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The role of glia cells
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Chapter 2



Summary

Introduction

Purines have been divided into two classes: guanine-based and adenine-based
purines. Whereas there is functional evidence for the existence of receptors for
the guanine-based nucleotide GTP and its nucleoside guanosine; these receptors
still await their discovery [21, 126]. In contrast, a large variety of receptors for
adenine-based purines has been described and cloned. Thus P1 or adenosine
receptors are activated by adenosine and P2 receptors are activated by the adenine
nucleotides ATP and ADP (for excellent review see: [18, 42, 81]).  
Adenosine binds and activates four subtypes of adenosine or P1 receptors that are
named adenosine A1, A2A, A2B and A3 receptors. These receptors all belong to the
family of 7 trans-membrane receptors (TM7) that predominantly signal through
activation of G-proteins [42]. Although adenosine A1 and A3 receptors were
originally classified to couple to Gi/o proteins and the adenosine A2 receptors to
Gs proteins, it is today clear that this is not exclusively the case [42]. Adenosine
receptors have been cloned from various species and their pharmacological profile
is based on a variety of specific agonists and antagonists [42, 63]. P2 receptors
exist as two families: the P2Y receptors that belong to the TM7 receptors and the
P2X receptors that are ligand-gated ion-channels. Currently 11 members of the
P2Y receptor family have been cloned of which six are molecular and functionally
characterized (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11 and P2Y12). From the eight cloned
members of the P2X family are functional responses known from seven members
(P2X1-7) (for review see: [18, 58]). P2 receptors are not only activated by the
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Adenosine and its nucleotides (purines) are structurally closely related, can be produced on
demand and released to the extracellular environment. Today purines are regarded as the
phylogenetically most ancient epigenetic factors for cellular control. Purines act via P1
(adenosine) and P2 (ATP) receptor subtypes and have many important functions in the central
nervous system. In neurons adenosine is known for its function as a neuromodulator, whereas
ATP acts as a transmitter with profound effects in fast neurotransmission. Since purines are
massively released under pathological conditions in the CNS, it is generally assumed that purine-
signaling in brain is aimed to protect neurons. 
Purine receptors are not only found in neurons, they are also abundantly expressed in glia cells
(astrocytes and microglia). Apart from numerous purinergic effects on glial physiology, there is
increasing evidence that purine receptor signaling significantly contributes to the control of glial
activity under pathological conditions in the CNS. Purines control the proliferation of glia cells
and stimulation of glial purine receptors leads to synthesis and release of various neuroprotective
factors. These findings suggest that, in addition to their direct effects on neurons, purines may
also have indirect neuroprotective functions by activating glia cells. We here thus review the
function of purines in neuroprotection with a main emphasis in purine-signaling in glia cells.



purine nucleotides (ATP and ADP) but also by the pyrimidine nucleotides (UTP
and UDP) and their pharmacological characterization is based on the rank-order
of potency of the various agonists. Selective and potent antagonists for P2
receptors, however are still lacking [58, 81].
Adenosine and its nucleotides are structurally closely related and are regarded as
the phylogenetically most ancient epigenetic factors for cellular control. They
share a metabolic route, are both produced on demand and can be released to the
extracellular environment. Adenosine and its nucleotides are present in all cell
types, making the broad and abundant expression of P1 and P2 receptors in all
tissues conceivable [18, 58]. Since these molecules and their receptors are
involved in both numerous physiological processes and disease pathologies there
are various therapeutic concepts and approaches that are based on purine
signaling [18, 42, 58, 136]. 
Activation of purine receptors leads to a variety of effects in the central nervous
system [18, 24, 41]. Adenosine is well known for its role as neuromodulator
under physiological conditions and ATP plays a role in fast neurotransmission.
Under pathological conditions (e.g. ischaemia, trauma, and excitotoxicity), high
concentrations of adenosine and/or ATP are released into the extracellular space
as a result of an imbalance in energy metabolism. High levels of extracellular
adenosine protect neurons from excitatory damage by hyperpolarization and
inhibition of neuronal transmitter release (see below). Although most
extracellular ATP is rapidly metabolized into adenosine, there is recent evidence
that ATP itself may influence the survival of neurons [131]. 
Brain damage in general also activates glia cells, mostly microglia and astrocytes.
The prominent presence of activated glia cells in the injured brain has led
approximately 10 years ago to the assumption that glial activation might be a key
feature in neurodegenerative processes [73, 80, 85]. This assumption has now
been refined. Clear evidence that activated glia cells support damaged neurons
and promote survival has been achieved in the last couple of years [15]. These
data fit more in the general and old concept of glia as neuron supporting cells
[119]. Thus glia activation per se is not detrimental; this probably is only the case
when glia activation is very strong and prolonged as observed in chronic
neurodegeneration. The control of glia activity is therefore crucial for the final
outcome. Like other cells, glia cells express a variety of purine receptors. These
receptors are involved in several aspects of glial physiology such as control of ion-
channel expression, induction of intracellular calcium transients and regulation of
proliferation and apoptosis [39, 54, 57, 67, 89]. Here we will review the current
literature on purinergic effects in the CNS with a main emphasis on glia cells and
their contribution to neuroprotection. 
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Effects of purines in neurons

Expression of all types of adenosine receptors has been found in neurons.
Adenosine A1 receptors are highly expressed especially in cortex, thalamus, cere-
bellum and hippocampus [88, 122]. Adenosine A2A receptors are predominantly
found in the striatum, where they are co-localized with dopamine D2 receptors.
Moreover, A2A receptors are abundantly expressed in the nucleus accumbens and
in the olfactory tubercle [33, 78]. The expression of the other two adenosine
receptor subtypes, A2B and A3, is not restricted to specific brain areas [36, 132]. 
Under physiological conditions adenosine has several prominent effects in the
brain. First adenosine is a key modulator of energy homeostasis, a function which
is common to all tissues [23, 137]. Moreover, adenosine in the brain plays a
neuromodulatory role at the synaptic level, since it modulates the release of
neurotransmitter by a balanced activation of presynaptic inhibitory A1 receptors
and facilitatory A2A receptors [23, 107]. In addition, it has been suggested that
adenosine mediates direct trophic functions since it stimulates neurite outgrowth,
through activation of adenosine A2A receptors [20, 96].
Like in other tissues, adenosine is also in the brain essentially involved in the
coupling of energy consumption and energy supply. In order to maintain a stable
cellular energy content, adenosine can suppress neuronal firing (reduce energy
consumption) and increase the cerebral blood flow (support energy supply) [28,
50]. These effects are induced by the large amounts of adenosine that are released
under pathological conditions like seizures and ischaemia. Under these conditions
the extracellular concentration of adenosine rapidly rises from nanomolar to
micromolar levels [31, 99], which subsequently leads to a significant protection
of neurons [25, 41, 99, 101, 133, 138]. Since the neuroprotective mechanisms of
neuronal adenosine A1 receptors have been reviewed extensively in a number of
excellent articles they will only be discussed briefly here [31, 32, 50, 99].
Presynaptically, adenosine inhibits the release of the excitatory neurotransmitters
glutamate [31, 34]. Postsynaptically, adenosine causes hyperpolarization of the
cell membrane, mainly by increasing K+ conductance [46, 94, 128], by
stabilization of the Mg2+ blockade of NMDA receptors [99, 101] and by a
reduction of Ca2+-influx, probably caused by an inhibition of N-type voltage-
dependent Ca2+ channels [29, 71, 86, 92, 114, 125]. Thus the sum of these
effects will finally lead to a decrease of neuronal excitability, thereby preventing
neurons from death caused by overstimulation, called excitotoxicity. The neuro-
protective effects of adenosine A1 receptors are increased following receptor
upregulation, suggesting that an enhancement of neuronal adenosine A1 receptor
expression attenuates neuronal damage in pathological conditions [99]. 
Investigations that studied the expression of P2 receptor mRNAs found abundant
and ubiquitous expression of P2X1, P2X2, P2X4 and P2X6 mRNA in the brain,
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whereas other P2X mRNA were more restricted to special brain regions [24].
Furthermore, the expression of P2Y1, P2Y2, P2Y4 and P2Y6 mRNA has been
observed in brain tissue without further characterization of its localization [24].
Protein studies, however, did not always corroborate the findings on mRNA
expression, which makes the issue of P2 receptor expression in brain a field for
further investigation. Based on the work of G. Burnstock (1970) who was the first
to postulate a signaling function for nucleotides, it is widely accepted today that
nucleotides such as ATP or UTP are extracellular signaling molecules [17]. They
act in the brain as neurotransmitter or co-transmitter with various effects on fast
neurotransmission, dependent on the nucleotide and receptor subtype involved
[18, 24, 81, 136]. Despite the fact that much progress has been made, the effects
of P2 receptors in neurons are still less well described than those of adenosine
receptors [70, 116], which  is mostly due to the lack of selective ligands for most
P2 receptor subtypes [81].

Effects of purines in glia cells

Purine receptor expression in glia cells

Adenosine receptors are also present in glia cells [21]. The expression of all
adenosine receptor subtypes has been described in both rat and mouse astrocytes
[14, 36, 78]. Whereas consistent results have been published on the expression
of adenosine A1 and A3 receptors in cultured microglia, conflicting data exist on
the expression of adenosine A2A and A2B receptors in these cells. This difference
may be due to species differences [38, 51, 84, 132, 140]. 

Both astrocytes and microglia express P2X and P2Y receptor subtypes [84]. The
expression of P2X receptors in hippocampal astrocytes was recently described in a
detailed study showing that P2X4 and P2X6 were abundantly expressed in these
cells. Moderate expression of P2X1, P2X2, P2X3 and P2X7 was found in
astrocytes, whereas astrocytic P2X5 protein was not detected [65]. Similar results
were observed in cultured cortical astrocytes with the exception that the authors
did not find expression of P2X6 but detected P2X5 expression [43]. RT-PCR
analysis and functional studies have also provided evidence for the expression of
several P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6 and P2Y12) in cultured cortical
astrocytes [8, 43]. The situation concerning expression of P2 receptors in
microglia is less complex. A variety of functional studies as well as
immunohistochemical evidence indicates that microglia express P2Y7, P2Y2 and
P2Y12 (see for review: [57]). The expression of P2Y12 seems to be unique for
microglia, as compared to other macrophage-like cell types and could therefore
account as a microglia specific marker in immunological studies [103].
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Purinergic control of glia cell proliferation

Microglia and astrocytes rapidly respond to any pathological event in the CNS.
The activation of these cells (gliosis) which inevitably occurs whenever neurons
are endangered is most likely aimed to reduce the damage and to protect
neuronal cells [119]. However, highly activated, overreacting glia cells might
induce a so-called bystander reaction that can lead to the degradation of healthy
tissue, thereby increasing the damage. It is therefore of particular interest to
understand how the “double-edged sword” of glial activation is balanced, how the
activity of glia cells is controlled. Since ATP and adenosine are rapidly released
under pathological conditions and glia cells functionally express purine receptors,
various groups have investigated the possible involvement of purines in the
control of glial activity.
In this respect, it has been reported that adenosine as well as ATP can activate
microglia and increase microglia proliferation [38, 45, 57], while others have
found that adenosine and ATP inhibit microglial proliferation and activation or
even induce apoptosis in these cells [13, 89, 112, 141]. These, apparently
contradictory data, might be related to the different activation stages of microglia.
It is known that activated microglia can act as brain macrophages and release
neurotoxic substances, thereby increasing neuronal damage [3, 4, 120]. On the
other hand increasing evidence suggests that activated microglia provide favorable
conditions for neuronal repair since it has been shown that activated microglia
have direct neuroprotective effects or that they can trigger T-cells to mount a
neuroprotective response [108, 119].
Similarly astrocytes undergo profound functional changes in response to CNS
injury. This reaction, called reactive astrogliosis is characterized by increased
astrocyte proliferation, astrocyte hypertrophy and an increased expression of glial
fibrillary acidic protein [74, 87]. Since reactive astrogliosis has been observed for
example in the aging brain or Alzheimer’s disease [129] it has been linked to the
pathogenesis of these conditions and it has been assumed that astrogliosis would
impair neuronal regeneration in the CNS.  However, there are some indications
that reactive gliosis may also be beneficial for neuronal repair. In addition,
reactive astrocytes could actually support neural outgrowth [1, 84, 97, 135].
Similar to the onset of microglia activity, several reports have shown that purines
contribute to the onset of astrogliosis, whereas blockade of adenosine receptors
was found to prevent this reaction [2, 14, 54, 62]. Accordingly, it has been
suggested that adenosine, by stimulating the proliferation of astrocytes would
enhances their protective effects, activities such as the clearance of neurotoxic
levels of glutamate from the extracellular space [100]. On the other hand
adenosine has recently been described to induce apoptosis of astrocytes via
adenosine A3 receptors, indicating again a complex function of purines in the
regulation of astroglial activity [26]. 
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Thus whereas the molecular identity of the involved purine receptor subtypes is
not always known, there are contradictory purinergic effects on the proliferation
of both glia cell types, microglia and astrocytes [21].  As mentioned above
proliferation of microglia and astrocytes may have neuroprotective or “neuro-
detrimental” effects. It is thus tempting to speculate that purines may stimulate
the protective side of glial proliferation whereas the destructive side of glial
proliferation is inhibited by purine signaling. Further experiments are clearly
needed to investigate whether this hypothesis is true. 

Purinergic control of glial secretion of neuroprotective substances

The release of various neurotrophic factors from astrocytes during development
has long been known [82]. Various reports have recently provided additional
evidence for a neuron-supportive role of astrocytes and microglia during CNS
pathology. These cells are now known to release various factors aimed to protect
neurons from the threats of damage. Among these factors are neurotrophic
factors and cytokines [82]. Neurotrophic factors constitute a large family of
related proteins such as nerve growth factor (NGF), neurotrophins 3 and 4 (NT3,
NT4), brain-derived-neurotrophic factor (BDNF), glial-derived neurotrophic
factor (GDNF) and vascular endothelial growth factor (VEGF) [60, 124, 134].
Next to these factors a number of glial derived cytokines have also been described
to have neuroprotective properties; IL-1α, IL-1β, IL-6, IL-10, TNF-α, TGF-β and
the chemokine CCL2 [12, 19, 115, 118, 121].  How the synthesis and release of
these factors from glia cells is controlled has not been completely understood yet,
but experimental evidence strongly suggests that glial purine receptors are
important regulators here.

Release of neurotrophic factors from glia cells

The activity of nerve growth factor was initially associated with the differentiation
and survival of young neurons. NGF is, however, also involved in maintenance of
mature neurons and neuronal repair. NGF exerts its neurotrophic effects through
several second messenger pathways, via the activation of tyrokinase A (TrkA)
receptors. The essential mechanism involved in NGF-induced neuroprotection is
based on intervention of the apoptotic pathways. For an excellent review on NGF
function see [113].
Cultured mouse astrocytes have been shown to release NGF after stimulation of
adenosine A1 receptors [22], treatment with propentofylline (adenosine reuptake
inhibitor) [111] or with guanosine and GTP [77]. In the same line of evidence it
was described that exposure to AIT-082, a hypoxanthine derivative, stimulated
the production of mRNA for NGF, neurotrophin-3 and basic fibroblast growth
factor (bFGF) in cultured mouse astrocytes [47, 96] as well as in vivo [48]. The
mechanism underlying the effects induced by AIT-082 is not yet fully explained,
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but it has been suggested that AIT-082 might enhance the release of adenosine
from astrocytes [27]. An effect of adenosine receptor stimulation on the release of
NGF was also found in microglia, but in contrast to astrocytes this effect was due
to the stimulation of adenosine A2A receptors [52]. 

S100B
S100 proteins are small calcium- binding proteins that play a role in many
intracellular functions like protein phosphorylation, enzyme activities, cell
proliferation and differentiation and intracellular calcium homeostasis [30].
Unlike most other S100 proteins, S100B is secreted by cells, mainly astrocytes,
and promotes of neuronal survival and neurite outgrowth [5, 79, 104]. Extra-
cellular S100B exerts these effects probably by binding to the receptor for
advanced glycation end products (RAGE), nuclear translocation of NF-κB and
stimulation of Bcl-2 expression [30]. The release of S100B from astrocytes is,
among other receptors, induced by stimulation with adenosine A1 receptors [21,
22].

Cytokines
Although cytokines were believed to be solely involved in regulating immune
function in the periphery and inflammatory responses in the nervous system, it is
now obvious that these molecules also have potent neuroprotective effects [19,
59, 117]. The pro-inflammatory cytokine IL-6 was initially believed to induce
primarily destructive effects in the brain. Since expression of IL-6 in brain is
increased during brain pathologies like seizures, Alzheimer’s disease, as well as
normal aging, it was believed that IL-6 would play a causal role in the patho-
physiology of these conditions [7, 44, 49, 130]. However, increasing evidence has
shown that IL-6 is neuroprotective, plays a role in differentiation and
regeneration of nervous tissue and is essential for maintenance of homeostasis in
the CNS. Therefore, the higher levels of IL-6 observed under pathological
conditions may also indicate an intrinsic response to counteract brain damage
[44, 59]. Several reports clearly show the beneficial effects of IL-6 in different
models for neurotoxicity [9, 66, 69]. Moreover, IL-6-deficient mice depict a
compromised inflammatory response in the CNS, an increase of oxidative stress
and a delayed post-traumatic healing after brain injury [95, 123]. Next to other
factors that stimulate the release of IL-6 from glia cells, purine receptors are
involved. Stimulation of adenosine A2B receptors led to an increase of IL-6 mRNA
and IL-6 protein synthesis in human astroglioma cells and cultured mouse
astrocytes [37, 106]. Similar effects were observed in the microglia cell line MG5.
However, in contrast to astrocytes, stimulation of adenosine A2B receptors had no
effect in MG5 cells, the fast IL-6 release here was induced by stimulation with ATP
via pertussis-toxin insensitive P2Y receptors [90, 110]. The question, which P2Y-
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subtype in microglia mediates this effects, however, remains to be answered [57]. 
Although the neuroprotective actions of IL-6 are now well established, the
underlying mechanisms remain to be elucidated. The effects of IL-6 on NGF
production and enhancement of NGF-mediated effects most likely contribute to
the neuroprotective effects of the cytokine [19, 64, 72]. Based on our data,
however, we propose an additional, purine-receptor-based mechanism. In 1999
Schumann and colleagues found a marked increase of de novo protein synthesis
in human neuronal cells after stimulation with IL-6 [105]. We could recently
demonstrate that adenosine A1 receptors are among the newly synthesized
proteins in nervous tissue in response to IL-6 stimulation [10]. Since it is well
described that upregulation of adenosine A1 receptors in brain enhances the
neuroprotective effects of adenosine, it has been proposed that the indirect effect
of IL-6 on adenosine A1 receptors might be essential for the neuroprotective
function of IL-6 [10]. 
A clear dual role has now been acknowledged for TNF-α in brain [98]. Its
expression can induce further damage to brain tissue during ischemia [6, 75] or
protect neurons from various insults [61, 83, 109]. An explanation for these
conflicting results has been addressed in two recent papers using mouse models
deficient for the two different TNF-α receptors TNF-R1 and TNF-R2. Both groups
found that the detrimental effects of TNF-α were due to the activity of TNF-R1,
whereas activation of TNF-R2 leads to neuroprotection and trophic effects [40,
142]. Microglia cells are a major source for TNF-α in brain. Among other factors
that control the release of TNF-α from microglia increasing evidence suggests
that also purine receptors are involved. The receptor responsible for this effect is
P2X7 that needs relatively high concentrations of ATP indicating its activity under
acute situations [53, 57, 121].
Another important cytokine in brain is the pro-inflammatory chemokine CCL2.
Expression of this chemokine in glia cells has been associated with a variety of
neurodegenerative diseases [11, 68]. The expression of CCL2 in brain most likely
orchestrates the infiltration of the CNS by blood macrophages [55, 56, 127],
however, recent results, showing various effects of CCL2 in brain cells indicate
additional functions of CCL2 in brain [11]. Recently, two reports show marked
protection of neurons by CCL2 stimulation after the neurons were treated with
NMDA or HIV-tat [16, 35]. Although the mechanism of CCL2-induced neuro-
protection is unknown, it has been hypothesized that CCL2 might modulate the
uptake, release and metabolism of neurotransmitters like glutamate through
presynaptic chemokine receptors [35, 76]. Interestingly, purine receptor stimu-
lation has also been shown to be involved in the release of CCL2 from astrocytes.
Two different purine receptors are involved. Thus astrocytic release of CCL2 can
be induced by stimulation of P2X7 receptors [91] as well as by stimulation of
adenosine A3 receptors [139].
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The findings described above suggest a general role of glial purine receptors in
regulating the synthesis and release of various neuroprotective factors (Figure
2.1). Thus, purines not only protect neurons indirectly, they also could have
indirect effects by inducing the release of neuroprotective factors from glia cells.
Interestingly, the synthesis and release of neurotrophins, cytokines and
chemokines in glia cells is controlled by several different purine receptors, namely
all four adenosine receptor subtypes, A1, A2A, A2B and A3, and the ATP receptor
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Figure 2.1. Overview of neuroprotective substances released by glia cells and its effects on
neurons. (1) As a result of energy shortage ATP is broken down to adenosine. Adenosine is
transported out of the cell by facilitated diffusion transporters. (2) ATP can be transported out of
the cell co-localized with certain neurotransmitters or by ATP-conducting ion-channels. ATP is also
released when severely damaged cells release all of their contents. (3) Extracellular ATP is broken
down by nucleotidases into adenosine. (4) ATP stimulates P2X7 receptors in astrocytes and P2Y
receptors in microglia resulting in the increased production of CCL2 and IL-6 respectively. (5)
Adenosine stimulates adenosine A1 receptors in neurons resulting in a reduction of Ca2+ influx, an
inhibition of neurotransmitter release and an increase of K+ influx, causing hyperpolarization.
Adenosine stimulates A1, A2B and A3 receptors in astrocytes resulting in an increased production of
NGF, S100B, IL-6 and CCL2. Adenosine stimulates A2A receptors in microglia increasing the
production of NGF. (6) S100B, CCL2, IL-6 and NGF are released by astrocytes. (7) NGF and IL-6
are released by microglia. (8) S100B, CCL2, NGF exert neuroprotective effects in neurons. (9) IL-6
exerts neuroprotection possibly through the upregulation of adenosine A1 receptors. 



subtypes P2X7 and P2Y. Since these receptors have different affinities for their
natural ligands, it is tempting to speculate that different receptor subtypes will be
activated depending on the extracellular concentration of adenosine and/or ATP.
Accordingly, the release of different neuroprotective substances from glia cells
would be precisely regulated by varying extracellular concentrations of purines. 

Conclusions

Purines, ATP and adenosine are released in high concentrations in the
endangered CNS. In this review we have discussed an indirect neuroprotective
function of purine signaling in the CNS, by activating astrocytes and microglia.
Purine signaling in glia cells might influence the proliferation and apoptosis of
these cells, which could be of importance to initiate or stop an inflammatory
reaction in the CNS. Moreover purine signaling activates glia cells to release
factors that induce neuroprotective functions (see table 2.1 for an overview).
Interestingly, different factors are released by stimulation of specific purine
receptor subtypes, indicating that the purine-induced release of neurotrophic
factors is carefully regulated. Since purine research in glia cells is a relatively
novel research area, future investigations are likely to find even more neuropro-
tective substances to be released by glia cells and might create opportunities for
the development of new therapeutic approaches in neuroinflammation.
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Table 2.1. Overview of substances released by glia cells upon purine receptor stimulation.

ligand receptor substance released cell type reference

C-CPA adenosine A1 NGF, S100B mouse astrocytes [22]
CGS 21680 adenosine A2A NGF mouse microglia [52]

NECA adenosine A2B IL-6 human astroglioma [38]
2-chloroadenosine adenosine A2B IL-6 mouse astrocytes [106]

Cl-IB-MECA adenosine A3 CCL2 mouse astrocytes [139]
propentofylline unknowna NGF mouse astrocytes [111]

AIT-082 not specificb NGF, NT-3, bFGF mouse astrocytes [47, 96]
ATP P2Y IL-6 MG5 cells [110]

(microglia cell line)
ATP P2X7 IL-1b mouse microglia [102]
ATP P2X7 TNF-a rat microglia [53]
ATP P2X7 CCL2 rat astrocytes [91]

guanosine/GTP unknown NGF mouse astrocytes [77]

a propentofylline acts as an adenosine transport inhibitor and a weak adenosine receptor 
antagonist [93]    b AIT-082 might enhance the release of adenosine from astrocytes [27]
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