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Astrocytic Ca** signals are required for the
functional integrity of tripartite synapses
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Abstract

functional tripartite synapses in the hippocampus.

Background: Neuronal activity alters calcium ion (Ca”*) dynamics in astrocytes, but the physiologic relevance of
these changes is controversial. To examine this issue further, we generated an inducible transgenic mouse model in
which the expression of an inositol 1,4,5-trisphosphate absorbent, “IP5 sponge”, attenuates astrocytic Ca** signaling.

Results: Attenuated Ca®" activity correlated with reduced astrocytic coverage of asymmetric synapses in the
hippocampal CA1 region in these animals. The decreased astrocytic ‘protection’ of the synapses facilitated
glutamate ‘spillover’, which was reflected by prolonged glutamate transporter currents in stratum radiatum
astrocytes and enhanced N-methyl-D-aspartate receptor currents in CA1 pyramidal neurons in response to burst
stimulation. These mice also exhibited behavioral impairments in spatial reference memory and remote contextual
fear memory, in which hippocampal circuits are involved.

Conclusions: Our findings suggest that IPs-mediated astrocytic Ca** signaling correlates with the formation of
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Background

Astrocytes exhibit dynamic Ca** mobilization via an inosi-
tol 1,4,5-trisphosphate (IP3)-induced Ca®* release (IICR)-
dependent mechanism [1,2]. The role of astrocytic Ca%t
dynamics, however, has been debated over the last decade
[3]. Some studies report intact hippocampal short-and
long-term plasticity in situ in IP3 receptor (IP3R)-type 2
knockout mice, in which hippocampal astrocytes com-
pletely lack IICR [4,5], whereas others report that these
mice show no cholinergic-induced long-term potentiation
(LTP) in vivo [6,7]. In situ evidence also indicates that hip-
pocampal LTP depends on D-serine release from astro-
cytes under the control of astrocytic Ca>* signaling [8]. A
number of reports describe spontaneous or stimulation-
evoked Ca®" activity in astrocytes in vivo [9-12], but still
very little is known about the in vivo significance of astro-
cytic Ca** mobilization [6,7], especially in higher brain
functions such as learning and memory. In the present
study, we generated a new mouse model in which
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astrocytic IICR is attenuated, and examined the role of
astrocytic Ca>* signaling at the level of both the tripartite
synapse and behavior.

Results

Attenuated agonist-evoked IICR in astrocytes by IP3
buffering with a glutathione-S-transferase (GST)-IPs
sponge

To investigate the in vivo role of Ca®* dynamics in astro-
cytes, we generated two transgenic mouse lines (Figure 1A)
in which IICR was attenuated by the expression of an IP3
absorbent “IP; sponge” [13] in an astrocyte-specific and
temporally controlled manner. In the Tgl:7g2 double trans-
genic (DTg) mice, lacZ reporter expression was efficiently
induced in broad brain areas except for the cerebellum
(Figure 1, B and C). No gross histologic abnormalities were
observed in the brains of the DTg mice. Importantly, lacZ
expression was detected in the majority of astrocytes in the
DTg mouse hippocampus (Figure 1, D and E). Double
immunolabeling revealed that lacZ induction was restricted
to the astrocytes (S100B-positive and NeuN-negative cells;
Figure 1F and G, Additional file 1: Table S1). In several
brain areas, including the hippocampal CAl and dentate
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Figure 1 Astrocyte-specific expression of the GST-IP; sponge. (A) 791, 792 mouse lines were generated. In the DTg mice, expression of the
GST-IP3sponge and nls-lacZ is induced under the control of TetO, but can be suppressed by Dox. (B, C) Whole mount lacZ staining of sagittal
brains of 7g1 (B) and DTg (C) mice. (D, E) LacZ staining of coronal hippocampal slices of 7g1 (D) and DTg (E) mice. The lacZ expression level in
Tg1 was very low (B), but hippocampal dentate gyrus cells showed some leakage (D). Scale bar, 0.5 mm. (F, G) Double immunofluorescence
analysis of hippocampal CA1 of DTg mice using antibodies to lacZ, S100B, and NeuN. Insets are magnified images. Scale bar, 100 pum. (H - J)

Double immunofluorescence analysis using antibodies to lacZ and GST. Scale bar, 25 ym.

gyrus, 80% to 90% of the S100B-positive cells were lacZ-
positive (Additional file 1: Table S1). In addition, the num-
bers of S100B-positive cells in these brain areas were not
significantly different between WT and DTg (Additional file
2: Figure S1). These findings suggest that our system was
suitable for astrocyte-specific gene induction in the brain.
We then examined whether the GST-fused IP3; sponge
was expressed in the same manner as lacZ in the DTg
mice. Double immunolabeling detected the GST-IP3
sponge in lacZ-positive astrocytes (Figure 1, H to J). The
GST-IP; sponge was also detected by glutathione-
trapping in the brains of the DTg mice (Additional file 3:
Figure S2A). Quantification of the GST-IP3 sponge in
the brain (Additional file 3: Figure S2, B to E) revealed
that GST-IP; sponge expression could be repressed by
doxycycline (Dox) treatment (25 pg/ml in the drinking
water) initiated either before birth (indicated as “Dox”)
or at 1 mo of age (indicated as “Dox*”). Each astrocyte
in the DTg mice was estimated to contain approximately
3800 GST-IP; sponge molecules (see Additional file 4:
Additional Methods). When transgene expression was
inhibited in DTg mice by Dox administration initiated
before birth, the induced expression of lacZ did not
reach the same level as that in DTg mice without Dox
treatment, even 8 weeks after Dox withdrawal (data not
shown). Thus, in the following experiments, we used DTg
mice without Dox treatment to obtain maximal expres-
sion of the IP3 sponge for attenuation of astrocytic IICR.

We next investigated the effects of GST-IP; sponge ex-
pression on Ca®* dynamics in astrocytes in situ. For Ca**
imaging, we used the tetO-G-CaMP2 transgenic line [14].
Double immunolabeling revealed that the induction of G-
CaMP2 expression in the hippocampal CA1 region of the
tetO-G-CaMP2:Tg2 (control, Ctrl) mice was restricted to
S100B-positive astrocytes (Figure 2, A to C). We also
detected G-CaMP2 expression in lacZ-positive astrocytes
in the hippocampal CA1 of Tgl:tetO-G-CaMP2:Tg2 (triple
transgenic, TTg) mice (Figure 2, D to F). The population
of G-CaMP2 positive astrocytes was inexplicably restricted
by tetO-G-CaMP2 compared with Tgl, presumably due to
a positional effect [15-17].

Activation of Ggq-protein coupled receptors triggers
IICR in astrocytes [4,18]. To examine whether the
agonist-evoked IICR is affected by GST-IP; sponge ex-
pression, S-3,5-dihydroxyphenylglycine (DHPG), a se-
lective metabotropic glutamate receptor agonist, was
puff-applied to CA1 astrocytes expressing G-CaMP2 in
hippocampal slices from either control or TTg mice. Ca**
imaging of the astrocytic processes (Figure 2, G to N)
revealed that the duration (Figure 20) and area under the
curve (Figure 2P) of Ca®* events of the DHPG-evoked
Ca®* responses were both significantly attenuated in the
TTg mice (F534158 = 19.95, P < 0.001, two-way ANOVA for
Figure 20; F5 3415 = 22.79, P < 0.001, two-way ANOVA for
Figure 2P; number of cells, 13 for each genotype; number
of animals, 5 for Ctrl and 4 for TTg; number of events,
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Figure 2 Ca®* imaging with G-CaMP2. (A - C) Double immunofluorescence analysis of hippocampal CA1 region from tetO-G-CaMP2:Tg2 (Ctrl)
mice using antibodies to G-CaMP2 and S100B. Scale bar, 50 um. (D - F) Confocal images of double immunofluorescence analysis of hippocampal
CA1 of Tgl:tetO-G-CaMP2:Tg2 (TTg) mice using antibodies to G-CaMP2 and lacZ. Scale bar, 100 pm. (G - J) Two-photon images of control (Ctrl)

and TTg astrocytes with G-CaMP2 fluorescence. Magenta areas are regions
over time. Green areas indicate soma. (G) and (H) are the same Ctrl astrocy
and (I) and 500-ms puff (H) and (J) conditions. Scale bar,

asterisks represent the range from the baseline + 1SD to 4+ 2SD and the eve
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multiple comparisons.
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Red traces in (L) and (N) show changes in the fluorescence induced by 500-ms puff application of Alexa594 with DHPG. Vertical dotted lines in
red indicate the onset of puff stimulation. Red asterisks indicate peaks of each Ca’*

mean areas under the curve, respectively, of individual events under no puff, 100-ms puff, and 500-ms puff conditions in Ctrl and TTg groups. A
significant increase upon stimulation was observed only in the Ctrl group. *P < 0.05, **P < 0.01, ***P < 0.001, with Bonferroni's correction for

of interest (ROIs) in processes that showed changes in fluorescence
te and (I) and (J) are the same TTg astrocyte, but under no-puff (G)
traces in the ROIs indicated by arrows and the numbers in (G - J).
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see Additional file 5: Table S2). Baseline Ca®* activity with-
out glutamate puffs was not significantly altered in TTg
mice (Figure 2, O and P, No puff). These findings indicate
that agonist-evoked IICRs in situ were significantly attenu-
ated by GST-IP; sponge expression in astrocytes.

Reduced synaptic coverage by astrocytic processes in
DTg mice

Ca®* activity regulates the morphologic plasticity of
growth cones [19]. The link between IICR and the plasti-
city of the processes has not been established in astro-
cytes. Thus, we examined the effect of decreased Ca**
activity in DTg mice on the structure of tripartite synap-
ses, which comprise pre- and postsynaptic elements of the
synapse and associated astrocytic processes [20,21]. Elec-
tron micrographs of the CAl stratum radiatum in the
dorsal hippocampus (Figure 3, A and B) revealed reduced
astrocytic coverage of the asymmetric synapses in DTg

mice. DTg mice had a significantly higher number of
asymmetric synapses without astrocytic contact compared
to WT and Tgl (Figure 3C, P=0.001, Kruskal Wallis
test for 3 groups; WT vs DTg, P=0.004, Tgl vs DTg,
P <0.0001, two-tailed Mann—Whitney U test). Further,
the percentage of asymmetric synapses without astrocytic
contact in DTg mice treated with Dox beginning at 1 mo
of age was comparable to that in WT mice (Figure 3D,
P =0.012, Kruskal Wallis test for 3 groups; WT Dox* vs
DTg Dox*, P=0.542, two-tailed Mann—Whitney U test),
suggesting that GST-IP3 sponge expression in astrocytes
after development led to reduced astrocytic coverage of
the synapses in DTg mice. Synaptic density did not signifi-
cantly differ between genotypes (0.360 + 0.018 no./ um?>
for WT, 0.359 + 0.017 for Tgl, 0.355 + 0.016 no./ pm?>
for DTg; F,5,=0.017, P=0.983, non-repeated measures
ANOVA). These data suggest that IP;-mediated Ca** sig-
nals in astrocytes regulate tripartite synaptic structures.



Tanaka et al. Molecular Brain 2013, 6:6
http://www.molecularbrain.com/content/6/1/6

Page 4 of 13

Q synapse without astrocytic contact

@ synapse with astrocytic contact

D astrocytic processes

C Kk
100 ) e

S -
S5w|
£s
o o 60
g9
£540 1
2
ey

0

wr Tgt DTg

*P<0.05, **P <001, **P <0.001, two-tailed Mann-Whitney U test.

Figure 3 Astrocytic coverage of asymmetric synapses in DTg mice. (A, B) Electron micrographs of the CA1 stratum radiatum of the
hippocampus of WT (A) and DTg mice (B). Colors indicate the classification of astrocytic coverage of asymmetric synapses: pink, synapses without
astrocytic contact; blue, synapses with astrocytic contact; yellow, astrocytic processes. (C, D) Box-and-whisker plots showing pooled data for
percent of synapses without astrocytic contact (each box has lines at the lower quartile, median, and upper quartile values, and whiskers
indicating the range). Percent of synapses without astrocytic contact was significantly increased in DTg mice [P =0.001, Kruskal Wallis test for 3
groups] (C), but was comparable to WT after Dox treatment starting at 1 mo of age (Dox*) [P =0.012, Kruskal Wallis test for 3 groups] (D).
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Enhanced glutamate spillover at CA1-CA3 synapses in
DTg mice

Reduced astrocytic coverage of the synapses could lead
to increased glutamate spillover and, subsequently, pro-
longed glutamate clearance by hippocampal astrocytes.
The glutamate clearance time-course could be derived
from the kinetics of stimulus-induced transporter cur-
rents (STCs) in the astrocytes [22]. Therefore, we com-
pared the kinetics of facilitated STCs in hippocampal
CA1 stratum radiatum astrocytes in response to stimu-
lation of the Schaffer collaterals (Figure 4A). The 20% to
80% rise time (ts., P =0.32, unpaired ¢ test) and the
decay time constant (Tqecay) of STCs produced by a sin-
gle stimulus did not significantly differ between WT
and DTg astrocytes (Figure 4B, Tgecay P = 0.29, unpaired
t test). This result, in combination with the immuno-
histochemistry findings of unaltered glial glutamate
transporter -1 (GLT-1) expression levels in DTg mice
(Additional file 6: Figure S3), suggests that baseline
glutamate release and clearance were not affected in
DTg mice. To induce glutamate spillover, we delivered
high-frequency stimulation and examined the kinetics

of STCs induced by burst stimulation (5 stimuli) with in-
creasing frequency (4 Hz, 20 Hz, 100 Hz) in DTg astro-
cytes. To describe how the transporter current kinetics
change with an increased number of stimuli, we calculated
the ratio between t,; of isolated STCs to the 5™ stimulus
and tys of STCs to a single stimulus (Ry/s 4se), and the
ratio of Tgecay in the same way (Ry/5 gecay)- The Ry ise did
not differ between genotypes at any stimulation fre-
quency examined (4 Hz, P=0.32; 20 Hz, P = 0.47; 100 Hz,
P =0.09, unpaired ¢ test). In contrast, the Ry/5 gecay Was
significantly larger in DTg astrocytes at higher stimulation
frequencies (Figure 4C, 4 Hz, P =0.175; 20 Hz, P = 0.046;
100 Hz, P = 0.013, unpaired ¢ test). The slowdown of decay
with an unchanged rise time of STC in DTg astrocytes at
high-frequency stimulation is consistent with increased
glutamate spillover. Reflecting the insufficient clearance of
glutamate, the STC amplitude induced by burst stimula-
tion showed a larger frequency-dependent increase in
DTg than in WT astrocytes (Figure 4A).

Changes in glutamate spillover could affect synaptic
transmission and presynaptic release probability by act-
ing on presynaptic receptors in hippocampal synapses.
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Figure 4 Enhanced glutamate spillover in DTg mice. (A) STCs elicited by a single stimulus (black trace) and subtracted traces showing
responses to the 5™stimulus (red trace). Insets: STCs are normalized and aligned so that the peaks are superimposed to facilitate comparison of
decay. (B) Tgecay Of STC was not significantly different between WT and DTg mice. n (number of cells)= 16, N (number of animals) = 5 for WT,
n=14, N=4 for DTq. (C) Frequency dependence of Ry/s gecay I WT and DTg mice. n=5, N=1 for WT, n=5, N=2 for DTq. (D) Representative
NMDA currents recorded from CA1 pyramidal neurons in response to a single stimulus (black trace) and trains of stimuli (5 stimuli, 100 Hz, red
trace) at +40 mV. Traces induced by 5 stimuli are normalized to the peak amplitude induced by a single stimulus. (E) The ratio of total charge
transfer by NMDA receptors (train/single EPSCywvpa area) induced by trains of stimuli to a single stimulus was increased in DTg mice. n=8, N=3
for WT, n=8, N=4 for DTg. *P < 0.05, unpaired t test. The values on the graphs represent mean + SEM.

We detected no significant differences, however, in the
input—output relationship (Additional file 7: Figure S4A)
and in the paired-pulse facilitation (Additional file 7:
Figure S4B) of field excitatory postsynaptic potentials
in the hippocampal CA1 region of DTg mice, suggest-
ing a lack of presynaptic changes with these stimulation
protocols. Glutamate spillover during high-frequency
burst stimulation could recruit additional synaptic and
extrasynaptic N-methyl-D-aspartate receptors (NMDARs)
[23,24]. This process is limited by perisynaptic trans-
porters and could thus be enhanced in DTg mice.
Therefore, we compared EPSCs mediated by NMDARs
(EPSCnMpar) in response to a single stimulus and a train
of 5 stimuli at 100 Hz (Figure 4D). Consistent with
enhanced glutamate spillover, EPSCyypar induced by
high frequency stimulation normalized to a single stimu-
lus EPSCavpar Was enhanced in DTg mice (Figure 4E,
P =0.045, unpaired ¢ test).

Impaired spatial reference memory and remote
contextual fear memory in DTg mice

Reduced astrocytic coverage of synapses and the con-
sequent increase in glutamate spillover could affect
hippocampus-related behaviors in DTg mice. We detected

no significant abnormalities in the open field, elevated
plus maze, or home cage activity tests (Additional file 8:
Figure S5), indicating that anxiety-related behaviors were
not altered in the DTg mice. In the Morris water maze
test, DTg mice had normal acquisition rates in the hidden
platform task (Figure 5A), but demonstrated impaired
spatial reference memory in the probe test (Figure 5B,
P =0.003, unpaired ¢ test). DTg mice, however, spent sig-
nificantly more time in the target quadrant (F3g, = 27.006,
P <0.0001, non-repeated measures ANOVA), indicating
that the memory impairment was not severe. Importantly,
DTg mice treated with Dox (Figure 5, D and E) were not
impaired in the probe test. The performance of the mice in
the visible platform task did not differ across genotypes
(Figure 5C). It should be noted that Dox treatment does
not prevent leaky expression of Tgl in a minor subset of
dentate granule cells. These findings indicate that GST-IP5
sponge expression in the astrocytes of the DTg mice
impairs spatial reference memory, which is closely linked to
hippocampal function [25].

In the fear-conditioning test, DTg mice and WT mice
exhibited an equivalent level of contextual and cued fear
memory 1 and 2 d after training (Figure 5F). When
assessed for remote fear memory 30 d post-training,
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Figure 5 Behavioral impairments in DTg mice. (A — C) Morris water maze test. Acquisition rates in the hidden platform task did not
significantly differ between DTg mice and WT mice (A, N =23 for WT, N =24 for DTg), but DTg mice spent significantly less time in the target
quadrant during the probe test than did WT mice (B). Dashed line indicates chance level. No difference was observed between genotypes in the
visible platform task (C). (D, E) DTg mice treated with Dox (DTg Dox) were not impaired in the hidden platform task (D) or probe test (E, N =24/
genotype). (F - H) Fear-conditioning and footshock sensitivity test. (F, G) Each column represents mean percent time freezing during the last 2-
min recording period for conditioning, 5-min recording for contextual test, and the last 3-min recording period for cued test. DTg mice showed
normal contextual and cued fear memory at 1 d and 2 d after conditioning, respectively (F). In contrast, DTg mice exhibited significantly reduced
remote contextual fear memory at 30 d after conditioning (G), whereas they showed normal remote cued fear memory (G) and footshock
sensitivity (H, N =12 for each genotype). (I - K) DTg mice treated with Dox were not impaired in recent (I) or remote (J) fear memory, or
footshock sensitivity (K, N=12 for each genotype). *P < 0.05, **P < 0.01, unpaired t test. Results are provided as mean + SEM. Flinch, animal
flinched; Vocal, animal vocalized; S jump, small jump; B jump, big jump.
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however, DTg mice exhibited significantly reduced
contextual fear memory (Figure 5G, P =0.019, unpaired
t test), whereas DTg and WT mice froze at similar levels
when assessed for cued fear memory at 31 d (Figure 5G,
P=0.156, unpaired ¢ test). DTg mice treated with Dox
showed no significant defect in the recent or remote fear-
conditioning tests (Figure 5, I and J). All mice tested
showed comparable footshock sensitivity (Figure 5, H
and K). These data suggest that GST-IP3 sponge expression
in the astrocytes of the DTg mice impairs the establishment
and/or retrieval of remote contextual fear memory, which
is thought to involve interaction/communication between
the hippocampus and neocortex after the formation of re-
cent memory in the hippocampus [26-28].

Discussion

The IP; sponge, a novel recombinant hyperaffinity IP;
absorbent [13], inhibits IICR in cultured mammalian
cells, starfish oocytes, and Drosophila [13,29,30]. In the
present study, we generated DTg mice in which the
GST-IP; sponge was expressed in astrocytes using the
Tet-OFF system [31]. This transgenic mouse system
enabled us to induce the expression of the lacZ marker
protein in approximately 90% of S100B-positive astro-
cytes in the hippocampal CA1 region of the DTg mice.
Ca”" imaging of hippocampal slices from transgenic
mice expressing G-CaMP2 confirmed that agonist-evoked
IICR was attenuated in the processes of GST-IP; sponge-
positive astrocytes. Thus, we obtained a mouse model in
which astrocytic IICR was attenuated. Analyses of the
DTg mice revealed 1) a significant reduction in the astro-
cyte coverage of asymmetric synapses in the hippocampal
CA1 region, 2) enhanced glutamate spillover at CA1l-
CA3 synapses during high-frequency activity, and 3)
impaired spatial reference memory and remote con-
textual fear memory.

IICR-dependent regulation of astrocytic ensheathment
of synapses provides new insight into the controversy
surrounding whether astrocytic Ca* signaling affects
neuronal functions. These findings raise intriguing possi-
bilities regarding neuron-astrocyte interactions: when
the synapse releases glutamate on metabotropic glutam-
ate receptors in the surrounding astrocyte, the level of
Ca®* activity in astrocytic processes is maintained, pro-
viding high astrocytic coverage of the synapse. An in-
active synapse would then not have astrocytic coverage,
allowing for neurotransmitter diffusion in and out of the
synaptic cleft. Thus, our data provide a possible mechan-
ism for activity-dependent regulation of astrocytic cover-
age in the tripartite synapse.

Indeed, astrocytic processes are considered very plastic
[32-37], as is astrocytic coverage of synapses [38,39].
The dynamic motility of astrocytic processes is essential
for astrocytes to modulate synaptic activity, but its
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regulation in vivo remains largely unknown. Glutamate
causes filopodia formation in cultured hippocampal
astrocytes [37], which is mediated by metabotropic glu-
tamate receptors [40]. Metabotropic glutamate receptor-
activation in astrocytes in vitro [41-44] and in situ [45]
leads to an increase in intracellular Ca®* concentrations
through the release from intracellular stores. Our results
provide a link between IICR and plasticity of the astro-
cytic processes in vivo. The downstream cascade leading
to changes in the morphology of astrocytic processes,
however, remains to be clarified, and might involve regu-
lation of the organization and assembly of the actin cyto-
skeleton in astrocytes [40]. IICR in the growth cone acts
on downstream effectors to regulate microtubule assem-
bly and promote neurite extension [19]. Microtubule
networks and actin networks might contribute to the
motility of peripheral astrocytic processes in vivo. More-
over, the Ca®>* concentration regulates the migration of
astrocytoma cells by forming or disassembling focal adhe-
sions [44,45]. Local concentrations of Ca*' are further
suggested to be involved in filopodia formation by regulat-
ing focal adhesions [46]. These mechanisms might
cooperatively contribute to the structural integrity of
tripartite synapses.

Several reports suggest Ca**-dependent release of glu-
tamate and D-serine from astrocytes [6-8,47-49]. Both
are co-agonists of NMDA receptors. Therefore, reduced
Ca®* activity in astrocytes might decrease the activation
of NMDA receptors by those gliotransmitters during
synaptic transmission. In contrast, we found that high-
frequency stimulation in DTg mice increases the NMDA
receptor current in CA1l pyramidal neurons, which cor-
relates with enhanced glutamate spillover. Recent reports
suggest that NMDA receptors located at synaptic and
extrasynaptic sites have distinct functional roles [24,50].
Spillover can actually increase the proportion of extrasy-
naptic NMDA receptors activated during burst firing,
affecting hippocampal-based learning. In addition, glutam-
ate spillover leads to an increase in intersynaptic crosstalk.
The increased intersynaptic crosstalk could impair the in-
dependent operation of hippocampal synapses and thus
affect synaptic characteristics, such as the spatial precision
of synaptic inputs [51], which might also be important for
learning and memory. We cannot exclude the possibility
that glutamate spillover during burst firing increases
release probability by activating presynaptic NMDA
receptors, which leaves open the possibility that reduced
astrocytic coverage has presynaptic effects as well as post-
synaptic effects. In the present study, however, it is un-
likely that presynaptic mGluRs were involved in the
enhanced NMDA receptor currents. NMDA receptor
currents were recorded in the presence of S-MCPG
(200 uM), which blocks Type I and Type II mGluRs.
Activation of Type III mGluRs by enhanced glutamate
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spillover decreases the release probability at CA3-CA1l
synapses with Shaffer collaterals [52]. If this were the case,
the observed potentiation of the NMDA receptor current
could be underestimated in GST-IP3 sponge-expressing
animals. These and other effects of enhanced spillover
on the hippocampal network should be addressed in
future studies.

Concerning changes in long-term plasticity in DTg
mice, we found that there were no significant differences
in long-term potentiation (LTP), long-term depression
(LTD), and depotentiation induced by conventional pro-
tocols in situ (i.e., 2 tetanic stimulations [5], 5 theta-
burst stimulations (TBS) [53], and 3 TBS for LTP [53];
low-frequency stimulation (LEFS) [54] and paired pulse-
LES [55] for LTD; and 2 tetanic stimulations followed by
LFS for depotentiation [54]; data not shown). Despite
these findings, our results indicate that enhanced glu-
tamate spillover in the hippocampus correlates with
impaired learning and memory in DTg mice, very likely
by perturbing the independent operation of hippocampal
synapses [51]. Indeed, if LTP can be effectively triggered,
but in the ‘wrong’ population of synapses, the memory
still can be potentially affected.

The normal recent context fear memory in DTg mice
contrasts with the impaired spatial reference memory in
these mice. This discrepancy can be reconciled by the
fact that spatial reference memory evaluated in the water
maze is not associated with contextual fear memory
[56-58] and each of these distinct types of memories
have different underlying mechanisms [59]. Although
the impairment of remote contextual fear memory in
DTg mice indicates miscommunication between the
hippocampus and cortical areas [26-28], our result does
not exclude the possibility that the anterior cingulate cor-
tex, in which GST-IP3 sponge expression in the astrocytes
was also observed (Figure 1C and data not shown), is
solely responsible for the phenotype [27,60,61].

Conclusions

Our findings provide evidence that IP;-mediated astrocytic
Ca®" activity regulates synaptic coverage by astrocytes in
the hippocampal CA1l (Figure 6), which confers normal
glutamate clearance to improve input specificity and affects
hippocampus-dependent learning and memory.

Methods

Generation of GST-IP; sponge-TetO-nis-LacZ (Tg1) and GLT-
1-tTA (Tg2) transgenic mice

All experimental protocols were approved by the RIKEN
Institutional Animal Care and Use Committee. For
the Tgl DNA construct, coding sequences of the
GST-IP; sponge [13] and nls-LacZ [62], together
with splicing signals derived from the pMSG vector (GE
Healthcare), were inserted downstream of the bidirectional
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Figure 6 Involvement of astrocytic Ca>* in tripartite synapses.
(A) Control astrocytes. (B) IP3 sponge-expressing astrocytes.
Suppression of Ca®" activity in IP5 sponge-expressing astrocytes
leads to retraction of astrocytic processes from the synapse, which
moves astrocytic glutamate transporters further away and allows for

more glutamate spillover.
. J

tetracycline-Operator (TetO) element-dependent promo-
ters of the pBI Tet vector (Clontech). For the 7g2 DNA
construct, the tTA coding sequence from the pTet-Off
vector (Clontech), with splicing signals derived from the
pMSG vector (GE Healthcare), was inserted using a Red/
ET Recombination system (Gene Bridges) into a bacterial
artificial chromosome clone, RP23-361H22 (BAC PAC
Resources), containing the GLT-1 (Slc1a2) gene to replace
the first ATG of the GLT-1 coding region. These constructs
were digested away from the prokaryotic sequence, puri-
fied, and individually injected into the pronuclei of C57BL/
6-fertilized embryos to generate transgenic offspring. Each
founder line was backcrossed with C57BL/6 mice and
maintained in this genetic background.

Astrocyte Ca®* imaging with G-CaMP2

Slice preparation

Transverse hippocampal slices were prepared from 5- to
6-mo-old Ctrl mice carrying tetO-G-CaMP2 [14] and
GLT-1-tTA (Tg2), and TTg mice carrying GST-IP;
sponge-TetO-nls-LacZ (1gl), tetO-G-CaMP2 and GLT-I-
tTA (Tg2) in accordance with RIKEN regulations.
Animals were anesthetized with 2-bromo-2-chloro-
1,1,1-trifluroethane and decapitated. The brain was
exposed, chilled with ice-cold solution containing (in mM):
75 sucrose, 87 NaCl, 2.5 KCI, 0.5 CaCl,, 1.25 NaH,PO,, 7
MgCl,, 25 NaHCO3;, 1 Na-ascorbate, and 11 D-glucose.
Hippocampi from both hemispheres were isolated and
placed in an agar block. Transverse slices (350-400 pm)
were cut with a vibrating microtome (Microm HM 650V,
Thermo Fisher Scientific Inc.) and left to recover for 30
min at 34°C and then at room temperature for 1 h in an
interface chamber with storage solution containing
(in mM): 127 NaCl, 2.5 KCl, 1.25 NaH,POy, 1 MgCl,, 1
CaCl,, 25 NaHCO3;, and 25 D-glucose. The slices were
then transferred to the recording chamber and con-
tinuously perfused with recording solution containing
(in mM): 127 NaCl, 2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 2
CaCl,, 25 NaHCO3, and 25 D-glucose. All solutions were
saturated with 95% O, and 5% CO,. Osmolarity was
adjusted to 300 + 5 mOsm.
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Two-photon imaging

Hippocampal slices were transferred to the recording
chamber mounted on the stage of the Olympus BX-61
equipped with differential interference contrast optics
and a water immersion objective lens (60x, NA =0.9,
Olympus) superfused with artificial cerebrospinal fluid
(ACSF). A mode-locked tunable 720-930 nm laser
Chameleon XR (Coherent) was used as the excitation
source. Fluorescence was collected using photomultiplier
tubes (Hamamatsu). Serial scanning of slices was tuned
to an 890-nm wavelength at 1 Hz and emitted green
fluorescence was collected through a 495-540 nm band-
pass filter. Astrocytes were selected for data analysis if
they emitted G-CaMP2 fluorescence, and spontaneous
Ca®* transients were recorded during the first 5 min of
each recording. Cells with frequent (> 0.0167 Hz) som-
atic Ca®* activity were excluded. Stimulation-induced
Ca®* transients were initiated by pressure-ejection of
200 pM DHPG in ACSF containing 50 pM Alexa594
(Molecular Probes) through a glass micropipette (2-3
pm diameter). The puff pipette was always kept 30 pm
away from and 100 um above the recorded astrocyte.
Two 5-min long recordings were made for a long puff
time (500 ms) and a short puff time (100 ms) in a ran-
dom sequence. DHPG was applied four times at 1-min
intervals at 1 min after the beginning of each 5-min long
recording period.

Post-calcium imaging immunohistochemistry and confocal
imaging

To confirm the expression of G-CaMP2 and the GST-
IP; sponge in the recorded astrocytes, slices from TTg
mice were fixed with 4% paraformaldehyde immediately
after recording and then processed for immunostaining
using the anti-GFP antibody (for G-CaMP2) and anti-p-
galactosidase as described in the Additional Methods
(Additional file 4). Confocal images were acquired with
an Olympus FV1000 confocal microscope. Astrocytes
that showed double immunolabeling were recorded
through 10x and 20x objectives and a single scan was
performed by alternating the excitation wavelengths be-
tween 543 nm (G-CaMP2) and 488 nm (lacZ). Acquired
images were analyzed using FluoView (Olympus) and
Image] (a public domain Java image processing program
by Wayne Rasband).

Data analysis for two-photon Ca** imaging

Two-photon Ca®* imaging data was analyzed using a
custom-written algorithm in MATLAB (MathWorks).
Statistical analysis was performed with SPSS (IBM).
Time series of fluorescence changes were standardized
along the time axis pixel-by-pixel with subtraction of the
mean and division of the SD. The images at each time
were then flattened by Gaussian filter (4 pixels, o =2.0)
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to reduce the shot noise of the imaging device. We cal-
culated the SD of the filtered image stacks along the
time axis pixel-by-pixel and detected changeable areas
that exceeded a criterion (from mean + 10SD to + 12SD).
Those areas were denoised and smoothed by morpho-
logic operations, and then identified as regions of inter-
est (ROIs). The soma area was distinguished from
process regions that we used as ROIs. The standar-
dized time series were rescaled to original fluorescence
changes pixel-by-pixel with multiplication of the original
SD and addition of the original mean. We created time
traces by pixel-averaging within each ROIL. The mean and
SD of time points less than median + 1SD was defined as
the baseline and base SD of the time trace, respectively.
Time traces were smoothed by low-pass filter (cutoff fre-
quency, 0.2 Hz). Ca>* events were identified as follows:
We set two criteria to identify Ca®* events: baseline + 1-
base SD line (first criterion) and baseline + 2-base SD line
(second criterion). Traces with peaks larger than the sec-
ond criterion were considered candidate events. If the
trace fell below the first criterion before and after the
peak, the first points were defined as the start and end
points of one event, respectively. Time duration from the
start to the end point was defined as one event duration.
The fractional change in fluorescence intensity was
defined as AF/Fy, = (F — F,) / Fy, where F, was the baseline
and F is the time trace. Event areas were computed with
summation of AF/F, during the event duration. Durations
and event areas of individual Ca®* events were aver-
aged over events, trials, and samples under each puff
condition. The durations and event areas were tested
using two-way ANOVA and multiple comparisons with
Bonferroni’s correction.

Electron microscopy

Sample preparation

Mice were deeply anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (0.1 mg/g body weight).
After transcardial perfusion with 10 ml saline solution,
the brains were fixed by perfusion with 100 ml 2% paraf-
ormaldehyde and 2.5% glutaraldehyde in 0.1 M cacody-
late buffer (pH 7.3) at 4°C. Brain tissues were dissected
into small blocks (~3-mm thick) and postfixed in the
same fixative overnight at 4°C. Tissue blocks were cor-
onally sliced (200-pum thick) on a DTK-100 microslicer
(Dosaka) and postfixed with 1% osmium tetroxide in 0.1
M cacodylate buffer at 4°C for 1 h. Tissue slices were
stained with 1% uranyl acetate at room temperature for
1 h and then dehydrated, infiltrated, and embedded in
plastic resin. Semi-thin (590-nm thick) sections were cut
with an Ultratrim Diatome (Nisshin EM) on an Ultracut
E Ultramicrotome (Reichert-Jung) and stained with
0.25% toluidine blue. Stained sections were viewed with
a BX50 microscope (Olympus) and corresponding small
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areas (~0.5 x 1.0 mm) of the hippocampal CA1 region in
each sample were trimmed. Ultrathin (90-nm-thick) sec-
tions were cut with an Ultra 45° Diatome (Nisshin EM)
on an ultramicrotome, stained with 4% uranyl acetate
and then with 0.4% lead citrate, and subjected to elec-
tron microscopy analysis in a JEM 1010 (JEOL Company)
at an acceleration voltage of 80 kV. Electron micrographs
were obtained from the middle one-third of the CAl
stratum radiatum of the dorsal hippocampus (approxi-
mately coronal section 300) [63]. Electron microscopy pic-
tures at a magnification of 15,000x were scanned at a
resolution of 720 dpi with an ES-2200 image scanner
(Epson) to acquire the digital image and synaptic morph-
ology was analyzed.

Astrocytic coverage of synapses and synaptic density
Asymmetric synapses, representing excitatory terminals
of Schaffer collaterals, were evaluated in the stratum
radiatum subfield of the CA1l region. Astrocytic cover-
age of synapses was classified into two types: synapses
without astrocytic contact and synapses with astrocytic
contact. Percentages of each type of synapse and the
synaptic density (number of synapses/um?> neuropil)
were assessed using 20 electron micrographs from two
mice of each genotype (5-mo-old for Figure 3C and 11-
mo-old for Figure 3D), two sample blocks per animal, and
five randomly selected pictures per sample block.

Recording of STCs in hippocampal astrocytes

Slice preparation

Hippocampal slices were prepared from 4- to 5-week-
old WT and DTg mice as described above.

Whole-cell recording from astrocytes

Whole-cell recordings were made with a Multiclamp
700B amplifier (Axon Instruments). The patch pip-
ettes (3-7 MQ) were filled with solution containing
(in mM) 135 KCH3SOs3, 10 HEPES, 10 Na-phospho-
creatine, 4 MgCl,, 4 Na-ATP, and 0.4 Na-GTP; 290
mOsm, pH 7.2. Picrotoxin (100 pM), 2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
(NBQX, 25 uM), DL-2-amino-5-phosphonopentanoic acid
(50 pM), and 8-cyclopentyltheophylline (4 pM) were added
to recording ACSF to block GABA,, AMPA/kainate,
NMDA, and adenosine receptors, respectively. Astrocytes
in the CA1 stratum radiatum were identified by their small
cell bodies, low input resistance, and very negative resting
membrane potential [64]. The cells were voltage-clamped
at their resting membrane potential. The current recordings
were filtered at 2 kHz, digitized at 10 kHz with a PCI-6221
A/D board (National Instruments), and recorded with
WinWCP software (Strathclyde University, Glasgow, UK).
STCs were evoked with a bipolar stimulating electrode
placed in the stratum radiatum. Access resistance was
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monitored throughout each experiment. Experiments were
excluded from the data analysis when the access resistance
changed by more than 20%.

Analysis

The first response to paired stimulation was scaled to
the response elicited by a single stimulus, and then the
response to the single stimulus was subtracted from the
scaled response to the paired stimulation. The response
to the single stimulus was then subtracted from the pure
second response. The difference represented the STC
without the potassium current [22]. The STC was used
to estimate the rise and decay time of the baseline trans-
porter current.

In an experiment with a series of stimuli, three differ-
ent stimulation patterns were used: a single stimulus, 4
stimuli, and 5 stimuli. To compare the kinetics of the re-
sponse to the 1°* and 5 stimuli, the response to 4 stim-
uli was subtracted from the response to 5 stimuli. The
pure 5™ response was used for further analysis.

Neuronal NMDA current

Slice preparation

Hippocampal slices were prepared from 4- to 5-week-
old WT and DTg mice as described above.

Whole-cell recording from CA1 pyramidal neurons
Whole-cell patch-clamp recordings of CA1l pyramidal
neurons were made in ACSF containing picrotoxin (100
uM), CGP52432 (5 uM), S-MCPG (200 uM), and NBQX
(25 uM) to isolate NMDA EPSCs. For this experiment,
the pipette solution contained (in mM): 130 CsCH3SOs3,
8 CsCl, 10 HEPES, 4 Mg-ATP, 0.4 Na,-GTP, 10 Na,-
phosphocreatine, and 5 QX-314, pH 7.2; osmolarity was
290 mOsm. To evoke NMDA EPSCs, one bipolar stimu-
lating electrode was positioned on the Schaffer collateral
pathway, and a stimulus was generated every 30 s by a
constant-current stimulator (Digitimer). Experiments
were always started 15 min after breaking the seal to
provide for sufficient diffusion of the intracellular chan-
nel inhibitors. Whole-cell NMDA currents in response
to Schaffer collateral stimulation were measured in
voltage-clamp mode at +40 mV. Series resistance was
monitored before each step by measuring the peak
current in response to a -3 mV voltage step. Cells with
unstable series resistance (> 20% change) were excluded
from further analysis.

Behavioral analysis
All experiments were performed by an investigator blind
to the mouse genotype.
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Morris water maze test

The experiments were conducted with 5-mo-old male
mice. The Morris water maze test was performed as pre-
viously described with some modifications [33]. Mice
were given 4 trials per day for 7 consecutive days in the
hidden platform task. A randomly selected starting point
along the rim of the maze was used for each of the four
trials. A probe test was performed on day 8 after the ac-
quisition session. In the probe test, the platform was
removed from the tank and each mouse was allowed to
swim for 60 s. On day 10, mice were tested in a vis-
ible platform task for 3 consecutive days. In the vis-
ible platform task, the platform was made visible by
attaching a black cubic landmark to the platform.
Mouse movement in the water maze was recorded by
a video camera and analyzed using NIH image WM
software (O’Hara &Co.).

Contextual and cued fear-conditioning test

The experiments were conducted with 5.5-mo-old male
mice. A fear-conditioning shock chamber (10 x 10 x 10
cm) was used. Each mouse was placed into the condi-
tioning chamber and allowed to explore for 2 min. The
mouse then received two tone-shock pairings with a 60-
s interstimulus interval. Each tone-shock pairing com-
prised an auditory cue (80 dB white noise, 30 s long)
that co-terminated with an electric footshock (0.75 mA,
2 s long). The mice were left in the conditioning
chamber after the last tone-shock pairing for 1 min.
The 24-h contextual test was performed 24 h after
the conditioning session. Mice were returned to the
same conditioning chamber and their behavior was
monitored for 5 min without tone or shock. The cued
test was performed 24 h after the contextual test. An-
other testing chamber with different properties (shape,
floor type, and wall color of the surrounding environ-
ment) was used. The mice were placed in the cham-
ber and allowed to explore for 2 min. The same tone
used in the conditioning session was given for 3 min.
The remote contextual fear test was repeated 30 d
after the conditioning session, and the remote cued
test was also repeated 24 h later. The freezing behav-
ior of the mice was monitored using a video camera
and images were processed with NIH Image FZ soft-
ware (O’'Hara &Co.).

Footshock sensitivity test

After the remote fear memory test, footshock sensitivity
was examined by giving mice electrical shocks of in-
creasing intensity, ranging from 0.05 mA to 1 mA, and
monitoring their behavior (flinching, vocalization, small
jump, and big jump).
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Additional files

Additional file 1: Table S1. Cell type of lacZ-positive cells in specific
brain areas of DTg mice. The NeuN-positive lacZ cells in the DG appear
to correspond to the leakage observed in Tg1 mice (Figure 1D).

Additional file 2: Figure S1. Cell count of ST00B-positive cells. Frozen
brain sections (20 um, n=9-12) of 4-mo-old WT and DTg mice (N =2 for
each genotype) were labeled with anti-S100B antibody.
Immunofluorescent images using an objective lens (20x) were acquired
with a CCD camera and the number of S100B-positive cells was counted
in the somatosensory cortex (SC), hippocampal CA1 (CA1), dentate gyrus
(DG), and amygdala (Am). Results are provided as mean + SEM.

Additional file 3: Figure S2. Detection and quantification of GST-IP5
sponge expression. (A) The GST-IP3 sponge was detected in DTg mouse
brains using a glutathione affinity trap. (B) Estimation of the
concentration of the extracted recombinant GST-IP; sponge (G224/
R441Q). Serially diluted bovine serum albumin and recombinant protein
in polyacrylamide gels were stained with Coomassie Brilliant Blue and
quantified by densitometric scanning. The concentration of the original
elution of recombinant protein was estimated to be 0.88 mg/ml using a
standard curve of bovine serum albumin. Arrowhead indicates the
molecular size of the recombinant protein (66 kD). (C - E) Quantification
of the GST-IP5 sponge by glutathione-trapping. (C) Expression of the GST-
IP3 sponge in the brains of WT, Tg1, and DTg mice at 3 mo of age
supplied with (On) or without (Off) Dox in the drinking water and
beginning the supply of Dox water at 1 mo after birth (Off/On). (D)
Changes in the GST-IP5 sponge expression over time in DTg mice
supplied with normal water (Off) at 1, 3, 5, and 9 mo of age and with
Dox water from 1 mo after birth (Off/On) to 3, 5, and 9 mo of age. (E)
Quantification of the GST-IP3 sponge analyzed (D) using standard curves
obtained from band densities of glutathione-trapping of diluted
recombinant proteins (range 9.2 - 293.2 pg). Results are provided as
mean + SEM [N = 3, except for DTg mice supplied with normal water at 1
mo of age (N=1) ]. Dox* indicates Dox treatment starting at 1 mo of age.

Additional file 4: Additional Methods. Mouse breeding, Doxycycline
(Dox) treatment, LacZ or hematoxylin staining of cryosections,
Immunofluorescent microscopy, Counting lacZ-positive cells co-stained
with marker protein, Detection of GST-IP; sponge by glutathione-
trapping, Quantification of GST-IP3 sponge expression, Electrophysiology,
Behavioral analysis.

Additional file 5: Table S2. Number of Ca’" events shown in Figure
20 and P.

Additional file 6: Figure S3. Double immunofluorescence analysis of
hippocampal CA1 of WT and DTg mice using antibodies against GLT-1
and S100B. Sections were treated with anti-GLT-1 (A, D) or anti-S100B

(B, E) antibodies in WT (A — C) and DTg (D - F) mice. Expression levels of
GLT-1 and S100B in DTg mice (D, E) are comparable to those in WT mice
(A, B). Scale bar, 50 um.

Additional file 7: Figure S4. Normal electrophysiologic properties of
the DTg mouse hippocampus. Hippocampal slices obtained from DTg
mice showed a normal input-output relationship (A) and paired pulse
facilitation (PPF) (B). Insets represent sample traces. fEPSP, extracellular
field excitatory postsynaptic potentials. PSFV, presynaptic fiber volley. IS,
interstimulus intervals. Sample numbers (“n” indicates number of slices;
“N" represents number of animals.); Input—output curves, n=15, N =8 for
WT, n=14, N=7 for DTg; PPF, n=13, N=8 for WT, n=13, N=7 for DTg.
The values on the graphs represent mean + SEM.

Additional file 8: Figure S5. Unaltered anxiety-related behaviors in DTg
mice. (A - C) Performance of DTg mice (N =12) and their WT littermates
(N=12) in an open field test. The difference in total distance traveled
(P=095) or time spent in the center (P=0.19) were not significantly different
between genotypes. (D) Performance in the elevated plus maze task of DTg
mice (N=12) and their WT littermates (N = 12). Time spent in the open arms
(P=0.17), closed arms (P=0.16), or center (P = 0.35) were not significantly
different between genotypes. (E) Home cage activity on day 6 was not
significantly different in daytime (P=0.63) or nighttime (P=0.92) activity
between genotypes (N = 12 for each genotype). Unpaired t test was used for

statistical analysis. Data represent mean + SEM.



http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S1.xls
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S2.pdf
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S3.pdf
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S4.docx
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S5.xlsx
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S6.pdf
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S7.pdf
http://www.biomedcentral.com/content/supplementary/1756-6606-6-6-S8.pdf

Tanaka et al. Molecular Brain 2013, 6:6
http://www.molecularbrain.com/content/6/1/6

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

MT, PYS, AS, and Sl conceived the study. MT, PYS, HG, TY, AS, and SI wrote
the paper. MT, PYS, HG, JN, and RA performed the experiments. TY analyzed
the calcium imaging data. TF and KM contributed to creation and
characterization of GST-IP5 sponge. All authors have read and approved the
manuscript.

Acknowledgements

Acknowledgements: We thank A. Lebedinskiy for preliminary experiments; C.
Nishioka, Y. Kobayashi, and H. Goto for technical assistance; Y. Sano and H.
Matsukawa for advice on the experiments; the BSI RRC for animal care and
technical assistance; and C. Yokoyama for his comments. This work was
supported, in part, by the Japan Society for the Promotion of Science (JSPS)
through a Grant-in-Aid for Scientific Research (C) Grant Number 22500369 to
MT and the “Funding Program for World-Leading Innovative R&D on Science
and Technology (FIRST Program),” initiated by the Council for Science and
Technology Policy (CSTP).

Author details

'TRIKEN Brain Science Institute, 2-1 Hirosawa, Wako 351-0198, Japan. 2College
of Bioresource Sciences, Nihon University, 1866 Kameino, Fujisawa, Kanagawa
252-0813, Japan. 3Saitama University Brain Science Institute, 255
Shimo-Okubo, Sakura-ku, Saitama 338-8570, Japan. “ICORP-Sorst, JST, 4-1-8
Honcho, Kawaguchi 332-0012, Japan. SPresent address: Department of
Applied Biological Science, Faculty of Science and Technology, Tokyo
University of Science, 2641 Yamazaki, Noda, Chiba 278-8510, Japan.

Received: 28 November 2012 Accepted: 25 January 2013
Published: 28 January 2013

References

1. Venance L, Stella N, Glowinski J, Giaume C: Mechanism involved in
initiation and propagation of receptor-induced intercellular calcium
signaling in cultured rat astrocytes. J Neurosci 1997, 17:1981-1992.

2. Verkhratsky A, Orkand RK, Kettenmann H: Glial calcium: homeostasis and
signaling function. Physiol Rev 1998, 78:99-141.

3. Agulhon C, Petravicz J, McMullen AB, Sweger EJ, Minton SK, Taves SR,
Casper KB, Fiacco TA, McCarthy KD: What is the role of astrocyte calcium
in neurophysiology? Neuron 2008, 59:932-946.

4. Petravicz J, Fiacco TA, McCarthy KD: Loss of IP3 receptor-dependent Ca2+
increases in hippocampal astrocytes does not affect baseline CA1
pyramidal neuron synaptic activity. J Neurosci 2008, 28:4967-4973.

5. Agulhon C, Fiacco TA, McCarthy KD: Hippocampal short- and long-term
plasticity are not modulated by astrocyte Ca2+ signaling. Science 2010,
327:1250-1254.

6. Navarrete M, Perea G, de Sevilla DF, Gomez-Gonzalo M, Nunez A, Martin ED,
Araque A: Astrocytes mediate in vivo cholinergic-induced synaptic
plasticity. PLoS Biol 2012, 10:e1001259.

7. Takata N, Mishima T, Hisatsune C, Nagai T, Ebisui E, Mikoshiba K, Hirase H:
Astrocyte calcium signaling transforms cholinergic modulation to
cortical plasticity in vivo. J Neurosci 2011, 31:18155-18165.

8. Henneberger C, Papouin T, Oliet SH, Rusakov DA: Long-term potentiation
depends on release of D-serine from astrocytes. Nature 2010,
463:232-236.

9. Takata N, Hirase H: Cortical layer 1 and layer 2/3 astrocytes exhibit
distinct calcium dynamics in vivo. PLoS One 2008, 3:e2525.

10. Schummers J, Yu H, Sur M: Tuned responses of astrocytes and their
influence on hemodynamic signals in the visual cortex. Science 2008,
320:1638-1643.

11, Wang X, Lou N, Xu Q, Tian GF, Peng WG, Han X, Kang J, Takano T,
Nedergaard M: Astrocytic Ca2+ signaling evoked by sensory stimulation
in vivo. Nat Neurosci 2006, 9:816-823.

12. Hirase H, Qian L, Bartho P, Buzsaki G: Calcium dynamics of cortical
astrocytic networks in vivo. PLoS Biol 2004, 2:E96.

13. Uchiyama T, Yoshikawa F, Hishida A, Furuichi T, Mikoshiba K: A novel
recombinant hyperaffinity inositol 1,4,5-trisphosphate (IP(3)) absorbent
traps IP(3), resulting in specific inhibition of IP(3)-mediated calcium
signaling. J Biol Chem 2002, 277:8106-8113.

22.

23.

24

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12 of 13

He J, Ma L, Kim S, Nakai J, Yu CR: Encoding gender and individual
information in the mouse vomeronasal organ. Science 2008, 320:535-538.
Martin DI, Whitelaw E: The vagaries of variegating transgenes. Bioessays
1996, 18:919-923.

Karpen GH: Position-effect variegation and the new biology of
heterochromatin. Curr Opin Genet Dev 1994, 4:281-291.

Sarrazin N, Di Blasi F, Roullot-Lacarriere V, Rouge-Pont F, Le Roux A, Costet
P, Revest JM, Piazza PV: Transcriptional effects of glucocorticoid receptors
in the dentate gyrus increase anxiety-related behaviors. PLoS One 2009,
4:27704.

Verkhratsky A, Kettenmann H: Calcium signalling in glial cells. Trends
Neurosci 1996, 19:346-352.

Takei K, Shin RM, Inoue T, Kato K, Mikoshiba K: Regulation of nerve growth
mediated by inositol 1,4,5-trisphosphate receptors in growth cones.
Science 1998, 282:1705-1708.

Halassa MM, Fellin T, Haydon PG: The tripartite synapse: roles for
gliotransmission in health and disease. Trends Mol Med 2007, 13:54-63.
Araque A, Parpura V, Sanzgiri RP, Haydon PG: Tripartite synapses: glia, the
unacknowledged partner. Trends Neurosci 1999, 22:208-215.

Diamond JS: Deriving the glutamate clearance time course from
transporter currents in CA1 hippocampal astrocytes: transmitter uptake
gets faster during development. J Neurosci 2005, 25:2906-2916.

Rusakov DA, Kullmann DM: Extrasynaptic glutamate diffusion in the
hippocampus: ultrastructural constraints, uptake, and receptor
activation. J Neurosci 1998, 18:3158-3170.

Wu YW, Grebenyuk S, McHugh TJ, Rusakov DA, Semyanov A:
Backpropagating action potentials enable detection of extrasynaptic
glutamate by NMDA receptors. Cell Rep 2012, 1:495-505.

Jarrard LE: On the role of the hippocampus in learning and memory in
the rat. Behav Neural Biol 1993, 60:9-26.

Frankland PW, Bontempi B: The organization of recent and remote
memories. Nat Rev Neurosci 2005, 6:119-130.

Goshen |, Brodsky M, Prakash R, Wallace J, Gradinaru V, Ramakrishnan C,
Deisseroth K: Dynamics of retrieval strategies for remote memories. Cell
2011, 147:678-689.

Suzuki W, Naya Y: Two routes for remembering the past. Cell 2011,
147:493-495.

Usui-Aoki K, Matsumoto K, Koganezawa M, Kohatsu S, Isono K, Matsubayashi
H, Yamamoto MT, Ueda R, Takahashi K, Saigo K, et al: Targeted expression
of Ip3 sponge and Ip3 dsRNA impaires sugar taste sensation in
Drosophila. J Neurogenet 2005, 19:123-141.

Iwasaki H, Chiba K, Uchiyama T, Yoshikawa F, Suzuki F, Ikeda M, Furuichi T,
Mikoshiba K: Molecular characterization of the starfish inositol 1,4,5-
trisphosphate receptor and its role during oocyte maturation and
fertilization. J Biol Chem 2002, 277:2763-2772.

Mayford M, Bach ME, Huang YY, Wang L, Hawkins RD, Kandel ER: Control of
memory formation through regulated expression of a CaMKIl transgene.
Science 1996, 274:1678-1683.

Hirrlinger J, Hulsmann S, Kirchhoff F: Astroglial processes show
spontaneous motility at active synaptic terminals in situ. Eur J Neurosci
2004, 20:2235-22309.

Nishiyama H, Knopfel T, Endo S, Itohara S: Glial protein S100B modulates
long-term neuronal synaptic plasticity. Proc Natl Acad Sci U S A 2002,
99:4037-4042.

Theodosis DT, Poulain DA, Oliet SH: Activity-dependent structural and
functional plasticity of astrocyte-neuron interactions. Physiol Rev 2008,
88:983-1008.

Haber M, Zhou L, Murai KK: Cooperative astrocyte and dendritic spine
dynamics at hippocampal excitatory synapses. J Neurosci 2006,
26:8881-8891.

Wang YF, Hatton Gl: Astrocytic plasticity and patterned oxytocin neuronal
activity: dynamic interactions. J Neurosci 2009, 29:1743-1754.

Cornell-Bell AH, Thomas PG, Smith SJ: The excitatory neurotransmitter
glutamate causes filopodia formation in cultured hippocampal
astrocytes. Glia 1990, 3:322-334.

Genoud C, Quairiaux C, Steiner P, Hirling H, Welker E, Knott GW: Plasticity of
astrocytic coverage and glutamate transporter expression in adult
mouse cortex. PLoS Biol 2006, 4:e343.

Panatier A, Theodosis DT, Mothet JP, Touquet B, Pollegioni L, Poulain DA,
Oliet SH: Glia-derived D-serine controls NMDA receptor activity and
synaptic memory. Cell 2006, 125:775-784.



Tanaka et al. Molecular Brain 2013, 6:6
http://www.molecularbrain.com/content/6/1/6

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lavialle M, Aumann G, Anlauf E, Prols F, Arpin M, Derouiche A: Structural
plasticity of perisynaptic astrocyte processes involves ezrin and
metabotropic glutamate receptors. Proc Natl Acad Sci U S A 2011,
108:12915-12919.

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ: Glutamate induces
calcium waves in cultured astrocytes: long-range glial signaling. Science
1990, 247:470-473.

Bernstein M, Behnisch T, Balschun D, Reymann KG, Reiser G:
Pharmacological characterisation of metabotropic glutamatergic and
purinergic receptors linked to Ca2+ signalling in hippocampal
astrocytes. Neuropharmacology 1998, 37:169-178.

Ahmed Z, Lewis CA, Faber DS: Glutamate stimulates release of Ca2+ from
internal stores in astroglia. Brain Res 1990, 516:165-169.

Schoepp DD, Jane DE, Monn JA: Pharmacological agents acting at
subtypes of metabotropic glutamate receptors. Neuropharmacology 1999,
38:1431-1476.

Zur Nieden R, Deitmer JW: The role of metabotropic glutamate receptors
for the generation of calcium oscillations in rat hippocampal astrocytes
in situ. Cereb Cortex 2006, 16:676-687.

Valeyev NV, Downing AK, Skorinkin Al, Campbell ID, Kotov NV: A calcium
dependent de-adhesion mechanism regulates the direction and rate of
cell migration: a mathematical model. In Silico Biol 2006, 6:545-572.

Woo DH, Han KS, Shim JW, Yoon BE, Kim E, Bae JY, Oh SJ, Hwang EM,
Marmorstein AD, Bae YC, et al: TREK-1 and Best1 channels mediate fast
and slow glutamate release in astrocytes upon GPCR activation. Cel/
2012, 151:25-40.

Navarrete M, Araque A: Endocannabinoids potentiate synaptic
transmission through stimulation of astrocytes. Neuron 2010, 68:113-126.
Parpura V, Zorec R: Gliotransmission: Exocytotic release from astrocytes.
Brain Res Rev 2010, 63:83-92.

Papouin T, Ladepeche L, Ruel J, Sacchi S, Labasque M, Hanini M, Groc L,
Pollegioni L, Mothet JP, Oliet SH: Synaptic and Extrasynaptic NMDA
Receptors Are Gated by Different Endogenous Coagonists. Cell 2012,
150:633-646.

Barbour B: An evaluation of synapse independence. J Neurosci 2001,
21:7969-7984.

Ayala JE, Niswender CM, Luo Q, Banko JL, Conn PJ: Group Il mGIuR
regulation of synaptic transmission at the SC-CA1 synapse is
developmentally regulated. Neuropharmacology 2008, 54:804-814.
Hawasli AH, Benavides DR, Nguyen C, Kansy JW, Hayashi K, Chambon P,
Greengard P, Powell CM, Cooper DC, Bibb JA: Cyclin-dependent kinase 5
governs learning and synaptic plasticity via control of NMDAR
degradation. Nat Neurosci 2007, 10:880-886.

Ohshima T, Ogura H, Tomizawa K, Hayashi K, Suzuki H, Saito T, Kamei H,
Nishi A, Bibb JA, Hisanaga S, et al: Impairment of hippocampal long-term
depression and defective spatial learning and memory in p35 mice.

J Neurochem 2005, 94:917-925.

Gladding CM, Fitzjohn SM, Molnar E: Metabotropic glutamate receptor-
mediated long-term depression: molecular mechanisms. Pharmacol Rev
2009, 61:395-412.

Bach ME, Hawkins RD, Osman M, Kandel ER, Mayford M: Impairment of
spatial but not contextual memory in CaMKIl mutant mice with a
selective loss of hippocampal LTP in the range of the theta frequency.
Cell 1995, 81:905-915.

Hanna A, Iremonger K, Das P, Dickson D, Golde T, Janus C: Age-related
increase in amyloid plaque burden is associated with impairment in
conditioned fear memory in CRND8 mouse model of amyloidosis.
Alzheimers Res Ther 2012, 4:21.

Okun E, Barak B, Saada-Madar R, Rothman SM, Griffioen KJ, Roberts N, Castro
K, Mughal MR, Pita MA, Stranahan AM, et al: Evidence for a developmental
role for TLR4 in learning and memory. PLoS One 2012, 7:e47522.

Mizuno K, Giese KP: Hippocampus-dependent memory formation: do
memory type-specific mechanisms exist? J Pharmacol Sci 2005,
98:191-197.

Frankland PW, Bontempi B, Talton LE, Kaczmarek L, Silva AJ: The
involvement of the anterior cingulate cortex in remote contextual fear
memory. Science 2004, 304:881-883.

Toyoda H, Li XY, Wu LJ, Zhao MG, Descalzi G, Chen T, Koga K, Zhuo M:
Interplay of amygdala and cingulate plasticity in emotional fear. Neural
Plast 2011, 2011:813749.

Page 13 of 13

62. Sassa T, Gomi H, Itohara S: Postnatal expression of Cdkl2 in mouse brain
revealed by LacZ inserted into the Cdkl2 locus. Cell Tissue Res 2004,
315:147-156.

63. Sidman RL, Angevine JBJ, Pierce ET: Atlas of the Mouse Brain and Spinal
Cord. Cambridge, MA: Harvard University Press; 1971.

64. Bergles DE, Jahr CE: Synaptic activation of glutamate transporters in
hippocampal astrocytes. Neuron 1997, 19:1297-1308.

doi:10.1186/1756-6606-6-6
Cite this article as: Tanaka et al:: Astrocytic Ca** signals are required for
the functional integrity of tripartite synapses. Molecular Brain 2013 6:6.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Attenuated agonist-evoked IICR in astrocytes by IP3 buffering with a glutathione-S-transferase (GST)-IP3 sponge
	Reduced synaptic coverage by astrocytic processes in DTg mice
	Enhanced glutamate spillover at CA1-CA3 synapses in DTg mice
	Impaired spatial reference memory and remote contextual fear memory in DTg mice

	Discussion
	Conclusions
	Methods
	Generation of GST-IP3 sponge-TetO-nls-LacZ (Tg1) and GLT-1-tTA (Tg2) transgenic mice
	Astrocyte Ca2+ imaging with G-CaMP2
	Slice preparation
	Two-photon imaging
	Post-calcium imaging immunohistochemistry and confocal imaging
	Data analysis for two-photon Ca2+ imaging

	Electron microscopy
	Sample preparation
	Astrocytic coverage of synapses and synaptic density

	Recording of STCs in hippocampal astrocytes
	Slice preparation
	Whole-cell recording from astrocytes
	Analysis

	Neuronal NMDA current
	Slice preparation
	Whole-cell recording from CA1 pyramidal neurons

	Behavioral analysis
	Morris water maze test
	Contextual and cued fear-conditioning test
	Footshock sensitivity test


	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

