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ABSTRACT

The impairment of cerebral blood flow during an ischaemic insult restricts the 

delivery of oxygen and glucose to the brain. The subsequent energy depletion triggers 

a cascade of events, including release of the excitotoxin, glutamate. In this thesis, the 

microglial response to pharmacological manipulation of energy metabolism, depletion 

of oxygen and glucose, and glutamate exposure was explored.

Glucose deprivation did not compromise microglial viability. In contrast, glucose 

deprivation in the presence of the glycolytic inhibitor, 2-deoxyglucose triggered 

microglial death and induced cytoskeletal changes. Two-deoxyglucose treatment, even 

in the presence of glucose, strongly activated microglia, attenuated microglial 

proliferation and/or adhesion and triggered nuclear pyknosis.

Microglia were relatively resistant to short exposure to the respiratory chain inhibitor, 

cyanide, compared with neurons. Oxygen-glucose deprivation was a milder insult for 

microglia than cyanide or 2-deoxyglucose treatment. It did not trigger cytoskeletal 

changes or induce nuclear pyknosis. However, both hypoxia and oxygen-glucose 

deprivation irreversibly compromised microglial proliferation and/or adhesion.

Glutamate treatment triggered neuronal but not microglial nuclear pyknosis. 

Microglial conditioned medium containing soluble factors released from microglia 

was neuroprotective when added to neurons prior to neuronal exposure to glutamate. 

However, when microglial conditioned medium was added to untreated neurons, an 

increase in neuronal calcium levels was triggered, mediated by P2 purinergic- and 

NMD A- receptor activation.



Taken together these results indicate that microglia are more able to tolerate energy 

deprivation or glutamate than neurons. Furthermore, the above results demonstrate 

that microglia may interact with neurons, releasing factors which modulate neuronal 

signalling and survival. Following a severe metabolic insult, as may occur in the 

ischaemic core, strong microglial activation is observed. This is associated with 

microglial death and may be a mechanism of down-regulating the microglial 

contribution to an inflammatory response, although removal of microglia by these 

processes may compromise brain repair.
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1.1 General introduction to microglia and cerebellar granule cell neurons

1.1.1 The central nervous system

The central nervous system (CNS) consists of a complex network of approximately 

10 '̂ neurons (Alberts et al., 1989). Neurons are responsible for receiving, conducting 

and transmitting signals throughout the brain. Non-neuronal cells in the brain are 

known as glia. Glial cells surround neurons and occupy the space between them. 

Although glia outnumber neurons by approximately 10 to 1, until recently they were 

believed to be passive components of the CNS (Alberts et a i, 1989). Glia may be sub

divided on the basis of size into macroglia and microglia. Macroglia include 

astrocytes, ependymal cells, oligodendrocytes and radial glial cells (see Figure 1.1.1).

central nervous system

neuron glial cell
microglia

 macroglia —

astrocyte ependymal oligodendrocyte radial glial 
cell cell

Figure 1.1.1 Overview of cell types present in the central nervous system

Astrocytes are the largest glial cells and may be divided into two types; fibrous 

astrocytes and protoplasmic astrocytes (see Bradford, 1986). Astrocytes have many 

functions both in the normal and pathological brain; they take up synaptically released 

glutamate and metabolise it (see Anderson and Swanson, 2000), and buffer ions, 

thereby helping to maintain normal brain homeostasis. They also have a role in
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guiding the construction of the nervous system (see Kimelberg and Norenberg, 1989). 

In pathological situations, they upregulate expression of certain proteins and 

participate in glial scar formation, which may be detrimental (see Kimelberg and 

Norenberg, 1989).

Microglia were first recognised by Nissl over one hundred years ago and were 

suggested to be responsible for phagocytosis (Nissl, 1899, as cited in Barron, 1995). 

They were later described by del Rio-Hortega as cells with specialised staining 

characteristics and morphology distinct from oligodendrocytes and astrocytes (del Rio 

Hortega, 1932, as cited in Gonzalez-Scarano and Baltuch, 1999). Microglia are the 

smallest glial cells, about 2-3 pm in diameter. Ramified or resting microglia possess 

an oval, elliptical or thin and elongated nucleus, and have little or no cytoplasm. They 

have cell processes that arise from the cell body and are branched or highly ramified 

in the resting brain. Ultra-structurally, they possess long, narrow, stringy rough 

endoplasmic reticulum, collapsed Golgi lamellae, few microtubules, no glycogen 

granules, numerous dense bodies, and prominently clumped nuclear chromatin (see 

review, Barron, 1995). Microglia comprise up to 20 % of the total glial population in 

the brain and they are enriched in grey matter (Lawson et al., 1990). Microglia may be 

classified on the basis of their location; perineuronal microglia make direct contact 

with the neuronal cell body, perivascular microglia are found near blood vessels but 

outside of the basement membrane of a blood vessel. The remaining microglia are free 

standing (see review, Dobrenis, 1998).

During the embryonic period amoeboid microglia are observed. Amoeboid microglia 

are morphologically similar to macrophages (see review, Barron, 1995). They are rich
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in rough endoplasmic reticulum, Golgi, vacuoles and lysosomes and have an abundant 

cytoplasm. Ramified microglia first appear during the late postnatal period. They are 

believed to be acutely sensitive to changes in the microenvironment assuming an 

amoeboid phenotype in response to tissue damage (see review, Kreutzberg, 1996).

1.1.2 Microglial origins

The origin of microglia remains a controversial issue. Some believe microglia are of 

neuroectodermal origin. Single brain cells of early embryonic mice produce mixed 

cultures of microglia and astrocytes, suggestive of a common precursor for astrocytes 

and microglia (Fedoroff et al., 1997). Two interpretations are possible; that microglia 

like astrocytes, derive from a neurectodermal progenitor or that astrocytes and 

microglia derive from a hemopoietic progenitor. The latter hypothesis is supported by 

data from Eglitis and Mezey (1997) demonstrating that astroglia originate from a bone 

marrow derived precursor.

There is strong evidence that at least a proportion of microglia are of haemopoetic 

origin. When carbon-labelled monocytes are injected in to the blood stream of rats, 

labelled amoeboid and ramified microglia are produced (Ling et al., 1980), indicating 

that microglia can derive from circulating monocytes. However, microglia exist prior 

to vascularisation and before monocytes are produced in haemopoietic tissues 

(Sorokin et al., 1992). Additionally when bone marrow cells are transplanted into 

irradiated adult and one day old mice, just 10 % of the resting microglia are of donor 

origin (de Groot et al., 1992). Together these data suggest that a proportion of 

microglia derive from an endogenous CNS precursor cell. There is evidence that 

haemopoietic cells which develop into microglia, exist in the nervous parenchyma of
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adult and developing CNS of mice (Alliot et al., 1991), suggestive of a haemopoietic 

precursor. It is likely that the microglial precursor enters the CNS either from the 

meninges (Boya et al., 1987), the ventricles (Cuadros et al., 1994) or the blood stream 

(Ling, 1979) in embryonic or early postnatal development. The amoeboid microglia 

produced may then migrate to their destination where they either degenerate or down- 

regulate expression of certain cell surface markers (Wu et al., 1994) and undergo 

changes in morphology, ultimately assuming a ramified appearance (Ling, 1979). 

Imamoto and Leblond (1978) estimate that two thirds of the amoeboid microglia 

degenerate and the remaining third differentiate into ramified microglia.

1.1.3 Microglial markers

As microglia are widely believed to derive from monocytic-macrophage lineage it is 

perhaps not surprising that they share many functional and antigenic markers with 

monocytes (Table 1.1.3.1, page 20). Common shared cell surface markers include 

Major histocompatability complex (MHC) class I and II, required for cells to present 

antigen, Fc Receptors (FcR) I and II, which enable cells to recognise and destroy 

antibody coated cells, and cluster of differentiation (CD) 11c, which together with 

CD 18 forms complement receptor 4, which, when bound to its ligand, promotes 

phagocytosis (Williams et al., 1992).

The phenotypic expression of cell surface and functional markers is dependent on the 

level of microglial activation. Ramified microglia are believed to be fundamentally 

quiescent cells (Lauro et al., 1995). However, in response to moderate neuronal 

injury, microglia can become activated, proliferating and undergoing changes in their 

immunophenotype. In response to lethal injury such as motor neuron degeneration, 

microglia can become further activated, upregulating the expression of cell surface
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markers and ultimately becoming phagocytic (see review, Streit et ah, 1988, Table 

1.1.3.2, page 21). Phagocytic microglia release a host of toxic mediators and may be 

detrimental to neuronal survival (see 1.1.4.5, page 27). Additionally, in response to 

injury an increase in the size and number of astrocytes and formation of a glial scar 

(made up of the reactive astrocytes) is often observed (Kimelberg and Norenberg, 

1989). Thus over active glial responses in the brain may contribute to pathology.

Antigen or 
functional 

m arker

Antibody Microglia Peripheral 
blood monocytes

C D llc Leu-M5 ++ ++

MHC class I OX-18 -H- ++

MHC class II OX-6 -H- ++

FcRI - ++ ++

FcRII - ++ ++

Table 1.1.3.1 Phenotypic expression of ceii surface and functional markers on human 

microglia and monocytes The expression of cell surface markers, including cluster of 

differentiation (CD) 11, major histocompatibility complex (MHC) classes I and II and Fc 

Receptor (FcR) I and II, was assessed in 7 day in vitro (DIV) human microglia and 1 and 7 

DiV peripheral blood monocytes by immunocytochemistry. ++ easily detected in the vast 

majority of cells (adapted from Williams et ai., 1992).

At the present time there are no antibodies that distinguish between microglia and 

macrophages from other tissues, although quantitative differences in expression of cell 

surface markers occur. For example, microglia express CD45 weakly whereas other 

macrophages express CD45 more strongly (Ford et al., 1995). However, microglia can 

be distinguished from other macrophages by a unique pattern of ion channels 

(Kettenmann et al., 1990). Rat microglia lack the delayed outward potassium current 

observed in peritoneal macrophages in vitro but display large inwardly rectifying 

currents activated by hyperpolarising voltage steps (Kettenmann et al., 1990).
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Antigen Antibody Resting Activated Phagocytic

CR3 OX-42 + ++ 4-4-

MHC class I OX-18 ± + 4-

MHC class II OX-6 - ± 4-

Macrophage 
surface antigen ED3 - ± ±

Table 1.1.3.2 Expression of cell surface and functional markers on rat microglia in 

various states of activation The expression of cell surface markers, Including complement 

receptor (CR) 3, major histocompatibility complex (MHC) classes I and II and macrophage 

surface antigen was examined by Immunocytochemistry In resting microglia, 

activated microglia le those which are proliferating but are not phagocytic, and phagocytic 

microglia - absent, ± weak, + well discernible, ++ above normal (adapted from Streit et al., 

1988).

1.1.4 Microglial activation and release of soluble factors

As mentioned earlier, microglia exhibit changes in morphology and 

immunophenotype when they are activated (see 1.1.3). Accompanying these changes, 

microglia proliferate, release a plethora of inflammatory mediators and if strongly 

activated, become phagocytic.

Interferon-gamma (IFNy, Woodroofe et al., 1989) and/or lipopolysaccharide (LPS), a 

component of the bacterial wall of all Gram-negative bacteria (see Bellingan, 1999) 

in combination with other cytokines (Boje and Arora, 1992) activate microglia. 

Chromogranin A (CGA), an endogenous peptide of the CNS (O’Connor et a l, 1984; 

Munoz et a l, 1990), accumulates in the senile plaques found in patients with 

Alzheimer’s disease (Munoz, 1991). CGA and/or amyloid-beta, another peptide 

implicated in Alzheimer’s disease, both activate microglia (Kingham et al, 1999; 

Noda et a l, 1999; Taupenot et al., 1996).
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In vivo, microglial activation has been observed in response to circulating cytokines 

(Grau et a l, 1997), following ischaemia (Rupalla et al., 1998), in brains from patients 

with Creutzfeldt-Jakob disease (Muhleisen et al., 1995), around senile plaques in 

Alzheimer’s disease (see review Gonzalez-Scarano and Baltuch, 1999) and in 

Multiple Sclerosis lesions (Bo et al., 1994). Activated microglia can destroy invading 

microorganisms, remove dead cells and release growth factors which may promote 

tissue regeneration. However, they can also be cytotoxic through the release of a 

plethora of neurotoxic substances (see 1.1.4.5, page 27).

In the remainder of this section the nature of some of the soluble factors released by 

microglia is discussed.

1.1.4.1 Glutamate

Glutamate is the principal excitatory neurotransmitter in the mammalian CNS. It has a 

wide variety of actions depending on the site and receptor at which it acts. It activates 

ionotropic receptors; the N-methyl-D-aspartate (NMDA), 2-amino-3-hydroxy-5- 

methylisoxazole-4-propionic acid (AMPA) and kainate receptors, which are 

effectively ligand-gated cation channels. NMDA receptors are normally blocked by 

Mĝ "̂  and are modulated by glycine (see Sommer and Seeburg, 1992; Sprengel and 

Seeburg, 1993). However, in depolarised cells the block is released and the NMDA 

receptor can be activated leading to a large influx of Ca^  ̂(see Sommer and Seeburg, 

1992; Sprengel and Seeburg, 1993). AMPA and kainate receptors may be 

distinguished by their high affinity for AMPA or kainate respectively. AMPA 

receptors exhibit fast kinetics, have low permeability to divalent cations and conduct 

mainly Na"̂  currents (see Sprengel and Seeburg, 1993). Glutamate also activates
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metabotropic glutamate receptors (mGluR) that are coupled to G-proteins to influence 

second messenger systems. These receptors can modulate the effect of a variety of ion 

channels and ionotropic glutamate receptors (Baskys, 1992).

Though glutamate has roles in the normal functioning of the brain it has been 

implicated in a host of diseases including cerebral ischaemia (see Choi, 1992). 

Elevations in the extracellular concentration of glutamate can lead to excessive 

activation of NMDA and AMPA/kainate receptors and ultimately neuronal and glial 

death (see McCulloch, 1994; Pitt et al., 2000). Glia may contribute to excitotoxic 

damage in several ways. Activated microglia release glutamate triggering neuronal 

death (Kingham et a l, 1999; Piani et al., 1991; Piani and Fontana, 1994). Microglia 

also release the glutamatergic agonist, quinolinic acid (Espey et al., 1997) which 

triggers cell death (Kerr et al., 1995). In animal models of multiple sclerosis, the 

enzymes that metabolise glutamate; glutamate dehydrogenase and glutamine 

synthetase are reduced in astrocytes (Hardin-Pouzet et al., 1997) which may also 

enhance the extracellular glutamate concentration.

1.1.4.2 Free radicals

Nitric oxide (NO ) is a free radical gas with a multitude of roles depending on its 

concentration and the location in which it is produced. NO regulates vascular tone and 

neurotransmission (Lowenstein and Snyder, 1992), inhibits platelet aggregation 

(Radomski et al., 1990) and affects microglial migration (Chen et al., 2000). It also 

modulates mitochondrial ATP synthesis and death signalling (Brookes et al., 1999; 

Kaasik et a l, 1999; Leist et al., 1999) and is involved in microglial apoptotic 

signalling (Kingham et al., 1999; Taupenot et al., 1996).
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NO is produced from the conversion of L-arginine to L-citrulline by three forms of 

nitric oxide synthase (NOS, see Marietta, 1994). Neuronal NOS (nNOS, type I NOS) 

and endothelial NOS (eNOS, type III NOS) are constitutively expressed on neurons 

and endothelial cells, respectively. Both these enzymes are calcium dependent (see 

Nathan and Xie, 1994). Inducible NOS (iNOS, type II NOS) in contrast, is not 

calcium dependent or normally expressed in postnatal brain. iNOS is induced by 

pathological stimuli such as infection or ischaemia, and is upregulated in Multiple 

Sclerosis and Alzheimer’s disease (see Licinio et a l, 1999). Microglia express iNOS 

in response to a host of triggers including the pro-inflammatory cytokine interleukin-1 

beta (IL-lp) (McCann et a i, 1994), LPS and IFNy (Moss and Bates, 2001), CGA 

(Kingham and Pocock, 2000), or transient hypoxia (You and Kaur, 2000). Whilst NO 

produced by iNOS may contribute to the pathophysiology of many neurological 

diseases by forming more toxic free radicals, inhibiting energy production and 

triggering DNA damage (see ladecola, 1997), it has been postulated to play a role in 

repair following injury (see review, Licinio et al., 1999).

Superoxide (O2 ) is a free radical possessing one electron more than molecular 

oxygen. Superoxide production may be triggered by stimuli that reduce the coupling 

efficiency of the mitochondrial electron transport chain (Green and Reed, 1998). 

Other sources of superoxide include xanthine oxidase, an enzyme modified from 

xanthine dehydrogenase by oxidation, and cyclooxygenases (see Love, 1999). 

Microglia produce superoxide when activated by IFN-y (Woodroofe et al., 1989). 

Whilst superoxide itself is implicated in causing oxidative damage to proteins, nucleic 

acids and lipids (Halliwell and Gutteridge, 1989), it can undergo reactions to form 

even more toxic radicals, such as the hydroxyl radical (OH ) or peroxynitrite (00N 0-)
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following reaction with NO’. Potentiation of neurotoxicity by microglia may be 

mediated via peroxynitrite (Kim and Ho Ko, 1998).

1.1.4.3 Proteases

Microglia in culture have been demonstrated to release proteases and activation of 

microglia can increase this protease activity (Colton et al., 1993). Proteases released 

by microglia include metalloproteases (Colton et a l, 1993), a protease activity 

suppressable by calpain inhibitors (Smith et al., 1998) and cathepsin B (Banati et al., 

1993; Kingham and Pocock, 2001). These proteases act to kill infectious organisms 

and degrade dead cells but unabated proteolytic activity could cause injury to adjacent 

cells (see Colton et al., 1993). In addition, abnormal proteolysis has been suggested to 

be a major factor in the accumulation of beta-amyloid in Alzheimer's disease (see 

Colton et al., 1993). Thus proteases may have physiological or pathophysiological 

roles.

1.1.4.4 Cytokines

Microglia respond to and release a variety of soluble peptides called cytokines. 

Microglia can respond to pro-inflammatory cytokines such as IFN-y up-regulating 

expression of Fc receptors, MHC class II antigen, releasing O2' (Woodroofe et a l, 

1989), and increasing their secretory protease activity (Colton et al., 1993), all 

features of microglial activation. Tumour necrosis factor-alpha (TNF-a), another pro- 

inflammatory cytokine, or IFN-y in combination with LPS, activate microglia 

resulting in induction of NOS expression (see review, Licinio et al., 1999) and 

increased phagocytic capacity of microglia (Smith et al., 1998). Microglial 

proliferation can be induced by cytokines such as IFN-y, IL-4, macrophage colony 

stimulating factor (M-CSF) and granulocyte-macrophage colony stimulating factor
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(GM-CSF, Giulian and Ingeman, 1988). In vitro, transforming growth factor beta-1 

(TGF-pl) has been found to inhibit the proliferation induced by the colony- 

stimulating factors (Suzumura et a l, 1993). To summarise, microglia can respond to 

cytokines resulting in activation and /or proliferation, although these responses can be 

modulated by other cytokines.

Not only can microglia respond to cytokines but they also release them. TNF-a, IL-1, 

IL-6, and TGF-pl are released by these cells (Constam et al., 1991; Fine et al., 1999; 

Giulian et al., 1986, see review, Barron, 1995). Since TGF-pl can be released by and 

act on microglia, this feedback permits microglia to modulate their own responses. 

Microglia also produce basic fibroblast growth factor (bFGF, Shimojo et al., 1991) 

which is reported to stimulate the proliferation of astrocytes (Morrison et al., 1985) 

and oligodendrocytes (Eccleston and Silberberg, 1985) and promote neuronal survival 

(Walicke, 1988). Another factor released by microglia which may promote neuronal 

survival is nerve growth factor (NGF, Mallat et a l, 1989; Heese et al., 1997), 

although one study suggested that microglial released NGF may actually kill neurons 

(Frade and Barde, 1998), in contrast to its well known trophic properties. The ability 

of microglia to release cytokines enables microglia to influence the microenvironment 

through their effect on themselves directly, or on oligodendrocytes, astrocytes or 

neurons. Additionally, extended feedback loops onto microglia are possible. For 

example, microglia release IL-1, inducing astrocytic proliferation. Since astrocytes 

release colony stimulating factors M-CSF and GM-CSF that induce microglial 

proliferation, such a loop may positively stimulate microglia.
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1.1.4.5 Microglia- neurotoxic or neurotrophic?

As activated microglia are observed following ischaemia (Rupalla et al., 1998) and 

many other neurodegenerative diseases (see review, Gonzalez-Scarano and Baltuch, 

1999), the role of microglia in these conditions is being explored. Microglia release 

glutamate (Piani et a l, 1991) which is neurotoxic (Piani and Fontana, 1994) and also 

free radicals such as NO and O2 with the ability to potentiate NMDA mediated 

neurotoxicity (Kim and Ho Ko, 1998). Other in vitro studies have also shown that 

microglia release factors that are detrimental to neuronal survival (Giulian et a l, 1993; 

Kingham et a l, 1999). The neurotoxic role of microglia is supported by in vivo studies 

in which suppression of the microglial response following ischaemia resulted in 

reduced damage (Giulian and Robertson, 1990).

Microglia may also release factors that are neurotrophic (Heese et a l,  1997; Mallat et 

a l, 1989; Shimojo et a l, 1991; Walicke, 1988). Indeed certain studies have shown 

that microglial cells prevent neuronal apoptosis in vitro (Toku et a l, 1998) and 

promote neuronal survival (Polazzi et a l, 2001). It is likely that the role of microglia 

depends on their activation state. In mixed neuronal-microglial cultures, microglia 

support neuronal growth and neurite extension (Zhang and Fedoroff, 1996). However, 

lipopolysaccharide treated microglia impeded neuronal survival in mixed cultures 

(Zhang and Fedoroff, 1996). Whilst phagocytic microglia may be observed in areas of 

neuronal damage following ischaemia, activated microglia have also been observed 

next to or even encircling neurons that do not die (Kato and Walz, 2000), suggesting 

that the level of microglial activation may be critical in determining whether microglia 

are neurotoxic or neurotophic following cerebral ischaemia.
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1.1.5 Properties of cerebellar granule cell neurons

Cultured rat cerebellar granule cell neurons are a popular preparation for studying 

neurotransmission and neuronal signalling in excitotoxicity. The source and properties 

of these neurons are reviewed below.

1.1.5.1 Cerebellar granule cell neurons in vivo

The cerebellum (from the Latin, "little brain") is a small structure situated at the rear 

of the brain responsible for controlling movement and learning motor skills. The 

cerebellar cortex contains a limited number of neuronal types that are arranged into 

discrete layers. The two main neurons in the cerebellum are Purkinje neurons and 

cerebellar granule cell neurons (CGC), located in the Purkinje layer and granular 

layer, respectively (see Figure 1.1.5, page 29).

CGC greatly outnumber Purkinje neurons; the ratio of CGC to Purkinje neurons in rat 

is estimated to be 449:1 and 3300:1 in human cerebellum (Andersen et al., 1992; 

Korbo et al., 1993). CGC receive excitatory mossy fibre input from the medullary 

layer, a layer containing myelinated fibres from other brain regions and inhibitory 

input from Golgi cells, which release gamma-amino-butyric acid (GABA). The 

excitatory neurotransmitter is believed to be principally glutamate (Garthwaite and 

Brodbelt, 1989). CGC axons project vertically through the granular and Purkinje layer 

and branch out horizontally in the molecular layer, forming parallel fibres that project 

to the dendrites of Purkinje neurons, basket and Golgi cells. Since these neurons are 

all inhibitory, the overall effect of CGC excitation by mossy fibres is to inhibit the 

discharges of target neurons. The excitatory neurotransmitter released by parallel 

fibres is believed to be exclusively glutamate, which is supported by studies using 

cultured CGC (Gallo et al., 1982; Kingsbury et al., 1988; Van Vliet et al., 1989).
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Figure 1.1.5 Organisation of the cerebellar cortex Neuronal circuitry in the cerebellar 

cortex showing excitatory (+) and inhibitory (-) synapses. Purkinje cell axons may also 

possibly synapse with other Purkinje, Golgi, or basket cells. Adapted from Kiernan, J.A., 

(1998).

1.1.5.2 Cerebellar granule cell neuron preparation

Cultured CGC are widely used to study neuronal signalling and in particular the 

neuronal response to excitotoxicity. It is relatively easy to prepare pure neonatal 

cultures of CGC with minimal contamination from other cell types. Since CGC in the 

cerebellum are undifferentiated and do not have processes at postnatal day 5-7, they 

are not destroyed by the dissociation steps in the preparation (see 2.2.3) unlike other

cerebellar neurons. Contamination from non-neuronal cells may be minimised by
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adding a mitotic inhibitor, such as cytosine arabinofuranoside to the medium, thereby 

blocking cell proliferation. The purity of the CGC cultures is approximately 95 %. As 

CGC are suggested to comprise more than 80 % of all neurons in the human brain 

(Lange, 1975) and rat cerebellum is estimated to contain 100 million CGC (Korbo et 

al., 1993), a high yield may be obtained.

1.1.5.3 Cerebellar granule cell neuron development in vitro

Following plating, CGC migrate, forming clumps of cells and exhibit a differentiated 

appearance by 7 DIV in the presence of serum (Kingsbury et a l, 1985). Cultured 

CGC lack the excitatory input of mossy fibres and in order to survive they require 

depolarising conditions provided by supplementing the medium with 20-40 mM KCl 

(Gallo et al., 1987). The dependence on depolarising conditions develops alongside 

CGC differentiation (Gallo et al., 1987).

The Ca^^ influx induced by depolarisation is required for neuronal survival (Gallo et 

al., 1987). CGC possess an array of voltage-dependent calcium channels (VDCC) that 

are activated by depolarisation. VDCC in CGC mediate exocytotic glutamate release 

(Pocock et al., 1993; Pocock et al., 1995) and influence downstream signalling 

including transcription, through the action of calcium (see later).

During development many CGCs die by apoptosis (Wood et al., 1993). In vitro, CGCs 

undergo apoptosis if cultured in low K^ (5 mM), therefore switching CGC from 25 

mM to 5 mM K^ has been used to study apoptotic signalling in these cells (Yan et a l,

1994). Raising the intracellular free calcium concentration, [Ca^"^],, using thapsigargin 

which releases Ca^  ̂ from intracellular stores, supports survival of "mature" CGC
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cultured in low (Levick et a l, 1995). NMDA receptor activation also increases the 

survival of CGC under low (Balazs et al., 1988). The requirement for NMDA 

parallels the requirement for high which develops at 2-4 DIV and may occur 

alongside developmental changes in subsets of the NMDA receptor. Indeed the 

subunit composition of the NMDA receptor depends on the brain region and the stage 

of development, suggesting that the receptor may have different functional properties 

(Marti et al., 1993).

With time in culture, CGC become vulnerable to glutamate when cultured in 25 mM 

KCl but not when cultured in 10 mM KCl and NMDA. This suggests that 25 mM KCl 

is sufficient to remove voltage-dependent block of the NMDA receptor by Mg^^ 

(Resink et a i, 1994). Like NMDA, AMP A becomes toxic during CGC development 

(Hack et al., 1995). CGC also possess metabotropic glutamate receptors (Aronica et 

al., 1993) which may regulate developmental apoptosis (Copani et al., 1998). The role 

of glutamate in neuronal death will be reviewed in detail later.

1.2 Routes to cell death- apoptosis or necrosis?

In response to certain stimuli cells may die by either necrosis or apoptosis. Necrotic 

death is normally triggered by extreme stimuli, such as changes in osmotic balance or 

strong ischaemic injury. It is always pathological and poorly regulated, resulting in 

cell lysis, and the contents of the cell leaking into the extracellular mileu trigger an 

immune response (see reviews, Wyllie, 1980; Willingham, 1999). Other features of 

necrosis include swelling of the mitochondria and the whole cytoplasm (see review, 

Kroemer et al., 1998). Necrosis is favoured under conditions in which the energy level 

of the cell is low (Leist et al., 1997). In the ischaemic core, where blood flow is
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severely reduced and ATP is depleted (Hossmann, 1994), the death is very rapid and 

necrosis is favoured (see review, Dimagl et al., 1999).

Apoptotic cell death, unlike necrosis, is tightly regulated and may occur under 

physiological conditions, for example during development. However, it has also been 

implicated in certain pathological conditions including stroke and Alzheimer’s disease 

(Barinaga, 1998a; Barinaga, 1998b). Apoptosis results in the formation of apoptotic 

bodies with an intact membrane. The apoptotic bodies are then eliminated by 

phagocytosis (see review, Willingham, 1999) thus avoiding a potentially damaging 

secondary immune response. Other features of apoptosis include pyknosis (chromatin 

condensation), karyorrhexis (nuclear fragmentation), DNA fragmentation, activation 

of a protease cascade, cell shrinkage, and subtle plasma membrane changes (see 

reviews, Willingham, 1999; Wyllie, 1980). The sequence of the signalling cascade is 

dependent on the apoptotic stimulus but the mitochondrion is implicated in many 

apoptotic pathways (see review. Green and Reed, 1998).

1.2.1 The involvement of mitochondria in death signalling

The mitochondrion is believed to be a key player in death signalling since (i) 

disruption of the mitochondrial electron transport chain may compromise ATP 

production, (ii) free radicals may be generated in the mitochondria causing oxidative 

stress and cell damage, (iii) a fall in mitochondrial inner transmembrane potential 

occurs prior to the final execution of apoptosis in many systems and (iv) the 

mitochondria is a source of pro-apoptotic proteins (see review, Green and Reed, 1998; 

Liu et al., 1996; Mancini et al., 1998; Petit et al., 1995; Susin et al., 1996; Susin et al., 

1999b; Vayssière et al., 1994). These points will be discussed in more detail below.
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1.2.1.1 ATP production

The mitochondrion is crucial for maintaining cellular ATP levels. Respiratory chain 

complexes are present in the inner mitochondrial membrane. Transfer of electrons 

along these complexes, which ultimately reduce oxygen to water, triggers proton 

pumping across the inner mitochondrial membrane. This results in a proton gradient 

across the inner mitochondrial membrane such that the matrix side is negatively 

charged and the transmembrane side is positively charged. Proton flow down the 

electrochemical gradient through the ATP synthetase complex triggers ATP 

production by the ATP synthetase (Figure 1.2.1.1).

Stimuli such as y-irradiation which lead to disruption of the electron transport chain 

and oxidative phosphorylation, (and therefore a loss of ATP production) result in cell 

death (Cui et ah, 1995). Apoptosis results in a fall in ATP levels but not until late in 

the signalling cascade (Bossy-Wetzel et a l, 1998). ATP is required for the active 

execution of the terminal phase of apoptosis (Leist et al., 1997) hence whilst ATP 

depletion leads to death, it is unlikely to result in apoptosis, at least not of the classical 

variety (Green and Reed, 1998).
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Figure 1.2.1.1 ATP production in the mitochondrial respiratory chain The ATP synthetase (in blue) generates ATP from ADP 

and Pj in a process which is dependent on proton flow down its electrochemical gradient, through the ATP synthetase. The proton 

gradient across the mitochondrial inner membrane (i), is generated due to allosteric changes in the respiratory chain complexes 

l-IV (in yellow) as electrons (e -, provided from the citric acid cycle) pass through them. The soluble electron carriers (in pink) 

coenzyme Q (coQ) and cytochrome c (cyt c) pass electrons between complex I or II to complex III, and between complex III and IV 

respectively. These electrons eventually reduce oxygen to water.
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1.2.1.2 Free radicals

Free radicals are produced in all aerobic cells as the by-products of several metabolic 

reactions (Fridovich, 1978), The mitochondrion is a particularly good source of free 

radicals. The one electron reduction of molecular oxygen at complex III in the 

electron transport chain yields O2'. It is estimated that 1-5 % of electrons intended for 

transfer to molecular oxygen in the respiratory chain do not reach their target and most 

lead to O2 production (see, Green and Reed, 1998). Hence stimuli which reduce the 

coupling efficiency of the respiratory chain result in increased O2 production (Green 

and Reed, 1998).

Although reactive oxygen species may transmit signals that induce gene expression 

(Pinkus et al., 1996), they are also implicated in oxidative damage (Halliwell and 

Gutteridge, 1989). Oxidative damage to proteins and nucleic acids and lipid 

peroxidation (Halliwell and Gutteridge, 1989) may ultimately result in cell death.

In any cell there are inherent systems to counteract the potentially detrimental effects 

of free radicals. These include antioxidant molecules such as glutathione and enzymes 

such as superoxide dismutase (Halliwell and Gutteridge, 1989, Figure 1.2.1.2). It is 

the fine balance between oxidants and antioxidants that allows the integrity of the cell 

to be maintained.
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Figure 1.2.1.2 Reactions of superoxide dismutase and glutathione peroxidase

Superoxide dismutase accelerates the dismutation of superoxide (O2 ) to less toxic products 

(A). Glutathione is a tripeptide containing cysteine whose thiol group may be oxidised (B). 

Gluathione peroxidase detoxifies hydrogen peroxide (H2O2 ) at the expense of glutathione (C).

Oxidative stress can result in apoptotic death and this can be inhibited by antioxidants 

(Ratan et al., 1994). It appears that the levels of oxidative stress may determine 

whether death has features of apoptosis or necrosis. Low levels of exogenous 

hydrogen peroxide induce apoptosis whereas higher levels promote a necrotic 

endpoint (Guénal et al., 1997a). Since complex I inhibition (Schulze-Osthoff et al., 

1992) or deletion of the mitochondrial respiratory chain (by depleting mitochondrial 

DNA, Schulze-Osthoff, 1993) prevents free radical accumulation and death this 

suggests that the free radicals leading to cell death are of mitochondrial origin. Whilst 

superoxides are increased in response to a number of apoptotic triggers (Bredesen,

1995) their production may occur downstream of activation of pro-apoptotic 

components such as caspases and may not absolutely be required for apoptotic 

signalling.
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1.2.1.3 Mitochondrial membrane potential

As mentioned earlier, a voltage gradient exists across the inner mitochondrial 

membrane. This is known as the mitochondrial membrane potential (A\|/m). Evidence 

exists that a fall in Ai|/m may be an early step in apoptosis (see later).

Av|/m may be measured in living cells using a range of dyes that are sensitive to a 

change in mitochondrial membrane potential. These dyes are lipophilic, cationic 

molecules that are taken up into the mitochondrial matrix and include 5,5',6,6'- 

tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1), and 

tetramethylrodamine ethyl ester (TMRE). JC-1 is a reliable probe used to assess A\j/m 

(Salvioli et al., 1997). JC-1 has an advantage over other dyes because its colour 

changes depending on the magnitude of the A\|/m (Reers et al., 1991). At low A\)/m JC- 

1 exists as monomers that fluoresce green (emission maximum at 527 nm) and at high 

A\|/m JC-1 forms J-aggregates that fluoresce red-orange (emission maximum 590 nm), 

when excited at 490 nm (Reers et al., 1991). TMRE is a dye that is accumulated in 

proportion to the Av|/m (Scaduto and Grotyohann, 1999). The intensity of 

mitochondrial staining reflects the level of polarisation of the mitochondrial 

membrane; the greater the staining the greater the polarisation, with excitation at 530 

nm and emission >550 nm. Depolarised mitochondria lose their TMRE staining 

(Krohn et a l, 1999).

1.2.1.4 The mitochondrial permeability transition

As mentioned earlier, a fall in Avj/m is believed to occur upstream of early apoptotic 

events such as DNA fragmentation, prior to the execution phase (Kingham and 

Pocock, 2000; Petit et al., 1995; Vayssière et a l, 1994). Since the collapse of A\j/m and
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cell death may be blocked by cyclosporin A (CsA) in many cases, it bas been 

suggested that the mitochondrial permeability transition (mPT) pore may be involved 

(see review, Kroemer et al., 1998).

The mPT pore normally exists in a closed conformation but once triggered to open, it 

is permeable to molecules of molecular mass less than 1.5 kDa. Thus pore opening 

results in equilibration of ions, water and small molecules between the cytosol and the 

matrix space, the A\|/m dissipates and ATP synthesis is subsequently baited (Bemardi 

et at., 1992; see reviews. Green and Reed, 1998; Kroemer et al., 1998; Mignotte and 

Vayssière, 1998; Petronilli et al., 1994, Figure 1.2.1.4). The outcome of this increase 

in mitochondrial membrane permeability and subsequent uncoupling of the respiratory 

chain and/or release of apoptogenic molecules results in the activation of apoptotic 

pathways, or disruption of the plasma membrane and necrotic death. The relative rate 

of the energetic dysfunction and activation of downstream apoptotic signalling has 

been suggested to determine the type of death a cell will undergo (see review, 

Kroemer e/fl/., 1998).

The mPT pore itself has not been totally characterised although certain components 

have been identified (Figure 1.2.1.4). These include the adenine nucleotide transporter 

(ANT) which binds ligands including ADP and ATP (see Crompton, 1999). ANT can 

alternate between two conformations in which the ADP/ATP binding site is on the 

matrix side of the inner membrane (m-state) or the cytoplasmic side (c-state). Ligands 

that bind to the m-state of ANT (bongkrekic acid) inhibit the pore whereas those that 

bind to the c-state (atractyloside) activate it (Crompton, 1999). Another pore 

consituent is the outer mitochondrial membrane protein porin, also called voltage-
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dependent anion channel (VDAC), which is believed to form the pore structure and is 

the voltage sensor. Additionally cyclophilin D (CyP D) located in the matrix, 

associates with ANT (Kroemer et al., 1998). Cyclosporin A inhibits the mPT 

(Bemardi et al., 1993) by binding to CyP-D (see Crompton, 1999). VDAC-ANT-CyP- 

D are the key components of the mPT pore, however other proteins are associated. For 

example, the mPT is induced by protoporphyrin IX (PPIX), a benzodiazepine receptor 

ligand, which suggests that a benzodiazepine receptor may be associated with the pore 

(Pastorino et a i, 1994).
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Bcl-2
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Figure 1.2.1.4 The mitochondrial permeability transition pore The basic unit of the mPT

pore is the VDAC-ANT-Cyp D complex located at contact sites between the mitochondrial 

inner and outer membranes (see main text for details). Apoptotic stimuli and other triggers 

induce a conformational change in the pore leading it to adopt the open configuration. In this 

state, there is free exchange of water and solutes between the cytoplasm and the 

mitochondrial matrix.
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The mPT and subsequent loss of Aym have been implicated in many models of 

apoptosis regardless of the cell type or stimulus. Loss of Av|/m occurs upstream of 

nuclear changes such as chromatin condensation and DNA fragmentation, cytoplasmic 

changes such as caspase activation, and plasma membrane changes such as exposure 

of phosphatidylserine on the plasma membrane (Zamzami et al., 1995; Kingham and 

Pocock, 2000). Disruption of A\/m, by triggering mPT pore opening leads to apoptosis; 

protoporphyrin IX treatment of thymocytes is sufficient to trigger death with features 

of apoptosis and all of these features were blocked by bongkrekic acid (Marchetti et 

al., 1996). Also, known apoptotic inhibitors including Bcl-2 (see later) may block the 

mPT (Zamzami et al., 1996). These findings indicate the mPT pore may be an integral 

part of apoptotic signalling pathways. However, the mPT pore has also been 

postulated to be integral to necrotic death since protoporphyrin IX induces the mPT 

and potentiates necrosis in de-energized hepatocytes (Pastorino et al., 1994).

1.2.1.5 Cytochrome c

In response to apoptotic triggers, mitochondria release factors that are capable of 

activating caspases, a family of proteases involved in apoptotic signalling (Cohen,

1997). The factors include cytochrome c (Liu et al., 1996), apoptosis-inducing factor 

(AIF, Susin et al., 1996a), and also caspases themselves (Susin et al., 1999b).

Cytochrome c (cyt c) is a protein found in the mitochondrial intermembrane space 

required for electron transport in the respiratory chain. As mentioned above, cyt c is 

released from the mitochondria into the cytosol in response to pro-apoptotic stimuli 

(Bossy-Wetzel et al., 1998; Liu et al., 1996). Once there it forms part of the 

apoptosome, which consists of apoptosis protease activating factor-1 (Apaf-1),
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procaspase-9 and ATP (Li et a i, 1997, Figure 1.2.1.5). Formation of this complex 

leads to caspase-9 activation, which subsequently cleaves and activates caspase-3. So 

the release of cyt c from the mitochondria enables formation of a complex capable of 

triggering a downstream protease cascade.

Whilst the release of cyt c is critical in some apoptotic pathways, this is not always the 

case, even in pathways in which the mitochondria plays a key role (Tang et al., 1998; 

Kingham and Pocock, 2000). Also cyt c may be released prior to signs of involvement 

of the mitochondrial permeability transition (mPT) pore, such as loss of inner 

mitochondrial transmembrane potential (Bossy-Wetzel et a l, 1998). Hence cyt c 

release may occur upstream of the mPT. It has been postulated that rapid opening and 

closing of the pore may be sufficient to trigger cyt c release without losing integrity of 

the mitochondrial transmembrane potential, at least temporarily (Green and Reed, 

1998).

In some apoptotic systems the endogenous inhibitor of apoptosis, Bcl-2 inhibits cyt c 

release but in others, Bcl-2 blocks caspase activation whilst failing to block cyt c 

release (Rossé et al., 1998). Bcl-2 is suggested to act at the level of the apoptosome to 

block downstream caspase activation (Rossé et al., 1998). So whether cyt c release 

leads to death of the apoptotic variety may depend on the levels of cyt c released in 

comparison to the levels of endogenous inhibitors present in the cell (see review. 

Green and Reed, 1998). When cyt c is in excess of the endogenous inhibitors, caspase 

activation may occur, leading to apoptosis. However, in circumstances where the 

inhibitors are in excess, then the cell may die by necrosis due to detrimental effects 

caused by loss of cytochrome c from the respiratory chain.
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Figure 1.2.1.5 Structure of the apoptosome Cytochrome c released from the mitochondrion 

interacts with the cytosolic adaptor molecule Apaf-1. Together with ATP and procaspase-9, 

these molecules form the apoptosome complex, activating caspase-9 which subsequently 

activates caspase-3 by proteolytic cleavage (adapted from Nicholson, 2000).
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1.2.1.6 Apoptosis-inducing factor

Apoptosis inducing factor (AIF) is a flavoprotein found in the mitochondrial 

intermembrane space. Like cyt c, AIF can be released from the mitochondria into the 

cytosol (Susin et a l, 1996) in response to factors which favour the open conformation 

of the mPT pore (Susin et a l, 1999a), but from there it travels to the nucleus. Injection 

of recombinant AIF results in cleavage of chromosomal DNA but not into the 

olignucleosomal ladder indicative of caspase-activated DNase (CAD) activation 

(Susin et a l, 1999a). Injection of AIF also results in cytochrome c release, a fall in 

mitochondrial membrane potential (A\j/m), chromatin condensation and the appearance 

of phosphatidylserine on the cell surface (Susin et a l, 1999a). Anti-AIF antibodies 

blocked chromatin condensation in response to the known apoptotic triggers 

staurosporine or atractyloside (Susin et al., 1999a). Interestingly, the AIF triggered 

apoptosis is not always blocked by a pan caspase inhibitor nor does it require other 

mitochondrial factors, or redox ability in order to function (see review, Eamshaw, 

1999; Susin et al., 1999a). Thus AIF may be involved in caspase-independent 

apoptotic signalling (Joza et a l, 2001; Monney et al., 1998) despite its ability to 

proteolytically activate CPP32 (Susin et al., 1997).

1.2.1.7 Mitochondrial release of caspases

In addition to cyt c and AIF, mitochondria harbour procaspases-2, -3 and -9  (Mancini 

et al., 1998; Susin et al., 1999b). These pro-caspases can be released from the 

mitochondria into the cytosol in response to apoptotic stimuli. So not only is the 

mitochondria a source of apoptogenic factors capable of activating a protease cascade 

or triggering other downstream apoptotic events, but it is capable of actually releasing
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the proteases themselves. Thus the mitochondria is not only vital for cellular survival 

but it appears it is critical for the execution of cell death.

1.2.2 The role of caspases in apoptosis

The first member of the caspase family to be discovered was interleukin-ip- 

converting enzyme (ICE, also known as caspase 1), which is the mammalian 

homologue of the Caenorhabditis elegans protein CED-3, responsible for executing 

death in the nematode. Caspases are a family of cysteine proteases responsible for 

inflammation and /or apoptosis (see review, Cohen, 1997).

1.2.2.1 Caspase activation and specificity

Caspases are produced as 30-50 kD proenzymes. Each pro-enzyme contains 2 

subunits, 1 large (approximately 20 kD), 1 small (approximately 10 kD) and an N- 

terminal pro-domain necessary for regulation of activation. Caspase activation 

requires proteolytic processing of the large subunit followed by association of the two 

large and two small subunits to form the active caspase (Figure 1.2.2.1). Caspases 

share similar target specificity and cleave after an aspartate residue. Indeed their name 

derives from their activity as cysteine protea5C5 and their specificity for cf5/?artate (c- 

asp-ases) (see review, Cohen, 1997). The three amino acids N-terminal of the 

aspartate residue appear to be necessary for activation and they vary according to the 

caspase (Figure 1.2.2.1). Tertiary structure is also believed to play a role since the N- 

terminal four amino acids are sometimes insufficient to trigger protein cleavage 

(Thomberry and Lazebnik, 1998). The active-site pentapeptide has the general 

structure QACXG (where X is R, Q or G) and is conserved in all caspases (see Cohen,

1997).
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Figure 1.2.2.1 Schematic of caspase activation by proteolytic cleavage All caspases 

have a cleavage site between the small and large subunits and between the N-terminal 

domain and the large subunit. Cleavage occurs after a conserx^ed aspartate residue (D) and 

the three amino acids N-terminal of this aspartate (S, specific amino acid residues) are also 

important for caspase activity. The active caspase consists of two heterodimers of the large 

and small subunits.

1.2.2.2 Caspase classification

Caspases may be divided into two groups; the upstream initiator caspases and the 

downstream effector caspases, although an alternative classification based on the 

tetra-peptide recognition sequence may also be used (see review, Nicotera et a i, 

2000). The effector caspases include caspase-3, caspase-6 and caspase-7, and the 

initiator caspases include caspases -8, and -9 (see Thomberry and Lazebnik, 1998).

1.2.2.3 Caspase activation downstream of death receptors

Caspase-8 activation occurs downstream of death receptor activation (see review,

Ashkenazi and Dixit, 1998), whereas caspase-9 activation occurs in response to
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stimuli which trigger cytochrome c release from the mitochondria (Li et al., 1997; see 

review, Green and Reed, 1998, see earlier). Death receptors are cell surface receptors 

that transmit signals leading to apoptosis upon ligand binding (Ashkenazi and Dixit, 

1998). They are part of the tumor necrosis factor (TNF) receptor gene superfamily 

which includes Fas (also known as CD95 and Apol) and TNF receptor 1 (also known 

as p55 and CD 120a). Recombinant caspase-8 can activate caspases -1 to -7 and -9 and 

-10 suggesting that activation of caspase-8 triggers a downstream caspase cascade 

(Srinivasula e/a/., 1996).

1.2.2.4 Function of effector caspases

Active initiator caspases activate effector caspases by proteolytically processing them 

(see above). The effector caspases are responsible for the disassembly of the cell 

which is achieved in several different ways (reviewed by Thomberry and Lazebnik., 

1998) including:

(i) By inactivating proteins which protect cells from apoptosis

For example caspase-activated DNase (CAD) is maintained in a latent form by its 

interaction with the inhibitory protein Caspase-3 inactivates (Enari et a l,

1998) triggering the release of active CAD. The anti-apoptotic protein Bcl-2 can also 

be cleaved by caspases (Cheng et al., 1997) releasing a pro-apoptotic fragment.

(ii) By cleaving proteins required for cellular structure

Caspases can alter cellular structure directly, by cleaving the cytoskeletal protein actin 

(see later) or lamin (Takahashi et al., 1996), disrupting the nuclear laminar and 

causing chromatin condensation.
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(iii) By dissociating regulatory and effector domains o f certain proteins 

This leads to inhibition or loss of regulation of proteins including those involved in 

DNA replication (Rheaume et a l, 1997). Caspases can also cleave and activate 

proteins such as gelsolin, that subsequently cleaves proteins including actin 

(Kothakota et al., 1997), altering cellular structure.

1.2.2.5 Regulation of caspase cascades

Since caspase cascades are lethal to a cell it is important that their operation is tightly 

regulated (Figure 1.2.2.5). Activation of caspase-8 and -9  requires several different 

co-factors that are caspase-specific. In addition, procaspase-8 has decoy proteins 

which compete with the procaspase for cofactor binding and are capable of inhibiting 

caspase activation and apoptosis (see review, Thomberry and Lazebnik, 1998). Other 

procaspases may also have decoy proteins (see review Thomberry and Lazebnik,

1998). Apoptosis is controlled by compartmentalising the apoptogenic factors; many 

apoptogenic factors such as cyt c and AIF, are sequestered in the mitochondria, “out 

of harms way”, until the appropriate signal is received and they are released into the 

cytosol triggering apoptosis. In addition to the molecules that are required for caspase 

activation, there is a family of proteins the Bcl-2 family that influence apoptotic 

pathways. The Bcl-2 family consists of at least 15 proteins in mammalian cells, some 

of which promote survival and others which promote apoptosis (see review, Adams 

and Cory, 1998). The pro-apoptotic and pro-survival proteins can heterodimerize, 

thereby cancelling out each others function, suggesting that the relative cellular 

concentrations of the proteins determines whether a cell lives or dies.
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Figure 1.2.2.5 Overview of regulation of caspase cascades Activation of caspase 

cascades is controlled by accesssibility to cofactors and the balance of pro-apoptotic and pro

survival molecules. Initiator caspases cleave and activate effector caspases that mediate 

downstream signalling by cleaving their substrates.
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1.2.3 Apoptosis-necrosis balance

In many apoptotic pathways caspase activation appears to be critical for the 

appearance of apoptotic features. However, there are several anomalies. Caspase 

inhibitors may prevent the appearance of apoptotic features in response to diverse 

triggers such as etoposide, dexamethasone, PPIX (which favours the open 

conformation of the mPT pore), or the pro-apoptotic proteins Bax or Bak. However, 

they may be incapable of preventing disruption of the plasma membrane (Hirsch et 

a l, 1997; Lemaire et al., 1998; McCarthy et al., 1997; Xiang et al., 1996). 

Consequently, long-term viability of the cells may not be improved by caspase 

inhibition as the cells die by necrosis, albeit in a delayed fashion. Indeed similar 

observations were made when inhibiting caspase activation by increasing oxidative 

stress (Samali et al., 1999) or blocking apoptosis by reducing ATP levels (Leist et al.,

1999). An inflammatory response could be triggered by delayed cell lysis following 

the use of caspase inhibitors. This suggests potential treatments for neurodegenerative 

diseases that block apoptosis, but result in a necrotic endpoint, should be administered 

with caution. Even the block of apoptotic features such as the appearance of 

phosphatidylserine on the cell surface may be detrimental, as this could lead to 

persistence of damaged cells due lack of recognition by phagocytes (see review, 

Nicotera et al., 2000).

Some forms of apoptosis are believed to be caspase-independent (Adjei et al., 1996; 

Joza et al, 2001; Monney et al., 1998) and other proteases have been implicated in 

apoptotic signalling such as trypsin-like proteases (Adjei et al., 1996) or the 

proteasome (Grimm et al., 1996). Others have suggested that all proteases have the 

potential to trigger apoptotic signalling (Williams and Henkart, 1994), although the
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evidence for this is limited. There is currently very little data concerning execution 

pathways other than caspases, although AIF may well be a candidate. Whilst AIF may 

process pro-caspase 3, it can induce apoptotic features in a caspase-independent 

manner (see 1.2.1.6).

To add another level of complexity, some authors have suggested that death following 

injury in the CNS can co-exist as apoptosis, necrosis and hybrid forms along an 

apoptosis-necrosis continuum (Portera-Cailliau et al., 1997a; Portera-Cailliau et a l, 

1997b; see review, Martin et al., 1998). Others believe that the apoptosis seen in 

neurological insults is mechanistically identical to the classical apoptosis observed 

during development. However, they concede that atypical endpoints may be observed 

if only a subset of the classical features are carried to completion due to insufficient 

energy reserves (see review, Roy and Sapolsky, 1999).

1.2.4 Mitochondria and caspases-a linear pathway to death?

Apoptosis may be divided into three phases: an induction phase, which is dependent 

on the death trigger, an effector phase, during which a cell is committed to die and an 

execution or degradation phase in which cells acquire the terminal features of 

apoptosis (Susin et al., 1997).

Some authors believe that caspases are the executioners of apoptosis (see review 

Cohen, 1997). Others believe the mitochondrion is the central executioner in apoptotic 

signalling (see reviews Mignotte and Vayssière, 1998; Green and Reed, 1998; 

Kroemer et al., 1998), implying that the induction phase is pre-mitochondrial and the 

degradation phase is post-mitochondrial.
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A linear view of apoptosis with either the mitochondria or caspases as the executioner 

of apoptosis does not accomodate all of the current evidence since (i) mitochondrial 

involvement can lead to death without caspase activation (Hirsch et al,, 1997; Xiang 

et al., 1996) and (ii) caspase activation can occur upstream of mitochondrial 

involvement, for example caspase-8 activation occurs without mitochondrial 

involvement following Fas crosslinking (see review Ashkenazi and Dixit, 1998) and 

recombinant caspase-1 can disrupt the mitochondrial membrane potential in isolated 

mitochondria (Susin et a l, 1997). In other situations, caspase activation occurs 

downstream of mitochondrial involvement; the mPT is sufficient to activate CPP32- 

like proteases (Hirsch et al., 1997) and the mitochondria is a well known source of 

apoptogenic factors (Susin et al., 1997), including caspases themselves (Susin et ah, 

1999b). To complicate matters further, some of the factors released from the 

mitochondria, such as AIF are capable of triggering a fall in Ai/m (Susin et al., 1997). 

It has been hypothesised that such feed back onto mitochondria may be a way of 

amplifying pro-apoptotic signalling (Susin et al., 1997).

To attempt to explain the current evidence. Green and Kroemer (1998) suggest that 

disruption of mitochondrial function and caspase activation may occur in a circular 

feedback loop rather than in a linear fashion (Figure 1.2.4).
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Figure 1.2.4 Overview of the interplay between the mitochondrion and caspases in 

apoptosis In response to a particular stimuli an apoptotic signalling cascade is induced in 

which the mitochondria or caspases or both, play a key role. Certain caspases may be 

activated upstream of the mitochondrion or without mitochondrial involvement. Other 

caspases are activated downstream of the mitochondrion and/or may require cofactors 

released from the mitochondrion for their activation. Additionally, AIF released from the 

mitochondrion is capable of inducing apoptotic features with or without caspase involvement, 

and may trigger the mPT, providing a feedback loop that may amplify pro-apoptotic signalling.
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1.2.5 Cytoskeletal alterations

Actin is an integral part of the cytoskeleton, the structural framework of the cell. Actin 

alterations occur during ischaemia and apoptosis and may contribute to pathology. 

The actin isoform beta-actin is generally found in structures that change their 

morphology (Micheva et al., 1998) and is high in microglia (Plantier et a l, 1998).

1.2.5.1 Properties of actin

The cytoskeleton is the structural framework of a cell. It is composed of three major 

types of protein structures; microtubules, microfilaments and intermediate filaments 

(see Schmidt and Hall, 1998). Microfilaments are actin polymers, that together with 

actin-binding proteins and other associated proteins constitute the actin cytoskeleton 

(see Schmidt and Hall, 1998). The actin cytoskeleton is required for chemotaxis, 

endocytosis, exocytosis, cell-cell interactions and may modulate signal transduction 

cascades (see Schmidt and Hall, 1998; Yin and Stull, 1999).

Whilst actin is one of the most highly conserved eukaryotic proteins, there are at least 

six mammalian isoforms, (Drew et al., 1991, Figure 1.2.5.1). Beta-actin is normally 

observed in structures that retain their ability to change their morphology (Micheva et 

al., 1998) and is higher in microglia than in any other central nervous system cell type 

(Plantier et a l, 1998). Whilst actin isoforms exhibit greater than 90% sequence 

homology overall, in the 18 NH2-terminal residues the homology is only 50-60% 

(Lessard, 1988). This region seems to be a major antigenic region and may be 

involved in the interaction of actin with other proteins.
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Figure 1.2.5.1 Actin i so forms Actin isoforms may be divided into a-, (3-, and y -actin. Four 

of them are present in muscle tissues and two are present in nearly all cell types.

1.2.5.2 Polymerisation of actin

Actin exists as a monomer, called globular actin (G-actin) that polymerises into 

filamentous actin (F-actin). Polymerisation begins after a lag phase in which three 

actin monomers come together in a specific configuration, in a process known as 

nucléation (Alberts et al., 1989, see below). Once nucléation occurs, the further 

addition of actin monomers proceeds rapidly. Each actin molecule can bind ATP, 

which is hydrolysed to ADP after the actin molecule is incorporated into the polymer 

(Schmidt and Hall, 1998). Whilst energy is not required for polymerisation, ATP- 

bound actin polymerises faster than ADP-bound actin (Engel et al., 1977; Schmidt and 

Hall, 1998). Actin filaments have a structural polarity and actin polymerisation occurs 

more rapidly at the plus (barbed or fast-polymerising) end of the actin filament than at 

the minus (pointed or slow-polymerising) end. Rapid actin polymerisation in one 

place must be balanced by depolymerisation in another, in order to provide a supply of 

actin monomers (Yin and Stull, 1999, Figure 1.2.5.2, page 56).
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Barbed end nucleating sites may be generated in several ways (see review, Yin and

Stull, 1999, Figure 1.2.5.2) including:

(i) de novo nucléation; the actin-related protein Arp2/3 initiates polymerisation in 

the plus direction and binds to the minus end of actin preventing 

polymerisation from that end ("caps" the minus end of actin)

(ii) cleaving pre-existing actin filaments to generate plus end nucleating sites; 

gelsolin is one of the proteins that severs actin in this way. It is activated by 

micromolar calcium and caps the plus ends of actin after cleavage. Gelsolin 

must dissociate from the plus ends of actin in order for polymerisation to 

commence from there. Gelsolin uncapping is promoted by PIP2 and the 

GTPase Rac.

Actin depolymerizing factor (ADF) and cofilin, a related protein, promote 

actin filament breakage but unlike gelsolin do not cap the plus ends afterwards. 

ADF/cofilin may increase the availability of monomers by increasing the rate 

of removal of actin monomers from the minus end of actin filaments. They 

may also promote actin depolymerisation by cleaving actin (see review, Yin 

and Stull, 1998).

(iii) Uncapping pre-existing actin filaments; there are several proteins that cap plus 

ends without severing actin. These include Cap G and capping protein. Once 

dissociated, polymerisation from the plus end can commence.
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Figure 1.2.5.2 Schematic of actin polymerisation and generation of plus-end nucleating

sites (A) During actin polymerisation, actin monomers are added at the plus (+) end of the

actin filament and dissociate from the minus (-) end in order to maintain the supply of actin

monomers (adapted from Alberts et al., 1989). (B) Plus-end nucleating sites may be

generated in actin by (Bi) do novo nucléation, (Bii) severing and uncapping actin, (Biii)

uncapping actin (adapted from Yin and Stull, 1999).
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These mechanisms are not mutually exclusive. In response to different signals, cells 

may use different combinations resulting in a range of cytoskeletal responses. Actin 

polymers may be further organised into a filamentous network, by actin side-binding 

or cross-linking proteins (Schmidt and Hall, 1998).

1.2.5.3 Consequences of actin alterations

As mentioned earlier, actin has physiological roles and is required for muscle 

contraction, cell motility, cell-cell interactions and changes in cell morphology 

(Schmidt and Hall, 1998). In the nervous system, changes in the highly dynamic actin 

found in dendritic spines may alter the number or functional state of signalling 

complexes in a particular region, or the position of organelles (see Halpain, 2000). 

Motility of the postsynaptic spine could provide a retrograde signal to the presynaptic 

terminal or signal to glial cells that contact the spine (Halpain, 2000). Since 

presynaptic and postsynaptic membranes are tightly associated, a partially contracting 

spine may tug on the presynaptic terminal activating mechanosensitive ion channels 

(see Halpain, 2000; Paoletti and Ascher, 1994), which could enhance neurotransmitter 

release (Chen and Grinnell, 1995).

Cytoskeletal disruption may contribute to and/or be a consequence of pathology and 

has been linked with apoptosis (Guénal et al., 1997b; Maruyama et a l, 2000; van 

Engeland et al., 1997). Reorganisation of the microfilament network is suggested to 

be required for the formation of apoptotic bodies and changes in actin polymerisation 

may also be necessary for apoptosis (Levee et al., 1996). Alterations in actin 

polymerisation can affect calcium responses to glutamate in cultured hippocampal 

neurons (Furukawa et al., 1995; Furukawa et al., 1997; see Mattson, 2000). Actin
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depolymerisation decreases NMDA-induced calcium currents, whereas actin 

stabilisation enhances the currents (Furukawa et al., 1995). Gelsolin, the calcium- 

activated protein that severs actin (see earlier) is capable of modulating calcium 

channel and NMDA receptor activities and consequently neuronal vulnerability to 

excitotoxicity. Since actin depolymerisation is associated with cells undergoing 

apoptosis (Levee et al., 1996; see Mattson, 2000), it is possible that actin 

depolymerisation-mediated decreases in calcium influx may drive neurons down an 

apoptotic death pathway rather than a necrotic one (see Mattson, 2000).

Rearrangement of the actin microfilament network may cause proteins to dissociate 

from the cytoskeleton (Molitoris et al., 1992). The consequences of this will vary 

depending on the specific proteins that disassociate:

ATP depletion in proximal tubule triggers major changes in the cytoskeletal changes 

and the NaV ATPase dissociates from the actin cytoskeleton (Molitoris et al., 

1991). Since the NaV ATPase is one of the main proteins responsible for 

maintaining Na"*" and K"*" gradients across the plasma membrane, this may disrupt ionic 

gradients across the plasma membrane and could cause cell lysis (Alberts et al., 1989, 

see later).

Integrins are adhesive glycoproteins present in the extracellular matrix that bind both 

to cells and to other matrix molecules, helping cells to attach to the extracellular 

matrix (Alberts et a l, 1989). Integrin cytoplasmic domains also mediate 

transmembrane signalling events (Sastry and Horwitz, 1993). Integrin redistribution
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could trigger cell clumping, due to increased cell-cell interactions (see Molitoris et ah, 

1997) or modulate transmembrane signalling.

Disruption of the cytoskeleton may result in a loss of the “fencing” properties of the 

actin cytoskeleton (see Molitoris et ah, 1997). This may permit membrane lipids and 

proteins to cross into areas of a cell in which they are not normally found, thereby 

readjusting the functions of certain cellular domains. Since the redistribution of 

membrane lipids changes the physicochemical properties of the membrane, integral 

membrane protein function may be affected (see Molitoris et ah, 1997).

In summary, whilst actin alterations are involved in normal cell processes, disruption 

of the cytoskeleton may compromise cellular structure and function. Actin alterations 

may be associated with pathology and influence death phenotype.

1.2.5.4 Actin alterations in ischaemia

There is evidence that ischaemia triggers actin depolymerisation:

(i) Actin depolymerising factor (ADF, see earlier) is activated in renal ischaemia, 

triggering actin depolymerisation, which is reversed by reperfusion (Schwartz 

et ah, 1999). High G-actin but not F-actin, and high ADF localise to 

intraluminal vesicle/blebs during the period of ischaemia. Since ADF is 

inhibited by phosphorylation (Yin and Stull, 1999), ADF activation in 

ischaemia is probably due to global dephosphorylation of proteins, due to lack 

of ATP for kinase activity, as occurs during anoxia (Chen and Mandel, 1997).
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(ii) Excitotoxicity by intense glutamate-receptor stimulation in dendritic spines 

triggers actin depolymerisation and collapse of spine structure, which is 

blocked by inhibitors of the calcium-dependent protein phosphatase, 

calcineurin and a stabiliser of F-actin (see review, Halpain, 2000). This again 

implicates dephosphorylation and depolymerisation in actin alterations.

In contrast, in a proximal tubule-derived cell line, treated with a respiratory chain 

inhibitor, G-actin is converted to F-actin within 5 minutes, triggering cytoskeletal 

disruption as the actin forms large cytoplasmic aggregates (Molitoris et a l, 1991). 

These changes also occur in a primary culture of mouse proximal tubule cells 

(Kroshian e/fl/., 1994).

In addition to alterations in actin polymerisation, there is evidence that actin cleavage 

may occur in ischaemia. This will be discussed below.

1.2.5.5 Caspase cleavage of actin

Caspase 1 can cleave full length actin, a 45 kDa protein into approximately 32 kDa 

and 15 kDa fragments at specific amino acid residues (Yang et a l, 1998, Figure 

1.2.5.5). Caspase-cleaved actin has been detected in post-mortem Alzheimer’s brains 

(Yang et al., 1998) and found to parallel a marker of apoptosis. Caspase-cleaved actin 

has also been detected in ischaemia (see Yang et al., 1998).
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Figure 1.2.5.5 Diagram depicting caspase cleavage sites in actin Caspase 1 cleaves actin 

after Asp11 and Asp244, generating approximately 32 kD and 15 kD fragments. An antibody 

raised against the peptide YELPD (fractin) recognises the 32 kD caspase-cleaved fragment 

but not intact actin (Yang et al., 1998).

The cleavage of G-actin by caspase 1 generates actin fragments with a reduced ability 

to repolymerise (Kayalar et a i, 1996). Additionally, these fragments have a reduced 

ability to inhibit DNase 1 compared with full-length actin (Kayalar et a i, 1996). 

DNase I is implicated as the major endonuclease that cleaves DNA into 

intemucleosomal fragments during apoptosis (Peitsch et al., 1993), although other 

apoptosis-promoting molecules may also trigger DNA fragmentation (see Zamzami 

and Kroemer, 1999). It is possible that caspase-mediated actin cleavage could trigger 

DNase activation, inducing the DNA fragmentation associated with apoptosis 

(Kayalar et a l, 1996). DNase 1 also induces rapid depolymerisation of F-actin 

(Kayalar et a l, 1996). The decreased ability of caspase-cleaved actin fragments to 

repolymerise and the DNase I induced depolymerisation of F-actin could be 

responsible for disruption of the cytoskeleton, resulting in membrane blebbing, 

process withdrawal and cellular rounding observed in apoptosis.
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1.2.5.6 Calpain cleavage of actin

Calpains are calcium activated neutral proteases (CANP). They exist in two forms, 

CANPl and CANP2 which are activated by micromolar or millimolar concentrations 

of calcium, respectively. Calpains degrade intracellular proteins, but in addition they 

also modify certain receptor proteins, kinases and cytoskeletal proteins (see review, 

Croall and Demartino, 1991), indicating calpains may have a regulatory role.

Calpains play a role in actin remodelling during cell spreading (Potter et al., 1998) and 

cell migration (Huttenlocher et al., 1997). Calpain activation is also implicated in 

apoptotic signalling pathways in which actin proteolyis occurs (Villa et al., 1998), and 

in pathologies associated with altered protein metabolism or altered calcium levels 

(see review, Croall and Demartino, 1991). Calpains are believed to play a harmful role 

in neurodegenerative conditions including Alzheimers disease and ischaemia (Nixon 

et al., 1994; see Bartus et al., 1995). Calpain inhibition can reduce ischaemic damage 

in vivo (Bartus et al., 1995) and in vitro (Brana et al., 1999).

1.2.5.7 Actin phosphorylation

Actin can be directly phosphorylated (Furuhashi et al., 1992), on tyrosine residues by 

a variety of kinases and/or on serine and threonine residues by a novel kinase believed 

to be part of the casein kinase I family (Karino et al, 1999). Full phosphorylation of 

actin inhibits casein kinase Il-mediated phosphorylation of proteins including 

calmodulin (Karino et al., 1999), indicating actin phosphorylation may modulate 

downstream signalling cascades.
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There is evidence from studies in Dicytostelium that phosphorylation may be linked to 

actin alterations. In Dicytostelium cells that were returned to growth medium 

following starvation, actin tyrosine residues were rapidly phosphorylated. At the same 

time, these cells lost their pseudopod extensions, became round and had decreased 

adhesion to the substratum, implicating changes in the actin cytoskeleton (Howard et 

al., 1993). Cells in which the gene for protein tyrosine phosphatase PTPl was 

disrupted exhibited faster tyrosine phosphorylation and cell rounding, whereas those 

in which the gene for PTPl was over-expressed had diminished tyrosine 

phosphorylation and a faster return to the cell shape observed in starved cells. 

Whether it is the phosphorylation of actin (or other proteins) that is directly 

responsible for the morphological changes remains to be established.

In summary, whilst actin is required for the normal functioning of the cell, actin 

alterations are associated with, and may contribute to pathology. These alterations 

include proteoloysis, phosphorylation and depolymerisation.

1.3 Stroke

Approximately 100,000 people in England and Wales have a first stroke each year, 

that is one every five minutes (Stroke association, 2000). It is estimated that a third of 

all people who suffer a stroke will die within a year, a third will make a good recovery 

and a third will have moderate to severe disabilities (Stroke Association, 2000).

Stroke describes the effects of an interruption of the blood supply to a localised area 

of the brain, and there are two main types; ischaemic and haemaorrhagic (Stroke 

association, 2000). Ischaemic stroke occurs when a blood clot blocks an artery
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supplying blood to the brain. Build up of fatty deposits on the inner lining of arteries 

narrows arteries and may increase the risk of an ischaemic stroke. Haemaorrhagic 

stroke occurs when a blood vessel in or around the brain bursts, causing bleeding.

Cerebral ischaemia is the inadequate supply of blood to the brain. Since oxygen and 

glucose are carried to the brain by blood, ischaemia results in low cerebral oxygen 

tensions and glucose levels. As oxygen and glucose are required for cellular energy 

production and many cell functions are energy dependent, energy depletion in 

ischaemia compromises cellular function, resulting in cell damage and/or death. The 

effect of a stroke depends on which part of the brain is damaged and the extent of that 

damage. Common symptoms include weakness or paralysis down one side of the 

body, slurred speech and disturbance of vision (Stroke association, 2000).

1.3.1 Models for studying cerebral ischaemia

Both animal models and in vitro models are utilised to explore the signalling pathways 

triggered during cerebral ischaemia. These will be evaluated below.

1.3.1.1 In vivo models of ischaemia

Ischaemic stroke is an extremely variable condition and patients may have other 

clinical problems such as hypertension. Animal models are often used to study 

cerebral ischaemia, as the severity and duration of the ischaemic insult, and other 

variables can be controlled in these models (Green and Cross, 1997).

The models are generally grouped into those producing global or focal ischaemia 

(Green and Cross, 1997). Global ischaemia is produced by transiently occluding blood
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vessels supplying the brain, resulting in widespread ischaemia, normally in the 

forebrain. Focal ischaemia is generally produced by occlusion of specific cerebral 

blood vessels, causing damage to selective areas of the brain. Global models are 

assumed to be more relevant to heart attacks and focal models more relevant to acute 

ischaemic stroke (Green and Cross, 1997).

Global ischaemia models include:

(i) Bilateral carotid artery occlusion in gerbils

Two-vessel occlusion in gerbils induces susbstantial forebrain ischaemia. 

Occlusion for shorter times results in delayed damage of neurons in the 

hippocampal CA1/CA2 regions (Brown et al., 1979; see Green and Cross,

1997). Longer occlusion times may produce damage in other brain regions 

including the cortex and striatum (see Green and Cross, 1997). The 

histopathology in gerbils following bilateral vessel occlusion is similar to that 

observed in humans following a heart attack (Petito et a l, 1987).

(ii) Four-vessel occlusion in rat

This model allows severe forebrain ischaemia to be induced in awake, freely 

moving rats. It has been used in several studies since it induces reproducible 

neuropathology (Green and Cross, 1997). Brief four-vessel occlusion triggers 

delayed neuronal death in selectively vulnerable brain regions such as the 

hippocampal CAl region (Kato et al., 1995). Slightly longer occlusion triggers 

additional neuronal damage in the dentate hilus (Morioka et al., 1991).
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Focal ischaemia models may be permanent or transient. Permanent focal ischaemia 

typically produces a region where the blood supply is severely reduced and pan

necrosis of both glial and neuronal cells occurs (the core), and a region with a less 

marked reduction in blood flow, in which cells are potentially salvageable (the 

penumbra, see Swanson et al, 1997). Progressive metabolic deterioration in the 

penumbra may eventually lead to cell death in this region (Swanson et a l, 1997). As it 

is unlikely that blood flow in a certain brain region is permanently and totally blocked 

during a stroke, reversible models of focal ischaemia have been developed. These 

models allow tissue damage due to combined ischaemia-reperfusion to be assessed.

Two models used to induce focal ischaemia are described below:

(i) Middle cerebral artery occlusion (MCAO)

This model is widely used and clinically relevant as the middle cerebral artery 

is the artery most commonly affected in stroke (Mohr et al., 1986, see Green 

and Cross, 1997). Additionally, it is relatively easy to permit reperfusion 

following ischaemia in this model (see Green and Cross, 1997), which is 

important since reperfusion is suggested to occur in many stroke patients 

(Saito et a l, 1987). Other advantages of this model are that it induces brain 

swelling and oedema (Sydserff et a l, 1996), both of which occur in stroke. 

Following MCAO a central core of necrotic tissue is produced, surrounded by 

the penumbra in which energy levels are maintained yet there is impaired 

function (see review, Dimagl et ah, 1999).

66



(ii) Photochemically induced infarction

This model is non-invasive. It requires a photosensitive dye to be administered 

intravenously and irradiation of specific areas of the brain with light of a 

specific wavelength (Green and Cross, 1997). The reaction between the dye 

and light produces free radicals, platelet aggregation and thrombosis (Watson 

et a l, 1985). The model is very severe; there is very rapid cell damage, 

oedema and blood-brain barrier breakdown (see Green and Cross, 1997). 

However, no penumbra is observed in this model and due to the speed with 

which the lesion develops few agents are neuroprotective. Consequently this 

model is now rarely used

1.3.1.2 In vitro models of ischaemia

In vitro models use brain slices or pure or mixed cell cultures. Whilst the full three- 

dimensional architecture and connectivity of the intact brain are not reproduced by in 

vitro models, they are nevertheless useful as they enable the interaction between two 

or more cell types to be investigated and the response of individual cell types to be 

studied in isolation.

In in vitro models of ischaemia the availability of oxygen and/or glucose may be 

reduced, or alternatively oxidative phosphorylation and/or glycolysis may be blocked 

with pharmacological inhibitors. Glycolysis inhibition or glucose deprivation 

combined with inhibition of oxidative phosphorylation may be termed chemical 

ischaemia. When inhibitors are used to block oxidative phosphorylation alone this is 

termed chemical hypoxia.

67



Glucose deprivation is achieved by removing glucose from the culture medium and 

the cells/slices may be deprived of oxygen by exposing them to 95% N2 and 5% CO2 

(Rosenbaum et a l, 1994). Glucose in the medium may be replaced with 2- 

deoxyglucose, which competitively inhibits glucose uptake and hexokinase, the first 

enzyme in the glycolytic cascade (Lyons and Kettenmann, 1998). Alternatively, in 

order to study the involvement of free radicals, glucose may be replaced with 

mannitol, a free radical scavenger (Lyons and Kettenmann 1998). Inhibitors of 

oxidative phosphorylation that are commonly used include antimycin A, which blocks 

electron flow at complex III, and cyanide and azide which both block electron flow at 

complex IV of the respiratory chain (Cavaliere et a l, 2001; Mills et a l, 1996; Regan 

and Guo, 1999).

1.3.2 Signalling in ischaemia

As mentioned above, cerebral ischaemia deprives the brain of glucose and oxygen, the 

substrates for glycolysis and oxidative phosphorylation, resulting in a fall in cerebral 

ATP (Hossmann, 1994; Katsura et a l, 1993; Mehmet et a l, 1998). The consequences 

of ATP depletion on signalling in the brain are discussed below.

1.3.2.1 Ionic gradients

There are differences in the concentration of ions across the plasma membrane. A 

membrane potential exists as there is a slight difference in the electric charge on the 

two sides of the membrane, due to a slight excess of positive ions compared with 

negative ions on the outside, and a slight deficit on the inside. The potential difference 

across the plasma membrane of a resting cell varies between -20 and -200 mV 

depending on the cell type and the organism (Alberts et al., 1989).
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The concentration of sodium ions is much higher outside cells than inside, whereas the 

opposite is true of potassium ions. The steep ionic gradients are maintained by a 

sodium-potassium pump (Na^-K^ pump) found in the plasma membrane of almost all 

animal cells (Alberts et al., 1989, Figure 1.3.2.1 A).

The Na" -̂K  ̂ pump and other ion pumps control the osmolarity of animal cells. By 

pumping out inorganic ions, such as Na^, so that their cytoplasmic concentration is 

lower than in the extracellular fluid, they compensate for the high cytoplasmic 

concentration of organic solutes. This ensures that osmolarity is maintained. Since 

ATP provides the energy to drive the Na' -̂K'  ̂pump, under conditions in which ATP 

levels fall, ionic gradients across the plasma membrane are disrupted. Inorganic ions 

that are attracted towards charged organic molecules inside the cell cause the total 

concentration of solutes inside the cell to increase. Consequently, water now at a 

higher concentration outside the cell than inside, moves into the cell by osmosis, and 

may cause the plasma membrane to burst (see Alberts et al., 1989). If the cell does not 

burst, then the membrane potential will fall as ions equilibrate across the membrane 

(Alberts et a l, 1989), and neurons and glia will depolarise (see Dimagl et a l, 1999, 

Figure 1.3.2. IB).
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Figure 1.3.2.1 Schematic of the Na^-K* pump and ischaemia-triggered disruption of 

ionic gradients (A) Cells have a high intracellular (i) [K"̂ ] and a high extracellular (e) [Na^]. 

Na^ and K"" fluxes across the plasma membrane disrupt the resting [Na"] and [K"]. The Na^-K'" 

pump (Na*-K* ATPase) is required to restore the Na^ and gradients across the membrane 

and to maintain resting membrane potentials. It couples inward transport of K" to outward 

transport of Na* and requires ATP hydrolysis to function. (B) Ischaemia impairs energetics 

required to maintain ionic gradients. Reduction of cerebral blood flow restricts delivery of 

oxygen and glucose to the brain, causing energy depletion. The ATR-dependent pumps that 

maintain ionic gradients, including the Na"-K" ATPase fail, disrupting ionic gradients, resulting 

in plasma membrane depolarisation or even cell lysis.
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1.3.2.2 Role of calcium in the normal brain

Calcium (Ca^^ is a very versatile signalling agent (Berridge, 1998). It controls a host 

of processes including muscle contraction, fertilisation and memory storage and 

processing (Berridge, 1998). The extracellular free calcium concentration is much 

higher (10"  ̂mM) than the intracellular concentration (1-2 mM) in typical mammalian 

cells (Alberts et a l, 1989). The low intracellular free Ca^  ̂concentration is maintained 

by the Ca^^-ATPase which pumps Ca^  ̂ out of the cell, by sequestering Ca^  ̂ in 

organelles, or by cytosolic proteins binding Ca^  ̂(see Alberts et a l, 1989).

Neuronal depolarisation may activate pre-synaptic voltage dependent calcium 

channels (VDCC), increasing the pre-synaptic Ca^^ concentration sufficiently to 

trigger neurotransmitter release. The released neurotransmitter activates ligand gated 

ion channels in the post-synaptic membrane. If the ions crossing the membrane 

change the membrane potential sufficiently, depolarisation beyond a threshold value 

occurs, voltage dependent Na"̂  channels are activated and an action potential is 

generated (see Alberts et a l, 1989). Whilst Ca^  ̂is therefore an integral part of normal 

neural transmission, it is also implicated in pathology.

1.3.2.3 Excitotoxicity

Intracellular Câ "̂  may be derived externally through VDCC or ligand gated calcium 

channels, or from intracellular stores. Unlike an increase in intracellular Na"̂  which 

can damage cells due to osmotic effects, an increase in intracellular Ca^  ̂ is likely to 

elicit cell death by activating downstream signalling pathways (Leist and Nicotera,

1998). Activation of glutamate receptors is a key source of intracellular Ca^ .̂
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Excessive neurotransmitter release from glutamatergic neurons or reversal of plasma 

membrane glutamate transporters that exchange glutamate for other ions, due to the 

collapse of ion gradients, may lead to over-activation of glutamate receptors, 

triggering neuronal and glial death (see McCulloch, 1994; Nicholls and Attwell, 1990; 

Pitt et al., 2000). The ability of glutamate to induce neuronal death is termed 

excitotoxicity, (see Choi, 1992; see McCulloch, 1994) and it is implicated in many 

pathological situations including, multiple sclerosis (Pitt et a l, 2000), cerebral 

ischaemia (Choi, 1992; McCulloch, 1994) and hypoglycaemia (Wieloch, 1985). 

Antagonists of the ionotropic glutamate receptors, the NMDA and AMPA/kainate 

receptors, are neuroprotective in cerebral ischaemia (see Choi, 1992; see McCulloch, 

1994). Whilst AMPA/kainate receptors gate mainly Na"̂ , NMDA receptor activation 

triggers Ca^  ̂influx (Sommer and Seeburg, 1992; Sprengel and Seeburg, 1993).

1.3.2.4 Role of calcium in excitotoxicity

Câ "̂  is believed to play a key role in excitotoxicity since:

(i) an increase in intracellular calcium concentration, [Câ "̂ ]i occurs in in vivo and 

in vitro models of excitotoxic cell death, including during ischaemia,

(ii) preventing Ca^  ̂ entry (by removing extracellular Ca^^), depleting NMDA 

receptors, or inhibiting glutamate receptors or VDCC blocks neuronal death in 

many models of excitotoxicity,

(iii) inhibiting effects downstream of Ca^  ̂overload is neuroprotective (see Leist 

and Nicotera, 1998).

72



1.3.2.5 Signalling downstream of calcium

Calcium mediates a host of signalling events. Some of the effectors of calcium that 

may play a part in the excitotoxic damage will be reviewed in this section.

Nitric oxide synthase (NOS) has several isoforms that are activated following an 

increase in [Ca^^Ji (see 1.1.4.2, see Nathan and Xie, 1994). After MCAO, NO levels in 

the ischaemic area increase within 20 min (Malinski et a i, 1993). In eNOS knockout 

mice subjected to MCAO, larger infarcts occurred, which was associated with a 

greater reduction in cerebral blood flow in the ischaemic penumbra (Huang et aL, 

1996). It appears that eNOS is protective in cerebral ischaemia, as eNOS derived NO 

facilitates blood flow (see ladecola, 1997). However, nNOS knockouts develop 

smaller infarcts following MCAO (Huang et al., 1994) and neuronal cultures from the 

knockouts are more resistant to glutamate-mediated neurotoxicity (Dawson et a l, 

1996). Nitric oxide may mediate cellular damage by inhibiting enzymes required for 

energy production, damaging DNA or reacting with superoxide to form peroxynitrite, 

a strong oxidant (see ladecola, 1997).

Many hydrolytic enzymes are activated by Ca^ ,̂ including proteases, DNAses and 

lipases. The Ca^^-dependent protease calpain (see earlier) can degrade proteins, cleave 

cytoskeletal elements (see review, Croall and Demartino, 1991) and has been 

implicated in ischaemic damage (Bartus et a l, 1995; Brana et al., 1999). Certain 

DNAses are also Ca^^ dependent (see Leist and Nicotera, 1998; Peitsch et al., 1993). 

Neuronal phospholipase k i  (PLA2) activation correlates closely with Ca^  ̂ entry 

through NMDA receptors (Dumuis et al., 1988, 1993). PLA2 activation triggers the 

release of arachidonic acid whose further metabolism by lipoxygenases and
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cyclooxygenases generates damaging reactive oxygen species (Alberts et a l, 1989). 

Arachidonic acid release following PLA2 activation inhibits glutamate uptake into 

neurons and glia and may therefore prolong the action of glutamate on its receptors 

(Volterra, 1992).

Ca^  ̂ may modulate the activity of a host of proteins that affect protein 

phosphorylation (see Ghosh and Greenberg, 1995). Ca^^ binds to the protein

calmodulin, activating many proteins including calcium-calmodulin protein kinases

(CaMK), some of which regulate transcription (see Leist and Nicotera, 1998). 

Different genes may be activated by varying the amplitude and duration of Ca^  ̂

signals (Dolmetsch et aL, 1997). Ca^^-dependent protein kinase C (PKC) expressed in 

the brain, potentiates the NMDA receptor-mediated response (Kitamura et al., 1993; 

Tingley et al., 1993) which may exacerbate excitotoxicity. The Ca^^-activated 

phosphatase calcineurin, dephosphorylates the NMDA receptor thereby attenutating 

Ca^^-influx (see Leist and Nicotera, 1998). Calcineurin also interacts with inositol 

(l,4,5)-triphospate receptors, in the endoplasmic reticulum (ER), modulating Ca^  ̂

release from the ER, which may affect gene transcription and/or contribute to

excitotoxicity (Cameron et al., 1995; see Mattson, 2000).

1.3.2.6 Calcium and the mitochondrion

An large increase in [Câ "̂ ]] may create extra energy demands on the cell since the Ca^  ̂

ATPase is activated which pumps Câ "̂  out of the cell at the expense of ATP 

hydrolysis. Additionally, the Câ "̂  uniporter in the inner mitochondrial membrane 

transports Ca^  ̂ from the cytoplasm into the mitochondrial matrix (see Nicholls and 

Budd, 2000). This process is driven by A\|/m and competes with the ATP synthase for

74



the proton circuit across the inner mitochondrial membrane (see Nicholls and Budd, 

2000, Figure 1.3.2.6, see page 76).

An increase in mitochondrial matrix Ca^  ̂may trigger a fall in A\|/m in one of two ways 

(see Nicholls and Ward, 2000). It may partially depolarise the mitochondria as Ca^  ̂

transport into the matrix is driven by the proton gradient. The fall in A\|/m is reversible 

once Ca^  ̂ transport is complete and reflects a population of healthy, though hard

working mitochondria (see Nicholls and Ward, 2000). Ca^^ overload however, can 

trigger the mPT, leading to an irreversible fall in A\|/m (see Nicholls and Ward, 2000), 

which may have consequences for death signalling (see 1.2.1.4).

1.3.2.7 Summary of the inter-relationship between glutamate, calcium and ATP 

during ischaemia

As discussed above there are numerous interactions between glutamate, calcium and 

reduced ATP levels in ischaemia. These interactions may amplify the detrimental 

effects, resulting in cell damage and/or cell death (see Figure 1.3.2.7, see page 77).
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Figure 1.3.2.6 Relationship between the NMDA receptor, mitochondrial Ca^+ transport and cellular bioenergetics

NMDA receptor activation leads to an influx of Ca^^ into the cytoplasm. The mitochondria utilise pyruvate to generate 

a proton gradient, synthesise ATP, and accumulate Ca^^. Cytoplasmic Ca^^ is extruded by the Ca^^ ATPase (adapted 

from Nicholls and Budd, 2000).
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Figure 1.3.2.7 Overview of the signalling pathways triggered in neurons during 

ischaemia; highlighting the role of ATP depletion, glutamate and calcium Ischaemia 

triggers energy depletion and disruption of ionic gradients. The resultant plasma membrane 

depolarisation triggers glutamate release by reversal of ion transporters and activates voltage- 

dependent ion channels leading to an increase in [Ca "̂"]}. Signalling downstream of Ca^^ influx 

includes exocytotic release of glutamate, Ca^" uptake into the mitochondrial matrix which may 

trigger mitochondrial membrane depolarisation (iAv|/m) and the mitochondrial permeability 

transition (mPT), and kinase, lipase, DNAse and protease activation, all of which may 

contribute to cell damage and/or death (see main text).
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1.3.3 Microglia and ischaemia

Cerebral ischaemia elicits a glial and inflammatory reaction in the brain that may 

determine whether neurons survive following ischaemia. Microglia are one of the 

inflammatory cells that respond to ischaemia.

1.3.3.1 Microglial activation in ischaemia

Resting microglia are ramified cells that are present in the normal brain. Following 

ischaemia, microglia are activated and exhibit morphological and immunophenotypic 

changes; the size of their cell body increases, they retract their processes and express a 

limited number of immunomolecules (Kato et al., 1995; see Kato and Walz, 2000). 

Such microglia proliferate but are not phagocytic (see Kato and Walz, 2000). Further 

activation of these cells results in phagocytic microglia, which exhibit an amoeboid 

morphology and express immunomolecules in common with other mononuclear 

phagocytes (see Kato and Walz, 2000).

In transient global ischaemia the microglial response is very rapid. Activated 

microglia are observed within 20 minutes of reperfusion following transient global 

ischaemia in rat (Morioka et al., 1991). Early microglial activation occurs in areas of 

the brain that do not subsequently undergo neuronal damage. These microglia show 

increased staining with OX-42 and express a limited number of immunomolecules, 

including MHC class I (Kato et al., 1995; see Kato and Walz, 2000). In areas free of 

neuronal damage, microglial morphology and immunostaining return to normal by 7 

days (see Kato and Walz, 2000). However, in areas of the brain where neuronal death 

occurs, such as the hippocampal CAl region, further activation of microglia is 

observed (Kato et al., 1995; see Kato and Walz, 2000). The microglia are ameoboid.
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which suggests they may be phagocytic, and express EDI and MHC class I and II 

(Kato et ah, 1995; Kato and Walz, 2000). Microglia remain activated for 4 weeks in 

areas of neuronal damage, following transient global ischaemia (Morioka et aL, 1991; 

see Kato and Walz, 2000).

Focal ischaemia induced by MCAO, like global ischaemia, induces early microglial 

activation; within 30 minutes to several hours activated microglia are observed in the 

penumbric region (Kato and Walz, 2000; Rupalla et a l, 1998). These microglia 

exhibit increased OX-42 staining, enlarged cell size and process alterations (see Kato 

and Walz, 2000). In areas without neuronal damage, microglia activation is transient. 

In the ischaemic core, all tissue is destroyed; both neurons and glia. However, close to 

the core marked microglial activation occurs at 3 days, with microglia expressing EDI 

and MHC class II, suggesting microglia may be being recruited to the core (see Kato 

and Walz, 2000). Damage to the blood brain barrier leads to infiltration of monocytes 

after 2-3 days and by 7 days they cover the whole lesion and may be another source of 

macrophages (see Kato and Walz, 2000).

In summary, in response to sublethal injury, microglia are rapidly and transiently 

activated. At sites in which selective neuronal damage occurs, microglia are strongly 

activated and phagocytic, and the activation is prolonged. Whereas in areas of 

infarction, microglia, along with all other cell types are rapidly destroyed.

1.3.3.2 Microglial proteins induced by ischaemia

In response to ischaemia, microglia may upregulate expression of a host of 

proteins, some of which are pro-inflammatory and others that may be neuroprotective
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or required for microglia to modulate their function. These proteins will now be 

discussed (see also Figure 1.3.3, page 86).

Complement and complement activation products initiate and maintain 

inflammation. Complement C lq is upregulated in brain microglia following transient 

global cerebral ischaemia and the functional activity of C lq in cerebral spinal fluid 

increases (Schafer et a l, 2000). This suggests that locally produced complement may 

contribute to the pathophysiology in cerebral ischaemia.

Following focal cerebral ischaemia, iNOS expression and activity is induced (ladecola 

et al., 1995a; ladecola et a i, 1995b; see del Zoppo et a l, 2000). Administration of 

iNOS inhibitors 12 to 24 hours after MCAO reduces infarct size by 30 to 40 % 

(Parmentier et al., 1999), and iNOS null mice have smaller infarcts and better 

neurological outcome than their wild type mice (ladecola et al., 1997), implicating 

iNOS in ischaemic injury. Since microglia stimulated with pro-inflammatory 

cytokines (Moss and Bates, 2001), a microglial activator (Kingham and Pocock, 2000) 

or hypoxia (You and Kaur, 2000) express iNOS, it is likely that microglia contribute 

to ischaemic damage by the induction of iNOS.

Cyclooxygenase-2 (COX-2) is upregulated following focal cerebral ischaemia and is 

expressed in the human brain after ischaemic stroke (ladecola et al., 1999; Planas et 

a l, 1995). COX-2 oxidises arachidonic acid to prostaglandin Gi (PGG2). The further 

metabolism of PGG2 produces other prostaglandins or thromboxanes which may 

affect blood flow, and inflammation (see Halliwell and Gutteridge, 1989). Thus COX- 

2 activation may contribute to ischaemic damage. Studies suggest that inhibiting
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COX-2 reduces infarct size following focal cerebral ischaemia (Nogawa et al., 1997). 

However, the inhibitor used may not act exclusively upon COX-2 (see del Zoppo et 

a l, 2000).

Since the COX-2 activity is present in microglia following treatment with 

inflammatory cytokines (Janabi et a l, 1996) and COX-2 protein is upregulated in 

microglia during chronic cerebral ischaemia in humans (Tomimoto et a l, 2000), 

microglial production of prostaglandins and thromboxanes may exacerbate 

inflammation and affect the cerebral circulation following ischaemia. However, in 

LPS-treated microglial cultures, exogenous PGE2 down-regulates microglial 

expression of pro-inflammatory substances and immunomolecules, indicating that 

PGE2 may attenuate microglial activation and exert immunodepressive actions (Levi 

et a l, 1998). The role of microglial COX-2 in ischaemia remains unclear.

Following cerebral ischaemia, iNOS and COX-2 expression occur with a similar time 

course in cells that are in close proximity (Nogawa et a l, 1998). Inhibition of iNOS 

decreases levels of COX-2 reaction products following cerebral ischaemia (Nogawa et 

a l, 1998). Additionally COX-2 reaction products are reduced in iNOS nul mice 

following ischaemia (Nogawa et a l, 1998). This suggests that iNOS-derived NO may 

activate COX-2, thereby enhancing the toxicity of iNOS following ischaemia. Since 

microglia express both COX-2 and iNOS, microglia may mediate enhanced iNOS 

toxicity, which could contribute to ischaemic damage. However, in LPS-treated 

microglia inhibiting NOS leads to increased levels of COX-2 reaction products 

(Minghetti et a l, 1996). The role of microglial iNOS and COX-2 expression in 

cerebral ischaemia is currently unknown.
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Interleukin-1 beta (IL-Ip) is a pro-inflammatory cytokine produced by several cell 

types including microglia, astrocytes, neurons and endothelial cells (see Rothwell, 

1991). Following focal cerebral ischaemia IL-lp mRNA is upregulated (Liu et a l, 

1993), and IL-ip peptide is detected in cerebral vessels, microglia and macrophages 

(see del Zoppo, 2000). Studies using an endogenous, competitive inhibitor of the IL- 

lp  receptor, interleukin-1 receptor antagonist (IL-lra), implicate IL-lp in ischaemic 

brain damage (Loddick and Rothwell, 1996) and ischaemic damage is exacerbated by 

IL-lp administration (Yamasaki et a l, 1995).

Like IL-ip, IL-lra is expressed in many cell types including 

monocytes/macrophages, endothelial cells and neurons (see del Zoppo et aL, 2000). 

The increase in expression of IL-lra follows a very similar profile to that of IL-lp 

after focal cerebral ischaemia, except that IL-lra expression is more protracted (Liu et 

aL, 1993). As brain damage following focal cerebral ischaemia is reduced by 

administration of IL-lra (Loddick and Rothwell, 1996), the balance between 

endogenous levels of IL-ip and IL-lra post-ischaemia may affect the amount of tissue 

damage. Since microglia release IL-ip and IL-lra is produced in 

monocytes/macrophages, macrophages whether endogenous to the CNS or not, may 

influence IL-ip mediated damage in ischaemia.

Tumour necrosis factor-alpha (TNF-a) is a pro-inflammatory cytokine that is 

released by a range of cell types (see del Zoppo et a i, 2000). Following focal cerebral 

ischaemia TNF-a is rapidly upregulated in neurons and microglia (Buttini et al., 

1996;Gregersen et al., 2000; Liu et al., 1994) and administration of TNF-a prior to 

focal ischaemia exacerbates ischaemic damage (Barone et a l, 1997). Additionally,
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agents which block TNF-a; either monoclonal anti- TNF-a antibody or soluble TNF 

receptor, reduce neuronal damage during focal ischaemia (Barone et al., 1997; 

Nawashiro et al., 1997). Microglia may contribute to tissue damage following 

ischaemia by producing TNF-a.

Whilst microglia may express pro-inflammatory proteins following ischaemia, they 

also express proteins that may modulate microglial functions such as microglial 

proliferation and motility, and may be neuroprotective. Some of these proteins will 

now be discussed.

Cyclin D1 is part of a family of cyclins that regulate the cell cycle and is essential for 

progression of cells through the cell cycle and subsequent mitosis (see Weissner et al.,

1996). Cyclin D1 mRNA is induced in response to transient global ischaemia with a 

similar profile of expression to that of microglial proliferation (Wiessner et al., 1996). 

This indicates that cyclin D1 may trigger microglial proliferation in ischaemia.

A novel calcium binding protein, ionised calcium-binding adaptor molecule 1

(Ibal) which is specifically expressed in microglia in the brain, is upregulated after 

focal cerebral ischaemia (see Ito et al., 2001). It is suggested to be responsible for cell 

migration and phagocytic activity (Ohsawa et al., 2000). Activated microglia in which 

Ibal is upregulated without EDI staining, are involved in neuronal regeneration 

within the axotomosied motor nucleus (Graeber et al., 1998; Ito et al., 1998). Since 

Ibal expression is increased in microglia without EDI staining in the peri-ischaemic 

area following focal ischaemia (Ito et al., 2001) it may be responsible for microglial 

migration and neuronal regeneration in this region. In areas of severe ischaemia, in
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which microglia upregulate Ibal and express EDI (Ito et al., 2001), the Ibal may be 

involved in microglial phagocytic activity. Microglia in this region may contribute to 

neuronal damage by releasing neurotoxic factors and/or clear neuronal debris.

Another Ca^^-binding protein that is specifically expressed in microglia in the brain is 

microglial response factor-1 (mrf-1). This protein is upregulated in microglia in 

response to neuronal death (Tanaka et al., 1998) and microglial activation following 

focal cerebral ischaemia (Kato et al., 2000). However, the role of mrf-1 is currently 

unclear.

Glutathione peroxidase (GPx) detoxifies hydrogen peroxide (H2O2) and other 

hydrophilic peroxides at the expense of the peptide glutathione (see Figure 1.2.1.2). 

H2O2 is a mild oxidising agent and can inhibit the glycolytic enzyme, glyceraldehyde- 

3-phosphate dehydrogenase with consequences for glycolytic ATP production (see 

Halliwell and Gutteridge, 1989). However, its reaction with metal ions produces the 

much more damaging hydroxyl radical. In the intact brain GPx is located primarily in 

microglia (Lindenau et al., 1998). Following exposure to the excitotoxin, quinolinic 

acid, the morphological changes accompanying microglial activation correlate with an 

increased staining intensity for GPx (Lindenau et al., 1998). Upregulating GPx may 

enable microglia to survive oxidative stress, which occurs during cerebral ischaemia.

Ischaemia or heat shock produce denatured proteins within cells, activating heat 

shock proteins (HSP, see Sharp et al., 1999). HSP70 (HSP72), is present in all brain 

cells. It helps restore the structure and function of denatured proteins (see Sharp,

1999) and can offer protection from focal cerebral ischaemia. Haem oxygenase-

84



1, (HSP32) and HSP47 are found predominantly in microglia and are both upregulated 

in response to ischaemia (see Sharp, 1999; Higashi et al., 1994; Koistinaho et al., 

1996; Paschen et al., 1994). HSP 47 may be involved in the cytoskeletal changes that 

occur when microglia become activated (see Sharp, 1999). HSP32 metabolises heme 

to carbon monoxide, iron and biliverdin (see Snyder et al., 1998), regulates heme 

protein turnover (see Sharp, 1999), and suppresses oxidative stress through the action 

of the end product, bilirubin (Maines, 1997). Microglia may take up heme proteins 

following cell lysis, leading to microglial HSP32 induction (see Sharp, 1999).

Transforming growth factor-beta (TGF-P) is a family of peptides that are expressed 

in the brain. TGF-p is expressed in many cell types including neurons, astrocytes and 

microglia (see Flanders et al., 1998). Microglia are a major source of TGF-pi after 

cerebral ischaemia (Lehrmann et al., 1998). TGF-p 1 is chemotactic for microglia and 

may promote neuronal survival (see Flanders et al., 1998). Exogenous TGF-P 1 offers 

protection when administered before or 2 hours after cerebral ischaemia (Henrich- 

Noack et a l, 1996; McNeill et al., 1994). However, the TGF-p 1 produced in the 

vicinity of injured neurons may be too late to rescue neurons in cerebral ischaemia. 

However, as TGF-P suppresses microglial cytotoxicity (Merrill and Zimmerman, 

1991) and deactivates macrophages (Tsunawaki et a l, 1988), it may limit damage due 

to the inflammatory response (see Flanders et al., 1998, see Figure 1.3.3 for overview 

of microglial proteins upregulated in response to ischaemia, page 86).
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Figure 1.3.3 Overview of microglial proteins that are upregulated in response to ischaemia A host of microglial proteins may be 

upregulated in ischaemia, some of which may be linked to inflammation and tissue damage (red box), or be protective(green box), and 

others that may be necessary for microglia to change their function or whose function is currently unknown (see main text for details).
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1.3.3.3 Microglial sensitivity to ischaemia

Whilst it is well known that all cells, including microglia die in the ischaemic core, 

few studies have explored microglial sensitivity to ischaemic or hypoxic injury. Lyons 

and Kettenmann (1998), demonstrate that microglia are susceptible to 2-deoxyglucose 

and hypoxia, in the absence of glucose, and that the death is attenuated by replacing 2- 

deoxyglucose with the free radical scavenger, mannitol. Microglia also appear to be 

vulnerable to oxygen-glucose deprivation or glucose deprivation (Yenari and Giffard, 

2001), but not hypoxia (Lyons and Kettenmann 1998; Yenari and Giffard, 2001).

1.3.3.4 Salvage of the penumbra; microglia a potential target?

Long-term neurological recovery following stroke is proportional to the volume of 

penumbra that escapes infarction and penumbral tissue has been detected as late as 16 

h after symptom onset in some patients (Baron, 1999). Since death in the penumbric 

region is delayed it provides the opportunity to intervene following stroke to minimise 

tissue damage and consequently disability.

Microglia have been implicated in ischaemic damage as they are found in and around 

the ischaemic lesion (Abraham and Lazar, 2000; Lehrmann et al., 1997; Morioka et 

al., 1991; see review, Stoll et al., 1998) and the microglial response may precede 

delayed neuronal death in the penumbra (Lees, 1993; Rupalla et ah, 1998). 

Additionally, activated microglia may release a host of toxic mediators including pro- 

inflammatory cytokines, free radicals and glutamate in ischaemia. Administration of 

minocycline, which inhibits microglial activation and proliferation, is neuroprotective 

in global ischaemia and excitotoxicity (Tikka et al., 2001). Hypothermia, which offers
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neuroprotection in ischaemia, also blocks microglial activation (Kumar and Evans,

1997). Consequently targetting microglia may aid salvage of penumbric tissue.

Despite this, activated microglia are found surrounding neurons that do not 

die following ischaemia, indicating that the presence of microglia per se does not lead 

to neuronal death (see Kato and Walz, 2000). Microglia produce growth 

factors, phagocytose cell debris and degrade unwanted structures such as heme (see 

earlier). In this way they may remove irretrievably damaged cells, whilst aiding the 

survival of others. Thus long-term suppression of microglia may be detrimental.

Modulation of the microglial response to ischaemia may rescue neurons in the 

penumbra and/or increase clearance of cell debris. However, extensive knowledge of 

microglial responses and vulnerability to ischaemia is required in order to intervene 

effectively. In this thesis, the microglial response to energy deprivation and 

extracellular glutamate, features of an ischaemic insult is explored.



2. MATERIALS AND METHODS
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2.1. Materials

Tissue culture plasticware and glass coverslips were obtained from Scientific 

Laboratory Supplies Ltd (Nottingham, UK). Earle’s balanced salts solution, 

Dulbecco’s Modified Eagle Medium with or without glucose. Foetal calf serum 

(which was heat inactivated for 1 h at 58 °C before use), and Minimum essential 

medium with Earle’s salts, were purchased from Life Technologies (Paisley, UK). The 

fluorescent probes fluorescein diacetate (FDA), 2 ’ - [4-Ethoxyphenyl] -5 - [4-methyl-1 - 

piperazinyl]-2,5’-hi-IH-benzimidazol (Hoechst 33342) and propidium iodide (PI) 

were purchased from Sigma (Dorset, UK). 5,5’,6,6’-tetrachloro-l,l’3,3’- 

tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was purchased from Molecular 

Probes (Leiden, The Netherlands) and ftira-2 acetoxymethyl ester (fiira-2 AM) from 

Calbiochem (Nottingham, UK). Tetramethyl rhodamine ethyl ester (TMRE) was a gift 

from Dr Huseyin Mehmet, Imperial College, London. Acetic acid, ammonium 

persulphate (APS), bromophenol blue, dimethyl sulphoxide (DMSO), DPX mountant, 

ethanol, formaldehyde, glycerol, methanol, perchloric acid, and sodium dodecyl 

sulphate (SDS), were purchased from BDH (Poole, UK). Phosphate-buffered saline 

(PBS) powder was purchased from ICN Biomedicals Inc (Maidenhead, UK) and 

protein stain (Simply Blue SafeStain) from Invitrogen Ltd (Paisley, UK). Calpastatin, 

FK-506, and the peptide caspase inhibitor Ac-VAD-CHO were purchased from 

Calbiochem (Nottingham, UK). The peptide caspase inhibitors Z-WEHD-FMK and Z- 

VEID-FMK were from Enzyme Systems Products (Livermore, USA). Coomassie 

Protein Assay Reagent Kit was obtained from Pierce (Rockford, USA). The glutamate 

assay kit and ATP Bioluminescence Assay kit HS II were from Roche Diagnostics Ltd 

(Lewes, UK). The cell proliferation assay kit. Cell Titer 96 Aqueous One Solution Cell 

Proliferation Assay was purchased from Promega UK Ltd (Southampton, UK). 10 and 

12 % polyacrylamide Tris/HCl Ready gels were purchased from Bio-Rad Laboratories
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Ltd (Hemel Hempstead, UK). Enhanced chemiluminescence (ECL) substrate solutions 

were obtained from Amersham Pharmacia Biotech UK Ltd (Little Chalfont, UK) and 

stripping reagent (Re-Blot Plus) was from Chemicon International Ltd (Harrow, UK). 

The primary antibodies used for immunoblotting and immunocytochemistry are 

detailed in Table 2.1.

Antibody Species Monoclonal / 
polyclonal

Purchased from Further
information

actin mouse monoclonal Amersham #N350

p-actin mouse monoclonal Sigma clone AC-15

cytochrome c mouse monoclonal BD PharMingen clone 7H8.2C12

cytochrome
oxidase

mouse monoclonal Molecular probes Subunit IV 
Clone 20E8-C12

fractin rabbit polyclonal gift see Yang et al., 
1998

EDI mouse monoclonal Serotec Ltd #MCA341R

iNOS rabbit polyclonal BD Transduction 
Laboratories

#N32030

Table 2.1 Primary antibodies utilised for immunoblotting and immunocytochemistry

The companies are based in the following locations: Amersham Pharmacia Biotech UK Ltd 

(Little Chalfont, UK), Sigma (Poole, UK), BD PharMingen (Cowley, UK), Molecular probes 

(Leiden, The Netherlands), Serotec (Kidlington, UK), BD Transduction Laboratories (Cowley, 

UK). Fractin (anti-caspase-cleaved actin) antibody was a kindly donated by Dr Fusheng Yang, 

Department of Medicine and Neurology, UCLA, Los Angeles, California.

All horse radish peroxidase conjugated secondary antibodies were from Santa Cruz 

Biotechnology (Caine, UK) and all biotinylated secondary antibodies from 

Sigma (Poole). Avidin-biotin-horse radish peroxidase complex was from Vector 

Laboratories (Oxford, UK). All other reagents were purchased from Sigma (Poole, 

UK).
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2.2 Cell culture

All solutions used for cell preparation and cell culture were prepared using milliQ 

water and sterilised either by autoclaving or by filter sterilisation. Coverslips were 

sterilised by soaking in 100 % ethanol for a minimum of 2 days and then baked at 

180 °C for a minimum of 24 h prior to use.

2.2.1 Preparation of primary microglial cells (MG).

The brains (minus cerebella) of 3-6 day old Wistar rat pups were removed following 

cervical dislocation and decapitation and microglia prepared according to Havenith et 

al, (1998) with modifications, see Kingham and Pocock, (2000). The brains were 

placed into ice-cold 1 x phosphate buffered saline (PBS, Table 2.2.1), homogenised 

with a hand-held homogeniser until smooth. Then PBS was added and the suspension 

centrifuged for 10 min at 500 g. The pellet was resuspended in 70 % (v/v) isotonic 

percoll (Table 2.2.1) in PBS, overlayed with 35 % (v/v) isotonic percoll and finally 

PBS. The gradients were centrifuged at 1250 g for 45 min at 20 ^C.

The myelin layer was removed first. Then the microglia were collected at the 35/70 % 

interface, PBS added and the mixture centrifuged at 500 g for 10 min. The cell pellet 

was resuspended in primary microglial medium (Table 2.2.1) and the number of cells 

obtained determined using a haemocytometer. Cells were plated at 0.6 or 1 x 10̂  cells 

per coverslip or 3 x 10̂  per lysate dish (unless otherwise stated) and incubated at 

37 °C in 5 % CO2. After one hour, loose cells were washed off with primary 

microglial medium and fresh medium was added to adherent cells. Cells were 

maintained in the above culture medium at 37 °C in 5 % CO2 and used at 1-2 days in 

vitro (DIV).
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Table 2.2.1 Solutions used in the preparation and culture of primary microglial cells

Solution Components

1 X phosphate buffered 

saline, (PBS)

Isotonic percoll

Primary microglial 

medium

137 mM NaCl, 5.4 mM KCl, 25.8 mM Na2HP0 4 , 2.9 

mM NaH2P0 4 .2 H2 0 , 11.1 mM glucose, 0.02 % fatty 

acid ffee-bovine serum albumin (FAF-BSA), pH 7.4, 

supplemented with 6 pg/ml ampicillin, 50 U/ml 

penicillin, and 50 pg/ml streptomycin

9:1 (v/v) Percoll: 10 x PBS

Minimum essential medium with Earle’s salts, 

supplemented with 10 % foetal calf serum (PCS), 26.8 

mM KCl, 33.3 mM glucose, 26.2 mM NaHCOs, 2.1 

mM glutamine, 6 pg/ml ampicillin, 50 U/ml 

penicillin, and 50 pg/ml streptomycin

2.2.2 N9 microglial cell culture

N9 murine microglial cells were a gift from Dr Paola Ricciardi Castagnoli (Corradin 

et al, 1993) and were cultured in N9 microglial medium (Table 2.2.2) at 37 °C in 5 % 

CO2.

Table 2.2.2 Composition of N9 microglial medium

Solution Components

N9 microglial medium Dulbecco’s Modified Eagle Medium supplemented 

with 5 % FCS, 51 pM mercaptoethanol, 2 mM 

glutamine 4.4 mM NaHCOs, 50 U/ml penicillin, 

and 50 pg/ml streptomycin
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When cells were required they were scraped from the culture flasks, centrifuged at 

500 g for 10 min to pellet the cells. Following resuspension in N9 microglial medium 

the cells were counted using a haemocytometer and plated. They were either plated 

onto 13-mm glass coverslips at approximately 0.2-1 x 10̂  cells per coverslip in 24 

well plates, or onto 35 mm dishes at a density of 1.25 x 10  ̂ cells per dish and 

incubated at 37 °C in 5 % CO2. After 1 hour, loose cells were washed off with N9 

microglial medium and fresh medium was added to adherent cells. Cells were 

maintained at 37 °C in 5 % CO2 and used 1-3 days after plating.

2.2.3 Primary culture of cerebellar granule cell neurons (CGC) and astrocytes

The primary culture of rat cerebellar granule cell neurons (CGC) was carried out as 

previously described (Pocock et al, 1993; Kingham et al., 1999). Cerebella were 

removed from 3-6-day old Wistar rat pups and placed in filter-sterilised solution A 

(Table 2.2.3), the meninges removed with forceps and the cerebella chopped using a 

sterile razor blade. Slices were enzymatically digested by placing in 0.5 mg/ml trypsin 

in solution A in a water bath at 37 °C for 20 mins with occasional mixing. Solution B 

was then added containing SBTI that inhibits trypsin activity and DNAse that digests 

DNA released by damaged cells preventing the resultant solution becoming 

gelatinous. Following centrifugation at 500 g for 5 min at room temperature a loose 

pellet was produced which was resuspended in solution C, a concentrated 

SBTI/DNAse solution. The cells were then mechanically dispersed by trituration 

using flamed glass pipettes with decreasing bore diameter. The resulting single cell 

suspension was pipetted on top of and centrifuged through a layer of solution D at 500 

g for 5 min at room temperature to produce a pellet. This was resuspended in a small 

volume of CGC medium.
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Table 2.2.3 Solutions used in the preparation and culture of cerebellar granule cell
neurons

Solution Components

solution A 100 mM phosphate-buffered saline (PBS), 0.3 % FAF- 

BSA, 10 mM glucose, 1.54 mM MgS0 4 .7 H2 0

solution B 8 pg/ml soybean trypsin inhibitor (SBTI), 16 U/ml DNAse, 

0.25 mM MgS0 4 .7 H2 0  in solution A

solution C 50 pg/ml SBTI, 100 U/ml DNAse I, 1.54 mM MgS0 4 .7 H2 0  in 

solution A

Solution D Earle’s balanced salts solution supplemented with 

4 % FAF-BSA, 26.2 mM NaHCOs, 3 mM MgS0 4 .7 H2 0

CGC medium MEM with Earle’s salts, supplemented with 10 % FCS, 26.8 

mM KCl, 33.3 mM glucose, 26.2 mM NaHCOs, 2.1 mM 

glutamine, 6 pg/ml ampicillin, 50 U/ml penicillin, and 50 

pg/ml streptomycin

The cell yield was calculated using a haemocytometer and the cells plated on poly-D- 

lysine coated 13 mm diameter glass coverslips. Previously sterilised coverslips (see 

earlier in chapter 2.2) were subsequently incubated in sterile poly-D-lysine (15 pg/ml) 

for 1 hr at 37 °C with frequent gentle inversion to ensure even coating of the 

coverslips and then allowed to dry overnight in 24 well plates at 37 °C. Cells were 

plated at 4-7 x 10  ̂ cells per coverslip and incubated at 37 °C in 5 % CO2. After one 

hour loose cells were washed off with CGC medium and fresh medium was added to 

adherent cells. Cells were maintained at 37 °C in 5 % CO2 and after 24 h in culture, 

the medium was replaced with CGC medium containing 20 pM cytosine p- 

arabinofuranoside (araC) to prevent proliferation of non-neuronal cells. In
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experiments in which proliferation of astrocytes was desirable the medium was 

changed at 24 h but no araC was added. The cultures were maintained at 37 °C in 5 % 

CO2 and cells were used at 7-8 DIV.

2.3 Cell treatments

2.3.1 Two-deoxyglucose treatment of microglia

N9 or primary microglia were plated onto 13-mm coverslips at approximately 1x10^ 

cells per coverslip in 24 well plates or N9 microglia were plated onto 35 mm dishes at 

a density of 1.25 x 10  ̂cells per dish. The purity of the primary microglial cultures at 2 

DIV was 95 % (Kingham et al., 1999). There was no detectable immunoreactivity for 

glial fibrillary acidic protein at 2 DIV and < 2 % by 4 DIV, suggesting minimal 

astrocyte contamination of the cultures (Kingham et al., 1999). One day after plating 

the culture medium was removed and replaced with medium containing glucose (+g), 

2-deoxyglucose (+2-dg) or neither glucose nor 2-deoxyglucose (-g, Table 2.3.1).

Table 2.3.1 Composition of +g, -g, +2-dg media

Solution Components

core medium

+g

-g

+2-dg

1.80 mM CaCl], 26.8 mM KCl, 0.81 mM MgS0 4 , 116.4 mM 

NaCl, 0.90 mM NaH2P0 4 , 26.2 mM NaHCOs, 0.62 mM 

sodium succinate, 0.64 mM succinic acid, and supplemented 

with 10 % foetal calf serum, 2.1 mM glutamine, 50 U/ml 

penicillin, 50 pg/ml streptomycin

core medium supplemented with 38.9 mM glucose

core medium with no added glucose or 2-deoxyglucose

core medium supplemented with 38.9 mM 2-deoxyglucose
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These media were based on Minimum Essential Medium, Life Technologies Limited, 

UK but made in the laboratory to enable the adjustment of glucose and 2- 

deoxyglucose concentrations. The cells were maintained in +g, -g or +2-dg at 37 °C in 

5 % CO2 for 0-30 h before further use.

2.3.2 Cyanide treatment of microglia

N9 or primary microglia were plated onto 13-mm coverslips at approximately 2x10"^ 

or 0.6 X 10̂  cells per coverslip respectively, in 24 well plates. 1-2 days later the cells 

were treated with 1, 10 or 25 mM sodium cyanide for 15, 30 or 60 min at 37 °C in 5 % 

CO2. They were then washed 3 times with N9 microglial medium or primary 

microglial medium and maintained at 37 °C in 5 % CO2 for 0, 24 or 48 h.

2.3.3 Oxygen and glucose deprivation of microglia

N9 microglia were plated onto 13-mm coverslips at approximately 2x10"* cells per 

coverslip respectively, in 24 well plates. 1-2 days later the culture medium was 

removed and replaced with fresh glucose-containing medium; N9 microglial medium 

(see Table 2.2.2) or +g (see Table 2.3.1). Glucose deprivation or decreasing glucose 

utilisation was induced by changing the culture medium 1-2 days after plating to -g 

(see Table 2.3.1), or N9 microglial medium supplemented with 25 mM 2- 

deoxyglucose. The concentration of 2-deoxyglucose added is identical to the glucose 

concentration in N9 microglial medium. Since 2-deoxyglucose inhibits glucose uptake 

and hexokinase, the first enzyme in the glycolytic cascade, addition of 2-deoxyglucose 

may be expected to reduce glucose utilisation from N9 microglial medium.
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Hypoxia was induced by exposing cells to 5 % CO2, 95 % N2 at 37 °C and was 

performed in collaboration with Dr Martyn Sharpe (Division of Neurochemistry, 

Institute of Neurology, UCL, London). Cells plated on coverslips in 24 well plates and 

incubated in medium containing or lacking glucose or 2-deoxyglucose (see above), 

were placed in a glass dessicator jar, which was inside a 37 °C incubator. The 

dessicator jar had a modified stopper (Radleys Discovery Technologies Ltd, Saffron 

Walden, UK), (consisting of 2 glass stoppers), enabling gas to be let into or out of the 

dessicator jar. Gas from a CO2/N2 cylinder was passed through an oxygen trap (1/4" 

model 1000, oxygen trap purchased from Chromatography Research Supplies Inc, 

Louisville, USA) to remove traces of oxygen, and then into the dessicator jar. The 

dessicator and cells were flushed with CO2/N2 for 10 min to remove oxygen in the 

dessicator and the cell medium and the stoppers on the jar closed to prevent gas 

entering or leaving the container. Powdered iron was kept at the base of the dessicator 

beneath the perforated tray to remove the last traces of oxygen. In order to ensure 

oxygen had been removed, oxymyoglobin was placed in the dessicator. In the absence 

of oxygen, oxymyoglobin was converted to deoxymyoglobin and a colour change 

from pale pink/red to pale blue/purple was observed.

The cells were exposed to oxygen deprivation, combined oxygen and glucose 

deprivation or combined hypoxia and 2-deoxyglucose treatment for 24 or 48 

h and either used immediately or exposed to “reperfusion”. Reperfusion involved 

changing the medium to N9 microglial medium (which contains glucose) and 

maintaining the cells at 37 °C in 5 % CO2 for 24 h before use.
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2.3.4 Glutamate treatment of microglia and cerebellar granule cell neurons

Microglia or CGC were plated onto coverslips at 0.6 x 10  ̂ and 0.7 x 10̂  cells per 

coverslip, respectively. Microglia (MG) at 1-2 DIV or cerebellar granule cell neurons 

(CGC) at 7-8 DIV (on coverslips) were placed in dishes containing basic medium (- 

glutamate), or basic medium supplemented with 100 pM glutamate and 10 pM 

glycine, but lacking Mg^^ (+glutamate. Table 2.3.4), for 2 h at room temperature.

The CGC or MG coverslips were then replaced in their original wells, containing the 

original MG or CGC medium and maintained at 37 °C in 5 % CO2 for 24 h. At this 

point the cells were used and microglial supernatants collected. Microglial 

supernatants were centrifuged at 300 g for 2 min in a bench top centrifuge to pellet 

floating cells and cell debris, removed into fresh tubes and stored at -20 °C until 

required.

Table 2.3.4 Composition of basic medium (-glutamate) and +giutamate "medium"

Solution Component

basic medium 

(glutamate)

+glutamate

1.3 mM CaCb, 3.5 mM KCl, 0.4 mM KH2PO4 , 1.2 mM 

MgCl2 , 153 mM NaCl, 5 mM NaHCO], 1.2 mM Na2S0 4 , 20 

mM Tris [hydroxymethyl]aminomethane (Tris), 5 mM 

glucose, pH 7.4 at 37 °C

1.3 mM CaCl2, 3.5 mM KCl, 0.4 mM KH2PO4, 153 mM 

NaCl, 5 mM NaHCOs, 1.2 mM Na2S04, 20 mM Tris 

[hydroxymethyl]aminomethane (Tris), 5 mM glucose, pH 7.4 

at 37 °C, supplemented with 100 pM glutamate, 10 pM 

glycine
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2.3.5 Treatment of cerebellar granule cell neurons with primary microglial (MG) 

supernatants

Experiments were conducted as below using 7-8 DIV CGC plated at 7 x 10̂  per 

coverslip:

(i) post-treatment o f glutamate-treated CGC with MG supernatants

: Treat ; culture ± MG ;
i ±g lu  i supernatant :
: 2 h  : 24 h :

CGC

CGC were treated with -glutamate or +glutamate, 2 h at room temperature (see 

chapter 2.3.4) or untreated. Then the original CGC medium was either adjusted to 200 

pi per coverslip (controls) or to 100 pi per coverslip and 100 pi MG supernatant 

added. Three types of MG supernatant were added to the CGC; those from untreated 

MG (untreated), -glutamate-treated MG (-glutamate), or +glutamate-treated MG 

(+glutamate). The CGC with or without MG supernatants were maintained at 37 °C in 

5 % CO2 for 24 h before the cells were used further.

(ii) pre- and post-treatment o f glutamate-treated CGC with MG supernatants

! culture ± MG treat ! culture ± MG !
; supernatant ±g lu  I supernatant •
: 24 h 2 h  : 24 h :

<----------------------  CGC  ►

The original CGC medium was either adjusted to 200 pi per coverslip (controls) or to 

100 pi per coverslip and 100 pi MG supernatant added. Untreated, -glutamate or 

4-glutamate-treated MG supernatants were used (see above). CGC with or without MG 

supernatants were maintained at 37 °C in 5 % CO2 for 24 h. They were then treated 

with 4-glutamate, 2 h at room temperature (see chapter 2.3.4) or untreated. The
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CGC were then replaced in their original wells containing the original medium with or 

without MG supernatant and maintained at 37 °C in 5 % CO2 for a further 24 h before 

the cells were used.

2.4 Cell viability assays

Microglial viability was assessed using a double stain of 36 pM fluorescein diacetate 

(FDA) and 6.7 pM propidium iodide (PI) in basic medium (see Table 2.3.4) for 15-30 

min at 37 °C (Didier et al, 1990; Kingham et a l, 1999). Cells were then mounted in a 

37 °C thermostatted holder of an Olympus 1X70 inverted fluorescence microscope. 

Basic medium was added and staining visualised using excitation wavelength 380 nm, 

emission >505 nm. Cell images were captured using a Life Science Resources Merlin 

Imaging system.

This assay depends on the principle that live but not dead cells retain the integrity of 

the plasma membrane. FDA, a non-fluorescent membrane permeable dye, enters cells 

and is cleaved by endogenous esterases into a non-membrane permeable product. It is 

therefore retained in live cells that have an intact plasma membrane. FDA fluoresces 

green under the excitation conditions used. Dead cells have lost integrity of the plasma 

membrane and permit entry of PI into the cell where it binds to nucleic acids 

producing red fluorescence in these cells. The number of live (green staining) and 

dead (red staining) cells were counted on a minimum of 4 coverslips per condition in 

7 discrete areas from at least 2 cell preparations and the percentage of live and dead 

cells determined.
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There are currently thought to be two well-characterised forms of death; necrosis and 

apoptosis. Necrotic cell death is characterised by cell swelling and rapid destruction of 

the plasma membrane in an unregulated manner. PI can be used to label cells that have 

died by necrosis but it will additionally stain cells in the later stage of apoptosis that 

have undergone secondary necrosis. Since cells dying by apoptosis retain plasma 

membrane integrity until the later stages of apoptosis but exhibit nuclear 

changes including chromatin condensation and nuclear fragmentation in the earlier 

stages, PI cannot be used to examine the early stages of apoptosis.

The fluorescent dye 2 *-[4-Ethoxyphenyl]-5-[4-methyl-1 -piperazinyl]-2,5 '-hi-1H- 

benzimidazol (Hoechst 33342), labels the nucleus of “living” cells and can be used to 

observe nuclear alterations (Yan et al, 1994; Kingham et al, 1999). Microglia were 

fixed in ice cold 4 % formaldehyde in phosphate buffered saline and then stained with 

Hoechst 33342, 18 pM in phosphate buffered saline for 10 min at room temperature. 

Nuclear morphology was visualised using a fluorescence microscope with excitation 

at 365 nm and emission at >490 nm. Images were captured as above. Apoptotic nuclei 

are condensed, and have greater fluorescence than non-apoptotic nuclei (Kingham et 

al, 1999). The number of cells displaying weak staining, large nuclei (non-pyknotic) 

or condensed brightly staining nuclei (pyknotic) were counted on a minimum of 4 

coverslips per condition in 7 discrete areas, from at least 2 cell preparations and the 

percentage of pyknotic nuclei was determined for each condition.

2.5 Assessment of mitochondrial depolarisation

Mitochondrial membrane potential (A\j/m) was assessed using 5,5’,6,6’-tetrachloro- 

l ,r ,3 ,3 ’-tetraethylbenzinamidazol carbocyanine iodide (JC-1) (Reers et al, 1991;
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Kingham and Pocock., 2000). JC-1 exists in a monomeric form which emits at 527 nm 

following excitation at 490 nm. Cells with depolarised mitochondria contain JC-1 in 

monomeric form and exhibit diffuse green cytoplasmic staining. In the presence of a 

high Av|/m, JC-1 forms J-aggregates in the mitochondria that emit at 590 nm so 

polarised mitochondria appear punctate and fluoresce red/orange. Stimuli that induce 

mitochondrial membrane depolarisation cause a shift in the emission from 590 nm 

(red) when the A\)/m is high, to 527 nm (green) when the AYm is low.

Microglia were loaded with JC-1 (5 pM in basic medium) for 15 min at 37 °C. The 

coverslips were then mounted on the stage of an inverted fluorescence microscope. A 

dichroic filter allowing excitation at 490 nm and emission > 520 nm (Omega Optical 

emission filter XF24-25 9503) permitted visualisation of punctate red staining 

polarised mitochondria as well as the green, diffuse cytoplasmic staining present in 

cells containing depolarised mitochondria. The number of cells with clearly punctate 

red/orange staining mitochondria and the number of cells with diffuse green 

cytoplasmic staining without punctate mitochondrial staining were counted on a 

minimum of 4 coverslips per condition in 7 discrete areas from at least 2 cell 

preparations. To confirm the number of cells with red/orange mitochondrial staining, a 

dichroic mirror fitted with a 550 nm long pass emission filter (Omega Optical 

emission filter XF32 590DF35) was used which excludes the green fluorescence. Only 

cells with red staining mitochondria are visible under these conditions. To confirm the 

presence of polarised mitochondria, the mitochondrial uncoupler, carbonyl cyanide p- 

(tri-fluoromethoxyl)phenylhydrazone (FCCP, 200 pM) was added.
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Mitochondrial membrane polarisation was also assessed by loading cells with 

tetrametbyl rbodamine ethyl ester (TMRE), 200 nM in basic medium for 90 min at 

37 °C (Kingham and Pocock, 2000). Imaging with TMRE was carried out with 

excitation at 530 nm and emission at >550 nm. Sequential images were captured using 

the Life Science Resources Merlin single cell fluorescence imaging software and the 

intensity of staining digitised to produce a fluorescence scale. The intensity of staining 

with this probe reflects the level of polarisation of mitochondria; the greater the 

staining, the greater the degree of mitochondrial polarisation. To confirm the presence 

of polarised mitochondria, FCCP, 200 pM, was added and sequential images captured. 

This concentration of FCCP was used to ensure rapid depolarisation occurred within a 

short time frame, allowing on-line capture of mitochondrial depolarisation using the 

imaging system.

2.6 Single cell calcium fluorescence imaging

Calcium is a key player in a plethora of signalling cascades. Single cell calcium 

imaging permits dissection of the temporal and spatial distributions of intracellular 

calcium (Pocock and Evans, 2000). The calcium chelating fluorescent indicator fura-2 

acetoxymethyl ester (fura-2 AM) has been extensively used to monitor the 

intracellular free calcium concentration ([Ca^^]j, Evans and Pocock, 1999; Pocock et 

a l, 1995). The membrane permeable acetoxymethyl ester (AM) derivative of the dye 

is taken up into the cell where endogenous esterases hydrolyse the ester moiety 

producing the membrane impermeable free acid form which is retained by the cell. 

Fura-2 is a dual wavelength dye since two wavelengths are used to excite it (340 nm 

and 380 nm). Emission is captured at >505 nm. Ca^  ̂ binding to fura-2 results in an 

increase in fluorescence intensity at 510 nm after excitation at 340 nm and a
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corresponding decrease in fluorescence intensity after excitation at 380 nm. The ratio 

of the intensities at the two excitation wavelengths is related to the [Ca^^]\ 

(Grynkiewicz et al, 1985). The advantage of using a dual wavelength dye is that any 

phenomenon that affects both wavelengths will not alter the ratio value. Ratio 

measurement eliminates artefacts due to photobleaching, compartmentalisation or 

leakage of the dye and variable cell loading (see Pocock and Evans, 2000).

Single cell Câ "̂  responses were measured by fluorescence imaging as previously 

described with modifications (Pocock et al, 1995). Briefly cells plated on coverslips 

were loaded with 5 pM fura-2 in basic medium with 0.02 % pluronic acid (to assist 

loading) for 30 min at 37 °C. Coverslips were then inserted into the thermostatted 

perfusion chamber (37 °C) of an Olympus IX-70 inverted epi-fluorescence microscope 

and basic medium added. Ca^  ̂responses within distinct cell soma were acquired using 

340 and 380 nm excitation and >505 nm emission using a Life Science Resources 

SpectraMASTER monochromator. Images were acquired using a 12 bit digital camera 

and the output visualised with a Life Science Resources Merlin Imaging system, 

version 1.86. Data were analysed by calculating the 340/380 nm fluorescence ratios 

for each of the chosen cells. Experiments were always performed on at least 2 cell 

preparations.

2.7 Preparation of whole cell lysates and cell supernatants

Cells were treated as required (see 2.3). Supernatants were removed, centrifuged at 

300 g for 2 min in a bench top centrifuge to pellet loose cells, transferred into fresh 

tubes and stored at -20 °C. Supernatants that were to be added to CGC were collected 

under sterile conditions. Cells were scraped into ice cold lysis buffer and then added
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to the cell pellet (if any) corresponding to floating cells. The lysis buffer contains 

protease and phosphatase inhibitors in order to maintain the primary protein structure 

and phosphorylation state (see Table 2.7, next page, Evans and Pocock, 1999). After 

leaving on ice for 10 min the combined whole cell suspension was vortexed briefly 

and centrifuged in a bench top microcentrifuge at 13,200 g for 10 min, to pellet the 

nuclei and insoluble debris. The cell lysate supernatant (containing soluble protein) 

was removed and stored at -20 °C.

Component Concentration Function

Tris/acetate, pH 7 20 mM buffer

EDTA 1 mM Mĝ "̂ , Ca^^ chelator

EGTA 1 mM Mg^^, Ca^^ chelator

Na p-glycerophosphate, 
pH 7.4

10 mM phosphatase inhibitor

Na-orthovanadate 1 mM tyrosine phosphatase inhibitor

glycerol 5%

Triton X-100 1 % detergent, solubilises membranes

sucrose 0.27 M isotonic regulator

microcystin LR 1 pM phosphatase inhibitor

benzamidine 1 mM protease inhibitor

leupeptin 4 pg/ml protease inhibitor

P-mercaptoethanol 0.1 % reducing agent

Table 2.7 Composition of iysis buffer Lysis buffer serves to lyse cells by solubilising 

the membranes. A cocktail of Inhibitors prevents proteolysis by proteases and 

dephosphorylation by phosphatases.
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2.8 Preparation of mitochondrial protein

N9 microglia were plated on 35 mm dishes at a density of 1.25 x 10  ̂ per dish and 

treated as required. Supernatants were removed and ice cold buffer (25 mM sucrose, 1 

mM EDTA, 10 mM Tris/HCl, pH 7.4) was added to the cells. Following 

homogenisation in a hand-held homogeniser, cells were centrifuged at 500 g, 4 °C for 

1 min to pellet the nuclei. The supernatant was removed and spun at 10,000 g, 4 °C for 

10 min. The resultant supernatant was taken as the cytosolic fraction and the pellet, 

resuspended in ice-cold 50 mM Tris/HCl, pH 7.4 was taken as the mitochondrial 

fraction. Mitochondrial and cytosolic fractions were flash-frozen in liquid nitrogen 

and stored at -20 °C in the short term and -80 °C for long term storage.

2.9 Bradford protein assay

The protein concentration of whole cell lysates, mitochondrial or cytosolic fractions 

was determined by the method of Bradford (1976). A standard curve of bovine serum 

albumin (BSA) (0.5-3.0 mg/ml) was constructed (Figure 2.9). Briefly, 5 pi of cell 

sample (whole cell lysate, mitochondrial or cytosolic fraction) or 5 pi of BSA 

standard curve (containing 2.5-15 pg protein) were added to tubes in duplicate. One 

ml of Coomassie Protein Assay Reagent was added, the tubes vortexed and after 5 

min the absorbance at 595 nm determined for each tube using a spectrophotometer. 

Bradford reagent was used as a blank. The protein concentration of each sample was 

determined from the BSA standard curve. Using 5 pi of sample ensured that the 

protein concentration was within the linear range of the BSA standard curve (Figure 

2.9).
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Figure 2.9 Representative standard curve of protein concentration against optical 

density at 595 nm 1 ml Coomassie Protein Assay Reagent was added to a range of 

concentrations of BSA and the optical density at 595 nm (OD 595 nm) recorded. A linear 

standard curve was produced in the protein concentration range used.

2.10 Glutamate quantification

N9 microglial cell supernatants were assessed for glutamate content by a colorimetric 

method using a commercially available kit (Roche Diagnostics Ltd, Kingham et al, 

1999). This assay couples the oxidative deamination of glutamate to production of a 

coloured product, a formazan, measured at 450 nm.

glutamate
dehydrogenase

(i) L-glutamate NAD^ +H2O ^  ► 2-oxoglutarate + NADH + N H /

diaphorase
(ii) NADH + iodonitrotetrazolium + ► NAD^ + formazan
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In brief, buffer, NAD^ / diaphorase (Table 2.10), water and cell supernatant were 

pipetted into wells in a 96 well plate. lodonitrotetrazolium, which is light sensitive, 

was then added rapidly and the solutions mixed and incubated for 1 min at room 

temperature. Glutamate dehydrogenase was added next and absorbance at 450 nm 

measured every 15 min in a plate reader until the reaction reached a steady state. 

Standard curves were constructed in medium of the type the cells had been cultured in 

(Figure 2.10). Adjustments were made for background levels of glutamate in the 

culture medium. Experiments were performed in duplicate, on a minimum of 4 

supernatants per condition from at least 2 cell preparations.

Table 2.10 Solutions utilised for assaying glutamate

Assay components Volume required
Hi

Triethanolamine/phosphate buffer, pH 8.6 57

NAD^(11.2 mg/ml), diaphorase (1.6 U/ml) 20

H2O 180

cell supernatant 20

lodonitrotetrazolium chloride solution 20

glutamate dehydrogenase (900U/ml) 3
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Figure 2.10 Representative standard curve of amount glutamate against optical density

at 450 nm Known amounts of glutamate (0-10 jig), each in a volume of 20 pi medium (+g) 

were treated as described above and the optical density at 450 nm (OD 450 nm) measured. 

The reaction was found to reach a steady state after 30 min and with the amounts of 

glutamate used, a linear standard curve was produced.

2.11 Measurement of cellular ATP

Cellular ATP content was determined using a commercially available luciferase 

chemiluminescence assay kit (Roche Diagnostics Ltd) as described with modifications 

(Pocock and Nicholls, 1998). This kit contains the enzyme firefly luciferase, which 

catalyses the reaction between D-luciferin and ATP to produce light:

luciferase
ATP + luciferin + O. -► oxyluciferin + AMP + PPj + CO2 + light

N9 microglia grown on 35 mm dishes at a density of 1.25 x 10  ̂per dish were treated 

as required and then scraped into ice-cold 10 % v/v perchloric acid, 50 mM EDTA, 

which lyses the cell membranes. After centrifugation in a microcentrifiige for 2 min at 

10,000 g, the supernatant was neutralised to pH 7.2 - 7.6 with 3 M KOH/ 1.5 M Tris 

base, vortexed briefly and re-centrifuged. At this stage the ATP content of the samples
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was measured, or the samples were flash frozen in liquid nitrogen and stored at -80

"C.

To measure ATP, a 5 pi sample was added to an assay containing luciferase reagent, 

D-luciferin, pyruvate kinase (8U per assay), and dilution buffer (100 mM Tris/acetate 

buffer containing 2 mM EDTA, pH 7.75). The increase in luminescence was recorded 

in a Labtech BioOrbit 1253 luminometer. Results were calibrated with known 

amounts of ATP and dilution buffer was used as a blank.
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Figure 2.11 Representative standard curve of moles ATP against luminometer reading

5 pi of each ATP standard (containing 0-130 x 10'^^ moles) was assayed by adding 185 pi 

dilution buffer, 20 pi pyruvate kinase (8U), 200 pi luciferase reagent and measuring the 

chemiluminescence in a luminometer.

Following assay of ATP, ADP was measured by adding phosphoenol pyruvate (238 

pM) to the assay mixture. Phosphoenol pyruvate converts ADP in the sample to ATP 

and a corresponding increase in luminescence is recorded.

pyruvate kinase
ADP + phosphoenol pyruvate--------------------- ► pyruvate + ATP
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Results were calibrated with known amounts of ADP.

2.12 SDS-polyacrylamide gel electrophoresis

Separation of whole cell lysates and other cellular fractions was performed using 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a Bio-Rad Mini-Protean II 

electrophoresis cell. Gels were either bought pre-cast from Bio-Rad (10 or 12 % 

polyacrylamide Tris/HCl Ready gels) or poured, using the Bio-Rad casting stand 

between two glass plates which had been cleaned with ethanol. Depending on the 

molecular weight of the proteins to be separated, the resolving gels contained 8-15 % 

acrylamide plus 375 mM Tris/HCl, pH 8.8, 0.1 % SDS, 0.21 % bis-acrylamide, 0.05 

% ammonium persulphate (APS) and 0.05 % TEMED. A 4 % stacking gel was poured 

on top of the resolving gel (4 % acrylamide, 125 mM Tris/HCl, pH 6.8, 0.1 % SDS, 

0.1 % bis-acrylamide, 0.05 % APS, 0.1 % TEMED). A minimum of 15 pg protein 

sample or 10 pi pre-stained molecular weight standard was dissolved in sample buffer 

(Table 2.12), boiled for 4 min to denature the protein and loaded onto the gel. The gel 

was electrophoresed in running buffer (Table 2.12) at 180 V for 40-60 min. The gel 

was then removed from the apparatus and either stained for protein with a 

commercially available protein stain (Table 2.12) or prepared for protein transfer.
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Table 2.12 Solutions utilised for SDS-PAGE

Solution Components

Sample buffer

Running buffer 

Protein stain

1 % SDS, 5 % glycerol, 1.25 % (3-mercaptoethanol, 

62.5 mM Tris/HCl, pH 6.8, 1 % bromophenol blue 

125 mM Tris, pH 8.3, 1 M glycine, 0.1 % SDS

Simply Blue SafeStain, Invitrogen Ltd

2.13 Protein transfer and immunoblotting

Proteins separated by SDS-PAGE were transferred from the gel to immobilon-P 

polyvinylidene difluoride (PVDF) membrane (pore size 0.45 pm) using a Bio-Rad 

Mini Trans-Blot electrophoretic transfer cell. The membrane was activated by 

washing it in 100 % ice cold methanol for 1 min, washed in H2O for 5 min to remove 

traces of methanol and both membrane and gel were equilibrated in ice cold transfer 

buffer (Table 2.13.1) in separate containers for 20 min. A transfer “sandwich” was 

then constructed comprising the gel and membrane surrounded by Whatmann 3MM 

paper followed by fibre pads in a holder cassette. Care was taken to remove any air 

bubbles between the membrane and the gel that would inhibit protein transfer. The 

cassettes were placed in a transfer tank filled with ice cold transfer buffer and an ice 

pack inserted to prevent overheating during transfer. The samples were transferred at 

either 80 V for 2 h or 22 V overnight. Transfer success was indicated by the intensity 

of the pre-stained molecular weight markers.
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Table 2.13.1 Composition of protein transfer and immunoblotting solutions

Solution Components

Transfer Buffer 

TTBS

Blocking buffer 

Stripping buffer

25 mM Tris, 192 mM glycine, 0.01 % SDS, 20 % (v/v) 

methanol

0.05 % polyoxyethylenesorbitanmonolaurate (Tween-20), 

150 mM NaCl, 10 mM Tris/HCl pH 7.4,

5 % skimmed milk powder in TTBS 

Re-Blot Plus-Mild, Chemicon International Ltd

Following transfer, the membranes were immunoblotted. Membranes were washed in 

Tween-20-Tris buffered saline (TTBS, Table 2.13.1) to remove any residual transfer 

buffer and incubated with blocking buffer (Table 2.13.1) for 1-2 h at room 

temperature with constant agitation to minimise any non-specific antibody 

interactions. This was replaced with diluted primary antibody in blocking buffer 

(Table 2.13.2) and the membranes were agitated at room temperature for at least 1 h, 

followed by thorough washing in TTBS ( 3 x 1 0  min). Then horse radish peroxidase 

(HRP)-conjugated secondary antibody diluted in blocking buffer (Table 2.13.2) was 

added to the membrane for 1-2 h with agitation at room temperature. The membranes 

were washed again in TTBS (3 x 10 min) and the HRP bound via secondary and 

primary antibodies to the protein(s) of interest, detected with enhanced 

chemiluminescence (ECL) detection. Following a 1 min incubation in ECL substrate 

solution (Amersham Pharmacia Biotech, UK, Ltd), the membrane was dried, wrapped 

in cling film and exposed to X-ray film for 1-30 min depending on the intensity of the 

signal.
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Table 2.13.2 Primary and secondary antibody dilutions used in western blotting

Primary antibody Dilution used Secondary antibody Dilution used

actin 1:500 mouse 1:500

P-actin 1:1000 mouse 1:1000

cytochrome c 1:500 mouse 1:500

cytochrome oxidase 1:500 mouse 1:500

fractin 1:500 rabbit 1:500

iNOS 1:5000 rabbit 1:1000

The membranes were often re-probed with another antibody and were typically 

probed with p-actin antibody to ensure equal protein loading of the gel wells. If 

required, previously bound antibodies were removed by incubation in a commercially 

available stripping reagent (Table 2.13.1) for 15 min at room temperature with 

constant agitation. Following thorough washing in TTBS the membrane was ready to 

be re-probed.

2.14 Immunocytochemistry

Immunolocalisation was used to investigate microglial activation. Cells were 

incubated with EDI primary antibody (a marker for activated microglia that 

recognises a lysosomal protein) and detection was carried out using an avidin-biotin- 

peroxoxidase method. This method amplifies the signal obtained from primary 

antibody binding, which is of benefit when an antigen is in low abundance. A 

biotinylated secondary antibody is required and 3,3-diaminobenzidine 

tetrahydrochloride (DAB) is used to visualise the staining, which is a brown 

precipitate observed under a light microscope.
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Cells cultured on coverslips were fixed in methanol at -20 °C for 5 min, washed twice 

in PBS and then blocked for 30 min in normal horse serum (1:40 in PBS) at room 

temperature. Excess blocking reagent was removed using absorbent tissue paper and 

cells were incubated in primary antibody in blocking reagent (1:500) overnight at 

4 °C. These incubations were performed in a humid chamber to maximise antibody 

binding and to minimise evaporation of the small volumes of antibody used. Controls 

were performed where cells were incubated in blocking solution without primary 

antibody and subsequently treated like other samples.

Following primary antibody incubation, cells were washed three times in PBS and 

treated with biotinylated secondary antibody (1:200) in blocking reagent in a humid 

chamber for 1 h at room temperature. After washing three times in PBS, excess PBS 

was removed and the cells were incubated with a pre-formed avidin-biotin-horseradish 

peroxidase complex for 1 h at room temperature. Following three PBS washes, the 

staining was visualised by placing coverslips in 3,3-diaminobenzidine 

tetrahydrochloride (DAB), (667 fig/ml in PBS supplemented with 0.024 % (v/v) 

H2O2) for 5 min followed by washing in PBS. Coverslips were washed extensively in 

water and the cells dehydrated as follows; 90 % ethanol 45 s, 100 % ethanol 45 s, 100 

% ethanol 45 s, xylene 45 s, xylene 1 min. The coverslips were then mounted in DPX 

mountant on glass slides and left to dry before viewing under a light microscope.

2.15 Cell proliferation assay

Cell proliferation was assessed using a kit purchased from Promega UK Ltd (Promega 

Cell Titer 96 Aqueous One Solution Cell proliferation Assay), This assay uses a 

tétrazolium compound, [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
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(4-sulfophen-yl)-2H-tetrazolium, inner salt; MTS] which is bioreduced in live, 

proliferating cells into a coloured formazan product that is soluble in tissue culture 

medium.

In brief, N9 microglia plated at 0.15 x 10̂  cells per coverslip in 24 well plates were 

treated as required. At 20 or 44 h following treatment, the culture medium on the cells 

was adjusted to 250 pi and 50 pi of the Cell Titer 96 Aqueous One solution Reagent 

containing the tétrazolium compound, was added to each well. The cells were returned 

to a humidified, 5 % CO2 atmosphere at 37 °C. Four hours following addition of the 

Cell Titer reagent a 50 pi sample was removed from each well and the absorbance at 

492 nm recorded using a plate reader. The greater the absorbance at 492 nm, the 

greater the number of proliferating cells on the coverslip. The slight amount of 

spontaneous 492 nm absorbance when culture medium is incubated with Cell Titer 

reagent was corrected for. Experiments were performed in triplicate from at least 3 

cell preparations.

2.16 MTT assay

To determine whether metabolic activity of cells was affected by a particular 

treatment, the MTT assay was used. This assay works on the principle that in 

metabolically active cells, the tétrazolium compound, [3, [4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide; thiazolyl blue], (MTT reagent) is converted into a 

coloured, insoluble formazan product. In cells whose metabolic activity is 

compromised, lower levels of formazan will be produced.
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N9 microglia plated at 0.4 x 10̂  cells per coverslip in 24 well plates were treated as 

required. At 20 or 44 h following treatment, 25 pi filter sterile MTT reagent (5 mg/ml 

in PBS) was added to 500 pi culture medium on the cells. The cells were returned to a 

humidified, 5 % CO2 atmosphere at 37 °C for 4 hours to allow the cells to generate the 

coloured formazan product. The culture medium was then removed fi*om the cells and 

100 pi DMSO added to the supernatant, to solubilise formazan crystals generated by 

cells that had lost adherence to the coverslip. 100 pi DMSO was added to each 

coverslip and the plates agitated to fully dissolve the formazan crystals generated by 

adherent cells. Absorbance of the samples was measured at 550 nm using a plate 

reader.

Data were related to healthy untreated cells at each time point and the slight amount of 

spontaneous 550 nm absorbance when culture medium is incubated with MTT reagent 

was corrected for:

(OD550 nm of treated cells) -  (OD550 nm of cell culture medium without cells)

(OD550 nm of healthy cells) -  (OD550 nm of cell culture medium without cells)

Experiments were performed in triplicate from at least 3 cell preparations.
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3. TWO-DEOXYGLUCOSE INDUCES 

MICROGLIAL DEATH
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Introduction

Microglia assume a resting/ramified morphology with an elongated cell body and 

several processes in the normal brain (Ling and Wong, 1993). They are acutely 

sensitive to changes in the microenvironment, becoming activated by cerebral insults 

(see review, Barron, 1995). Activated microglia assume an amoeboid morphology and 

may ultimately become phagocytic (see review, Streit et al., 1988). Microglia 

upregulate expression of cell surface markers, such as major histocompatability 

complex (MHC) when they are activated, and release toxic molecules such as free 

radicals, (Colasanti et al., 1995; Woodroofe et al., 1989), pro-inflammatory cytokines 

(Xiao et al., 1996) and excitatory amino acids (Kingham et al., 1999; Noda et a l, 

1999; Piani et al., 1991). Whilst these molecules can damage neuronal cells, these 

compounds can also feed back on microglia reducing microglial cell number 

(Kingham et al., 1999) and may be a way of modulating the immune response.

An ischaemic insult results in energy depletion in the brain and rapid cell death in the 

ischaemic core (see review, Dimagl et al., 1999). In the penumbric region, in which 

there is reduced, but still some blood flow and neuronal function is impaired (see 

review, Dimagl et al., 1999), delayed cell death occurs (see review, Barinaga, 1998a; 

Chen et al., 1998; see review, Schulz et al., 1999). This delay is considered to be a 

“window of opportunity” for therapeutic intervention. It is clear that microglia are 

activated by an ischaemic insult and are found in and around an ischaemic lesion 

(Abraham and Lazar, 2000; Lehrmann et al., 1997; Morioka et al., 1991; see review, 

Stoll et al., 1998). However, little is known about microglial susceptibility to 

ischaemia or energy deprivation. Previous studies have shown that microglia are 

sensitive to a combination of glucose deprivation in the presence of 2-deoxyglucose
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and hypoxia, but are relatively resistant to hypoxia alone (Lyons and Kettenmann,

1998). Since microglia may be neurotoxic (Barger and Basile, 2001; Kingham et a l, 

1999; Piani and Fontana, 1994) or neuroprotective (Toku et al., 1998; Polazzi et al., 

2001), a better understanding of the microglial response to ischaemia may enable this 

response to be modulated in order to improve neuronal survival. In this chapter, data 

are presented about the microglial response to energy deprivation, since this is a 

feature of an ischaemic insult.

Summary of results

The microglial response to manipulation of the glycolytic pathway was investigated in 

this chapter. Two in vitro models were utilised; glucose deprivation or replacement of 

glucose with the competitive inhibitor of hexokinase, 2-deoxyglucose. Microglial 

ATP levels and viability were not decreased by 30 h glucose deprivation. 

Replacement of glucose with 2-deoxyglucose, caused a rapid fall in microglial ATP. 

This fall triggered mitochondrial depolarisation concurrent with or prior to death. The 

mitochondrial permeability transition inhibitor, cyclosporin A, blocked changes in 

nuclear morphology triggered by 2-deoxyglucose, implicating the mitochondrial 

permeability transition upstream of nuclear pyknosis. Although the death displayed 

characteristics of apoptosis, it was not executed by caspase activation, since death was 

not attenuated by a pan caspase inhibitor or by specific caspase 1 or 6 inhibitors. 

Cytochrome c alterations but not release from the mitochondria to the cytosol, and 

actin changes were triggered in 2-deoxyglucose-treated microglia. The actin 

alterations resulted in higher apparent molecular mass actin.
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3.1 Two-deoxyglucose triggers a fall in microglial ATP

Adenosine triphosphate (ATP) is essential for the metabolic processes of a cell 

(Alberts et ah, 1989). The impairment of cerebral blood flow occurring in ischaemia 

restricts the supply of oxygen and glucose to the brain (see review, Dimagl et al.,

1999). Consequently, ATP levels are greatly diminished (Hossmann, 1994). ATP 

levels were investigated in N9 microglial cells deprived of glucose (-g) and those in 

which glucose had been removed from the medium and replaced with the glycolysis 

inhibitor, 2-deoxyglucose (+2-dg).

ATP levels in microglia cultured in the presence or absence of glucose (+g or -g, 

respectively), were maintained over the 30 h time course (Figure 3.1). Microglia 

cultured in medium lacking glucose but containing 2-deoxyglucose (4-2-dg), 

experienced a rapid fall in ATP content within 3 h and ATP levels continued to 

decline gradually after 3 h. ADP levels were low in all conditions (Table 3.1). ADP 

levels were maintained over 30 h in N9 microglia exposed to +g or -g (Table 3.1). 

ADP at 30 h in +2-dg treated cells was not significantly different from levels in +g or 

-g  cells at that time point. However, there was a significant fall in ADP from 0-30 h in 

+2-dg treated cells (P= 0.02, Table 3.1).
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Figure 3.1 The effect of glucose deprivation or 2-deoxygiucose on microglial ATP

Cellular ATP levels were obtained following exposure of the cells for the times indicated to 

either glucose containing medium ( - * -  ), medium in which glucose was omitted ( "A  ), or 

medium in which glucose had been replaced by 2-deoxyglucose (-# -). Values are expressed 

as mean ±  SEM from at least 4 determinations and 3 cell preparations. Significantly different 

at *p <0.05, **p <0.01, ***p <0.001, n.s not statistically significant compared with control (+g) 

at the same time point (Student’s t-test).

Treatment

Oh

ADP pmol/pg protein 

(mean ± SEM)

30 h

ADP pmol/pg protein 

(mean ± SEM)

+g 0.46 ±0.13 0.29 ±0.11

-g 0.35 ±0.14 0.18±0.15

+2-dg 0.64 ±0.19 0.03 ± 0.02

Table 3.1 The effect of glucose deprivation or 2-deoxyglucose on microglial ADP

Cellular ADP levels were obtained following exposure of the cells for the times indicated to 

either glucose containing medium (+g), medium in which glucose was omitted (-g), or medium 

in which glucose had been replaced by 2-deoxyglucose (+2-dg). Values are expressed as 

mean ±  SEM from at least 4 determinations and 3 cell preparations. Levels of significance 

were assessed using a Student’s t-test.
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3.2 Two-deoxyglucose triggers microglial cell death

The effect of glucose deprivation (-g) or medium in which glucose had been replaced 

with 2-deoxyglucose (+2-dg) on microglial viability was investigated using 

fluorescein diacetate (FDA) and propidium iodide (PI). FDA is retained in cells with 

an intact plasma membrane and PI enters cells in which the plasma membrane has 

become permeabilised, a likely event at cell death (Bonfoco et a i, 1996; Didier et a l, 

1990).

N9 or primary microglial viability (Figure 3.2.1 A and Figure 3.2.18, respectively) 

was not affected by culturing in the presence or absence of glucose for 30 h. However, 

N9 or primary microglial viability was compromised by exposure to 2-deoxyglucose 

in the absence of glucose. By 30 h, the percentage of dead (Pl-positive staining) N9 or 

primary microglia was the same (Figure 3.2.1 A and Figure 3.2. IB, respectively).
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Figure 3.2.1 Two-deoxyglucose but not glucose deprivation triggers microglial death

N9 microglia (A) or primary microglia (B) were treated with glucose containing medium ( # - ) ,  

medium in which glucose was omitted ("A " ), or medium in which glucose had been replaced 

by 2-deoxyglucose for 0-30 h. The number of cells staining with FDA or PI were counted 

on a minimum of 4 coverslips per condition from at least 2 cell preparations and the number of 

Pl-positive cells was expressed as a percentage of the total cells (% dead). All data are mean 

± SEM and the line of best fit is shown. Significantly different at *p <0.05, **p <0.01, ***p 

<0.001, n.s not statistically significant compared with control (+g) at the same time point 

(Student’s t-test).
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The data presented so far is illustrated in Figure 3.2.2.

2-deoxyglucose

Glucose Glucose-S-®

&ATP

DEATH

Figure 3.2.2 Two-deoxyglucose triggers ATP depletion and microglia! death 2-

deoxyglucose competes with glucose for hexokinase, the first enzyme in the glycolytic 

pathway, thereby blocking the conversion of glucose to glucose-6-phosphate and all further 

use of glucose by this metabolic route. 2-deoxyglucose treatment in the absence of glucose, 

triggered a fall in microglial ATP and microglial death. The effect of 2-deoxyglucose upon 

microglial signalling, and in particular the unknown steps between ATP depletion and 

microglial death will be investigated in the remainder of chapter 3.

3.3 Two-deoxyglucose triggers changes in microglial nuclear morphology

Microglia undergo apoptosis in response to treatment with the microglial activators 

chromogranin A (Kingham et a i,  1999) or lipopolysaccharide (Liu et a i,  2001a). 

Highly condensed chromatin aggregates and condensation of the cytosol are 

associated with apoptotic death (Wyllie et al., 1980). The effect of glucose deprivation 

(-g), or medium in which glucose had been replaced with 2-deoxyglucose (+2-dg) on 

microglial nuclear morphology was investigated using Hoechst 33342 staining. Non- 

pyknotic nuclei, are large and stain weakly with Hoechst 33342. In contrast, pyknotic 

nuclei are condensed and stain brightly with Hoechst 33342 (Kingham et al., 1999;
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Yan et al,  1994).

N9 or primary microglia cultured in the presence or absence of glucose, fixed and 

stained with Hoechst 33342, displayed weak staining and the nuclei were large and 

rounded (Figure 3.3.1 row A and B, respectively). Microglia exposed to 2- 

deoxyglucose in the absence of glucose (+2-dg), either possessed large nuclei or the 

nuclei were highly pyknotic and brightly staining (see arrows. Figure 3.3.1 row C).

B

N9 microglia Primary microglia

• « 4

I I

\

Figure 3.3.1 Two-deoxyglucose but not glucose deprivation triggers microglial nuclear 

changes N9 or primary microglia were treated with glucose containing medium (row A), 

medium in which glucose was omitted (row B), or medium in which glucose had been 

replaced by 2-deoxyglucose (row C) for 18 h (N9 microglia) or 30 h (primary microglia), fixed 

and stained with Hoechst 33342. Some 2-deoxyglucose treated cells had pyknotic, brightly 

staining nuclei (arrows) whereas other cells had large nuclei that stained weakly with Hoechst 

33342.
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There was no nuclear pyknosis in N9 or primary microglia cultured in the presence or 

absence of glucose for 30 h (Figure 3.3.2A and Figure 3.3.2B). In contrast, exposure 

to 2-deoxyglucose in the absence of glucose induced significant microglial nuclear 

pyknosis (Figure 3.3.2A and Figure 3.3.213). Whilst the time course of the nuclear 

pyknosis varied slightly between N9 and primary microglia, by 30 h, levels of nuclear 

pyknosis following exposure to +2-dg were the same (Figure 3.3.2A and Figure 

3.3.2B, respectively).
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Figure 3.3.2 Time course of 2-deoxyglucose-triggered microglial nuclear pyknosis N9

microglia (A) or primary microglia (B) were treated with glucose containing medium ( - * - ) ,  

medium in which glucose was omitted ( A- ), or medium in which glucose had been replaced 

by 2-deoxyglucose ( -# - )  for 0-30 h. Nuclear morphology was examined using Hoechst 33342 

and the number of cells displaying weak staining, large nuclei (non-pyknotic) or condensed, 

brightly staining nuclei (pyknotic) were counted on a minimum of 4 coverslips per condition in 

7 discrete areas from at least 2 cell preparations. The percentage of pyknotic nuclei was 

determined for each condition. All data are mean ± SEM and the line of best fit is shown for B. 

Significantly different at *p <0.05, **p <0.01, ***p <0.001, n.s not statistically significant 

compared with control (+g) at the same time point (Student’s t-test).

A comparison was made between the percentage of +2-dg treated microglia with 

permeable membranes (staining with PI) and the percentage possessing pyknotic 

nuclei (revealed by Hoechst 33342 staining). The percentage of cells with a permeable 

plasma membrane increased from 0-30 h in both N9 and primary microglia (Figure
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3.3.3A and Figure 3.3.3B, respectively, and see Figure 3.2.1 A and Figure 3.2.IB, 

respectively, for best straight lines). The percentage of pyknotic nuclei also increased 

from 0-30 h in N9 and primary microglia (Figure 3.3.3A and Figure 3.3.3B, 

respectively), although there appeared to be a lag phase in N9 microglia until 18 h 

before a significant increase in nuclear pyknosis was observed. In general nuclear 

pyknosis and loss of membrane integrity followed a similar time course for both N9 

and primary microglia. At 30 h the percentage of cells with a permeable plasma 

membrane and the percentage of cells with a pyknotic nucleus was the same (Figure 

3.3.3A and Figure 3.3.3B, respectively).
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Figure 3.3.3 Comparison of the time courses of microglial nuclear pyknosis and loss of 

plasma membrane integrity induced by 2-deoxyglucose N9 microglia (A) or primary 

microglia (B) were treated with medium in which glucose had been replaced by 2- 

deoxyglucose and stained with FDA and PI or Hoechst 33342 and the data plotted as 

percentage of cells displaying PI staining (“ 0 -  with permeable plasma membrane) or a 

condensed, brightly staining nucleus (with pyknotic n u c l e u s ). Cells were counted on a 

minimum of 4 coverslips per condition in 7 discrete areas from at least 2 cell preparations. 

Data are mean ± SEM.
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3.4 Mitochondrial involvement in microglial cell death triggered by 2- 

deoxyglucose

A mitochondrial membrane potential (A\|/m) decrease has been shown to be an early 

apoptotic event, occurring upstream of the execution phase of apoptosis in some 

models (Petit et al., 1995; Vayssière et a l, 1994). In other systems however, caspase 

activation and/or cytochrome c release occurs upstream, or in the absence, of a 

decrease in Av|/m (Krohn et al., 1999; Susin et al., 1997). A fall in A\|/m is triggered in 

microglia treated with chromogranin A and takes place upstream of nuclear pyknosis 

(Kingham and Pocock, 2000). Since 4-2-dg treatment induced the formation of 

pyknotic nuclei, changes in A\|/m were examined in microglia exposed to this 

treatment. The fluorescent probe, 5,5’,6,6’-tetrachloro-l,r,3,3’ tetraethylbenzimid- 

azole carbocyanine iodide, (JC-1) was used. Under excitation at 490 nm and emission 

>520 nm, cells with depolarised mitochondria contain JC-1 in predominantly 

monomeric form and possess diffuse green cytoplasmic staining. Cells with polarised 

mitochondria contain JC-1 in predominantly aggregate form, and the mitochondria 

appear punctate and fluoresce red/orange (Kingham and Pocock, 2000; Salvioli et a l,

1997).

Primary microglia were cultured in medium containing or lacking glucose (+g or -g, 

respectively), or medium in which glucose was replaced with 2-deoxyglucose (+2-dg), 

for 30 h. The cells were stained with JC-1 and images captured. Microglia treated with 

+g or -g appeared similar to untreated microglia when stained with JC-1; the 

mitochondria were observed as discrete entities and were either rod-like or rounded 

(Figure 3.4.1 rows A, B, C, see page 131). In contrast, most microglia exposed to 4-2- 

dg for 30 h contained depolarised mitochondria. In these cells the mitochondria were 

indistinguishable from the diffuse cytoplasmic staining (Figure 3.4.1 row D, arrows).
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Furthermore, differences in cell morphology could also be observed with JC-1 

staining. Untreated microglia and those treated with +g or -g for 30 h had more 

processes than those treated with +2-dg for 30 h, which exhibited a more rounded 

morphology (Figure 3.4.1).

The effects of glucose deprivation, or 2-deoxyglucose treatment in the absence of 

glucose (4-2-dg), on A\|/m were examined in both N9 and primary microglia using JC-1 

staining. N9 microglia cultured in the presence or absence of glucose for 0-30 h 

experienced a gradual but small increase in the percentage of cells containing 

depolarised mitochondria (Figure 3.4.2A, see page 132). Primary microglia in contrast 

did not show an increase in depolarised mitochondria in response to these treatments 

(Figure 3.4.2B). Both N9 and primary microglia responded to 4-2-dg with a massive 

increase in the percentage of cells containing depolarised mitochondria (Figure 3.4.2A 

and Figure 3.4.2B). N9 microglial treatment with 4-2-dg induced a significant increase 

in the percentage of cells with depolarised mitochondria between 9 and 13 h (Figure 

3.4.2A). Primary microglia appear to be more resistant to 4-2-dg than N9 microglia, 

since the percentage of cells containing depolarised mitochondria in primary microglia 

was lower than in N9 microglia exposed to 4-2-dg for 12-13 h (Figure 3.4.2A and 

Figure 3.4.2B).
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Figure 3.4.1 Two-deoxyglucose treatment triggers changes in microglial morphology 

and mitochondrial membrane depolarisation Primary microglia were untreated (row A) or

were treated with glucose containing medium (row B), medium in which glucose was omitted 

(row C), or medium in which glucose had been replaced by 2-deoxyglucose (row D) for 30 h 

and stained with JC-1. Images of these cells were captured under excitation wavelength 490 

nm and emission > 520 nm. Untreated microglia and those exposed to glucose containing 

medium or medium in which glucose was omitted, contained polarised mitochondria which 

were observed as discrete entities. Microglia exposed to medium in which glucose had been 

replaced by 2-deoxyglucose, either contained polarised mitochondria or the cells contained 

depolarised mitochondria and exhibited diffuse cytoplasmic JC-1 staining (arrows).
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Figure 3,4.2 Time course of 2-deoxyglucose-induced microglial mitochondrial 

membrane depolarisation N9 microglia (A) or primary microglia (B) were treated with 

glucose containing medium (-# -), medium in which glucose was omitted ( A  ), or medium in 

which glucose had been replaced by 2-deoxyglucose ( - # -  ), for 0-30 h. Mitochondrial 

membrane potential was assessed using JC-1, excitation wavelength 490 nm and emission > 

520 nm. The number of cells containing mitochondria which appeared punctate with 

red/orange fluorescence (polarised mitochondria) and the number of cells exhibiting diffuse 

green cytoplasmic staining (possessing depolarised mitochondria) were counted on a 

minimum of 4 coverslips per condition in 7 discrete areas from at least 2 cell preparations. 

Data were expressed as the percentage of the total cells containing diffuse green cytoplasmic 

staining (% cells with depolarised mitochondria) and are mean ± SEM. Significantly different 

at *p <0.05, **p <0.01, ***p <0.001, n.s not statistically significant compared with control (+g) 

at the same time point (Student’s t-test).

The time courses of +2-dg-induced mitochondrial membrane depolarisation and 

nuclear pyknosis were compared (Figure 3.4.3). In N9 microglia, the onset of 

mitochondrial depolarisation at 9 h, preceded nuclear pyknosis by 9 h (Figure 3.4.3A). 

In contrast, in primary microglia mitochondrial depolarisation and nuclear pyknosis 

appeared to correlate well at 12-13 h (Figure 3.4.3B). Beyond 13 h in both N9 and 

primary microglia, the percentage of cells containing depolarised mitochondria was 

always considerably greater than the percentage containing a pyknotic nucleus or a 

permeable plasma membrane (Figure 3.4.3 and Figure 3.2.1, respectively). This
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indicates that mitochondrial depolarisation could not simply be attributable to dead 

cells. It is therefore possible that microglial mitochondrial depolarisation may occur 

upstream of nuclear pyknosis.
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Figure 3.4.3 Comparison of the time courses of microglial mitochondrial membrane 

depolarisation and nuclear pyknosis induced by 2-deoxyglucose N9 microglia (A) or 

primary microglia (B) were treated with medium in which glucose had been replaced by 2- 

deoxyglucose and stained with JC-1 or Hoechst 33342. The data was plotted as the 

percentage of cells displaying diffuse green cytoplasmic JC-1 staining (“ O - with depolarised 

mitochondria) or a condensed, brightly staining nucleus ( with pyknotic nucleus). Cells 

were counted on a minimum of 4 coverslips per condition in 7 discrete areas from at least 2 

cell preparations. Data are mean ± SEM.

The mitochondrial permeability transition (mPT) in which a pore in the inner 

mitochondrial membrane opens, has been implicated in apoptotic signalling 

(Marchetti et a l, 1996) and apoptotic signalling in microglia (Kingham and Pocock,

2000). Since the mitochondrial depolarisation observed in cells exposed to +2-dg may 

be coupled with the mPT, the involvement of this process was investigated. N9 

microglia were treated with the mPT inhibitor, cyclosporin A (CsA 1 pM, Bemardi et 

al, 1993) and 2-deoxyglucose in the absence of glucose (+2-dg) for 24 h. Inhibition of 

the mPT by CsA prevented +2-dg-induced nuclear pyknosis (Figure 3.4.4). To 

exclude the possibility that this was due to a non-specific effect of CsA on calcineurin
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rather than the mPT (Ankarcrona et aL, 1996; Dawson et al., 1993) the calcineurin 

inhibitor FK-506 was used. FK-506 did not significantly reduce nuclear pyknosis 

(Figure 3.4.4), suggesting that calcineurin was not involved.
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Figure 3.4.4 The mitochondrial permeability transition occurs upstream of nuclear 

pyknosis induced by 2-deoxyglucose N9 microglia were treated with glucose containing

medium ( I 1), or medium in which glucose had been replaced by 2-deoxyglucose ( ^ H ) ,  in

the presence of 1 pM cyclosporin A (CsA) or 1 pM FK-506 for 24 h. Nuclear morphology was 

examined using Hoechst 33342 and the number of cells displaying weak staining, large nuclei 

(non-pyknotic) or condensed, brightly staining nuclei (pyknotic) were counted on a minimum of 

5 coverslips per condition in 7 discrete areas from at least 2 cell preparations. The percentage 

of pyknotic nuclei was determined for each condition and data are mean ± SEM. Significantly 

different at *p <0.05, n.s not statistically significant (Student’s t-test).

The status of A^m was further assessed using the mitochondrial probe tetramethyl 

rhodamine ethyl ester (TMRE). This dye binds to the inner mitochondrial membrane 

and is accumulated in proportion to the mitochondrial membrane potential (Scaduto 

and Grotyohann, 1999). Depolarised mitochondria lose their TMRE fluorescence 

(Krohn et a i, 1999). N9 microglia treated with +g contained polarised mitochondria 

that responded to the mitochondrial uncoupler FCCP (Figure 3.4.5 row A, page 135). 

JC-1 staining revealed that most N9 microglia contained polarised mitochondria after 

9 h exposure to -g  or +2-dg (see Figure 3.4.2A). Correspondingly TMRE staining 

indicated that following 10 h exposure to -g  or +2-dg some of the microglia contained
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polarised mitochondria which responded to FCCP (Figure 3.4.5 row B and C, 

respectively). However, some cells exposed to -g  or +2-dg for 10 h did not respond to 

FCCP, suggesting that the mitochondrial membrane had already depolarised in these 

cells (Figure 3.4.5 rows B and C).
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Figure 3.4.5 Microglial mitochondrial depolarisation occurs in response to 2- 

deoxygiucose treatment N9 microglia were treated with glucose containing medium (row A), 

medium in which glucose was omitted (row B), or medium in which glucose had been

replaced by 2-deoxyglucose (row C) for 10 h, and stained with the mitochondrial membrane

potential sensitive dye tetramethyl rhodamine ethyl ester (TMRE). Images of the cells were 

captured every 3.5 s under excitation wavelength 530 nm and emission > 550 nm. Addition of 

the mitochondrial uncoupler FCCP, 200|iM (at arrowhead) resulted in a decrease in

fluorescence indicative of mitochondrial depolarisation. Traces are the responses from 10 

individual cells (Ai, Bi, Ci). Inset of (i) in A, B and C is the mean response of 20 cells (ii) 

fluorescence of cells at 300 s (ill) fluorescence of cells at 300 s after FCCP addition at 60 s.
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3.5 Two-deoxyglucose affects primary microglial cell number per field

It became apparent whilst counting cells for experiments detailed in 3.2-3.4, that the 

medium the cells were cultured in was having an effect on cell number, which may be 

due to the induction of cell death. This was analysed further in primary microglia 

which were either untreated or exposed to +g, -g or +2-dg for 30 h and cell number 

per field counted. Whilst cell number per field did not change significantly from that 

of untreated cells following 30 h exposure to any of the media, cell number per field 

was signifieantly reduced following 30 h culture in +2-dg compared with 30 h culture 

in either +g or -g  (Figure 3.5). This may be due to poor microglial proliferation in 4-2- 

dg, cell death and/or loss of adhesion to the coverslip.
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Figure 3.5 Two-deoxyglucose treatment affects primary microgiial cell number per field

Primary microglia were either untreated for 0 h ( I I ),or treated with glucose containing 

medium (1 I ), medium in which glucose was omitted 0 I ), or medium in which glucose 

had been replaced by 2-deoxyglucose ( ■ ■ )  for 30 h. Cell number per field was counted on a 

minimum of 16 coverslips per condition in 7 discrete areas from 6 cell preparations. Data are 

mean ± SEM. Significantly different at *p <0.05 (Student’s t-test).

3.6 Cytochrome c alterations but not release are induced by 2-deoxyglucose

Cytochrome c (cyt c) release from the mitochondria into the cytosol is an integral part 

of many though not all apoptotic pathways (Bossy-Wetzel et a/., 1998; Kingham and 

Pocock, 2000; Liu et a l, 1996; Tang et a l, 1998). Once in the cytosol, cyt c is capable
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of forming part of the apoptosome resulting in caspase activation (Li et al., 1997). 

Whether cyt c release occurs in microglia in response to glucose deprivation (-g) or 2- 

deoxyglucose in the absence of glucose (+2-dg), was examined. Cytosol from -g or 

+2-dg treated microglia showed no increase in the 15 kD cyt c band compared with 

controls after 15 h (-g and +2-dg), or 24 or 30 h (4-2-dg only, Figure 3.6.1). This was 

not due to lack of sensitivity of the experimental system since microglial treatment 

with staurosporine, a known inducer of apoptosis and cyt c release (Bossy-Wetzel et 

a l, 1998) for 2 h, promoted translocation of cyt c from the mitochondria to the cytosol 

(Figure 3.6.1). Interestingly, 4-2-dg treatment for 15, 24 or 30 h triggered changes in 

mitochondrial cyt c, observed as a disappearance of the 15 kD mitochondrial cyt c 

band. However, the band observed at a running position of 45 kD was present in the 

mitochondrial fraction from 4-2-dg treated cells at 15, 24 and 30 h. The 45 kD band 

was larger in mitochondrial fractions from 4-2-dg treated cells than from 4-g treated 

cells at 24 and 30 h.
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Figure 3.6.1 Microglial mitochondrial cytochrome c alterations but not release are 

triggered by 2-deoxyglucose N9 microglia were treated with glucose containing medium 

(+g), medium in which glucose was omitted (-g), or medium in which glucose had been 

replaced by 2-deoxyglucose (+2-dg), for 0 h (A), 15 h (B), 24 h (C) or 30 h (D), or with 1 pM 

staurosporine (ss) for 2 h and the mitochondrial (m) and cytosolic (c) fractions collected. 20 pg 

protein (A and B) or 30 pg protein (C and D) was resolved by 15 % SDS-PAGE and 

immunoblotted with anti-cytochrome c antibody. 0.1 pg cytochrome c standard (std) was used 

as a positive control.
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Analysis of cyt c content in microglial whole cell lysates also revealed a loss of the 15 

kD cyt c band following +2-dg treatment for 30 h (Figure 3.6.2) indicating that the 

results in Figure 3.6.1 were not due to losses during fractionation. The loss of the cyt c 

band was not due to loss of mitochondrial protein from the whole cell lysates as 

reprobing the blot with anti-cytochome oxidase showed the presence of this 17 kD 

mitochondrial protein in the whole cell lysate from +2-dg cells (Figure 3.6.2).

0 h 30 h std
+g -g +2-dg +9 -g +2-dg

cyt c—

-g +2-dg -g +2-dg

Figure 3.6.2 Cytochrome c alterations are observed in whole cell lysates from 2- 

deoxyglucose treated microglia N9 microglia were treated with glucose containing medium 

(+g), medium in which glucose was omitted (-g), or medium in which glucose had been 

replaced by 2-deoxyglucose (+2-dg) for the times indicated and whole ceil lysates were 

collected. 45 gg protein was resolved by 12 % SDS-PAGE and immunoblotted with anti

cytochrome c (cyt c) antibody. 0.1 pg cytochrome c standard (std) was used as a positive 

control. Blots were reprobed with anti-cytochrome oxidase (cyt ox) to ensure the presence of 

mitochondrial protein in the whole cell lysates.

3.7 Caspases are not involved in microglial death triggered by 2-deoxyglucose

Caspases are cysteine proteases with the ability to cleave after an aspartic acid residue 

(see review, Cohen, 1997). Caspase activation is implicated in apoptotic signalling 

(see review, Cohen, 1997; Susin et a l, 1997; see review Thomberry and Lazebnik,

1998), in microglial apoptosis triggered by chromogranin A (Kingham et a l, 1999) 

and in ischaemia (Namura et al., 1998). To establish whether caspases were
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implicated in the death triggered by +2-dg, the effect of the caspase inhibitors Z- 

WEHD-FMK, a caspase 1 inhibitor, Z-VEID-FMK, a caspase 6 inhibitor, or Ac- 

VAD-CHO, a pan caspase inhibitor, on microglial viability was explored. None of the 

inhibitors modulated viability in microglia treated with +g, or blocked +2-dg induced 

microglial death (Figure 3.7). Interestingly the caspase 1 and caspase 6 inhibitors 

increased death induced by 4-2-dg (Figure 3.7). These data indicate that caspases are 

not involved in +2-dg triggered microglial death.
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Figure 3.7 Caspases do not mediate microglial death induced by 2-deoxyglucose N9

microglia were treated with glucose containing medium (+g[. .J), or medium in which glucose 

had been replaced by 2-deoxyglucose (+ 2 -d g B B )  in the presence of 10 pM Z-WEHD-FMK, 

a caspase 1 inhibitor (1) or 10 pM Z-VEID-FMK, a caspase 6 inhibitor (6) and viability 

assessed 24 h later. Alternatively, N9 microglia were pre-incubated with 100 pM Ac-VAD- 

CHO, a pan caspase inhibitor (P), 1 h before and during exposure to +g or +2-dg, and viability 

assessed 24 h later. Data are mean ± SEM, scored from a minimum of 4 coverslips per 

condition, in 7 discrete areas from at least 2 cell preparations. Significantly different at *p< 

0.05, n.s significantly different (Student’s t-test).

3.8 Two-deoxyglucose triggers microglial actin alterations

Actin changes occur in response to excitotoxicity or ATP depletion using inhibitors of 

the respiratory chain (Halpain et al., 1998; Kroshian et al., 1994). Reprobing cyt c 

blots using an anti-P-actin antibody (which recognises the N-terminus of the p- 

isoform of actin) to ensure equal protein loading, revealed actin changes in 4-2-dg
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treated microglia, observed as the disappearance or reduction of the actin band on 

western blots. These changes occurred in both N9 microglia and primary microglia 

treated with +2-dg (Figure 3.8.1). Treatment with +g did not trigger actin changes 

detectable by western blotting (Figure 3.8.1).

N9
+g 2-dg

Figure 3.8.1 Two-deoxyglucose triggers microglial p-actin alterations N9 microglia (N9) 

or primary microglia (MG) were treated with glucose containing medium (+g), or medium in 

which glucose was replaced with 2-deoxyglucose (+2-dg) for 24 h and whole cell lysates 

collected. 25 pg protein was resolved by 12 % SDS-PAGE and immunoblotted with anti-p- 

actin antibody.

The microglial actin changes induced by 4-2-dg started within 8 h, since the whole cell 

lysate p-actin band was reduced at this time point (Figure 3.8.2A). Treatment with +2- 

dg for 15 h induced actin changes detectable as disappearance of the P-actin band 

from whole cell lysates, and the cytosolic but not mitochondrial fraction (Figure 

3.8.2A and B). Exposure to +g did not induce changes in p-actin associated with the 

mitochondria or cytosolic P-actin (Figure 3.8.2B).
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Figure 3.8.2 Time course of N9 microglial p-actin alterations N9 microglia were treated 

with glucose containing medium (+g), or medium in which glucose had been replaced by 2- 

deoxyglucose (+2-dg) for the times indicated and whole cell lysates (A), or mitochondrial and 

cytosolic fractions (B), were collected. 45 pg whole cell lysate was resolved by 8 % SDS- 

PAGE or 25 pg mitochondrial (m) or cytosolic (c) fraction was resolved by 12 % SDS-PAGE 

and immunoblotted with anti-p-actin antibody.

A blot of whole cell lysates from microglia exposed to +g, -g or +2-dg for 0 or 30 h 

was stained with protein stain (Figure 3.8.3). This demonstrated that the absence of an 

actin band in lanes loaded with protein lysate from +2-dg treated microglia was not 

due to lack of protein loading (Figure 3.8.3). Protein bands in lysates from microglia 

treated with +g and -g for 30 h were almost identical in size and running position, 

indicating that glucose deprivation alone did not induce microglial protein alterations 

(Figure 3.8.3). In contrast, +2-dg treatment induced changes in the running position 

and/or size of several, but not all, protein bands (Figure 3.8.3).
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Figure 3.8.3 Two-deoxyglucose triggers changes in specific microglial proteins N9

microglia were treated with glucose containing medium (+g), medium in which glucose was 

omitted (-g), or medium in which glucose had been replaced by 2-deoxyglucose (+2-dg) for 0 

or 30 h and whole cell lysates were collected. 45 pg protein was resolved by 8 % SDS-PAGE 

and the blot stained with protein stain.

Whether actin changes occur when microglia arc activated, or arc specific to +2-dg 

treatment, was investigated by treating microglia with the known microglial activators 

chromogranin A (CGA, Kingham et al., 1999) or lipopolysaccharidc (LPS, Colasanti 

et a l, 1995; Liu et a l, 2001a). Neither 10 nM CGA nor 1 pg/ml LPS, triggered 

disappearance of the p-actin band (Figure 3.8.4). Thus it seems that the +2-dg 

triggered actin changes were not common to all triggers of microglial activation, but 

were specific for +2-dg induced microglial activation.

CGA LPS

Figure 3.8.4 CGA and LPS do not trigger microglial actin changes N9 microglia were 

incubated with 10 nM CGA or 1 gg/ml LPS for 24 h. Whole cell lysates were collected and 20 

pg sample was resolved by 12 % SDS-PAGE and then immunoblotted with anti-p-actin 

antibody.
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Figure 3.8.6 Two-deoxyglucose induced microglial actin changes- alternative hypothetical routes of action 2-deoxyglucose 

triggers a fall In ATP. This may induce an increase in cytosolic calcium and calpain or calcineurin activation. Calpains are capable 

of cleaving actin (Villa et al., 1998) and calcineurin may dephosphorylate actin leading to its depolymerisation (Halpain et a!., 1998). 

Other factors which may be involved include capases, since caspase cleaved actin has been detected in ischaemic brain (Yang et a!., 

1998). Whether or not the actin alterations occur downstream of the mitochondrial permeability transition (mPT) will also be investigated 

in chapter 3.8.
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Figure 3.8.5 (see previous page) depicts several hypothetical routes leading to the 

actin changes induced by 2-deoxyglucose. These will be investigated in the remainder 

of chapter 3.8.

Since the mitochondrial permeability transition (mPT) was involved in death 

signalling triggered by +2-dg, its involvement in the actin changes was explored. 

Incubation of microglia with +2-dg and the mPT inhibitor, cyclosporin A (CsA) for 24 

h did not block +2-dg induced disappearance of the P-actin band (Figure 3.8.6). This 

suggests that either the actin changes and the mPT are not linked, or the mPT occurs 

downstream of the actin alterations. Indeed, a large fall in N9 microglial 

mitochondrial membrane potential occurred between 9 and 13 h (Figure 3.4.2A) 

whereas the actin alterations were visible by western blotting by 8 h (Figure 3.8.2).

Since ATP is required to maintain ionic gradients, a fall in ATP triggers a loss of 

membrane potential and both neuronal and glial depolarisation (see Dimagl et al.,

1999). This may activate the voltage-gated calcium channels, present on microglia 

(see review, Eder, 1998), leading to an increase in intracellular calcium levels. 

Calcineurin, a calcium-dependent protein phosphatase has been implicated in actin 

alterations (Halpain et al., 1998). Whilst CsA blocks calcineurin in addition to the 

mPT, FK-506, a more specific calcineurin inhibitor, was incubated with +g or +2-dg 

to ascertain calcineurin involvement. FK-506 did not block the actin changes (Figure 

3.8.6) confirming calcineurin was not involved in p-actin changes triggered by +2-dg.
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Figure 3.8.6 Inhibition of the mitochondrial permeability transition or calcineurin does 

not block 2-deoxyglucose-triggered actin changes N9 microglia were treated for 24 h with 

glucose containing medium (+g), or medium in which glucose had been replaced by 2- 

deoxyglucose (+2-dg), alone, or in the presence of either 1 pM cyclosporin A (CsA), an 

inhibitor of the mitochondrial permeability transition or 1 pM FK-506, a calcineurin inhibitor. 

Whole cell lysates were collected and 20 pg sample was resolved by 12 % SDS-PAGE, then 

immunoblotted with anti-p-actin antibody.

Calpains, calcium activated neutral proteases, have been implicated in apoptotic 

signalling pathways in which actin proteolysis occurs (Villa et a l, 1998). Whether 

calpains were responsible for +2-dg-induced actin alterations was investigated by 

incubating microglia with +g or 4-2-dg and the calpain inhibitor, calpastatin, for 24 h. 

Microglial treatment with 4-g and 10 pM calpastatin did not affect the P-actin band 

(Figure 3.8.7). Calpastatin did not block +2-dg-induced actin alterations at any of the 

concentrations used (0.01- 10 pM). Calpeptin, a calpain inhibitor with greater cell 

permeability (10 pg/ml), also failed to inhibit the changes in p-actin triggered by 4-2- 

dg (Figure 3.8.7). This strongly suggests proteolytic cleavage by calpains was not 

responsible for the actin alterations.
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Figure 3.8.7 Calpain Inhibition does not block 2-deoxyglucose triggered p-actIn 

changes N9 microglia were treated with glucose containing medium (+g), or medium in which 

glucose had been replaced by 2-deoxyglucose (+2-dg) alone, or co-incubated with the calpain 

inhibitor, calpastatin (0.01-10 pM) and +2-dg, or 10 pM calpastatin (cpst) and +g, or co

incubated with 10 pg/ml calpeptin and either +g or +2-dg for 24 h. Whole cell lysates were 

collected and 30 pg sample was resolved by 12 % SDS-PAGE and then immunoblotted with 

anti-p-actin antibody.

Caspase-cleaved actin has been detected in ischaemia (Yang et al., 1998). Whether 

caspases were involved in +2-dg-induced p-actin alterations (despite not being 

implicated in the death signalling following +2-dg treatment, see Figure 3.7), was 

investigated. Microglia were pre-incubated with Ac-VAD-CHO, a pan caspase 

inhibitor, for 1 h, followed by incubation with the inhibitor and either +g or +2-dg for 

24 h. Ac-VAD-CHO did not alter the +g p-actin band or inhibit 4-2-dg induced 

disappearance of the P-actin band (Figure 3.8.8A). Western blotting of lysates from 

microglia treated with either +g or 4-2-dg for 30 h, using fractin, an antibody that 

recognises a 32 kD caspase cleaved actin fragment (Yang et a i, 1998), did not 

produce any bands (Figure 3.8.8Bi). This suggests that caspase-cleaved actin was not 

present in any of the conditions, however, the possibility that the western blotting 

conditions were not optimal has not been eliminated. The blot was reprobed with anti- 

p-actin antibody (Figure 3.8.8BÜ). The results presented here suggest that 4-2-dg- 

induced microglial actin alterations were not mediated by caspase cleavage.
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Figure 3.8.8 Caspases do not mediate 2-deoxyglucose-triggered actin changes N9

microglia were (A) treated with glucose containing medium (+g), or medium in which glucose 

had been replaced by 2-deoxyglucose (+2-dg) for 24 h, or pre-incubated with 100 pM Ac- 

VAD-CHO, a pan caspase inhibitor for 1 h, then incubated with either +g or +2-dg in the 

presence of 100 pM Ac-VAD-CHO for 24 h or (B) treated with glucose containing medium 

(+g), or medium in which glucose had been replaced by 2-deoxyglucose (+2-dg) for 30 h. 

Whole cell lysates were collected and 45 pg sample was resolved by 12 % SDS-PAGE, then 

immunoblotted with (A and Bli) anti-p-actin antibody or (BI) fractin, an antibody that 

recognises caspase-cleaved actin (kindly donated by Dr Fusheng Yang, Department of 

Medicine and Neurology, University of California, Los Angeles).

To determine whether any proteolytic cleavage was involved in the actin changes, 

microglia were incubated with +2-dg and the general protease inhibitor, leupeptin, (4 

pg/ml), for 24 h. Leupeptin did not block the p-actin changes induced by +2-dg 

(Figure 3.8.9), suggesting the actin alterations were not mediated by proteolytic 

cleavage.
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Increased denaturing, by boiling whole cell lysate from +2-dg treated microglia for 45 

min (rather than 5 min), did not result in visualisation of a p-actin band (Figure 3.8.9). 

This demonstrated that actin band loss was not due to insuffieient sample dénaturation 

(which could result in failure of the antibody to recognise actin).

Leupeptin
+g +2-dg

denat
+2-dg

Figure 3.8.9 Proteolytic cleavage is not involved in 2-deoxyglucose-triggered actin 

changes N9 microglia were incubated in glucose containing medium (+g) or medium in which 

glucose had been replaced by 2-deoxyglucose (+2-dg) and 4 pg/ml leupeptin, a general 

protease inhibitor, for 24 h. Alternatively, N9 microglia were incubated in +2-dg alone for 24 h. 

Whole cell lysates were collected and denatured by boiling for 5 min, except “denat +2-dg”, 

which was denatured for 45 min. 45 pg sample was resolved by 8 % SDS-PAGE and then 

immunoblotted with anti-p-actin antibody.

The two isoforms of actin in non-muscle cells are P-actin and y-actin (see Guénal et 

al., 1997b; see Plantier et a l, 1998). Two-deoxyglucose may trigger alterations in y- 

actin as well as p-actin. In order to examine the actin changes further a monoclonal 

antibody that recognises a common antigenic determinant in a-, p- and y-actin was 

used (Lin, 1981; Lin, 1982). Microglial treatment with +g or -g  for 30 h did not lead 

to disappearance of the 42 kD actin band (Figure 3.8.10). In contrast, +2-dg treatment 

for the same time triggered disappearance of the 42 kD band and the appearance of a 

large band at a running position between 53 and 82 kD (Figure 3.8.10). This indicates 

that +2-dg induces changes in actin resulting in a higher apparent molecular mass. It 

suggests that both the p- and y-actin isoforms were affected by 2-deoxyglucose 

treatment. A small band at this running position was observed following +g or -g 

treatment for 30 h (Figure 3.8.10).
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Figure 3.8.10 Microglial 2-deoxygiucose treatment induces actin to run at a higher 

apparent molecular mass N9 microglia were treated with glucose containing medium (+g), 

medium in which glucose was omitted (-g), or medium in which glucose had been replaced by 

2-deoxyglucose (+2-dg) for 0 or 30 h and whole cell lysates collected. 45 pg sample was 

resolved by 12 % SDS-PAGE and then immunoblotted with anti- whole actin antibody.

Since actin can be directly phosphorylated (Furuhashi et al., 1992), it is possible that 

the 2-deoxyglucose-triggered actin changes, leading to actin of a higher apparent 

molecular mass, were due to post-translational modification, such as phosphorylation. 

This was investigated by western blotting using an antibody that recognises 

phosphorylated tyrosine residues, since changes in actin tyrosine phosphorylation 

have been associated with changes in cell morphology and adhesion (Howard et al,

1993). Alterations in the intensity of tyrosine phosphorylation have been observed in 

microglia following an ischaemic insult (Korematsu et al., 1994). Protein tyrosine 

phosphorylation in lysates from microglia treated with +g for 24 h was very similar to 

levels in untreated cell lysates (Figure 3.8.11). Treatment with +2-dg for 24 h lead to a 

marked fall in phosphorylation of proteins of all molecular mass (Figure 3.8.11). This 

suggests that the higher apparent molecular mass of actin following +2-dg treatment 

was not due to increased tyrosine phosphorylation.
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Figure 3.8.11 Microglial 2-deoxyglucose treatment triggers a decrease in protein 

tyrosine phosphorylation N9 microglia were either untreated (0 h) or treated with glucose 

containing medium (+g) or medium in which glucose had been replaced by 2-deoxyglucose 

(+2-dg) for 24 h and whole cell lysates collected. 45 pg sample was resolved by 12 % SDS- 

PAGE and then immunoblotted with anti-PY20 antibody, which recognises phosphotyrosine 

residues.

3.9 Two-deoxygiucose does not induce microglial iNOS expression

Nitric oxide can inhibit mitochondrial ATP generation (Brookes et al., 1999; Kaasik et 

al, 1999), causing a switch from apoptosis to necrosis (Leist et al., 1999). Microglia 

can release nitric oxide (Colasanti et al., 1995) which has been implicated in 

microglial apoptotic signalling (Kingham et al., 1999). Microglial inducible nitric 

oxide synthase (iNOS) mRNA is induced by ATP (Ohtani et a l, 2000). Also, the 

microglial activators chromogranin A or lipopolysaccharide and interferon-gamma, 

can trigger an increase in microglial iNOS protein (Kingham and Pocock, 2000; Moss 

and Bates, 2001). Whether N9 microglia treated with -g  or +2-dg expressed iNOS, 

was investigated using western blotting. Treatment with +g for 30 h increased iNOS 

levels (Figure 3.9, next page). In contrast, -g or +2-dg treatment for 30 h did not 

induce iNOS (Figure 3.9).
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Figure 3.9 Treatment with 2-deoxyglucose does not induce microglial iNOS expression

N9 microglia were treated with giucose containing medium (+g), medium in which giucose 

was omitted (-g), or medium in which giucose had been repiaced by 2-deoxygiucose (+2-dg), 

for 0-30 h and whoie celi iysates were coilected. 45 pg sample was resolved by 12 % SDS- 

PAGE and then immunoblotted with anti- iNOS antibody. iNOS iysate was ioaded as a 

positive controi (std).

3.10 The effect of 2-deoxyglucose on microglial glutamate release

Excitotoxicity is a key mechanism leading to tissue damage following an ischaemic

insult (McCulloch, 1994) and glutamate can be released from activated microglia 

(Kingham et a l, 1999; Piani et a l, 1991). To determine if glucose deprivation or 2- 

deoxyglueose triggered microglial glutamate release was investigated by measuring 

glutamate levels in microglial supernatants. Supernatant glutamate levels increased 

with time in response to all treatments (+g, -g or +2-dg, Figure 3.10). Microglial 

treatment with +2-dg for 30 h did not trigger higher or lower levels of glutamate 

release than from cells treated with +g (Figure 3.10). Microglia incubated in -g 

released significantly less glutamate by 30 h than cells incubated in +g (Figure 3.10).
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Figure 3.10 The effect of glucose deprivation or 2-deoxyglucose on microglial 

glutamate release N9 microglia were treated with glucose containing medium (-* - ) ,  medium 

in which glucose was omitted ("A:' ), or medium in which glucose had been replaced by 2- 

deoxyglucose ( - # - )  for the indicated times, their supernatants removed and glutamate levels 

assessed. Data are mean ± SEM values from at least 4 determinations of supernatants from 

at least 2 cell preparations. Significantly different from +g at the same time point **p< 0.01 

(Student’s t-test).

3.11 Discussion

Cellular events that follow energy depletion have been investigated in cultured 

microglia. Whilst microglial ATP levels were not diminished by removal of glucose 

from the culture medium, replacement of glucose with the competitive inhibitor of 

hexokinase, 2-deoxyglucose, caused a rapid fall in ATP. This fall in ATP triggered a 

phase of death that required mitochondrial involvement and displayed nuclear features 

of apoptosis. Whilst changes in cytochrome c were observed in response to ATP 

depletion with 2-deoxyglucose, cytochrome c release from the mitochondria was not. 

Caspases, glutamate and induction of iNOS were not implicated in microglial death in 

response to energy deprivation with 2-deoxyglucose. Microglial treatment with 2-
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deoxyglucose produced actin alterations, observed as actin of a higher apparent 

molecular mass.

3.11.1 Energy depletion in microglia

In microglia deprived of glucose (-g), ATP levels were maintained and were higher 

than or approximately equal to control values over the 30 h time course. There are 

several explanations for this (refer to Figure 3.11, page 156):

(i) Glucose or other hexoses present in the cell when the medium was changed, 

could still be metabolised to glucose-6-phosphate or corresponding hexose 

phosphate and proceed through the glycolytic pathway thereby maintaining 

ATP levels.

(ii) Glycogen breakdown or ketone body utilisation may be other potential energy 

sources. However, glycogen granules have not been observed in microglia 

(Barron et al., 1995) and glycogen phosphorylase immunoreactivity was not 

observed in microglia (Richter et a l, 1996), together suggesting that glycogen 

is not an important energy source in microglia.

(iii) Components of the medium could be metabolised, such as succinate, or 

glutamine. Macrophages have high citrate synthase, a-ketoglutarate 

dehydrogenase (a-KG DH), and glutaminase activities (Newsholme et al., 

1986) suggesting that the Krebs cycle and glutamine utilisation could be 

important in macrophages.

(iv) Components of the serum added to the medium, such as pyruvate, amino acids 

or lipids may be metabolised.

(v) It is possible that the glycolytic rate increased in microglia deprived of 

glucose. Notably, the ATP level in -g treated microglia was significantly
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higher than that in controls after 3 h. Astrocytes treated with chemical hypoxia 

experience an increase in their glycolytic rate (Swanson et al., 1997), perhaps 

to compensate to some extent for the respiratory chain inhibition.

Competitive inhibition of the first enzyme in the glycolytic cascade, hexokinase, with 

2-deoxyglucose, led to a fall in ATP. Treatment with this inhibitor would not prevent 

metabolism of pyruvate, ketone bodies, or amino or fatty acids (see ii-iv, above). 

Nevertheless, hexokinase inhibition triggered a decrease in ATP. It has been reported 

that murine macrophages have high hexokinase activity (Newsholme et al., 1986). 

Additionally, glucose-6-phosphate dehydrogenase and 6-phosphogluconate 

dehydrogenase activities (enzymes in the pentose phosphate pathway) are high in 

macrophages (Newsholme et al., 1986). Together with the data presented here, this 

suggests that glucose utilisation through hexokinase and beyond, could be particularly 

important for microglia, the resident macrophage of the CNS, to maintain their energy 

levels.
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Figure 3.11 Simplified diagram of some of the metabolic routes which produce ATP

Glucose is metabolised by glycolysis (blue background) to pyruvate with the generation of 

ATP. Pyruvate is then converted to acetyl CoA, which enters the Krebs cycle (yellow 

background). Amino acids, fatty acids and ketone bodies can also be catabolised to acetyl 

CoA. In the Krebs cycle FADH2 and NADH are generated. Electrons from these molecules 

pass along the respiratory chain, ultimately reducing oxygen to water. An electrochemical 

proton gradient is also generated. Proton flow down this gradient, through the ATP synthetase 

enables ATP production. In this diagram metabolic routes that are not shown in detail are 

depicted with red arrows.
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3.11.2 Microglial death phenotype in response to energy deprivation

Both primary and N9 microglia were resistant to 30 h glucose deprivation. These 

experiments were carried out in the presence of serum. In contrast, glucose 

deprivation in the absence of serum for 24 h, triggered microglial death (assessed by 

trypan blue exclusion, Yenari and Giffard, 2001). Serum contains a host of different 

compounds including albumin, which carries lipids, hormones and minerals and has a 

buffering capacity, glutathione, which acts as an antioxidant, and lipids, amino acids 

and pyruvate which may be used as fuel. It is likely that serum reduces microglial 

vulnerability to glucose deprivation. Whilst microglia in normal brain would not be 

exposed to serum, the experiments presented in this chapter were carried out in the 

presence of serum, since serum deprivation alone can trigger death in cultured 

microglia (Koyama et a l, 2000; Yenari and Giffard, 2001).

Microglia were sensitive to 2-deoxyglucose treatment. These studies reveal that 2- 

deoxyglucose treatment caused microglial death. Lyons and Kettenmann (1998) found 

that microglia exposed to hypoxia were temporarily stressed but subsequently 

survived but microglia exposed to hypoxia in medium in which 2-deoxyglucose 

replaced glucose for 6 hours rarely survived. Together these studies suggest that 

microglia may be more sensitive to glycolytic inhibition than to reduced substrate 

availability for oxidative phosphorylation. It also implies that microglia have either a 

well-developed adaptive response to low oxygen tensions or have energy metabolism 

routes that operate efficiently under anaerobic conditions. In astrocytes, blocking the 

respiratory chain triggers a large increase in glycolytic rate (Swanson et al., 1997). If 

microglia behave similarly under low oxygen tensions this may explain their ability to 

survive under hypoxic conditions. The availability of alternative substrates such as
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lipids or ketone bodies will also affect microglial vulnerability to inhibition of 

glycolysis or the respiratory chain.

2-deoxyglucose-treatment induced nuclear pyknosis and a loss of plasma membrane 

integrity in both N9 and primary microglia. Primary microglia appeared to be slightly 

more resistant to loss of plasma membrane integrity than N9 microglia initially. 

Whilst small variations in the time course of loss of plasma membrane integrity or 

nuclear condensation were observed between N9 and primary microglia, after 30 h of 

2-deoxyglucose treatment, the percentage of dead cells and pyknotic nuclei was the 

same in both N9 and primary microglia.

3.11.3 Mitochondrial involvement in death induced by energy deprivation

The mitochondrial permeability transition (mPT) is a sudden increase in inner 

mitochondrial membrane permeability to solutes of molecular mass less than 1500 Da 

(see review, Bemardi et al., 1999). The opening of a regulated channel, the mPT pore 

is believed to be responsible. ATP and ADP inhibit the mPT pore and P, co-activates 

the pore with Ca^  ̂(see review Crompton, 1999). During ischaemia, ATP levels fall 

and cytosolic free [Ca^^] increases, conditions that favour mPT pore opening. 

Cyclosporin A (CsA), an inhibitor of the mPT protects the brain from transient 

ischaemia (Yoshimoto and Siesjo, 1999; Matsumoto et al., 1999) or N-methyl-D- 

aspartate (Nieminen et a l, 1996), and neurons subjected to hypoglycaemia (Friberg et 

al., 1998). This implicates the mPT in death signalling in response to ischaemia, 

excitotoxicity or hypoglycaemia. A mitochondrial membrane potential (Ai/m) decrease 

and the mitochondrial permeability transition (mPT) have also been implicated in 

microglial death (Kingham and Pocock, 2000).
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Primary and N9 microglia were able to almost entirely maintain the integrity of the 

mitochondrial membrane potential in response to glucose deprivation for 30 h. Both 

N9 and primary microglia experienced a loss of mitochondrial membrane potential in 

response to 2-deoxyglucose treatment. Since the percentage of primary microglia 

containing depolarised mitochondria was greater than the percentage possessing 

pyknotic nuclei or permeable plasma membranes after 24 h, it is possible that 

mitochondrial depolarisation occurs upstream of late primary microglial death. In 2- 

deoxyglucose-treated N9 microglia there was a more rapid fall in mitochondrial 

membrane potential which occurred 9 h prior to the onset of nuclear pyknosis.

Mitochondrial membrane depolarisation triggers mPT pore opening in isolated 

mitochondria (Bemardi et a/., 1993). In other systems, however, mitochondrial 

depolarisation alone was insufficient to open the pore (Nieminen et al., 1995). 

Blocking the mPT with CsA significantly inhibited +2-dg triggered N9 microglial 

death. These data indicate that activation of the mPT and mitochondrial depolarisation 

occur upstream of nuclear pyknosis in N9 microglia.

3.11.4 Cytochrome c alterations induced by energy deprivation

In addition to its role in electron transport, cytochrome c (cyt c) is now recognised as 

an apoptogenic factor. Indeed the direct injection of cyt c into cells promotes apoptotic 

death (Zhivotovsky et a l, 1998). Some pro-apoptotic stimuli trigger cyt c release from 

the mitochondria into the cytosol (Yang and Cortopassi, 1998), where cyt c forms part 

of the apoptosome complex, which is capable of triggering a downstream protease 

cascade (Li et al., 1997). Cyt c is lost from the mitochondria to the cytosol after global
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ischaemia or hypoxia (Perez-Pinzon et al., 1999) or following forebrain ischaemia in 

the vulnerable CAl region of the hippocampus (Zhan et al., 2001).

Microglial cyt c release was not observed in controls, or in response to glucose 

deprivation or 2-deoxyglucose treatment. Interestingly, however, 2-deoxyglucose 

triggered changes in cyt c. Cyt c is believed to form dimers (approximately 30 kD) 

and trimers (approximately 45 kD, see technical data sheet for anti-cyt c antibody, 

Pharmingen). Following N9 microglial exposure to +2-dg for 15 h, the mitochondrial 

cyt c band had completely disappeared but a 45 kD band had appeared. This band had 

a molecular mass three times that of cyt c itself, suggestive of a trimer of cyt c. Other 

death activators have been shown to trigger an alteration in cyt c without release of the 

protein into the cytosol (Varkey et al., 1999). The alterations were manifested by 

display of a previously hidden cyt c epitope (Varkey et al., 1999). It is possible that 

oligomerisation or alteration of cyt c prevented its release from the mitochondria as an 

apoptogenic factor. Instead it may render cyt c incapable of participation in the 

electron transport chain, thereby inhibiting mitochondrial ATP generation. Inhibition 

of mitochondrial respiration has been found to switch the form of death from 

apoptotic to necrotic (Leist et al., 1999). If indeed alteration and/or oligomerisation of 

cytochrome c and subsequent block of mitochondrial ATP synthesis did occur in 

microglia treated with 2-deoxyglucose, (in addition to the block of glycolysis expected 

with 2-deoxyglucose) this may have consequences for the endpoint of the death 

pathway (Roy and Sapolsky, 1999).
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3.11.5 Actin alterations induced by energy deprivation

Actin alterations occur in response to excitotoxicity, ischaemia, or ATP depletion 

using respiratory chain inhibitors (Halpain et al., 1998; Kumar and Wu, 1995; see 

review, Molitoris et al., 1997; Powell et al., 2001; Schwartz et al., 1999). Two- 

deoxyglucose induces pseudopodia alterations and motility changes in p-actin-rich 

tumour cells, indicating the importance of energy supply in cytoskeletal alterations 

(Nguyen et al., 2000). Actin changes also occur in microglia when extending 

lamellopodia and increasing their motility (Nolte et al., 1996), in Alzheimer’s disease 

(Yang et al., 1998) and in response to chemokines (Cross and Woodroofe, 1999) or 

LPS treatment (Abd-El-Basset, 2000). They are also observed during apoptosis and 

may be required for apoptotic body formation (Guénal et al., 1997b; Levee et al., 

1996).

Beta-actin, one of the two actin isoforms present in non-muscle cells is generally 

observed in structures which retain their capacity for morphological modifications in 

the brain (Micheva et al., 1998). Beta-actin is higher in microglia than in any other 

central nervous system cell types (Plantier et al., 1998). Microglia did not undergo 

changes in the level of expression of p-actin in response to glucose deprivation, or 

CGA or LPS treatment. This is in contrast to findings by Abd-El-Basset (2000), in 

which LPS-treated microglia upregulated actin, but supports data showing no change 

in the level of microglial actin in response to CGA treatment (Kingham and Pocock, 

2000).

Treatment with 2-deoxyglucose induced changes in both N9 and primary microglial 

p-actin. The changes were discernible by a decrease in band size and later complete
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disappearance of the P-actin band on immunoblots. Mitochondrial actin (or actin 

associated with mitochondria) was less vulnerable to 2-deoxyglucose induced actin 

changes than cytosolic actin (actin not associated with mitochondria), suggesting 

mitochondrial association was protective. The actin alterations occurred upstream or 

without the involvement of the mitochondrial permeability transition (mPT), since the 

mPT inhibitor cyclosporin A was unable to inhibit the changes.

Caspase cleaved actin has been detected in post-mortem Alzheimer’s brains and in 

models of ischaemia (Yang et al., 1998). As only a very small fraction of actin is 

cleaved by caspases in the early stages of apoptosis it has been suggested that 

proteolysis of actin is not involved in the effector stage of apoptosis (Guénal et al., 

1997b). However, caspase-cleaved actin fragments can induce morphological changes 

characteristic of apoptosis (Mashima et al., 1999). Calcium-activated neutral 

proteases, calpains, have been implicated in pathologies associated with altered 

protein metabolism or calcium levels, such as ischaemia (see review, Croall and 

Demartino, 1991). In some apoptotic pathways, calpain but not caspase inhibition is 

protective and prevents actin proteolysis (Villa et al., 1998). However, a pan caspase 

inhibitor, the calpain inhibitors, calpastatin or calpeptin, and the general protease 

inhibitor, leupeptin failed to block the p-actin alterations induced by 2-deoxyglucose. 

This strongly suggests that the actin alterations observed were not due to proteolysis.

Since 2-deoxyglucose treatment of microglia resulted in actin of a higher apparent 

molecular mass, post-translational modification of actin was examined. Actin can be 

directly phosphorylated (Furuhashi et al., 1992) and changes in actin tyrosine 

phosphorylation have been associated with changes in cell morphology and adhesion
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(Howard et al., 1993). In response to 2-deoxyglucose treatment, a decrease in protein 

tyrosine phosphorylation was observed compared with controls. Global 

dephosphorylation of proteins including p-actin, due to energy depletion could induce 

a structural change in P-actin resulting in failure of the P-actin antibody to recognise 

its epitope. However, tyrosine (/^phosphorylation cannot explain the appearance of 

actin of a higher apparent molecular mass. The possibility that actin phosphorylation 

on serine and/or threonine residues occurred following 2-deoxyglucose treatment has 

not been ruled out.

The data presented in this chapter suggest that the 2-deoxyglucose-induced actin 

alterations were due to post-translational modification. However, the possibility that 

the changes were due to inhibition of P-actin mRNA expression, as occurs in 

vulnerable regions of the brain following ischaemia (Kumar and Wu, 1995) or due to 

the interaction of actin with other protein(s), cannot be excluded.

3.11.6 Lack of caspase involvement in energy deprivation induced death

Apoptosis may be mediated by the activation of caspases (see review, Cohen, 1997). 

Caspases are induced in microglia treated with lipopolysaccharide and interferon 

gamma (Suk et al., 2001) or kainic acid (Ferrer et a l, 2000). Caspases have also been 

implicated in microglial apoptotic signalling in response to chromogranin A (Kingham 

and Pocock, 2000) or methylmercury (Nishioku et al., 2000). However, none of the 

caspase inhibitors used (specific caspase 1 or 6 inhibitors or pan caspase inhibitors) 

blocked +2-dg-triggered microglial death, measured by loss of plasma membrane 

integrity. This strongly suggests that caspase activation was not an integral part of 

death signalling triggered by 2-deoxyglucose. However, there is evidence that
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blocking caspase activation with specific inhibitors or oxidants, does not block death 

but instead switches the death from apoptosis to necrosis (Hirsch et al., 1997; Lemaire 

et a l, 1998; McCarthy et al., 1997; Samali et al., 1999).

One of the key differences between apoptosis and necrosis is the energy requirement 

of apoptosis. In lymphocytes stimulated with an apoptotic trigger, apoptosis occurred 

if high intracellular ATP was maintained for the first 90 min following cell 

stimulation. If ATP was not maintained, the cells still died but without the 

morphological features of apoptosis (Leist et a l, 1997). It is possible that microglia 

lacked the ability to activate caspases when treated with 2-deoxyglucose perhaps due 

to the low ATP levels, therefore caspase inhibition did not confer protection. To add 

another layer of complexity, in situations where the energy available rapidly declines 

cells may bear only some features of apoptosis as low ATP levels tip the balance in 

favour of a necrotic end-point (Roy and Sapolsky, 1999). It is likely that this is the 

situation in 2-deoxyglucose treated N9 microglia since features of apoptosis occurred, 

such as activation of the mPT prior to nuclear condensation and chromatin clumping. 

However, in addition, plasma membrane permeability, a necrotic or late apoptotic 

feature (secondary necrosis) was triggered and death was not attenuated by caspase 

inhibition.

3.11.7 Release of soluble factors in response to energy deprivation

Excitotoxicity leads to tissue damage following an ischaemic insult (McCulloch.,

1994) which may be exacerbated by activated microglia since they release glutamate 

(Barger and Basile, 2001; Kingham et al., 1999; Noda et al., 1999; Piani et al., 1991). 

Glutamate levels in supernatants from +g, -g or +2-dg treated microglia increased with

164



time in culture. These findings indicate that there is either a basal level of microglial 

glutamate release and/or hydrolysis of glutamine present in the medium. Glutamate 

levels in supernatants from microglia exposed to 2-deoxyglucose were not 

significantly higher than controls, suggesting that glutamate was not implicated in 

death signalling in this system.

Microglia release nitric oxide (Colasanti et a l, 1995). In addition to its role in the 

regulating microglial migration (Chen et al., 2000), this free radical inhibits 

mitochondrial respiration (Brookes et al., 1999; Kaasik et al., 1999) causing a switch 

from apoptosis to necrosis (Leist et al., 1999). Levels of iNOS levels did not increase 

in microglia treated with 2-deoxyglucose for 30 h. Microglial iNOS induction occurs 

over a narrow time range in response to hypoxia in vivo (You and Kaur, 2000) or ATP 

treatment in vitro (Ohtani et al., 2000). It is possible that iNOS was induced rapidly 

following 2-deoxyglucose treatment and was later down-regulated, so that by 30 h, the 

levels were lower than in cells exposed to glucose-containing medium. Alternatively, 

it is possible that the energy depletion triggered by 2-deoxyglucose inhibited protein 

synthesis resulting in microglial failure to induce iNOS. In support of this, iodoacetate 

another inhibitor of glycolysis, depleted ATP levels and inhibited protein synthesis in 

primary neuronal cultures (Uto et al., 1995).

3.12 Conclusion

In conclusion, microglia are resistant to short term glucose deprivation. However, they 

are sensitive to energy level depletion by 2-deoxyglucose, dying with features of 

apoptosis and/or necrosis (Figure 3.12, page 167). Apoptotic death may play a role in 

the control of microglial numbers following stroke and may be a method by which
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microglial exacerbation of inflammation is minimised. However, if the energy level 

depletion becomes too severe the cells cannot die by classical apoptosis and their 

necrotic endpoint may contribute to pathology following stroke.
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Figure 3.12 Schematic of the microglial death signalling triggered by 2-deoxyglucose The competitive inhibitor of hexokinase, 

2-deoxyglucose, triggers a fall in ATP and induces microglial death. Two-deoxyglucose triggers mitochondrial depolarisation and 

opening of the mitochondrial permeability transition (mPT) pore Mitochondrial involvement occurs upstream of nuclear condensation. 

Cytochrome c (cyt c) alterations, possibly oligomerisation, are induced by 2-deoxyglucose but cyt c release from the mitochondria is not. 

Actin alterations are induced by 2-deoxyglucose and occur upstream of or without, mitochondrial involvement. Caspases do not appear 

to be involved in the actin changes or the death signalling.
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4. THE MICROGLIAL RESPONSE

TO HYPOXIA
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Introduction

Neurons are extremely sensitive to ischaemia (Liu et al., 2001b; Portera-Cailliau et 

al., 1997a; Portera-Cailliau et al., 1997b; Pulera et al., 1998; Yue et al., 1997) or 

inhibition of the mitochondrial respiratory chain (Gunasekar et al., 1998; Mills et a i, 

1996; Prehn et al., 1993; Uto et al., 1995). Whilst respiratory inhibition triggers rapid 

changes in microglial ultrastructure, reminiscent of in vivo models of ischaemia 

(Skibo et al., 2000), further details of microglial signalling in response to such 

inhibition remain to be elucidated. Following focal or transient global ischaemia, 

microglia are rapidly activated and accumulate in the lesion (Ivacko et al., 1996; 

Morioka et al., 1991; Rupalla et al., 1998; see review, Stoll et al., 1998). Microglial 

proliferation, in addition to migration, is likely to contribute to increased microglial 

numbers in the ischaemic lesion, as transient global ischaemia triggers microglial 

proliferation (Liu et a l, 2001b). Whether microglial proliferation is triggered directly 

by the ischaemic insult or by factors released from neighbouring cells stimulated by 

the insult is unclear.

Cell culture allows the responses of a single cell type to be investigated in isolation. In 

vitro models of ischaemia may involve pharmacological inhibition of energy 

production, by blocking oxidative phosphorylation and/or glycolysis. Alternatively, 

the availability of oxygen and/or glucose may be reduced. In this chapter, the 

microglial response to cyanide, an inhibitor of complex IV of the mitochondrial 

respiratory chain, oxygen-glucose deprivation or combined hypoxia and 2- 

deoxyglucose treatment is investigated, focusing in particular on microglial activation, 

nuclear pyknosis and microglial number.
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Summary of results

Microglia were more resistant to chemical hypoxia than neurons, which lysed within 

several minutes of exposure to cyanide. The microglial response to chemical hypoxia 

was concentration dependent. High concentrations of cyanide compromised metabolic 

activity, moderately activated microglia, induced cytoskeletal alterations and reduced 

cell number. In contrast, a low concentration of cyanide did not affect microglial 

metabolic activity and instead induced cell proliferation. At none of the concentrations 

of cyanide tested were high levels of nuclear condensation induced. Microglia were 

relatively resilient to hypoxia or combined oxygen-glucose deprivation, which did not 

activate microglia or induce nuclear condensation. Only treatment with 2- 

deoxyglucose under non-hypoxic or hypoxic conditions, which maximally activated 

microglia, triggered high levels of nuclear pyknosis.

4.1 Cyanide triggers rapid lysis of neurons but not microglia

The neuronal and microglial response to acute treatment with 25 mM cyanide was 

investigated using fluorescein diacetate (FDA) staining. Cerebellar granule cell 

neurons (CGC) were stained with FDA and exposed acutely to 25 mM cyanide (CN‘) 

or basic medium as a control. FDA only stains cells that retain integrity of the plasma 

membrane (Bonfoco et a l, 1996). If cells were to lyse, cell staining with FDA would 

be lost. CGC retained FDA staining when treated with basic medium (Figure 4.1.1 A 

and C, page 172). However, when treated with 25 mM CN" CGC lost FDA staining 

between 1 and 5 min and no cellular structure could be observed after 5 min CN' 

treatment (Figure 4.1.IB and D). This indicates that CGC rapidly lyse in response to 

CN' treatment.
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In order to compare the microglial and neuronal réponse to cyanide treatment, 

microglia were stained with FDA and exposed acutely to 25 mM CN' or basic 

medium. After 60 min propidium iodide (PI) was added to the cells. PI can only enter 

cells with a permeable cell membrane (Didier et al., 1990). Cells losing integrity of 

the plasma membrane would lose FDA staining but stain with PL Images were 

captured during exposure to cyanide and also following PI staining. Microglia retained 

FDA staining when treated with basic medium over the 60 min monitored (Figure 

4.1.2A and C, page 173). Microglia were much more resistant to cyanide treatment 

than cerebellar granule cell neurons. The vast majority of cells retained FDA staining 

following 30 min exposure to 25 mM cyanide (Figure 4.1.2B and D). Approximately 

50 % of N9 microglia exposed to 25 mM CN' for 60 min retained FDA staining 

(Figure 4.1.2B and D). This indicated that approximately 50 % of microglia 

maintained an intact plasma membrane following exposure to 25 mM CN- for 60 min 

(Figure 4.1.2B and D). Microglia that lost FDA staining retained some cellular 

structure despite possessing a leaky membrane, in contrast to CGC.
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Figure 4.1.1 The neuronal response to acute cyanide treatment Cerebellar granule cell 

neurons were stained with FDA, treated acutely with basic medium (A) or 25 mM ON' (B) and 

images captured at (i) 0 min, (ii) 1 min, (iii) 5 min, from the time of basic medium or ON' 

addition, under excitation wavelength 380 nm, emission >505 nm. Traces are the responses 

to basic medium (0) or 25 mM ON' (D) from 20 individual cells (i) or the mean response of 20 

cells (ii).
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Figure 4.1.2 The microglial response to acute cyanide treatment N9 microglia were 

stained with FDA, treated acutely with basic medium (A) or 25 mM CN' (B) and images 

captured at (i) 0 min, (ii) 30 min, (iii) 60 min, from the time of basic medium or CN' addition or 

(iv) after 60 min BM or CN' treatment, followed by PI staining. Images were captured under 

excitation wavelength 380 nm, emission >505 nm. Traces are the responses to C. basic 

medium from 10 individual cells (i) or (ii) the mean response of 10 cells or D. 25 mM CN' from 

20 individual cells (i) or (ii) the mean response of 20 cells.

4.2 Cyanide does not trigger high levels of microglial nuclear condensation

Energy deprivation induced by glycolytic inhibition triggered nuclear condensation in 

microglia (see chapter 3.3). In order to assess whether cyanide treatment also caused 

microglial nuclear changes, microglia were treated with either 1, 10 or 25 mM cyanide 

for 15, 30 or 60 minutes, washed extensively, cultured for 24 or 48 h post-insult, and
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nuclear morphology was examined using Hoechst 33342 staining. Cyanide did not

induce high levels of microglial nuclear condensation at any concentration, insult time

or post-insult incubation time. In N9 microglia only cyanide treatment for 60 min

followed by post-insult ineubation induced small but significant increases in nuclear

condensation (Figure 4.2A). Primary microglia in contrast, showed small but

significant increases in nuclear condensation in response to other insult times in

addition to 60 min (Figure 4.2B). However, in both microglial types, in general, the

higher CN' concentrations and longer insult times were more likely to induce nuclear

condensation, albeit at low levels (Figure 4.2A and B).
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Figure 4.2 Mild microglial nuclear changes are triggered by cyanide N9 microglia (A) or 

primary microglia (B) were exposed to either 1, 10, or 25 mM cyanide for 15, 30 or 60 min at 

37 °C, washed extensively and incubated at 37 °C for a further 24 h (A and B) or 48 h (A 

only), or untreated (U). Nuclear morphology was examined using Hoechst 33342 and the 

number of cells displaying weak staining, large nuclei (non-pyknotic) or condensed, brightly 

staining nuclei (pyknotic) were counted on a minimum of 7 coverslips per condition in 7 

discrete areas from at least 2 cell preparations (A) or 3 cell preparations (B). The percentage 

of pyknotic nuclei was determined for each condition. All data are mean ± SEM. Significantly 

different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different compared with 

untreated controls at the same time point (Student’s t-test).
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4.3 Cyanide triggers a fail in microglial metabolic activity

In order to ascertain whether cyanide was compromising microglial metabolic activity 

an MTT assay was performed. In live cells, that are metabolically active, the MTT 

reagent is reduced to a coloured formazan product, the optical density of which is 

measured at 550 nm (OD 550 nm). Microglia were exposed to 1, 10 or 25 mM CN' for 

15, 30 or 60 min, washed and incubated for a further 24 or 48 h and an MTT assay 

performed on the adherent cells and on cells present in the supernatant. Whole cell 

protein lysates were also collected so that the OD 550 nm for adherent cells could be 

related to the amount of protein (cells) on the coverslip. Microglia treated with 1 mM 

CN‘ for up to 60 min, followed by a 24 or 48 h post-insult incubation maintained 

normal metabolic activity (Figure 4.3A). Microglial treatment with 25 mM CN', 

however, significantly compromised microglial metabolic activity (Figure 4.3A). In 

general, microglial metabolic activity was compromised by CN' in a concentration and 

time dependent manner (Figure 4.3A).

High doses of CN' and prolonged insult times reduce cell number per field (see Figure 

4.6.1, page 182). Whether this is due to a loss of cell adhesion to the coverslip or 

delayed cell lysis was examined by performing an MTT assay on supernatants from 

microglia treated with CN' as detailed above. If cells that have lost adhesion to the 

coverslip were viable they would retain some metabolic activity. All microglial 

supernatants had the ability to produce the coloured formazan detected at OD 550 nm. 

This indicates that some of the cells losing adherence to the coverslip were 

metabolically active and therefore viable (Figure 4.3B). The higher concentrations of 

CN' and/or prolonged insult times resulted in lower levels of metabolic activity in the 

supernatant (Figure 4.3B). This may be due to fewer cells being present in the
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supernatant. However, as higher concentrations of CN' and/or prolonged insult times 

trigger a large reduction in coverslip cell number per field (see Figure 4.6.1), it is 

more likely that the lower metabolic activity of the supernatants was due to the 

presence of more cells with a lower metabolic activity (Figure 4.3B).
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Figure 4.3 Cyanide triggers a fall in microglial metabolic activity N9 microglia were 

exposed to either 1, 10, or 25 mM cyanide for 15, 30 or 60 min at 37 °C, washed extensively 

and incubated at 37 °C for a further 24 or 48 h. An MTT assay was then performed on the 

adherent cells (A) or cell supernatant (B) and whole cell protein lysates collected. The value 

of optical density at 550 nm (OD 550 nm) per pg protein (A) or OD 550 nm (B) was 

determined from 9 coverslips per condition from 3 cell preparations. Data are expressed as 

percentage above or below untreated control values at each time point. All data are mean ± 

SEM. Significantly different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different 

from untreated controls at that time point (Student’s t-test).
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4.4 High concentrations of cyanide moderately activate microglia

Microglia are activated in response to a variety of stimuli including chromogranin A 

(Kingham et a l, 1999), interferon-gamma (Woodroofe et a l, 1989), 

lipopolysaccharide and cytokines (Boje and Arora, 1992), or ischaemia (Ivacko et a l, 

1996; Rupalla et al., 1998). When microglia are activated they upregulate expression 

of a variety of proteins, including major histocompatibility complex II (MHC II) and 

CR3 complement receptor (see Streit et al., 1988). Microglial activation can be 

assessed by immunocytochemistry using EDI antibody (Amat et al., 1996; Ito et a l, 

2001) which recognises a lysosomal protein that is upregulated in activated microglia. 

In order to investigate whether cyanide triggers microglial activation, microglia were 

exposed to 1 or 25 mM CN' for 60 min, washed, incubated for a further 24 or 48 h and 

EDI immunocytochemistry performed. EDI negative controls, microglia that did not 

have primary antibody added, did not exhibit EDI staining (Figure 4.4i). Untreated 

microglia exhibited weak EDI staining (Figure 4.4ii). Whilst microglia treated with 1 

mM CN' for 60 min followed by a 24 h incubation exhibited a more rounded 

morphology than untreated controls, they were either not activated above control 

levels or were only very slightly activated, as assessed by EDI staining (Figure 4.4ii, 

iii and v). Microglia treated with 25 mM CN' exhibited a rounded morphology and 

some cells stained strongly with EDI (Figure 4.4iv). Microglia exposed to 25 mM 

CN', were moderately activated compared with controls or cells treated with 1 mM 

CN' (Figure 4.4ii-v). The activation was maintained 48 h following treatment with 25 

mM CN' (Figure 4. 4v).

177



i" *V ' iü : iv •

X  %

A

M

lOOl
(73

13o 
>

Î 5 0 H

Q
W

0
U n t r e a t e d  

o r  +  C N -  
T im e

I I u n tr e a te d
I 1 1 m M  C N -

2 5  m M  C N

***

I I

ns
X

**

u -t- 4- u + 4-

24h 60' 60’ 48h 60' 60'
24h - > 48 h —►

p o s t - c y a n id e
in c u b a t io n

p o s t - c y a n i d e
i n c u b a t io n

Figure 4.4 High concentrations of cyanide moderately activate microglia N9 microglia 

were exposed to either 1 or 25 mM cyanide for 60 min at 37 °C, washed extensively and 

incubated at 37 °C for a further 24 or 48 h, or untreated (U) for 24 or 48 h. 

Immunocytochemistry was then performed using ED1 antibody which recognises a lysosomal 

protein upregulated in activated microglia. Photographs were taken of (i) negative controls- 

cells that did not have primary antibody added (ii) untreated cells at 24 h (iii) cells treated with 

1 mM or (iv) 25 mM cyanide for 60 min and incubated for 24 h (two fields of view were 

merged). The number of cells with dark brown staining (ED1 positive cells) were counted on a 

minimum of 5 coverslips per condition, in 7 discrete areas from 3 cell preparations and 

expressed as a percentage of the total cells (v). Data are mean ± SEM. Significant at *p < 

0.05, **p < 0.01, ***p < 0.001, ns not significantly different from untreated controls at that time 

point (Student’s t-test). Some of these experiments were performed in collaboration with Dr 

D.L. Taylor, Institute of Neurology, University College London.
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4.5 High concentrations of cyanide do not induce iNOS but trigger cytoskeletal 

alterations

Since cyanide triggered moderate microglial activation, assessed by EDI staining, 

another parameter of microglial activation was examined. Inducible nitric oxide 

synthase (iNOS) is induced in microglia treated with chromogranin A (Kingham and 

Pocock, 2000), lipopolysaccharide and interferon-gamma (Moss and Bates, 2001), or 

transient hypoxia (You and Kaur, 2000). In contrast, inhibition of glycolysis with 2- 

deoxyglucose did not induce iNOS in microglia (see chapter 3.9). In order to examine 

iNOS expression, whole cell protein lysates were collected from microglia treated 

with 1, 10 or 25 mM CN' for 15, 30 or 60 min followed by a post-insult incubation of 

24 or 48 h. The lysates were examined for iNOS expression by western blotting. 

Untreated microglia did not express iNOS at the start of the experiments (Figure

4.5 A). However, 24 or 48 h later, untreated microglia did express iNOS and the level 

increased with time (Figure 4.5A). 1 mM CN' did not alter iNOS expression 24 h after 

cyanide treatment compared with untreated cells (Figure 4.5A). However, 48 h post

cyanide treatment, iNOS expression was reduced compared with untreated cells at that 

time (Figure 4.5A). 10 or 25 mM CN' suppressed iNOS induction compared with 

untreated cells at all time points (Figure 4.5A). In conclusion, whilst high 

concentrations of CN' activated microglia measured by increased expression of a 

lysosomal protein (Figure 4.4), iNOS was not induced by any concentration of CN' 

tested. Indeed iNOS expression appeared to be blocked by high concentrations of CN'. 

These findings highlight the importance of measuring microglial activation by more 

than one parameter.
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The iNOS blots were reprobed with anti-p-actin antibody to ensure equal protein 

loading. This revealed that protein loading was equal for microglia treated with 1 mM 

CN' (Figure 4.5B). However, the p-actin band size was reduced or disappeared 

completely when microglia were treated with 10 or 25 mM CN' (as occurred when 

microglia were treated with 2-deoxyglucose, Figure 3.8.1). The effect was generally 

more pronounced the longer the treatment time, with 25 mM CN' and when lysates 

were collected at 24 h rather than 48 h post-insult (Figure 4.5B).

UOh U24h

[CN-]
1 mM  

lO m M  
25 mM

24 h
I— post-CN' —I 

incubation 
15' 30' 60'

48 h
U48 h <— post-CN- -H 

incubation 
15' 30' 60'

24 h
post-CN* —I 

incubation 
15' 30' 60'

48 h 
post-CN* 

incubation
UOh U24h U48h

30' 60'

1 mM

lO m M

25 mM

Figure 4.5 Cyanide does not induce microgiial iNOS but triggers actin aiterations N9

microglia were either untreated (U) or exposed to 1,10, or 25 mM cyanide for 15, 30 or 60 

min at 37 °C, washed extensively and incubated at 37 °C for a further 24 or 48 h. Whole cell 

protein lysates were collected and 25 gg protein was resolved by 10 % SDS-PAGE and 

immunoblotted with anti-iNOS antibody (A). These blots were then reprobed with anti-p-actin 

antibody (B).
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4.6 Low concentrations of cyanide induce microglial proliferation

Ischaemia, glutamate or kainate trigger microglial proliferation (Liu et a l, 2001b; 

Tikka et al., 2001). Whether cyanide induced microglial proliferation was determined 

by counting microglial number per field 24 or 48 h after treatment with 1, 10 or 25 

mM CN'. 1 mM CN' triggered an increase in N9 microglial number 24 h after CN' 

treatment compared with untreated controls (Figure 4.6.1 A). In contrast 10 or 25 mM 

CN' did not induce an increase in N9 microglial number 24 h following CN' treatment 

(Figure 4.6.1 A). 48 h post-cyanide treatment only 1 mM CN' for 30 min and 10 mM 

CN' for 15 min lead to a significant increase in N9 cell number (Figure 4.6.1 A). The 

higher concentrations and prolonged insult times resulted in a significant decrease in 

N9 cell number per field 48 h following CN' treatment (Figure 4.6.1 A). This may be 

due to cell death, poor proliferation or loss of microglial adhesion to the coverslip. In 

general, the lowest concentration of cyanide either increased or maintained N9 

microglial number whereas higher concentrations of cyanide either reduced or 

maintained N9 microglial number compared with untreated cells.

Interestingly, although similar trends to those seen in N9 microglia (Figure 4.6.1 A) 

were observed in primary microglia exposed to 1, 10 or 25 mM CN', cell number was 

not significantly altered by any of the CN' treatments (Figure 4.6. IB).
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Figure 4.6.1 Low concentrations of cyanide increase N9 microglial number N9 microglia 

(A) or primary microglia (B) were exposed to either 1, 10, or 25 mM cyanide for 15, 30 or 60 

min at 37 °C, washed extensively and incubated at 37 °C for a further 24 h (A and B) or 48 h 

(A only), or untreated (U). Cells were then fixed, stained with Hoechst 33342 and cell number 

per field counted under excitation wavelength 380 nm. Cells were counted on a minimum of 7 

coverslips per condition, in 7 discrete areas from at least 2 cell preparations (A) or 3 cell 

preparations (B). All data are mean ± SEM. Significantly different at *p < 0.05, **p < 0.01, ***p 

< 0.001, ns not significantly different compared with untreated controls at the same time point 

(Student’s t-test).
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In order to investigate the proliferative effect of low doses of cyanide on N9 microglia 

a proliferation assay (Promega Cell Titer 96 Aqueous One Solution Cell proliferation 

assay) was performed. In this assay, live, proliferating cells reduce a novel tétrazolium 

compound into a coloured formazan product whose absorbance is measured at 492 

nm, thereby giving an indication of cell titre. N9 microglia were treated with 1 mM 

CN' 60 min and proliferation assessed 24 or 48 h post-insult. N9 microglial exposure 

to 1 mM CN' for 60 min significantly increased proliferation 24 h following treatment 

compared with untreated controls. However, by 48 h cell titer following 1 mM CN' 

treatment for 60 min was equivalent to control levels (Figure 4.6.2). These data 

together with cell number per field data (Figure 4.6.1 A) strongly suggest that N9 

microglia exposed to low doses of CN' experience a short proliferative burst.
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Figure 4.6.2 Low concentrations of cyanide increase N9 microglial proliferation

N9 microglia were exposed to 1 mM cyanide for 60 min at 37 °C, washed extensively and 

incubated at 37 °C for a further 24 or 48 h, or untreated. Cell proliferation was assessed using 

the Promega Cell Titer 96 Aqueous One Solution Cell Proliferation Assay Proliferation, on a 

minimum of 10 coverslips per condition from at least 3 cell preparations. Data are expressed 

as mean percentage OD 492 nm above untreated controls at that time point ± SEM. 

Significantly different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different from 

control at that time point (Student’s t-test). Some of these experiments were performed in 

collaboration with Dr D.L. Taylor, Institute of Neurology, University College London.
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4.7 The effect of combined oxygen and glucose deprivation on microglia

In order to investigate the effect of glucose deprivation or combined oxygen and 

glucose deprivation, microglia were cultured in the presence or absence of glucose, 

with or without hypoxia (95 % N 2 , 5 % CO2). Microglia were either fixed 

immediately, or were “reperfiised” (5 % CO2) in fresh culture medium containing 

glucose for 24 h prior to fixation. Nuclear morphology was examined using Hoechst 

33342 staining. None of the conditions examined triggered high levels of nuclear 

pyknosis (Figure 4.7.1). Glucose deprivation did not increase levels of nuclear 

pyknosis above control levels, with the exception of 24 h glucose deprivation plus 

reperfusion which increased nuclear pyknosis by an extremely small but significant 

amount (Figure 4.7.1 A). In general, reperfusion following culturing in any of the 

media under non-hypoxic or hypoxic conditions had no effect on levels of nuclear 

pyknosis (Figure 4.7.1). Combined oxygen-glucose deprivation did not trigger nuclear 

pyknosis above levels observed in microglia deprived of oxygen alone (Figure 

4.7. IB). Culturing microglia under hypoxic conditions in any of the media did not 

induce greater levels of nuclear pyknosis than in their non-hypoxic counterparts 

(Figure 4.7.1).
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Figure 4.7.1 The effect of combined oxygen and glucose deprivation on microglial 

nuclear pyknosis N9 microglia were cultured at 37 °C for 24 h in the original medium,

untreated (Ul 1 ), in fresh medium with (I  ̂ I ) or without ( ■ ■  ) glucose, under normal

culture conditions, 5 % CO2 (A) or under hypoxic conditions, 95 % N2, 5 % CO2 (B). They 

were either fixed immediately or cultured in fresh medium containing glucose for a further 24 h 

in 5 % CO2, mimicking reperfusion, before fixing. Nuclear morphology was examined using 

Hoechst 33342 and the number of cells displaying weak staining, large nuclei (non-pyknotic) 

and the number displaying condensed, brightly staining nuclei (pyknotic) were counted on a 

minimum of 7 coverslips per condition, in 7 discrete areas from at least 3 cell preparations. 

The percentage of pyknotic nuclei was determined for each condition. All data are mean ± 

SEM. Significantly different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different 

from untreated controls at that time point (Student’s t-test).

Microglia can be activated by a variety of stimuli in vitro and in vivo (see 4.4). The 

effect of glucose deprivation alone or combined oxygen and glucose deprivation upon 

microglial activation levels was investigated using EDI immunocytochemistry. In 

untreated controls microglial activation decreased between 0 and 24 h under non- 

hypoxic or hypoxic conditions (Figure 4.7.2). Microglia were not activated above 

levels of untreated cells by culturing in medium containing or lacking glucose (Figure 

4.7.2A). However, under hypoxic conditions, microglia were activated above levels in
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untreated cells (whose medium was not changed) by culturing in fresh medium in the 

presence or absence of glucose (Figure 4.7.2B). It is possible that under hypoxic 

conditions these media were less able to prevent microglial activation and/or reduce 

activation level between 0 and 24 h, as occurred in untreated cells exposed to hypoxia 

for 24 h (Figure 4.7.2B). Microglial activation was not significantly increased in any 

of the media at any time point by hypoxia or reperfusion (Figure 4.7.2).

A „ 100
(A
O on CIC
5 “W

0

-hypoxia

1
**

1

n
h 0 24 24
)r u U +

i
± g medium

B 100
u  +  -

A - +reperfusion
u

0

+hypoxia

r
*+* r

■
Time h 0 24 24 24 24 24 24

Untreated or U U +  - U +
± g medium -4- +reperfusion H

Figure 4.7.2 The effect of combined oxygen and glucose deprivation on microgiial 

activation N9 microglia were cultured at 37 °C for 24 h In the original medium, untreated (U 

), in fresh medium with { I I ) or without ( ■ ■  ) glucose, under normal culture

conditions, 5 % CO2 (A) or under hypoxic conditions, 95 % N2, 5 % CO2 (B). They were either 

fixed immediately or cultured in fresh medium containing glucose for a further 24 h in 5 % 

CO2, mimicking reperfusion, before fixing. Microglial activation was assessed by 

immunocytochemistry using ED1 antibody and the number of cells staining with ED1 was 

expressed as a percentage of the total cells for each condition. Cells were counted on 6 

coverslips per condition, in 7 discrete areas from 3 cell preparations. All data are mean ± 

SEM. Significantly different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different 

from untreated controls at that time point (Student’s t-test). Some of these experiments were 

performed in collaboration with Dr D.L. Taylor, Institute of Neurology, University College 

London.
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Certain treatments induce microglial proliferation (Liu et al., 2001b; Tikka et al., 2001 

and see 4.6). Others can trigger loss of microglial adhesion and/or block microglial 

proliferation (see chapter 3.5 and 4.6). The effect of glucose deprivation or combined 

oxygen-glucose deprivation upon microglial number per field was assessed. In 

untreated cells, cell number increased with time under non-hypoxic conditions (Figure 

4.7.3A). Culturing microglia in fresh medium in the presence or absence of glucose 

did not significantly affect cell number compared with untreated cells (Figure 4.7.3A). 

However, under hypoxic conditions culture medium did affect cell number per field. 

Hypoxic microglia cultured in medium lacking glucose showed a reduced cell number 

compared with untreated cells under hypoxic conditions. Microglia deprived of 

oxygen and glucose followed by reperfusion also showed a reduction in cell number 

compared with untreated cells exposed to hypoxia and subsequently reperfused 

(Figure 4.7.3B). Significant differences in microglial number were observed between 

hypoxic and non-hypoxic cells that were deprived of glucose with or without 

reperfusion (P=0.021 and P=0.007, respectively). Untreated cells also appeared to be 

compromised by hypoxia. This was significant for microglia that were untreated for 

24 h in the presence or absence of hypoxia (P=0.045).
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Figure 4.7.3 The effect of combined oxygen and glucose deprivation on microglial cell 

number N9 microglia were cultured at 37 °C for 24 h in the original medium, untreated (U

I 1 ), in fresh medium with ( I I ) or without ( ■ ■  ) glucose, under normal culture

conditions, 5 % CO2 (A) or under hypoxic conditions, 95 % N2, 5 % CO2 (B). They were either 

fixed immediately or cultured in fresh medium containing glucose for a further 24 h in 5 % 

CO2, mimicking reperfusion, before fixing. Cells were stained with Hoechst 33342 and cell 

number per field was counted on a minimum of 7 coverslips per condition, in 7 discrete areas 

from at least 3 cell preparations. All data are mean ±  SEM. Significantly different at *p < 0.05, 

**p < 0.01, ***p < 0.001, ns not significantly different from untreated controls at that time point 

(Student’s t-test).

Inducible nitric oxide synthase (iNOS) is induced in microglia in response to several 

stimuli (see 4.5). In eontrast, inhibition of glycolysis with 2-deoxyglucose, or 

chemical hypoxia induced by moderate-high concentrations of cyanide did not induce 

microglial iNOS (see chapters 3.9 and 4.5, respectively). The effect of glucose 

deprivation or combined oxygen-glucose deprivation on mieroglial iNOS expression 

was investigated by western blotting. None of the treatments induced microglial iNOS 

except 10 nM chromogranin A (CGA), the known microglial activator (Figure 4.7.4).
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Figure 4.7.4 The effect of combined oxygen and glucose deprivation on microgiial iNOS

N9 microglia were cultured at 37 °C in the original medium, untreated (U), or in fresh medium 

with or without glucose (+g or -g , respectively), under normal culture conditions, 5 % CO2 or 

hypoxia, 95 % N2, 5 % CO2. Whole cell protein lysates were either collected immediately or 

the cells were cultured in fresh medium containing glucose for a further 24 h in 5 % CO2, 

mimicking reperfusion, before lysate collection. Alternatively, N9 microglia were treated with 

10 nM chromogranin A (CGA) for 24 h and whole cell protein lysates were collected. The 

lysates (20 pg), were resolved by 10 % SDS-PAGE and immunoblotted with anti-iNOS 

antibody.

Whether hypoxia or combined oxygen-glucose deprivation induced cytoskeletal 

alterations was examined by western blotting for anti-P-actin. Hypoxia or combined 

oxygen-glucose deprivation with or without reperfusion did not result in 

disappearance of the P-actin band, suggesting that these treatments did not lead to P- 

aetin alterations (Figure 4.7.5).
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Figure 4.7.5 The effect of combined oxygen and glucose deprivation on microglial p- 

actin N9 microglia were cultured at 37 °C in fresh medium with or without glucose (+g or -g , 

respectively), under hypoxia, 95 % N2, 5 % CO2 for 24 h. Whole cell protein lysates were 

either collected immediately or the cells were cultured in fresh medium containing glucose for 

a further 24 h in 5 % CO2, mimicking reperfusion, before lysate collection. The lysates 

(30 pg), were resolved by 10 % SDS-PAGE and immunoblotted with anti-p-actin antibody.
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4.8 The effect of combined hypoxia and 2-deoxyglucose treatment on microglia

Microglia appear to be relatively resistant to glucose deprivation but are vulnerable to

2-deoxyglucose treatment (see chapter 3). However, combined oxygen-glucose 

deprivation subtly affected microglia (see chapter 4.7). Whether hypoxia modulates 

the effect of 2-deoxyglucose on microglia was investigated by treating microglia with 

medium containing equimolar amounts of 2-deoxyglucose and glucose under hypoxic 

or non-hypoxic conditions. The presence of the same amount of 2-deoxyglucose and 

glucose in the medium would result in competition for hexokinase and hence lower 

glucose utilisation. Microglia were then fixed immediately, or “reperfiised” (5 % CO2) 

in fresh medium containing glucose for 24 h prior to fixation and nuclear morphology 

examined using Hoechst 33342 staining. Treating microglia with fresh medium 

containing glucose but lacking 2-deoxyglucose (-), with or without reperfusion did not 

increase levels of nuclear pyknosis compared with untreated controls (Figure 4.8.1 A). 

However, culturing microglia in the presence of 2-deoxyglucose (+) for 24 or 48 h 

with or without reperfusion, significantly increased levels of nuclear pyknosis 

compared with untreated controls or microglia treated with fresh glucose-containing 

medium (-) (Figure 4.8.1 A). Interestingly, hypoxia modulated the effect of 2- 

deoxyglucose on nuclear pyknosis. Under hypoxic conditions, only 48 h 2- 

deoxyglucose treament with or without reperfusion triggered a significant increase in 

nuclear pyknosis compared with cells cultured in the presence of glucose (Figure 

4.8.IB). The percentage of pyknotic nuclei was significantly reduced in microglia 

treated with 2-deoxyglucose for 48 h under hypoxic conditions, and reperfiised, 

compared with the non-hypoxic equivalent (P=0.004).
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Figure 4.8.1 The effect of combined hypoxia and 2-deoxyglucose treatment on 

microglial nuclear pyknosis N9 microglia were cultured at 37 °C for 24 h in the original

medium, untreated (UI J ), in fresh medium containing 25 mM glucose in the absence (-

I I ) or presence (+ ■ ■  ) of 25 mM 2-deoxyglucose under normal culture conditions, 5 % 

CO2 (A) or under hypoxic conditions, 95 % N2, 5 % CO2 (B). They were either fixed 

immediately or cultured in fresh medium containing glucose for a further 24 h in 5 % CO2, 

mimicking reperfusion, before fixing. Nuclear morphology was examined using Hoechst 33342 

and the number of cells displaying weak staining, large nuclei (non-pyknotic) and the number 

displaying condensed, brightly staining nuclei (pyknotic) were counted on a minimum of 6 

coverslips per condition, in 7 discrete areas from at least 3 cell preparations. The percentage 

of pyknotic nuclei was determined for each condition. All data are mean ± SEM. Significantly 

different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significant (Student’s t-test).

Whether combined hypoxia and 2-deoxyglucose treatment activated microglia was 

examined by EDI immunocytochemistry. In untreated controls microglial activation 

decreased between 0 and 24 h (Figure 4.8.2A). Treating microglia with fresh medium 

containing glucose but lacking 2-deoxyglucose (-), with or without reperfusion did not 

increase microglial activation compared with untreated controls (Figure 4.8.2A). 

However, culturing microglia in the presence of 2-deoxyglucose (+) for 24 or 48 h 

under hypoxic or non-hypoxic conditions strongly activated microglia (Figure
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4.8.2A). In general, microglial activation was not modulated by hypoxia or by 

reperfusion. The only exceptions were following 24 h 2-deoxyglucose treatment and 

reperfusion where hypoxia reduced microglial activation (P=0.015) and following 24 

h 2-deoxyglucose treatment when reperfusion significantly increased microglial 

activation (P=0.011). * * *
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Figure 4.8.2 The effect of combined hypoxia and 2-deoxyglucose treatment on 

microglial activation N9 microglia were cultured at 37 °C for 24 h in the original medium,

untreated (U I 1 ), in fresh medium containing 25 mM glucose in the absence ( - 1 I) or

presence (+ of 25 mM 2-deoxyglucose under normal culture conditions, 5 % CO2 (A) or 

under hypoxic conditions, 95 % N2, 5 % CO2 (B). They were either fixed immediately or 

cultured in fresh medium containing glucose for a further 24 h in 5 % CO2 , mimicking 

reperfusion, before fixing. Microglial activation was assessed by immunocytochemistry using 

ED1 antibody and the number of cells staining with ED1 was expressed as a percentage of 

the total cells for each condition. Cells were counted on a minimum of 5 coverslips per 

condition, in 7 discrete areas from 3 cell preparations. All data are mean ±  SEM. Significantly 

different at *p < 0.05, **p < 0.01, ***p < 0.001, ns not significantly different (Student’s t-test). 

Some of these experiments were performed in collaboration with Dr D.L. Taylor, Institute of 

Neurology, University College London.
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Whether combined hypoxia and 2-deoxyglucose treatment affected cell number per 

field was assessed. Microglial number increased significantly with time in untreated 

controls, in microglia treated with fresh medium containing glucose but lacking 2- 

deoxyglucose under non-hypoxic conditions and following reperfusion (statistics not 

detailed on Figure 4.8.3A but P< 0.05). However, treating microglia with 2- 

deoxyglucose (+) for 24 or 48 h significantly reduced microglial number compared 

with untreated controls or microglia treated with fresh glucose-containing medium (-) 

(Figure 4.8.3A). Microglial number was not increased by reperfiision following 2- 

deoxyglucose treatment (Figure 4.8.3A) suggesting that 2-deoxyglucose permanently 

attenuates microglial proliferative capacity and/or adherence to the coverslip.

The ability of microglia to proliferate with time even in medium containing glucose 

but lacking 2-deoxyglucose (-) was blocked under hypoxic conditions and was not 

restored by reperfusion (statistics not detailed on Figure 4.8.3B). Indeed, hypoxia 

significantly reduced microglial number following 24 or 48 h culturing in medium 

containing glucose followed by reperfusion, compared with the non-hypoxic 

counterparts (P=0.030 and P=0.003, respectively). This suggests that hypoxia 

permanently compromises cell proliferation and /or adherence. However, the presence 

of hypoxia did not exacerbate or attenuate the decrease in cell number per field 

triggered by microglial exposure to medium containing 2-deoxyglucose (Figure 

4.8.3B). Since 2-deoxyglucose had such a severe effect on microglial cell number per 

field, it is possible that any modulating effect of hypoxia was undetectable under these 

conditions.
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Figure 4.8.3 The effect of combined hypoxia and 2-deoxyglucose treatment on 

microglial cell number N9 microglia were cultured at 37 °C for 24 h in the original medium,

untreated (UI ■ ), in fresh medium containing 25 mM glucose in the absence ( - 1------1 ) or

presence (+ ■ ■ )  of 25 mM 2-deoxyglucose under normal culture conditions, 5 % CO2 (A) or 

under hypoxic conditions, 95 % N2, 5 % CO2 (B). They were either fixed immediately or 

cultured in fresh medium containing glucose for a further 24 h in 5 % CO2, mimicking 

reperfusion, before fixing. Cells were stained with Hoechst 33342 and cell number per field 

was counted on a minimum of 6 coverslips per condition, in 7 discrete areas from at least

3 cell preparations. All data are mean ±  SEM. Significantly different at *p < 0.05, **p < 0.01, 

***p < 0.001, ns not significant (Student’s t-test).

4.9 Discussion

The microglial response to chemical hypoxia induced by cyanide, oxygen-glucose 

deprivation or combined 2-deoxyglucose treatment and hypoxia has been investigated 

in this chapter. Microglia were markedly more resistant to cyanide treatment than 

neurons. Although some microglia lost plasma membrane integrity following 

treatment with high concentrations of cyanide, they did not all do so, and any loss of 

microglial membrane integrity was slow to occur, compared with neurons. The
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microglial response to cyanide was concentration-dependent. Treatment with high 

concentrations of cyanide compromised microglial metabolic activity, moderately 

activated microglia, measured by EDI staining, but did not induce iNOS, reduced cell 

number and induced cytoskeletal alterations. In contrast, microglial metabolic activity 

was generally not affected by low concentrations of cyanide, which only very mildly 

activated microglia and triggered microglial proliferation. Whilst hypoxia or 

combined oxygen-glucose deprivation did not activate microglia or trigger nuclear 

pyknosis, these treatments did appear to reduce microglial number. In contrast, 

exposure to 2-deoxyglucose under non-hypoxic or hypoxic conditions, maximally 

activated microglia, induced nuclear condensation and additionally reduced microglial 

number.

4.9.1 Comparison of the microglial and neuronal response to chemical hypoxia

In the studies conducted here, it was found that 25 mM cyanide triggered rapid CGC 

lysis which was complete within 5 min. In contrast, following treatment with 25 mM 

cyanide for 60 min, approximately 50 % of microglia still possessed an intact plasma 

membrane. This suggests that microglia may be less dependent than neurons on 

mitochondrial respiration and are perhaps better equipped to produce ATP by 

alternative metabolic routes. It is also possible that microglia have a lower energy 

requirement than neurons or require less energy to control osmolarity. Indeed a greater 

proportion of neuronal energy requirement is expended in fuelling the Na -̂K"  ̂pump 

than in other animal cells (see Alberts et al., 1989).

As previously discussed in chapter 3, macrophages have high hexokinase activity 

(Newsholme et al., 1986) and are vulnerable to inhibition of glycolysis, suggesting
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that glycolysis is important for microglial survival. Data presented in this chapter and 

studies from Lyons and Kettenmann (1998) indicate that microglia are relatively 

resistant to hypoxia or combined oxygen-glucose deprivation, but are vulnerable to 

combined hypoxia and 2-deoxyglucose treatment. Put together, these findings suggest 

that microglia can survive mitochondrial respiration block to some extent, if the 

glycolytic pathway remains fully operational. The degree to which the mitochondrial 

respiratory chain is blocked governs the level of microglial metabolic activity and 

downstream signalling.

4.9.2 Microglial overactivation - a requirement for microglial apoptosis?

Microglial overactivation has been suggested to trigger microglial apoptosis (Liu et 

al., 2001a). Indeed, chromogranin A maximally activates microglia, and also triggers 

high levels of microglial apoptosis (Kingham et al., 1999). Data here supports this 

hypothesis as 2-deoxyglucose which maximally activated microglia, triggered high 

levels of nuclear pyknosis. Whereas cyanide which only moderately activated 

microglia did not induce high levels of nuclear condensation, and glucose deprivation, 

hypoxia or combined oxygen-glucose deprivation, which either activated microglia 

mildly or not above control levels, did not trigger nuclear condensation at all.

Interestingly, combined hypoxia and 2-deoxyglucose treatment in the presence of 

glucose reduced levels of nuclear condensation, but not microglial activation, 

compared with cells treated in the absence of hypoxia. It is likely that there are two 

prerequisites for microglial apoptosis; high levels of microglial activation and 

sufficient ATP (Leist et al., 1997). It is possible that combined hypoxia and 2-
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deoxyglucose treatment, despite activating microglia, rapidly reduced ATP levels, 

thereby blocking features of apoptotic death, such as nuclear pyknosis.

4.9.3 Microglial metabolic activity and free radical generation

Lipopolysaccharide (LPS) alone or in combination with high glucose compromises 

microglial metabolic activity, as measured by an MTT assay (Wang et al., 2001). As 

metabolic activity was reduced so were levels of nitric oxide (Wang et al., 2001). 

Azide reduces activity of the citric acid cycle enzyme, alpha-ketoglutarate 

dehydrogenase (KGDH) and attenuates nitric oxide production in LPS treated 

microglia (Park et al., 1999). It appears that microglial nitric oxide levels are reduced 

by treatments that compromise metabolic activity. Data presented here showed that 

high concentrations of cyanide compromised microglial metabolic activity, measured 

by an MTT assay, and did not induce iNOS, whereas cells treated with 1 mM cyanide, 

which did not reduce microglial metabolic activity, expressed iNOS at similar levels 

to controls. It is possible that high glucose or azide reduced iNOS levels in LPS 

treated microglia. An alternative explanation is that nitric oxide rapidly reacted with 

reactive oxygen species (ROS) produced by these treatments, and that ROS alone, 

their reaction products, such as peroxynitrite, or nitric oxide alone, reacted with 

mitochondrial enzymes thereby reducing metabolic activity (see Park et al., 1999; 

Wang et al., 2001). Indeed nitric oxide reversibly inhibits cytochrome oxidase and 

mitochondrial ATP synthesis (Brookes et al., 1999). Peroxynitrite also affects 

mitochondrial respiration as it can inhibit KGDH (Parks et al., 1999) and complexes I, 

II and V of the respiratory chain (see Bal-Price and Brown, 2000).
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Whilst iNOS was diminished by high concentrations of cyanide 24 and 48 h post

insult, the possibility that microglial iNOS was upregulated at earlier time points and 

later down-regulated, as has been shown to occur in other microglial systems (Ohtani 

et a l, 2000; You and Kaur, 2000) has not been obviated. Yet another possibility is 

that cyanide decreased iNOS levels due to lack of energy to maintain protein 

synthesis. 2-deoxyglucose reduced microglial ATP and did not induce iNOS (see 

chapter 3.1 and 3.9). lodoacetate, another glycolytic inhibitor, depletes ATP and 

inhibits protein synthesis in primary neuronal cultures (Uto et a/., 1995). Whether 

energy depletion by inhibition of mitochondrial respiration with cyanide triggered a 

similar effect in microglia is unclear.

Regardless of the mechanism of the cyanide-triggered reduction in iNOS levels, it is 

evident from data presented in this chapter, that microglial iNOS levels do not always 

correspond with other parameters of microglial activation, such as EDI staining. This 

highlights the need to measure microglial activation by more than one method.

4.9.4 High concentrations of cyanide trigger cytoskeletal alterations

Western blots are often reprobed for the cytoskeletal protein actin, in order to ensure 

equal protein loading. However actin can be modified in ways that may affect protein 

recognition with anti-actin antibodies (see chapter 3.8 and 3.11.5). Whilst microglial 

p-actin was not affected by oxygen-glucose deprivation, hypoxia, or a low 

concentration of cyanide (1 mM), increasing the cyanide concentration and treatment 

time, decreased the P-actin band and eventually resulted in its complete 

disappearance. Energy deprivation induced by cyanide or 3-nitropropionic acid 

damaged cytoskeletal elements in cultures of cortical rat neurons (Schmuck et aL,
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2000). Together with results from chapter 3, in which microglial ATP depletion with 

2-deoxyglucose lead to P-actin alterations, these data demonstrate that energy 

deprivation, by either inhibition of glycolysis or inhibition of mitochondrial 

respiration, result in cytoskeletal alterations. Whether the mechanisms leading to 

microglial cytoskeletal alterations following inhibition of mitochondrial respiration 

were the same as those following inhibition of glycolysis remains to be ascertained. 

These data further suggest that cytoskeletal proteins are not always good controls of 

protein loading in western blotting, particularly in models in which energy levels are 

compromised.

4.9.5 Low concentrations of cyanide trigger microglial proliferation

Cell division requires cellular adhesion, since cells that have lost attachment to a solid 

surface almost never divide (Alberts et ah, 1989). Actin filaments are required to 

anchor cells to the extracellular matrix and for cytoplasmic division (Alberts et ah, 

1989). This indicates that actin alterations may compromise cell proliferation as well 

as being implicated in changes in cellular adhesion (Howard et al, 1993; Jun et ah, 

1996). High concentrations of cyanide decreased microglial cell number per field. 

Whilst there was not a direct correlation between P-actin alterations and the reduction 

in cell number per field, in general, higher concentrations and prolonged insult times 

induced actin changes, conditions that also decreased cell number per field. Likewise, 

2-deoxyglucose triggered P-actin alterations (see 3.8) and decreased cell number (see

3.5 and 4.8). It is likely that high concentrations of cyanide or 2-deoxyglucose 

treatment are severe insults for microglia, triggering actin alterations. Consequently 

microglial adhesion and proliferation may be non-reversibly compromised, resulting 

in a reduced cell number.

199



Microglial number was not affected by glucose deprivation. However, when microglia 

were deprived of oxygen and glucose, cell number was reduced, even when this was 

followed by reperfusion. Hypoxia also reduced cell number albeit to a lesser extent, in 

the presence of glucose. This is in contrast with findings by Morigiwa et al., (2000), 

showing that proliferation was induced in rat retinal microglia cultured under 1 % 

oxygen. Hypoxia or oxygen-glucose deprivation did not induce p-actin alterations 

identifiable by western blotting and the reduction in cell number per field triggered by 

hypoxia was less severe than that induced by high concentrations of cyanide or 2- 

deoxyglucose. The decrease in microglial number triggered by hypoxia or oxygen- 

glucose deprivation was unlikely to be due to actin alteration-induced changes in 

adhesion or proliferative status. Instead the reduction in cell number per field may be 

due to hypoxia triggering a reduction in cyclin expression, as has been shown to occur 

in peripheral mononuclear cells (Naldini and Carraro, 1999).

Following focal ischaemia or transient global ischaemia, microglia are rapidly 

activated and accumulate in the lesion (Ivacko et a l, 1996; Morioka et al., 1991; 

Rupalla et al., 1998; see review, Stoll et al., 1998). It has only recently been 

investigated whether microglial proliferation, in addition to migration, contributes to 

increased microglial numbers in the ischaemic lesion. Following transient global 

ischaemia, microglial proliferation was induced in gerbils (Liu et al., 2001b). Since 

isolated microglia did not exhibit increased proliferation in response to oxygen- 

glucose deprivation, it suggests that ischaemia -induced proliferation is not a direct 

effect on microglia. Instead ischaemia may trigger the release of soluble factors from 

other cell types which act on microglia, inducing proliferation. Alternatively,
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differences between in vivo and in vitro models of ischaemia may account for the 

differences.

Chemical hypoxia induced by 1 mM cyanide, unlike oxygen deprivation, triggered an 

increase in microglial proliferation. The mechanism of induction of microglial 

proliferation following ischaemia or chemical hypoxia is currently unknown. 

Proliferation induced by culturing rat retinal microglia under 1 % oxygen is suggested 

to involve P2U purinoceptor activation (Morigiwa et al., 2000). High levels of 

glutamate have also been found to induce microglial proliferation (Tikka et al., 2001). 

Signalling downstream of the metabotropic glutamate receptors and/or AMPA/kainate 

receptors, present on microglia may therefore be implicated in induction of microglial 

proliferation.

4.10 Conclusion

Microglia are much more robust than neurons when exposed to chemical hypoxia, 

hypoxia or combined oxygen-glucose deprivation. Only treatments that strongly 

activate microglia trigger marked nuclear pyknosis (see Figure 4.10, page 202). The 

microglial response to manipulation of energy metabolism depends upon the severity 

of the insult. Whilst microglia proliferate in response to mild chemical hypoxia, they 

show cytoskeletal changes and a decrease in cell number in response to more severe 

insults. Cyanide may provide an in vitro model for the microglial response to a 

transient focal ischaemic insult, with high cyanide concentrations perhaps comparable 

to a severe insult observed in the core, and lower concentrations to an insult 

encountered in the penumbric region.
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Figure 4.10 Schematic of the microglial reponses to in vitro models of ischaemia

Mild insults to microglia, such as mild chemical hypoxia, hypoxia or oxygen-glucose 

deprivation (pale pink), either induce a burst in proliferation, or decrease microglial number, 

perhaps due to a fall in proliferation. More severe insults to microglia, such as severe 

chemical hypoxia or 2-deoxyglucose with or without hypoxia (dark pink), activate microglia, 

but do not induce iNOS, induce cytoskeletal changes and strongly reduce microglial number, 

perhaps due to a loss of cellular adhesion as well as a fall in proliferation. Only insults that 

maximally activate microglia trigger high levels of nuclear pyknosis. *Note iNOS levels were 

not measured in microglia exposed to 2-deoxyglucose under hypoxic conditions and were 

only measured in microglia treated with 2-deoxglucose (chapter 3.9).
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5. THE MICROGLIAL RESPONSE 

TO GLUTAMATE TREATMENT
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Introduction

Excessive glutamate release is implicated in the damage following an ischaemic insult 

(see review, Dimagl et al., 1999). Neurons are extremely vulnerable to excitotoxic 

damage (Choi et a l, 1988; see review, Dimagl et al., 1999) as a result of over

activation of N-methyl-D-aspartate (NMDA) receptors and subsequent calcium 

overload (see review, Choi, 1992). Additionally, excitotoxicity triggers the expression 

of genes that initiate post-ischaemic inflammation, which is believed to exacerbate 

ischaemic damage (see review, Dimagl et al., 1999). Microglia are activated 

following an ischaemic insult (Rupalla et al., 1998), however, the microglial response 

to glutamate exposure is largely unknown. In this chapter, the microglial response to 

glutamate treatment and the interaction between microglia and neurons is explored.
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Summary of results

Glutamate treatment induced nuclear pyknosis in cerebellar granule cell neurons. In 

contrast, microglia did not show enhanced nuclear pyknosis following short or 

prolonged exposure to glutamate. The incubation of neurons with microglial 

conditioned medium, containing soluble factors released from microglia, did not 

protect neurons when added following neuronal glutamate treatment. However, 

soluble factors released from microglia triggered an increase in neuronal intracellular 

free calcium. Activation of the NMDA and ionotropic P2 purinergic receptors were 

implicated in the increase in neuronal calcium levels. When neurons were incubated 

with soluble factors released from microglia prior to neuronal glutamate treatment, 

these microglial factors were protective, attenuating neuronal pyknosis, a feature of 

apoptosis.
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5.1 Glutamate triggers neuronal but not microglial nuclear pyknosis

Activation of the N-methyl-D-aspartate (NMDA) receptor is implicated in glutamate 

neurotoxicity (Choi et a l, 1988). The receptor is activated by agonists including 

NMDA or glutamate, and the receptor is further modulated by glycine (see review, 

Sommer and Seeburg, 1992). Magnesium ions (Mg^^) block the receptor although the 

block is released by membrane depolarisation (see review, Sprengel and Seeburg, 

1993).

In order to investigate the effect of glutamate upon cerebellar granule cell neurons 

(CGC) or microglia, the cells were exposed to either basic medium lacking glutamate 

and glycine (-glutamate), or basic medium supplemented with 100 pM glutamate and 

10 pM glycine but lacking Mĝ "̂  (+glutamate, see chapter 2.3.4) for 2 h and then 

returned to normal culture medium for 24 h. Nuclear morphology was examined using 

Hoechst 33342 staining. CGC but not microglia exhibited highly significant levels of 

nuclear pyknosis following this treatment (Figure 5.1 A and Figure 5. IB, respectively). 

Prolonged exposure to 100 pM glutamate (in normal culture medium without 10 pM 

glycine) for 24 h did not trigger nuclear pyknosis in microglia (Figure 5.1C). 

However, microglial treatment with 100 pM glutamate in combination with 

substances that activate microglia, either 1 pg/ml lipopolysaccharide (LPS) or 15 mM

2-deoxyglucose, significantly induced nuclear pyknosis (Figure 5.1C).
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Figure 5.1 Glutamate triggers neuronal but not microglial nuclear pyknosis Cerebellar 

granule cell neurons (A) or primary microglia (B) were exposed to basic medium (1 I) or 

basic medium containing 100 pM glutamate, 10 pM glycine but lacking Mg "̂" ( ■ ■  ) for 2 h at 

room temperature, returned to normal culture medium for 24 h at 37 °C or (C) primary 

microglia were untreated (I I ), treated with 100 pM glutamate added to the normal culture

medium ( ■ ■  ), or the combination of glutamate and 1 pg/ml LPS (I. I ), or glutamate and

15 mM 2-deoxyglucose ( l _ J  ) for 24 h at 37 °C. Nuclear morphology was assessed using 

Hoechst 33342 and the number of cells displaying pyknotic, brightly staining nuclei was 

expressed as a percentage of the total cells for all conditions. Cells were counted on a 

minimum of 5 coverslips per condition, in 7 discrete areas per coverslip from at least 2 cell 

preparations. All data are mean ±  SEM. Significantly different from corresponding control 

(unless otherwise indicated) at *p < 0.05, **p < 0.01, ***p < 0.001, n.s not significantly different 

from control (Student’s t-test).
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5.2 The effect of glutamate treatment on cell number

Treatment of microglia with 1 mM cyanide (see chapter 4.6) or 500 pM glutamate 

(Tikka et a l, 2001) induces microglial proliferation. In contrast, treatment with 2- 

deoxyglucose (see chapter 3.5) or high concentrations of cyanide (see chapter 4.6), 

treatments which increase nuclear pyknosis, decrease microglial cell number, either by 

blocking proliferation and/or decreasing cellular adhesion. Cell lysis induced in 

cerebellar granule cell neurons (CGC) by 25 mM cyanide (see chapter 4.1) rapidly 

decreased cell number. The effect of glutamate treatment on CGC and microglial cell 

number was examined in order to ascertain whether this treatment affected cellular 

proliferation, adhesion or viability. CGC exposure to 100 pM glutamate and 10 pM 

glycine in basic medium lacking Mg^^ (see chapter 2.3.4) for 2 h followed by return to 

normal culture medium for 24 h, did not affect cell number per field (Figure 5.2A). 

Microglia exposed to the same treatment did not show a reduction in cell number per 

field (Figure 5.2B). Prolonged microglial exposure to 100 pM glutamate (for 24 h in 

normal culture medium without 10 pM glycine) also did not alter cell number per 

field (Figure 5.2C). In contrast, treatments which triggered microglial nuclear 

pyknosis, such as combined 100 pM glutamate and 1 pg/ml LPS or combined 100 pM 

glutamate and 15 mM 2-deoxyglucose treatment for 24 h (Figure 5.1C), reduced 

microglial cell number per field (Figure 5.2C).
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Figure 5.2 Glutamate does not affect neuronal or microglial cell number Cerebellar

granule cell neurons (A) or primary microglia (B) were exposed to basic medium ( I 1 ) or

basic medium containing 100 pM glutamate, 10 pM glycine but lacking Mg "̂" for 2 h at

room temperature, returned to normal culture medium for 24 h at 37 °C or (C) primary 

microglia were untreated (I I), or cultured in the presence of 100 pM glutamate ( ^ H ) ,  or 

100 pM glutamate and 1 pg/ml LPS (I I), or 100 pM glutamate and 15 mM 2-deoxyglucose 

( H B ll ) for 24 h at 37 °C. Cells were fixed, stained with Hoechst 33342 and cell number per

field was counted on a minimum of 5 coverslips per condition in 7 discrete areas from at least 

2 cell preparations. All data are mean ±  SEM. Significantly different from corresponding 

control (unless otherwise indicated) at *p < 0.05, **p < 0.01, ***p < 0.001, n.s not significantly 

different from control (Student’s t-test).
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5.3 The effect on neurons of soluble factors released from microglia

Microglia can release factors, such as basic fibroblast growth factor (Sbimojo et a l, 

1991) and nerve-growtb factor (Heese et a l, 1997) that promote neuronal survival 

(Walicke, 1988) and other factors which trigger or exacerbate neuronal death (Kim 

and Ho Ko, 1998; Kingham et al., 1999). In order to investigate whether factors 

released from microglia were neurotoxic or neuroprotective, cerebellar granule cell 

neurons (CGC) were maintained under normal culture conditions for 2 h (untreated), 

or exposed to basic medium without added glutamate or glycine (-glutamate) or basic 

medium supplemented with 100 pM glutamate and 10 pM glycine but lacking Mĝ "*" 

(+glutamate) for 2 h at room temperature. They were then cultured for a further 24 h 

with or without microglial supernatants (see chapter 2.3.5). The supernatants were 

from untreated microglia (untreated), or microglia treated in the absence or presence 

of glutamate (-glutamate and 4-glutamate, respectively, see chapter 2.3.4). Untreated, - 

glutamate and 4-glutamate microglial supernatants increased the levels of nuclear 

pyknosis in untreated CGC by small but significant amounts (Figure 5.3.1). This 

indicates that microglial supernatants were slightly neurotoxic to untreated CGC. 

None of the microglial supernatants (untreated, -glutamate or 4-glutamate) increased or 

decreased levels of nuclear pyknosis in CGC treated in the absence or presence of 

glutamate (-glutamate or 4-glutamate, respectively. Figure 5.3.1). This indicates that 

soluble factors from microglia do not protect glutamate-treated CGC when added 

post-insult.
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Figure 5.3.1 Glutamate treated neurons are not protected by post-insult addition of 

soluble factors released from microglia Cerebellar granule cell neurons were maintained 

under normal culture conditions for 2 h (untreated I i ), or exposed to basic medium without 

added glutamate or glycine (-glutamate I I ) or basic medium supplemented with 100 pM 

glutamate and 10 pM glycine but lacking Mg^" ( +glutamate ) for 2 h at room 

temperature . They were then cultured for 24 h with or without microglial supernatants. The 

supernatants were from microglia maintained under normal culture conditions for 2 h 

(untreated), microglia which had been exposed to basic medium without added glutamate or 

glycine (-glutamate) or basic medium supplemented with 100 pM glutamate, 10 pM glycine, 

but lacking Mg^* ( +glutamate) for 2 h at room temperature. Microglia were replaced in culture 

medium for a further 24 h and then the microglial supernatants were collected (see chapter 

2.3.4). The CGC were then fixed, stained with Hoechst 33342 and the number of cells 

displaying pyknotic, brightly staining nuclei was expressed as a percentage of the total cells. 

Cells were counted on a minimum of 6 coverslips per condition in 7 discrete areas from at 

least 2 cell preparations. All data are mean ±  SEM. Significantly different at *p < 0.05, **p < 

0.01, ***p < 0.001, n.s not significantly different (Student’s t-test).
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Whilst soluble factors released from microglia were not neuroprotective when added 

following CGC treatment with glutamate (Figure 5.3.1), the possibility that CGC 

treatment with such microglial factors prior to glutamate treatment may be protective 

was investigated. CGC were exposed to microglial supernatants for 24 h. The 

supernatants were from untreated microglia (untreated), or microglia treated in the 

absence or presence of glutamate (-glutamate and +glutamate, respectively, see 

chapters 2.3.4 and 2.3.5). CGC were then maintained under normal culture conditions 

for 2 h (untreated), or exposed to basic medium without added glutamate or glycine (- 

glutamate) or basic medium supplemented with 100 pM glutamate and 10 pM glycine 

but lacking Mg^^ (+glutamate) for 2 h at room temperature. They were then cultured 

for a further 24 h with or without microglial supernatants. Supernatants from 

glutamate treated microglia conferred highly significant neuroprotection (43.5 % 

protection) to glutamate-treated CGC when added prior to and following transient 

glutamate treatment (P< 0.0001, Figure 5.3.2). Untreated microglial supernatants were 

also neuroprotective (P= 0.038, Figure 5.3.2), offering 32.8 % protection. Microglial 

supernatants increased levels of nuclear pyknosis in untreated CGC (Figure 5.3.2).
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Figure 5.3.2 Pre-treatment with solubie factors released from microglia protects 

neurons from glutamate treatment Cerebellar granule cell neurons (CGC) were cultured for 

24 h with or without microglial supernatants. The supernatants were from microglia 

maintained under normal culture conditions for 2 h (untreated), or microglia which had been 

exposed to basic medium supplemented with 100 pM glutamate, 10 pM glycine, but lacking 

Mg^^ ( +glutamate) for 2 h. Microglia were replaced in culture medium for a further 24 h and 

then the microglial supernatants were collected (see chapter 2.3.4). The CGC were then 

either maintained under normal culture conditions for 2 h ( untreated I I ), or exposed to 

basic medium supplemented with 100 pM glutamate and 10 pM glycine but lacking Mg^" 

( +glutamate ^ g )  for 2 h at room temperature. They were then replaced into the original 

culture medium with or without microglial supernatants for 24 h. At this point, the CGC were 

fixed, stained with Hoechst 33342 and the number of cells displaying pyknotic, brightly 

staining nuclei was expressed as a percentage of the total cells. Cells were counted on a 

minimum of 8 coverslips per condition in 7 discrete areas from 3 cell preparations. All data 

are mean ±  SEM. Significantly different at *p < 0.05, **p < 0.01, ***p < 0.001, n.s not 

significantly different (Student’s t-test).
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Microglial supernatants were slightly neurotoxic to untreated CGC (Figure 5.3.1 and 

Figure 5.3.2). Neuronal death may be preceded by an increase in cytoplasmic calcium, 

[Câ '̂ Jc, and the duration and extent of this influx may determine whether cells die by 

apoptosis or necrosis (see review, Choi, 1995). Whether soluble factors released from 

microglia triggered an increase in CGC [Ca^ Ĵc was addressed. First 50 mM KCl, 

followed by 1 pM Nifedipine (Nif), an L-type voltage dependent Ca^  ̂ channel 

inhibitor, were added to CGC to ascertain the cells were responding normally. [Ca^ ]̂c 

levels increased in response to KCl and a transient spike followed by a plateau was 

observed, which was largely blocked by nifedipine (Figure 5.3.3). This is the 

characteristic response of CGC to KCl and nifedipine (Courtney et al., 1990). Images 

of the CGC following loading with fura-2 were captured showing the alterations in the 

magnitude of the 340/380 ratio prior to and following KCl and nifedipine addition 

(which is related to variations [Ca^^]c) as false colour changes (Figure 5.3.3B, C, D, 

E). The bright field image is shown in Figure 5.3.3A.
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Figure 5.3.3 Characteristic changes in cerebellar granule cell neuron cellular 

free [Ca^*]c Changes in somatic cellular free [Ca^^]c were assessed in cerebellar granule cell 

neurons loaded with fura-2 and treated with 50 mM KCl, followed by the L-type Ca^^ channel 

blocker, Nifedipine, 1 pM (Nif). Values are the responses of 20 discrete cells and the insert is 

the mean response of 20 cells. Images of the cells are shown: (A) Bright field image, (B) 

Baseline 340/380 ratio, (C) Peak 340/380 ratio following KCl addition, (D) Plateau following 

KCl addition (E) Plateau following Nifedipine addition.

Microglial supernatant addition to CGC resulted in elevated [Ca^ ĵc (Figure 5.3.4C, D, 

E). Microglial medium induced an increase in [Ca^ ]̂c (Figure 5.3.4B) which was 

similar in magnitude to that induced by the addition of untreated or -glutamate treated 

microglial supernatant (Figure 5.3.4C and D) but smaller than that induced by the 

addition of glutamate treated microglial supernatant (Figure 5.3.4E). This suggests 

that there is a factor(s) released by glutamate treated, but not untreated or -glutamate 

treated microglia which triggers an increase in CGC [Ca^ ]̂c above levels induced by 

the addition of microglial medium alone.
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Figure 5.3.4 Glutamate treated microglial supernatants contain a factor(s) which 

increase(s) neuronal calcium Changes in somatic cellular free [Ca^'’]c were assessed 

In cerebellar granule cell neurons loaded with fura-2. Values are the responses of 20 discrete 

cells and the Insert Is the mean response of 20 cells. (A) Somatic [Ca^"]c elevation Induced by 

the addition of 50 mM KCl followed by reduction of the plateau by 1 pM NIfedplne (Nif). (B)

Somatic [Ca^"]c elevation Induced by the addition of microglal medium. (C) Somatic [Ca 

elevation In response to untreated microglial supernatant (sn, see chapter 2.3.4). (D) Somatic 

[Câ '̂ Jc elevation In response to supernatant (sn) from microglia treated In the absence of 

glutamate (-glutamate, see chapter 2.3.4). (E) Somatic [Ca^"’]c elevation In response to 

supernatant (sn) from microglia treated with glutamate (+glutamate, see chapter 2.3.4). In B-E 

medium or supernatant addition was followed by the addition of 50 mM KCl and 1 pM 

Nifedipine.
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The response of CGC exposed to microglial supernatants for a longer period of time 

was assessed (Figure 5.3.5). A spike was observed followed by deregulation which 

was more pronounced when supernatant was added from microglia treated in the 

absence or presence of glutamate (-glutamate or +glutamate, Figure 5.3.5B and C) 

compared with that from untreated microglia (Figure 5.3.5A). The response to KCl 

following the addition of supernatant from microglia treated in the absence or 

presence of glutamate was blocked (Figure 5.3.5B and C, respectively), suggesting 

that the cells were maximally depolarised by these supernatants.
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Figure 5.3.5 Microglial supernatants induce neuronal calcium deregulation Changes in 

somatic cellular free [Ca^^jc were assessed in cerebellar granule cell neurons loaded with fura- 

2. Values are the responses of 20 discrete cells and the insert is the mean response of 20 

cells. Somatic [Câ "̂ ]c elevation in response to supernatant (sn) from: (A) Untreated microglia 

see chapter 2.3.4), (B) Microglia treated in the absence of glutamate (-glutamate, see chapter 

2.3.4), (C) Microglia treated with glutamate (+glutamate, see chapter 2.3.4). In all cases 

supernatant addition was followed by the addition of 50 mM KCl and 1 pM Nifedipine (Nif).
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Microglia release ?

Figure 5.3.6 Microglial supernatants contain a factor(s) which increase(s) neuronal 

calcium levels A soluble factor(s) released from microglia into the supernatant, triggers an 

increase in CGC [Ca^"]c. The identity of this factor(s) is investigated in the remainder of this 

chapter.

Ionotropic P2 purinergic receptors are found on many cell types including microglia, 

astrocytes and neurons (Bumstock and Wood, 1996; Zimmermann, 1994). These 

receptors are activated by the extracellular mediator ATP, triggering a rapid increase 

in [Ca^^c (see review, Buell and Rassendren, 1998). Immunolocalization studies have 

shown the presence of P2X4 receptors in the cerebellum (Le et al., 1998), P2X2 

receptors in neurons in the granular layer of the cerebellum (Kanjhan et a l, 1996) and 

P2X1 receptors localised in subpopulations of synapses between parallel fibres of 

granule cells and dendritic spines of Purkinje cells (Loesch and Bumstock, 1998). 

Additionally ATP induces increased release of [^H]-D-aspartate from cerebellar 

granule cell neurons (Merlo and Volonté, 1996), suggestive of purinergic receptor 

activation leading to glutamate release. Whether P2 purinergic receptors were involved 

in the increase in [Ca^^c induced by the addition of microglial supernatant was 

investigated. CGC were pre-incubated with the ionotropic P2 purinergic receptor 

antagonist, Pyridoxalphosphate-6-azophenyl-2’,4’-disulphonic acid, PPADS 

(Lambrecht et al., 1992; Ziganshin et al., 1993), for 10 min, prior to the addition of
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microglial supernatant, and the calcium responses were monitored. Pre-incubation 

with PPADS for 10 min did not affect the CGC response to KCl (Figure 5.3.7A, see 

next page). Pre-incubation with PPADS attenuated the increase in CGC [Ca^ Ĵc 

triggered by supernatant from microglia treated in the absence of glutamate (- 

glutamate, Figure 5.3.7C). PPADS reduced the increase in CGC [Câ "̂ ]c in response to 

supernatant from glutamate treated microglia (+glutamate Figure 5.3.7D) to levels 

comparable to that of CGC exposed to untreated microglial supernatant (Figure 

5.3.7B). However, PPADS did not reduce the increase in CGC [Ca^^Jc in response to 

supernatant from untreated microglia (Figure 5.3.7B).

In order to ascertain whether CGC respond to the purinergic agonist, ATP, it was 

added acutely to CGC. Interestingly, CGC were not responsive to 400 pM ATP. 

However, the majority of cells which appeared to be astrocytes, on the basis of their 

morphology, high basal [Ca^^Jc and their lack of responsiveness to KCl, did respond to 

ATP with an increase in [Ca^ Ĵc (Figure 5.3.8A and B, see page 221). Pre-treatment 

with 100 pM PPADS blocked any cellular response to ATP (Figure 5.3.8C).

219



B

D

Figure 5.3.7 Activation of P2 purinergic receptors is impiicated in the increase in 

neuronai calcium triggered by microglial supernatants Changes in cellular free [Ca^^]c 

were assessed In cerebellar granule cell neurons loaded with fura-2 and pre-lncubated with 

100 pM PPADS for 10 mln. Values are the responses of 20 discrete cells. The Insert Is the 

mean response of 20 cells. (A) The somatic [Ca^^]c response to the addition of 50 mM KCl 

followed by 1 pM Nifedipine (Nif). (B) Somatic [Ca^"]c elevation In response to supernatant 

(sn) from untreated microglia (see chapter 2.3.4). (C) Somatic [Ca^% elevation in response to 

supernatant (sn) from microglia treated In the absence of glutamate (-glutamate, see chapter 

2.3.4). (D) Somatic [Ca^^]c elevation In response to supernatant (sn) from microglia treated 

with glutamate (+glutamate, see chapter 2.3.4). In B-D supernatant addition was followed by 

the addition of 50 mM KCl.
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Figure 5.3.8 Activation of P2 purinergic receptors on astrocytes with ATP leads to an 

increase in calcium The changes in cellular free [Ca^^]c in response to 400 pM ATP were 

assessed in cerebellar granule cell neurons (CGC) and contaminating “astrocytes” loaded with 

fura-2. Values are the responses of 20 discrete CGC or 8-12 astrocytes. The insert is the 

mean response of 20 CGC or 8-12 astrocytes. (A) Somatic [Ca^*]c response to the addition 

of 400 |iM ATP. Images of a field containing several cell types are shown: (Ai) Baseline 

340/380 ratio prior to ATP addition, (Aii) Maximal 340/380 ratio post ATP addition. CGC are 

indicated with blue arrows, cells believed to be astrocytes are indicated by yellow arrows 

(responsive), or a green arrow (non-responsive). (B) Somatic [Ca^^c response to the addition 

of 400 pM ATP, followed by 50 mM KCl and 1 pM Nifedipine (Nif). (0) Cells were pre- 

incubated with 100 pM PPADS for 10 min, and the somatic [Ca^% response to the addition of 

400 pM ATP assessed.
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CGC possess the N-methyl-D-aspartate (NMDA) receptor (Didier et al., 1990; 

Schramm et al., 1990). When the receptor is activated, Ca^^ flows into the cells 

through the NMDA receptor ion channel (see review, Sprengel and Seeburg, 1993). 

Whether the NMDA receptor was implicated in the rise in CGC [Ca^^Jc triggered by 

microglial supernatants was investigated. CGC were pre-incubated with the NMDA 

receptor antagonist, MK-801 (Foster et al., 1987), 10 pM, for 10 min, prior to the 

addition of microglial supernatants, and the neuronal calcium response was measured. 

MK-801 did not alter the CGC response to KCl (Figure 5.3.9A). Pre-incubation with 

MK-801 blocked the increase in [Ca^ ]̂c in most CGC exposed to either untreated or -  

glutamate treated microglial supernatant (Figure 5.3.9B and C). MK-801 strongly 

attenuated the increase in [Ca^ ]̂c in CGC exposed to glutamate treated microglial 

supernatant (Figure 5.3.9D).
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Figure 5.3.9 Activation of the NMDA receptor is impiicated in the increase in neuronal 

calcium levels triggered by microglial supernatants Changes in cellular free [Ca^^]c were 

assessed in cerebellar granule cell neurons loaded with fura-2 and pre-incubated with 10 pM 

MK-801. Values are the responses of 20 discrete cells. The insert is the mean response of 

20 cells. (A) The somatic [Ca^"’]c response to the addition of 50 mM KCl followed by 1 pM 

Nifedipine (Nif). (B) Somatic [Ca^^]c elevation in response to supernatant (sn) from untreated 

microglia (see chapter 2.3.4). (C) Somatic [Ca^\ elevation in response to supernatant (sn) 

from microglia treated in the absence of glutamate (-glutamate, see chapter 2.3.4). 

(D) Somatic [Ca^"]c elevation in response to supernatant (sn) from microglia treated with 

glutamate (+glutamate, see chapter 2.3.4). In B-D supernatant addition was followed by the 

addition of 50 mM KCl and 1 pM Nifedipine (Nif).
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5.4 Glutamate treatment does not induce iNOS in microglia

In order to determine whether microglia were activated following transient glutamate 

treatment, inducible nitric oxide synthase (iNOS) expression was examined by 

western blotting. Microglia were untreated (0 h Ctrl), maintained under normal culture 

conditions (ctrl) or treated in the absence or presence of glutamate (-glu or +glu, 

respectively) for 2 h, then returned to normal culture conditions and whole cell protein 

lysates were collected 24 h later. iNOS could not be detected following any of the 

treatments (Figure 5.4). This was not due to failure of the antibody to detect iNOS, or 

failure of the microglia to induce iNOS since chromogranin A treated microglia 

(CGA) gave a characteristic iNOS band at 130 kD (Figure 5.4). This suggests that 

microglia were not activated by short treatment with 100 pM glutamate. However, the 

possibility that the microglia induced iNOS at an earlier time point or were activated 

as measured by other parameters such as EDI staining cannot be eliminated.

O h 2 4  h C G A

Ctrl Ctrl -glu +glu

130 kD

Figure 5.4 Transient glutamate treatment does not induce microglial iNOS expression

Primary microglia were untreated for 0 or 24 h (ctrl), or treated with basic medium without 

added glutamate or glycine (-glu) or medium containing 100 glutamate, 10 pM glycine but 

lacking Mg "̂" (+glu) for 2 h at room temperature (see chapter 2.3.4) followed by further culture 

for 24 h. Alternatively, microglia were treated with 10 nM chromogranin A for 24 h (CGA). 

Whole cell protein lysates were collected and 30 |ig protein was resolved by 12 % SDS-PAGE 

and immunoblotted with anti-iNOS antibody.
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5.5 Discussion

Glutamate treatment triggered high levels of nuclear pyknosis in cerebellar granule 

cell neurons but not in microglial cells. Soluble factors released from microglia 

triggered an increase in intracellular calcium in untreated neurons and low levels of 

nuclear pyknosis. NMDA and ionotropic P2 purinergic receptor activation was 

implicated in the increase in neuronal calcium. The addition of soluble factors 

released from microglia did not protect neurons when added following neuronal 

glutamate treatment. However, soluble factors released from microglia were 

neuroprotective when added to neurons prior to and following neuronal glutamate 

treatment.

5.5.1 Glutamate treatment triggers neuronal but not microglial nuclear pyknosis

Cerebellar granule cell neurons (CGC) possess the NMDA receptor (Didier et a l, 

1990; Schramm et a l, 1990). Activation of the N-methyl-D-aspartate (NMDA) 

receptor is implicated in glutamate neurotoxicity (Choi et al., 1988). It is activated by 

agonists including NMDA or glutamate, and glycine has a modulatory action (see 

review, Sommer and Seeburg, 1992). Magnesium ions (Mg^^) block the receptor, 

although the block is released by membrane depolarisation (see review, Sprengel and 

Seeburg, 1993). Calcium ions enter through the NMDA receptor once activated, 

triggering downstream signalling cascades which include enzyme induction resulting 

in free radical generation, and protease activation, leading to cell damage and/or death 

(see reviews, Dimagl et al., 1999; Ghosh and Greenberg, 1995).

Short glutamate treatment in the presence of glycine and absence of Mĝ "̂ , induced 

highly significant CGC nuclear pyknosis 24 h later. This is likely to be due primarily 

to the action of glutamate at the NMDA receptor, although the activation of other

225



glutamate receptors may also contribute (see review, McCulloch, 1994). Studies by 

Ankarcrona et a l, (1995) showed that CGC transiently exposed to glutamate either 

underwent rapid necrosis or cells which recovered their metabolic function underwent 

delayed apoptosis. Bonfoco et al., (1995) demonstrated that the type of neuronal death 

induced by NMDA was dependent upon the severity of the insult. Since cell number 

per field was the same 24 h after CGC were treated for 2 h in the absence or presence 

of 100 pM glutamate, this suggests that CGC did not undergo rapid necrosis in 

response to a short treatment with 100 pM glutamate. It also suggests that the insult 

was sufficiently mild for the cells to recover their metabolic function and die later 

with pyknotic nuclei, a feature of apoptotic death (Wyllie et ah, 1980).

Microglia did not exhibit pyknotic nuclei following 100 pM glutamate treatment. 

Whilst microglia express NMDA subunits following ischaemia (Gottlieb and Matute, 

1997), the presence of a functional NMDA receptor on these cells has not been proven 

and treating microglia with NMDA does not trigger microglial death (Toms and 

Kelland, 2001). It is possible that the lack of a functional NMDA receptor renders 

these cells less susceptible to glutamate insults than CGC. At the concentration used in 

these studies glutamate did not induce microglial death, however, higher doses of 

glutamate (EC50 > 3mM) can trigger microglial death (Toms and Kelland, 2001).

Supernatants from microglia transiently treated with glutamate (+glutamate), triggered 

the same moderately low levels of nuclear condensation in untreated CGC as 

supernatants from untreated microglia or microglia transiently treated in the absence 

of glutamate (-glutamate). Also, iNOS was not detectable in microglia following 

transient glutamate treatment. Together these data strongly suggest that microglia
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were not activated by short exposure to glutamate. Microglial over-activation (Liu et 

al., 2001a) or high levels of microglial activation induced by chromogranin A 

(Kingham et al., 1999) or 2-deoxyglucose treatment (see chapters 3 and 4) are 

associated with microglial apoptosis. Therefore, it is perhaps not unexpected that 

microglial treatment with glutamate, which did not activate microglia (assessed by 

iNOS), did not trigger nuclear pyknosis. However, the possibility that transient 

glutamate treatment triggers a large drop in energy levels and may block iNOS 

induction, as was observed following microglial treatment with 2-deoxyglucose (see 

chapter 3.9) or cyanide (see chapter 4.5), cannot be obviated.

5.5.2 Microglial supernatant addition following neuronal glutamate treatment is 

not neuroprotective

The addition of microglial supernatants to untreated CGC resulted in moderately low 

levels of nuclear pyknosis. Interestingly, CGC treated without glutamate (-glutamate) 

for 2 h at room temperature, prior to the addition of microglial supernatant, appeared 

to be more resistant. Post-ischaemic or intra-ischaemic hypothermia is neuroprotective 

(Gunn and Gunn, 1998; Kataoka and Yanase, 1998; Kumar and Evans, 1997). The 

hypothermia prior to supernatant addition may be slightly protective. However, CGC 

exposed to glutamate for 2 h at room temperature still exhibited high levels of nuclear 

condensation, indicating that any hypothermic effect could not protect CGC from 

more severe insults.
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5.5.3 Microglial supernatant addition prior to neuronal glutamate treatment is 

neuroprotective

The addition of soluble factors released from microglia did not protect neurons when 

added following neuronal glutamate treatment. However, when added to neurons prior 

to and following neuronal glutamate treatment, these microglial factors offered some 

protection. It is possible that the microglial soluble factors were not protective when 

added post-insult since the CGC had already suffered irreversible damage. Whereas 

pre-treatment with microglial supernatants, which may contain low levels of 

neurotoxic factors such as glutamate or tumor necrosis factor-alpha (TNFa), may sub- 

lethally stress the CGC. The sub-lethal stress may then trigger biochemical changes 

resulting in the expression of new genes and/or down regulation of genes which are 

currently active (see review, del Zoppo et al., 2000). Ultimately, cytoprotective genes 

may be activated, such as anti-inflammatory cytokines, antioxidants and anti-apoptotic 

genes, to neutralise the effect of cytotoxic gene products induced by the stress. Also, 

the expression of damaging genes may be turned off by newly synthesised or activated 

inhibitors of transcription and/or translation (see review, del Zoppo et a l, 2000). CGC 

pre-conditioned with microglial supernatants in such a manner may then be more 

resistant to subsequent treatment with glutamate, as many of the neuroprotective 

mechanisms would already be active. Indeed, pre-conditioning with a sub-lethal 

period of ischaemia enables the brain to acquire resistance to ischaemic insults which 

would otherwise be lethal (see review, Chen and Simon, 1997; see review, del Zoppo 

et al., 2000; Kato et al., 1991).

Supernatants from glutamate treated microglia offered greater protection than 

untreated microglial supernatants. This may be due to increased microglial release of
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neuroprotective factors following glutamate treatment, (perhaps as a self-protective 

mechanism) compared with untreated cells. Additionally, since the glutamate 

treatment was conducted at room temperature, the hypothermia may reduce microglial 

activation levels compared to untreated cells, resulting in reduced release of microglial 

toxic factors by these cells. Indeed, ischaemia under hypothermic conditions, unlike 

ischaemia under normothermic conditions, is not associated with activation of 

microglia in vivo (Kumar and Evans, 1997/ Alternatively, it is possible that glutamate 

treatment of microglia induced the release of neurotoxic compounds, which when 

added to neurons induced a stronger sub-lethal stress response in the CGC.

5.5.4 Microglial supernatants trigger an increase in neuronal calcium

All microglial supernatants triggered an increase in intracellular calcium levels. 

Antagonists against the NMDA receptor and/or ionotropic P2 purinergic receptor 

completely blocked or attenuated this rise, suggesting that microglial supernatants 

contain an NMDA or P2 purinoceptor agonist(s). Microglia release glutamate 

(Kingham et al., 1999; Piani et al., 1991) and produce the excitotoxin quinolinic acid 

(Heyes et al., 1996; Espey et al., 1997). Microglia possess an ionotropic P2 receptor 

(Walz et al., 1993), subtype P2X 7 (Ferrari et a l, 1996). However, there is little 

evidence to suggest that they release ATP, unless activated by bacterial endotoxin 

(Ferrari et al., 1997). iNOS was not detected in lysates from microglia exposed to 

glutamate, suggesting the cells were not activated. Therefore, ATP release from these 

cells due to their activation state is unlikely. Astrocytes release ATP in response to 

glutamate treatment and this effect can be blocked by an AMPA receptor antagonist 

(Queiroz et al., 1997). Microglia possess functional AMPA receptors (Noda et a l.
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2000). It is possible that microglia respond to glutamate treatment in a similar way to 

astrocytes, by releasing ATP.

The CGC preparation contains a low percentage of contaminating astrocytes. These 

astrocytes but not CGC responded to ATP with a rise in [Ca^^Jc. The astrocytic 

response to ATP was blocked by PPADS, implicating ionotropic P2 receptor 

activation. Astrocytes have been shown to release ATP in response to activation of 

glutamate receptors on their cell surface (Queiroz et al., 1997) and ATP released from 

astrocytes mediates calcium waves triggering further astrocytic ATP release (Cotrina 

et al., 2000; Guthrie et al., 1999). Additionally, extracellular ATP increases the 

release of glutamate (Jeremic et al., 2001) from astrocytes. It is therefore possible that 

microglial supernatants contain a glutamatergic agonist which acts directly on 

neuronal glutamate receptors, including the NMDA receptor triggering a rise in 

neuronal [Ca^^]c, and on astrocytic glutamate receptors in the CGC preparation, 

triggering astrocytic ATP release. The astrocytic released ATP, in addition to any 

ATP that may be released from microglia, may trigger further astrocytic release of 

ATP and also astrocytic glutamate release. Astrocytic derived glutamate may increase 

neuronal [Ca^^]c above levels produced by the direct action of microglial released 

glutamate or other glutamatergic agonists on neurons (see Figure 5.5, page 232). This 

hypothesis may explain why PPADS, the P2 purinergic receptor inhibitor was unable 

to block the neuronal response to microglial supernatant as efficiently as the NMDA 

receptor inhibitor MK-801 (see Figure 5.5, page 232).

Glutamate treated microglial supernatant lead to a larger increase in CGC [Ca^^] than 

supernatants from untreated microglia or microglia treated in the absence of

230



glutamate. Since microglia were washed in fresh medium following glutamate 

treatment it is unlikely that the glutamate treated supernatants contained higher 

glutamate levels simply due to “carry over”. If indeed microglia do release ATP in 

response to glutamate treatment, the subsequent activation of purinergic receptors on 

astrocytes may trigger astrocytic glutamate release. The combined action of astrocytic 

and microglial released glutamate on CGC NMDA receptors may explain why 

glutamate treated microglial supernatants induced a greater increase in neuronal 

[Câ "̂ ]c (see Figure 5.5, page 232).

5.6 Conclusion

Microglia are more resistant to glutamate treatment than neurons. Whilst microglia 

release soluble factors which are slightly neurotoxic, the addition of soluble factors 

from microglia to neurons prior to and following neuronal glutamate treatment is 

neuroprotective. The isolation of these neuroprotective factors may provide protection 

from the excitotoxic damage occurring during an ischaemic insult. This may be of 

benefit to vulnerable populations of people if administered prior to an excitotoxic 

challenge.
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Figure 5.5 Hypothethical mode! for the action of soluble factors released from microglia on neuronal calcium levels
Microglia may release a glutamatergic agonist(s) (yellow sphere) which may either act directly on the CGC NMDA receptor (and other 
glutamate receptors) or on astrocytic glutamate receptors, such as the AMPA receptor, triggering an increase in cellular calcium. 
Additionally astrocytic AMPA receptor activation may trigger the release of ATP (black triangle). Microglia may also release a purinergic 
agonist such as ATP. The microglial and astrocytic derived ATP could act on ionotropic purinergic receptors (PgR) triggering further 
astrocytic ATP release and also glutamate release. The astrocytic derived glutamate in addition to the microglial derived glutamate, 
may act on the CGC NMDA receptor (and other glutamate receptors) triggering an increase in CGC calcium.
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6. GENERAL DISCUSSION

233



6.1 Evaluation of tissue culture as a system to investigate microglial and neuronal 

signalling

In this thesis, the microglial response to features of an ischaemic insult and microglial- 

neuronal interactions, have been explored using cell culture models. Advantages of 

such systems are that the responses of an individual cell type may be dissected. They 

may also be employed to study modulation of these responses by soluble factors 

released from another cell type. Cell signalling in live cells may be studied using cell 

culture models, whereas in vivo studies often involve examination of post-mortem 

tissue. In the time taken to collect and/or prepare post-mortem tissue, cell changes 

such as microglial activation may occur, thus post-mortem tissue may not always 

reflect the cellular situation just prior to death.

Primary microglial cultures may be prepared in different ways; from mixed glial 

cultures, or by methods involving enzyme dissociation or homogenisation. Since 

microglia are activated during time in culture (Slepko and Levi, 1996) and microglia 

are not isolated from mixed glial cultures for up to two weeks this method is not ideal. 

Microglial interactions with other glial cells during this period may alter microglial 

properties, and they may differ from microglia freshly isolated from the brain or in 

vivo. Microglia isolated by homogenisation are temporarily activated by the isolation 

procedure, but to a lesser extent than methods involving enzyme dissociation that may 

irreversibly alter membrane lipid structure and thus microglial properties (Ford et al., 

1996; Havenith et al., 1998; Kingham et a l, 1999). Whilst microglia prepared by 

homogenisation may still be more activated than microglia in the brain, they 

nevertheless assume a resting phenotype and respond to known activators by 

exhibiting an amoeboid morphology and releasing toxic factors (Havenith et al., 1998;
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Kingham and Pocock, 2000). Neonatal and adult microglia respond similarly to 

stimuli however, neonatal microglia were employed in these studies as their basal 

level of activation is lower.

Microglia isolated by homogenisation had minimal contamination from other cell 

types (Kingham and Pocock, 2000). However, the N9 microglial cell line (Corradin et 

al., 1993) was utilised to ensure that all the responses attributed to microglia in the 

primary cultures were indeed due to microglia and not contaminating cells and also in 

experiments in which a high cell yield was required. N9 and primary microglia 

responded similarly therefore N9 microglia appear to be a useful model for studying 

microglial responses.

Cerebellar granule neuron (CGC) cultures have been widely used to investigate 

excitotoxicity and apoptosis. CGC cultures are homogeneous neuronal cultures with 

minimal glial contamination and are relatively easy to prepare with a high yield. CGC 

migrate and exhibit a differentiated appearance by 7 days in vitro (Kingsbury et al., 

1985).

Despite the use of cell culture systems, it is recognised that they do not represent the 

3-dimensional architecture, connectivity and plethora of cell-cell interactions present 

in the brain. Additionally, though cell culture medium supports cell growth it contains 

components absent in extracellular fluid, such as serum. Despite their limitations, cell 

culture models are useful tools in which to explore cell signalling in ways that would 

not be possible in vivo.
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6.2 Comparison of in vitro and in vivo responses of microglia and neurons in 

ischaemia

It is well known that microglia are rapidly activated in cerebral ischaemia (Kato et ah, 

1995; Morioka et al., 1991; Rupalla et al., 1998). Microglia are activated in some of 

the in vitro models of ischaemia and the level of microglial activation depends on the 

severity of the insult. Mild insults only mildly to moderately activate microglia, 

whereas severe insults strongly activate them. This correlates with the situation in 

vivo, in which microglia exposed to a severe ischaemic insult are strongly activated 

whereas those exposed to a mild ischaemic insult are less activated (Ito et al., 2001). 

During mild chemical ischaemia, microglial proliferation was found to increase 

transiently compared with untreated cells. Since microglial proliferation has also been 

shown to occur in cerebral ischaemia (Liu et al., 2001b), together these studies 

suggest that microglial proliferation as well as migration may contribute to the 

accumulation of microglia in an ischaemic lesion.

Intense EDI staining was associated with microglial death which exhibited nuclear 

features of apoptosis. Over-activation induced apoptosis in microglia may be a way of 

terminating potentially neurotoxic effects of over-activated microglia, dampening the 

effects of an over-active immune réponse (Liu et al., 2001a).

In vivo neurons are much more vulnerable to ischaemic injury than microglia. 

Although neurons and microglia die in the ischaemic core, microglia in the penumbric 

area survive whereas selective neurons undergo delayed cell death. This differential 

vulnerability is also observed in the in vitro studies presented in this thesis. Neurons 

lyse within several minutes of exposure to a high concentration of cyanide whereas
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approximately 50 % of microglia survive extended exposure to the same concentration 

of cyanide. Additionally, microglial viability is not compromised by glutamate 

treatment, which induced neuronal death. The increased vulnerability of CGC to both 

energy deprivation and glutamate compared with microglia may be due to an 

increased energy requirement in CGC to support the function of the Na^-K^ pump and 

the presence of a functional NMDA receptor (Didier et al., 1990; Schramm et a l, 

1990). The interplay between decreasing energy levels, glutamate release and 

activation of NMDA receptors is damaging as vicious cycles occur that amplify the 

effect of each factor alone. Whilst one study has demonstrated that microglia express 

NMDA receptor subunits (Gottlieb and Matute, 1997), there is no evidence that they 

express a functional NMDA receptor. Indeed microglial do not die following exposure 

to NMDA (Toms and Kelland, 2001).

Microglial lack of a functional NMDA receptor may explain why microglia are not 

vulnerable to exogenously applied glutamate at the concentrations used in these 

studies. It is also possible that microglia are only killed by stimuli that activate them 

extremely strongly, which induces microglial release of toxic factors that may 

subsequently feedback onto microglia fatally damaging them. Indeed in the studies 

presented here, only treatments which maximally activate microglia, induce microglial 

death. Microglia may not be activated by glutamate treatment and therefore may not 

release toxic factors capable of inducing microglial death. CGA, which activates 

microglia triggering nitric oxide production and subsequent glutamate release, induces 

microglial apoptosis (Kingham et al., 1999). However, glutamate may only be toxic in 

the presence of other mediators such as nitric oxide in a similar way that TNF-a 

makes microglia susceptible to Fas ligand-induced apoptosis (Spanaus et al., 1998).
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6.3 Microglial apoptosis

Microglial nuclear apoptosis in response to energy deprivation induced by 2- 

deoxyglucose occurs downstream of mitochondrial involvement but without 

cytochrome c release. This is similar to microglial apoptosis induced by CGA 

(Kingham et al., 1999; Kingham and Pocock, 2000). However, while caspases have 

been implicated in other models of microglial apoptosis (Kingham et al., 1999; 

Kingham and Pocock, 2000), caspase inhibition does not block microglial death 

induced by 2-deoxyglucose. It is possible that caspases are not activated in 2- 

deoxyglucose treated microglia due to low ATP levels, or that cells which start on an 

apoptotic route later switch to a necrotic one due to the lack of energy, and therefore 

do not exhibit the full complement of apoptotic features (see Roy and Sapolsky, 

1999). Alternatively, it is possible that the death pathway does not require caspase 

activation and that the nuclear features of apoptosis are induced by mitochondrial 

release of AIF. It would be of interest to determine whether this factor is involved in 

microglial death triggered by energy deprivation.

While mitochondrial cytochrome c (cyt c) release occurs in ischaemia in vivo, the 

release is suggested to be from neurons (Perez-Pinzon et a l, 1999; Zhan, 2001). It is 

perhaps not surprising that cytochrome c (cyt c) is not released in response to 2- 

deoxyglucose treatment, as cyt c release tends to be associated with pathways 

involving capase-3, such as staurosporine-triggered apoptosis (Bossy-Wetzel et al., 

1998; Liu et al., 1996; Uehara et al., 1999). Staurosporine-triggered apoptosis in 

microglia also involves mitochondrial cyt c release and caspase-3 (Kingham and 

Pocock, 2000).
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Changes in cyt c configuration have been observed in some models of cell death 

(Varkey et aL, 1999). It would be of interest to determine if loss of the microglial 

mitochondrial cyt c band on western blots (without a concurrent increase in cytosolic 

cyt c) following 2-deoxyglucose treatment, is mediated by protein-protein 

interactions, protein alterations or protein damage. Alternatively levels of cyt c 

expression may be affected by this treatment.

It appears that microglial g-actin alterations triggered by 2-deoxyglucose, occur 

upstream of or without the mitochondrial permeability transition or caspase activation. 

Beta-actin alterations are unlikely to be required for the 2-deoxyglucose-induced 

morphological changes accompanying microglial activation or apoptosis, since p-actin 

is not affected by CGA or LPS, that also trigger microglial activation and apoptosis. 

Energy deprivation may trigger global dephosphorylation due to the lack of available 

ATP for kinases. Indeed, microglial treatment with 2-deoxyglucose reduces protein 

tyrosine phosphorylation. It would be of interest to investigate whether energy 

deprivation in microglia induces actin dephosphorylation and/or depolymerisation and 

if so, the consequences of this on microglial function. Whilst the actin alterations lead 

to disappearance of the P-actin band using an antibody that recognises the N-terminus 

of p-actin, using another antibody which recognises a common antigenic determinant 

in a-, p- and y- actin (Lin, 1981; Lin, 1982) 2-deoxyglucose-triggered actin alterations 

appear to produce actin of a higher apparent molecular mass. Such alterations are 

unlikely to be due to a fall in protein phosphorylation alone. It is possible that changes 

in actin phosphorylation and/or the phosphorylation of other proteins, or indeed other 

protein modifications, alters the configuration of the proteins revealing epitopes that
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may otherwise have remained hidden. This may then permit new protein-protein 

interactions. It would be of interest to explore the actin alterations further.

6.4 Microglial-neuronal interactions

Soluble factors released from microglia may influence neuronal signalling (Giulian et 

al., 1993). Microglia may release factors that support neuronal survival (Polazzi et al.,

2001) however, when activated they may release factors that are neurotoxic (Kingham 

et al., 1999). The level of microglial activation may determine the role of microglia in 

ischaemia (Kato and Walz, 2000).

Glutamate induces neuronal death. Soluble factors released from microglia do not 

protect neurons when added following neuronal glutamate treatment which suggests 

that the neurons are already beyond rescue at the time of soluble factor addition. 

However, soluble factors released from microglia induce neuronal calcium currents 

that are mediated by the P2 purinergic receptor and the NMDA receptor, possibly 

through interactions between microglia, astrocytes and neurons. Differences in the 

neuronal calcium currents are observed depending on whether the soluble factors 

derive from untreated microglia or glutamate-treated microglia. Calcium can trigger 

downstream signalling cascades that modulate gene expression (Dolmetsch et al, 

1997; see Ghosh and Greenberg, 1995). Whether soluble factors released from 

microglia alter neuronal gene expression is of relevance to cell signalling in the 

normal brain. It would also be of interest to determine whether soluble factors released 

from untreated microglia or microglia treated with glutamate or microglial activators, 

induce different patterns of neuronal gene expression and if so the mechanisms of this.
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Interestingly, application of soluble factors released from microglia to neurons is 

neuroprotective if they are added 24 h prior to and following neuronal glutamate 

treatment. Soluble factors released from microglia, such as glutamate, below levels 

that trigger neuronal death, may act in a similar way to ischaemic preconditioning 

which is also neuroprotective (Chen and Simon, 1997; see del Zoppo et a l, 2000). 

The microglial factors may trigger neurons to upregulate expression of genes required 

for protection. These effects may be mediated by calcium signalling (see above) or 

possibly by TNF-a or IL-lra, factors that have both been linked with ischaemic 

preconditioning (Barone et al., 1998; Nawashiro et al., 1997) and are expressed in 

cells of monocytic origin. The above suggests that neurons cultured in the absence of 

soluble microglial factors are more vulnerable to excitotoxicity and that microglia in 

the normal brain may protect neurons from insults later in life.

Factors released from glutamate-treated microglia provide more significant protection 

than those released from untreated microglia, suggesting that glutamate-treated 

microglia release different factors or different amounts of factors compared with 

untreated microglia, possibly triggering more rapid or stronger upregulation of 

neuronal expression of protective genes. Microglial activation may occur in the 

absence of neuronal damage indicating that they are acutely sensitive to slight changes 

in the microenvironment. Thus mildly activated microglia may limit neuronal damage 

to mild insults by responding to these subtle changes by releasing soluble factors that 

induce neuronal upregulation of neuroprotective genes. It would be of great interest to 

determine the action of soluble factors released from mildly activated microglia in the 

experimental model used in these studies.
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6.5 Key areas for future work

In this thesis microglial death signalling in response to 2-deoxyglucose has been 

investigated. Since the death does not involve caspase activation it would be of 

interest to determine whether AIF is the factor responsible for triggering nuclear 

condensation. It would also be of interest to explore further the nature of the 

cytochrome c and actin alterations triggered by 2-deoxyglucose.

Microglia release factors that are capable of protecting neurons from glutamate if the 

factors are added prior to and also following glutamate treatment. Future studies may 

involve determining the nature of the microglial factors and their mechanism of 

action, including analysis of neuronal gene expression following exposure to 

microglial soluble factors.

6.6 General conclusions

In summary, it is likely that overactivation of microglia during energy deprivation, 

such as in ischaemia is toxic both to neurons and microglia. Microglial death triggered 

in this way is mediated by the mitochondria but not caspase activation and nuclear 

changes are observed. The microglial death may be required to dampen an over-active 

immune response. Strongly activated microglia may kill neurons "destined for death" 

following an ischaemic insult but additionally may kill those that were not, due to 

release of toxic mediators. However, phagocytic clearance of cell debris may be 

beneficial. Mildly activated microglia may rescue damaged neurons by releasing 

growth factors and neurotrophins. Mildly activated or resting microglia may also 

"sense trouble" and could be protective through transmission of warning signals to 

neurons to upregulate expression of neuroprotective proteins. Thus microglial
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signalling and microglial-neuronal signalling may play a crucial role in cerebral 

ischaemia (see Figure 6.6, page 244).
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Figure 6.6 Overview of the possible roles of microglial signalling to neurons in cerebral ischaemia Microglia at 

different stages of activation may signal to neurons offering protection or exacerbating or triggering neuronal damage 

(see main text for details). Arrows represent the action of resting or mildly activated microglia ( ), strongly activated

microglia ( ). or over-activated microglia (— ►). Note, not all actions of over-activated microglia are depicted,

however they may affect neurons in a similar way to strongly activated microglia.
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