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F
or most of the last century, one
of the major dogmas of neuro-
science has been that the brain is
composed of two major cell

types: neurons, which perform all of the
interesting functions required for cogni-
tion, and glia, which perform the essen-
tial but humble job of keeping the neu-
rons healthy. However, the last decade
has seen a slow but steady erosion of
this neuron-centric view. First, it was
found that neuronal activity can gener-
ate glial calcium responses (1–3); more
recently, glia have been found to recip-
rocate and affect neuronal activity (4–6)
through mechanisms that are poorly un-
derstood. Much of the available evi-
dence indicates that glial activation leads
to calcium-dependent glutamate release
(4, 6–8), raising the intriguing possibility
that glia can drive neuronal activity
through some kind of glutamatergic
transmission. In this issue of PNAS, Liu
et al. (9) show that astrocytes in the hip-
pocampus can cause �-aminobutyric
acid (GABA) release from interneurons
through activation of the kainate sub-
type of ionotropic glutamate receptor.

One of the major obstacles in examin-
ing glia–neuron interactions is that few
methods can be used to selectively acti-
vate glia without also activating neurons.
To circumvent this problem, Liu et al.
loaded astrocytes in area CA1 of the
hippocampus with caged calcium. They
then used focal photolysis to uncage and
selectively increase astrocytic calcium
levels, which they monitored by using
calcium imaging. They simultaneously
recorded the responses of neighboring
GABAergic interneurons by conven-
tional patch–clamp recording. After
photolysis, astrocytic calcium levels were
increased, and a coincident flurry of
GABAergic spontaneous inhibitory
postsynaptic currents (sIPSCs) were re-
corded in nearby interneurons.

How does astrocytic calcium lead to
an increased frequency of sIPSCs?
sIPSCs can be either action potential-
dependent or -independent so, in princi-
ple, astrocytes could cause the effect by
increasing interneuronal spiking or by
increasing the release of action poten-
tial-independent, miniature IPSCs
(mIPSCs). However, an analysis of
mIPSCs studied in isolation revealed
that the frequency of mIPSCs is actually
reduced by calcium uncaging, indicating
that the observed increase in sIPSCs is
caused by an excitation of interneurons
that synapse onto the recorded interneu-

ron (Fig. 1). Liu et al. reasoned that this
excitation might be mediated by astro-
cytic glutamate release, followed by
interneuronal glutamate receptor activa-
tion. Consistent with this idea, pharma-
cological analysis showed that the effect
of uncaging on sIPSCs could be blocked
by antagonism of kainate receptors con-
taining the GluR5 subunit but was resis-
tant to antagonism of other ionotropic
glutamate receptor subtypes. In contrast,
the effect of uncaging on mIPSCs was
independent of ionotropic glutamate
receptors.

Kainate receptors are perhaps the
most poorly understood members of the
glutamate receptor family, but, by fortu-
itous coincidence, the role of kainate
receptors on hippocampal interneurons
has been the subject of much recent
study. Kainate receptors regulate the
activity of interneurons in the hip-
pocampus by a variety of different
mechanisms. Kainate receptors have
been found to drive interneuronal firing
by a direct depolarization of the somato–

dendritic region of the cell (10–12),
where they contribute to postsynaptic
responses via conventional glutamatergic
transmission (10, 11). However, kainate
receptor activation can cause ectopic
spiking even when the soma is held in
voltage-clamp, indicating an excitatory
action of kainate receptors at an elect-
rotonically distant compartment of the
cell where the clamp is poor, probably
the axon (13). To add to the complexity,
it has been reported that kainate recep-
tors also are located in the presynaptic
terminal of interneurons, where they are
thought to enhance GABA release onto
other interneurons (14, 15); however,
this finding is controversial (13).

With so many subpopulations of kai-
nate receptors on interneurons, which
ones are activated by astrocytes (Fig. 1)?
It seems unlikely that the astrocytic ef-
fect is mediated by kainate receptors in
the presynaptic terminal, because these
receptors are reported to increase the
frequency of mIPSCs (14, 15), which
was not observed. Because astrocytic
activation does not generate an excita-
tory current in the recorded interneu-
ron, Liu et al. argue that somato–
dendritic kainate receptors are also
unlikely to be the target of astrocytic
glutamate, favoring instead that astro-
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Fig. 1. A model showing the circuit involved in the experiments of Liu et al. (9). An astrocyte (orange cell)
is loaded with caged calcium. Upon photolysis, the astrocyte releases glutamate (blue), which spreads to
activate GluR5-containing kainate receptors (red ovals) on nearby hippocampal interneurons (yellow
cells). The activation of kainate receptors leads to increased firing of the interneuron, causing enhanced
spontaneous GABA release (green). This enhanced release is detected as an increase in the frequency of
sIPSCs on a nearby interneuron, monitored by patch–clamp recording. The range of glutamate after
release from the astrocyte is unknown, as is the subcellular location of the interneuronal kainate receptors
that sense it.

Interneuron
excitation might be

mediated by astrocytic
glutamate release.
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cytes cause the increase in sIPSCs
through activation of axonal kainate re-
ceptors. One caveat, however, is that the
spatial reach of glutamate released from
the astrocyte is unknown. This means
that the interneurons that are actually
driven by the astrocytic glutamate to
produce the increased frequency of
sIPSCs may have stronger responses to
the astrocyte than the recorded inter-
neuron in which those sIPSCs are
detected. It will be of interest to deter-
mine whether kainate receptor-mediated
ectopic spiking can be directly observed
in response to astrocytic stimulation.

Regardless of the specific subcellular
location of the kainate receptors in-
volved, it is tempting to speculate on the
functional consequences of this astro-
cytic effect. The current study (9) indi-
cates that astrocytic activation increases
the inhibitory drive onto interneurons
but does not indicate whether inhibitory
drive onto pyramidal cells also is en-
hanced; it is noteworthy, however, that a
previous study with some of the same
coauthors (6) has reported that elevat-
ing calcium in astrocytes can increase
both the amplitude and frequency of
mIPSCs onto pyramidal cells through
mechanisms that depend on ionotropic

glutamate receptors. Taking the two
studies together, it seems plausible that
the astrocyte–interneuron connection
has the effect of globally increasing inhi-
bition. However, it remains unclear
whether the glutamate released by astro-
cytes is detected only by interneurons,
or by pyramidal cells, as well. In this
context, it is of interest to note that kai-
nate receptors also have been found to
regulate glutamate release in area CA1
(16, 17) and also are present on the
CA1 pyramidal cells themselves (12); in
neither case has an endogenous trigger
for activating these receptors been
identified.

Much remains to be learned about the
extent to which astrocytic activity can
shape or drive neuronal responses and
circuit function, but, for several reasons,
it seems likely that astrocyte-driven ef-
fects will be dramatic. First, this study
provides evidence that astrocytes drive
interneurons, which are themselves pow-
erful regulators of circuit activity; the
firing of a single interneuron can syn-
chronize the activity of �1,000 pyrami-
dal cells (18). In addition, estimates
based on anatomical data suggest that a
single astrocyte can contact �100,000
synapses (19). Finally, astrocytes are ex-

tensively coupled, allowing cross-cell
propagation of calcium waves that travel
over long distances (1, 5, 7); however, it
should be noted that, for unknown rea-
sons, the present study did not observe
these calcium waves in response to cal-
cium uncaging. Collectively, these obser-
vations make it seem unlikely that glial
signaling will be involved in highly local-
ized processing but may indicate a role
in large-scale neuromodulation or in
switching between different modes of
circuit behavior.

In conclusion, the finding that astro-
cytes can drive interneuronal activity
provides a mechanism by which glia can
communicate with neurons, and the ob-
servation that kainate receptors mediate
this form of communication suggests a
previously undescribed function for
these poorly understood receptors. We
are still a long way, to put it mildly,
from redefining glia as the center of
cognition. However, it is increasingly
apparent that glia play a more influen-
tial role in the brain than previously
imagined, and that some of our most
central assumptions about the divi-
sion of labor in the brain are due for
revision.
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