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Abstract Glutamate is stored in synaptic vesicles in

presynaptic neurons. It is released into the synaptic cleft to

provide signalling to postsynaptic neurons. Normally, the

astroglial glutamate transporters GLT-1 and GLAST take

up glutamate to mediate a high signal-to-noise ratio in the

synaptic signalling, and also to prevent excitotoxic effects

by glutamate. In astrocytes, glutamate is transformed into

glutamine, which is safely transported back to neurons.

However, in pathological conditions, such as an ischemia

or virus infection, astroglial transporters are down-regu-

lated which could lead to excitotoxicity. Lately, it was

shown that even microglia can express glutamate trans-

porters during pathological events. Microglia have two

systems for glutamate transport: GLT-1 for transport into

the cells and the xc
- system for transport out of the cells.

We here review results from our work and others, which

demonstrate that microglia in culture express GLT-1, but

not GLAST, and transport glutamate from the extracellular

space. We also show that TNF-a can induce increased

microglial GLT-1 expression, possibly associating the

expression with inflammatory systems. Furthermore, glu-

tamate taken up through GLT-1 may be used for direct

incorporation into glutathione and to fuel the intracellular

glutamate pool to allow cystine uptake through the xc
-

system. This can lead to a defence against oxidative stress

and have an antiviral function.
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On microglia

Microglia are considered as the immunocompetent cells of

the central nervous system (CNS), forming the interface

between the brain and the immune system. In the mature

brain, microglia make up 5–20% of the glial population

and they are more numerous in grey matter than white

matter (Lawson et al. 1990). They are present throughout

the CNS and form a network of cells with the capacity of

immune surveillance and control, and can be described as

sensors for pathological events (Kreutzberg 1996). They

are mediators of the CNS homeostasis by expressing ion

channels, neurotransmitter and pathogen receptors which

make them able to sense neuronal activity, pH shifts and

other physiological changes (reviewed by Farber and

Kettenmann 2005). Microglia are extraordinarily sensitive

to changes in their microenvironment and can rapidly be

prepared to deal with infections, physical injuries and

physiological changes by becoming activated (Barron

1995). It has been shown that the fine microglial branches

are constantly moving and sensing the environment

(Raivich 2005). Upon activation, the microglia transform

to an amoeboid morphology and up-regulate their pheno-

type by expressing cell surface markers, cytokines, che-

mokines, reactive oxygen species (ROS) and membrane

proteins such as receptors and channels (Gebicke-Haerter

et al. 1996; Streit et al. 1999). They are also able to pro-

liferate and migrate to the injured area and to remove

invading or dying cells by phagocytosis (Streit et al. 1999).

Several factors for microglial activation have been identi-

fied including bacterial cell wall components such as
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Department of Clinical Neuroscience and Rehabilitation,

Institute of Neuroscience and Physiology, The Sahlgrenska

Academy, University of Gothenburg, Per Dubbsgatan 14,

1tr, 41345 Gothenburg, Sweden

e-mail: lars.ronnback@neuro.gu.se

123

Amino Acids (2012) 42:207–219

DOI 10.1007/s00726-011-0865-7



lipopolysaccharide (LPS), cytokines, plaque-related mole-

cules such as the b-amyloid peptide and prion proteins,

serum factors and several other stimuli (for review see,

Nakamura 2002).

Due to the microglial characteristics and the fact that the

blood brain barrier (BBB) shields the CNS from access by

blood-borne immune cells and various pathogens (Abbott

et al. 2006), making it an immunoprivileged organ,

microglia are thought of as the immunocompetent cells of

the CNS (Aloisi 2001; Gehrmann et al. 1995). As the first

line defence cells, microglia are able to participate in the

regulation of both non-specific inflammation and adaptive

immune responses (Aloisi 2001). Activated microglia can

express major histocompatability complex (MHC) I and II

(Gehrmann et al. 1995), making them antigen presenting

cells and able to control T cell responses (for review, see

Aloisi 2001). Furthermore, they express surface receptors

for immune system components such as immunoglobulins,

complement, and apoptotic cell markers (Farber and

Kettenmann 2005; Raivich 2005; Streit et al. 1999).

Glutamate and glutamate receptors

The amino acid L-glutamate is considered as the main

excitatory neurotransmitter in the mammalian nervous

system (Fonnum 1984). It is involved in normal brain

function, including cognition and memory (Nakanishi et al.

1998). Glutamate exists in all cells where it may have

important metabolic functions, and is not used as a signal

transmitter by most cells but neurons and possibly also

astrocytes (see Had-Aissouni 2011 and references therein).

Glutamate, released mainly from the presynaptic terminal

in neurons where it is stored in synaptic vesicles, can

activate different subtypes of glutamate receptors located

on postsynaptic membranes and cells in the vicinity

(Danbolt 2001). However, although glutamate is essential,

it can also be toxic. The brain contains large amounts of

glutamate, about 5–15 mmol/kg wet weight, but only a

small fraction is present extracellularly (Schousboe 1981).

There is a several thousand fold concentration gradient of

glutamate across the plasma membrane of cells, with glu-

tamate concentrations of only 2–4 lM in the extracellular

fluid and approximately 10 lM in the cerebrospinal fluid

(Benveniste et al. 1984; Danbolt 2001), while there is

1–10 mM cytosolic glutamate (Erecinska and Silver 1990).

This is in order to avoid over-activation of glutamate

receptors which otherwise can lead to cell death, a process

termed excitotoxicity by Olney (1969). Excitotoxicity is

considered a major mechanism in many human disease

states such as cerebral ischaemia, nervous system trauma,

epilepsy, and neurodegenerative disorders (Dodd 2002;

O’Shea 2002), though the mechanisms behind it remains to

be fully explored. Although the molecular basis for the

excitotoxicity is still uncertain, it is believed that it is due

to a Ca2? overload that ultimately triggers intracellular

Ca2?-dependent signalling cascades that eventually lead to

neuronal cell death (Sattler and Tymianski 2000). Since it

is glutamate, or glutamate analogues, that make the glu-

tamate receptors overactive, it is of vital importance to

keep the extracellular glutamate concentrations low.

Glutamate transporters

The extracellular concentration of glutamate must be kept

below the activating threshold to avoid over-activation of

glutamate receptors which could potentially cause excito-

toxicity. Unlike most neurotransmitters, glutamate does not

appear to have any degrading enzyme in the extracellu-

lar space. Consequently, the glutamate must be rapidly

removed by glutamate transporters of the SLC1A family of

solute carriers, which can transport it across the plasma

membrane and against the steep concentration gradient. In

addition to preventing excitotoxicity, rapid clearance of

glutamate will also ensure a high signal to noise ratio in the

glutamate signalling (Hansson et al. 2000; Riedel 1996;

Ronnback and Hansson 2004). In the normal brain, astro-

cytes are thought of as the main glutamate scavengers

(Schousboe 1981). In fact, neuronal vulnerability to glu-

tamate is a hundred-fold greater in astrocyte-poor cultures

than in cultures abundant with astrocytes (Rosenberg et al.

1992). Glutamate taken up by astrocytes is converted to

glutamine by glutamine synthetase (GS, EC 6.3.1.2) which

can be transported back to neurons since it does not have

any known synaptic activity (reviewed by Sonnewald et al.

1997; Hertz et al. 1999).

Not much is known about how the glutamate trans-

porters are expressed and regulated in microglial cells, and,

consequently, most data referred to will be on astroglial

cells and the glial-specific transporters. A schematic figure

of how glutamate is utilized and transported in the CNS can

be seen in Fig. 1.

High affinity Na1-dependent glutamate transport

To date, not counting various splice variants, five high

affinity Na?-dependent glutamate transporters in the CNS,

called excitatory amino acid transporters (EAATs), have

been cloned: EAAT1 (Storck et al. 1992), EAAT2 (Pines

et al. 1992), EAAT3 (Kanai and Hediger 1992), EAAT4

(Fairman et al. 1995), and EAAT5 (Arriza et al. 1997).

EAAT1 and EAAT2, the human homologues to the rodent

glutamate and aspartate transporter (GLAST) and glutamate

transporter 1 (GLT-1), respectively, are predominantly
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expressed by astrocytes in the normal brain, while EAAT3,

also known in rodent as excitatory amino acid carrier 1

(EAAC1), is expressed by neurons (for review, see Gege-

lashvili and Schousboe 1998). EAAT4 is expressed by

Purkinje neurons in the cerebellum (Yamada et al. 1996)

and EAAT5 is expressed by neurons in the retina (Arriza

et al. 1997). For further details on transport mechanism see

the review by Had-Aissouni (2011) and references therein.

Although messenger RNA for both GLAST and GLT-1

has been found in microglia (Kondo et al. 1995), they do

not express any EAATs under physiological conditions in

vivo. However, during pathological situations, in response

to harmful conditions or stress, microglia have been shown

to be able to express EAATs both in vivo and in vitro. It

has been shown that activated microglia surrounding

motoneurons express GLT-1 in the facial nerve axotomy

paradigm (Lopez-Redondo et al. 2000). Furthermore,

microglia can express glutamate transporters after con-

trolled cortical impact (van Landeghem et al. 2001) and in

connection with infectious diseases (Persson et al. 2007)

and neurodegenerative diseases such as prion diseases

(Chretien et al. 2004; Gras et al. 2006). However, there are

indications that the expression of microglial EAATs is

species-specific. Murine microglia have only been shown

to express GLT-1 (Nakajima et al. 2001). Microglia from

macaque monkeys infected with simian immunodeficiency

virus express GLT-1 (Chretien et al. 2002), while microglia

from patients infected with HIV express GLAST (Vallat-

Decouvelaere et al. 2003).

Alterations in EAAT expression, or EAAT function, have

been implied in several disease states, including Alzhei-

mer’s disease, cerebral ischaemia, epilepsy, traumatic brain

injury and amyotrophic lateral sclerosis (for reviews, see

Danbolt 2001; O’Shea 2002). The regulation and expression

patterns of the EAATs are highly complex and the focus of

many studies. Numerous substances have been found that

down-regulate the transporters, but only a few that up-reg-

ulate them in astrocytes. For instance, dibutyryl cyclic

adenosine monophosphate (Schlag et al. 1998), epidermal

growth factor (Suzuki et al. 2001), pituitary adenylate

cyclase activating peptide (Figiel and Engele 2000) and

b-lactams (Rothstein et al. 2005) have been used to

increase astroglial GLT-1 expression. The relative lack of

substances able to increase the EAAT expression has made

it exceedingly difficult to counteract the neurodegenerative

diseases with excitotoxic characteristics. Instead, research

focus has been on factors that down-regulate astroglial

EAAT expression or glutamate uptake like acidosis

(Swanson et al. 1995), hypoxia (Swanson 1992), endo-

thelin-1 (Leonova et al. 2001), cytokines (Fine et al. 1996;

Liao and Chen 2001) and oxidative stress (Pogun et al.

1994; Trotti et al. 1996; Volterra et al. 1994). Interestingly,

in conditions where the astroglial glutamate transport-

ers are down-regulated, such as after controlled cortical

impact, their microglial counterparts are being induced or

up-regulated.

Na1-independent glutamate transport

The Na?-independent glutamate transport system is typi-

cally a Cl--dependent glutamate/cystine antiporter, which

exchanges internal glutamate for cystine, the oxidized form

of cysteine, across the plasma membrane (Bannai 1986).

This transport system has been termed system xc
- by

opposition to the sodium-dependant transporters that

Fig. 1 Schematic drawing of the synaptic cleft and surrounding cells.

Glutamate (Glu) is stored in synaptic vesicles in presynaptic nerve

terminals (Pre) and can be released into the synaptic cleft. Glutamate

can activate glutamate receptors (GluRs) on postsynaptic cells such as

postsynaptic neurons (Post) and transmit signals. During physiolog-

ical conditions (left), the glutamate is sequestered from the synaptic

cleft mainly by the astroglial glutamate transporters GLT-1 and

GLAST to prevent excitotoxicity due to prolonged activation of

glutamate receptors. Astrocytes metabolize glutamate into glutamine

(Gln) using glutamine synthetase (GS). Glutamine can then be safely

transported back to neurons. During pathological conditions (right),
the astroglial glutamate transporters are down-regulated and microg-

lial transporters are induced. Consequently, there will be an accumu-

lation of glutamate in the extracellular space which may lead to

excitotoxicity due to excessive activation of glutamate receptors.

Microglia may transport glutamate from the extracellular space and

exchange it for cystine (Cys) using the xc
- system (from Persson 2007)

Microglial self-defence 209

123



transport both glutamate and aspartate, termed XAG
- . Such a

system has been cloned from macrophages (Sato et al.

1999). System XAG
- and system xc

- have similar affinity for

glutamate, but system xc
- has lower transport velocity,

suggesting that it may have a limited role in the physio-

logical brain for glutamate transport. Instead, it has been

proposed that the antiporter has a primary role in cystine

uptake and in maintenance of glutathione levels in astro-

cytes (Cho and Bannai 1990) and in microglia (Rimaniol

et al. 2001). Using internal glutamate as a driving force, it

is no surprise that the cystine uptake is inhibited by

extracellular glutamate (Murphy et al. 1989). If the extra-

cellular glutamate concentrations are sufficiently high,

system xc
- may even release cystine which consequently

leads to cell death due to oxidative stress (Cho and Bannai

1990; Murphy et al. 1989; Murphy et al. 1990) since cys-

tine is used for synthesis of the antioxidant glutathione

(Dringen and Hirrlinger 2003). For further details on sys-

tem xc
- cloning, regulation and functions see the reviews by

Lewerenz et al. (2011) and Conrad and Sato (2011).

Neuroinflammation

Neuroinflammation is often defined as the presence of

activated microglia, reactive astrocytes and inflammatory

mediators (Minghetti 2005). Inflammation is a self-defen-

sive reaction aimed to eliminate or neutralize injurious

stimuli, and restoring tissue integrity (Minghetti 2005).

Activated microglia are able to secrete proinflammatory

cytokines and chemokines in addition to more non-specific

inflammatory mediatiors such as ROS and nitric oxide

(Streit et al. 1999), and are thus major contributors to

neuroinflammation. In comparison to microglia, astrocytes

have a delayed response but can become reactive, express

MHC class II, and form glial scars to isolate a damaged

area (for review, see Dong and Benveniste 2001; Fawcett

and Asher 1999; Pekny and Nilsson 2005). Neurons have

classically been considered as passive bystanders, only

regulating immune reactions, but are now known to be able

to express MHC class I and produce several cytokines (for

review, see Piehl and Lidman 2001).

Neuroinflammation occurs during almost any patholog-

ical event in the CNS such as brain trauma, ischaemia,

infections and chronic neurodegenerative diseases such as

Alzheimer’s disease, Parkinson’s disease and Creutzfeldt-

Jacob’s disease (Bradl and Hohlfeld 2003; Minghetti 2005;

Piehl and Lidman 2001). In the laboratory environment, a

neuroinflammatory state is often induced using LPS as a

model substance both in vitro and in vivo. LPS is a cell wall

component of Gram-negative bacteria and a very potent

inducer of inflammation (Nakamura 2002). Regardless of

which stimuli it is that initiates it, neuroinflammation can be

both beneficial and detrimental (for review, see Minghetti

2005).

Glutathione and oxidative stress

Glutathione (GSH) is a tripeptide (c-glutamylcysteinyl-

glycine) and is synthesized from cysteine, glutamate and

glycine. It is synthesized by the consecutive actions of two

enzymes in an ATP consuming process (for review, see

Dringen 2000). First, the dipeptide c-glutamylcysteine is

formed from glutamate and cysteine by c-glutamylcysteine

synthetase (EC 6.3.2.2; also named glutamate cysteine

ligase). The dipeptide is then further synthesized to GSH

with the addition of glycine in a reaction catalysed by

glutathione synthetase (EC 6.3.2.3). The GSH synthesis is

balanced by a feedback inhibition of c-glutamylcysteine

synthetase by the end product GSH (Richman and Meister

1975).

Being the most abundant thiol in mammalian cells, with

concentrations up to 12 mM (Cooper et al. 1997), GSH is a

major antioxidant and protects cells against oxidative stress

by detoxifying ROS. The imbalance between the produc-

tion of ROS, or other free radicals, and the inability of

cells to defend against them is termed oxidative stress

(Gilgun-Sherki et al. 2002). Oxidative stress can thus occur

when there is an increase in ROS or other free radicals

(Simonian and Coyle 1996). Compared to other organs, the

brain appears to be especially endangered when it comes to

generation and detoxification of ROS. The human brain

comprises about 2% of the body weight but uses 20% of

the total oxygen consumption (Clarke et al. 1999). Free

radicals are constantly generated by the mitochondria when

it uses oxygen to supply the energy needs of the CNS.

Several mechanisms are active in the formation of ROS,

including some enzyme activities, i.e. activity of mono-

amine oxidase (EC 1.4.3.4) or tyrosine hydroxylase (EC

1.14.16.2), and even metabolism of glutamate (for review,

see Gilgun-Sherki et al. 2002). Oxidative stress can pro-

duce functional and detrimental alterations in lipids, pro-

teins and deoxyribonucleic acid (DNA) to name a few, and

have been implied in most pathological states in the CNS,

including neurodegenerative diseases and acute CNS

injuries (Gilgun-Sherki et al. 2002; Simonian and Coyle

1996).

Several cellular defence systems, including superoxide

dismutase (EC 1.15.1.1), catalase (EC 1.11.1.6) and anti-

oxidants such as GSH, exists in the brain (Simonian and

Coyle 1996). GSH can react directly in a non-enzymatic

way with radicals, or it can act as an electron donor in the

reduction of peroxides by glutathione peroxide (GPx, EC

1.11.1.9; Chance et al. 1979). The product of the reaction is

glutathione disulphide (GSSG), the oxidized form of GSH.
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GSSG can be recycled to GSH by the enzyme glutathione

reductase (GRed, EC 1.8.1.7; Dringen 2000). Additionally,

GSH is also antiviral (Garaci et al. 1992; Palamara et al.

1995, 1996b), exerting its effect by a mechanism that is

connected to the redox state of the cells (Ciriolo et al. 1997;

Palamara et al. 1996a).

Microglia posses a prominent glutathione system with a

glutathione content significantly higher than in neurons or

astrocytes (Hirrlinger et al. 2000). Furthermore, microglia

have been shown to express the highest immunoreactivity

for GPx (Lindenau et al. 1998), and high levels of GRed in

microglia have been reported (Gutterer et al. 1999).

Herpes simplex virus infections in the CNS

Herpes viridae is a large family of viruses of which herpes

simplex virus 1 and herpes simplex virus 2 (HSV-1 and

HSV-2) are the most serious human pathogens (Whitley

and Roizman 2001). They are double-stranded DNA viru-

ses and the virus particles are composed of at least 84

different polypeptides and the virus genome, encapsulated

by a membrane envelope called a capsid (Homa and Brown

1997). The viral genome encodes for viral glycoproteins

that are necessary for viral attachment and penetration as

well as polypeptides with many diverse functions such as

viral host shut-off proteins which enables the virus to take

over the invaded cell and allow viral replication (Matis

and Kudelova 2001; Mossman et al. 2001; Whitley and

Roizman 2001).

The subtypes of HSV have different, although clinically

somewhat overlapping, pathogenesis. HSV-1 leads nor-

mally to orolabial herpes vesicles and blistering, and HSV-2

often causes genital herpes vesicles and blistering (Whitley

and Roizman 2001). HSV can gain access and enter the

CNS by lytic infection of epithelial or mucosal surfaces

which allows the virus to enter axons of sensory neurons in

which the virus can be axonally transported to the neuronal

nuclei in either the dorsal root ganglia or the trigeminal

ganglion and spread to neighbouring cells (for review, see

Frampton et al. 2005). The effect of the virus in the CNS is

then determined by its neuroinvasiveness, neurotoxicity and

latency. HSV-1 typically causes encephalitis while menin-

gitis is most commonly caused by HSV-2 (for review, see

Schmutzhard 2001; Tyler 2004).

Microglia have been shown to be able to recognize HSV

by Toll-like receptors (Aravalli et al. 2005; Finberg et al.

2005), and subsequently initiate an immunological

response by secreting cytokines (Lokensgard et al. 2001,

2002). In fact, neuroinflammation with circulating cyto-

kines are one of the hallmarks of HSV infections in the

brain (Skoldenberg 1996). It has been theorized that glial

cells, with microglia as key players, can orchestrate a

defence against HSV in the CNS by evoking an inflam-

matory and immunological response (Lokensgard et al.

2002).

Increased microglial GLT-1 expression mediated

by TNF-a (see Figs. 2, 3)

Microglia are able to express Na?-dependent high affinity

glutamate transporters in vivo during pathological condi-

tions such as controlled cortical impact (van Landeghem

et al. 2001), facial nerve axotomy (Lopez-Redondo et al.

2000), viral infections (Chretien et al. 2002; Porcheray

et al. 2006a; Vallat-Decouvelaere et al. 2003) and prion

diseases (Chretien et al. 2004). These are situations where

the astroglial glutamate transporters are down-regulated,

which could contribute to neurodegeneration (O’Shea

2002). Microglia have also been shown to express gluta-

mate transporters in vitro and have a capacity for glutamate

uptake (Nakajima et al. 2001; Rimaniol et al. 2000).

However, not much is known about how the glutamate

transporters are regulated in microglia.

With the knowledge that microglia are activated in a

number of CNS diseases, it is reasonable to think that

glutamate transporter expression is activation-dependent

and possibly linked to inflammatory events. Examining the

effects of several different stimuli known to activate

microglia and to be associated with a down-regulated

astroglial glutamate transport, it was found that LPS, the

only stimulus in the study to induce release of cytokines,

increased expression of GLT-1 (Persson et al. 2005). The

Fig. 2 The inflammatory stimulus LPS is detected by microglia via

the Toll-like receptor 4 (TLR4), causing a prominent release of the

cytokine TNF-a into the extracellular space. TNF-a can then activate

the microglia in an autocrine manner and induce/increase the

microglial expression of the glutamate transporter GLT-1, making

the cells able to transport glutamate from the extracellular space

(from Persson 2007)
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fact that LPS induces/up-regulates GLT-1 in microglia has

now been confirmed in a study by O’Shea et al. (2006)

using microglia in culture and for human monocyte-

derived macrophages by Porcheray et al. (2006a). In our

study, it was also found that the pro-inflammatory cytokine

TNF-a was able to mimic the LPS induced GLT-1 increase

and that the TNF-a synthesis inhibitor thalidomide

(Sampaio et al. 1991), or neutralization with TNF-a anti-

bodies, was able to inhibit the increase in GLT-1 expres-

sion. This suggests that microglial GLT-1 expression could

be coupled to inflammatory events and that TNF-a can act

as an inducer of the expression. However, it is not known if

TNF-a per se induces the expression or if it is some other

factor that in turn is induced by the cytokine. One such

factor could be interferon-c (IFN-c) which has been shown

to increase microglial glutamate uptake (Shaked et al.

2005). Nonetheless, it is plausible that pathological con-

ditions that lead to release of TNF-a can also lead to an

induced expression of microglial glutamate transporters.

The increase in transporter expression leads to increased

functional glutamate uptake. However, the glutamate

uptake capacity of microglia is only about 10% of that

measured for astrocytes (Persson et al. 2005; Shaked et al.

2005). This could suggest different physiological functions

for astroglial and microglial glutamate transporters

although it should be mentioned that microglia does indeed

clear added glutamate from medium in vitro (Rimaniol

et al. 2000). Interestingly, TNF-a has been shown to inhibit

glutamate uptake in astrocytes (Fine et al. 1996). This

could suggest a reciprocal control of glutamate transporters

between astrocytes and microglia. Indeed, microglia have

been proposed to serve as a backup system for diminished

astroglial glutamate transport (Gras et al. 2006; Rimaniol

et al. 2000).

The role of TNF-a in pathological conditions has been

debated. TNF-a has classically been considered as delete-

rious since it has the ability to induce inflammation and cell

death, but it also has several other functions that are non-

deleterious (for review see Hehlgans and Pfeffer 2005).

In fact, TNF-a has been shown to be neuroprotective in

some paradigms (for reviews, see Hallenbeck 2002;

Shohami et al. 1999). This seems to be true for several

cytokines since they can act as neuromodulators of the

CNS (Vitkovic et al. 2000) and even protect against exci-

totoxic insults (Carlson et al. 1999). The concept of an

immunological protection against glutamate excitotoxic-

ity, coined protective autoimmunity, has been proposed

(Schwartz et al. 2003).

It has been shown that TNF-a has deleterious effects

during and after ischaemia (Nawashiro et al. 1997a), but

that pre-treatment with the cytokine is protective against

the insult (Marchetti et al. 2004; Nawashiro et al. 1997b;

Romera et al. 2004). It has also been shown that pre-

treatment with a single dose of LPS reduces ischaemic

damage after middle cerebral artery occlusion with TNF-a
as the likely mediator (Tasaki et al. 1997). Furthermore,

Marchetti et al. (2004) have shown that signalling through

TNFR1 aggravates neuronal loss while signalling through

TNFR2 has the adverse effect. Taken together, these

studies show that the timing, context and concentration of

TNF-a is important for determining the effects of the

cytokine. It is not known whether the neuroprotective

abilities of cytokines, especially TNF-a, is mediated at

least in part by microglial glutamate transporters, but it

makes an interesting hypothesis and field of research.

Since the expression of microglial high affinity gluta-

mate transporters seems to be regulated by inflammatory

events, it is believable that anti-inflammatory molecules

that are known to affect microglia and microglial produc-

tion and/or release of TNF-a, might negatively regulate the

expression. One such potential molecule is corticosterone,

the species-specific glucocorticoid of rats.

A study performed in our group showed that corticoste-

rone, at physiological stress response related levels, was

indeed able to inhibit the microglial expression of GLT-1

(Jacobsson et al. 2006). Corticosterone was found to inhibit

LPS-induced synthesis/release of TNF-a. The effect of

corticosterone on microglial GLT-1 is probably due to the

inhibition of TNF-a since this cytokine has previously been

linked to glutamate transporter expression in both microglia

(Persson et al. 2005) and in blood-borne monocytes (Ri-

maniol et al. 2000). The inhibitory effect of corticosterone

could also be seen for otherwise unstimulated microglia. The

low basal levels of TNF-a that are responsible for the basal

Fig. 3 The inflammatory stimulus LPS is detected by microglia via

the Toll-like receptor 4 (TLR4) which normally causes a prominent

release of TNF-a into the extracellular space. However, antinflam-

matory glucocorticoids (GCs), like corticosterone, inhibit the synthe-

sis and thereby the release of TNF-a. Consequently, there is an

inhibition of the TNF-a-dependent expression of GLT-1 in microglia.

As depicted by the dotted arrows, the microglial GLT-1 expression

can be rescued by exogenously added TNF-a (from Persson 2007)
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microglial GLT-1 expression seen in vitro are likely to be

inhibited by corticosterone and subsequently, the basal mi-

croglial GLT-1 expression is lowered. It should be noted that

dexamethasone, a synthetic glucocorticoid analogue, have

been shown to be a potent inducer of EAAT1 in human

monocyte-derived macrophages (Gras et al. 2006; Porch-

eray et al. 2006a). The difference between murine microglia

and human monocyte-derived macrophages may be due to

differences in TNF-a sensitivity since the macrophages do

not secrete detectable TNF-a when differentiated (Gras et al.

2006). For a further detailed comparison between microglia

and macrophages see Gras et al. (2011).

These results further highlight the connectivity between

neuroinflammatory mediators, such as TNF-a, and microg-

lial glutamate transporter expression. Anti-inflammatory

substances like corticosterone are indeed able to inhibit

microglial GLT-1 expression by inhibiting the release of

TNF-a. They do not affect the mechanism for GLT-1

expression per se, since exogenously added TNF-a could

induce microglial GLT-1 while the TNF-a synthesis/release

was inhibited by corticosterone in our study.

Taken together, the results raise some interesting ques-

tions regarding the mechanisms behind microglial gluta-

mate transporter expression. Microglia are capable of de

novo expression of glutamate transporters after controlled

cortical impact while their astroglial counterparts are

down-regulated (van Landeghem et al. 2001). During

traumatic brain injury there is a release of TNF-a (Stover

et al. 2000) and glucocorticoids (McCullers et al. 2002).

There will also be an accumulation of extracellular gluta-

mate (McCullers et al. 2002), which in part can be due to

inhibition of astroglial glutamate uptake. In fact, TNF-a
has been shown to inhibit astroglial glutamate uptake (Fine

et al. 1996). Corticosterone has been shown to inhibit

glutamate uptake in hippocampal cultures (Brooke and

Sapolsky 2003) by a mechanism that has been suggested to

impair astroglial glutamate uptake during neurological

crisis (Virgin et al. 1991) although it increases astroglial

GLT-1 expression and glutamate uptake in cortical cultures

(Zschocke et al. 2005). On the other hand, our studies have

shown that TNF-a and corticosterone have differential

effects on microglial GLT-1 expression and glutamate

uptake when compared to astrocytes derived from cortex.

This further highlights that microglial and astroglial GLT-1

may be regulated reciprocally although differences may

occur in different brain regions.

The timescale of TNF-a and glucocorticoid presence

may be of importance for the microglial glutamate trans-

porter expression. Glucocorticoid levels are elevated early

and until 6 h after the insult (McCullers et al. 2002), while

TNF-a has its peak 8–48 h after the insult (Stover et al.

2000), indicating that the microglial transporters may be

induced with some delay. In van Landeghem et al.’s (2001)

controlled cortical impact model, they detected microglial

glutamate transport expression as early as 4 h after the

impact which reached stable levels after 48 h. This at least

allows for a time window where the microglia are affected

by both TNF-a and corticosterone. Therefore, it is plausible

that the microglial GLT-1 expression is regulated during

pathological events by a balance of inflammatory and anti-

inflammatory substances.

Certainly, more research is needed to understand the

expression pattern of microglial glutamate transporters

during pathophysiology and the physiological meaning of

the expression.

Microglial glutamate uptake is coupled to glutathione

synthesis and glutamate release (see Fig. 4)

The physiological function of glutamate uptake through

microglial glutamate transporters has been questioned. At

least three major hypotheses exist. The first two theories

concern the actual transport of glutamate in microglia.

According to one theory, the microglial glutamate uptake

serves as a back up system for the diminished astroglial

glutamate uptake (Gras et al. 2006; Nakajima et al. 2001;

Schwartz et al. 2003), but this has been debated since the

microglial glutamate uptake capacity is only 10% of that

measured for astrocytes (Persson et al. 2005; Shaked

et al. 2005). In any case, during virus infection, microglia

have been shown to express GS (Chretien et al. 2002;

Vallat-Decouvelaere et al. 2003), like astrocytes do,

which could make them capable of metabolising gluta-

mate into glutamine to aid neurons (Gras et al. 2006;

Hertz et al. 1999; Sonnewald et al. 1997). Another

plausible theory is that the glutamate uptake is used for

glutamate release (Noda et al. 1999). The third theory,

presented by Rimaniol et al. (2001), proposes that the

glutamate uptake is used for cystine uptake and for a

direct incorporation into glutathione.

Using LPS and TNF-a as molecular tools to modulate

microglial GLT-1 expression together with radioactively

labelled glutamate, it was investigated how the transported

glutamate is metabolized (Persson et al. 2006). It was

found that both TNF-a and LPS, even when TNF-a syn-

thesis was inhibited by thalidomide, increased microglial

glutathione levels. This shows that although TNF-a can

induce GSH synthesis by itself, LPS induced GSH syn-

thesis is TNF-a-independent. With the metabolic labelling,

it was shown that most of the 3H-glutamate ended up in the

large intracellular pool of glutamate although there was

seemingly only an increase in labelled 3H-glutamate after

TNF-a treatment. One might expect an increase after LPS
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treatment as well, but this stimulus also led to the largest

release of labelled compounds in our model system

which likely explains the result. Interestingly, there was
3H-labelled contents in the glutathione fraction, with more

labelling after LPS and TNF-a treatment. This is in line

with the model proposed by Rimaniol et al. (2001) where

microglia use the glutamate uptake through EAATs to fuel

the xc
- system for cystine uptake and for direct incorpo-

ration of glutamate into glutathione.

Glutathione is released from brain cells, reported mainly

for astrocytes (Sagara et al. 1996), through multi-drug

resistance protein (MRP) 1 and 2 (Leier et al. 1996;

Paulusma et al. 1999; Rebbeor et al. 2002). MRP1 has been

reported to be expressed functionally in microglia (Dallas

et al. 2003). This leads to the conclusion that microglia

may use the GSH system, and subsequently the EAAT

system, to protect, at least themselves but also possibly

other cell types, from oxidative stress (Persson et al. 2006).

In fact, in cell cultures, microglia have a more prominent

GSH system than neurons or astrocytes (Hirrlinger et al.

2000), and stain intensively for both GSH and GRed

(Chatterjee et al. 1999; Gutterer et al. 1999). This promi-

nent antioxidant system has been proposed to reflect the

need of microglia to protect themselves from ROS that they

can release upon activation (Hirrlinger et al. 2000). The

question still remains whether the GSH system may protect

other vulnerable cells like neurons as well. This would give

the microglia some neuroprotective capabilities as previ-

ously suggested (Rimaniol et al. 2001; Vallat-Decouvela-

ere et al. 2003). In fact, microglial conditioned media has

been shown to have neuroprotective effects (Watanabe

et al. 2000).

Microglial GLT-1 is up-regulated in response to herpes

simplex virus infection to provide an antiviral defence

via glutathione (see Fig. 5)

HSV infections in the CNS are relatively uncommon in the

population since HSV normally have higher affinity and

easier access to other non-neuronal tissue. Nonetheless,

highly neurovirulent and neurotropic HSV strains exist

(Broberg and Hukkanen 2005; Frampton et al. 2005;

Kimberlin 2004) and HSV infections normally have dev-

astating effects, causing encephalitis or meningitis (Tyler

2004). The previously described research was mainly

focused on examining the effect of the inflammatory

environment that occurs due to brain trauma, stroke or

inflammation, or the inflammatory environment that is

connected to neurodegeneration, with regard to microglial

glutamate transporter expression and regulation. HSV

infections in the CNS share several hallmarks with these

conditions, including high levels of TNF-a (Lokensgard

et al. 2002; Sköldenberg 1996), and are therefore very

suitable to study under experimental conditions the physi-

ological functions of the microglial glutamate transporters.

In our experimental paradigm, it was found that HSV

indeed caused an inflammatory response by microglia

(Persson et al. 2007). In line with the previous findings,

increased levels of TNF-a led to increased expression of

microglial GLT-1 and, presumably, increased microglial

glutamate uptake. The up-regulation of microglial GLT-1

is remarkable since most proteins are down-regulated

during infection due to viral host shut-off functions (Matis

and Kudelova 2001; Mossman et al. 2001). An induced/

increased microglial GLT-1 expression can therefore be

Fig. 4 The inflammatory stimulus LPS is detected by microglia via

the Toll-like receptor 4 (TLR4), causing a prominent release of the

cytokine TNF-a into the extracellular space. TNF-a can then activate

the microglia in an autocrine manner and induce/increase the

microglial expression of the glutamate transporter GLT-1, making

the cells able to transport glutamate from the extracellular space. The

sequestered glutamate can then either be stored in the intracellular

glutamate pool, used to fuel the xc
- system for cystine uptake, or be

used directly for synthesis of the antioxidant glutathione (GSH).

Increased levels of glutathione provide the microglia with a self-

defence against oxidative stress (from Persson 2007)
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theorized to be part of an antiviral defence for microglia

(Persson et al. 2007). Such a defence can be provided by

GSH that is normally increased by increased glutamate

uptake (Persson et al. 2006; Rimaniol et al. 2001) and have

great antiviral properties (Palamara et al. 1995, 1996a) by

counteracting the oxidative state that is crucial for viral

replication (Ciriolo et al. 1997). Indeed, our results show

that the microglial GSH levels are neither decreased in

response to HSV nor increased as predicted by the

increased levels of TNF-a (Persson et al. 2007). This can

be interpreted as if the microglial GLT-1 provides enough

glutamate for the microglia to allow enough synthesis of

GSH to counteract the effect of the virus, thus inhibiting

viral entry and viral replication. This is reflected by the fact

that microglia have increased resistance to HSV infections

compared to neurons or astrocytes, as shown by us and

others (Lokensgard et al. 2001; Persson et al. 2007), and the

fact that microglia have the highest levels of GSH among

the cells in the CNS (Hirrlinger et al. 2000). Additionally, it

is known that cells with high GSH levels have higher

resistance to viral infections than cells with lower GSH

levels (Macchia et al. 1999). Although increased GSH

production via glutamate uptake may not be the only factor

for the increased resistance shown by microglia, it none-

theless shows a mechanism that can provide an antiviral

defence. Indeed, by pharmacological inhibition of the

microglial glutamate transporters, it was shown that they

are crucial for the microglia’s viral resistance (Persson et al.

2007).

Interestingly, the antiviral mechanism provided by

microglial GLT-1 and GSH up-regulation could be a gen-

eral mechanism, holding true for several other types of

viruses besides HSV. It has been shown that microglial

glutamate transporters are involved in HIV infections of the

CNS (Porcheray et al. 2006a; Vallat-Decouvelaere et al.

2003). HIV drives microglia towards a proinflammatory

state (Porcheray et al. 2006b) and there is an induction of

glutamate transporters in these cells (Porcheray et al. 2006a;

Vallat-Decouvelaere et al. 2003). Furthermore, GSH has

antiviral effects for HIV (Palamara et al. 1996b). Therefore,

it seems plausible that the results obtained with HSV may

hold true for HIV as well.
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