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Abstract
Defining the pathways through which neurons and astrocytes communicate may contribute to the
elucidation of higher central nervous system functions. We investigated the possibility that
decreases in extracellular calcium ion concentration ([Ca2+]e) that occur during synaptic
transmission might mediate signaling from neurons to glia. Using noninvasive photolysis of the
photolabile Ca2+ buffer diazo-2 {N-[2-[2-[2-[bis(carboxymethyl)amino]-5-
(diazoacetyl)phenoxy]ethoxy]-4-methylphenyl]-N-(carboxymethyl)-, tetrapotassium salt} to
reduce [Ca2+]e or caged glutamate to simulate glutamatergic transmission, we found that a local
decline in extracellular Ca2+ triggered astrocytic adenosine triphosphate (ATP) release and
astrocytic Ca2+ signaling. In turn, activation of purinergic P2Y1 receptors on a subset of inhibitory
interneurons initiated the generation of action potentials by these interneurons, thereby enhancing
synaptic inhibition. Thus, astrocytic ATP release evoked by an activity-associated decrease in
[Ca2+]e may provide a negative feedback mechanism that potentiates inhibitory transmission in
response to local hyperexcitability.

INTRODUCTION
The free calcium ion (Ca2+) is a ubiquitous intracellular messenger that plays a vital role in
such diverse processes as excitability, secretion, gene transcription, cell proliferation, and
cell death (1). Although numerous studies have investigated the modulation of synaptic
strength by intracellular Ca2+ (2), the effect of the parallel decline in the extracellular Ca2+

concentration ([Ca2+]e) on synaptic function or glial signaling has received much less
attention (3, 4). In the intact central nervous system (CNS), [Ca2+]e undergoes dynamic
fluctuations during synaptic activity, which reflect the influx of Ca2+ through glutamate- and
voltage-gated Ca2+ channels. Consequently, [Ca2+]e can decline from resting concentrations
of 1.2 to 1.4 mM to less than 0.7 mM during periods of intense neuronal activity (5, 6). Low
[Ca2+]e initiates a number of signaling processes in cultured astrocytes. These include the
release of Ca2+ from cytosolic stores, the opening of connexin hemichannels, and the release
of adenosine triphosphate (ATP) (7–10). Therefore, we postulated that decreases in [Ca2+]e
might mediate signaling between glia and neurons—specifically, that the decrease in
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extracellular Ca2+ that occurs during synaptic activity might activate Ca2+ signaling in
astrocytes. Work from multiple groups has shown that mobilization of intracellular Ca2+

stores represents the primary pathway by which astrocytes respond to neural activity. In
turn, increased cytosolic Ca2+ is essential for the release of gliotransmitters and thereby for
astrocytic modulation of synaptic efficacy. In particular, ATP has emerged as the principal
gliotransmitter that mediates signaling between neighboring astrocytes (11). In addition,
hippocampal interneurons contain P2Y1 receptors, activation of which is associated with
increased γ-aminobutyric acid–mediated transmission (12, 13). Thus, the possibility exists
that astrocytes can, through ATP release, modulate inhibitory transmission.

Here, we investigated the possibility that changes in the [Ca2+]e per se, as well as [Ca2+]e
changes evoked by glutamate-induced depolarization, might be sufficient to activate
astrocytes in situ. We used localized photolysis of MNI-glutamate [(S)-α-amino-2,3-
dihydro-4-methoxy-7-nitro- δ-oxo-1H-indole-1-pentanoic acid] to manipulate the
extracellular concentrations of glutamate and diazo-2 {N-[2-[2-[2-
[bis(carboxymethyl)amino]-5-(diazoacetyl) phenoxy]ethoxy]-4-methylphenyl]-N-
(carboxymethyl)-, tetrapotassium salt} to selectively manipulate local [Ca2+]e. Diazo-2 is a
photolabile Ca2+ buffer whose affinity for Ca2+ increases markedly upon photolysis (14,
15); it has previously been used to study the role of intracellular Ca2+ in various processes,
including long-term potentiation (LTP) (14), Ca2+ channel gating (16, 17), Na+/Ca2+

exchanger activity (18), and synaptic transmission (19), but not for manipulation of [Ca2+]e.
We also used bioluminescence imaging to detect ATP release in response to localized
reduction of [Ca2+]e. Our analysis suggests that the decrease in [Ca2+]e that occurs during
excitatory transmission is sensed by neighboring astrocytes and that ATP released through
astrocytic Cx43 hemichannels in turn strengthens inhibitory transmission by activating
P2Y1 receptors on interneurons. Moreover, our study shows that signaling from neurons to
glia can be mediated by changes in the concentration of extracellular Ca2+ ions and does not
necessarily involve receptor-mediated signaling.

RESULTS
Photolysis of diazo-2 triggers astrocytic Ca2+ signaling

To determine the efficiency with which diazo-2 photolysis decreased [Ca2+]e, we inserted
Ca2+-sensitive microelectrodes 75 μm from the site targeted for diazo-2 photolysis (Fig. 1A
and fig. S1). Diazo-2 photolysis produced a dose-dependent decrease in [Ca2+]e with a nadir
of −0.5 mM below resting [Ca2+]e and a delay of 0.3 ± 0.1 s (Fig. 1, B and C). The maximal
amplitude of the decrease in [Ca2+]e was markedly reduced 100 and 150 μm from the site of
photolysis, indicating that the effect of photolysis was local (fig. S1). We next combined
photolysis with bioluminescence imaging of ATP. We added luciferin and luciferase to the
bath and used a light-sensitive liquid nitrogen–cooled camera to detect photons produced by
hydrolysis of ATP (9, 20) (Fig. 2, A and B). Diazo-2 photolysis stimulated a burst of local
ATP release that occurred with a delay of 16.6 ± 5.8 s (n = 6); the ultraviolet (UV) flash
used to trigger photolysis failed to trigger a detectable increase in photon emission if either
diazo-2 or the luciferinluciferase mixture was omitted from the bath (Fig. 2B).

To determine whether ATP release was sufficient to trigger Ca2+ signaling among local
astrocytes, we loaded mouse hippocampal slices with the Ca2+ indicator rhod-2 AM (Fig.
2C). Photolysis of diazo-2 did not induce an immediate increase in intracellular Ca2+;
moreover, the local field potential (LFP) remained stable, indicating that the stimulation did
not trigger neuronal depolarization. Rather, a slowly propagating Ca2+ wave was initiated
after a delay of 19.7 ± 2.3 s (n = 22) (Fig. 2C). Cells closest to the photolysis site showed
increases in intracellular Ca2+ first; this was followed by Ca2+ increases in surrounding
cells, leading to a propagating Ca2+ wave that expanded to a mean radius of 137.9 ± 9.4 μm,
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at a velocity of 4.2 ± 0.4 μm/s (Fig. 2C). A subpopulation of astrocytes continued to show
oscillatory Ca2+ signals after the wave had passed (Fig. 2C). Ca2+ waves were not evoked if
diazo-2 was omitted from the bath or in the presence of either the purinergic type 2 (P2)
receptor antagonist suramin or 4-[(E)-{4-formyl-5-hydroxy-6-methyl-3-
[(phosphonooxy)methyl]pyridin-2-yl}diazenyl]benzene-1,3-disulfonic acid (PPADS) (Fig.
2D). Thus, UV photolysis of diazo-2 caused an abrupt decrease in extracellular Ca2+ that in
turn triggered ATP release and P2 receptor–mediated Ca2+ signals in nearby astrocytes. As
noted, the LFP signal remained stable throughout propagation of the Ca2+ wave (Fig. 2C), as
did the membrane potential of CA1 pyramidal cells (fig. S2), indicating that the Ca2+ wave
did not depend on neuronal depolarization. Moreover, the decline in [Ca2+]e did not directly
affect the frequency or amplitude of spontaneous excitatory or inhibitory postsynaptic events
(EPSPs or IPSCs, respectively; fig. S1). This observation is consistent with the notion that
spontaneous neurotransmitter release is largely driven by the release of Ca2+ from internal
Ca2+ stores and is therefore less sensitive to a transient reduction of [Ca2+]e (21) than is
stimulus-evoked, action potential–dependent neurotransmitter release (22, 23).

Photolysis of caged glutamate triggers ATP release
Because extracellular Ca2+ decreases during excitatory transmission (22, 24, 25), we next
asked whether the excitatory neurotransmitter glutamate was linked to ATP release and
astrocytic Ca2+ signaling. We used UV photolysis of caged glutamate (MNI-glutamate) to
trigger an abrupt increase in extracellular glutamate (26, 27) and quantified the effect of
MNI-glutamate photolysis on [Ca2+]e with Ca2+-sensitive microelectrodes (Fig. 3A). MNI-
glutamate photolysis induced a decrease in [Ca2+]e that peaked at 6.2 ± 1.2 s, showing a
time course much slower than that induced by diazo-2 photolysis (compare Figs. 3B and
1B). The MNI-glutamate photolysis–induced decrease in [Ca2+]e was dose-dependent (Fig.
3, B and C) and was paralleled by neuronal depolarization (detected as a deflection of the
LFP) (Fig. 3, B and C). Photolysis of MNI-glutamate triggered a widespread decrease in
[Ca2+]e, with an average decrease of ~0.4 mM 100 μm from the site targeted by the UV
beam and ~0.2 mM at 150 μm (fig. S3). Thus, whereas diazo-2 photolysis induced a rapid
local decrease in [Ca2+]e that was not accompanied by neuronal depolarization, photolysis of
MNI-glutamate slowly decreased [Ca2+]e over a wide area and triggered neuronal
depolarization (Fig. 3, B and C, and fig. S3).

Bioluminescence imaging revealed that ATP was robustly released from the site targeted by
MNI-glutamate, with a delay of 29 ± 4.1 s (n = 5) (Fig. 3D); the UV flash failed to trigger
ATP release in the absence of either MNI-glutamate or the luciferin-luciferase mixture (Fig.
3E).

Photolysis of MNI-glutamate evokes two temporally distinct Ca2+ waves
Analysis of hippocampal slices loaded with rhod-2 AM revealed that photolysis of MNI-
glutamate triggered a rapid increase in Ca2+ concentration in both neurons and astrocytes
(Fig. 4, A and B, and fig. S4). These initial Ca2+ increases included most cells in the field of
view and lasted 3.87 ± 1.2 s (n = 22) in neurons [identified by expression of yellow
fluorescent protein (YFP) driven by the neuron-specific promoter Thy1] and 17.4 ± 3.0 s (n
= 22) in astrocytes [identified by expression of enhanced green fluorescent protein (eGFP)
driven by the astrocyte-specific promoter GLT1] (fig. S4). In 62 of 65 experiments, this
initial Ca2+ increase was followed by a second, slowly propagating Ca2+ wave (Fig. 4, A
and B). The slow Ca2+ wave was initiated 26.3 ± 0.9 s after MNI-glutamate photolysis and
propagated with a velocity of 4.0 ± 0.3 μm/s or ~4000-fold slower than the LFP wave.
Cytosolic Ca2+ in astrocytes remained increased for a longer duration than during the initial
Ca2+ increase (67.2 ± 14 s, n = 20) (fig. S4). Moreover, some astrocytes continued to display
oscillatory increases in Ca2+ after the wave had passed. Cytosolic Ca2+ in neurons did not
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change during the passage of the slow Ca2+ wave, nor did neuronal membrane potential or
the LFP signal, indicating that the slow Ca2+ wave only involved astrocytes (Fig. 4B and
figs. S2 and S4). Intracellular Ca2+ signals 100 μm from the site of photolysis did not differ
in the presence and absence of 1 μM tetrodotoxin (TTX), indicating that the slow wave was
TTX-insensitive and did not depend on action potential propagation (P = 0.2, n = 16 to 22, t
test).

Glutamate-induced neuronal depolarization was required for the initial increase in Ca2+ in
both neurons and astrocytes in response to MNI-glutamate photolysis. A glutamate transport
inhibitor, DL-threo-β-benzyloxyaspartic acid (TBOA; 100 μM), had little effect on
intracellular Ca2+ signals during the initial Ca2+ increase or the slow wave, but increased the
amplitude of the radially propagating wave of depolarization detected as an LFP (Fig. 4C).
Slices exposed to either the N-methyl-D-aspartic acid (NMDA) receptor antagonist
APV[(2R)-amino-5-phosphonovalericacid;(2R)-amino-5-phosphonopentanoate] (50 μM) or
the AMPA glutamate receptor antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) (20
μM) showed a partial decrease in the amplitude of the intracellular Ca2+ signals during both
the first and the second Ca2+ waves. The amplitude of the LFP was also significantly
reduced, but not eliminated, by addition of either APV or CNQX alone (P < 0.01, Tukey-
Kramer), indicating that both NMDA and AMPA receptors contributed to neuronal
depolarization (Fig. 4C). Indeed, a combination of both APV and CNQX completely
blocked both the initial Ca2+ increase, the slow Ca2+ wave, and changes in the LFP. These
observations are consistent with the notion that glutamate-induced neuronal depolarization
and Ca2+ influx are required for initiation of both the initial Ca2+ increase and the slow Ca2+

wave. In contrast, inhibition of metabotropic glutamate receptors 1 and 5 (mGluR1/5) with
the combination of 2-methyl-6-(phenylethynyl)pyridine (MPEP) and α-methyl-4-
carboxyphenylglycine (LY367385) (both 50 μM) significantly reduced Ca2+ increases in
astrocytes during the initial fast Ca2+ increase evoked by photolysis of caged glutamate (n =
15, P < 0.01, Tukey-Kramer), but failed to affect the slow Ca2+ wave or the LFP signal (Fig.
4C). This observation shows that activation of mGluR1/5 contributes to the initial Ca2+

increase induced by photolysis of caged glutamate, but that mGluR1/5 do not play a role in
initiation or propagation of the slow Ca2+ wave. Nifedipine (10 μM), an inhibitor of L-type
voltage-gated Ca2+ channels, had no significant effect on either the initial Ca2+ increase or
the slow Ca2+ wave, or on the LFP signal (P > 0.05, Tukey-Kramer). Preliminary analyses
of cortical slices indicated that photolysis of MNI-glutamate and diazo-2 induced similar
responses in cortical and hippocampal slices (fig. S5).

Together, these observations suggest that photolysis of caged glutamate triggers neuronal
depolarization through activation of both NMDA and AMPA receptors, but not voltage-
gated Ca2+ channels. Astrocytic Ca2+ signals during the initial Ca2+ increase likely result
from a combination of mGluR activation, K+-induced depolarization, and, possibly, other
neurotransmitters released as a consequence of the neuronal depolarization induced by
photolysis of caged glutamate (28).

The slow Ca2+ wave evoked by MNI-glutamate photolysis requires Cx43/Cx30
Our pharmacological analysis indicated that the initial fast Ca2+ wave evoked by MNI-
glutamate photolysis was a result of glutamate receptor activation (Fig. 4C). Moreover, this
analysis indicated that NMDA and AMPA receptor–mediated depolarization was required
for induction of the slow Ca2+ wave. We next asked how the latter, slow Ca2+ wave
propagated, sequentially engaging astrocytes at increasing distances from the site of
photolysis. The slow Ca2+ wave did not involve neurons and propagated with a velocity of
~4 μm/s, strongly suggesting the involvement of nonsynaptic pathways. Because
bioluminescence imaging indicated that MNI-glutamate photolysis triggered ATP release,
we tested the effects of the P2 receptor antagonists suramin, PPADS, and Reactive Blue 2 on
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wave transmission. Each of these P2 receptor antagonists blocked the slow Ca2+ wave in
astrocytes (n = 16, P < 0.01) without suppressing the initial Ca2+ wave in response to
photolytic uncaging of glutamate from MNI-glutamate (P > 0.05) (Fig. 4D). These data raise
the question of how photolysis of MNI-glutamate might evoke ATP release. Glial cells
release ATP through Cx43-type connexin hemichannels (29–31) as well as through
pannexin hemichannels, P2X7 receptors, volume-regulated anion channels, and vesicular
release (32–35). Because hemichannels open in response to low extracellular Ca2+, we
evaluated the effects of deleting astrocytic Cx43. We crossed transgenic mice in which
floxed Cx43 was selectively inactivated in astrocytes by Cre recombinase driven by the
human glial fibrillary acidic protein (hGFAP) promoter (36), with Cx30 knockout mice, to
avoid the compensatory up-regulation of the connexin Cx30 hemichannel previously
reported (36). We compared these Cx30−/−Cx43fl/fl:hGFAP-Cre (Cx43/Cx30KO) mice with
Cx30−/−Cx43fl/fl (Cx30KO) littermates and found that deletion of Cx43/Cx30 channels
essentially eliminated the slow Ca2+ wave without affecting the LFP or the initial Ca2+

increase induced by MNI-glutamate photolysis (n = 14, P < 0.01, Fig. 5, A and C).
Similarly, pharmacological blockage of hemichannels by carbenoxolone (CBX, 50 μM)
inhibited the slow Ca2+ wave without interfering with either the LFP or the initial Ca2+

increase (n = 14, P < 0.01, Fig. 5C). Deletion of Cx30 alone had no significant effect on
either the initial Ca2+ increase (P = 0.82, t test) or the slow Ca2+ wave (P = 0.93, t test)
induced by MNI-glutamate photolysis compared to wild-type (C57BL/6) mice, suggesting
that Cx30 did not contribute to Ca2+ signaling in wild-type mice.

To determine whether increasing the number of open Cx43 hemichannels would potentiate
the slow Ca2+ wave, we analyzed slices from transgenic mice with an astrocyte-targeted
point mutation of Cx43 in which glycine 138 is substituted with arginine,
Cx43+/G138Rfl:hGFAP-Cre (Cx43G138R). This mutation leads to an increased number of
open hemichannels and increased ATP release (37). The delayed slow Ca2+ wave evoked by
photolysis of MNI-glutamate was enhanced in slices from Cx43G138R mice (Fig. 5, D and
G). For example, the slow Ca2+ wave propagated ~40% further in Cx43G138R slices than in
those from littermate controls, with Cx43+/G138Rfl (Cx43WT) reaching a maximal radius of
214 ± 2.7 μm (n = 28, P < 0.001). The duration of the Ca2+ increase in Cx43G138R mice
was also significantly higher than in littermate controls (157.8 ± 19.8 s compared with 75.4
± 15.0 s, n = 5 to 9, P = 0.004, t test). Neither MNI-glutamate–induced depolarization nor
the initial Ca2+ increase differed in slices from Cx43G138R mice compared to those of
littermate controls (Cx43WT), indicating that glutamatergic transmission was unaffected by
the point mutation of astrocytic Cx43 (Fig. 5F).

Thus, release of ATP in response to photolysis of MNI-glutamate was suppressed when
Cx43/Cx30 was deleted, as well as in the presence of channel blockers. Conversely, the slow
Ca2+ wave was enhanced in mice with an increased number of open Cx43 hemichannels.
Together, these observations support the notion that astrocytes initiate the slow Ca2+ wave
through release of ATP and that Cx43 hemichannels play an important role in ATP release
evoked by reducing [Ca2+]e. A comparison of the Ca2+ wave evoked by photolysis of
diazo-2 and the slow MNI-glutamate wave showed that the two were similar. The only
difference we identified was that the delay between photolysis and the initial increase in
intracellular Ca2+ was significantly shorter after diazo-2 photolysis than after that of MNI-
glutamate (fig. S6; P = 0.015, t test).

High-frequency stimulation triggers ATP release and astrocytic Ca2+ signaling
MNI-glutamate photolysis noninvasively triggers a localized increase in extracellular
glutamate at a designated location; however, photolysis does not replicate physiological
stimulation. The question therefore arises as to whether the observations we have reported
thus far have physiological relevance. Can glutamatergic signaling initiate a decrease in
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extracellular Ca2+ sufficient to open Cx hemichannels and trigger ATP release? To address
these questions in a more physiological context, we assessed the effects of high-frequency
stimulation (HFS), which elicits ATP release and astrocytic Ca2+ signaling (12, 38), in
hippocampal slices. Delivery of several trains of HFS is an experimental paradigm
frequently used to trigger hippocampal LTP (39), a widely accepted model of learning and
memory. HFS consistently elicited a decrease in [Ca2+]e comparable to that evoked by
photolysis of diazo-2 or MNI-glutamate (Fig. 6A). Addition of antagonists to NMDA
receptors (APV, 50 μM) and AMPA receptors (CNQX, 20 μM) attenuated both the
stimulation-induced decrease in [Ca2+]e and the negative deflection in LFP signal (Fig. 6B).
The HFS-mediated decrease in [Ca2+]e depended on the total number of pulses delivered,
and the decrease in [Ca2+]e was partially suppressed by application of APV and CNQX [100
pulses, −0.33 ± 0.05 mM versus −0.19 ± 0.04 mM in the presence of APV and CNQX; 200
pulses, −0.42 ± 0.08 mM versus −0.24 ± 0.03 mM in the presence of APV and CNQX, P <
0.01; two-way analysis of variance (ANOVA) with Tukey-Kramer, n = 5 to 6] (Fig. 6C).
HFS was also associated with release of ATP as previously reported (Fig. 6D) (38).
Moreover, HFS evoked two temporally distinct Ca2+ waves: An initial increase in Ca2+ that
occurred during HFS was followed by a delayed slow Ca2+ wave (Fig. 6E). This slow Ca2+

wave propagated from the site of the stimulus electrode with a velocity of 4.1 ± 0.3 μm/s (n
= 6). APV and CNQX reduced the amplitude of the intracellular Ca2+ signals during the
initial response to HFS and nearly eliminated the slow Ca2+ wave (Fig. 6G).

Together, our data indicate that HFS, like MNI-glutamate photolysis, induces a transient
decrease in [Ca2+]e and also stimulates ATP release and a pattern of astrocytic Ca2+

signaling that is similar to that seen with MNI-glutamate photolysis. HFS and MNI-
glutamate photolysis both induced an initial widespread increase in Ca2+, followed by a
slow wave that sequentially engaged astrocytes located at increasing distance from the site
of photolysis or the stimulus electrode. Inhibitors of NMDA and AMPA receptors
effectively reduced the astrocytic Ca2+ response to photolysis of either MNI-glutamate or
HFS.

Diazo-2 photolysis enhances the frequency of spontaneous IPSCs in a P2Y1 receptor–
mediated pathway

Previous studies had shown that interneurons bearing P2Y1 receptors depolarize and fire
action potentials in response to ATP and adenosine diphosphate (ADP) (12, 13). To
determine whether diazo-2 photolysis–induced ATP release could activate interneuronal
P2Y1 receptors and thereby modulate hippocampal network activity, we recorded from
interneurons located in the stratum radiatum at a distance of 40 to 80 μm from the photolysis
site (Fig. 7A). In these experiments, we visualized the impaled interneurons by adding Alexa
Fluor 488 to the pipette solution, whereas Ca2+ signaling in astrocytes was visualized by
rhod-2 AM loading (Fig. 7A). Diazo-2 photolysis triggered membrane depolarization in 17
of 25 interneurons tested, with a delay of 13.2 ± 2.7 s. Among the 17 interneurons that
depolarized by more than 2 mV, 8 generated action potentials (Fig. 7, B and C). Diazo-2
photolysis–mediated depolarization was unaffected by TTX (1 μM), indicating that
interneuronal depolarization was not a result of synaptic activity (amplitude, P = 0.34; delay,
P = 0.10; duration, P = 0.98, P = 5 to 8) (Fig. 7, B and C). However, the P2Y1 receptor
antagonist MRS2179 (50 μM) reduced membrane depolarization (from 11.6 ± 3.3 to 4.4 ±
1.8 mV, P < 0.05, t test, n = 5) and eliminated action potential firing (fig. S7). Conversely,
application of the P2Y1 receptor agonist 2-methylthio-ADP (2MeSADP) elicited
depolarization and interneuronal spiking at 3.1 ± 0.3 Hz, as did diazo-2 (2.8 ± 0.8 Hz, P =
0.86), consistent with the earlier finding that 2MeSADP induces depolarization of
hippocampal interneurons (12, 13) (fig. S7).
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In contrast to interneurons, hippocampal CA1 neurons were largely insensitive to diazo-2
photolysis (fig. S2). The decrease in [Ca2+]e evoked by diazo-2 photolysis did not alter the
membrane potential or the input resistance of CA1 pyramidal neurons located within 40 to
80 μm of the photolysis site (fig. S2). However, we detected a transient increase in the
frequency of spontaneous IPSCs in CA1 neurons after diazo-2 photolysis (P < 0.01, n = 5,
Fig. 7, D and E). The increase in inhibitory transmission peaked 10 to 40 s after photolysis
(Fig. 7, D and E), at a point in time in which [Ca2+]e had returned to resting concentrations
(Fig. 1B) but coinciding with the release of ATP (Fig. 2, A and B) and interneuronal
depolarization (Fig. 7, B and C). We speculated that P2Y1 receptor activation of
interneurons was responsible for this transient increase in spontaneous IPSCs. This
hypothesis was supported by the observation that the P2Y1 receptor antagonist MRS2179
significantly reduced the increase in IPSC frequency produced by diazo-2 photolysis (P <
0.01, Tukey-Kramer, Fig. 7F). Moreover, slices from Cx43/30KO mice also failed to show
an increase in the frequency of IPSC after diazo-2 photolysis (Fig. 7F). The Ca2+ waves in
astrocytes were not significantly reduced by MRS2179 (P = 0.42, t test, n = 8), likely
reflecting that astrocytes contain ATP-activated P2Y receptors besides P2Y1, including
P2Y2, P2Y4, and possibly others (12, 30). Whereas a delayed enhancement of inhibitory
transmission (Fig. 7, D and E) occurred when [Ca2+]e had returned to resting levels after
photolysis of diazo-2 (Fig. 2, A and B), the frequency of spontaneous EPSPs and
spontaneous IPSCs did not change significantly immediately after diazo-2 photolysis or
during the period when [Ca2+]e remained low (fig. S1E). Combined, these data suggest that
ATP released from astrocytes in response to low [Ca2+]e activates interneuronal P2Y1
receptors and increases the frequency of spontaneous IPSCs. Thus, the net effect on network
activity of decreased [Ca2+ ]e is strengthening of inhibitory transmission. Because
spontaneous fluctuations of [Ca2+]e are driven by glutamatergic transmission, astrocytic
release of ATP may act as a negative feedback mechanism to increase local inhibition in
response to sustained regional excitation (Fig. 7G).

DISCUSSION
Here, we used photolysis of caged compounds to investigate the possible role of activity-
associated interstitial hypocalcemia on neuron-glial interactions in the rodent hippocampus
and neocortex. We found that signaling from neurons to astrocytes could be mediated
through means other than neurotransmitter release. In particular, we found that synaptic
activity triggered astrocytic Ca2+ signaling by lowering of [Ca2+]e. It has been known for
decades that [Ca2+]e decreases during neuronal activity and that glutamate release is linked
to transient decreases in [Ca2+]e (5, 6). Glutamatergic transmission triggers an influx of Ca2+

through ionotropic glutamate receptors (specifically the AMPA- and NMDA-type
receptors), as well as through voltage-gated Ca2+ channels, resulting in a transient decrease
in [Ca2+]e. The [Ca2+]e can thus be regarded as an integrator of the intensity of excitatory
transmission. Our observations suggest that astrocytes can sense decreases in [Ca2+]e and
that a transient drop in [Ca2+]e can trigger the opening of astrocytic hemichannels and ATP
efflux therefrom. The resultant burst of extracellular ATP then triggers an increase in
cytosolic Ca2+ in the surrounding astrocytes through the activation of metabotropic P2Y
receptors (Fig. 7G).

Another concept suggested by our data is that ATP released in response to excessive
glutamate release can increase the firing rate of inhibitory interneurons in a P2Y1 receptor–
mediated pathway. Thus, the astrocytic release of ATP can potentially enhance inhibitory
transmission in response to local excitation and thereby act as a brake on network excitatory
output (Fig. 7G). We observed that slow astrocytic Ca2+ signaling triggered by a reduction
in [Ca2+]e was insensitive to mGluR antagonists, an observation notable in that synaptic
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glutamate release is currently thought to represent the primary mechanism of neuro-glial
signaling (11).

Ca2+’s role as an intracellular signaling moiety depends on the maintenance of low
intracellular Ca2+. This low tonic level of free cytosolic Ca2+ is maintained by a number of
means, which include both Ca2+ buffers and Ca2+ transporters. These homeostatic
mechanisms maintain the ability of Ca2+ fluxes across the plasma membrane to provide
signals, as well as the cell’s ability to rapidly mobilize Ca2+ from intracellular stores (40,
41). However, the importance of Ca2+ as an intracellular messenger has overshadowed the
possible functions of transient decreases in [Ca2+]e. Outside of the CNS, [Ca2+]e is tightly
controlled within the range of 1.1 to 1.4 mM by the actions of parathyroid hormone, which
is the secreted product of chief cells of the parathyroid gland (42). Chief cells contain Ca2+-
sensitive receptors (CaSRs), which sense minor changes in [Ca2+]e, to regulate the release of
parathyroid hormone. In turn, parathyroid hormone regulates Ca2+ homeostasis by
controlling reabsorption of renal and bone Ca2+. Although CaSRs are found in
subpopulations of neurons and oligodendrocytes, multiple studies have failed to confirm that
CaSR contributes to extracellular Ca2+ homeostasis in the CNS (43, 44).

Our observations suggest instead that Cx hemichannels are key to astrocytic detection of
decreased [Ca2+]e. Multiple lines of evidence indicate that hemichannels open in response to
decreased [Ca2+]e. For example, low [Ca2+]e mediates Cx-dependent uptake or release of
compounds of less than 1.2 kD (7, 45–47), elicits the release of ATP and glutamate from
astrocytes (30, 48), and decreases plasma membrane input resistance (45). An atomic force
microscopy analysis showed that the inner pore of Cx43 is either in an open (2.5 nm
diameter) or in a closed (1.8 nm diameter) state and that the open probability of the pore is
strongly dependent on [Ca2+]e over a range of 1.0 to 1.8 mM (49). However, the
physiological importance of this signaling pathway has not been determined. Here, we
provide support for the notion that opening of hemichannels in response to decreased
[Ca2+]e may provide a negative feedback mechanism during glutamatergic transmission,
with ATP efflux through open hemichannels increasing the strength of inhibitory
transmission by activation of interneuronal P2Y1 receptors.

Our recordings of [Ca2+] indicate that decreases in [Ca2+]e in the range of 0.4 to 0.6 mM are
required to trigger ATP release and astrocytic Ca2+ signaling. Indeed, photolysis of diazo-2
or of MNI-glutamate, as well as HFS, all triggered decreases in [Ca2+]e within the same
range (compare Figs. 1, 3, and 6). Comparable decreases in [Ca2+]e have been noted during
epileptic activity (50), whereas ischemia and hypoxia have both been linked to more
profound falls in [Ca2+]e (~1 mM); concentrations as low as 0.07 to 0.08 mM have been
recorded during spreading depression and anoxia (51, 52). This indicates that the neuron to
glia signaling pathway described here is active during seizure activity and during hypoxic
events, but that additional studies are required to establish its possible physiological role and
relative importance. Given our limited ability to monitor parenchymal Ca2+ in real time, it
remains unclear how much [Ca2+]e declines during physiological activity (53). Although
ion-selective microelectrodes accurately detect Ca2+, their large size prevents detection of
the decline in [Ca2+]e that has been predicted to occur within the synaptic cleft during
synaptic transmission (3, 51, 54). Thus, current technology does not enable us to determine
whether a decline in [Ca2+]e plays a role in astrocytic Ca2+ signaling during physiological
condition. It is in this regard of interest that slowly expanding Ca2+ waves have been
observed during normal activity in the adult cerebellum. These waves are associated with
the spontaneous release of ATP and spread to a maximum diameter of ~80 μm (55, 56). The
trigger for these slow cerebellar waves remains unknown; however, climbing fibers provide
powerful, excitatory inputs to Purkinje cells, and these synapses are extensively invested by
Bergmann glial processes (57). Like astrocytes, Bergmann glial cells throughout the CNS
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contain abundant Cx43/Cx30 (58). Therefore, one may reasonably postulate that the
complex spikes generated by climbing fibers could reduce [Ca2+]e below the opening
threshold of Cx43 hemichannels present in perisynaptic glial processes, thereby initiating
Ca2+ signaling hemichannel-mediated efflux of ATP.

The possible role of P2Y1 receptors in feed-forward inhibition is of particular interest (12,
13). We found that the decline in [Ca2+]e after glutamate-induced neuronal depolarization
triggered ATP release. P2Y1 receptor activation then depolarized nearby interneurons,
resulting in a transient increase in the frequency of IPSCs. Two groups have described the
effect of P2Y1 receptor activation in hippocampal interneurons (12, 13). Their analyses
suggest that P2Y1R-evoked depolarization may depend on the opening of nonselective
cation channels, in combination with closure of K+ channels (12). Interneuronal
depolarization in response to P2Y1 receptor stimulation in slices from mice lacking P2Y1
receptors (13), and nonselective cation conductance was inhibited by Cd2+ (12). This
analysis also showed that P2Y1 receptor–mediated interneuronal depolarization did not
require guanosine triphosphate (GTP)–binding protein (G protein)–mediated signaling,
phospholipase C, or mobilization of intracellular Ca2+ stores (12, 13). Rather, P2Y1
receptors may couple directly to nonselective cation channels, such that receptor activation
may transiently increase channel opening, resulting in interneuronal depolarization. This
conclusion is consistent with detailed heterologous expression studies, which suggest that
P2Y1 receptors directly interact with ion channels; for example, Xenopus oocytes
expressing recombinant P2Y1 receptors display a cation current that did not involve G
proteins (12, 59–61).

Together, our experiments suggest that the decreases in [Ca2+]e that occur during
glutamatergic transmission result in the opening of astrocytic connexin hemichannels, and
thereby astrocytic ATP release. In turn, interstitial ATP triggers the depolarization of nearby
interneurons in a P2Y1 receptor–dependent pathway. As ATP diffuses away from the site of
release, the net effect is a strengthening of inhibitory transmission both within and
surrounding a hyperexcited or epileptic focus. These observations suggest that ATP released
from astrocytes may contribute to surround inhibition within synaptically active regions of
both the mammalian neocortex and the hippocampus. Hence, P2Y1 receptor agonists may
constitute a new target for antiepileptic drugs.

MATERIALS AND METHODS
Transgenic mice

Conditional deletion of Cx43 in astrocytes was achieved through the inactivation of floxed
Cx43 by Cre recombinase, the expression of which is driven by the hGFAP promoter as
previously described (36). Because Cx43 deletion is partly compensated for by up-
regulation of Cx30, we used transgenic mice lacking both Cx43 and Cx30 (62). In all
experiments, we compared Cx30−/−Cx43fl/fl and Cx30−/−Cx43fl/fl:hGFAP-Cre littermates
(62). The G138R point mutation of Cx43 has been associated with oculodentodigital
dysplasia, and hemichannels with this mutation exhibit increased opening (37). We
generated mice with astrocytic expression of the G138R mutation by crossing the hGFAP-
cre mice from Jackson Laboratory with Cx43+/G138Rfl mice. hGFAP-Cre negative mice from
the same litter were used as controls. The reporter mice used to identify hippocampal CA1
neurons were Thy1-YFP mice obtained from Jackson Laboratory, whereas astrocytes were
identified on the basis of eGFP expression under the glutamate transporter in GLT1-eGFP
mice (63). All animal experiments were conducted in accordance with the guidelines of the
Animal Care and Use Committee of the University of Rochester.
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Slice preparation and electrophysiology
All slice experiments used 15- to 21-day-old C57BL/6 mouse pups (Charles River) or
transgenic mouse lines described above. The pups were anesthetized in a closed chamber
with isoflurane (1.5%) and decapitated. Their brains were rapidly removed and immersed in
an ice-cold cutting solution containing 230 mM sucrose, 2.5 mM KCl, 0.5 mM CaCl2, 10
mM MgSO4, 26 mM NaHCO3, 1.25 mM NaH2PO4, and 10 mM glucose and saturated with
95% O2 and 5% CO2. Coronal slices (300 μm) were cut with a Vibratome (Vibratome
Company) and transferred to oxygenated artificial cerebrospinal fluid (aCSF) that contained
126 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 1.25 mM
NaH2PO4, and 10 mM glucose. Slices were incubated in aCSF for 1 to 5 hours at room
temperature before recording (33, 64). During the recordings, the slices were placed in a
perfusion chamber and superfused with aCSF gassed with 5% CO2 and 95% O2 at room
temperature. Cells were visualized with a 40× water-immersion objective and differential
interference contrast optics (BX51 upright microscope, Olympus Optical). Patch electrodes
were fabricated from filament thin-wall glass (World Precision Instruments) on a vertical
puller. Membrane potentials were recorded under current clamp with an Axopatch
MultiClamp 700B amplifier (Axon Instruments). No currents were injected (I = 0), unless
indicated. The pipette solution contained 140 mM potassium gluconate, 5 mM sodium
phosphocreatine, 2 mM MgCl2, 10 mM Hepes, 4 mM Mg-ATP, and 0.3 mM Na-GTP (pH
adjusted to 7.2 with KOH). Input resistance was measured by delivery of current steps of 50
to 200 pA every 2000 ms and presented as percent of voltage changes relative to baseline
before stimulation. Spontaneous IPSCs were recorded in voltage clamp configuration,
clamping the membrane potential at −60 mV and using a pipette solution that contained 140
mM CsCl, 2 mM MgCl2, 10 mM Hepes, 2 mM EGTA, 5 mM lidocaine N-ethyl chloride
(QX314), 5 mM sodium phosphocreatine, 4 mM Mg-ATP, and 0.3 mM GTP (pH 7.2 with
CsOH). Alexa Fluor 488 (100 μM) was added to the pipette solution in both recording
configurations to visualize the impaled cells. The junction potential between the patch
pipette and the bath solution was zeroed before formation of the gigaseal. Patches with seal
resistances of less than 1 gigohm were rejected. Experiments were performed at room
temperature (21°C to 23°C). Data were low-pass filtered at 2 kHz and digitized at 10 kHz
with a Digidata 1440 interface controlled by pCLAMP Software (Molecular Devices). HFS
(100 μs; 150 μA, 100 Hz, 10 to 200 pulses) was delivered through a constant isolated
current source (an ISO-Flex isolator with a Master-8-vp stimulator; AMPI) at 100 Hz with a
concentric bipolar electrode (FHC) placed in a distance of 75 μm from the Ca2+-sensitive
electrode.

Fabrication and calibration of Ca2+-sensitive microelectrodes
To detect Ca2+ changes in the extracellular space, we fabricated ionsensitive
microelectrodes from double-barreled pipette glass (PB150F-6, WPI) pulled to a tip of <3
μm (Sutter P-97). The pipette was silanised by dimethylsilane (Fluka, Sigma) loaded with a
100- to 150-μm column of Ca2+ ion-exchanger resin (Ca2+ ionophore 1, cocktail A, Fluka,
Sigma) and backfilled with 100 mM CaCl2. The reference barrel was filled with Hepes-
buffered 150 mM NaCl solution (pH 7.4). In select experiments, single barreled ion-
selective electrodes were used in combination with a reference electrode located <10 μm
away. The pipette was connected to the headstage of an Axoprobe 700B amplifier (Axon
instruments). Electrodes were calibrated in 1 to 3 mM Ca2+ in aCSF before and after
experiments. The recording pipette was located ~50 to 100 μm below the surface of the
slice. Electrodes used in experiments typically displayed voltage responses of 5 to 10 mV
per 1 mM increase in Ca2+ in the concentration range studied.
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Two-photon laser scanning microscopy, MNI-glutamate and diazo-2 photolysis, and
bioluminescence imaging

Slices were loaded with the Ca2+ indicator rhod-2 AM (10 μM, 1 hour; Invitrogen) for 45 to
60 min before imaging. A custom-built microscope attached to a Tsunami/Millennium laser
(SpectraPhysics) and a scanning box (FV300, Olympus) using Fluoview software was for
two-photon laser scanning microscopy. Most experiments used a 40× water-immersion
objective [0.9 numerical aperture (NA), Olympus]. Excitation wavelength was in the range
of 820 to 840 nm. Two-channel detection of emission wavelength was achieved with a 565-
nm dichroic mirror and two external photomultiplier tubes. A 525/50 band-pass filter was
used to detect Alexa Fluor 488, eGFP, and YFP, and a 620/60 band-pass filter was used to
detect rhod-2 emission wavelengths (Chroma Technology). To uncage MNI-glutamate (250
to 350 μM) or diazo-2 (140 to 280 μM), we focused a 355-nm continuous laser (diode-
pumped solid state) controlled by a mechanical shutter (Uniblitz, Vincent Associate)
through the objective lens to an optical spot of ~4 μm diameter at the tissue. Photolysis of
MNI-glutamate and diazo-2 was triggered by a train of 1 × 10 to 10 × 10 ms (interval, 50
ms) laser pulses. Because each batch of MNI-glutamate and diazo-2 showed slightly
different sensitivity to UV excitation, we determined the number of pulses (typically four to
eight) of UV light used for stimulation for each batch and then used the same number of UV
pulses for all remaining experiments with that batch. UV laser intensity was less than 3.5
mW after passing through the 40× objective. In all experiments, we included controls to test
whether similar stimulation triggered Ca2+ signaling or detectable changes in the
electrophysiological characteristics of neurons in the absence of MNI-glutamate or diazo-2.
All imaging files were analyzed with Fluoview software and values are presented as percent
rhod-2 fluorescence increase from baseline fluorescence (ΔF/F). The average intensity of 15
frames was used as a baseline to calculate relative changes in rhod-2 signal. Experiments
were not used if baselines rhod-2 values showed more than 5% variability.

For bioluminescence imaging, we added firefly luciferase (40 μg/ml, Sigma) and D-luciferin
sodium salt (100 μg/ml, Sigma) to aCSF and imaged photon production by a liquid
nitrogen–cooled charged-coupled device camera (VersArray 1300B, Princeton Instruments)
with a 40× waterimmersion objective (NA 0.9), 5 × 5 binning, and 5-s integration per frame
(9, 20).

Chemicals
APV, CNQX, LY367385, MPEP, suramin hexasodium salt, PPADS, MNI-glutamate, QX
314 chloride, and MRS2179 tetrasodium salt, TBOA were from Tocris Cookson. Rhod-2
AM, pluronic acid F-127, glycine, and diazo-2 were from Invitrogen. Reactive Blue 2,
2MeSADP, TTX, and all other chemicals used to prepare aCSF and slice cutting solution
were from Sigma (62).

Statistics
All bar graphs are shown as means ± SEM. One-way or two-way ANOVA with Tukey-
Kramer post hoc test was used to determine statistical significance. When only two groups
were compared, Student’s t test was used. Shapiro-Wilk test was used for testing the
normality of the data. Repeatedmeasures ANOVA was used where appropriate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Photolysis of diazo-2 triggers a dose-dependent decrease in [Ca2+]e. (A) Experimental setup
used for photolysis of diazo-2 in hippocampal slices. The Ca2+-sensitive microelectrode was
placed at a distance of 75 μm from the site of photolysis. (B) Traces of changes in [Ca2+]e
evoked by photolysis of diazo-2 in response to 1, 2, 4, 6, 8, or 10 UV pulses. In the absence
of diazo-2, 10 UV pulses did not elicit a change in [Ca2+]e. (C) Bar graph displaying the
changes in [Ca2+]e evoked by photolysis of diazo-2 plotted as a function of increasing
number of UV photolysis. Omission of diazo-2 eliminated photolysis-induced decreases in
[Ca2+]e (n = 3 to 4 photolysis events, *P < 0.05 compared to 0 pulse).
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Fig. 2.
Photolysis of diazo-2 stimulates ATP release and slowly propagating Ca2+ waves. (A) Time
series of bioluminescence imaging of photolysis-evoked ATP release with (upper panel) or
without (lower panel) diazo-2. Luciferinluciferase was added to the bath, and a highly light-
sensitive liquid nitrogen–cooled camera detected photons released from hippocampal slices
in response to UV photolysis of diazo-2 (eight pulses). White circles indicate the position of
UV photolysis. Scale bars, 100 mm. (B) Bar graph comparing peak luminescence signaling
in the presence or absence of diazo-2 or luciferase (n = 3 to 6 photolysis events, **P < 0.01
compared to presence of diazo-2 and luciferase). (C) Time series of astrocytic Ca2+ (rhod-2)
and LFP signals in response to photolysis of diazo-2. Hatched circles define the 50- and
100-μm radius from the photolysis site. Traces below show Ca2+ changes (percent of
fluorescence change from baseline, ΔF/F) in individual cells 50, 100, or 150 μm from the
site of photolysis, as well as LFP recordings (50-μm distance) after diazo-2 photolysis from
the same experiment. Lower traces show similar experiment in the absence of diazo-2. Small
white arrowheads indicate astrocytes that exhibit increases in Ca2+. (D) Bar graph
comparing astrocytic Ca2+ increases (upper) and LFP (lower) evoked by photolysis of
diazo-2 in the presence of suramin (50 μM) or PPADS (50 μM) (n = 5 to 8 photolysis
events, **P < 0.01). Scale bar, 50 μm. We could not perform bioluminescence imaging in
the presence of P2 receptor antagonists because all agents tested interfered with the
luciferinluciferase reaction.
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Fig. 3.
Photolysis of MNI-glutamate triggers a decrease in [Ca2+]e and release of ATP. (A)
Experimental setup used for measuring bioluminescence and [Ca2+]e after photolysis of
MNI-glutamate in hippocampal slices. (B) Representative traces of [Ca2+]e and LFP in
response to increasing numbers of UV pulses (1 to 10) in cortical slices. (C) Bar graph
comparing changes in [Ca2+]e and LFP (black bars) in response to MNI-glutamate
photolysis and increasing the number of 1 to 10 UV pulses. Omission of MNI-glutamate
eliminated changes in [Ca2+]e and LFP (n = 5 to 6 photolysis events, P > 0.05). (D)
Bioluminescence imaging of ATP release in response to photolysis of MNI-glutamate.
Lower panel shows photon emission in response to photolysis in the absence of MNI-
glutamate. Scale bars, 100 μm. (E) Bar graph comparing the effect of omitting MNI-
glutamate or luciferase on the peak bioluminescence signal evoked by photolysis (n = 12
photolysis events, **P < 0.01).
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Fig. 4.
Photolysis of MNI-glutamate evokes an initial fast Ca2+ increase followed by a slowly
propagating Ca2+ wave. (A) Serial images of relative changes in Ca2+ (rhod-2) in response
to photolysis of caged MNI-glutamate in a hippocampal slice. Hatched circles label the
radius 50, 100, and 150 μm from the photolysis site. Two recording electrodes (E1, E2)
were placed at different distances from the site of photolysis. Small white arrows indicate
astrocytes. Scale bar, 50 μm. (B) Traces of Ca2+ signals in astrocytes located 50, 100, and
150 μm from the site of photolysis. As shown, MNI-glutamate photolysis induced an initial
fast increase in Ca2+ that includes most cells in the field followed by a Ca2+ wave that
slowly propagates from the site of photolysis. Red lightning bolt indicates the time of
photolysis. LFP signals recorded at electrodes E1 and E2. Small black arrows indicate the
passage of the second Ca2+ wave. Inset shows enlarged time scale of the depolarization
(LFP deflection). Black arrows indicate the initiation of depolarization. (C) Bar graphs
compared the amplitude of the increase in intracellular Ca2+ (left panel) and the LFP signal
(right panel) in response to MNI-glutamate photolysis in controls and in slices exposed to
TBOA (100 μM), APV (50 μM), CNQX (20 μM), APV + CNQX, MPEP (50 μM) +
LY367385 (50 μM), or nifedipine (10 μM) (n = 11 to 40 photolysis events, *P < 0.05, **P <
0.01 compared to respective controls). (D) Ca2+ increases in astrocytes during the first and
the second Ca2+ wave in control slices and slices exposed to suramin (100 μM), PPADS (30
μM), or Reactive Blue 2 (RB, 30 μM) (n = 16 photolysis events, **P < 0.01 compared to
respective controls).
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Fig. 5.
The second Ca2+ wave depends on astrocytic hemichannels and is potentiated by a point
mutation that increases the number of open Cx43 hemichannels in astrocytes. (A) Time
series of Ca2+ signaling evoked by photolysis of MNI-glutamate in a hippocampal slice
prepared from a Cx43/30KO mouse. Hatched circles define the 50-, 100-, and 150-μm
radius from the photolysis site. Scale bar, 75 μm. (B) Traces of Ca2+ increases and LFP at
50, 100, and 150 μm in experiment shown in (A). Inset shows enlarged time scale for the
depolarization. Black arrows indicate the initiation of depolarization. (C) Comparison of the
maximal amplitudes of LFP depolarization (left) and intracellular Ca2+ increases (right)
evoked by photolysis of MNI-glutamate in hippocampal slices prepared from Cx30KO or
Cx43/30KO mice, or Cx30KO slices treated with CBX (50 μM) (n = 14 to 21 photolysis
events, **P < 0.01). (D) Ca2+ signaling evoked by MNI-glutamate photolysis in a
hippocampal slice prepared from a Cx43G138R mouse. Small white arrows point to
astrocytes. Scale bar, 75 μm. (E) Traces of Ca2+ signals and LFP in experiment shown in
(D). (F) Histogram comparing the maximal amplitudes of LFP depolarization (left) and
increased intracellular Ca2+ (right) in hippocampal slices prepared from Cx43WT (wild
type) or Cx43G138R mice in response to photolysis of MNI-glutamate (n = 14 to 21
photolysis events, *P < 0.05, **P < 0.01). (G) Histograms comparing the maximal radius (n
= 28 photolysis events; **P < 0.001 compared to Cx43WT) and durations (n = 5 to 9
photolysis events; **P = 0.004 compared to Cx43WT) of the Ca2+ wave evoked by
photolysis of MNI-glutamate.
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Fig. 6.
High-frequency stimulation triggers a decrease in [Ca2+]e and stimulates the release of ATP
and a slowly propagating Ca2+ wave. (A) Representative traces of [Ca2+]e and LFP
evokedby an increasing number of stimulating pulses (10 to 200) in hippocampal slices.
Lower trace shows expanded time scale for the stimulation. Rapid downward and upward
peaks (indicated by arrows)before the slower downward evoked EPSPs represent stimulus
artifacts. (B) Representative traces of [Ca2+]e and LFP evoked by increasing number of
stimulating pulses (10 to 200) in the presence of 50 μM APV and 20 μM CNQX. (C) Bar
graph comparing changes in [Ca2+]e in response to HFS in the absence or presence of APV
and CNQX (n = 5 to 6 HFS events; *P < 0.05, **P < 0.01 compared to 0 pulse; #P < 0.05, ##

P < 0.01 between vehicle and APV/CNQX). (D) Bioluminescence imaging of ATP release
in response toHFS (200 pulses). White dotted lines indicate the position of stimulation
electrode. Scale bar, 50 μm. (E) Time series of astrocytic Ca2+ (rhod-2) in response to HFS.
Hatched circles indicate the radius 50 and 100 μm from the photolysis site. Traces on the
right display Ca2+ changes in individual cells 50, 100, and 150 μm from the site of diazo-2
photolysis in the same experiment. Small white arrowheads indicate astrocytes. Scale bar, 50
μm. (F) Time series of astrocytic Ca2+ in response to HFS in the presence of APV and
CNQX. (G) Comparison of Ca2+ responses and LFP changes in the presence of vehicle
(control) or APV and CNQX (n = 16 to 20 for Ca2+ responses, n = 5 to 6 for LFP HFS
events; **P < 0.001 between vehicle and APV/CNQX).
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Fig. 7.
Diazo-2 photolysis evokes interneuronal depolarization and bursting. (A) Experimental
setup used for photolysis of diazo-2 combined with whole-cell recordings of interneurons
located ~40 to 80 μm from the site targeted by the UV beam in hippocampal slices. Time
series images of the slow Ca2+ wave evoked by photolysis of diazo-2. The pipette contained
Alexa Fluor 488 (green) to visualize the impaled interneuron. Small white arrows point to
astrocytes. Hatched circles define the radius 50, 100, and 150 μm from the photolysis site.
Scale bar, 50 μm. (B) Representative recordings of interneurons (current clamp) in response
to diazo-2 photolysis without (left panel) or with TTX (1 μM, right panel). Of a total of 25
recordings, 17 interneurons exhibited a transient depolarization (membrane potential shift >2
mV), and 8 of these cells exhibited spiking activity. In the presence of TTX, 12 of a total of
18 interneurons exhibited a transient depolarization (>2 mV), whereas the remaining 6 failed
to respond to diazo-2 photolysis. (C) Comparison of the amplitude, delay, and duration of
diazo-2–induced depolarization in the presence and absence of TTX (n = 6 to 8 photolysis
events, P > 0.05). (D) Representative traces of recordings in a CA1 pyramidal neuron
(current clamp) located ~40 to 80 μm from diazo-2 photolysis site. Enlarged time scales for
the indicated periods are shown below. (E) Changes in the frequency of IPSCs induced by
diazo-2 photolysis plotted as a function of time before or after diazo-2 photolysis (n = 5
photolysis events, **P < 0.01). Inset: Bicuculline reduced the frequency of IPSCs during
baseline conditions (20 mM n = 9 slices, **P < 0.01). (F) Comparison of the effect of
photolysis of diazo-2 on IPSC frequency during control conditions (10 to 50 s), after
addition of the P2Y1 receptor antagonist MRS2179 (50 μM), or in slices from mice lacking
Cx43 and Cx30 (Cx43/30KO) (n = 9 slices, **P < 0.01). (G) Proposed model for [Ca2+]e as
a mediator of neuron-glia signaling. Glutamatergic signaling (or MNI photolysis) triggers
Ca2+ influx into neurons through AMPA- or NMDA-type glutamate, leading to a localized
decrease in [Ca2+]e. Connexin hemichannels in astrocytes open in response to low [Ca2+]e,
enabling the efflux of ATP. ATP triggers two events: (i) ATP activates slowly propagating
Ca2+ waves in astrocytes by binding to astrocytic P2YR1, P2YR2, and P2YR4; (ii) ATP is
degraded to ADP, and in turn, ADP activates interneuronal P2Y1 receptors, stimulating the
depolarization and increased firing of a subpopulation of interneurons. This mode of neuron-
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glia signaling may act as a negative feedback mechanism to increase inhibitory transmission
during excessive glutamatergic activity.

Torres et al. Page 23

Sci Signal. Author manuscript; available in PMC 2013 January 18.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


