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Stimulation-Evoked Ca2� Signals in Astrocytic Processes at
Hippocampal CA3–CA1 Synapses of Adult Mice Are
Modulated by Glutamate and ATP
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To date, it has been difficult to reveal physiological Ca 2� events occurring within the fine astrocytic processes of mature animals. The
objective of the study was to explore whether neuronal activity evokes astrocytic Ca 2� signals at glutamatergic synapses of adult mice. We
stimulated the Schaffer collateral/commissural fibers in acute hippocampal slices from adult mice transduced with the genetically
encoded Ca 2� indicator GCaMP5E driven by the glial fibrillary acidic protein promoter. Two-photon imaging revealed global
stimulation-evoked astrocytic Ca 2� signals with distinct latencies, rise rates, and amplitudes in fine processes and somata. Specifically,
the Ca 2� signals in the processes were faster and of higher amplitude than those in the somata. A combination of P2 purinergic and group
I/II metabotropic glutamate receptor (mGluR) antagonists reduced the amplitude of the Ca 2� transients by 30 – 40% in both astrocytic
compartments. Blockage of the mGluRs alone only modestly reduced the magnitude of the stimulation-evoked Ca 2� signals in processes
and failed to affect the somatic Ca 2� response. Local application of group I or I/II mGluR agonists or adenosine triphosphate (ATP)
elicited global astrocytic Ca 2� signals that mimicked the stimulation-evoked astrocytic Ca 2� responses. We conclude that stimulation-
evoked Ca 2� signals in astrocytic processes at CA3–CA1 synapses of adult mice (1) differ from those in astrocytic somata and (2) are
modulated by glutamate and ATP.
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Introduction
Accumulating evidence suggests that astrocytes respond to synaptic
activity by increases in intracellular Ca2� concentration and modu-
late synaptic transmission and plasticity by Ca2�-dependent release
of gliotransmitters (Nedergaard and Verkhratsky, 2012; Araque et
al., 2014; Volterra et al., 2014). However, the concept of bidirec-

tional communication between neurons and astrocytes is heavily
debated (Agulhon et al., 2010). A central tenet is whether astro-
cytes in adult animals directly sense synaptic activity. The vast
majority of studies on activity-induced astrocytic Ca 2� signals
have used pups, because bulk loading of membrane-permeable
organic Ca 2� indicators is most effective in immature animals
(Reeves et al., 2011). However, the expression of receptors and
neuronal– glial signaling may differ between immature and ma-
ture animals. Notably, a recent study demonstrated that the ex-
pression of mGluR5 (a group I mGluR) is developmentally
regulated, and the authors failed to observe mGluR5-dependent
increases in Ca 2� levels in cortical astrocytes of adult mice (Sun et
al., 2013). That study, as with the vast majority of studies on
neuronal– glial signaling, used bulk loading of an organic Ca 2�

indicator, a strategy that reports mainly on Ca 2� signaling events
within the cell body and proximal processes, leaving most of the
astrocytic territory unsampled (Reeves et al., 2011). Thus, studies
using improved Ca 2� indicators are needed to resolve whether,
and if so how, synaptic activity elicits Ca 2� signals within delicate
astrocytic processes in adult animals.

We hypothesized that activity at CA3–CA1 hippocampal syn-
apses of adult mice evokes Ca2� signals in fine astrocytic processes
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by mechanisms involving group I/II mGluRs and P2 purinergic re-
ceptors, as observed in astrocytic somata and proximal processes of
immature animals (Porter and McCarthy, 1996; Bowser and Khakh,
2004). We took advantage of two-photon microscopy and recombi-
nant adeno-associated virus (rAAV) gene delivery of the genetically
encoded Ca2� indicator GCaMP5E and its membrane-tethered
version Lck-GCaMP5E (Akerboom et al., 2012), which enable
monitoring of Ca 2� signals even within distal processes. We
report that stimulation of the Schaffer collateral/commissural fi-
bers (Scc) in acute hippocampal slices from adult mice trans-
duced with GCaMP5E driven by the glial fibrillary acidic protein
(GFAP) promoter elicited robust Ca 2� increases within the en-
tire astrocytic territory. However, the kinetics and amplitudes of
the stimulation-evoked Ca 2� signals differed between astrocytic
compartments. Notably, the fastest response almost inevitably
occurred in the fine processes, in which it was sensitive to antag-
onists of both group I/II mGluRs and P2 purinergic receptors.

Materials and Methods
Plasmid constructs. The GCaMP5E (Akerboom et al., 2012) DNA se-
quence was cloned with BamHI and HindIII into the rAAV vector
pAAV– 6P–SEWB (Tang et al., 2009) under the human Synapsin-1
(SYN ) promoter to generate the construct pAAV–SYN–GCaMP5E. The
human GFAP promoter (Hirrlinger et al., 2009) was inserted with MluI
and BamHI into the pAAV–SYN–GCaMP5E vector, resulting in the
pAAV–GFAP–GCaMP5E construct. The Lck sequence ATGGGCTGTG
GCTGCAGCTCAAACCCTGAAGATGACTGGATGGAGAACATTGA
CGTGTGTGAGAACTGCCATTATCCCC together with 5�-AATTC and
3�-G flanking sequences as overhangs was synthesized and subcloned
between EcoRI and BamHI sites of plasmid pAAV–SYN–GCaMP5E. The
GFAP promoter was then cloned with 5� MluI, 3� BamHI (from insert), and
EcoRI (from vector) with Klenow fill-in into pAAV–SYN–GCaMP5E to
generate pAAV–GFAP–Lck-GCaMP5E.

Virus transduction. rAAV serotypes 1 and 2 were generated as de-
scribed previously (Tang et al., 2009) and purified by AVB Sepharose
affinity chromatography (Smith et al., 2009) after titration with real-time
PCR (each titer �1.0 – 6.0 � 10 12 viral genomes/ml; TaqMan Assay;
Applied Biosystems). Viruses were stereotactically injected into the
brains of deeply anesthetized [mixture of zolazepam (188 mg/kg body
weight), tiletamine (188 mg/kg body weight), xylazine (4.5 mg/kg body
weight), and fentanyl (26 �g/kg body weight)] 6- to 8-week-old male
C57BL/6N mice (Charles River) as described previously (Tang et al.,
2009). All procedures were performed according to the guidelines of the
local animal use and care committee.

Immunohistochemistry and confocal imaging. The immunohistochem-
istry and confocal imaging were performed as described previously (Tang
et al., 2009; Haj-Yasein et al., 2014) with polyclonal rabbit anti-green
fluorescent protein (GFP; 1:3000; catalog #ab6556; Abcam), chicken
anti-GFAP (1:1000; catalog #PCK-591P; Covance), rat anti-CD31 (1:
200; catalog #550274; BD Biosciences), and FITC-coupled anti-rabbit,
Cy3-coupled anti-chicken, and Cy5-coupled anti-rat secondary antibod-
ies (1:200; catalog #711095152, #703165155, and #712175153, respec-
tively; Jackson ImmunoResearch). Image analysis was done with NIH
ImageJ (version 10.2).

Electrophysiology and in vitro two-photon Ca2� imaging. Experiments
were performed on acute hippocampal slices prepared from mice 2– 6
weeks after virus transduction. Acute hippocampal slices were prepared
as described previously (Haj-Yasein et al., 2014) and kept in artificial
cerebrospinal fluid (ACSF, bubbled with 95% O2/5% CO2) containing
(in mM): 124 NaCl, 2 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3,
and 12 glucose (all from Sigma-Aldrich) at 30 � 1°C. In some ex-
periments, tetrodotoxin (TTX; 1 �M; Tocris Bioscience), (RS)-�-me-
thyl-4-carboxyphenylglycine (MCPG; 1 mM; Tocris Bioscience),
pyridoxalphosphate-6-azophenyl-2�,4�-disulfonic acid tetrasodium salt
(PPADS; 100 �M; Tocris Bioscience), suramin (100 �M; Tocris Biosci-
ence), or 2-aminoethoxydiphenylborane (2-APB; 100 �M; Tocris Biosci-
ence) was added to the ACSF to block voltage-gated sodium channels

(TTX), group I/II mGluRs (MCPG), P2 purinergic receptors (PPADS
and suramin), or inositol 1,4,5-trisphosphate (IP3) receptors (2-APB),
respectively. Two glass electrodes filled with ACSF and positioned 100 –
150 �m from each other in CA1 stratum radiatum served as stimulation
and recording electrodes [field EPSP (fEPSP) monitoring], respectively.
The synaptic strength was assessed by measuring the slope of the rising
phase (volts per second) of the fEPSP. Stimulation trains at 20 Hz for 10 s
were applied during all experiments except frequency/duration tests,
in which the frequency and duration of the trains varied. For the
microinjection experiments, ACSF (as control), (1S,3R)-1-aminocy-
clopentane-1,3-dicarboxylic acid (ACPD; 400 �M; Tocris Bioscience),
( S)-3,5-dihydroxyphenylglycine (DHPG; 100 �M; Tocris Biosci-
ence), (RS)-2-chloro-5-hydroxyphenylglycine (CHPG; 300 �M; Toc-
ris Bioscience), or ATP (40 mM; Tocris Bioscience) in ACSF was applied
by micropipettes placed into the hippocampal striatum radiatum.
GCaMP5E fluorescence was recorded by a two-photon laser scanning
microscope (model Ultima; Prairie Technologies) with an XLPLN
25�WMP 1.05 numerical aperture water-immersion objective (Olym-
pus) at 900 –910 nm laser pulse using a Chameleon Vision II (Coherent)
laser. The continuous wave equivalent of the laser power applied was
15–30 mW, depending on the expression level of the fluorescent indica-
tor. Imaging was performed with 30 s baseline, followed by either elec-
trical stimulations or microinjections of ACSF, ACPD, DHPG, CHPG, or
ATP using a PV830 Pneumatic PicoPump (10 psi, 100 ms; World Preci-
sion Instruments). The recording was done with either 1 or 4 Hz frame
rate, and the images were 512 � 512 or 256 � 256 pixels, respectively.

In vivo two-photon Ca2� imaging. Mice transduced with rAAV–
GFAP–GCaMP5E were prepared for in vivo two-photon microscopy as
described by Sun et al. (2013), with the following modifications. (1)
Isoflurane (2% for surgical procedures, 1.5% during imaging) was used
for anesthesia. (2) Buprenorphine (0.15 mg/kg) was injected intraperi-
toneally before surgery. (3) The craniotomy (2 mm in diameter) was
made 2 mm posterior and 1.5 mm to the right of bregma. 4) A blunted 26
gauge needle was used to suction out the cortex and expose the hip-
pocampus. The cavity was subsequently filled with 0.4% agarose in saline
and sealed by a coverslip. (5) A glass micropipette containing 400 �M

ACPD and 250 �g/ml Texas Red-labeled dextran (Life Technologies)
dissolved in ACSF was inserted into the hippocampus through a second-
ary craniotomy 1 mm mediocaudal to the imaging window. The APCD
was delivered by a PV830 Pneumatic PicoPump (10 psi, 100 ms; World
Precision Instruments) during continuous imaging with a baseline pe-
riod of 1 min. GCaMP5E fluorescence was recorded by a two-photon
laser scanning microscope (model Ultima IV; Prairie Technologies), as
described above.

Imaging analysis. Time series of fluorescence images were imported to
Fiji ImageJ, and regions of interest (ROIs) were selected manually based
on morphology. Astrocytic cell bodies were identified by their projecting
branches and endfeet by their characteristic circular pattern around
transversely cut vessels and elongated appearance along obliquely cut
vessels. ROIs over processes were chosen at least 5 �m away from the
perimeter of the soma. The relative change in fluorescence (�F/F ) in
each ROI, the individual traces, and the histograms were all calculated
and plotted by MATLAB (R2011b; MathWorks) with custom-written
scripts. Standard deviation (SD) images were generated from time-lapse
image recordings by Fiji ImageJ. Mathematical calculations were done in
Excel (Microsoft).

Statistical analysis. Statistical analysis was performed using Prism (ver-
sion 6.0b for Mac OSX; GraphPad Software). Kruskal–Wallis test with
Dunn’s post hoc test was used for comparison between astrocytic somata,
processes, and endfeet after Scc stimulation. A two-way ANOVA was
performed for comparison of signal amplitudes before and after wash-in
of drugs and for comparison of treatment effects in somata and pro-
cesses. Paired t test and Wilcoxon’s signed-rank test were also used for
comparison before and after drug applications. One-sample t test was
used for comparison of response latencies of the earliest activated pro-
cesses and the soma.
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Results
Viral transduction yields GCaMP5E expression in adult
mouse astrocytes
To reveal astrocytic Ca 2� signals within the fine astrocytic pro-
cesses in adult mice, GCaMP5E (Akerboom et al., 2012) was
cloned into an rAAV vector and driven by the GFAP promoter
(Fig. 1A), similar to an approach used for GCaMP3 in recent
confocal microscopy studies (Shigetomi et al., 2013; Haustein et
al., 2014). Three weeks after rAAV injection into the dorsal hip-
pocampus of adult mice, immunohistochemistry of acute hip-
pocampal slices showed successful rAAV-mediated GCaMP5E
delivery into astrocytes (Fig. 1A). Antibodies against GFP con-
firmed GCaMP5E expression in GFAP-immunopositive astro-
cytes, including their fine processes and endfeet adjacent to
CD31-immunopositive blood vessels (Fig. 1A).

Neuronal activity triggers Ca 2� signals within entire
astrocytic territories
Stimulation (20 Hz, 10 s) of Scc in acute hippocampal slices from
rAAV–GFAP–GCaMP5E-transduced animals (Fig. 1B) consis-
tently elicited global Ca 2� rises in the majority of stratum radia-
tum astrocytes (Fig. 1C–E), mimicking the Ca 2� response of CA3
stratum lucidum astrocytes to bursts of mossy fiber action poten-
tials (Haustein et al., 2014). The Ca 2� signals, detected by two-
photon imaging, occurred along the pathway of the stimulated
axons and were rarely observed in stratum pyramidale (Fig. 1C–
E). The amplitude of the somatic Ca 2� transients depended on
stimulation frequency and duration, with the maximum re-
sponse observed at 20 Hz stimulation (Fig. 1F). To verify that the
Ca2� signals depended on the presence of action potentials, we ap-
plied TTX (1 �M), which abolished fEPSPs and the stimulation-
evoked astrocytic Ca2� responses (Fig. 1G).

Stimulation (20 Hz, 10 s) of Scc increased GCaMP5E fluores-
cence within all astrocytic compartments in stratum radiatum
(Fig. 1H). When values from fine processes at different locations
within the astrocytic territory were pooled, the latencies of the
responses were similar in somata, fine processes, and endfeet, all
�3 s (Fig. 1I; image acquisition at 4 Hz). However, in 13 of 16
cells, the fastest Ca 2� response occurred in the fine processes. On
average, the somatic response lagged �1 s behind the fastest re-
sponding process (Fig. 1I). Moreover, the Ca 2� transients in the
fine processes exhibited a faster rise and higher amplitudes than
those in the somata, whereas the duration of the signals was sim-
ilar in all astrocytic compartments (Fig. 1I). In astrocytes ex-
pressing viral Lck-GCaMP5E, the membrane-tethered version of
GCaMP5E (cf. Shigetomi et al., 2013), the response latency and
duration did not differ significantly between compartments (Fig.
1J–L). However, the processes exhibited faster rate of rise than so-
mata and endfeet and higher amplitude than the endfeet (Fig. 1K,L).

Activity-induced Ca 2� signals in the fine astrocytic processes
are dependent on group I/II mGluRs and P2 purinergic
receptors
Because group I/II mGluRs and P2 purinergic receptors have
been implicated in stimulation-evoked astrocytic Ca 2� signals in
pups (Porter and McCarthy, 1996; Bowser and Khakh, 2004), we
investigated whether similar responses were seen in adult mice.
For all pharmacological studies, we used cytosolic GCaMP5E,
which reveals astrocytic somata and endfeet better than Lck-
GCaMP5E. Micropipette delivery of the group I/II mGluR ago-
nist ACPD (400 �M) into stratum radiatum elicited a brisk
increase in GCaMP5E fluorescence in astrocytic somata, fine pro-

cesses, and endfeet, mimicking the response to axonal stimula-
tion (Fig. 2A). Because astrocytes in vitro may differ from
astrocytes in vivo (Takano et al., 2014), we microinjected ACPD
into the hippocampus of rAAV–GFAP–GCaMP5E-transduced
living mice. Indeed, ACPD (400 �M) also evoked a robust in-
crease in astrocytic GCaMP5E fluorescence in vivo (Fig. 2B).
Next, we applied selective agonists to acute hippocampal slices to
determine the mGluR subtype(s) that are implicated in astrocyte
activation. Microinjection of the group I mGluR agonist DHPG
(100 �M) to stratum radiatum elicited similar astrocytic Ca 2�

signals as ACPD (Fig. 2C), whereas the mGluR5-selective agonist
CHPG (300 �M) failed to evoke responses (Fig. 2D).

Stimulation (20 Hz, 10 s) of Scc in the presence of the group
I/II mGluR antagonist MCPG (1 mM) yielded fEPSP slopes com-
parable with control conditions (Fig. 2E). A two-way ANOVA
failed to reveal an effect of MCPG on stimulation-evoked Ca 2�

signal amplitudes (p � 0.19, F(1,138) � 1.771), whereas the Wil-
coxon’s signed-rank test (paired statistical analysis) showed a
statistically significant reduction of the amplitude only in the
processes (Fig. 2E; p � 0.02 for processes, p � 0.08 for somata).

Application of ATP (40 mM) into the stratum radiatum also
evoked brisk Ca 2� transients in all astrocytic compartments (Fig.
2F). Similar to what we observed after stimulation of Scc, the
ATP-induced Ca 2� rises showed bigger amplitudes in the fine
processes than in the somata (Fig. 2F). Activation of Scc in the
presence of the nonselective P2 antagonists PPADS (100 �M) and
suramin (100 �M) reduced the amplitude of the astrocytic Ca 2�

responses in fine processes and somata, despite an increase in the
fEPSP slope (Fig. 2G; two-way ANOVA, p 	 0.005, F(1, 280) �
13.76). Application of MCPG together with PPADS and suramin
had a similar effect on the Ca 2� signal amplitudes as PPADS and
suramin (Fig. 2H; the triple drug combination reduced amplitudes
in processes and somata by 40 and 28%, respectively; two-way
ANOVA, p 	 0.001, F(1, 158) � 37.29). However, the amplitude re-
ductions were not significantly different between the two compart-
ments (two-way ANOVA, p � 0.21, F(1, 219) � 1.55).

Activity-induced astrocytic Ca 2� transients are dependent on
IP3 receptor-mediated Ca 2� release from internal stores
To explore whether the astrocytic Ca 2� signals were dependent
on IP3 receptor-mediated Ca 2� release from internal stores, we
applied the membrane-permeable IP3 receptor antagonist 2-APB
(100 �M). 2-APB did not affect fEPSP slope but strongly sup-
pressed stimulation-evoked astrocytic Ca 2� transients occurring
within 15 s after stimulation (Fig. 2 I, J). In addition, in four of
eight slices, delayed astrocytic Ca 2� signals (
15 s) were ob-
served (Fig. 2I).

Discussion
Our study shows that stratum radiatum astrocytes of adult mice
are able to elicit intracellular Ca 2� signals in response to neuronal
activity. The latencies of the responses were 2–3 s, mimicking the
sensory-evoked Ca 2� responses in cortical astrocytes in vivo
(Wang et al., 2006). Sub-second responses, as observed in a mi-
nority of cortical astrocytes in vivo (Winship et al., 2007), were
not detected in our experiments.

We found that the fastest Ca 2� response usually occurred
within the fine astrocytic processes, on average �1 s before de-
tectable soma activity. This finding may depend on the shorter
diffusion distance of synaptically released mediators to the peri-
synaptic astrocytic membrane. The stimulation-evoked Ca 2�

signals in the fine astrocytic processes also differed from those in
astrocytic somata in having faster rate of rise and amplitude, both
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Figure 1. Stimulation-evoked Ca 2� signals in astrocytic territories of adult mice monitored by two-photon GCaMP5E imaging. A, Viral (rAAV) transduction of GCaMP5E driven by GFAP promoter
in adult mouse hippocampus. Immunofluorescence with GFP antibodies (green) shows robust GCaMP5E expression in GFAP-immunopositive (red) CA1 astrocytes. The vascular endothelium is
revealed with CD31 antibodies (blue). or, Stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum. Scale bars: 100 and 10 �m (boxed motif expanded in inset). B, Schematic drawing of
electrode placements in the hippocampal slice and fEPSPs recorded during a 20 Hz stimulation train expanded in the bottom trace. C, SD image of fluorescence intensities from a time-lapse recording
at 1 Hz frame rate. The positions of GCaMP5E fluorescent astrocytic somata (1– 8) and electrodes are indicated. Rec, recording; Stim, stimulation. Scale bar, 20 �m. D, Activity histogram (�F/F ) of
astrocytic somata 1– 8. Red bar indicates electrical Scc stimulation. E, Single GCaMP5E fluorescence traces from somata of astrocytes 1– 8 during activation. F, Amplitudes of the somatic Ca 2�

signals in response to 10 s stimulation with different frequencies (top) and at 20 Hz stimulation with different durations (bottom). G, TTX abolished stimulation-evoked astrocytic Ca 2� responses
(paired t test, n � 11 cells, 4 slices from 3 animals). H, SD image of fluorescence intensities from rAAV–GFAP–GCaMP5E-transduced hippocampal striatum radiatum astrocyte (4 Hz frame rate), in
which soma (S), process (P), and endfeet (E) are indicated. Scale bar, 10 �m. I, Latency, rise rate, amplitude, and duration of stimulation-evoked (20 Hz, 10 s) GCaMP5E fluorescence responses in
astrocytic somata, processes, and endfeet (abbreviations as above). P-S lag indicates the time between the first response occurring in fine process and the somatic response. This lag analysis was
performed by one-sample t test, n � 16 cells with paired observations. Other comparisons were done by Kruskal–Wallis test with Dunn’s post hoc test, n � 23 (somata), 99 (processes), and 26
(endfeet), 7 slices from 3 animals. J, As in A but with transduction of Lck-GCaMP5E instead of GCaMP5E. Scale bars: low magnification, 50 �m; high magnification, 10 �m. K, As in H but with
rAAV–GFAP–Lck-GCaMP5E. L, As in I but with rAAV–GFAP–Lck-GCaMP5E, n � 21 (somata), 106 (processes), and 32 (endfeet), 8 slices from 2 animals; n � 18 cells for the lag analysis. Values are
mean � SEM. *p 	 0.05, **p 	 0.001.
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of which may rely on the larger surface/volume ratio of processes.
Inhibition of group I/II mGluRs with MCPG only modestly re-
duced the Ca 2� transient amplitude in astrocytic processes and
did not exert a statistically significant effect in somata. Thus, the
effect of group I/II mGluR blockage on astrocytic Ca 2� signals in
adult mice was much less prominent than what was reported in
rat pups (Porter and McCarthy, 1996), consistent with the obser-
vation that mGluR5 expression is developmentally regulated
(Sun et al., 2013). Indeed, we were unable to elicit astrocytic Ca 2�

transients with the selective mGluR5 agonist CHPG in the
adult hippocampus. However, application of DHPG, an ago-
nist of group I mGluRs (i.e., mGluR1 and mGluR5), evoked a
response that mimicked that of the group I/II mGluR agonist
ACPD. Together, our findings suggest a role for mGluR1 re-

ceptors in modulating the stimulation-evoked astrocytic Ca 2�

transients.
In line with previous observations in pups (Bowser and

Khakh, 2004; Petravicz et al., 2008), our data revealed that astro-
cytic Ca 2� signals in response to Scc stimulation are dependent
on P2 purinergic receptors and IP3 receptor-mediated Ca 2� re-
lease from internal stores. The combined blockage of group I/II
mGluRs and P2 purinergic receptors reduced peak Ca 2� ampli-
tude by �30 – 40%.

Using confocal microscopy on acute hippocampal slices,
Haustein et al. (2014) recently explored astrocytic Ca 2� signals
during activation of the mossy fiber CA3 pyramidal cell pathway
and concluded that the signals were primarily mediated by
mGluR2/3 and GABAB receptors. That study applied various
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Figure 2. Astrocytic Ca 2� signals depend on mGluRs and purinergic receptors. A, Images of GCaMP5E fluorescence before and after ACPD delivery through a micropipette (dashed lines) into the
acute hippocampal slice preparation. Scale bar, 10 �m. The fluorescence traces are from the astrocytic soma (S), process (P), and endfoot (E) as indicated. Bar diagram shows amplitudes
[Kruskal–Wallis test with Dunn’s post hoc test, n � 67 (somata), 86 (processes), and 20 (endfeet), 7 slices from 3 animals]. B, Astrocytic GCaMP5E fluorescence responses to ACPD microinjected into
the hippocampus in vivo. SD image of fluorescent intensities (left) and individual traces (middle) of �F/F from astrocytic somata (S1–S4) during ACPD application (1 Hz frame rate). Dashed lines
indicate position of delivery pipette. Scale bar, 100 �m. Right, Quantification of amplitude of ACPD-evoked astrocytic Ca 2� responses in somata (S) and processes (P) [unpaired t test, n � 32
(somata) and 25 (processes), 9 trials in 4 animals]. C, As in A but with DHPG [n � 30 (somata), 35 (processes), and 16 (endfeet), 8 slices from 4 animals]. D, Microinjection of CHPG into acute
hippocampal slices failed to elicit astrocytic GCaMP5E fluorescence responses in five slices from four mice (16 somata, 25 processes, and 4 endfeet were analyzed). Shown are example traces before
and after microinjection. Scale bar, 10 �m. E, Example fEPSPs and mean fEPSP slopes and astrocytic GCaMP5E fluorescence transients elicited by Scc stimulation before and after application of MCPG
to the slice solution. Two-way ANOVA failed to reveal an effect of MCPG on Ca 2� signal amplitude, whereas the Wilcoxon’s signed-rank test showed a significant amplitude reduction in
astrocytic processes (P) (n � 34) but not in somata (S) (n � 37; 7 slices from 4 animals). F, As in A but with ATP [n � 36 (somata), 35 (processes), and 19 (endfeet), 3 slices from 2
animals]. G, As in E but with PPADS and suramin [n � 50 (somata) and 92 (processes), 10 slices from 6 animals]. H, As in E but with a mixture of MCPG, PPADS, and suramin [n � 30
(somata) and 51 (processes), 7 slices from 4 animals]. I, Baseline SD image of fluorescence intensities (1 Hz frame rate). Scale bar, 10 �m. Individual traces from somata and processes
during 2-APB application. J, As in E but with 2-APB [n � 41 (somata) and 38 (processes), 8 slices from 4 animals; only transients with peak amplitude within 15 s after Scc stimulation
are included]. Values are mean � SEM. *p 	 0.05, **p 	 0.001.
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drugs in combination with mGluR2/3 inhibition and failed to
detect an effect of P2Y1 receptor blockage.

Synaptic properties at the mossy fiber/CA3 synapses are very dif-
ferent from those at the small CA3–CA1 synapses. For instance, the
stimulation frequency (1–15 Hz) applied in the mossy fiber system
would evoke a many-fold increase in glutamate response compared
with a similarly applied stimulation regimen at CA1 synapses. Type
and distribution of mGluRs and their pharmacological profiles may
also differ significantly (Henze et al., 2000).

In contrast to Haustein et al. (2014), we also provide evidence
that action potential-evoked Ca 2� signals within the astrocytic
territory differ in amplitude and kinetics, with the fastest re-
sponse occurring in astrocytic processes. Studies using other
pharmacological approaches, gene knock-out, or optogenetics
are likely to provide additional insight into the complex mecha-
nisms underlying astrocyte sensation of neuronal activity. Diver-
sity of neural activity-evoked Ca 2� signals must be accounted for
when probing astrocyte function in neural circuits.
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