were not markedly elevated before 120 min (Fig.1F). The aspartate
concentration was at control levels during 240 min of MCAO (Fig.1F).

C MRS of brain extracts

Effects of MCAO on cerebral metabolism

[1-"CJGLUCOSE AND [1,2-"*CJACETATE

Lateral caudoputamen and lower parietal cortex. The [1-"° Clglucose content was
significantly increased, to a similar level, at all time points following MCAO (Fig.2A).
Unmetabolized [1,2-*Clacetate was present at all times after MCAO (Fig.2A).

Frontoparietal cortex. The [1-*C] glucose content increased steadily and significantly from 60
to 240 min of MCAO (Fig.2B). [1,2-">C]Acetate was present at 30 min of MCAO, but not at
60 min, then again at 120 min. At 240 min the [1,2-'>CJacetate content was significantly
elevated compared to all previous time points (Fig.2B).

GLUTAMATE AND GLUTAMINE

Lateral caudoputamen and lower parietal cortex. The total amount of '>C in [4-"*C]glutamate
and [4-"C]glutamine fell rapidly during the first 60 min of MCAO, then leveled out before
being further reduced 240 min after MCAO (Fig.3A). The fall was most notable in [4-
1Clglutamate. The total amount of label in [4,5-"C]glutamate was also significantly reduced
from 30 min of MCAO (Fig.3C), still the use of acetate compared to glucose as precursor for
glutamate was markedly increased throughout the 240 min of MCAO (Tbl.1). In glutamine the
total amount of label in [4,5-">C]glutamine was slightly reduced during the initial 120 min,
then declined steeply at 240 min of MCAO (Fig.3C). The acetate/glucose utilization ratio was
significantly elevated for 120 min of MCAO, but was returned to control levels at 240 min

(TbL.1). In [3-"C]glutamate the total amount of 3C fell markedly and was in the same range
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as the total amount of label in [3-"*C]glutamine from 60 min of MCAO (Fig. 3E). PC activity
in glutamate was present at all times after MCAO, but from 120 min of MCAO it was
significantly reduced (Tbl.1). In glutamine the PC/PDH activity ratio was markedly increased
at 60 min of MCAO, then at 240 min no PC activity was detectable (TbL.1).
Upper frontoparietal cortex. The total amount of label in [4-"C]glutamate was significantly
reduced to about the same level the initial 120 min of MCAQO, and then declined further at 240
- min of MCAO (Fig.3B). In [4-"*C]glutamine the total amount of '*C was markedly reduced to
the same extent at all times after MCAO (Fig. 3B). In [4,5-"*C]glutamate the total amount of
label was reduced to the same level from 30 to 240 min of MCAO (Fig.3D). However, from
60 min of MCAO acetate became increasingly important as precursor in glutamate formation
indicated by the significantly elevated acetate/glucose utilization ratio in glutamate which was
almost doubled at 240 min (Tbl.1). There was no decline in the total amount of '>C in [4,5-
1CJglutamine for 240 min of MCAO (Fig.3D), and the acetate/glucose utilization ratio was
elevated from 30 min of MCAO and continued to increase with time (TbL1). The total amount
of C in [3-13C]gtutamate d-eclined rapidly and was in the same range as the total amount of
M [3-‘3C]glutamine from 60 min of MCAO (Fig. 3F). In glutamate the PC/PDH activity
ratio was significantly lower from 120 min of MCAO, whereas in glutamine the PC/PDH
activity was markedly lowered first at 60 min and then at 240 min of MCAO (TbL.1).
GABA
Lateral caudoputamen and lower parietal cortex. The total amount of label in [2-*C]GABA
was significantly reduced at all times after MCAO (Fig.3G). In [3-C]JGABA the total
amount of °C fell significantly after MCAO, but between 120 and 240 min of MCAO the
amount of label in [3-"°C]- and [4-"*C]GABA (data not shown) increased markedly (Fig. 3G).

At 240 min of MCAO the total amount of "°C was similar in [2-*C]-, [3-*C]- and [4-
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13CIGABA (Fig.3G). This implied cessation of GABAergic TCA cycle activity, as the amount
of label in [2-”C]GABA must exceed the amount of label found in the subsequent turns using
the present infusion scheme. The stop in GABAergic TCA cycle activity was verified by the
lack of incorporation of '*C above the natural abundance level of 1.1% in the GABA
isotopomers at 240 min of MCAO. [1,2-°C]JGABA was not detected at any time after
MCAO, indicating that there was no direct utilization of [4,5-°C]glutamine in GABA
synthesis after MCAO (Fig.3G). Furthermore, there was no detectable PC activity in GABA
(TbL.1).

Upper frontoparietal cortex. The total amount of label in [2->C]JGABA fell rapidly during the
initial 60 min of MCAO and then leveled out during the remainder of the experimental period
(Fig.3H). Also the total amount of label in [3-">C]- and [4-*C]GABA (data nor shown) was
significantly decreased at all times after MCAO, but not as markedly as for [2-"°C]JGABA
(Fig.3H). [1,2-'3C]GABA was not detected at any time after MCAO, but PC activity was
present from 30 to 120 min of MCAO (Tbl.1).

ASPARTATE AND ALANINE

Lateral caudoputamen and lower parietal cortex. The total amount of °C in [3-"*CJaspartate
was about halved at 30 min of MCAO and continued to decline for 240 min (Fig.3I). The total
amount of "*C in [3-'*CJalanine, on the other hand, was significantly increased at 60 and 120
min of MCAOQ, but at 240 min it was down to a level similar to that in sham operated (Fig.3I).
Upper frontoparietal cortex. The total amount of amount of "*C in [3-'*CJaspartate was
significantly reduced to the same level at 30 to 120 min of MCAO, then there was a further
marked reduction at 240 min of MCAO (Fig.3J). In [3-"’C]Jalanine the total amount of label
increased steadily and significantly throughout 240 min of MCAO (Fig.3J).

Effects of isoflurane on cerebral metabolism
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Lateral caudoputamen and lower parietal cortex. In sham operated rats recovering for 30 min
after termination of anesthesia the total amount of label in [3-"C]aspartate, [2-PC]GABA, [4-
C)glutamate and [4-13C]glutam'me was significantly lower compared to in sham operated
rats recovering for 240 min (Tbl.2). Moreover, [1,2-"*Clacetate 4.1 +1710° mol/g) was
detected in all samples from the 30 min sham group, but was not found in the 240 min group.
Frontoparietal cortex. In the sham operated group recovering for 30 min after anesthesia, the
' total amount of label was significantly decreased in [2-'*C]JGABA and [4-"*C]glutamate
compared to the 240 min sham group (Tbl.2). [1,2-"C]Acetate (4.5 + 1.7 10® mol/g) was
present in the former, but not in the latter sham group.

These results clearly show that isoflurane exerted prolonged effects on neuronal and to some
extent also astrocytic metabolism. Thirty min after termination of isoflurane administration,
the anesthetic agent still affected incorporation of label from [1-"*C)glucose into some amino
acids via PDH. Previously reduced incorporation of label into amino acids from glucose, but
not acetate has been shown during pentobarbital anesthesia (Cremer and Lucas, 1971; Shank
et al., 1993). The reduction in glucose metabolism was more prominent in the lateral
caudoputamen and the lower parietal cortex than in the upper frontoparietal cortex, agreeing
with isoflurane affecting subcortical structures more than cortical structures (Hansen et al.,
1988; Hoffman et al., 1991). Furthermore, the marked reduction of label in [4-13C]glutamine
in this region, which is mostly derived from [4-"*C]glutamate, implied that isoflurane
specifically reduced neuronal glutamate release there. Together these results showed that
isoflurane predominantly affected neuronal metabolism and activity. However, astrocytic
metabolism was also reduced demonstrated by the presence of unmetabolized [1,2-PClacetate
in the 30 min sham group, but not in the 240 min group. Thus, the presence of unmetabolized

[1,2-"Clacetate in the upper frontoparietal cortex 30 min after MCAO was most likely an

13



isoflurane artifact since [1,2-"*Clacetate was not detected at 60 min of MCAO in the same
region. Although isoflurane reduced cerebral metabolism 30 min after it had been turned off,
it was evident that MCAO exerted its own distinct effects on the cerebral metabolism already
30 min after induction, illustrated for instance by the significant reduction in label
incorporation from [1,2-‘3C]acetate into amino acids.

Discussion
The present study clearly demonstrates that MCAO rapidly induces profound changes in
neuronal and astrocytic metabolism, and in the trafficking of metabolites between these two
cellular compartments. The changes depended on both the duration of ischemia as well as
degree of ischemia. There were both similarities and distinct differences in the metabolic
response to MCAO in severely ischemic tissue in the lateral caudoputamen and lower parietal
cortex, and in moderately ischemic tissue in the upper frontoparietal cortex.
Label incorporation into amino acid from [1-"*C]glucose via PDH and the TCA cycle was
depressed almost to the same extent in the two ischemic regions, demonstrating how sensitive
neuronal metabolism was to CBF reductions. However, decreased neuronal glucose
metabolism in MCAO does in itself not indicate irreversible neuronal damage, as reperfusion
within 30 min salvages substantial tissue volumes from infarction in the lateral
caudoputamen, and the upper frontoparietal cortex can be saved with reperfusion within 90 --
120 min (Memezawa et al., 1992b; Miiller et al., 1995; Garcia et al., 1995). Thus, the
development of metabolic insufficiency in neurons appeared to arise from a combination of
metabolic disturbances, including alterations in the use of astrocytic precursor.
The most obvious difference between the severely and moderately ischemic tissue was found
in the acetate metabolism. Reduced astrocytic metabolism as indicated by reduced formation
of [4,5-"*C]glutamine and/or the presence of unmetabolized [1,2-*CJacetate, was detected at

30 min in severely ischemic tissue, and at 120 min of MCAO in moderately ischemic tissue.
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These time-points coincide with the time-windows for successful reperfusion of the lateral
caudoputamen and lower parietal cortex, and the upper frontoparietal cortex respectively,
suggesting that reduced metabolism in astrocytes may be an indicator of irreversible tissue
injury.
MCAQ induced changes in the glutamate-glutamine cycle
Lateral caudoputamen and lower parietal cortex. In this region rendered severely ischemic
"profound changes in the glutamate metabolism were revealed. The normal equilibrium
between glutamate and glutamine content and thus the glutamate-glutamine cycle were
disturbed from 30 min of MCAO. There was a rapid decline in glutamate synthesis from
glucose derived acetyl CoA, representing neuronal derived glutamate synthesis. At the same
time a reduction was seen in utilization of glutamine in glutamate formation. This reduction
may result from reduced activity in astrocytic or neuronal glutamine transporters in ischemia,
and/or reduced PAG activity as both ammonia accumulation and acidosis, which are present
in ischemia, inhibit PAG (Benjamin, 1981; Kvamme et al., 1982; Hogstad et al., 1988). Still,
at all times after MCAO astrocytic glutamine was a more important precursor for glutamate
than precursors derived from neuronal TCA cycle activity, suggesting that astrocytic
glutamine contributed significantly to excitotoxicity in vivo. This observation concurs with
previous studies using cell cultures (Goldberg et al., 1988:; Rosenberg, 1991; Huang and
Hertz, 1994). The reduced glutamate synthesis present from 30 min of MCAQ cannot fully
explain the reduced glutamate content detected in the same region. The decreased glutamate
levels were most likely connected to increased glutamate utilization, including oxidation,
and/or loss of glutamate into systemic circulation and CSF during MCAOQ. Astrocytic
glutamate uptake and subsequent conversion to glutamine was demonstrated by the better
preservation of label in [4-"*C]glutamine than in [4-"C)glutamate throughout the 240 min of

MCAQ, in agreement with earlier studies (Aas et al., 1993; Takagi et al., 1993; Swanson,
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1992; Torp et al., 1993; Ottersen et al., 1996). In the astrocytes increased entry of glutamate
into the TCA cycle was suggested by the better preservation of the total amount of label in [3-
l3C]glutamine than in [3-*C]glutamate at 60 min of MCAO and onward. Previous in vitro
and in vivo data have demonstrated increased glutamate metabolism via the TCA cycle when
extracellular glutamate concentrations were elevated and during ischemia (McKenna et al.,
1996; Haberg et al., 1998a; Pascual et al., 1998). Glutamate may also be consumed in GABA
and glutamine synthesis, and increased alanine synthesis may, via transamination, reduce
glutamate content. In addition, glutamate may be lost into the systemic circulation and CSF.
Elevated glutamate levels have been demonstrated in CSF in rats subjected to focal ischemia
(Cataltepe et al., 1996), and in both plasma and CSF in patients with acute ischemic stroke
(Castillo et al., 1996). Loss of glutamate from the brain parenchyma gives an indication of the
mismatch between glutamate synthesis and consumption, as well as glutamate release and
uptake during MCAO, illustrating the serious metabolic insufficiency in this region. Despite
this continuos loss of metabolites, glutamatergic neurons maintained a low level of glutamate
synthesis throughout the 240 min of MCAO.

Upper frontoparietal cortex. Glutamate metabolism was also affected in moderately ischemic
tissue, but the changes in the glutamate/glutamine cycle were in some respect quite distinctive
for this region. Like in the severely ischemic tissue, glutamate synthesis was reduced from
both neuronal and astrocytic precursors at 30 min of MCAO and onward, but in moderately
ischemic tissue the contribution from astrocytic precursors compared to neuronal precursors
did not increase significantly before 60 min of MCAO. The fact that neuronal glutamine
utilization in glutamate formation was reduced despite the presence of normal [4,5-
13C]glutamine levels, and that the total amount of [4,5-*C]glutamate was at the same level at
all times after MCAO indicates some functional inhibition of either glutamine transporters

and/or PAG activity independent of the duration of ischemia. PAG activity may for instance
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be reduced by the presence of normal glutamate concentrations (Hogstad et al., 1988). From
60 min of MCAO glutamine became increasingly important in glutamate synthesis while the
neuronal TCA cycle activity gradually declined. It has been shown that glutamine principally
replenishes the neurotransmitter pool of glutamate (Laake et al., 1995), from which glutamate
release is considered to originate in moderately ischemic tissue (Takagi et al., 1993;
Obrenovitch, 1996). The constellation of gradually declining neuronal metabolic activity and
" continued replenishment of the neurotransmitter pool of glutamate will render the neurons
extremely susceptible to glutamate excitotoxicity. There is increasing evidence for a delayed
component in glutamate-mediated neuronal damage in cerebral ischemia, and based on the
present data it appears to be connected to the continued astrocytic glutamine production and
the subsequent neuronal utilization of glutamine in glutamate neurotransmitter synthesis. The
current finding of persistent glutamate synthesis from glutamine and to some extent also from
the neuronal TCA cycle precursors for 240 min of MCAQO implies that administration of
glutamate receptor antagonists has to be continued for a prolonged period. In line with this
observation is the finding that AMPA receptor antagonist administration lasting 4 h after
MCAO does not reduce final infarct volume, whereas administration lasting 24 h salvages the
upper frontoparietal cortex (Héberg et al., 1998b). Furthermore, inhibiting GS activity and
thereby reducing glutamine synthesis, has been shown to reduce infarct size in cortex in rats
subjected to MCAO (Swanson et al., 1990). Finally, elevated glutamine concentrations
detected from 60 min of MCAO, may in itself have deleterious effects, since increased
extracellular glutamine concentrations stimulate neuronal glutamate release (Szerb and
O’Regan, 1985).

It should be noted that the results from the sham operated rats showed that astrocytic
glutamine was a more important precursor for glutamate in the upper frontoparietal cortex

than in the lateral caudoputamen and lower parietal cortex, which is in agreement with PAG
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density and activity being higher in cortex than in caudate-putamen/striatum (Aoki et al.,
1991; Wallace and Dawson, 1993).

MCAO induced changes in GABA metabolism

MCAO completely changed GABA metabolism in severely ischemic tissue in the lateral
caudoputamen and lower parietal cortex, and also in moderately ischemic tissue in the upper
frontoparietal cortex. [1,2-13C]GABA was not detectable in either region demonstrating a
dramatic reduction in the conversion of astrocytic glutamine to GABA after MCAO. In
severely ischemic tissue PC activity was undetectable at all times after MCAQ thereby
suggesting complete cessation of the use of astrocytic precursors for GABA formation. In the
moderately ischemic tissue PC activity was present in GABA from 30 to 120 min of MCAO,
indicating that astrocytic precursors participated to some extent in GABA synthesis. This
reduction in glutamine utilization in GABA formation was at great variance from the
increased use of glutamine in glutamate synthesis during MCAO. However, like in
glutamatergic neurons GABA synthesis from neuronal precursors was markedly lowered after
MCAO.

GABA build-up, which can proceed in the absence of functioning mitochondria, was present
from 60 min of MCAO in moderately ischemic tissue, and at 240 min in severely ischemic
tissue. Cerebral ischemia is known to stimulated GABA synthesis via GAD (Sze, 1979;
Erecinska et al., 1996) and at the same time inhibit GABA break-down by GABA
transaminase (GABA-T; E.C.2.6.1.19) (Schousboe et al., 1973) consequently increasing the
GABA content (Erecinska et al., 1984), Decreased GABA-T activity will impede the re-entry
of carbon-atoms from GABA into the TCA cycle, thereby decreasing the activity of the
GABA-shunt (Balazs, 1970), resulting in loss of TCA cycle intermediates and subsequently
also of aspartate (see below). However, in severely ischemic tissue additional mechanisms

causing GABA build-up may be operating. The substantial increase in unlabeled GABA from
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120 to 240 min of MCAO which was accompanied by a corresponding decline in glutamate
levels may arise from direct conversion of unlabeled glutamate to GABA taking place either
intracellularely or extracellularly. A substantial increase in GABA levels have been
demonstrated both in the in the cells (Torp et al., 1993) as well as in the extracellular
compartment (Matsumoto et al., 1993) during cerebral ischemia. The increased extracellular
GABA levels is considered to be due to reversal of GABA transporters, but based on the
'present results the possibility that GAD leaking into the extracellular space, leading to
extracellular production of GABA from extracellular glutamate cannot be excluded.
In the GABAergic neurons, MCAO compromised the flux through the TCA cycle in three
ways: 1. Significant fall and/or complete stop in the use of astrocytic glutamine; 2. Rapid and
marked reduction in utilization of neuronal precursors; 3. Progressive decrease in GABA-
shunt activity. At 240 min of MCAO no TCA cycle flux was detected in the region rendered
severely ischemic in the lateral caudoputamen and lower parietal cortex, demonstrating death
of GABAergic neurons. Selective death of GABAergic neurons in the striatum has previously
been shown in rats following transient forebrain ischemia (Francis and Pulsinelli, 1982).
However, GABAergic neurons in the hippocampus and cortex have been found to be
particularly resistant to ischemia and NMDA excitotoxicity (Tecoma and Choi, 1989;
Gonzales et al., 1992; Johansen and Diemer, 1991). These differences in ischemia
susceptibility between different populations of GABAergic neurons may reside in the fact that
GABAergic neurons are quite diverse in size and function. Based on the present data
GABAergic neurons in the lateral caudoputamen and lower parietal cortex were found to be
more sensitive to ischemia that glutamatergic neurons in the same region. However, the
properties which lead to the increased sensitivity of GABAergic neurons in the lateral
caudoputamen and lower parietal cortex to focal ischemia are presently uncertain. The current

findings imply that the complete interruption in the utilization of glutamine in GABA
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synthesis in this region may contribute substantially to the death of GABAergic neurons as the
reduction in glucose utilization and GABA-shunt activity were at least as noticeable in the
region with moderate ischemia during the initial 120 min of MCAO.

The MCAO induced changes in aspartate labeling and content were most likely connected to
the changes in GABA metabolism since aspartate is found mainly in GABAergic neurons
(Ottersen and Storm-Mathisen, 1985). The significant reduction in aspartate synthesis in both
ischemic regions present from 30 min of MCAO could be connected to the reduced glutamine
utilization in GABAergic neurons as in vitro data suggest that aspartate is predominantly
synthesized from glutamine in GABAergic neurons (McKenna et al., 2000). The rapid decline
in aspartate labeling found between 120 and 240 min of MCAO in the upper frontoparietal
cortex coincided with the complete stop in the use of astrocytic precursors lending further
support to the notion that glutamine is important in aspartate synthesis. In addition, aspartate
consumption has been shown to be increased by reduced GABA-T activity (Hassel et al.,
1998), which was also found presently. In summary, aspartate consumption was increased
probably due to decreased GABA shunt activity, whereas aspartate synthesis fell as a result of
reduced glutamine utilization.

MCAO induced changes in astrocyte metabolism

Lateral caudoputamen and lower parietal cortex. In this region of severe ischemia astrocytic
metabolism was reduced at 30 min, but was not severely impaired before 240 min of MCAO.
The first sign of declining astrocytic metabolism was reduced acetate metabolism, both
oxidative and for use in amino acid synthesis. Still, acetyl CoA synthetase, PC and GS which
are all ATP dependent enzymes, were operating throughout the experimental period. All
appeared to maintain a slightly lower level of activity during the initial 120 min of MCAO,
but at 240 min dramatically reduced activity was detected in the label incorporation via these

enzymes. No PC activity was detected in glutamine and only a low level of PC activity was
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present in glutamate, furthermore the acetate/glucose utilization ratio was at control levels in
glutamine, but increased in glutamate at 240 min of MCAO. These findings suggested that
glutamate metabolism in astrocytes was compartmentalized and that the compartment
synthesizing glutamate for glutamine production was more susceptible to ischemia.
Alternatively, ischemia reduced the transport of glutamate produced in the astrocytic
mitochondria over the mitochondrial membrane into the cytosol where GS is located.
* Previously, mitochondrial glutamate accumulation has been demonstrated in astrocytes in
global ischemia (Torp et al., 1993). Also alanine synthesis may be considered a marker for
astrocytic metabolism since it is preferentially synthesized in astrocytes in vitro (Westergaard
etal., 1993). Furthermore, alanine synthesis is considered to increase specifically in astrocytes
in cerebral ischemia (Bachelard, 1998). In the severely ischemic tissue alanine synthesis was
significantly increased between 60 and 120 min of MCAO, but declined from 120 to 240 min
of MCAQO, giving further evidence of rapidly declining astrocyte metabolism at the end of the
experimental period.

Ischemic frontoparietal cortex. In moderately ischemic tissue astrocytic metabolism appeared
relatively unaffected by MCAO until 120 min of MCAO when unmetabolized [1,2-
3Clacetate appeared. Previously [1,2-"*CJacetate has been detected in this region after 90 min
of MCAO (Héberg et al., 1998a). PC activity showed early signs of reduced activity at 60 min
of MCAO, but was notably reduced first at 240 min of MCAO. Both acetyl CoA synthetase
and GS activity appeared unaffected by MCAO. In addition the increasing alanine synthesis
present throughout the 240 min of MCAO, gave yet another indication of better preservation
of metabolism in astrocyte in moderately ischemic tissue.

Conclusion
The present study demonstrated the paradoxical role astrocytes play in neuronal survival in

ischemia. On one hand, the presence of normal astrocytic metabolism appeared to be critical
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for neuronal survival. On the other hand, it was evident that alterations in the use of astrocytic
precursors contributed significantly to neuronal death, although via different mechanisms in
glutamatergic and GABAergic neurons. In glutamatergic neurons astrocytic precursors
sustained the neurotransmitter pool of glutamate despite clear indications of failing neuronal
metabolism. This was especially notable in the upper frontoparietal cortex, often referred to as
the penumbra, thus demonstrating the importance of glutamine in glutamate excitotoxicity. In
GABAergic neurons the complete stop in the use of glutamine in GABA formation in the
ischemic core in the lateral caudoputamen and lower parietal cortex, may have contribute
significantly to the death of these neurons at 240 min of MCAO. Thus, neuronal survival
during focal cerebral ischemia depends both on astrocytic metabolism and on neuronal

utilization of astrocytic precursors.
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Figure legends

Figure 1. Effect of MCAO on total amino acid content.

Time zero represents sham operated rats allowed to recover for 240 min before sacrifice.

The amino acid content was analyzed with HPLC, see Materials and Methods.

The lateral caudoputamen and lower parietal cortex (A,C and E) represent severely ischemic
tissue. The upper frontoparietal cortex (B,D and F) represents moderately ischemic tissue.

All values are mean + SD. n =7 in each grmip.

Statistical comparisons were performed with ANOVA followed by post hoc test for multiple
comparisons.

* Significantly different from sham operated, p<0.05, * p<0.01, ®= p<0.001

® Significantly different from group subjected to 30 min of MCAO, p<0.05, ® p<0.01, *®
p<0.001

¢ Significantly different from group subjected to 60 min of MCAO, p<0.05,

¢ p<0.001

d Significantly different from group subjected to 120 min of MCAOQ, p<0.05,

d44d 0 001

Figure 2. The total amount of [1-">C]glucose and [1,2-"Clacetate in ischemic tissue after
MCAO.

Time zero represents sham operated rats allowed to recover for 240 min before sacrifice.

The total amount of '*C (10'8molfg tissue) was analyzed with '>C MRS as described in
Materials and Methods, and was not corrected for naturally abundant Beti .1%).

The lateral caudoputamen and lower parietal cortex (A) represent severely ischemic tissue.

The upper frontoparietal cortex (B) represents moderately ischemic tissue.
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All values are mean + SD. n =7 in each group.

Statistical comparisons were performed with ANOVA followed by post hoc test for multiple
comparisons.

* Significantly different from sham operated rats, p<0.05, * p<0.01, ** p<0.001

° Significantly different from group subjected to 30 min of MCAO, p<0.05, ** p<0.01,

** p<0.001

* “Significantly different from group subjected to 60 min of MCAO, p<0.05, “p<0.01

¢ Significantly different from group subjected to 120 min of MCAO, p<0.05, % p<0.01

Figure 3. Effect of MCAO on incorporation of label from [1—'3C]glucose and [1,2-13C]acetate
in amino acids.

Time zero represents sham operated rats allowed to recover for 240 min before sacrifice.

The total amount of "*C (10®mol/g tissue) was analyzed with '*C MRS as described in
Materials and Methods, and was not corrected for naturally abundant '*C (1.1%).

All values are mean + SD. n =7 in each group.

The lateral caudoputamen and lower parietal cortex (A,C.E,G and I) represent severely
ischemic tissue. The upper frontoparietal cortex (B,D,F,H and J) represents moderately
ischemic tissue.

Statistical comparisons were performed with ANOVA followed by post hoc test for multiple
comparisons.

* Significantly different from sham operated, p<0.05, ®p<0.01, ** p<0.001

. Significantly different from group subjected to 30 min of MCAO, p<0.05, ™ p<0.01, ®*®
p<0.001

¢ Significantly different from group subjected to 60 min of MCAO, p<0.05,
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€€ p<0.001
4 Significantly different from group subjected to 120 min of MCAO, p<0.05,

4 5<0.01, “? 0,001
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Table 2. Delayed effects of isoflurane on cerebral metabolism in sham operated rats.

Lateral caudoputamen and
lower parietal cortex

Upper frontoparietal cortex

Amino Acid sham sham sham sham
Isotopomer 30 min 240 min 30 min 240 min
(n=3) (n=7) (n=3) (n=7)
[3-"*C]Alanine 7.1+1.4 73+1.6 7.0£0.5 6.0+0.8
[3-®C]Aspartate 7.3 +0.9 12.1 £1.3™ 122+4.5 123+1.5
[2-°C]GABA 14.1+2.0 18.6+2.0" 11.0+0.4 14.8 +1.9"
"[1,2-CJGABA  3.7+03 3.5+0.5 3.2+0.5 3.5+0.8
[4-°C]Glutamine  15.9 +2.3 24.6+1.9" 20.7+4.8 253+3.9
[4,5-C]Glutamine 30.4 0.2 31.7+3.8 33.9+78 322+3.5
[4-°C]Glutamate ~ 67.6 + 8.4 100.9+59™  84.7+3.0 108.9+8.1"
[4,5-C]Glutamate  18.0+ 1.6 19.1 +0.6 23.8+0.9 284 +5.4

The sham operated rats were allowed to recover for 30 or 240 min after termination of

anesthesia before sacrifice. All values are total amount of *C (10® mol/g tissue) and was

calculated with ">C MRS as described in Materials and Methods. The total amount of '*C was

not corrected for naturally abundant '*C (1.1%). The values are given as mean * SD.

Two-way unpaired Student’s T-test was used to determined statistical differences.

! Significantly different from sham operated rats allowed to recover for 240 min, p<0.05,

x¥

P
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Abstract

The neuroprotective effect of post-ischemic treatment with the novel, highly water-soluble, glutamate AMPA receptor antagonist
YM872 was evaluated by using MR imaging and histopathology of rats subjected to permanent MCA occlusion. Two treatment groups
with continuous i.v. infusion of 20 mg kg" h~!' YM872 during either the first 4 h or first 24 h after MCA occlusion, called 4 h YM872
treatment group (n =9) and 24 h YM872 treatment group (n = 8) respectively, were compared to a control group (n = 8). The main
end-point was T2 weighted MR imaging and histopathology 24 h after MCA occlusion. Also the time evolution of the ischemic tissue
damage was studied by diffusion weighted MR imaging 45 and 24 h after MCA occlusion. The volume of ischemic tissue damage as
assessed by diffusion weighted MR imaging 41 h after MCA occlusion was significantly smaller in both YM872 treatment groups

(99 + 52 mm? and 102 + 44 mm? compared to 186 + 72 mm®
P

in the control group, +S.D. and p = 0.008). The infarct volume as

assessed by T2 weighted MR imaging 24 h after MCA occlusion was significantly smaller only in the 24 h YM872 treatment group

(262 + 57 mm® compared to 366 + 49 mm? in the control group,

treatment group (357 + 88 mm?®

+8.D. and p =0.01) while the infarct volume in the 4 h YMS872
) was similar to the control group. YM872 treatment significantly reduced the infarct volume 24 h after

MCA occlusion when the drug was administered as continuous infusion during the 24-h observation period. © 1998 Elsevier Science B.V.,

All rights reserved.

Keywords: Cerebral ischemia; Neuroprotective; AMPA: MR imaging; Experimental stroke

1. Introduction

Synaptic release of glutamate and activation of post
synaptic glutamate receptors are considered to be impor-
tant mediators of ischemia induced neuronal damage in
stroke. Antagonists of both the NMDA (N-methyl-p-
aspartate) and AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxasole propionate) subtype of glutamate receptors have
been shown to have neuroprotective effects in animal
studies of cerebral ischemia. The usefulness of NMDA
antagonists as therapeutic agents may, however, be limited
by their association with adverse effects, including psy-
chomimetic effects [15], cognitive impairment [23], and

x Corresponding author. Fax: +47-7399-7708; E-mail:
olav.haraldseth@unimed.sintef.no

neurotoxicity [28,29]. AMPA antagonists seem not to share
these unfavourable properties of NMDA antagonists [8],
and in animal models of focal cerebral ischemia significant
reduction of infarct volume has been found after treatment
with the AMPA antagonists NBQX [2,5,8,19,37], GYKI
52466 (2,32,37], LY-293558 [3] and YMO9OK [38,39].
However, investigations in clinical trials have been limited
because first generation compounds such as NBQX had
the major drawback of being poorly soluble in water and
thus nephrotoxic [6,8,37].

In the present study we assessed the neuroprotective
effects of the promising novel AMPA receptor antagonist
YM872  ([2,3-dioxo-7-(1 H-imidazol-1-y1)-6-nitro-1,2,3,4-
tetrahydro-1-quinoxalinyl]-acetic acid monohydrate), which
is a highly water-soluble agent keeping the selectivity and
potency for AMPA receptors [16]. YM872 has, in three
recent studies, been shown to provide significant neuropro-
tection in experimental models of focal cerebral ischemia

0006-8993 /98 /$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.
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in cat [33] and rat [12,34]. In the present study, T2
weighted MR imaging and histopathology 24 h after MCA
occlusion in rats were used as the main end-points for
evaluation of neuroprotection, and diffusion weighted MR
imaging 41 h and 24 h after MCA occlusion was used to
study the temporal evolution of the ischemic tissue dam-
age. T2 weighted MR imaging is sensitive to the vasogenic
edema [10], and well defined changes in the images may
not be observed until 6-8 h after onset of experimental
focal cerebral ischemia [14,22,35]. However, diffusion
weighted MR imaging is sensitive to ischemic tissue dam-
age during the first hour of acute ischemia
[4,7,11,17,24,31]. This offers a possibility to study the
evolution of the tissue damage during drug treatment in the
critical acute phase [21,25], and it has been shown that in
the case of early reperfusion the diffusion weighted MR
imaging changes were reversed to indicate brain cell re-
covery [9,11,24],

2. Materials and methods

All surgical procedures and animal handling were ap-
proved by the Norwegian Committee for Animal Experi-
ments. Permanent unilateral MCA (middle cerebral artery)
occlusion was induced in male Wistar rats weighing ap-
proximately 340 g, using the intraluminal filament tech-
nique [20,24,26]. The rats were fasted overnight with free
access to water. During surgery the spontaneously breath-
ing rats were anaesthetized with 2% isoflurane in 70,/30%
N,/0,, and the rectal temperature was maintained at 37°C
with a heating blanket coupled to a feedback circuit. For
continuous intravenous infusions a catheter was inserted
into the femoral vein, externalized at the tail radix, and
covered with tape along the surface of the tail until the tip.
A nylon filament with a diameter of 0.27 mm and a
rounded tip was introduced through the external carotid
artery and advanced 19 to 20 mm, thus blocking the origin
of the MCA, and isoflurane was turned off immediately
after induction of the MCA occlusion. After surgery the tip
of the tail was fastened to a freely rotating device in the
roof of a spacious cage. This was considered to be close to
freely moving conditions as the rats could move in all
directions, including rotation around the axis of the tail.

Prior to surgery the rats were randomly distributed into
three experimental groups:

1. Control group (n = 8),

2. 4 h YM872 treatment group (n =9),

3. 24 h YMB872 treatment group (n = 8).

YMB872 was dissolved in isotonic saline with a few drops
of 1 M sodium hydroxide (NaOH) to adjust pH to approxi-
mately 7.4. The two treatment groups received a continu-
ous infusion via the femoral vein of 20 mg YM872 kg™!
h™! in a volume of 3 ml kg™ h~! lasting 4 h or 24 h,
respectively. The control group received an identical vol-
ume of saline, as did the 4 h treatment group after termina-

tion of drug administration, in order to achieve the same
total volume load in all rats. The infusions were started 10
min after induction of MCA occlusion in all three groups.
In both the 4 h and the 24 h YM872 treatment group the
drug infusion was turned off 30 min prior to MR imaging
to avoid interactions with the isoflurane anaesthesia neces-
sary for MR imaging.

Four and a half hours after MCA occlusion, the sponta-
neously breathing rats were reanaesthetized with 1.5%
isoflurane in 70,/30% N, /0, for 20 min to allow diffu-
sion weighted MR imaging. During the 6 min MR acquisi-
tion period isoflurane was increased to 3.5% to obtain deep
anaesthesia as even the smallest head movement induced
by the onset of noise linked to MR imaging cause major
artifacts in diffusion weighted images. Rectal temperature
was measured at the start of anaesthesia and regulated
during the imaging.

Twenty-four hours after MCA occlusion the rats were
intubated, connected to a respirator, and reanaesthetized
with 1% isoflurane in 70,/30% N, /0, for 40 min to allow
T2 weighted and diffusion weighted MR imaging. The rats
received an im. injection of 2 mg kg~' pancuronium
bromide for muscle relaxation. Rectal temperature was
measured at the start of anaesthesia and regulated during
the imaging. An arterial blood sample for analysis of blood
gas, electrolytes and glucose was withdrawn 10 min after
intubation. Immediately after end of imaging the rats were
perfusion fixed with 4% formaldehyde and decapitated.
The heads were stored for at least 24 h in 4% formal-
dehyde before brain dissection.

The MR imaging was performed on a 2.35T Bruker
Biospec with a specially designed rat head coil. Both T2
weighted and diffusion weighted MR imaging were per-
formed in eight transaxial slices through the rat head with
a slice thickness of 1.5 mm and an interslice gap of 0.3
mm, covering the whole brain between the olfactory bulb
and the cerebellum. The head coil was designed to lock the
rat head into the same position for each MR imaging
session, and the slices were positioned according to several
anatomical landmarks to obtain the best possible co-reg-
istration of images between rats and between the two MR
imaging sessions in each rat. The acquisition matrix was
128 X 128 and the Field of View was 45 mm giving an
in-plane spatial resolution of approximately 0.35 mm X
0.35 mm, and a voxel size of approximately 0.185 mm?>.

The T2 weighted images were acquired with a multi
echo spin echo sequence with four different T2 weighting
with echo times (TE) of 40, 80, 120 and 160 ms, respec-
tively. With repetition time (TR) 1500 ms and number of
excitations (NEX) 4 the total acquisition time was approxi-
mately 14 min.

The diffusion weighted images were acquired with a
spin echo sequence with TE 32 ms and TR 1500 ms and
with z direction (axial direction) diffusion gradients placed
symmetrically about the 180° pulse to achieve a ‘b’ value
of approximately 1468 s mm™2, '
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Table |

Measured rat physiology from the three experimental groups
Control group  YM8724 h YM87224 h
(n=8) (n=9) (n=8)

24 h MCAO Arterial blood:

pH 7.43+0.05 7.4540.04 7.46 +0.05

pCO, (kPa) 48408 45109 474038

pO, (kPa) 252434 233427 21.6+4.7

Base excess —-05+1.8 —-07+3.0 +1.1+1.9

Glucose 7.6+1.3 6.8+1.6 99+42.1%

(mmol 171)

Hemoglobin 140+1.2 14.6+0.6 144408

(gdl™h)

Hematocrite (%) 0.43+0.04 0.45+40.02 0.44 +0.02

Na® (mmol 17') 14242 14042 14342

K* (mmol 17") 44+04 45+02 4.6+0.5

Ca?* 1.17+0.05 1.18+0.07 1.19+0.03

(mmol 171)

Rectal temperature

41/2hMCAO 39.0+0.7 384+1.0 38.7+0.7

cc)

24 h MCAO 38.0+0.7 378408 379+ 1.1

(°C)

All values are mean +S.D. MCAO = MCA occlusion.
#: Significantly different from control group (p < 0.05).

Based on the MR imaging information the area of

infarct 24 h after MCA occlusion was measured for each

slice and rat by a blinded observer in two separate ways:
(1) in each T2 weighted image of TE 120 ms as the
number of pixels with signal intensity increase of more
than 25% compared to a measured mean value in cortical
gray matter in the contralateral hemisphere; (2) in each
diffusion weighted image as the number of pixels with
signal hyperintensity based on observer dependent adjust-
ment of the threshold for signal hyperintensity.

A T2 MR imaging

H  Control group
[ 4 hours YM872 treatment group

m; O 24 hours YM872 treatment group
400 -
*
300 ]
200 -
100 o
0+

In both cases the infarct volume was calculated in mm?®
by multiplying the number of pixels with the voxel size of
approximately 0.185 mm?.

The main statistical comparison between the groups
both 4 1/2 and 24 h after MCA occlusion was based on
the total infarct volume calculated from the sum of the
eight imaged slices. The area of tissue damage in each
separate slice was also compared between the three groups.
For the data based on diffusion weighted imaging the
increase in infarct volume between 44 and 24 h after MCA
occlusion was calculated for each slice and rat separately
and compared between the groups.

For the histopathological evaluation eight coronal sec-
tions were cut for each brain, aiming at representing the
middle of each of the eight imaged slices. The sections
were stained with hematoxylin and eosin. Neuronal dam-
age was defined on the basis of the following morphologi-
cal characteristics: microvacuolation, shrinkage of the neu-
ropil, and presence of dark neurons and eosinophilic neu-
rons. Delineation of infarct area in the eight coronal slices
was carried out by an observer unaware of the drug
treatment for each rat. The infarct area was calculated with
a computer-aided image analyzer system (Luzex III,
Nireco, Tokyo, Japan). The infarct volume in each brain
was evaluated by integrating these areas. The endpoints for
integration were interaural 13.3 mm and interaural 0.7 mm
according to Paxinos and Watson [30].

All statistical comparisons between the experimental
groups were performed with an ANOVA analysis of vari-
ance and subsequent Fisher PLSD. Differences between
the groups were considered to be statistically significant
only with p <0.05 in the F-test based on the analysis of
the variance table. Regression analysis was performed to
compare the different end-point assessments at 24 h after

B Histopathology
B Control group

3 [ 4 hours YM872 treatment group

P O 24 hours YM872 treatment group

400 A
300
200 o

100

0+

Fig. 1. Total infarct volume 24 h after MCA occlusion as assessed by T2 weighted MR imaging (A) and histopathology (B), presented as mean of each
experimental group (4 S.D.). *: Significantly different from both control group and 4 h YM872 treated group (p = 0.01). = *: Significantly different from

both control group and 4 h YM872 treated group ( p = 0.005).
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A —O— Control group
3 —a&— 4 hours YM872 treatment group
mm —— 24 hours YM872 treatment group
100 -
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Slice

B —(O— Control group

3 —&— 4 hours YM872 treatment group
mm —— 24 hours YM872 treatment group

100 5

80

60

40

20

Slice

Fig. 2. Infarct volume as assessed by diffusion weighted MR imaging 4 1/2 h after MCA occlusion (A) and T2 weighted MR imaging 24 h after MCA
occlusion (B), presented for each slice separately (mean of each group). Slice 1 is at the cranial end and slice 8 at the caudal end of the brain. #:
Significant difference between control group and 24 h YMB872 treatment group ( p < 0.05).

MCA occlusion and to compare the results at 44 and 24 h
after MCA occlusion. All values are given as mean + S.D.

3. Results

The physiological variables for the three experimental
groups are shown in Table 1. Except for a significantly
higher blood glucose in the 24 h YM872 treatment group
(9.9 + 2.1 mmol 17! compared to 7.6 + 1.3 mmol 1~ in
the control group) there were no statistical differences
between the groups for any of the measured parameters.
The treatment was performed under freely moving condi-
tions, and in this dosing regimen of YM872, no abnormal
behaviour such as stereotyped behaviour, ataxia, hyperac-
tivity, catalepsy or agitation was observed during the infu-
sion period.

Infarct volume as assessed by T2 weighted MR imaging
24 h after MCA occlusion is presented in Fig. 1a, and for

A 3
mm
500
400 -

300 4

200 A

T2 weighted MRI

100

3

o T T T mm

T T
] 100 200 300 400 500
Histopathology

cach slice separately in Fig. 2b. The total infarct volume
was significantly smaller in the 24 h YMB872 treatment
group (262 + 57 mm®) compared to both the 4 h YM872
treatment group (357 + 88 mm?) and the control group
(366 + 49 mm°®, p =0.01). Infarct volume as assessed by
histopathology 24 h after MCA occlusion is presented in
Fig. 1b, and the results were in accordance with the MR
imaging. The total infarct volume was significantly smaller
in the 24 h YM872 treatment group (230 +26 mm?)
compared to both the 4 h YM872 treatment group (332 +
74 mm®) and the control group (345 + 54 mm®, p = 0.005).
The correlation between the different end-point assess-
ments is shown in Fig. 3.

The temporal evolution of the ischemic damage based
on the diffusion weighted MR imaging 4 1/2 and 24 h
after MCA occlusion is presented in Figs. 2, 4 and 5. At 4
1/2 h, the affected volume was significantly smaller in
both treatment groups (99 +52 mm® in the 4 h and
102 + 44 mm® in 24 h YM872 treatment groups, respec-

B
mm
500 -
400 -

300

200

T2 weighted MRI

100

T T T T T mm
0 100 200 300 400 500

DW MRI 24 hours

Fig. 3. Scatterplots to show correlation between infarct volume 24 h after MCA occlusion; in (A) as assessed by T2 weighted MR imaging and
histopathology (p = 0.0001, R =0.76), and in (B) as assessed by T2 weighted and diffusion weighted (DW) MR imaging ( p = 0.0001, R = 0.90).
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Fig. 4. Diffusion weighted MR images 43 h (A,C.E) and 24 h (B,D,F) after MCA occlusion of the same central slice (slice 5) of one rat from each group.
(A) and (B) are from the control group, (C) and (D) the 4-h YM872 treatment group and (E) and (F) the 24 h YMS72 treatment group.

—0O— Control group
—#— 4 hours YM872 treatment group
3 —®— 24 hours YM872 treatment group

mm

Fig. 5. Time evolution of infarct volume as assessed by diffusion
weighted MR imaging 4 1/2 and 24 h after MCA occlusion. Mean of
each experimental group (+S.D.).

tively) compared with the control group (186 + 72 mm?,
p=0.008). After 24 h MCA occlusion, however, the
volume of ischemic tissue damage in the 4 h YM872
treatment group had reached the same level as the control
group. The increase in infarct volume between 4 1/2 and
24 h was larger in the 4 h YMS872 treatment group
(284 + 102 mm’) when compared to the control group
(189 + 37 mm®). This difference was close to statistical
significance (p = 0.051). The infarct volume increase in
the 24 h YM872 treated group (194 +97 mm?®) was
similar to the control group.

The correlation between diffusion weighted MR imag-
ing 4 1,/2 and 24 h after MCA occlusion is shown in Fig,
6. Regression analysis showed no correlation for the pooled
data (Fig. 6a, p=0.12, R =0.32). However, when per-
formed separately for each group (Fig. 6b) there was a
statistically significant correlation for the control group
(p=0.003, R=0.90) to indicate that in the case of no
treatment, diffusion weighted MR imaging at 4 1/2 h after
MCA occlusion could predict the final outcome. For both
treatment groups there was no correlation. Similar results
were obtained when diffusion weighted MR imaging 41 h
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Fig. 6. Scatterplots of volume of ischemic tissue damage 4} h after MCA occlusion and infarct volume 24 h after MCA occlusion, assessed at both time
points by diffusion weighted MR imaging (DW MRI). In (A) all three groups are pooled and there is no correlation ( p = 0.12, R = 0.32). In (B) regression
analysis is performed for each group separately, to reveal a statistically significant correlation for the control group ( p = 0.003, R = 0.90).

after MCA occlusion was correlated to the other end-point
assessments (data not shown).

4. Discussion

Post-ischemic treatment with the glutamate AMPA re-
ceptor antagonist YM872 in rat caused a reduction of
mean infarct volume 24 h after MCA occlusion by approx-
imately 30% when the drug was administered as continu-
ous intravenous infusion during the 24-h observation pe-
riod (see Fig. 1). The degree of neuroprotection seemed to
be comparable to published results from animal studies of
other AMPA receptor antagonists [2,3,5,8,37,39]. Compar-
ison between experimental studies of neuroprotection in
different laboratories are complicated by differences in
animal model, anaesthesia, drug dose, drug administration
and choice of end-point. The present results and the results
from three other animal studies of experimental stroke
[12,33,34] do, however, indicate that YM872 offers signifi-
cant neuroprotection, without the potential side effects of
nephrotoxicity [12,33,34] described for other glutamate
AMPA receptor antagonists [6,8,37]. In preliminary experi-
ments (unpublished data), administration of YM872 at a
rate of 20 mg kg™' h™! starting 10 min after occlusion of
MCA produced a brain concentration of approximately
100 ng g=! (0.3 wM), a concentration at which the drug
has been shown in vitro to selectively block AMPA recep-
tors without blocking NMDA receptors [16]. This indicates
that the neuroprotective effect of YM872 in this study was
due to its selective AMPA receptor blockade potency.

Already 4% h after MCA occlusion the volume of
ischemic tissue damage was significantly smaller in both
the 4 and 24 h YMB872 treatment groups. The infarct
volume expansion between 43 and 24 h after MCA occlu-
sion seemed to be similar in the 24 h YM872 treatment
group and the control group, while in the 4 h YM872
treatment group the expansion was increased after termina-
tion of drug treatment (see Fig. 5). In a recent study by Lo

et al. [19] the neuroprotective effect of the AMPA receptor
antagonist NBQX was examined after permanent MCA
occlusion in rat, and their results indicated that single slice
diffusion weighted MR imaging at 3 h after the ischemic
onset could predict the final outcome as assessed with
TTC staining 24 h after the onset as the single end-point.
Our findings, however, suggested that YM872 in a dose of
20 mg kg™' h™" during the first 4 h merely delayed the
evolution of the ischemic tissue damage. In the present
study diffusion weighted MR imaging with the same proto-
col at both 43 and 24 h allowed direct comparison between
the two time points, and, in addition, multi slice imaging
was performed in order to cover the entire MCA territory
(see Fig. 2). Our results showed that the early MR imaging
could predict final outcome in the control group, but not in
the treatment groups (see Fig. 6b), indicating that the
predictive value of early tissue damage assessment is
reduced when neuroprotective treatment is given. How-
ever, the discrepancy between the present study and the
study of Lo et al. [19] may result from differences in the
pharmacokinetics of NBQX and YM872. The plasma
half-life of YM872 is short (1.5 h, unpublished data), and
YMS872 did probably disappear from plasma quickly after
the end of infusion in the 4 h treatment group. Further-
more, due to the high water solubility, YM872 did most
likely not precipitate in the internal organs, as found for
NBQX after intraperitoneal administration [2,27]. This
eliminates the potential problem of a drug depot which
might provide sustained release of drug as seen with
NBQX [27], and thus the early NBQX treatment may be
compared to the 24 h treatment group in the present study.
On the other hand, as the observed neuroprotection in the
24 h treatment group also may reflect a delay of the
expansion of tissue damage, a later end-point (e.g., 1 week
after the ischemic onset) is necessary to evaluate the long
term benefit of the drug in the case of permanent ischemia
[34].

In the present study, no effect of YM872 treatment on
the measured physiology parameters was observed except
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a small, but statistically significant, increase in blood
glucose in the 24 h YM872 treatment group (see Table 1).
Profound hyperglycemia has been shown to increase the
infarct size in animal studies of experimental stroke, but
we are not aware of any published study that has investi-
gated the effect of such a small increase in blood glucose
from approximately 7.5 to approximately 10 mmol 17",
Recent studies have reported localization of AMPA recep-
tor subunits in the pancreatic islets of rat and guinea pig
[18,36], and in a perfused rat pancreas preparation gluta-
mate was found to potentiate glucose stimulated secretion
of insulin via actions at AMPA type glutamate receptors
[1], If this is the case also in man, blood glucose should be
closely monitored in clinical trials with AMPA receptor
antagonist treatment of stroke patients.

In this study, rectal hyperthermia was observed in all
three groups 43 h after MCA occlusion. Spontaneous
hyperthermia in rats subjected to intraluminal filament
MCA occlusion has been observed by other groups [13,40],
and is probably caused by ischemic tissue damage extend-
ing into hypothalamic centers regulating body temperature
[40]. However, in the present study there were no signifi-
cant differences between the experimental groups, and at
the dose used in this study, no hypothermic effect of
YM872 was observed.

In conclusion, when using MR imaging and histopathol-
ogy 24 h after MCA occlusion as main end-points, post
ischemic treatment with the glutamate AMPA receptor
antagonist YM872 was demonstrated to markedly reduce
the infarct volume when administered as continuous i.v.
infusion for 24 h after onset of ischemia, but not when the
treatment was terminated 4 h after the MCA occlusion.
The combination of serial diffusion weighted and T2
weighted MR imaging seemed well suited for in vivo
evaluation of infarct size and temporal evolution of brain
tissue damage in the study of therapeutic interventions for
the treatment of stroke.
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