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Top i ca l Rev iew

Neurone-to-astrocyte signalling in the brain represents
a distinct multifunctional unit

Tommaso Fellin and Giorgio Carmignoto
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Astrocytes can respond to neurotransmitters released at the synapse by generating elevations
in intracellular Ca2+ concentration ([Ca2+]i) and releasing glutamate that signals back to
neurones. This discovery opens new perspectives for the possible participation of these glial
cells in actual information processing by the brain and raises the hypothesis that astrocyte
activation by neuronal signals plays a key role in distinct, functional events. Depending on
the level of neuronal activity, the [Ca2+]i response that is activated by neurotransmitters can
either remain restricted to an astrocytic process or it can propagate as an intracellular [Ca2+]i

wave to other astrocytic processes in contact with different neurones, astrocytes, microglia
or endothelial cells of cerebral arterioles. Glutamate release triggered by the [Ca2+]i rise
at the astrocytic process represents a feedback, short-distance signal that affects synaptic
transmission locally. The release of glutamate as well as of other compounds far away from the
siteofinitialactivationrepresentsafeedforward, long-distancesignalthatcanbeinvolvedinthe
regulation of distinct processes. For instance, through the release of vasoactive molecules from
the astrocytic processes in contact with cerebral arterioles, the neurone–astrocyte–endothelial
cell signalling pathway plays a pivotal role in the neuronal control of vascular tone. In
this article we will review recent results that should persuade us to reshape our current
thinking on the roles of astroglial cells in the brain. We propose that neurones and astrocytes
represent an integral unit that has a distinctive role in different fundamental events in brain
function. Furthermore, while recent findings provide important evidences for the vesicular
hypothesis of glutamate release, we discuss also the proposals for a possible physiological role of
hemichannels and purinergic P2X7 receptors in glutamate release from astrocytes. A full
clarification of the functional significance of the bidirectional communication that astrocytes
establish with neurones as well as with other brain cells represents one of the most intriguing
challenges in neurobiological research at the moment and should fuel stimulating debates in
years to come.
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Introduction

A presynaptic terminal and a postsynaptic neuronal
membrane in close apposition are considered the basic
functional units of the chemical synapse, i.e. the site where
neurones pass on information. At most synapses, a non-
neuronal cell – the astrocyte – is also intimately associated
with neuronal membranes, but most studies relegate this
glial cell to a mere passive neurone-supportive element
of the synapse. Indeed, astrocytes efficiently perform
neurone-supportive operations, such as the capture of
neurotransmitters from the synaptic cleft and the release

of energetic substrates which are essential to metabolically
sustain high synaptic activities (Magistretti & Pellerin,
1996). However, over the last decade a number of studies
have conclusively shown that astrocytes are anything but
spectators in the dialogue that neurones carry out at the
synapse. Indeed, they behave like additional targets of
neuronal signals and respond to the synaptic release of
the neurotransmitter, such as glutamate, with elevations
in the intracellular Ca2+ concentration ([Ca2+]i) (Porter
& McCarthy, 1996; Pasti et al. 1997). A turning point in
glial cell research is represented by the finding that [Ca2+]i
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elevations in cultured astrocytes mediate the release of
glutamate which, in turn, triggers ionotropic glutamate
receptor-mediated [Ca2+]i increases in nearby neurones
(Parpura et al. 1994). By demonstrating the ability of
astrocytes to release glutamate through a Ca2+-dependent,
most likely vesicular (Parpura et al. 1995a,b; Jeftinija et al.
1997; Pasti et al. 1997, 2001; Calegari et al. 1999; Araque
et al. 2000) mechanism, the many studies originating
from this pioneering observation have provided the bulk
of the data which support the existence of a reciprocal
communication system between neurones and astrocytes.
The recent evidence for the presence of [Ca2+]i oscillations
in astrocytes in vivo (Hirase et al. 2004) similar to those
observed in astrocytes from acute brain slices underlines
the importance of neurone–astrocyte interactions in brain
function.

Numerous reviews on the role of astrocytes in the
brain have been recently published (Bezzi et al. 2001;
Haydon, 2001; Auld & Robitaille, 2003; Nedergaard et al.
2003; Newman, 2003). We refer the reader to these
excellent works for a comprehensive discussion of the
aspects in neurone–astrocyte communication which are
only briefly mentioned here. We will specifically address
our review to two main issues which, in our opinion, are
particularly relevant for understanding the rules governing
neurone–astrocyte signalling. The first concerns the
activation of astrocytes by synaptically released neuro-
transmitters and their signalling back to neurones.
We will attempt to gather the available data into a
novel conceptual framework in which neurones and
astrocytes represent integral units which perform distinct,
multiple tasks in brain functioning. The second issue
concerns the mechanism(s) that are the basis of the
release of signalling molecules such as glutamate and
ATP. Specifically we will critically discuss the recent,
intriguing hypothesis that opening of large pores in
the membrane, such as hemichannels and/or P2X7

receptors, mediates the release of glutamate and ATP from
astrocytes.

Astrocyte response to neuronal activity

It is now established that astrocytes respond to the synaptic
release of various neurotransmitters, such as glutamate
(Porter & McCarthy, 1996; Pasti et al. 1997), GABA
(Kang et al. 1998), noradrenaline (Duffy & MacVicar,
1995; Kulik et al. 1999) and acetylcholine (Shelton &
McCarthy, 2000; Araque et al. 2002) with transient,
often repetitive elevations in the [Ca2+]i which primarily
depend on activation of metabotropic neurotransmitter
receptors linked to phospholipase C, production of

inositol 1,4,5-trisphosphate (InsP3), activation of InsP3

receptors, and, finally, release of Ca2+ from intra-
cellular Ca2+ pools (Berridge, 1993; Pozzan et al. 1994).
These [Ca2+]i elevations, and the following activation of
Ca2+-dependent signalling pathways, regulate the release
of various signalling molecules, including classical neuro-
transmitters, from activated astrocytes (Parpura et al.
1994; Pasti et al. 1997; Bezzi et al. 1998; Kang et al. 1998;
Benz et al. 2004).

To identify and characterize the rules which govern
the reciprocal communication between neurones and
astrocytes, it is essential to decipher the properties of the
astrocyte response to neuronal activity. The most crucial
issue is to understand if and how neurones can shape
the spatial–temporal aspects of the astrocyte response,
i.e. the general pattern, amplitude and duration of the
[Ca2+]i rise, and, in the case of an oscillatory response, the
frequency of [Ca2+]i oscillations. Indeed, all these features
may dictate the timing and amount of Ca2+-dependent
release of signalling molecules from the astrocyte (Pasti
et al. 1997; Parpura & Haydon, 2000; Zonta et al. 2003c).

The following section will focus on the diversity
of astrocyte responses to synaptically released neuro-
transmitters.

Low and high neuronal activity evokes in astrocytes
different responses. The results that have been obtained
suggest that astrocytes from the hippocampus (Porter
& McCarthy, 1996; Pasti et al. 1997; Kang et al. 1998),
Bergmann glia from the cerebellum (Matyash et al. 2001)
as well as glial cells in contact with cholinergic synapses in
culture (Smit et al. 2001) are generally activated by intense
stimulation of neuronal afferents (short trains of stimuli
applied at 20–50 Hz). This type of stimulation mimicks
episodes of high synaptic activity and is frequently used
to induce the potentiation of synaptic transmission, the
so-called long-term potentiation (LTP). The response of
the astrocyte is most often represented by a transient,
repetitive [Ca2+]i elevation that is initiated at the level
of distal processes, generally at multiple sites, and can
then diffuse along the process as a regenerative [Ca2+]i

wave that reaches the soma as well as other processes
(Pasti et al. 1997; Parri & Crunelli, 2003). In contrast, low
frequency stimulation of neuronal afferents (single pulses
applied at 0.1–0.3 Hz) either fails to induce appreciable
astrocyte Ca2+ responses (Porter & McCarthy, 1996;
Pasti et al. 1997), or results in a [Ca2+]i elevation which
remains restricted to individual astrocyte processes (Pasti
et al. 1997; Grosche et al. 1999; Parri & Crunelli, 2003).
These observations suggest that astrocytes can respond
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differently to high and low synaptic activity and integrate
neuronal signals deriving from multiple sites of activation
into propagating [Ca2+]i waves.

Astrocytes as detectors of neuronal activity. The
astrocyte response to high neuronal activity could not,
however, be considered simply an all-or-none response.
Support for this conclusion derives from results obtained
initially in cultured astrocytes (Pasti et al. 1995) and then
confirmed in astrocytes from acute brain slices (Pasti et al.
1997; Kang et al. 1998). In slice preparations, either from
the hippocampus or the neocortex, when the frequency of
the stimulus applied to neuronal afferents was increased
(thereby increasing their firing rate), the frequency of
[Ca2+]i oscillations in astrocytes, as measured at the soma,
also increased. Increasing the intensity of the stimulus
(thereby recruiting additional fibres that were not initially
stimulated) also resulted in an increased frequency of
[Ca2+]i oscillations in astrocytes. It is likely that the
progressive increase in [Ca2+]i oscillation frequency which
is observed at the astrocyte soma upon increasing levels
of neuronal activity derives from a higher number of
activated sites at the astrocyte distal processes. Indeed,
it has been often observed that the frequency of [Ca2+]i

oscillations at the level of the process is higher than
that at the level of the soma (Pasti et al. 1997; Parri
& Crunelli, 2003). Ultimately, the increased [Ca2+]i

oscillation frequency at the processes, which are in the
proximity of active synaptic sites, depends on the fact that
the glutamate concentration in the extrasynaptic space
increases as a function of synaptic activity.

These studies lead to two main conclusions. First,
astrocytes are accurate detectors of neuronal activity.
This conclusion is clearly supported by the qualitatively
different response to low and high synaptic activity as well
as by the increase in the frequency of [Ca2+]i oscillations
which parallels the increase in the level of synaptic activity.
Second, the frequency of neuronal activity-dependent
[Ca2+]i oscillations in astrocytes represents the code of
neurone-to-astrocyte communication, allowing neurones
to inform astrocytes about the levels of synaptic activity.

An important issue that stems from these observations
is the identification and characterization of the functional
role(s) of this neurone-to-astrocyte signalling. To
accomplish this task, the following questions should be
addressed. Do the local [Ca2+]i elevation and the global,
repetitive [Ca2+]i oscillations evoked by low and high
synaptic activity, respectively, reflect distinct functional
responses of activated astrocytes? Why do astrocytes have
to be informed about the status of neuronal activity?

Taking into account data mainly obtained from brain
slice preparations, we propose a model in which the
[Ca2+]i responses of astrocytes to low and high neuro-
nal activity are decoded into feedback and feedforward
signals, respectively. It should be noted that some features
of the model are only based on indirect evidence and
assumptions, and thus need to be further investigated.

Neurones and astrocytes act as a multifunctional unit
in the brain

A model of the astrocyte response: feedback and feed-
forward signals. The release by astrocytes of neuroactive
molecules, such as glutamate, may encode two qualitatively
different messages with distinct functional consequences
(Fig. 1). In the case of low synaptic activity, following
[Ca2+]i elevations in the astrocytic processes glutamate
may be rapidly released and its action may be spatially
restricted to the perisynaptic space of active synapses. As
such, glutamate acts on metabotropic glutamate receptors,
which are known to be expressed in neuronal membranes
at the border of the synaptic cleft, and/or on extrasynaptic
ionotropic glutamate receptors located pre- and/or post-
synaptically. Other factors that may potentially shape
the action of astrocytic glutamate include the geometry
of the contact between the neuronal synapse and the
astrocytic membrane, and the number and localization of

Figure 1. A hypothetical model for the diversity of the
astrocyte response to neuronal activity
Low synaptic activity triggers [Ca2+]i elevations which remain restricted
to activated astrocyte processes. This short-distance message evokes in
astrocytes a Ca2+-dependent release of neuroactive agents that may
work as a feedback mechanism to locally affect neuronal transmission.
High neuronal activity triggers a Ca2+ signal which propagates to
other processes, and possibly other astrocytes, and is oscillatory in
nature. This long-distance message works as a feedforward
mechanism to transfer information on neuronal activity to other cells
remote from the initial site of activation at the astrocyte process.
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neurotransmitter transporters on astrocytic and neuronal
membranes relative to neurotransmitter receptors. Finally,
the whole process may also be conditioned by the distinct
circuitry of inhibitory and excitatory synaptic connections
in the various brain districts and by the heterogeneity
among different astrocyte subtypes (Matthias et al. 2003).
On the basis of these theoretical assumptions the action of
glutamate is predicted to be rather complex. Experimental
data from neurone–astrocyte cocultures (Araque et al.
1998) and intact tissue preparations, such as acute brain
slices (Porter & McCarthy, 1996; Pasti et al. 1997; Kang
et al. 1998; Fiacco & McCarthy, 2004; Liu et al. 2004) and
whole-mount retinas (Newman & Zahs, 1998; Newman,
2003) confirm this complexity and indicate that glutamate
of astrocytic origin can have both excitatory and inhibitory
effects on synaptic transmission. The response of the
astrocyte to low or moderate synaptic activity may thus
represent a complex but short-distance signal which
works as a feedback mechanism to locally affect synaptic
transmission.

When neuronal activity is high, the response is far
more complex than that triggered by low neuronal
activity. First of all, the release of the neurotransmitter
is elevated in a high number of synaptic loci and it thus
results in concurrent and repetitive activation of multiple
sites on the same astrocytic process and/or on different
processes. This part of the response differs from that
triggered by low neuronal activity only in quantitative
terms, the end result being a local glutamate release at
multiple neurone–astrocyte contacts. More importantly,
the qualitative difference between the two responses relies
on the propagating [Ca2+]i wave, which often follows
the [Ca2+]i elevation at the process, and the presence
of global, relatively periodic [Ca2+]i oscillations. The
[Ca2+]i wave allows the Ca2+ signal to be transferred
from the periphery to other specialized districts of the
cell, such as the soma and nucleus, possibly affecting
gene expression. Furthermore, once propagated to other
processes, the [Ca2+]i increase can trigger the release of
signalling molecules, far from the site of initial excitation,
at distant synapses that are not necessarily active. In cell
culture experiments, the [Ca2+]i wave can also be trans-
ferred to other astrocytes, mainly through the release of
ATP (Hassinger et al. 1996; Cotrina et al. 1998; Guthrie
et al. 1999) and possibly glutamate (Innocenti et al. 2000),
resulting in the activation of a large number of cells (Sul
et al. 2004). Indeed, since its discovery, the propagating
[Ca2+]i wave has been proposed to represent in astrocytes
a form of long-distance signalling (Cornell-Bell et al. 1990;
Smith, 1994).

[Ca2+]i oscillations in astrocytes in situ have also been
observed to occur spontaneously and form with [Ca2+]i

transients in neurones a correlated network activity
(Aguado et al. 2002). While in individual astrocytes [Ca2+]i

oscillations can occur independently of neuronal activity
(Nett et al. 2002), the pattern of synchronous oscillations
in the astrocyte network is deeply affected when neuro-
nal activity is abolished by tetrodotoxin (Aguado et al.
2002). Oscillations in the [Ca2+]i thus represent an
additional feature of the astrocyte response to high neuro-
nal activity. The observation that astrocytes can decode
the information concerning the level of neuronal activity
into [Ca2+]i oscillations of variable frequencies supports
the original proposal that these oscillations represent a
flexible coding system, a sort of digital signalling in the
control of a wide array of physiological processes (Woods
et al. 1986; Jacobs et al. 1988). It is noteworthy that [Ca2+]i

oscillations control the release of signalling molecules,
such as glutamate and prostaglandin E2, from astrocytes.
This release is often pulsatile and regulated more by the
frequency than by the amplitude of [Ca2+]i oscillations
(Pasti et al. 1997; Zonta et al. 2003b). It follows that the
strict control exerted by neurones on the frequency of
[Ca2+]i oscillations implies that the [Ca2+]i-dependent
release of these molecules is also under a dynamic control
of neurones. Oscillations and propagating [Ca2+]i waves
triggered in astrocytes by high neuronal activity can
ultimately represent a feedforward, long-distance message
which provides a bridge between different neuronal
populations. This long-distance message may allow the
spreading of the excitation (or the inhibition), according
to the spatial and temporal domains specifically defined
by astrocyte–neurone interactions.

Interestingly, this pathway could allow neurones
to transfer signals not only to other neurones and
astrocytes, but also to other cell types in the brain,
such as microglia (Fig. 2). Clues for the existence of
a neurone–astrocyte–microglia signalling pathway have
been obtained in acute brain slice preparations in which a
transient, outwardly rectifying current, probably mediated
by ATP, was recorded from microglial cells coincident with
the passage of astrocyte [Ca2+]i waves (Schipke et al. 2002).
A neurone–astrocyte–microglial cell signalling pathway
may certainly have distinct roles in the physiology and
pathophysiology of the brain.

The [Ca2+]i signal triggered in astrocytes by the synaptic
release of glutamate has also been shown to propagate to
astrocyte endfeet in contact with cerebral arterioles (Zonta
et al. 2003b). This finding, together with the observation
that the frequency of oscillations in astrocytes is regulated
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by the level of synaptic activity, hints at the possibility
that activated astrocytes are mediators of a neuronal
activity-dependent event which involves blood vessels.
This neurone–astrocyte–cerebral blood vessel pathway
(Fig. 2) was indeed found to participate in the regulation
of the cerebral blood flow (CBF) response to high neuronal
activity, the so-called functional hyperaemia (see below).
The neurone–astrocyte–blood vessel pathway might be
also involved in the control of the permeability of the
blood–brain barrier.

The consequences of astrocyte activation by high neuro-
nal activity in the function of the brain can therefore be
far more complex and quite distinct from those initiated
by localized [Ca2+]i elevations.

An example of a feedforward message: neuronal activity-
dependent [Ca2+]i oscillations in astrocytes control
cerebral microcirculation. A specific physiological role
of neuronal activity-dependent [Ca2+]i oscillations in
astrocytes as a feedforward, long-distance message to
blood vessels was recently established. It has long been
known that astrocytic processes are in close structural
association with both synapses and cerebral vessels (Golgi,
1885; Peters et al. 1991; Ventura & Harris, 1999). The
astrocyte signal – which essentially encodes information
about the level of neuronal activity in the form of
propagating [Ca2+]i oscillations of specific frequencies
– was observed to be transferred through astrocytic
processes to cerebral microarterioles. The inhibition of
astrocyte Ca2+ responses by specific antagonists of the
mGluR results in the impairment of neuronal activity-
dependent vasodilatation, while the selective activation by
a patch pipette of single astrocytes in contact with arterioles
triggers their relaxation. Results obtained in adult rats
in vivo corroborated the role of astrocyte activation in
the mechanism that couples synaptic activity to CBF. In
adult rats, the CBF response in the somatosensory cortex
upon contralateral forepaw stimulation was significantly
reduced after systemic injection of the same mGluR
antagonists that in brain slices blocked the activation
of astrocytes by neuronal activity. At the level of these
astrocyte endfeet, [Ca2+]i elevations trigger the release of
a cyclooxygenase product, presumably prostaglandin E2,
which mediates the dilatation of cerebral vessels (Zonta
et al. 2003b,c).

The [Ca2+]i increase triggered by neuronal stimulation
in a distinct astrocyte was often observed to be followed
by [Ca2+]i elevations in other astrocytes surrounding the
same arteriole. The timing for the [Ca2+]i response in
adjacent astrocytes is compatible with that for a [Ca2+]i

wave propagating between these cells. Importantly, a recent
study provides convincing evidence for gap junctional
communication in perivascular astrocytes (Simard et al.
2003): (i) Cx43 and purinergic receptors, i.e. the basic
elements which mediated the propagation of the [Ca2+]i

wave in cultured astrocytes, are highly expressed at
astrocyte processes in contact with blood vessels; (ii)
filling of single astrocytes in proximity of a blood vessel
with Lucifer yellow results in the diffusion of the dye to
other astrocyte endfeet surrounding the vessel wall; (iii)
local puffing of ATP triggers a robust [Ca2+]i increase in
astrocyte endfeet; (iv) a [Ca2+]i elevation in individual
astrocytes triggered by direct electrical stimulation can
migrate to other perivascular astrocytes. The [Ca2+]i

response induced by neuronal activity may thus involve a
number of perivascular astrocytes not necessarily in direct
contact with active synaptic sites (Anderson & Nedergaard,
2003; Zonta et al. 2003a). The activation of these astrocytes
by a propagating [Ca2+]i signal may result in an upstream
and/or downstream vasodilatation and this may have a
major impact on the overall conductance of the vascular
network in that region.

While the astrocyte control of arteriole tone was
clearly shown to depend on a COX product, presumably
PGE2, this COX product is not necessarily released from

Figure 2. Different targets of neurone-to-astrocyte signalling
pathway
By releasing neuroactive molecules, including neurotransmitters,
astrocytes may directly participate in information processing in the
neurone–astrocyte network. By releasing vasoactive agents, such as
nitric oxide (NO), prostanoids and atrial natriuretic peptide (ANP),
astrocytes belonging to the neurone–astrocyte–blood vessel pathway
participate in the regulation of cerebral blood flow. By releasing ATP
and prostanoids astrocytes may signal to microglia thus influencing
the activation of these cells and the profile of their secreted products.
Following a brain trauma or a metabolic insult, reactive astrocytes also
become a rich source of cytokines which can amplify the signal to
microglia. EETs, epoxyeicosatrienoic acids; HCA, homocysteic acid;
PGs, prostaglandins.
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astrocytes since it may be provided by other cells (i.e. end-
othelial cells) activated by astrocytes through either PGE2

itself or other unidentified signalling molecules. Results
from recent experiments in cultured astrocytes (Zonta
et al. 2003c) provide support for the hypothesis that
activated astrocytes release PGE2. In that study, biosensor
cells – HEK cells transfected with the PGE2 receptor
EP1 – were used to investigate the possible release of the
PGE2 and to obtain insights into its spatial and temporal
characteristics. The results obtained indicate that the same
stimulus which evokes [Ca2+]i oscillations in astrocytes
in situ and, in turn, vasodilatation (i.e. the mGluR agonist
(15,3R)-1-aminocyclopentane-1,3-dicarboxylic acid
(t-ACPD)), also triggers a pulsatile, frequency-encoded
release of PGE2 from cultured astrocytes. The pulsatility of
PG release from astrocytes together with the short half-life
of this molecule, may account for the duration of the
blood flow response: the dilating action of PGs triggered
by a [Ca2+]i peak may soon vanish unless another [Ca2+]i

peak can provide more PG. Taking into account that the
duration and frequency of [Ca2+]i oscillations are strictly
dependent on sustained neuronal activity – and vanish
when synaptic activity is back to resting conditions – this
observation may provide a mechanistic background for

Figure 3. Multiple mechanisms mediate the release of
signalling molecules from astrocytes
Classical neurotransmitters, such as glutamate and ATP, can be
released from cultured astrocytes through a Ca2+-dependent, most
likely vesicular-mediated, mechanism. ATP, NAD+, glutamate and
other amino acids can be also released through the opening of large
conductance channels, such as volume-sensitive anion channels,
connexin hemichannels and P2X7 receptors. Reverse operation of
glutamate transporters represents an additional mechanism that can
lead to a slow increase in the extracellular concentration of glutamate.
Signalling molecules, such as PGs and NO, may diffuse freely accross
the membrane. Due to their short half-life, the action of these
molecules is spatially restricted to nearby target cells. It is noteworthy
that other neuroactive molecules, such as the neurotrophins and the
NMDA receptor co-agonist D-serine, are released from astrocytes.
Given that their release mechanism has not yet been clarified, they are
not included in the figure.

the temporal relationship between neuronal activity and
blood flow response.

PGE2 can act directly on smooth muscle cells to
trigger vasodilatation or indirectly through activation of
endothelial cells which, in turn, mediate vasodilatation.
It should also be taken into account that astrocytes
may activate endothelial cells through gap junctional
communication, a form of communication between these
two cells which has been demonstrated to exist in culture
(Braet et al. 2001) and may be present also in situ. This
adds a further step of complexity to the mechanism
that underlines the astrocyte control of arteriole tone.
Astrocytes may transfer [Ca2+]i elevations to endothelial
cells which, in turn, may release vasodilating agents, such as
NO or prostaglandin I2. Endothelial cell activation might
thus represent the final step in the astrocyte control of
arteriole tone. Because of the presence of tight junctions in
endothelial cells, the [Ca2+]i signal may ultimately involve
many endothelial cells. Co-ordination of large and small
arteriole behaviour by this signal may be pivotal for the
adaptation of blood flow to altered energy demands of
active neurones.

Beside COX products, other vasodilatory agents which
are known to be released upon astrocyte activation, such
as epoxyeicosatrienoic acids (EETs; cytochrome P450
epoxyegenase products), may be involved. Support for
a role of these molecules derives from the evidence that
glutamate can induce production of EETs in cultured
astrocytes (Harder et al. 1998), and that inhibition of P450
activity results in the decrease of the blood flow response
to glutamate and NMDA in vivo (Alkayed et al. 1996,
1997). ATP release from astrocytes can also be involved
in the control of arteriole tone. ATP can elicit a powerful
dilatation of cerebral microarterioles in the rat brain by
acting on purinergic and/or adenosine receptors after
its extracellular conversion to adenosine by ectoenzymes
(Ibayashi et al. 1991).

In summary, many aspects in the cellular and molecular
mechanism underlying the astrocyte action in the coupling
between neuronal activity and blood flow remain to be
investigated.

On the mechanisms of glutamate and ATP release
from astrocytes

Different mechanisms can mediate the release of signalling
molecules from astrocytes (Attwell, 1994; Bezzi et al. 1998;
Haydon, 2001; Kržan et al. 2003) (Fig. 3). We will focus
on the release mechanisms of two of these molecules:
glutamate and ATP. Glutamate is widely recognized to be
the main excitatory neurotransmitter in the brain. ATP
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is also of major physiological relevance. Once released
from axon terminals through a Ca2+-dependent, vesicular-
mediated mechanism, ATP is proposed to participate in
excitatory synaptic transmission and Ca2+ signalling by
acting on purinergic receptors, both ionotropic (P2X)
and metabotropic (P2Y) (North & Barnard, 1997; Khakh,
2001). These receptors are widely expressed by neurones
from the central nervous system, and they are also present
in astrocytes (Kukley et al. 2001).

Regarding glutamate release, both Ca2+-independent,
such as the reversal operation of glutamate trans-
porters (Szatkowski et al. 1990; Attwell et al. 1993), and
Ca2+-dependent mechanisms have been proposed. A
number of studies provide indirect, although compelling,
evidence that under physiological conditions glutamate
can be released from astrocytes through a Ca2+-dependent
mechanism that shares common properties with the
vesicle-mediated mechanism of the neurotransmitter
release in neurones (Parpura et al. 1995a,b; Jeftinija
et al. 1997; Calegari et al. 1999; Araque et al. 2000;
Pasti et al. 2001; Kreft et al. 2004; Zhang et al. 2004).
Recent results provide significant support for the vesicle
hypothesis of glutamate release from astrocytes (Bezzi
et al. 2004). Using postembedding immunogold labelling,
vesicles expressing the vesicular glutamate transporters
(VGLUT1/2) and the vesicular SNARE protein cellubrevin
have been detected in hippocampal astrocytes in situ. By
total internal reflection fluorescence microscopy, distinct
fusion events of fluorescently tagged VGLUT-positive
vesicles were revealed in cultured astrocytes following
stimuli that trigger [Ca2+]i elevations. Most important,
in strict temporal correlation with these events, NMDA
receptor-mediated [Ca2+]i elevations were detected in
NMDA receptor transfected insulinoma-1 cells used
as glutamate biosensors. These observations provide
convincing evidence for the existence in astrocytes of
a Ca2+-dependent exocytosis of glutamate-containing
vesicles.

Glutamate and other amino acids have also been
reported to be released from astrocytes through volume-
sensitive anion channels (Kimelberg et al. 1990; Kimelberg
& Mongin, 1998). Opening of these channels can allow
the delivery of these molecules into the extracellular
space along their concentration gradient, since their
concentration in the cytosol is in the millimolar range
while in the extracellular space it is in the low micromolar
range (Nedergaard et al. 2002). Whether this release may
occur under physiological conditions and whether it may
be regulated by [Ca2+]i is, however, unclear.

As to ATP release, the ATP-binding cassette transporters
(Abraham et al. 1993), the cystic fibrosis transmembrane

conductance regulator or other volume-regulated anion
channels (Queiroz et al. 1999; Hisadome et al. 2002;
Anderson et al. 2004) are possible mechanisms for ATP
release. Furthermore, evidence for a Ca2+-dependent
release of ATP-containing vesicles has been recently
reported (Coco et al. 2003).

Connexin hemichannels and/or P2X7 receptors have
also been recently proposed as possible pathways for the
delivery of both glutamate (Duan et al. 2003; Ye et al. 2003)
and ATP (Cotrina et al. 1998) (Fig. 3). Here we will review
recent data on this issue and focus our discussion on the
possible role of these novel release pathways under physio-
logical and non-physiological conditions.

Release of glutamate and ATP under low external
Ca2+. Involvement of connexin hemichannels
and/or P2X7 receptors

Connexin hemichannels, also called connexons,
are hexagonal multimers made up of six connexin
macromolecules. They represent a heterogeneous family
of hemichannels with different permeation and regulatory
properties. When opposed to another connexon in an
adjacent membrane, a connexon forms a gap junction
intercellular channel. However, when unopposed, a
connexon can form a single-membrane-spanning channel
which can allow the passage of molecules of relatively
large molecular weight (< 1 kDa). Its general features
are a voltage dependence, a modulation by either
phosphorylation and pH and an increase of the open
probability at low extracellular concentrations of divalent
ions (Goodenough & Paul, 2003). Connexins, particularly
connexin 43, are highly expressed in astrocytes where
they mediate gap junctional intercellular communication
(Dermietzel et al. 1989; Dermietzel & Spray, 1993; Simard
et al. 2003).

Clues for the possibility that connexon openings
in astrocytes allow the release of ATP and glutamate
derive from the observations that the [Ca2+]i waves
evoked by lowering the extracellular Ca2+ in cultured
astrocytes (Zanotti & Charles, 1997) are accompanied
by a large increase in the extracellular concentration of
both ATP (Cotrina et al. 1998, 2000; Stout et al. 2002;
Coco et al. 2003) and glutamate (Ye et al. 2003). This
release was sensitive to anandemide (Coco et al. 2003)
and to flufenamic acid, carbenoxolone, octanol and other
blockers of gap junctions (Ye et al. 2003). In an elegant
study which used a real-time bioluminescence imaging
technique, Nedergaard and collaborators (Arcuino et al.
2002) provided evidence for the release of ATP from
single astrocytes. These authors observed that the [Ca2+]i
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wave caused by lowering extracellular Ca2+ is initiated at
distinct, individual astrocytes, which operate as triggers
for the propagating [Ca2+]i wave. The [Ca2+]i signal in
these cultured astrocytes is associated with a transient
opening of a non-selective membrane channel, as assessed
by the selective uptake of the fluorescent dye propidium
iodide. Although the opening of this large membrane
pore is transient, and thus does not lead to cell death,
it apparently allows a highly localized release of ATP.
Other studies confirm that at low divalent extracellular
concentrations cultured astrocytes can take up dyes,
such as Lucifer yellow, and this uptake is blocked by
gap junctional blockers (Ye et al. 2003). Furthermore,
patch-clamp recordings from cultured astrocytes revealed
inward currents activated by low Ca2+ concentrations,
and these currents are blocked by flufenamic acid and
by increasing extracellular Mg2+ concentration (Stout
et al. 2002). All these observations provide convincing
evidence that, at least at low extracellular concentrations
of divalent ions, a large pore in the plasma membrane
could open in the astrocytic membrane and allow
intracellular molecules, such as ATP and glutamate,
to exit following their concentration gradient. Hemi-
channels are good candidates as mediators of this type of
release.

However, it is worthwhile noting that attributing a
specific function to connexin hemichannels is hampered
by our insufficent knowledge of their properties and by the
lack of satisfactory pharmacological tools for their specific
inhibition. Compounds such as octanol, flufenamic acid,
AGA and carbenoxolone are commonly used to block
gap junctions and hemichannels, but their mechanisms of
action are not known. Indeed, none of these compounds
have been demonstrated to specifically interact with
connexins. Rather, they can have other effects, including
the induction of [Ca2+]i elevations and [Ca2+]i waves, and
it is likely that, at least for some of them, the mechanism of
action is indirect (Rouach et al. 2003). A complementary
approach therefore appears necessary for unambiguously
identifying a hemichannel role in the release of glutamate
and ATP from astrocytes.

Activation of the P2X7 purinergic receptor has been
recently proposed to represent an additional, novel
pathway for glutamate release from astrocytes (Duan
et al. 2003). Like connexons, the opening of this receptor
forms a pore that is permeable to molecules of relatively
large molecular mass and it is greatly enhanced by
low extracellular concentrations of divalent ions (Khakh,
2001). The release of amino acids from cultured astrocytes
is observed to be (i) higher upon stimulation with benzoyl-
ATP than with ATP (the latter being a weak P2X agonist),

(ii) greatly potentiated in divalent ion-free medium, and
(iii) blocked by P2X antagonists. Amino acid release
induced by ATP in divalent ion-free medium is unaffected
after cell incubation with either BAPTA-AM or EGTA
plus thapsigargin indicating the Ca2+ independence of this
release (Duan et al. 2003).

While these results from cultured astrocytes clearly
indicate that under selected experimental conditions the
P2X7 receptor allows the delivery of glutamate into the
extracellular space, no compelling evidence has been
reported that under physiological conditions activation
of astrocyte P2X7 receptors results in formation of
large pores. On the other hand, under physiological
extracellular concentrations of Ca2+, ATP is known to
trigger a significant release of glutamate (Jeremic et al.
2001; Coco et al. 2003). However this release can be due to a
Ca2+-dependent pathway. Indeed, by activating both
ionotropic, Ca2+-permeable P2X receptors and/or
metabotropic P2Y receptors, ATP can evoke an intra-
cellular Ca2+ increase that, in turn, mediates glutamate
release. Furthermore, it is worthwhile underlining
that, while an immunocytochemical study provides an
indication of the presence in hippocampal astrocytes of
all P2X receptors (with the exception of the P2X5 type)
(Kukley et al. 2001), no evidence yet exists for a functional
expression in these cells of the P2X7 receptor.

It thus appears well established that, under particular
experimental conditions, such as the virtual absence
of divalent cations in the extracellular space, connexin
hemichannels and P2X7 receptors can open and allow
the passage of small molecules, including glutamate
and ATP. It is noteworthy that they can also open
under pathological conditions, such as brain ischaemia
and spreading depression. Their possible involvement
in the mechanism(s) leading to cell death, for example
contributing to produce large excytotoxic concentrations
of glutamate in the extracellular space, is a matter of
debate and will not be discussed further. However, it is
worthwhile underlining that the opening of these channels
can, indeed, cause the loss of ionic gradients and of cyto-
plasmic components, change in cell volume, Ca2+ influx
and, ultimately, cell death. The relevant point here is
whether or not a large and non-selective channel, such
as the connexin hemichannel, opens under physiological
conditions and thus contributes to the normal functioning
of the cell.

Can hemichannels mediate ATP release fromastrocytes
under physiological conditions? Under normal
extracellular concentrations of Ca2+ and Mg2+, hemi-
channels should remain in a permanent, closed state
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(Goodenough & Paul, 2003). In contrast to this view,
results obtained in cultured 3T3 fibroblasts, which
constitutively expressed Cx43, demonstrate that these
connexin hemichannels can open and mediate the release
of the nucleotide NAD+ into the extracellular space
(Bruzzone et al. 2001). This release could be blocked
by 18β-glycyrrhetinic acid, a gap junctional blocker,
and by an antisense-Cx43 oligonucleotide. Evidence
has also been provided that cultured astrocytes release
NAD+ through the same pathway (Verderio et al. 2001).
In addition, a recent study in cultured endothelial cells
from rat brain cell lines provides further indication for
ATP release through hemichannels without deleterious
consequences for the cell (Braet et al. 2003). A peptide
which binds to an extracellular domain of connexins,
namely Gap 26, was found to block the propagation of
the [Ca2+]i waves in endothelial cells due to ATP release
induced by photo-liberation of InsP3 in a single cell (Braet
et al. 2003). To be compatible with cell survival, openings
of these hemichannels should, obviously, be transient
and regulated. A recent study in HeLa cell transfected
with the cDNA for the rat Cx43 (Contreras et al. 2003)
confirms this assumption and provides the following
electrophysiological characterization of hemichannel
gating properties: (i) transient single channel openings
can occur at potentials more positive than +60 mV; (ii)
openings are sensitive to gap junctional blockers and
La3+, and (iii) openings increase, although modestly, in
the absence of extracellular Ca2+. While hemichannel
activity is not detectable at the resting potential by electro-
physiological techniques, a significant dye uptake into
the cells can be observed after the prolonged incubation
with ethidium bromide. Therefore, infrequent or brief
openings may occur, although such a low activity in
heterologous systems forced to overexpress the hemi-
channels can hardly be considered a convincing indication
of hemichannel openings under normal conditions.

Only a few studies on a possible role of hemichannel-
mediated release of ATP in cultured astrocytes under
physiological extracellular concentrations of divalent ions
have been performed and the results obtained are
conflicting. Stout et al. (2002) reported that gap junction
and connexin hemichannel blockers reduce ATP release,
while quinine, an agonist of connexin hemichannels,
increases ATP release and [Ca2+]i wave propagation. In
contrast, Coco et al. (2003) found that under normal
conditions the release of ATP triggered by either
phorbol 12-myristate 13-acetate (PMA) or mechanical
astrocyte stimulation was insensitive to the connexin
hemichannel blockers flufenamic acid and anandamide,
which, conversely, drastically reduced the release of ATP

triggered by low divalent ions. It is noteworthy that
anandamide (Coco et al. 2003), but not flufenamic acid
(C. Verderio, personal communication), inhibited the
NAD+ influx down its concentration gradient, confirming
its effectiveness as a hemichannel blocker. Furthermore,
by means of sucrose gradient analysis, these authors
provide evidence that a fraction of ATP in astrocytes, as
previously shown in other cell types (Unsworth & Johnson,
1990), is stored and released in vesicles through a
Ca2+-dependent mechanism. In particular, they observed
that the release of ATP is: (i) Ca2+ dependent, being
inhibited by astrocyte incubation with the intracellular
Ca2+ chelator BAPTA-AM, (ii) partly inhibited by tetanus
neurotoxin, which impairs exocytosis by cleavage of
the SNARE protein synaptobrevin, and (iii) reduced
by bafilomycin A1, which also impaired ATP storage
in vesicles. Interestingly enough, the protein kinase C
activator PMA and the metabotropic glutamate receptor
agonist t-ACPD, were equally effective in inducing the
release of glutamate, while PMA, but not t-ACPD,
induced the release of ATP. Glutamate and ATP
may thus be stored in different organelles, raising
the possibility that the exocytosis of glutamate- and
ATP-containing vesicles can be differentially regulated by
Ca2+ signalling (Coco et al. 2003) (Fig. 3).

According to the results available from experiments
in cultured astrocytes, it therefore seems likely that
the two mechanisms, i.e. the Ca2+-dependent and the
Ca2+-independent ATP release mediated by hemichannels,
do not overlap, the first being present under normal,
the second under particular, experimental conditions.
Whether or not this view can hold in in vivo conditions is
a question to be addressed.

In conclusion, while many studies from different
laboratories demonstrate that hemichannels can mediate
ATP release from cultured astrocytes under low divalent
concentrations, no compelling evidence exists for their
possible role in ATP release from astrocytes under physio-
logical conditions. It is clear that a more comprehensive
approach together with the development of new tools,
such as specific connexin antagonists, are necessary to gain
further insights into connexin function.

Conclusions

Emerging evidence has highlighted the capability of
the astrocyte to work as both a target of neuro-
nal signals, i.e. a non-neuronal postsynaptic membrane
responsive to neurotransmitters, and a source of
signalling molecules, i.e. a non-neuronal terminal
that releases neurotransmitters as well as other
neuroactive agents. The astrocyte’s action remains,
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however, under the strict control of neurones. Indeed,
by determining the astrocyte’s type of response (i.e.
short- or long-distance signals), neurones shape the
output of activated glial cells and thus determine
a qualitatively distinct functional consequence. The
neurone-to-astrocyte signalling pathway thus represents
an integral unit which serves multiple, diverse roles.
Ultimately, this multifunctional unit contributes to
achieve the rich diversity in neuronal transmission which
is a fundamental aspect of brain function.
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