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Abstract

Over the past decade, rapid signal exchange between astroglia and neurons across the interstitial
space emerged as an essential element of synaptic circuit functioning in the brain. How and where
exactly this exchange occurs in various physiological scenarios and the underlying cellular
cascades remain a subject of intense study. The excitatory neurotransmitter glutamate and the
inhibitory neurotransmitter -y-aminobutyric acid are thought to be the primary signal carriers that
are regularly dispatched by active synapses to engage target receptors and transporters on the
surface of astrocytes. New evidence identifies another ubiquitous messenger, extracellular calcium
ions (Ca2*), which can report neural network activity to astroglia. Astrocytes in the hippocampus
can respond to activity-induced partial Ca2* depletion in the extracellular space by generating
prominent intracellular Ca2* waves. The underlying Ca2* sensing mechanism is proposed to
involve the opening of the hemichannel connexin 43 in astrocytes, which in turn triggers the
release of adenosine triphosphate to boost the activity of inhibitory interneurons, thus potentially
providing negative feedback to tame excessive excitatory activity of neural circuits.

Transfer of electrical and chemical signals through neural networks involves rapid Ca2*
influx into neurons, mainly through voltage-gated Ca%* channels and Ca2* permeable
receptors [notably of the A-methyl-o-aspartate (NMDA) type]. Because the extracellular
space fraction represents only ~20% of the brain-tissue volume (1), intense activity could
partially deplete Ca2* in the extracellular space surrounding active synapses (2-4). Torres et
al. (5) mimicked this depletion in the neuropil of acute hippocampal slices with a
photolytically activated extracellular Ca2* buffer (diazo-2), two-photon uncaging of
extracellular glutamate, or high-frequency afferent stimulation while monitoring external
Ca?* with Ca2*-sensitive electrodes. They found that these stimuli triggered prominent
oscillatory waves of intracellular increases in Ca* concentrations, which developed and
propagated across the local population of astrocytes on the time scale of 10 to 100 s. The
latent (15 to 20 s poststimulus) component of these Ca2* waves did not require activation of
metabotropic glutamate receptors, the common and best-documented signaling pathway for
neuron-glia communication (6-8).

Torres et al. next used genetic deletion, genetic enhancement, and pharmacological blockade
of connexin 43 (Cx43) to suggest that these hemichannels, by opening in response to
extracellular Ca%* depletion, are the main trigger for the oscillatory Ca2* increases detected
in the activated astrocytes. Classically, Cx43 proteins have been associated with gap
junctions, which are relatively small (up to hundreds of nanometers wide) and narrow (~2
nm across) ion-permeable contacts between the opposing membranes of nerve or glial cells.
More recently, however, Cx43 has also been detected and characterized as a single-
membrane channel that is permeable in its activated state to relatively large molecules (9-11)
—in particular, adenosine triphosphate (ATP) (12)—although in cultured astrocytes, ATP
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release is associated mainly with pannexins rather than Cx43 (13). How many Cx43
hemichannels in astroglia actually occur outside gap junctions and whether their function
can always be distinguished from that of pannexins remain debatable issues (14). Cx43
hemichannels increase their permeability in response to reduced external Ca2*
concentrations [reviewed in (11)] and are a good candidate to be a major sensor of
extracellular CaZ* in astrocytes. However, the mechanism and precise conditions of Ca2*-
dependent (or voltage-dependent) opening of Cx43 remain poorly understood (10, 11, 14,
15). Torres et al. found that a single-point mutation in the Cx43 gene, which increases the
activity of the ATP-releasing channels [Cx43G138R mutant (16)], enhanced Ca2* waves in
astroglia after extracellular Ca2* depletion. It would be important to know whether the
mutation had also lowered the threshold for the physiological stimuli to trigger such Ca2*
waves: If so, this might provide proof-of-principle evidence that the abundance of Cx43
could dynamically regulate the responsiveness of the astroglial network to Ca2* depletion in
the extracellular space.

The authors reported that the reduction in the extracellular Ca2* concentration evoked by
either electrical or photolysis-dependent stimuli lasted for only several seconds, whereas the
late, glutamate-receptor—independent Ca?* wave started ~20 s after the stimulus. At the
same time, inter-neuron excitation attributed to the action of ATP released from astrocytes
was evident before this late Ca2* wave. Taken together, these data suggest that ATP release
occurs before the late Ca?* wave. A better understanding of the events occurring in the
astrocytes during the period between the stimulus that triggers Ca2* depletion and the late
Ca?* wave may therefore hold the key to uncovering the important cascades triggered
downstream of Cx43 opening. Because a substantial proportion of astrocytic CaZ* activity
takes place locally, with-in microscopic or even nanoscopic (17) domains of thin astrocytic
processes (18), it is reasonable to think that more sensitive CaZ* detection methods will be
able to determine whether local Ca2*-dependent molecular cascades may be associated with
the Ca2*-dependent opening of Cx43.

Release of ATP by astrocytes is a well-documented phenomenon, and in many cases its
physiological consequences are associated with suppression of excitatory transmission
through activation of presynaptic adenosine Al receptors (19) [reviewed in (8)]. The work
by Torres et al., however, shows that astroglia-released ATP activated purinergic P2Y1
receptors in interneurons, thereby enhancing inhibitory neurotransmission. Although the net
physiological outcome of either mechanism seems consistent with a negative-feedback
signal sent by astroglia to synaptic networks, it would be important to understand the exact
relationship between ATP-modulated activities of principal neurons and interneurons in this
case. An inhibitory action through presynaptic adenosine Al receptors could arise through
local Ca2* depletion and thus remain contained within the local presynaptic environment. In
contrast, an excitatory influence on an interneuron through purinergic P2Y 1 receptors will,
by definition, impinge on multiple synapses in the network. Torres et al. detected no changes
in field potential after ATP release: This might indicate, for instance, that a decrease in the
excitability of principal neurons takes place mainly through an increase in the overall
membrane conductance (shunting) rather than through neuronal hyperpolarization en masse.

Many intriguing questions are raised by the exciting findings of Torres et al. Two basic and
somewhat counteracting mechanisms relate extracellular Ca2* homeostasis to the condition
of the brain extracellular space. On one hand, rapid changes in the extracellular space
volume [which could, in some cases, be associated with marked changes in neural activity
(1)] would produce immediate concomitant changes in the volume-averaged Ca2*
concentration. Conversely, a larger local extracellular volume would mean that more Ca2* is
available for influx before depletion occurs, and vice versa. How these relationships
contribute to the response of astroglia to external Ca2* fluctuations remains to be seen.
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Similarly, it seems important to establish whether the newly discovered Ca2*-sensing
mechanism and the Cx43 hemichannels in astrocytes also contribute to the release of
glutamate and o-serine from astroglia (20, 21). Another potentially important aspect of glial
sensitivity to extracellular Ca2* is its role in regulating signal integration in the local neural
network, such as astrocyte-dependent synchronous initiation of heightened excitability (“UP
state”) in multiple cortical neurons (22). Again, if the Ca2* sensors in astroglia (presumably
Cx43) are located predominantly near the main Ca2* sinks (such as voltage-gated Ca2*
channels or NMDA receptors) in the vicinity of active synapses, then negative feedback
through glial ATP will tend to moderate flow of information through these individual
connections. If, however, Ca2* sinks at multiple synapses or cells must be summed
spatiotemporally to reach and activate these glial CaZ* sensors, then the mechanism in
question can be thought of as an integrator that moderates global network activity.
Alternatively, a local Ca2* depletion signal followed by ATP release could initiate a
spreading self-sustained wave of ATP release from astroglia initiated by intracellular Ca2*
waves (23-25) (Fig. 1). Whether either, all, or none of these suggestions turn out to be
correct, the discovery by Torres et al. will undoubtedly encourage investigators to look at
the astroglia-neuron exchange from a conceptually different angle.
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Fig. 1.

Possible scenarios relating extracellular Ca* depletion to CX43-dependent release of ATP
from astroglia. Activation of individual synapses could be sufficient to deplete extracellular
Ca?" in the local environment and thus trigger Cx43-dependent release of ATP from a local
astroglial process (top). Otherwise, synchronous activity of multiple synapses could be
required to trigger the spatially and temporally integrated depletion of extracellular Ca2* to
an extent sufficient to initiate ATP release from astrocytes on a global scale (middle).
Alternatively, local Ca?* depletion-triggered activation of Cx43 and release of ATP
(bottom) could initiate a spreading, self-sustaining wave of Ca*-dependent ATP release
from astroglia. The underlying regenerative mechanism may involve Ca2* store-generated
long-range Ca2* oscillations propagating inside individual astrocytes and across
interastrocyte gap junctions or, alternatively, activation of purinergic “autoreceptors” in
astroglia (24), or both.
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