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Abstract
The neuronal doctrine, developed a century ago regards neuronal networks as the sole substrate of
higher brain function. Recent advances in glial physiology have promoted an alternative
hypothesis, which places information processing in the brain into integrated neuronal-glial
networks utilizing both binary (neuronal action potentials) and analogue (diffusional propagation
of second messengers/metabolites through gap junctions or transmitters through the interstitial
space) signal encoding. It has been proposed that the feed-forward and feed-back communication
between these two types of neural cells, which underlies information transfer and processing, is
accomplished by the release of neurotransmitters from neuronal terminals as well as from
astroglial processes. Understanding of this subject, however, remains incomplete and important
questions and controversies require resolution. Here we propose that the primary function of peri-
synaptic glial processes is to create an “astroglial cradle” that shields the synapse from a multitude
of extrasynaptic signaling events and provides for multifaceted support and long-term plasticity of
synaptic contacts through variety of mechanisms, which may not necessarily involve the release of
“glio”transmitters.

“What is the function of glial cells in neural centers? The answer is still not known,
and the problem is even more serious because it may remain unsolved for many
years to come until physiologists find direct methods to attack it”

Santiago Ramon-y Cajal (1909/1911)

It has been more than 20 years since the first evidence challenging the role of glia as passive
bystanders was published. In 1990 Ann Cornell-Bell, Stephen Smith and others reported that
glutamate triggers oscillatory and propagating Ca2+ waves in cultured astrocytes (Cornell-
Bell et al. 1990). At first glance, this discovery may not seem particularly striking, because
functional expression of glutamate receptors in neuroglia was already established (Bowman
and Kimelberg 1984; Kettenmann et al. 1984). Yet the fact that astrocytes respond to a
neurotransmitter with propagating intra- and intercellular signals suggested that astroglia are
capable of sensing and possibly integrating synaptic transmission, and therefore can be
involved in information processing in the brain. The notion that neurotransmitters can evoke
signaling in non-excitable cells in the brain was a radical departure from the established
view of how the brain functions. At the same time, this initial observation highlighted the
fundamental differences between neuronal and glial signaling that occur in different
temporal domains: the glial Ca2+ waves propagate at a speed of 4 - 20 □m/s, whereas the
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velocity of action potential-mediated conductance between neurons approaches 10 - 100 m/s
(Hartline and Colman 2007).

Several years later, two studies added additional support to the emerging understanding of
astrocytes’ role in higher brain processes. These reports demonstrated that in co-cultures,
astrocytes can trigger calcium increases in adjacent neurons (Nedergaard 1994; Parpura et
al. 1994). This was a fundamental finding because it indicated that the ‘housekeeper cells’
not only receive information from neurons and communicate it to their own kind, but they
can also feed signals back to neuronal networks. These findings led naturally to the question
of whether astrocytes are capable of modulating synaptic transmission. In 1998, four
independent groups showed (a) that Schwann cells modulate synaptic efficacy in the
neuromuscular junction (Robitaille 1998); (b) that glial cells in co-cultures can increase the
frequency of miniature postsynaptic currents (Araque et al. 1998); (c) that glial cells in the
retina modulate the activity of ganglion cells (Newman and Zahs 1998); and (d) that
hippocampal astrocytes can increase the strength of inhibitory transmission through a Ca2+-
dependent pathway (Kang et al. 1998). These four studies, in combination with the finding
that astrocytes release glutamate in response to increases in cytosolic Ca2+ triggered by
metabotropic receptor activation (Bezzi et al. 1998), was the basis for a novel model of
synaptic function in which astrocytes modify synaptic activity by the Ca2+-dependent
release of gliotransmitters. This idea caught on, and over the past twelve years, more than a
hundred publications have reported that astrocytes indeed influence synaptic communication
in many areas the of CNS. In 1996, these findings were synthesized into the concept of
“synaptic triate” (Kettenmann et al. 1996), which later developed into ‘the tripartite
synapse’, a model that suggests that signal integration and transduction by each individual
synapse should be considered in terms of the pre- and post-synaptic terminals and adjacent
perisynaptic astrocytic processes (Araque et al. 1999). The tripartite synapse concept
assumes (Fig. 1) that activation of astroglia by neurotransmitters released from the
presynaptic terminal triggers additional release of transmitters (usually glutamate and/or
ATP) from astroglial compartment, which can directly participate in the synaptic event.

At present, the glial field is no longer avant-garde, and most textbooks provide a section on
neuronal-glial signaling. Recently, however, several studies (Agulhon et al. 2010; Petravicz
et al. 2008) have questioned the paradigm of astroglial transmitter release and modulation of
synaptic transmission and plasticity, providing evidence to the contrary. Although this
contrary evidence is open to counter-interpretations and leaves many unanswered questions,
it adds to a growing number of voices who are concerned that non-physiological nature of
many experiments investigating astrocytic function at synapses might have led to an
inaccurate understanding of the way how the astrocytes operate. This topic has been
reviewed recently in several excellent publications, some which are in favor of astrocytic
transmitter release (Araque et al. 1999; Halassa and Haydon 2010; Volterra and Meldolesi
2005), or provide evidence against it (Agulhon et al. 2008), or are skeptical (Hamilton and
Attwell, 2010). In this article, we suggest that the inability to reconcile recent observations
in the field may result from misinterpretations arising from designing experiments based on
the model of the tripartite synapse. The model does not take into account that structural and
functional barrier erected by astroglial membranes around individual synapses as well as
highly localized homeostatic interactions (e.g. providing metabolic support and transmitter
clearance) are essential for ascertaining a high spatial specificity and local plasticity of
synaptic transmission. We suggest that the role of astrocytes in information processing lies
in global and tonic modulation of neural networks. Simultaneously astroglia keeps the
spatial precision of synaptic transmission and provide local homeostatic support for
individual synapses. We also contemplate a novel model of gliotransmitter-independent
interactions in glial-neuronal networks that may stimulate further discussion and future
studies.
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Lack of selective experimental tools in glia research
The contradictory observations on the nature, mechanism and physiological relevance of
gliotransmission might be partially explained by the use of neuronal function recordings
(neuronal ‘readout’, such as an EPSC) as an indication of astrocytic function, combined with
the difficulty in selectively perturbing astrocytes without simultaneously influencing the
synapse. Neural readouts therefore provide an indirect measure of astrocytic actions and
hence experimental findings are difficult to interpret conclusively. As an example of
ambiguous experimental design, removal of Mg2+ from the bath solution does not only
relieve the voltage-dependent block on NMDA receptors, but has multiple effects on
astrocytes including the initiation of spontaneous Ca2+ signaling (Stout and Charles 2003)
and inhibition of glutamine synthetase (Deuel and Stadtman 1970; Dowton and Kennedy
1985). Similarly, endothelin-1, PAR-1, P2Y1, and bradykinin receptors presumed to be
specifically expressed on the perisynaptic astrocytic terminals, may also appear in other cell
types, including subpopulations of neurons, endothelial cells and microglia. Another popular
experimental paradigm uses fluoacetate to inhibit glycolysis in astrocytes. Although
fluoroacetate primarily, albeit not exclusively, targets astrocytes, lack of metabolic support
from astrocytes will affect synaptic transmission. Therefore fluoroacetate cannot be used as
a direct tool to investigate astroglial-mediated transmission, since metabolically
compromised neurons are less likely to respond to stimulation. Moreover, fluoacetate
effectively blocks the glutamine-glutamate shuttle as conversion of glutamate to glutamine
is an energy requiring process. Lack of glutamate will not only suppress glutamate
accumulation in excitatory neurons, but also affect the inhibitory activity since GABA
production is similarly glutamine-dependent (Ortinski et al., 2010). Likewise, dialyzing
compounds such as BAPTA into the astrocytes not only occludes Ca2+ signaling, but also
alters a multitude of intracellular Ca2+-dependent signaling/metabolic pathways that may
affect synaptic transmission indirectly (see (Agulhon et al. 2008; Hamilton and Attwell,
2010) for a detailed update on experimental modulation of gliotransmission). In fact, simply
touching an astrocyte with a patch pipette without breaking the plasma membrane is
sufficient to evoke intracellular signaling events and consequent vasodilatation (Zonta et al.
2003). Several studies have employed depolarization pulses to stimulate gliotransmitter
release (Bekar et al. 2008; Jourdain et al. 2007; Kang et al. 1998). However, the astroglial
plasma membrane contains hemichannels, which open in response to depolarization thus
resulting in a nonspecific leakage of cytosolic content, including glutamate and ATP from
astrocytes; the latter two possibly triggering variety of indirect effects.

Currently, photolysis of caged Ca2+ or InsP3 loaded into astrocytes is the most specific
method for selective stimulation of astroglia, but probably increases cytosolic Ca2+ to
pathological levels and bypasses potentially crucial intracellular signaling pathways (i.e. G-
protein related processes) that are activated following physiological receptor stimulation
(Fiacco and McCarthy 2004; Liu et al. 2004). It is also important to consider the limitations
of acute slice preparations for studying astroglia, as astrocytes are engineered to maintain an
optimal environment at the expense of their own health. Astrocytes in acute slice preparation
exhibit signs of reactive changes and loss of glycogen granula (Fiala et al. 2003). Astrocytic
modulation of neural activity should necessarily always include adult animals, as it is well-
known that glial cells during development initiate the first electrical activity by release of
transmitters, including ATP and glutamate. For example, immature glial cells initiate the
first electrical activity by release of ATP in the developing auditory system (Tritsch et al.
2007), and glutamate in the subventricular zone (Platel et al. 2010), but this activity ceases
as mature synapses are established. All in all, it is not sufficient to base studies on neuroglia
signaling on slices prepared from yoing pups only. in vivo confirmation in adult animals
should be obtained whenever possible. Luckily, much improved tools for selective
stimulation of astrocytes in the adult brain are underway. For example, optogenetic tools that
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stimulate relevant astrocytic signaling pathways such as opto-adrenoceptors composed of
chimeras of rhodopsin and either α1 or β2 adrenoceptors (Airan et al. 2009). Chemogenetic
tools such as, for example, Designer Receptors Exclusively Activated by Designer Drugs
(DREADDs) (Armbruster et al. 2007)) have the potential to transform the field. The
selectivity of action of these experimental manipulations and the potential to activate large
number of astrocytes in selected brain region bear great promise. One of the major
advantages of these novel approaches is that behavioral assays can be included in the
analysis. We predict that studies based on opto- and chemogenetics approaches may
radically transform our view on astrocytic function and their role in neural circuit within just
a few years.

When, where, and why do astrocytes release gliotransmitters?
The concept of the tripartite synapse originated from observations that astroglial Ca2+

signals produced in response to neural activity, activate the release of ‘gliotransmitters’ such
as D-serine, ATP and glutamate that modulate synaptic transmission (Agulhon et al. 2008;
Allen and Barres 2009; Araque et al. 1999; Hamilton and Attwell, 2010; Volterra and
Meldolesi 2005) (Fig. 1). According to this model, neurotransmitters released from the
neuronal terminal activate receptors on adjacent glial processes, which triggers a Ca2+

increase in astrocytes, and gliotransmitter release that in turn can modulate both pre- and
post-synaptic neuronal compartments. The Ca2+-dependent release of glutamate from
astroglial cells in vitro is well established, with several groups directly detecting glutamate
release from cultured astrocytes in response to receptor stimulation, as reviewed in (Volterra
and Meldolesi 2005). However, two important questions concerning the physiological
significance of these observations remain: is gliotransmitter release regulated and spatially
confined (as opposed to non-specific leakage of cytosolic compounds) and does it occur in
vivo? One potential problem is that glutamate is a small compound (180 Da) that can
permeate most anion channels. Any disturbances of membrane permeability or simply the
opening of anion channels can result in efflux of cytosolic glutamate that acts as a
transmitter once released. A key to demonstrating the specificity of Ca2+-mediated
glutamate release is to provide evidence that glutamate is released in a controlled fashion in
response to physiological stimulation. To our knowledge, this has not been tested directly,
except in a single study reporting that receptor-mediated glutamate release was accompanied
by the release of other amino acids, including aspartate, taurine, glycine, and D-serine from
cultured astrocytes. The relative ratio of amino acids released matched that of the cytosolic
compartment, suggesting that this event reflected non-specific leakage (Nedergaard et al.
2002; Takano et al. 2005)(Fig. 2).

What then is the evidence for regulated glutamate release from astrocytes in situ? In slices,
glutamate release from astrocytes has been detected by monitoring neuronal slow inward
currents (SICs) sensitive to ifenprodil, an antagonist of NR2B subunit-containing
extrasynaptic NMDA receptors (Halassa and Haydon, 2010). Concurrent Ca2+-imaging has
documented that the SIC is accompanied by an increase in cytosolic Ca2+ in groups of
neurons consistent with the occurrence of a substantial release of glutamate (Fellin et al.
2004; Tian et al. 2005). However, it has been difficult to definitively link Ca2+ signaling in
astrocytes to glutamate release, because Ca2+ increases in astrocytes evoked SICs
inconsistently and with a delay of 1-20 sec. Most troublesome, however, has been the
absence of a definitive demonstration that the glutamate that triggers SICs is released from
astroglia. Although it is true that SICs are largely TTX-insensitive, this does not
unequivocally identify astrocytes as the only source of glutamate, as other cellular elements
can provide for non-synaptic glutamate release. For example, depolarization or stimulation
of climbing fibers evokes somatodendritic release of glutamate from cerebellar Purkinje
cells (Duguid et al. 2007; Shin et al. 2008a). Activation of excitatory autoreceptors by
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dendritic release of glutamate has also been demonstrated in mitral cells of the rat olfactory
bulb (Salin et al. 2001), and TTX-resistant SICs in hippocampal slices treated with high
concentrations of 4-AP and TEA have been ascribed to glutamate release from axons of
CA3 pyramidal neurons (Strowbridge 1999).. The similarity between the SICs in these
studies suggests that astrocytes are not the only source of non-synaptic glutamate release. In
fact, due to the expression of glutamine synthetase, the cytosolic concentration of glutamate
is lower in astrocytes (~2 mM) than in neurons (~10 mM) (Nedergaard et al. 2002).

Pharmacological tools have provided indirect evidence for astrocytic glutamate release. In
these studies, glutamate release from astrocytes has been detected by comparing the effect of
astrocytic stimulation on synaptic function in the absence and in the presence of Group I
mGlu receptor antagonists (Fiacco and McCarthy 2004; Navarrete and Araque, 2010).
Group I mGluRs agonists, however, are known to potentiate excitatory transmission by
increasing neurotransmitter release, enhancing AMPA/NMDA receptor responses, and
modulating several types of voltage-gated channels (Anwyl 1999). Conversely, group 1
mGluR inhibitors reduce baseline neuronal responsiveness to stimulation (Anwyl 1999).
Therefore, evidence for astrocytic glutamate release based on comparing astrocytic-
mediated modulation in presence and absence of mGluR antagonists is not definitive, since
these agents broadly suppress excitatory transmission. In other words, the lack of changes in
synaptic transmission in response to astrocytic activation in the presence of mGluR
antagonist may reflect that the synapse is less responsive to any input, rather than astroglia-
specific modulation of synaptic activity by release of glutamate. Overall, neither of these
studies provided definitive proof for astrocytic glutamate release.

Conversely, two types of experiments have recently claimed to provide direct evidence
against the notion of astroglia-dependent modulation of synaptic transmission. First, it was
demonstrated that receptor-mediated increases in astrocytic Ca2+ do not affect synaptic input
to hippocampal CA1 neurons. This study employed a transgenic mouse in which the
expression of a Gq-coupled receptor (MrgA1) was driven by an inducible promoter (Fiacco
et al. 2007). Native MrgA1 receptors are not expressed in the brain and is activation induced
robust increases in cytosolic Ca2+ in transgenic astrocytes, which was designed to mimic the
physiological activation of astrocytes by neuronally released glutamate. The key observation
was that Ca2+ signaling in astrocytes did not affect the frequency or amplitude of neuronal
EPSPs. A second set of studies used InsP3R2 knock out mice, in which astrocytes were
unable to mobilize Ca2+ from intracellular stores (InsP3R2 are the only InsP3 receptor
expressed by astrocytes) (Petravicz et al. 2008). Despite the lack of astroglial Ca2+

signaling, both short- and long-term synaptic plasticity appeared normal, suggesting that
astrocytes do not play a significant role in these processes (Agulhon et al. 2010).

This finding was unexpected and led to a debate on how essential astrocytes are for synaptic
transmission and plasticity. The strength of McCarthy and co-workers analysis was that
these studies employed selective agonist-stimulated Ca2+ signaling in astrocytes to show
that receptor activated Ca2+ signaling in astrocytes is not sufficient to induce gliotransmitter
release. The observation naturally led to a re-evaluation of past studies and called attention
to the non-physiological nature of many of the protocols. However, as with previous studies,
these more recent findings also have limitations. Specifically, Ca2+ increases driven by
MrgA1 receptors may not engage the intracellular pathways involved in gliotransmitter
release or initiate other mechanism(s) by which astrocytes may modulate neuronal activity.
The non-polarized expression of MrgA1 receptors in combination with a lack of
downstream effectors may prevent their effective coupling to appropriate molecular
pathways and physiological responses. Likewise, mobilization of cytosolic Ca2+ stores may
not be the only pathway by which astrocytes increase cytosolic Ca2+ and compensation
during development may lessen the consequences of InsP3 receptor deletion; a
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developmental adaptation cannot be ruled out until conditional knockouts are produced.
Nevertheless, these results cast doubt on the importance of gliotransmitter modulation of
synaptic function, or at least suggest that a certain care is required when interpreting data on
astrocytic modulation of synaptic transmission via gliotransmitter release.

However, a serious problem is that the experimental design of these and other studies is
based on the model of tripartite synapse for interactions between astrocytes and neurons.
The concept of the tripartite synapse assumes that perisynaptic glia processes dynamically
feedback to modulate ongoing synaptic transmission and aim at detecting rapid changes in
the efficacy of transfer of signal across a single synapse. This approach ignores that the
primary role of astrocytes is to isolate the individual synapse and that their modulatory roles
likely is more diffuse and directed at multisynaptic neuronal networks (see later). In fact,
multiple lines of evidence suggest that withdrawal of peri-synaptic astrocytes processes lead
to increased glutamatergic transmission, and that the primary function of astrocytes thereby
is to control synaptic transmission by clearing extracellular glutamate rather than to
modulate synaptic transmission through glutamate release.

Astrocytic shielding of the synapse
If the glial part of the tripartite synapse is not at the core of synaptic transmission and
plasticity, what about the other reported roles of astrocytes such as neurotransmitter
clearance and control of ambient glutamate? What are the implications for the tripartite
synapse hypothesis and the roles for astrocytes in general?

The traditional view of astrocytic processes is that they provide a structure that shields the
synapse from neurotransmitter interference from nearby synapses. We believe this important
role needs to be incorporated into a new unifying concept that can accommodate all
available data.

An important issue to reconcile is the apparent paradox that astrocytes appear to be able to
both release glutamate and also participate in its rapid removal from the synaptic cleft.
Indeed, multiple studies indicate that withdrawal of perisynaptic glia processes does not
result in a decrease in glutamatergic signaling as would be expected if astrocytes released
glutamate. On the contrary, reduction in synaptic glial coverage prolongs EPSPs in the
cerebellum (Iino et al. 2001), increases activation of mGlu receptors in the supraoptic
nucleus (Oliet et al. 2001; Piet et al. 2004), and results in synaptic spillover of glutamate
during simulation of a typical CA1 hippocampal synapse (Rusakov 2001). Thus, in the
context of the core process of pre-to-post synaptic transmission, the primary function of
perisynaptic glial processes appears to be uptake, rather than release of glutamate.

It is also clear that glutamate released from astrocytes or other extrasynaptic sources do not
have access to the postsynaptic density and does not trigger action potentials or even AMPA
receptor-mediated EPSPs. Slow inward currents trigger a prolonged depolarization of
neurons (0.3 -1.0 sec) that in many aspects resembles the membrane depolarization observed
in response to the raising extracellular K+ concentration. Several studies of cortical and
hippocampal excitatory synapses have documented that slow inward currents activate
extrasynaptic NR2b-containing NMDA receptors (Jourdain et al. 2007; Kato et al. 2006;
Volterra and Meldolesi 2005). This observation is important, because it implies that
glutamate released by astrocytes is not targeted to specific synapses, but dissipates and
induces non-specific activation of nearby cells. Most strikingly, despite the intense interest
in the concept of gliotransmission for more than a decade, we are not aware that any data
have been collected in adult intact animals that support a physiological role of glutamate
release from astrocytes. A transgenic mouse was developed 7 years ago to study the role of
astrocytic glutamate release in synaptic plasticity. In this mouse expression of a dominant-
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negative mutation of synaptobrevin 2 (dnSNARE) interferes with the exocytosis in GFAP
expressing astrocytes (Pascual et al. 2005). The dnSNARE mice were generated based on
the in vitro observations that formation of SNARE complexes was required for astrocytic
glutamate release (Zhang et al. 2004). Despite being available for years, the dnSNARE mice
have so far not been utilized for studies on exocytotic glutamate release from astrocytes. We
conclude that astrocytic glutamate release only definitively has been demonstrated in
cultures, and thus far has only be proven to play a role in synaptic plasticity using non-
physiological stimulation paradigms or under pathological conditions.

Astrocytic regulation of trans-synaptic communication
Based on the discussion above, we propose that the tripartite synapse is not a centre for
neuroglial signaling, but rather that perisynaptic glial processes provide a structure that
shields the synapse from interference from nearby synapses and other extrasynaptic
signaling events, thus creating an astroglial cradle (Fig. 4). The idea of neuroglia as an
insulator in the nervous system is very old and was already in vogue at the end of 19th
century (Santiago Ramon-y-Cajal credited this idea to his brother Pedro - Ramon-y-Cajal,
1909/1911) (Cajal 1909; Cajal and Ramon 1995). Astrocytic sheaths provide a degree of
physical separation between synapses and the insulator function seems to represent a generic
function of neuroglia at large including myelinating oligodendrocytes. Perhaps more
importantly, however, astroglial perisynaptic membranes additionally act as a dynamic
functional barrier by employing active uptake of transmitters. This astroglial cradle may
reduce both “spill-in” of transmitters released during extrasynaptic signaling events and
“spill-out” of transmitters from the cleft, thus effectively isolating the single synapse from
the rest of CNS. This allows the co-existence of spatially and temporally precise synaptic
transmission with a multitude of slower and less specific extrasynaptic signaling events.
This latter point reflects an important critique of the tripartite synapse model related to the
general assumption that the synapse is the center for all signaling in CNS. While synaptic
transmission certainly is responsible for information transfer in neuronal networks, a
multitude of signaling occurs outside the synapses among the many other cell types
comprising the CNS, utilizing transmitters including ATP, PGE2, and BDNF that can all
potentially interfere with synaptic transmission (Coull et al. 2005). Thus, a key function of
peri-synaptic astrocytic processes is to prevent “spill-in” of transmitters release by non-
neuronal cells, as for example microglial cells (Noda et al. 1999) that directly may interfere
with the precision of synaptic transmission.

More importantly, Ca2+-regulated gliotransmitter release, may not necessarily represent the
main pathway for astroglia-dependent regulation of synaptic transmission. Astrocytes are in
a possession of ionotropic receptors (glutamate and P2X receptors) that mediate rapid influx
of Na+ and Ca2+ (Lalo et al. 2006; Lalo et al. 2008). The functional importance of these glial
receptors is necessarily distinct from those of neurons, because the astrocytic plasma
membrane is electrically non-excitable (Verkhratsky and Kettenmann, 2010). In all
probability, the primary function of astroglial ionotropic receptors is to generate local
increases in [Na+]i and [Ca2+]i in perisynaptic processes, which in multiply ways enable
astrocyte to both control and support synaptic transmission. For example, an increase in
[Na+]i contributes to fast Ca2+ signals in perisynaptic astrocytic processes though reverse
activation of the Na+/Ca2+ exchanger (NCX) (Figure 3) (Kirischuk et al. 1997). The
decrease in the transmembrane Na+ gradient is also expected to reduce the efficacy of
astroglia glutamate transport and thereby prolong the duration of EPSP (Lalo et al. 2010).
Perhaps, the most important consequence of an increase in astrocytic [Na+]i is stimulation of
the Na+/K+ ATPase. [Na+]i is the rate-limiting step for the Na+/K+ ATPase in many cell
types, including astrocytes (Lupfert et al. 2001; Pellerin and Magistretti 1997). Thus,
ionotropic receptor-mediated Na+ influx (similarly to Na+ influx generated by glutamate
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transporter) in astrocytes activates the Na+/K+ ATPase activity. Since the Na+/K+ ATPase
exchanges 3 intracellular Na+ ions for 2 extracellular K+ ions, the net result is decline in
extracellular K+. Novel data suggest that astrocytic Ca2+ signaling may also directly
potentiate the activity of the Na+/K+ ATPase, in addition to the increase triggered by
channel-mediated Na+ influx. Since extracellular K+ is a key determinant of neuronal
membrane potential, even minor decreases in extracellular K+ concentration may suppress
the excitability by increasing the gap between resting membrane potential and the threshold
for activation of voltage-gated Na+ channels. Thus, the ability of astrocytes to lower
extracellular K+ provides an elegantly simple mechanism for rapid astrocytic modulation of
synaptic transmission. Another important consequence of the increase in the Na+/K+

ATPase pump activity is that astrocytes will generate lactate to fuel active synapses (Pellerin
and Magistretti 1997). In this regard it is important to note that the astrocytic Na+/K+

ATPase is exceedingly sensitive to minor increases in extracellular K+ and that K+ increases
associated with synaptic activity leads to an obligatory rise in lactate (Ransom et al. 2000;
Rose and Ransom 1996). Further discussion of this important topic is beyond the scope of
this review. However, it is important to acknowledge that multiple potential routes of
gliotransmitter-independent neuroglia signaling exist and that activation of the astrocytic
Na+/K+ ATPase will provide metabolic support synaptic transmission by release of lactate
(Adachi et al. 1995). In summary, the astroglial cradle may not only isolate synapses, but
also control synaptic strength by dynamic control of extracellular K+, and at the same time
assist with local delivery of energy substrate to active synapses.

Towards a new understanding of what astrocytes do - and what they do not
do

Although all considerations discussed above on gliotransmitter release constrain our
interpretations of studies probing the mechanisms and significance of gliotransmission, it is
encouraging that in vivo experiments demonstrate that astrocytes participate in essentially
all CNS functions studied thus far. For example, astrocytes display complex patterns of Ca2+

signals in mice during motor activity (Dombeck et al. 2007; Hoogland et al. 2009;
Nimmerjahn et al. 2009), and cortical astrocytes are activated during sensory stimulation
(Schummers et al. 2008; Wang et al. 2006). In order to understand why our current concepts
of neuroglial signaling lead to such contradictory data, it is worth considering the basic
evolutionary relationship between astrocytes and neurons. Neurons and neuroglia share
common phylogenetic ancestry, both being derived from epithelial cells endowed with
secretory apparatus, plasmalemmal ion channels and intercellular gap junctions
(Reichenbach and Pannicke 2008). The diffuse nervous system that appeared in primitive
multicellular organisms favored electrical signaling, which offered rapid reaction times with
obvious evolutionary benefits. At later evolutionary stages, the appearance of neuronal
conglomerates prompted the development of supportive cells, which provided for metabolic
support and acted as cellular isolators. These proto-astrocytes assisted neurons in their
functional activity (Bacaj et al. 2008). Subsequent evolution of the nervous system resulted
in the specialization of these cellular elements: neurons perfected electrical excitability and
fast synaptic transmission whereas astroglia assumed responsibility for nervous tissue
homeostasis, morphological organization, metabolic support and defense. Conceptually
astrocytes are engineered to analyze their surroundings and correct for any changes that may
affect brain homeostasis and neurotransmission, typically utilizing several alternative
mechanistic strategies to accomplish these tasks. Anyone who has worked with astrocytes in
culture knows how these cells can rapidly alter their shape, size and functional phenotype.
This phenomenon was initially described as a response to an increase in intracellular cAMP,
which triggered rapid stellation and shrinkage of astrocytes in cultures (Chiu and Goldman
1985; Goldman and Abramson 1990) (Fig. 4). In the hypothalamus, astrocytes withdraw
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their processes in response to lactation, dehydration or oxytocin, significantly reducing the
astroglial coverage of nearby neurons (Theodosis et al. 2008). In cerebellum, removal of the
GluR2 subunit from Bergmann glial cells leads to retraction of their perisynaptic processes
(Iino et al. 2001). In the hippocampus, LTP is accompanied by astroglial remodeling
involving rapid extension and retraction of filopodia and lamellopodia-like protrusions and
processes (Haber et al. 2006; Hirrlinger et al. 2004). The astroglial capacity to rapidly
change shape and adjust their volume is provided by volume regulated channels that respond
to changes in the environment by releasing osmolytes, including glutamate, aspartate and
taurine (Kimelberg et al. 1990). Changes in astroglial cell volume are also triggered by
receptor stimulation and are, at least in part, responsible for glutamate release from cultured
astrocytes subjected to appropriate agonists (Lee et al. 2007; Takano et al. 2005) (Fig. 1). In
addition, astrocytes demonstrate a remarkable functional plasticity. For example astroglial
K+ uptake is mediated by at least 3 competing mechanisms, including KIR channels, a
variety of K+/Na+/Cl- and K+/Cl- co-transporters, and the Na+/K+ ATPase. At least two of
these pathways must be blocked to reduce astrocytic K+ uptake, demonstrating that
astrocytes are capable of fulfilling their task in maintaining ion homeostasis using
interchangeable mechanisms (D'Ambrosio et al. 2002; Walz 2000). Astrocytes are also
metabolically opportunistic cells endowed with multiple enzymatic pathways allowing them
to adjust energy metabolism to substrate availability. Astrocytes produce glutamate for
synaptic transmission, but can also use glutamate as a metabolic substrate when needed.
Likewise, astrocytes have the ability to generate large quantities of lactate, which can be
oxidized as an energy source (McKenna et al. 2006). Considering the structural and
functional plasticity of astrocytes, it is not surprising that contradictory data have
accumulated over the years. Astrocytes are so sensitive to minor differences in experimental
approaches that their functional responses likely varies from lab to lab. The most important
practical consequence of the shared heritage of neurons and astrocytes is that no
experimental manipulation can be assumed to solely affect one cell type without impinging
upon the function of the other.

As far as glial signaling is concerned, we assume that Ca2+ waves are important may be only
because we are able to visualize them. At the same time, it is clear that the astroglial
syncytia may facilitate alternative and perhaps more sophisticated signaling pathways than
currently recognized. Second, and probably even more important, the vast majority of
experimental approaches currently in use involve the recording of neuronal electrical signals
as readout for a glial function. The evidence collected so far seems to indicate that astroglia
do not directly participate in synaptic transmission or in the rapid modulation of synaptic
function. On the contrary, the most important roles of astrocytes likely relate to longer-
lasting and more generalized integrative processes, which are simply too slow, too diffuse,
and too subtle to be measured with conventional electrophysiological techniques. All in all,
the paradigm that identifies Ca2+-induced gliotransmitter release as an ultimate mechanism
for rapid neuronal-glial communications appears oversimplified, since existing evidence
shows that astrocytic Ca2+ signaling can cause either inhibition, potentiation or have no
effect on both excitatory and inhibitory transmission (Agulhon et al. 2010; Araque et al.
1999; Kang et al. 1998; Navarrete and Araque ; Pascual et al. 2005). The fact that
experimental work of recent decades has failed to identify a common pathway by which
astroglial Ca2+ signaling affects synaptic transmission suggests that more complex
mechanisms are involved. The neuronal-glial network likely utilizes multiple intercellular
signaling pathways, of which Ca2+-regulated gliotransmission may prove to be neither the
sole nor even the most important mechanism.

Thus, in our efforts to seek a fundamental understanding of glial function, it is critical to
abandon the neurocentric experimental designs and define new approaches that generate
glial rather than neuronal readouts. Sadly, this remains the major limitation of the field.
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After 20 years of studying gliotransmission, we have not yet defined measures of astrocytic
function, except for simple assays based on glutamate and K+ uptake, or gliotransmitter
release in vitro. This lack of knowledge regarding the basic tasks and signaling capacities of
astrocytes prevents us from meaningfully defining their roles in complex brain functions. It
is also important to acknowledge that a given input will not necessarily result in the same
output in every time, since astrocytes are plastic supportive cells that dynamically change
their intracellular concentration of glutamate and their degree of synaptic coverage. The role
of astrocytes in higher brain function is likely not executed by local exocytotic release of
gliotransmitters that modulate the function of a few synapses within a short time scale.
Rather, the role of astrocytes is to isolate synapses locally, while on a more global scale
exert tonic and long-lasting modulation of neural network. Experiments based on the
concept of the tripartite model as outlined in a recent review (Hamilton and Attwell 2010),
which are aimed at a detailed analysis of exocytotic release of gliotransmitters and their role
in rapid modulation of fast synaptic events are likely to produce inconsistent data that reflect
pathophysiological alterations in astrocytes rather than reveal biologically relevant
responses.

Brain function is based on connections and networking; the number and plasticity of
connections being crucial for the development of intellect and cognition. Neurons and glia
are equally important for casting neural circuitry; their functions are congruent and
complementary. Do astrocytes participate in higher brain functions? The answer is certainly
yes because without them, executive neuronal networks would not operate. Do astrocytes
actively participate in fast information transfer? Most certainly not, because their function
lies in a different temporal domain. Are astrocytes involved in information processing? This
remains a central question of neuroscience; the astroglial involvement in the generation of
thoughts, in memory and learning can be, at present, neither confirmed nor denied. To solve
this problem we need to move from the neuronal doctrine to a more inclusive framework of
brain function, integrating neuronal-glial circuitry as a whole. Furthermore we must expand
this framework to accommodate the many intercellular signaling mechanisms that coexist
with and complement neuronal action potentials and chemical synaptic transmission.
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Figure 1. The tripartite synapse
The model of the tripartite synapse is based on the observation that glutamate or GABA
trigger Ca2+ increases in peri-synaptic glial processes in an mGlu1/5 receptor-dependent
pathway (or by GABAB receptors in inhibitory synapses). In turn, the increase in astrocytic
Ca2+ triggers vesicular gliotransmitters release, which modulates synaptic strength by
binding to pre- and postsynaptic receptors. Six recent diagrams of the tripartite synapse
illustrating that the tripartite synapse is viewed as the epicenter for neuron-glia signaling. A
(Eroglu and Barres, 2010), B (Gordon and Bains 2006), C (Koizumi et al. 2005), D
(Nadkarni et al. 2008) E (Allen and Barres 2009), F (Sotero and Martinez-Cancino 2010).
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Figure 2. Ca2+ signaling in cultured astrocytes trigger release of multiple amino acids, not only
glutamate
(A) Amino acids in the cytosol of cultured rat astrocytes. (B) Amino acid release in response
to exposure to a hypotonic solution (214 mOsm). (C) Amino acid release in response to the
purinergic receptor agonist ATP (100 μM). Glutamate is not released in isolation, but rather
together with other amino acids present in the cytosol of astrocytes. Modified from (Takano
et al. 2005).
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Figure 3. The astroglial cradle
In the “astroglial cradle” model, the main function of peri-synaptic glial processes is to
isolate and support the function of individual synapses, thus ensuring the spatial specificity
of synaptic transmissions. The physical isolation of synapses first noted by Ramon y Cajal is
complemented by transporters (GLT1 and other), which together provide a functional barrier
isolating the synapse from signaling events in the extrasynaptic space. The astroglial
membranes contain several types of ionotropic receptors, including NMDA and P2X
receptors located close to the sites of neurotransmitter release from presynaptic terminals
(Lalo et al. 2006; Lalo et al. 2008). Although these receptors are functionally similar to
those expressed by neurons, ionotropic receptors assume a different function in the
electrically non-excitable membranes of astrocytes (indeed, the amplitudes of synaptically
induced ionotropic receptor-mediated currents measured from astrocytes rarely exceed 50
pA, whereas typical input resistance of astrocytes in situ is ~ 50 mOhm (Lalo et al. 2006);
the resulting depolarization cannot, therefore, exceed 2 - 3 mV). Activation of astrocytic
NMDA and P2X receptors generate inward cationic (mainly carried by Na+) currents, which
rapidly increase cytosolic Na+ concentration in perisynaptic astrocytic processes. The
transient increase of [Na+]I, has several functional consequences: (1) The increase in [Na+]i
forces the reverse mode of Na+/Ca2+ exchanger (NCX; the latter is strategically co-localized
with glutamate transporters in perisynaptic astroglial processes) (Minelli et al. 2007), which
produces rapid local Ca2+ increases in the perisynaptic processes of active synapses. (2) The
decrease in transmembrane Na+ gradient transiently reduces the efficacy of Na+-dependent
glutamate transport, thereby slowing down elimination of synaptically released glutamate.
(Kirischuk et al. 1997). (3) The excess of [Na+]i activates Na+/K+ ATPase, which in turn
decreases extracellular K+ and enhances lactate production. The latter provides focal
metabolic support to active synapses (Pellerin et al. 2007). In addition, elevation in [Ca2+]i
(due to activation of metabotropic receptros with subsequent Ca2+ mobilization from the
stores or due to plasmalemmal Ca2+ entry) directly enhances the activity of the Na+/K+

ATPase providing a longer lasting decrease in extracellular K+ and further maintenance of
lactate shuttle. Combined activity of Na+/K+ pump and NCX eventually lower [Na+]i thus
restoring glutamate accumulation.
In summary, activation of ionotropic receptors ion transporters and exchngers in astroglia
membranes initiates fast neuronal-glial-neuronal interactions (msec) at the level of the
individual synapse, whereas Ca2+ signaling provides for longer lasting modulation
(seconds). Combined, the signaling events evoked by activation of astrocytic ionotropic and
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metabotropic receptors enable astrocytes to modulate synaptic transmission on multiple
levels, including control of the peak amplitude and duration of glutamate increase,
extracellular K+ concentration, and energy substrate delivery (lactate) employing pathways
that do not involve gliotransmitter release.
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Figure 4. Morphological plasticity of astrocytes
(A) Golgi-stained astrocytes from a 2 month-old human infant in cortical layers I-III. A, B,
C, and D are cells in layer I, whereas E,F,G and H are astrocytes in layer II and II. I and J
are cells with endfeet contacting blood vessels. V, blood vessel. (Ramón y Cajal, 1913). (B)
Cultured rat astrocytes before (top panel) and after addition of dBcAMP (1 μM, lower
panel), cresyl violet. Courtesy of Drs. Fujita and Abe, Hoshi University. (C) Electron
microscopy of the rat SON during parturition (top panel) and lactation (lower panel).
Astrocytes withdraw their processes in lactating animals. From (Theodosis et al. 2008).
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