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ABSTRACT: The past decade or so has witnessed a rekindling of interest in glia requiring a re-evaluation of
the early descriptions of astrocytes as merely support cells, and microglia as adopting either a resting state or an
activated state in a binary fashion. We now know that both cell types contribute to the optimal functioning of
neurons in the healthy brain, and that altered function of either cell impacts on neuronal function and
consequently cognitive function. The evidence indicates that both astrocytic and microglial phenotype change
with age and that the shift from the resting state is associated with deterioration in synaptic function. In this
review, we consider the rapidly-expanding array of functions attributed to these cells and focus on evaluating

the changes in cell activation that accompany ageing.
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With the increasing recent interest in glial cell biology,
it is becoming increasingly clear that a reassessment
of the traditionally-held views regarding the role of
astrocytes and microglial is necessary. Whereas it has
been acknowledged that both cell types play neuro-
supportive roles, a full appreciation of the extent to
which these cells influence neuronal function is
currently being uncovered.

Astrocytes have many functions that impact on
neurons

Functions of astrocytes

Astrocytes were originally identified as cells which
provide nutritional and structural support for neurons,
but the finding that these cells were electrically active
and capable of releasing so-called gliotransmitters led
to the acknowledgement that they are capable of
intercellular communication and that they can directly
affect the excitability of neurons [1]. Conversely,
astrocytes can detect synaptic activity by responding
to glutamate released by neurons and, at least under
certain circumstances, this feeds back to modulate
release of gliotransmitters; this feedback loop can
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markedly influence the microenvironment and impact
on synaptic function [2,3]. Astrocytes regulate the
ionic environment and, as well as releasing glutamate,
they are actively involved in its uptake. They also
respond to calcium [4] and fast communication
between cells is facilitated by means of gap junctions
[5]. Their end feet make direct contact with
capilliaries and arterioles ensuring a constant supply
of nutrients, providing for the metabolic needs of
neurons and playing a vital role in the formation of the
blood brain barrier [6]. Consistent with their role in
neuronal survival, regeneration and differentiation,
astrocytes secrete an array of growth factors including
nerve growth factor, brain-derived growth factor and
insulin-like growth factor [7] but, as highlighted in a
recent review, there are numerous mechanisms
involved in astrocytic modulation of neuronal function
[8]. The critical role of astrocytes in neuronal survival
was recently highlighted by the finding that co-
incubation of neurons with natural killer cells resulted
in loss of neurons but that the neuronal loss was
secondary to, and triggered by, loss of astrocytes [9].
Astrocytes are generally identified by the
expression of glial fibrillary acidic protein (GFAP)
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although some cells that possess the morphological
characteristics of astrocytes do not always express it
[10] and ependymal and radial glia also may also
express GFAP [11]. For example, astrocytes with end
feed that make contact with blood vessels of 8um or
greater in diameter, are GFAP-positive whereas those
which make contact with smaller blood vessels are not
[12]. GFAP contributes to the modulation of astrocyte
motility and shape by providing structural stability to
astrocytic processes, although very subtle changes are
observed in GFAP-deficient mice suggesting that
proteins like vimentin are capable of functionally
replacing GFAP [13]. Overexpression of GFAP leads
to a fatal encephalopathy and is directly related to a
rare type of leukodystrophy [14,15]. The glutamate
transporter, GLT-1, is also expressed on astrocytes
although regional specificity makes this a less useful
marker than GFAP [16] and the calcium binding
protein, S100B, is also considered to be glia-specific
although its expression in all astrocytic populations is
not uniform [17]. Other markers of astrocytes include
inward rectifying potassium channels like Kir4.1, the
aquaeporin channel 4 and the enzyme aldehyde
dehydrogenase 1 family member L1 [18].

A pivotal role for astrocytes in synapse and spine
formation has been described, and among the factors
involved in the orchestration of these events is the
interaction between ephrin ligands and their receptors,
specifically the interaction between Eph4A receptors
and ephrin-A3, which is expressed on astrocytes [19].
Because of their role in sculpting synapse-spine
contacts, it is predictable that ephrins play a role in
synaptic plasticity; indeed recent evidence indicates
that astrocytes may be involved in processes such as
learning and memory [20]. EphA4 and ephrin-A3 are
both required for maintenance of long-term
potentiation (LTP) and the relative expression of
ligand and receptor controls expression of glial
glutamate transporters and therefore glutamate
concentration at the synapse [21]. Interestingly, a
decrease in expression of glutamate transporters,
which has been associated with increased synaptic
glutamate concentrations and neurodegenerative
changes [22], has been observed in the brain of aged
mice and also in middle-aged mice which overexpress
amyloid precursor protein [23] although an aberrant
accumulation has been identified in the hippocampus
of individuals with Alzheimer’s Disease (AD) [24].

As well as glutamate, astrocytes release D-serine in
response to calcium and this exerts a significant
impact on NMDA receptor activation. Indeed LTP is
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blocked by clamping internal calcium in astrocytes of
hippocampal area CA1 because this inhibits D-serine
release [25]. An age-related decrease in hippocampal
D-serine, coupled with a depression in LTP, has been
identified, and the evidence indicates that D-serine
reverses the age-related deficit in LTP [26]. The
reduction in LTP observed in aged rats has been
associated with increased microglial activation (see
below) but the evidence indicates that it is also
accompanied by an increase in activated astrocytes;
thus ladostigil (which also decreases the age-related
change in microglial activation) and rosiglitazone
attenuate the age-related activation of astrocytes and
reverses the deficit in synaptic plasticity [27,28].
Whereas the ladostigil-associated effects were coupled
with a reduction in AChE activity [27], the effects of
rosiglitazone were coupled with an attenuation of the
age-related increases in TNFo and RANTES [28].

Activation of astrocytes

Astrocytes express numerous receptors including G
protein-coupled receptors and ionotropic receptors,
receptors for growth factors, chemokines and
cytokines; interestingly, astrocytes display
heterogeneity in their pattern of receptor expression
and adjust the pattern according to their
microenvironment [16]. Cells become highly reactive
in response to any insult to the CNS, often stimulated
by inflammatory cytokines, and activation is
characterized by hypertrophy and cell proliferation
and is associated with rapid GFAP synthesis [13].
Glutamine synthase is also an indicator of astrogliosis
[29] while bystin expression is also increased,
particularly in response to ischaemia [30]. However
incubation of primary astrocytes in a cocktail which
contains  inflammatory  cytokines resulted in
modulated expression of 182 genes (on a chip that
could identify 480 genes) indicating that activation
may have knock-on effects which remain to be
uncovered; genes which were upregulated reflected
processes involved in antigen presentation and
invasion of leukocytes as well as defense against
invading organisms [31]. Following an insult which
results in neuronal damage, astrocytes appear to
surround and isolate dying neurons; this is designed to
prevent contact between dying and healthy neurons
but impedes any functional recovery [32]. Thus
astrogliosis is classified as anisomorphic or
isomorphic; in the former case, astrocytes which
surround a lesion lead to the formation of a glial scar
whereas in the latter case, astrocytes are generally
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distal to the site of injury and promote neurite
outgrowth and facilitate synaptogenesis [33].

Microglia

Functions of resting microglia

Microglia are the primary immune cells of the brain.
Under resting conditions, the processes of these cells
are constantly motile, with shapes that vary from thin
filopodia-like processes to more thickened processes
with bulbous protrusions. Microglial processes make
contact with astrocytes, neuronal cell bodies and
blood vessels and it has been established from time-
lapse imaging studies that microglia can sample the
parenchymal space in a few hours [34]. Damage to
brain tissue results in the immediate recruitment of
microglia to the area, and the evidence indicates that
when this occurs the microglial processes exhibit
spherical protrusions, which is interpreted as an
indicator of phagocytic activity [34]. In a recent study
involving transcranial imaging of the somatosensory
and visual cortices, it was demonstrated that
microglial processes made intimate contact with
presynaptic terminals and dendritic spines but not
dendritic shafts; these contacts were transient, lasting
about 5 minutes and it was suggested that individual
contacts occurred approximately every hour [35].
Movement of processes has also been assessed in the
slice preparation and protrusion/retraction of the
processes was estimated to be about 1pum/min [36];
motility of processes in this preparation was decreased
by a non selective inhibitor of P2Y receptors, but it is
likely that other modulators will be identified in due
course. Contact in the healthy brain in situ has been
shown to increase with neuronal activity [35]
suggesting that the functional state of the neuron plays
a role in the monitoring function of microglia. In
contrast with the situation in vivo, microglial motility
in the hippocampal slices was not altered by neuronal
activity, or by application of glutamate or GABA [37]
although microglia express both glutamatergic and
GABA receptors [38,39]. In one study it was
demonstrated that ischemic insult resulted in
prolonged contact with synapses after which synaptic
loss occurred; this led to the proposal that a balance
between expression of repellent and attractant signals
exist and that this is altered by insult [35]. Whereas
several molecules like chemokines and damage-
associated molecular pattern molecules (DAMP), for
example ATP, function as chemoattractants, the
nature of the repellent signals remains to be identified.
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Modulation of microglial function
Microglia become activated following detection of
any signal that poses a threat to the integrity of the
internal environment of the CNS and these include the
presence of bacteria or viruses, a change in the levels
of circulating cytokines or antibodies, or the presence
of abnormal endogenous proteins. They can also
become activated if the so-called ‘off signals’ [40],
that help to maintain them in a quiescent state, are
interrupted by neuronal damage. These signals include
the ligand-receptor pairs, CD200-CD200R, CX3CL1-
CS3CRI1 and SIRPa-CDA47 [40]. However it should be
stressed that the term ‘microglial activation’ is not
specific, used by different authors to reflect different
states. Rather than the originally-perceived all-or-none
response which suggested the existence of only one
activated state, it is now agreed that microglia are
particularly plastic cells that can adopt one of a
number of phenotypes when activated [41,42,43]. The
shift of microglia from the resting, to the activated,
state is associated with several changes; thus the
ramified morphology associated with microglia at rest
alters and activated cells display an amoeboid
morphology characterized by shorter, thicker
processes and a larger cell body. Apart from this
rather general morphological change, the response of
microglia to pathological events is context-dependent
and varies as the microenvironment changes [40].
Stimulation can induce microglia to secrete cytokines
and chemokines [44], become phagocytic, present
antigen, increase expression of cell surface activation
markers (Streit et al, 1989), activate the complement
system, produce NO and other chemical mediators
[40,45,46]. Microglial activation has traditionally
been associated with neurotoxic and pro-inflammatory
effects [47] but neuroprotective and anti-inflammatory
effects have been described by several groups
[40,44,48]. However recognition of the activated state
of microglia often relies on the expression of cell
surface markers that are either absent, or present at
very low levels, when microglia are at rest [49,50].
These include CD40, cell adhesion molecules like
intercellular adhesion molecule (ICAM)-1 and,
importantly, major histocompatability —complex
(MHO)II and the costimulatory molecules CD80 and
CD86, which enable microglia to undertake their role
as the main antigen presenting cell in the brain
[43,51].

Microglia do not constitutively express cytokine
MRNA at any significant level with the exception of
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IL-6, but mMRNA expression of IL-1p, IL-6 and TNF-a
is upregulated [52] and release is increased following
stimulation with numerous factors including Toll-like
receptor (TLR) agonists [53] or with amyloid-p (Ap)
peptides [53,54,55,56].

The immune cells of the brain

Although microglia are the primary immune cells in
the brain, astrocytes also play a role in antigen
presentation, although the debate concerning their
efficiency in this regard continues. Astrocytes express
cell surface molecules including MHCII, ICAM-1,
CD40, CD80 and CD86 [57]. It has been reported that
astrocytes respond to stimulation with TLR agonists
including Pam3Cys4 and lipopolysaccharide (LPS)
[58] which activate TLR2 and TLR4 respectively,
implying that these receptors are present on
astrocytes. This is a subject of some debate and it has
been proposed that any action of TLR agonists on
astrocytes may be secondary to their ability to induce
cytokine release from microglia [59]. While some
reports indicate that astrocytes express TLR2 [60],
others have reported a complete absence of these
receptors [61] and similarly there are conflicting
results regarding expression of astrocytic expression
of TLR4 with some groups demonstrating their
presence [60,62,63] and others reporting that TLR4
are not expressed on these cells [64]. It is
acknowledged that these contrasting data may be a
consequence of the preparations examined [59,65]. In
spite of this unresolved issue, the evidence indicates
that astrocytes respond to cytokines of the adaptive
immune system by increasing expression of MHCII
and cell adhesion molecules like ICAM-1 [60,66] and,
like microglia, they interact with T cells [66]. For
example, it is known that they present antigen to
myelin basic protein (MBP)-reactive T cells and this
is blocked by neutralizing antibodies to IL-12/IL-
23p40 [67], while expression of costimulatory
molecules CD80 and CD86 on astrocytes is increased
in plagues in multiple sclerosis [68]. A recent review
highlighted the role of the noradrenergic system,
particularly B2 adrenergic receptors, in modulating
MHCII transcription; interestingly a decrease in 2
receptor expression was coupled with increased
MHCII expression on astrocytes in multiple sclerosis
lesions [69]. The proposal that the loss of these
receptors transforms astrocytes into competent antigen
presenting cells [70] suggests that these cells may
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offer a therapeutic target in the treatment of multiple
sclerosis. Consistently, fluoxetine appears to reduce
the development of new lesions in patients with
relapsing-remitting MS [71].

Age-related changes in glia

Ageing is accompanied by a gradual deterioration in
function; in the brain, the impairment in neuronal
function leads to cognitive impairment. Numerous
changes are likely to contribute to this but, in the past
decade or so, it has become increasingly clear that the
age-related changes in the immune system, typified by
a bias towards proinflammatory influences, impact on
neuronal function and that, coupled with this, a
number of age-related factors lead to the development
of neuroinflammatory changes in the brain. The
recognition that neuroinflammation is a characteristic
of most, if not all, neurodegenerative diseases, and
that ameliorating these changes may provide
therapeutic promise, has brought into focus the
requirement to understand the processes which
underlie  the  development of  age-related
neuroinflammation. Furthermore, several
neurodegenerative diseases are age-related and most,
if not all, are associated with inflammatory changes;
these observations suggest that, with age, the brain
becomes more vulnerable to factors that may trigger,
or contribute to, the pathogenesis of these diseases.

Astrocytes and age

Age-related increases in GFAP immunoreactivity
and/or GFAP mRNA, as well as proliferation of
astrocytes, have been reported in several areas of the
brain [72,73,74,75]; specifically, increases in both
GFAP immunoreactivity and GFAP mRNA have been
observed in the hippocampus (Figure 1a, b). The age-

related increases in these measures in the
hippocampus were accompanied by increased
production of RANTES [28]. Significantly

rosiglitazone inhibited these changes suggesting that it
targets astrocytes, whereas it exerted no effect on
MHCII, CD11b or CD68 [28,76]. Interestingly a
correlation between physical property of spin-lattice
relaxation time (T1) and astrocytic activation was
observed [28] supporting previous findings [77] and
age-related changes in both T1 relaxation time and
markers of GFAP immunreactivity were attenuated in
rosiglitazone treated rats [28].
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Figure 1: Astrocytes, which release inflammatory cytokines, are activated in the hippocampus with age
(a) GFAP immunoreactivity was markedly increased in sections of hippocampus prepared from aged,
compared with young, rats and this was associated with an age-related increase in GFAP mRNA (b). (c)-(e)
Purified astrocytes were prepared from 1 day-old rats and incubated in the presence of LPS (1ug/ml) for 24
hours. LPS significantly increased supernatant concentrations of IL-1p, IL-6 and TNFa (¥***p < 0.001;

student’s t-test for independent means).

The functional consequences of the age-related
change in astrocytic function, specifically the effects
of increased expression of GFAP, are unknown.
Deletion or reduction of GFAP in astrocytes has been
associated with improved neuronal survival and
enhanced LTP [78,79] whereas overexpression causes
fatal encephalopathy [14]. It is accepted that microglia
are the most likely source of proinflammatory
cytokines [80,81], but astrocytes release IL-1pB, IL-6
and TNFa in response to stressors [82,83] and the data
presented here demonstrate that LPS triggers an
increase in IL-1B, IL-6 and TNFa release from
purified astrocytes prepared from neonatal rats (***p
< 0.001; student’s t-test for independent means;
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Figure 1c-e) suggesting a direct effect of TLR4
activation. Therefore the observed astrogliosis may
contribute to the age-related increases in inflammatory
cytokines which have been described [84]. However
clear evidence that upregulation of GFAP is directly
linked with astrocytic cytokine production is lacking,
although it has been shown that both GFAP mRNA
and IL-1 mRNA or TNFa are increased in tandem in
aged, compared with young, rats [28], in rats treated
with quinolinic acid [85], and in animals following
ischaemia induced by common carotid artery
occlusion, where both changes were blocked in
parallel by minocycline [86]. Furthermore, positive
staining for these inflammatory cytokines has been
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observed in GFAP-positive cells, albeit to a greater
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overexpress APP and PS1 [87].
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Figure 2: Age-related changes in cortical tissue are indicative of inflammatory changes The significant age-related
increase in IL-6 concentration in rat cortical tissue (a: **p < 0.01; student’s t-test for independent means) was associated
with an age-related decrease in cortical concentration of IL-10 (b: *p < 0.05; student’s t-test for independent means) and an
age-related increase in MCP-1 concentration was also observed (c: ***p < 0.001; student’s t-test for independent means).
MHCII (d) and CD11b (e) mRNA were also increased in cortical tissue prepared from aged, compared with young, rats (*p
< 0.05; **p < 0.01; student’s t-test for independent means) and FACS analysis indicated that the number of CD11b-positive
cells which were also positive for OX6, were increased in acutely-differentiated cells prepared from cortical tissue of aged,
compared with young, rats (f: ***p < 0.001; student’s t-test for independent means).

Microglia and age

There is no doubt that age impacts significantly on
microglial function [88,89] and numerous groups have
reported that there is a shift in microglia from the
resting state with age. Microarray analysis on brain
tissue prepared from young and aged animals has
highlighted upregulation in genes which are indicative
of inflammatory and oxidative stress; these include
genes which code for inflammatory cytokines, cell
surface markers of microglial activation [90], genes
which code for proteins involved in microglial
migration [91] and activation of astrocytes [92]. A
recent study reported that many similar genes,
specifically those which play in immunity and
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defence, especially macrophage-mediated immunity,
and also genes involved in interleukin-associated
signaling, were upregulated in brain tissue obtained
from individuals with AD as well as age [93].
Consistent with the upregulation in genes which code
for inflammatory cytokines is the observation that
there is an age-related increase in concentration of IL-
1B, IL-6 and TNFa [94-100]. This is accompanied by
a decrease in concentration of anti-inflammatory
cytokines, 1L-10 and IL-4 which have been coupled
specifically with increases in IL-6 and IL-1pB
respectively, in the hippocampus [98,100,101]. These
findings were confirmed by the observation that
microglia prepared from aged mice release greater
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amounts of I1L-6 and TNFa under resting conditions
than microglia prepared from young rats [102], while
the coupling between the increase in IL-6 and the
decrease in IL-10 observed in the hippocampus,
extends to the cortex (*p < 0.05; **p < 0.01; student’s
t-test for independent means: Figure 2a, b) and these
changes were linked with an increase in the
chemokine, MCP-1 (***p < 0.001; student’s t-test for
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In addition to the age-related cytokines, there is a
wealth of evidence indicating that expression of cell
surface markers of activation and co-stimulatory
molecules are increased in brain tissue prepared from
aged animals, and these changes are consistent with
the evidence obtained from microarray analysis. Thus
increases in expression of MHCII, CD68, CDA40
[43,105,106,107,108] and CD80 and CD86 have been
reported [106] in a number of brain areas, notably the
hippocampus. However upregulation of at least some
of the markers, for example MHCII and CD11b, are
also observed in cortical tissue (*p < 0.05; **p < 0.01;
student’s t-test for independent means; Figure 2d, e),
where FACS analysis indicates that there is an
increase in the number of CD11b-positive cells which
are also positive for OX6 in samples prepared from
cortical tissue (Figure 2f).
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independent means: Figure 2c). These changes form
an interesting parallel with those in the periphery
where age-related changes in the innate and adaptive
immune systems are evident, with an overall shift
towards an inflammatory phenotype in the mouse
[103] and also in humans [104].

Figure 3: Uptake of quantum dots is increased
in acutely-dissociated cells prepared from
aged, compared with young, rats. Acutely
dissociated cells were incubated in the presence
or absence of negatively-charged, thioglycolic
acid-capped cadmium-tellurium quantum dots (1
X 10°M; 4-6 nm; emission wavelength of
approximately 620 nm) for 15 minutes and
uptake was assessed by FACS analysis.
Representative dot plots indicated that the
number of CD11b-positive cells, which were
also positive for quantum dots, was greater in
cells prepared from aged, compared with young,
rats (a) and mean values indicated that the age-
related change was significant (b; p < 0.05;
student’s t-test for independent means).

Few studies have directly compared phagocytic
activity in microglia prepared from young and aged
animals. However the presence of inclusions in
microglia in area 17 of aged rhesus monkeys has been
interpreted as an indication of an age-related increase
in phagocytic activity [109] and this concurs with the
data from this laboratory. We evaluated phagocytic
activity in CD11b-positive cells prepared from aged,
and young, rats using uptake of quantum dots, and the
data indicated an age-related increase in their uptake
suggesting that phagocytic activity is increased with
age (*p < 0.05; student’s t-test for independent means;
Figure 3). When analysis of phagocytosis of AP is
considered, there are marked differences. It is argued
that deficits in microglial function, like the function of
other cells, occur with age [110]. Consistent with this,
is the observation that microglia from aged mice
internalize less AP than microglia from young mice
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[102], and the ability of microglia prepared from
adult, compared with neonatal, brain to take up
fibrillar AP is markedly reduced [54]. These findings
suggest a decrease in phagocytic activity, at least in
terms of AP. Similarly an age-related deficit in
recruitment and internalization of myelin in a toxin
model of demyelination has been described [111],
while phagocytosis is ineffective in an animal model
of AD [112] though the ability of cells to clear AP is
restored following immunotherapy. While senescence
of microglia is one possible explanation for the age-
related reduction in phagocytosis of AP, a decrease in
expression of a number of cell surface proteins which
participate in AP phagocytosis including CD36,
scavenger receptor A and RAGE has been reported,;
these changes have been linked with the age-related
increase in AP accumulation in APP/PS1 transgenic
mice, which is interpreted as a decrease in phagocytic
activity [113].

Many investigators have suggested that microglial
activation is detrimental, and certainly the evidence
suggests that the deficit in neuronal and synaptic
function which is a characteristic of age is attenuated
when microglial ~ activation is  decreased
[76,100,108,114]. However an alternative view is that
senescent microglia are dysfunctional and their
impaired ability to respond to insults is responsible for
neurodegenerative changes. In support of this,
degenerating, dystrophic microglia which are
morphologically distinct from ‘normal’ microglia
because they exhibit short gnarled processes or
abnormally-twisted processes, have been detected in
the brain of aged individuals and are associated with
neurodegeneration [115]; oxidative stress has been
suggested as a primary factor leading to degeneration
of microglia [116]. Recent evidence has revealed that
these dystrophic microglia, as distinct from activated
microglia, are found adjacent to tau-positive
degenerating neurons and, of particular interest, is the
view that their appearance precedes the appearance of
tau-associated pathology in AD [117]. This finding
was based on analysis of post mortem tissue obtained
from individuals at different disease stages.
Dystrophic microglia, which were found to be ferritin-
positive [118] were not associated with AB-containing
plaques (in samples prepared from individuals with
significant plaque load but no tau pathology) and
indeed there was little evidence of microglial
activation in these samples. This finding prompted the
authors to conclude that AP did not cause microglial
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activation and that microglial activation was not
responsible for tau pathology [117].

It has been proposed that increased expression of
cell surface markers of microglia, without an
accompanying increase in proinflammatory cytokine
secretion, can occur in the brain with age and, in this
case cells are referred to as ‘primed microglia’ [42].
The argument is that, under these circumstances, an
activating signal will lead to a more immediate and
exaggerated release of inflammatory mediators and
that, in this state of heightened reactivity, specific
triggers (eg AP in the case of AD) causes
neurodegenerative changes. A number of observations
are consistent with the view that primed microglia are
a feature of age. For example, it has been shown by a
number of groups that treatment of aged animals with
LPS exerts a more profound effect on hippocampal-
dependent behavioural tasks than it does in young
animals and this has been coupled with increased
hippocampal  IL-1f  concentration  [119,120].
Similarly, clinical signs of LPS-induced sickness
behavior and depressive behavior are enhanced in
aged animals [105,121]. In addition, the LPS-induced
increases in activation of microglia and astrocytes,
assessed by MHCIlI and GFAP immunoreactivity
respectively, were markedly greater in brain sections
prepared from aged, compared with young, rats
(Figure 4), and the number of IL-1-positive cells [122]
and the production of inflammatory cytokines were
similarly increased [123]. Interestingly, activation of
TLR2 by PamCSK3 triggered greater release of 1L-6
and TNFa from microglia obtained from aged,
compared with young, mice; activation of TLR4 by
LPS similarly induced an age-related increase in IL-6
but not TNFa [102].

The effects of infection are more profound in aged,
compared with young, animals [120,124] and there is
evidence that the course of neurodegenerative diseases
in humans is affected by systemic infection, which has
been reported to precede ischemic attacks [125], or to
precipitate relapse or even onset of MS [126].
Infection has also been reported to accelerate
cognitive decline in patients with AD [127]. Indeed
there is some evidence that infiltration of Chlamydia
pneumonia into the brain may be a trigger in the
disease [128]. These observations are consistent with
the hypothesis that a single factor does not initiate the
pathogenesis of disease but rather disease progression
requires the confluence of two or more factors as
proposed by Smith and colleagues [129] in the ‘two-
hit hypothesis’ model. In this model, it is suggested
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that the combination of oxidative stress, arising from
the age-related upregulation of microglial activation,
and mitogenic dysregulation, arising from aberrant
expression of cell cycle components in vulnerable
cortical neurons, provides the neuropathogenic signal

Glial activation in the aging brain

to initiate the disease process. Critically, it is argued,
this requires the impaired anti-oxidative strategies
which are observed with age.

} GFAP
Control
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I MHCII }
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.

Figure 4: LPS exerts a greater effect on GFAP and MHCII immunoreactivity in hippocampus of aged, compared
with young, rats. Treatment of young rats with LPS (100pg/kg intraperitoneally) increased GFAP and MHCII
immunoreactivity in hippocampal tissue but the effect was more marked in aged rats. Age-related increases in

immunoreactivity of both markers were also observed.

Activation of glia in neurodegenerative disease

Some neurodegenerative diseases, notably AD and PD
are definitively age-related; others, like amyotrophic
lateral sclerosis (ALS) and Huntington’s Disease are
less so. Yet neuroinflammation and microglial
activation, often accompanied by astrocyte activation,
appear to be common to most, if not all,
neurodegenerative conditions [33,130,131,132]. In
AD, activated microglia [133,134,135,136] and
GFAP-positive astrocytes [137,138] cluster around
amyloid-containing plagues in AD, with activated IL-
1-positive microglia accumulated in the centre of this
glial knot [139]. However the roles played by these
cells in neurodegeneration is far from clear and the
important question of whether activation of cells is a
response to neurodegenerative processes or plays a
role in triggering them remains unanswered. One
group has proposed, based on findings in individuals
with Down’s syndrome, that activation of astrocytes
and microglia occurs in an age-dependent manner and
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precedes formation of Ap-containing plaques
[139,140]. In contrast, as mentioned above, others
have concluded that microglial activation is not
responsible for development of tau pathology [117].
In APP/PS1 mice there is evidence indicating that
plaque development and the subsequent neuritic
changes were followed by microglial activation
suggesting that glial activation was a response to the
pathogenic changes [141]. At present, there is no
consensus  regarding the role of glia in
neurodegenerative diseases, or in AD in particular,
and a fuller understanding of their neurobiology is
required before significant progress in this area can be
achieved.

Interactions between cells modulate glial function

Microglia express a vast array of receptors on their
membrane [142] and therefore have the capacity to
respond to a numerous factors including pro-and anti-
inflammatory cytokines, growth factors,
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neurotransmitters and steroids, as well as pathogen-
associated molecular patterns (PAMPs), and damage-
associated molecular patterns (DAMPs) which are
released from injured cells. Perhaps the most potent
activator of microglia in vitro is interferon (IFN)-y
which increases expression of cell surface markers of
activation and triggers release of inflammatory
cytokines and chemokines [43,53,143-145]; many of
these changes are also induced by AP peptides [43].
Several inflammatory cytokines also impact on their
activation state reflecting the presence of receptors for
these cytokines on the microglial membrane [142].
However, microglial function is also influenced by
interaction with adjacent cells including astrocytes
and neurons, which endow the CNS with an
immunosuppressive  function, and also  with
infiltrating cells, particularly T cells [43]. The
modulatory effect of astrocytes on microglia has been
recognized for over a decade. In addition to their
ability to induce ramification of amoeboid microglia
[146,147,148], they inhibit LPS-induced upregulation
of inducible nitric oxide synthase and NO production
[149,150] and reduce microglial expression of MCHII
and ICAM in a TGFB-dependent manner [151]. Since
astrocytes are known to release numerous bioactive
agents  like  neurotrophins,  anti-inflammatory
cytokines and neurotransmitters, and since microglia
express receptors for these agents, it is highly likely
that the influence of astrocytes on microglia in situ,
particularly in circumstances of stress, is a great deal
more complex than current data from in vitro
experiments suggest. In addition to the effect of
astrocyte-derived soluble factors, direct interaction
with microglia alters function. Thus recent evidence
from this laboratory has also revealed that addition of
astrocytes to a microglial culture attenuates the LPS-
induced increase in inflammatory cytokine production
and release and that this relies on an interaction
between CD200 and its receptor (Cox et al.
unpublished).

The interaction between neurons and microglia has
a profound effect on microglial function. This was
clearly demonstrated by the observation that in a
mixed neuron-glial culture 10ng/ml LPS induced
maximum production of NO, while concentrations of
LPS up to Img/ml dose-dependently increased TNFa;
after 1 month in culture, when almost all neurons had
died, 1ng/ml LPS maximally increased both NO and
TNFa. These findings indicate that microglial
responses are downregulated by their interaction with
neurons and that, at least in culture, this disinhibition
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is reversible [152]. Efforts to understand the
mechanisms involved were sparked off by a review in
2002 [153] in which the modulating role played by
interaction between cell membrane-associated ligands
with their cognate receptors was discussed in myeloid
cells. The authors suggested specifically that the
interaction between CD200 which is expressed on
neurons, and its cognate receptor (CD200R) which is
expressed on microglia, helped to maintain microglia
in a quiescent state [153]. This explained why mice
deficient in CD200 displayed an exaggerated
microglial activation in several models of tissue stress
including facial nerve transaction [154], experimental
autoimmune uveoretinitis[155], experimental
autoimmune encephalomyelitis (EAE)[154], and in
response to infection with Toxoplasma gondii [156].
In vitro analysis has demonstrated that addition of
neurons to LPS-treated or AB-treated glial cultures
attenuated the expression of cell surface markers of
microglia and production of inflammatory cytokines,
and that this effect was blocked by anti-CD200
antibody [107,157]. Consistently, an inverse
correlation between expression of CD200 and
expression of cell surface markers of microglial
activation has been observed in hippocampal tissue
prepared from aged, compared with young, rats and in
tissue prepared from Ap-treated rats [107,157]. A
recent report highlighted the fact that a similar inverse
correlation was observed in postmortem brain tissue
obtained from individuals with AD. Interestingly
CD200Fc has been shown to reduce disease severity
in an animal model of multiple sclerosis, EAE [158]
The chemokine fractalkine (CX3CL1) which is
expressed primarily on neurons [159,160] interacts
with its receptor, which is expressed mainly on
microglia  [160] and this interaction also
downregulates microglial activation in vitro and in
vivo [161,162,163]. As has been described for CD200,
the absence of fractalkine leads to increased
symptomatology in models of neurodegenerative
disease including EAE and Parkinson’s Disease and
these changes are coupled with striking microglial
activation [162]. Interestingly the age-related increase
in microglial activation is accompanied by a decrease

in expression of fractalkine, whereas
intracerebroventricular  injection  of  fractalkine
attenuated the age-related increase in MHCII

reactivity, MHCII mRNA and CD40 mRNA [163].
While a significant focus has been placed on
understanding the impact of the interactions between
CD200 and fractalkine and their respective receptors
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in modulating microglial activation, it is likely that
other paired cell surface markers on neurons and
microglia. These include the interaction between
CDA47 and signal regulatory protein (SIRP)-a [164];
expression of SIRPa is relatively restricted and found
on neurons but also macrophages and dendritic cells
[165] whereas expression of CD47 is widespread and
found on both microglia and neurons [166]. The
interaction has been shown to decrease phagocytosis
of red blood cells by macrophages, while activation of
SIRPa by a CD47 fusion protein decreased
inflammatory cytokine production by dendritic cells
[167] but whether a parallel effect is observed in
microglia remains to be assessed. It has recently been
suggested that the ability of CD45 to negatively
regulate microglial function might be attributed to its
interaction with CD22 which is a known ligand, and
expressed on neurons [168]. Addition of neurons or
conditioned medium from neurons to LPS-treated
microglia inhibited production of TNFa and the effect
of conditioned medium was blocked by neutralizing
antibodies against CD22. Thus in addition to
participating in cell-cell interactions, CD22 is secreted
from neurons and, like fractalkine which exist in both
membrane-bound and soluble forms, must be
considered as an ‘off signal’. It is clear that a more
detailed understanding of the interaction between
microglia and other cells including T cells, astrocytes
and neurons will offer possible therapeutic strategies
for controlling microglial function.

Conclusion

The importance of glial function, particularly
microglial function, in the neurodegenerative changes
which occur with age and with disease has triggered a
great deal of research in this area. A clear evaluation
of the detrimental and protective functions of the
different microglial phenotypes is likely to be of
significance in identification of new strategies for the
treatment of conditions in which neuroinflammatory
changes play a significant role. Specifically a detailed
dissection of the function of different phenotypes may
also provide insights into how age-related detrimental
changes might be limited, while an understanding of
how ‘off’ signals can be modulated is likely to be
important. At present, it appears that glia which
release proteases, inflammatory cytokines, reactive
oxygen and nitrogen species and DAMPs/PAMPs are
probably ultimately damaging to neurons, whereas
their contribution to maintenance of homeostasis
combined with their ability to release anti-
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inflammatory cytokines and neurotrophins are
beneficial. The significant challenge is identifying
agents which can shift the balance between
phenotypes and enable restoration of homeostasis.
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