Enhancement of Ca oscillations by SHH in astrocytes

Sonic hedgehog enhances calcium oscillations in hippocampal astrocytes
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ABSTRACT

Sonic hedgehog (SHH) is important for
organogenesis during development. Recent
studies have indicated that SHH is also
involved in  the proliferation and
transformation of astrocytes to the reactive
phenotype. However, the mechanisms
underlying these are unknown. Involvement
of SHH signaling in calcium (Ca) signaling
has not been extensively studied. Here, we
report that SHH and Smoothened agonist

(SAQ), an activator of the signaling receptor
Smoothened (SMO) in the SHH pathway,
activate Ca oscillations in cultured murine
hippocampal astrocytes. The response was
rapid, on a minute timescale, indicating a non-
canonical pathway activity. Pertussis toxin
blocked the SAG effect, indicating an
involvement of a Gi coupled to SMO.
Depletion of extracellular ATP by apyrase, an
ATP degrading enzyme, inhibited the SAG-
mediated activation of Ca oscillations. These
indicate that SAG

results increases
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extracellular ATP levels by activating ATP
release from astrocytes, resulting in Ca
oscillation activation. We hypothesize that
SHH activates SMO-coupled Gi in astrocytes,
causing ATP release and activation of Ggii-
coupled P2 receptors on the same cell or
surrounding astrocytes. Transcription factor
activities are often modulated by Ca patterns;
therefore, SHH signaling may trigger changes
in astrocytes by activating Ca oscillations.
This enhancement of Ca oscillations by SHH
signaling may occur in astrocytes in the brain
in vivo because we also observed it in
hippocampal brain slices. In summary, SHH
and SAG
hippocampal astrocytes, Gi mediates SAG-
induced Ca oscillations downstream of SMO,

enhance Ca oscillations in

and ATP-permeable channels may promote
the ATP release that activates Ca oscillations
in astrocytes.

Introduction

Astrocytes are a major glial cell population
in the central nervous system (CNS) with
important roles in brain homeostasis, such as
clearance of glutamate and GABA from the
extracellular space, provision of nutrients
from blood vessels to neurons, and control of
extracellular pH (1, 2). Astrocytes are
transformed into reactive astrocytes in
response to brain injury and inflammation.
Reactive astrocytes have altered gene
expression patterns and morphology and play
roles in scar formation and in preventing the
spread of inflammation. Astrocytes also
modulate neural excitability and synaptic
connectivity by  releasing  so-called
gliotransmitters, among which glutamate and
ATP are major components (3, 4).

Sonic hedgehog

The Hedgehog gene was identified in the
1970s as a gene involved in Drosophila larval
segmentation (5). There are three Hedgehog
homologs in vertebrates, Sonic hedgehog

(Shh), Desert hedgehog (Dhh) and Indian
hedgehog (Ihh) (6). Shh is involved in
organogenesis and development of the CNS
and is expressed throughout the body. In the
absence of SHH, an SHH receptor, Patched,
keeps a seven transmembrane receptor,
Smoothened (SMO), from activating a
transcription factor, GLI. Binding of SHH to
Patched releases SMO to activate GLI, which
translocates into the nucleus and activates
transcription,  thereby  promoting  cell
proliferation and differentiation (7-9). Aside
from this well-known canonical pathway, non-
canonical pathways triggered by Patched
activation have also been reported (10, 11).
These pathways are not linked to GLI
activation but regulate cell death (12), axon
guidance (13), and cytoskeleton (14) with or
without SMO activation.

SHH in the CNS

In early CNS development, SHH is secreted
from the notochord and floor plate as a
morphogen to direct dorso-ventral patterning
of the CNS. During late CNS development,
SHH is found in the cerebral cortex, optic
tectum and cerebellar cortex (15). SHH is also
expressed in the adult CNS (16); SHH and
Patched are expressed in the forebrain,
cerebellar Purkinje cells and spinal cord motor
neurons. SMO is expressed in
circumventricular organs, granular cells in the
hippocampal dentate gyrus and neurons in the
reticular thalamic nuclei (17). The expression
of SHH is particularly strong in the
hippocampal dentate gyrus and the
subventricular zone where adult neurogenesis
takes place and retention, proliferation and
differentiation of neural stem cells occurs (16).
In hippocampal neurons, SHH 1is present
presynaptically and postsynaptically (18), and
Patched and SMO are localized not only in
cell bodies but also in dendrites and
postsynapses (19). Involvement of SHH in
synaptic plasticity was also reported (20).
SHH expression is activated upon traumatic
injury in the brain (21, 22) including in
astrocytes (21, 23). During injury, released
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SHH increases the expression of glial
fibrillary acidic protein (GFAP) in astrocytes
and induces transformation of astrocytes to
reactive astrocytes. SHH administration also
induces transformation to reactive astrocytes
(24, 25) and gliotransmitter release from
astrocytes. All of these observations indicate
important roles of SHH in the regulation of
astrocytes. However, detailed mechanisms for
these actions have not been elucidated.

Ca oscillation in glia

While neurons communicate with each
other by electrical activity, astrocytes transmit
information by changing intracellular Ca**. Ca
oscillation is frequently observed in astrocytes,
in which Ca transients repeatedly occur in
individual cells. These changing Ca patterns
sometimes display wave-like propagation
among astrocytes, which is called the Ca wave
(26, 27). Various extracellular stimuli evoke
Ca oscillations in astrocytes through various
plasma  membrane  receptors,  while
intracellular Ca release occurs from the
endoplasmic reticulum (ER) through inositol
trisphosphate receptors (IP3Rs) downstream
of G¢11 coupled receptors .

ATP is a well-known stimulant that causes
Ca oscillations in astrocytes. A class of ATP
receptor, P2 receptors, namely P2X1/2/3/4/5/7
and P2Y1/2/4/6/12/13/14, is expressed in
astrocytes (28). ATP-evoked Ca oscillation in
astrocytes is not prevented by extracellular
Ca’" removal; therefore, involvement of
intracellular Ca release from IP3R
downstream of Gg/11-coupled P2Y receptors is
postulated (28).

ATP is released from astrocytes as a
gliotransmitter and influences neuronal
excitability (3, 4) and regulates Ca dynamics
in astrocytes (29). Okuda et al. reported that
SHH-stimulated astrocytes release ATP (30).
Two mechanisms for releasing ATP from
astrocytes are known: vesicular release and
release  through channels.  Supporting

vesicular release, a vesicular nucleotide

transporter is expressed in astrocytes. For
release through channels, ATP-permeable
channels, maxi-anion channels, connexin
hemichannels, pannexin hemichannels, and
the P2X7 receptor are postulated to be
involved. Several studies have shown that
deprivation of oxygen and glucose, osmotic
stimulation, and stretch stimulation induce
ATP release from astrocytes through channels
on the plasma membrane.

Aims of this study

The high levels of SHH and related proteins
in the adult hippocampus together with the
inferred roles of SHH signaling in adult
neurogenesis and brain injury led us to
characterize cellular responses to SHH in
cultured hippocampal cells. We found the
enhancement of Ca oscillations in astrocytes
within several min after application of SHH
namely SHH and
(SAQG). This
enhancement was blocked by inhibition of Gi
and removal of extracellular ATP. Together

pathway agonists,
Smoothened agonist

with other lines of evidence, we propose that
the enhancement of Ca oscillations in
astrocytes is initiated by the activation of
SMO-coupled Gi, which leads to ATP release
through ATP-permeable channels. This
released ATP then enhances Ca oscillations in
nearby astrocytes. We also observed enhanced
Ca oscillations in astrocytes in brain slices;
therefore, this mechanism may be functional
in the in vivo brain as well.

RESULTS

SHH and SAG evoke Ca oscillations in
mouse hippocampal cultures

Calcium imaging was performed by loading
cultured mouse hippocampal cells with Fura-
2 (Fig. 1A). Primary cultures of mouse
hippocampal cells were exposed to SHH (500
pM, 10 ng/ml) in the presence of 1 uM
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tetrodotoxin (TTX), and some of the cells
exhibited spontaneous Ca oscillations before
the agonist application. Addition of SHH
evoked Ca oscillations in quiescent cells and
enhanced the frequency of Ca oscillations in
cells that had already shown spontaneous Ca

oscillations before the agonist application (Fig.

1B): cumulative histogram during the agonist
application periods was right-shifted from that
during the baseline period (Fig. 1Bb; p <
0.001), indicating an increase in Ca oscillation
frequency by SHH. A SMO agonist, SAG (5
uM), induced a similar increase in Ca
oscillation frequency (Fig. 1C; p < 0.001). A
of different SHH and SAG
concentrations resulted in increased or
decreased Ca oscillation frequencies, but did

series

not follow simple dose-response relationships
(Figs. 1Bb, 1Cb and S1). Agonist-induced Ca
frequency increase was evaluated by
subtracting the baseline Ca frequency from
that after the drug application in each cell
(AFrequency). AFrequencies of cells applied
with concentrations of SHH or SAG were
compared to that of vehicle-applied control
cells (0.1% DMSO; Fig. 1D-E). SHH
increased Ca oscillation frequency
significantly at 500 pM (p < 0.001) but less at
50 pM (p < 0.01) and not at 5 nM (p = 0.82).
SAG increased Ca event frequency
significantly at 5 pM (p < 0.01) and 50 nM (p
<0.01), and decreased the Ca event frequency
at 500 nM (p < 0.05) and 100 nM (p < 0.001).
SAG at 1 uM did not show difference from the
control (p = 0.31). We used SHH at 500 pM
hereafter. For SAG, we considered that 5 uM
would produce the most reliable results
because 100 nM SAG showed a large decrease
in Ca oscillation frequency (Fig. SIF). The
SAG concentration used hereafter was,
therefore, 5 pM unless otherwise indicated.
Some cells that did not show Ca transients
during the initial 10 min baseline period
started showing Ca transients after SHH or
SAG stimulation; therefore, the stimuli

increased the proportion of cells showing Ca
transients as well as the frequency of Ca
oscillations in each cell. About half of the cells
did not show Ca transients throughout the
recording period.

We tested cyclopamine (CPN), which is
widely used as a SMO antagonist (31), on the
assumption that it would block the effect of
SAG. However, administration of CPN per se
caused an increase in Ca oscillation frequency
to a similar extent as SAG, and the addition of
SAG to CPN further enhanced Ca oscillation
frequency (Fig. 2Aa-b; p < 0.001 for base vs.
CPN and base vs. CPN + SAG, respectively),
which concealed the effect of subsequently
applied SAG. AFrequencies of Ca oscillation
both in the CPN and CPN + SAG periods were
significantly larger than that of a control cell
group (Fig. 2Ac; p < 0.001, respectively).
CPN seemed to act as an agonist on the Ca
oscillation enhancement mechanism
originating from SMO. Such an agonistic
action of CPN on a non-canonical SHH
pathway has been previously reported (32,
33); therefore, we consider that the
enhancement of Ca oscillations observed in
this study was derived from the activation of a
non-canonical SHH signaling pathway.

The SAG induced Ca oscillations are
mediated by extracellular ATP

We next investigated whether extracellular
ATP is involved in the enhancement of Ca
oscillations by SHH signaling because ATP is
a well-known activator of Ca oscillations in
astrocytes (34, 35). Administration of apyrase,
an ATP degrading enzyme, to the extracellular
space abolished the enhanced Ca oscillations
evoked by SAG (Fig. 2Bb; p < 0.001 for base
vs. SAG and p < 0.05 for SAG vs. apyrase),
which was also shown in the AFrequency
analysis (Fig. 2Bc; p < 0.001). This result
indicates that SMO activation induced the
increase in extracellular ATP, which then
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enhanced Ca oscillations in the hippocampal
cells. In a control experiment, a vehicle
solution, HEPES-buffered saline (HBS)
containing TTX, was added instead of apyrase,
which produced an enhancement of Ca
oscillation frequency (Fig. 2Ca; p < 0.001).
AFrequency[(SAG + vehicle) — base] was
greater than AFrequency(SAG — base)
(Fig2Cb; p < 0.001). We have no clear
explanation for this, but the dilution of SAG
could be a cause because a relatively low
concentration of SAG (50 nM) was as
effective as 5 uM (Fig. 1E).

Astrocytes are responsible for the
enhancement of Ca oscillations

Primary hippocampal cell cultures are
heterogeneous, containing neurons, astrocytes,
microglia, oligodendrocytes, and other cell
types. We, therefore, identified the cell types
relevant to SAG-enhanced Ca oscillation. We
assessed cell types in the hippocampal culture
by immunohistochemistry with anti-MAP2,
anti-S100B,  anti-Ibal, and anti-Olig2
antibodies, which are markers for neurons,
astrocytes, microglia and oligodendrocytes,
respectively (Fig. S2). MAP2- and S100p-
positive cells were observed throughout
cultures (Fig. S2A and B). Ibal-positive cells
were only found in one batch (10-20 cells in
each coverslip culture) out of three culture
batches (Fig. S2C). Olig2-positive cells were
only found where neuron density was very
high, but not in fields of view where neuron
density was modest; we used such fields of
view with modest neuron density for Ca
imaging (Fig. S2D). Next, we performed Ca
imaging followed by immunohistochemistry
with anti-MAP2 and S100f antibodies (Fig.
3A). All the Fura-2-loaded cells were stained
with either MAP2 or S100p in three fields of
view from different cultures. S100B-positive
cells were 58.9 + 9.8% of all cells and the
remainder were all MAP2-positive (n = 3

cultures). Ca transients were observed in 69.6
+ 14.1% of the S100B-positive cells and 32.5
+ 16.0% of the MAP2-positive cells. In our
cultures, neurons showed frequent Ca
transients in a synchronized fashion unless
TTX was included in the bath solution (data
not shown), but neurons showed far fewer
spontaneous Ca transients than astrocytes
when action potential generation was blocked
by TTX. From these results, we consider that
the major cell population that showed Ca
oscillations was astrocytes. We tested whether
the enhancement of Ca oscillations by SHH or
SAG could be evoked in astrocyte cultures as
well as in the primary heterogeneous culture,
and this was indeed the case: the enhancing
effects of SHH or SAG on Ca oscillation
frequency were observed in the astrocyte
culture (Fig. 3Bc; p <0.001, and Fig 3Cb; p <
0.001, respectively). AFrequency of SHH and
SAG compared with a DMSO (0.1%) applied
control cell group showed increased Ca
oscillation frequency with SHH or SAG (Fig.
3D; p<0.01 and p < 0.001, respectively). We
performed immunostaining of the astrocyte
culture with the same antibodies as above. The
anti-S100P antibody labeled cells over entire
coverslips from two culture batches. However,
no signals for anti-MAP2, anti-Ibal, and anti-
Olig2 antibodies were observed (data not
shown). Thus, it was clear that astrocytes were
activated by SHH or SAG and showed
enhanced Ca oscillations, although there is a
possibility that neurons could also receive
SHH or SAG and activate astrocyte Ca
oscillations. To eliminate the possibility of
astrocyte activation by neurons, we used
cultures in the

astrocyte following

experiments.

Ca release from ER is necessary for Ca
oscillations

To characterize the mechanism of SAG-
enhanced Ca oscillations, the source of Ca*
was investigated. Removal of Ca®* from the
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extracellular solution did not alter the SAG- or
SHH- induced enhancement of Ca oscillations
in astrocytes (Figs. 4A and S3A, respectively):
SAG enhanced Ca oscillation frequency with
Ca-free medium (Fig. 4Ab; p < 0.05), and
AFrequency(SAG — base) in Ca-free medium
showed apparent difference from that of a
control cell group (Fig. 4Ac; p < 0.001). In
contrast, disruption of intracellular Ca release
mechanisms resulted in drastic changes: 2-
aminoethyl diphenylborinate (2-APB, 50 uM),
an IP3R inhibitor, and thapsigargin (Tg, 100
nM), an inhibitor of the ER Ca-ATPase (36),
blocked the SAG-induced enhancement of Ca
oscillations (Fig. 4B-C). SAG did not take
effect under 2-APB (Fig. 4Bb; base vs. 2-
APB: p=0.38; base vs. SAG: p=0.63; 2-APB
vs. SAG: p = 0.70), and AFrequency analysis
comparing with a control cell group to which
a vehicle solution containing only dimethyl
sulfoxide (DMSO) was applied in place of 2-
APB showed an apparent block of the SAG-
induced Ca oscillation enhancement by 2-
APB (Fig. 4Bc; AFrequency[(2-APB + SAQG)
— base] vs. AFrequency[(DMSO + SAG) —
base]: p < 0.001). The SHH-induced
enhancement of Ca oscillations was also
blocked by 2-APB (Fig. S3B). Although 2-
APB also blocks transient receptor potential
(TRP) channels on the plasma membrane (37),
we consider that the result with 2-APB was
not due to TRP blockade because removal of
extracellular Ca** did not have an effect. Tg
induced a slow increase in intracellular Ca*"
concentration ([Ca?'];) over 15 min. The level
then decreased to the original baseline level.
This is usually seen because of inhibited
uptake of cytosolic Ca*" into ER. Ca
oscillations occurred riding on the slow Tg -
induced [Ca®]; increase, but the frequency
was not increased by SAG (Fig. 4Cb), and
AFrequency compared with the control cell
group shows an apparent block of the SAG-
induced Ca oscillation enhancement by Tg
(AFrequency [(Tg + SAG) — base] vs.
AFrequency[(DMSO + SAG) — base]: p <
0.001). Application of dantrolene (10 puM),
which inhibits ryanodine receptor-mediated
Ca release from ER, did not result in a clear
inhibition of the SAG-enhanced Ca
oscillations: SAG further enhanced the Ca

oscillation frequency which had been
enhanced by dantrolene (Fig. 4Db; base vs.
dantrolene: p < 0.001, dantrolene vs.
dantrolene + SAG: p < 0.001).
AFrequency[(dantrolene + SAG) — base]
almost overlapped with AFrequency[(DMSO
+ SAG) - base] (Fig. 4Dc). These results
suggest that Ca release not though ryanodine
receptor but through IP3Rs is relevant to the
Ca oscillations enhanced by SAG.

SMO is coupled to Gi

SMO is a seven transmembrane receptor
that couples with a trimeric G protein, Gi (38,
39). We tested if the SMO enhancement of Ca
oscillations requires Gi activation by
incubating astrocytes with pertussis toxin
(PTX), a Gi inhibitor. SAG induced an
enhancement of Ca oscillations in PTX-
treated astrocytes (Fig. SAb; p <0.001), but it
was significantly smaller than the SAG-
induced enhancement without PTX-treatment.
Furthermore, the addition of DMSO (0.1%) in
place of SAG in PTX-treated astrocytes
induced even larger increase in Ca oscillation
frequency than that produced by SAG in PTX-
treated astrocytes (Fig. 5Ac; p < 0.001).
AFrequency analysis shows that the SAG-
induced increase in Ca event frequency in the
PTX treated cells was smaller than that by
DMSO in PTX treated cells (Fig. 5Ad;
AFrequency(SAG — base in PTX) wvs.
AFrequency(DMSO — base in PTX): p <
0.001) and much smaller than that by SAG
without PTX treatment (AFrequency(SAG —
base in PTX) vs. AFrequency(SAG — base
without PTX): p <0.001). Thus, we concluded
that the enhancement of Ca oscillations by
SAG requires Gi activity. Gi suppresses
cAMP production from ATP by inhibiting
adenylate cyclase. We confirmed that Gi was
actually activated by SAG stimulation by
intracellular cAMP imaging using a
fluorescent protein-based cAMP indicator,
Flamindo2 (40). SAG stimulation increased
the fluorescence intensity of Flamindo2 in
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astrocytes (Fig. 5Bc) compared with a control
cell group to which vehicle (0.1% DMSO)
was applied in place of SAG (p < 0.001, two-
way ANOVA), indicating that cAMP
concentration was decreased. These results
showed that SAG stimulation activated Gi,
presumably via SMO, which is necessary for
the downstream SAG-induced enhancement
of Ca oscillations.

Blockers of ATP-release channels inhibit
the enhancement of Ca oscillations

We hypothesized that the SMO and Gi
activation by SAG induced ATP release,
which led to the increased extracellular ATP
concentration. To test this, carbenoxolone
(CBX; 100 pM) and l-octanol (2 mM),
blockers of connexin hemichannels (41, 42),
gadolinium (Gd**, 50 uM), a blocker of maxi-
anion channels (43), and Brilliant blue G
(BBG; 1 pM), a blocker of P2X7 receptors
(44), were applied to astrocytes. The SAG-
induced enhancement of Ca oscillation
frequency was completely suppressed by
CBX, 1-octanol and Gd*" (Fig. 6A-C). CBX
and 1-octanol induced slow Ca transients
lasting 5-10 min. CBX induced Ca event
frequency enhancement, which was then
inhibited by the addition of SAG (Fig. 6Ab;
base vs. CBX: p<0.001; CBX vs. CBX +
SAG: p < 0.001). AFrequency analysis
together with a vehicle-applied control cell
group (Fig. 6Ac) shows an apparent inhibition
of the CBX-induced Ca oscillation
enhancement by SAG (Fig. 6Ac;
AFrequency[(CBX + SAG) - base] vs.
AFrequency[(DMSO + SAG) — base]: p <
0.001). 1-octanol and Gd*" did not affect the
baseline Ca oscillation frequency, and SAG
addition did not change Ca oscillation
frequency (Fig. 6Bb, and Fig. 6Cb,
respectively). AFrequency analyses of these
experiments show an apparent block of the
SAG-induced Ca oscillation enhancement by

1-octanol (Fig. 6Cc; AFrequency[(1-octanol +
SAG) - base] vs. AFrequency[(DMSO + SAQG)
- base]: p < 0.001) and Gd*" (Fig. 6Dc;
AFrequency[(Gd®>* + SAG) - base] vs.
AFrequency[(DMSO + SAG) - base]: p <
0.001). Under BBG, SAG increased Ca
oscillation frequency (Fig. 6Db; BBG vs.
BBG + SAG: p < 0.001). There was no
statistical difference between AFrequency
[BBG + SAG) - base] and a control,
AFrequency[(DMSO + SAQG) - base] (p =
0.16). A concentration of 1 pM BBG blocks
most P2X7 activity (44); therefore, P2X7
activity may not play a key role in the SAG-
induced enhancement of Ca frequency. These
results raise the possibility that astrocytes
release ATP in response to SAG stimulation
through maxi-anion channels and/or connexin
hemichannels.

Ca oscillations in brain slice astrocytes
are enhanced by SAG

Astrocytes in culture have different features
to those in the brain, e.g. in morphology and
proliferation state (45). To test if the
enhancement of Ca oscillations by SHH
pathway activation is an atypical phenomenon
in cultured astrocytes or a general feature of
astrocytes, we performed Ca imaging in
astrocytes in hippocampal slices. [Ca*']; in
astrocytes labeled with SR101 (46) was
monitored with a Ca dye, Fluo-4 (Fig. 7). In
dentate gyrus of hippocampus, intensively
stained cells with SR101 were found in
molecular layer and weakly stained cells in
granule cell layer. Cell bodies of some
interneuron species are known to exist in inner
molecular layer (47-49), and we indeed
observed NeuN-positive, a general neuron
marker, cell bodies in inner molecular layer:
some in the proximity to granule cell layer and
much fewer distant from granule cell layer
(Fig. S4). Therefore, ROIs were placed on
SR101 and Fluo-4 double positive cells in
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molecular layer excluding cells within 30 um
from granule cell layer, where most, not to say
all, SR101-positive cells should be astrocytes.
During the baseline period, some astrocytes
showed Ca oscillations, and SAG (50 nM)
enhanced Ca oscillation frequency (Fig. 7C; p
< 0.01), while vehicle (0.1% DMSO) did not
(Fig. 7B; p = 0.45). AFrequency analysis also
showed a significant difference between SAG
and vehicle (Fig. 7D; p < 0.01). This result
indicates that the enhancement of Ca
oscillations by SHH signaling operates not
only in cultured astrocytes but also in brain
slice astrocytes.

DISCUSSION

Astrocytes are known to respond to stimuli
by evoking or altering their Ca oscillation
patterns (29, 50, 51), in which Ggi1-coupled
receptors, namely metabotropic glutamate
receptors and P2Y receptors are often
involved (52-54). In this study, the
enhancement of Ca oscillations by SAG was
inhibited by the degradation of extracellular

ATP with apyrase or inhibition of Gi with PTX.

Therefore, the enhancement of Ca oscillations
did not result from direct activation of Gq
but from Gi activation by SMO, which in turn
evoked ATP release. ATP release from
astrocytes by SHH has been previously
reported (30). The increased extracellular ATP
may have activated P2Y receptors in adjacent
astrocytes, and possibly in the astrocytes that
released ATP, thereby enhancing the Ca
oscillations in these cells.
P2Y1/2/4/6/12/13/14 receptors are expressed
in astrocytes, and P2Y1/2/4/6 receptors are
coupled with Gqi1 (52, 55).

The finding that CBX, 1-octanol, and Gd**
inhibited the enhancement of Ca oscillations
by SAG raises the possibility that the ATP
release downstream of activated SMO was not
mediated by a vesicular release mechanism
but through ATP-permeable channels, namely
connexin hemichannels and maxi-anion

channels, which are sensitive to these
antagonists. SLCO2AI is a core component of
the maxi-anion channel (56), although the
precise molecular composition of the maxi-
anion channel is still unclear (57). G protein-
coupled receptor activation (58) and
dephosphorylation of maxi-anion channels
(59) are involved in the opening mechanisms.
The presumed suppression of cAMP-
dependent protein kinase (PKA) downstream
of Gi activation by SAG could lead to
dephosphorylation of maxi-anion channels.
The opening mechanism of connexin
hemichannels has not been clarified, and thus
the mechanisms underlying ATP release
through them are unknown (60). However,
because both CBX and Gd*" block a wide
range of channels (61), they could directly
inhibit the Ca oscillation mechanism
downstream of ATP release rather than
affecting the ATP release channels.
Furthermore, 2-APB inhibits connexin
channels with varying potencies depending on
the subunit (62). Thus, an alteration of
connexin-mediated ATP release by 2-APB
could also be involved in the 2-APB inhibition
of the SAG-induced Ca oscillation
enhancement (Fig. 4) in addition to the
inhibition of IP3R by 2-APB. Characterization
of the ATP-release mechanisms downstream
of SMO in astrocytes remains to be elucidated.

The lag in the onset of changes in the
frequency of Ca transient on application of
SHH or SAG varied considerably among cells.
In some cells the increase started within 1 min
and in others responses started after delays of
2-5 min. This variability indicates that some of
the steps from SMO activation to the increase
in extracellular ATP concentration are slow
with  variable speeds among cells.
Extracellular ATP accumulation is one such
variable step. The not-so-simple dose-
response in Ca oscillation frequency in
response to SHH or SAG (Fig. 1D and E) may
reflect such a complicated mechanism,
together with a possibility that SHH and SAG
have multiple sites of action on their receptors.

Although we consider that the direct ATP
release and subsequent Ca oscillations was via
a non-canonical SHH pathway through Gi
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activation, the canonical SHH pathway, in
which GLI is activated and transported to the
nucleus, may be influenced by the non-
canonical series of events. When the SHH
signal is turned off, GLI is ubiquitinated by -
TrPC, which is induced by the activities of
PKA, GSK3pB, and CKI1. This removes the
GLI active domain and keeps GLI inactive (9).
When the SHH signal is turned on, GLI
escapes from ubiquitination, and full-length
GLI dissociates from the negative regulator,
Suppressor of Fused (SuFu), and migrates into
the nucleus (9, 63, 64). Although the complex
interactions between SMO and GLI are not
understood in detail, several lines of evidence
indicate that PKA is a key negative regulator
of the canonical SHH signal downstream of
SMO (65-69). Thus, the presumed PKA
deactivation following Gi activation and the
decrease in cAMP concentration, which were
confirmed in this study, may reduce the
negative effect of PKA and push the balance
of inactive/active GLI molecules to the active
side. Whether this deactivation of PKA by
activation of Gi downstream of SMO is
peculiar to astrocytes or a more general feature
needs to be clarified.

Adenylyl cyclase 5 and 6 (AC5/6) localize
to primary cilia (70) and are sensitive to
[Ca*]i (71). SHH and SAG raise [Ca*']; in
primary cilia, possibly via Trp channels and
Gd**-sensitive plasma membrane channels
(72-74). Moore et al. reported that cAMP
concentration in primary cilia is five-fold
higher than that of the level in whole-cells, and
SHH stimulation increased ciliary [Ca®']; and
decreased ciliary cAMP concentration in
mouse embryonic fibroblasts (74). They
suggested that inhibition of AC5/6 by Ca*" is
the mechanism for the reduction of cAMP in
cilia by SHH. Primary cilia may behave as
isolated compartments where concentration
and dynamics of signaling molecules,
including Ca®’, are separate from global
cytoplasmic Ca** (73, 75). Therefore, the Ca
increase and cAMP reduction observed in this
study may have occurred in SAG-stimulated
primary cilia of astrocytes in parallel with the
global enhancement of cytoplasmic Ca
oscillations and reduced concentrations of
cAMP.

In the adult brain, SHH is secreted upon
brain injury and makes astrocytes reactive (21,
25). In severe cases, the gathered astrocytes
then form a characteristic astrocyte scar
around the injured site (76, 77). Although the
intercellular and intracellular signaling
mechanisms that make astrocytes reactive and
form scars are not well characterized, an
increase in extracellular ATP has been
implicated in the initial microglial activation
(78), leading to transformation of astrocytes to
the reactive state (79). Although it is proposed
that ATP is released from injured cells as "find
me" (80) or "eat me" (81) signals, intact
astrocytes could be involved in the increase in
extracellular ATP in the early phase of the
response to injury by responding to SHH
release because SHH levels are raised after
traumatic brain injury (21, 22). SHH is also
expressed after brain ischemia (82), and
administration of SHH to rats just after stroke
partially relieves neurological damage with
improved angiogenesis and neuron survival
(83). The release of ATP from astrocytes and
enhancement of Ca oscillations in astrocytes
may also be involved in recovery from brain
ischemia.

Ca oscillations are observed in a wide range
of cell types (51), and controls various vital
functions of cells, e.g. egg activation in
fertilization (84) and differentiation of
osteoclasts (85). However, outcomes of many
Ca oscillation events are not known, including
for the Ca oscillations in astrocytes. A possible
scenario is that Ca oscillations activate Ca-
dependent transcription factors and alters gene
expression patterns, which may modulate
cellular proliferation, differentiation and
programmed cell death. It was proposed that
different sets of transcription factors are
activated according to the frequency and
amplitude of Ca oscillations following
experiments in which intracellular Ca patterns
were artificially controlled (86, 87). Nuclear
factor of activated T cells (NFAT) activity is
controlled by Ca oscillations (86—88), and
dephosphorylation of NFAT by calcineurin, a
Ca-dependent phosphatase, is postulated as a
mechanism for NFAT activation by Ca
oscillations (89). It is conceivable that the
activity of GLI via the canonical SHH
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pathway is regulated by Ca oscillations
evoked through a non-canonical pathway,
because the activity of GLI is controlled by
dephosphorylation (68). The expression of
SHH is increased during development and
upon traumatic injury; therefore, the Ca
oscillations in astrocytes observed in this
study may play roles in differentiation and
activation of astrocytes and may affect nearby
neurons by releasing gliotransmitters. In
future research, it will be of great interest to
determine the outcome of Ca oscillations
induced by SHH in slice preparations or in
vivo.

In Summary, we found that [1] Ca
oscillations in the hippocampus were
enhanced in astrocytes in response to SHH or
SAG:; [2] the enhancement of Ca oscillations
by SAG required IP3R-dependent Ca release;
[3] Gi plays a role downstream of SMO in the
enhancement of Ca oscillations by SAG; [4]
ATP-permeable channels may be responsible
for the ATP release that activates Ca
oscillations in surrounding astrocytes; [5] the
enhancement of Ca oscillations by SHH
signaling was not peculiar to cultured
astrocytes and was also observed in slice
preparations.

EXPERIMENTAL PROCEDURES

Animal care

Animal care was in accordance with
guidelines outlined by the Institutional Animal

Care and Use Committee of Waseda
University. The protocol was approved by the
Committee on the Ethics of Animal

Experiments of Waseda University. All efforts
were made to minimize the number of animals
used and their suffering during experiments.

Cell culture

Primary hippocampal cultures were
prepared from E17 ICR mice as described
previously  (90)  with  modifications:
hippocampi were dissociated with 0.25%
papain (38N18758, Worthington, Lakewood,
NJ, USA) containing 0.25% DNase in
Glucose mix [phosphate-buffered saline
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(PBS) containing 0.4% glucose, 0.04% BSA
and 0.04% L-cysteine] at 37°C for 5 min.
Dissociated cells were seeded on poly-
ethyleneimine (PEI)-coated round glass
coverslips (12 mm in diameter, 1 x 10’
cells/slip) with Neurobasal medium (12349-
015, Thermo Fisher Scientific, Tokyo, Japan)
containing 2% B-27 supplement (Thermo
Fisher Scientific), 1% L-glutamine and 0.05%
penicillin-streptomycin. Cells kept in vitro for
11-17 days were used. The culture confluency
was 80-90%.

Hippocampal astrocyte cultures were
prepared from E17 ICR mice as described
previously  (91)  with  modifications:
dissociated cells were plated in PEI-coated 75
cm?® culture flasks (15 x 10° cells/10 ml) in
DMEM/F12 medium (Sigma-Aldrich, Tokyo,
Japan) containing 5% horse serum and 5%
fetal bovine serum, 0.5% L-glutamine and
0.36% penicillin-streptomycin. After 10 days
in culture, the cells were suspended with
0.025% trypsin in Hanks' balanced salt
solution, Ca*" and Mg*" free, and plated on
PEI-coated round glass coverslips (12 mm in
diameter, 5 x 10* cells/slip) with the same
at  80-90%

culture medium. Cultures

confluency were used for imaging.

Immunohistochemistry

Cells were fixed in 4% paraformaldehyde in
PBS for 15 min, permeabilized with 0.25%
Triton X-100 in PBS for 10 min and blocked
with 1% BSA for 1 h at room temperature (RT).
Cells were incubated overnight at 4°C with the
primary antibody and for 1 h at RT with the
secondary antibody (1:1000). The primary
antibodies used were: anti-MAP2 (1:500) (sc-
20172, sc-32791, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-S100p8 (1:100) (sc-
393919, Santa Cruz Biotechnology), anti-Ibal
(1:500) (019-19741, Fuyjifilm Wako Pure
Chemical Corp., Osaka, Japan), and anti-
Olig2 (1:500) (AB9610, Merck, Tokyo Japan).
The secondary antibodies used were: Alexa
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Fluor 488 donkey anti-mouse IgG (abcam,
Tokyo, Japan) and Alexa Fluor 647 goat anti-
rabbit IgG (Thermo Fisher Scientific, Tokyo,
Japan). Cell nuclei were stained with DAPI
(Santa Cruz Biotechnology).

Reagents

SAG (sc-212905, Santa Cruz
Biotechnology, or S0224, KT Laboratories, St.
Paul, MN, USA) was dissolved in DMSO
(D2650, Sigma-Aldrich) at 5 mM and stored
at -20°C. SHH (murine, 315-22-5UG,
Peprotech, Rocky Hill, NJ, USA) was
dissolved in PBS(+) and stored at -80°C in 100
ug/ml aliquots. 2-APB (D0281, Tokyo
Chemical Industry, Tokyo, Japan) was
dissolved in DMSO at 50 mM and stored at -
20°C. PTX [516560, Calbiochem (Sigma-
Aldrich)] was dissolved in H,O at 100 pg/ml,
stored at 4°C, and used within 6 months. CBX
(C4790, Sigma-Aldrich) was dissolved in
DMSO at 100 mM and stored at -20°C.
Gadolinium chloride (16506-71, Nacalai
Tesque, Kyoto, Japan) was dissolved in H,O
at 50 mM, stored at -20°C, and used within 10
days. 1-Octanol (25506-62, Nacalai Tesque)
was dissolved in DMSO at 2 M and stored at -
20°C. BBG (BI1146, Tokyo Chemical
Industry) was dissolved in DMSO at 1 mM
and stored at -20°C.

DNA transfection

Cultured astrocytes were electroporated
with plasmid DNA encoding Flamindo 2 (40)
using the Amaxa Basic Nucleofector Kit for
Primary Mammalian Glial Cells (Lonza Japan,
Tokyo, Japan) according to the manufacturer's
protocol. Nucleofected astrocytes were placed
on PEI-coated round glass coverslips (12 mm
in diameter, 1 x 10° cells/slip). After 1-2 hours,
DMEM/F12 medium (Sigma-Aldrich)
containing 5% horse serum, 5% fetal bovine
serum, 0.5% L-glutamine and 0.36%
penicillin-streptomycin was added. Two-five
days after nucleofection 50-60% confluent
cells were used.

Cell culture imaging

Coverslips holding cultured cells were
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mounted in a stainless steel chamber
containing HBS (in mM, 20 HEPES, 115
NaCl, 5.4 KCl, 1 MgCl,, 2 CaCl,, 10 glucose,
pH 7.4). A Ca indicator, Fura-2 was loaded
into cells by incubation with 2.5 uM Fura-2-
AM/HBS (Dojindo, Kumamoto, Japan) at
37°C for 10 min followed by three washes
with HBS. TTX (1 uM) was added to HBS
throughout the imaging procedures (HBS-
TTX) when primary culture preparations were
used to avoid Ca events evoked by neuronal
activities. Time-lapse imaging was performed
with an inverted microscope (IX71, Olympus,
Tokyo, Japan) with a 20x objective
(UApo/340, N.A., 0.75, Olympus). Fura-2
was excited by 340 and 380 nm wavelength
light alternating every 3 s and fluorescence
was detected with a cooled CCD camera
(ORCA-ER, Hamamatsu Photonics,
Hamamatsu, Japan) through a beam splitter
(400 nm) and an emission filter (420 nm long
pass). The fluorescence intensity ratio
(F340/F330) was calculated for each time point
of each region of interest (ROI) by dividing
fluorescence intensity excited by 340 nm light
by that excited by 380 nm light after
background subtraction. Fluorescence signals
of each wavelength image were calculated by
averaging pixel intensities in an oval ROI
covering each cell body. ROIs were set on all
cells identifiable by the Fura-2 staining in each
field of view. Ca transients were detected by
finding Fs4/F3s0 changes exceeding a
threshold from a baseline value along the time
course of the F340/F3s0 ratio. The baseline value
for each time point of each ROI (Rpase) Was
determined by calculating the average of the
F340/F330 values of the ROI for 20 frames just
before the time point. To reject large
deflecting values due to Ca transients, data
points with values twice larger than the
standard deviation of the values of the ROI
throughout the recording period were omitted
from the baseline calculation. In experiments
where the Ca recording baseline suffered from
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artefactual slow drifts because of optical
interference by applied reagents (Tg, 2-APB,
CBX and 1-octanol; see Fig. 4 and 6), linear
regression instead of averaging was used to
determine Ryase, Which was effective to cancel
slow baseline drift (Fig. S5). Cells showed
various Ca changes in this study; from
apparent large spikes of Ca transients to much
smaller Ca changes just above the noise level.
Because we focused on the former clear Ca
transients in this study, we determined the
threshold for detection of Ca events as 0.08 for
cultured cells, which effectively isolated the
clear Ca transients. In most of the Ca
measurement experiments the frequencies of
Ca transients before drug application
(baseline) and after drug application periods
calculated in These
frequencies of all cells from repeated
experiments were pooled as a group, and are

were each cell.

displayed by cumulative histograms in figures.

To make the Ca frequency changes clearer, the
baseline Ca event frequency was subtracted
from the frequency after drug application in
each cell (AFrequency). AFrequencies of all
cells from repeated experiments were pooled
as a group, and are displayed as cumulative
histograms in figures and compared with other
groups of different experimental conditions by
considering the null hypothesis that
AFrequency of cells is the same between
different experimental conditions. When
cAMP concentration was measured, Fura-2
was loaded into cultured astrocytes that had
been transfected 2-5 days previously with
plasmid encoding Flamindo 2, and time-lapse
imaging of three alternating wavelengths was
performed every 5 s, by adding a blue-
excitation and a green emission acquisition for
Flamindo 2 (490-500 nm excitation and 515-
560 nm emission filters with a 505 nm beam
splitter) to the Fura-2 dual wavelength
acquisition described above. There was no
detectable cross talk between the Fura-2 and
Flamindo 2 optical paths. For time course
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analysis of Flamindo 2 results, the
fluorescence signal of each frame was divided
by that of the first image frame (F/Fo) after
background subtraction. Image acquisition
and data analysis were performed with
custom-made TI Workbench software written
by T. L. (92).

Brain slice

Hippocampal slices, 400 um thick, were
prepared from 4-8-week-old male C57BL/6
mice using a standard method (93) and used
within one day of preparation. A Ca indicator,
Fluo-4 AM (Thermo Fisher Scientific), and an
astrocyte marker, sulforhodamine 101 (SR101,
sc-215929, Santa Cruz), were loaded onto the
slices by incubating with 5 uM Fluo-4 AM in
artificial cerebrospinal fluid (ACSF; in mM, 1
NaCl 125, KC1 2.5, NaH,PO4 1.25, NaHCO;
26, MgCl, 1, CaCl; 2 and glucose 20,310-315
mOsm and bubbled with a 95% O, and 5%
CO; gas mixture) at 34°C for 40 min. SR101
(1 uM) was then added and the slices were
stained for another 20 min. After staining,
slices were transferred to ACSF and kept at RT
for 30 min before the time-lapse imaging.
Time-lapse imaging was performed with an
(92)
mounted on an upright microscope (BX51,
Olympus) with a 20x water immersion
objective  (XLUMPIlanFl, N.A., 0.95,
Olympus). Brain slices were continuously
superfused with ACSF containing 1 pM TTX
at 34°C. An excitation laser of wavelength 920
nm (titanium-sapphire pulse laser, Mai Tai

in-house  two-photon  microscope

DeepSee, Spectra-Physics, Santa Clara, CA,
USA) was used and the emission was divided
with a 580 nm beam splitter and passed
through a 495-540 or 575-630 nm band-pass
filter for the Fluo-4 and the SR101 signals,
respectively. Data analysis was performed as
described for the cell culture experiments
except that the ROIs were placed on SR101
and Fluo-4 double positive cells in the
molecular layer and the Fluo-4 fluorescence
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intensity of each ROI was normalized by

dividing by that of the first image frame (F/Fy).

A baseline value for each data point was
calculated as described above by averaging
the preceding 20 frames, and fluorescence
intensity of the data point of the ROI was
subtracted with the baseline value. We used
0.3 as the threshold to detect Ca transients.
Although SR101 is widely used to stain
astrocytes, hyperexcitation of neurons is a
known side effect (94, 95). We consider that if
this side effect occurred in this study it was
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cAMP, cyclic AMP
CPN, cyclopamine
DMSO, dimethyl sulfoxide
ER, endoplasmic reticulum
GFAP, glial fibrillary acidic protein
HBS, HEPES-buffered saline
IP3R, inositol trisphosphate receptor
NFAT, nuclear factor of activated T cells
PBS, phosphate-buffered saline
PEI poly-ethyleneimine
PKA, cAMP-dependent protein kinase
PTX, pertussis toxin
ROI, region of interest
RT, room temperature
SAG, Smoothened agonist
SHH, Sonic hedgehog
SMO, Smoothened
SR101, sulforhodamine 101
Tg, thapsigargin
TRP, transient receptor potential
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Figure 1. SHH and SAG increased Ca oscillation frequency in mouse hippocampal
cultured cells.

(A) Hippocampal cells loaded with a Ca indicator, Fura-2. Scale bar, 100 pm. (B and C)
Addition of SHH (Ba; 500 pM as final conc.) or SAG (Ca; 5 uM) evoked Ca oscillations.
Frequency of Ca events in each cell was calculated before (base) and after the agonist applications.
(Bb and Cb) Cumulative histograms during the baseline period and during agonist application
periods are shown. Agonist-induced Ca frequency increase was evaluated by subtracting the
baseline Ca frequency from that after the drug application in each cell (AFrequency). Cumulative
histograms of AFrequency of cells applied with concentrations of SHH (D) or SAG (E) together
with that of DMSO-applied control cells (0.1% as final conc., n = 820 cells from 7 cultures).
Number of cells are: 5 nM SHH: n = 1688 cells from 16 cultures, 500 pM SHH: 510 cells from 5
cultures, 50 pM SHH: 603 cells from 5 cultures, 5 uM SAG: 1131 cells from 8 cultures, 1 uM
SAG: 416 cells from 4 cultures, 500 nM SAG: 469 cells from 5 cultures, 100 nM SAG: 560 cells
from 6 cultures, and 50 nM SAG: 428 cells from 4 cultures.
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Figure 2. Effects of cyclopamine and apyrase against the SAG-induced enhancement of
Ca oscillation frequency in hippocampal primary culture.

(Aa) Cyclopamine (CPN; 5 uM) was added to the bath, and SAG application followed. (Ab)
Cumulative histograms of the Ca oscillation frequency during the baseline period (base), CPN
and CPN with SAG (n = 768 cells from 6 cultures). (Ac) AFrequency of the drug effects are
displayed as cumulative histograms, together with that of a control cell group to which 0.1%
DMSO was added in place of CPN, which is the same one shown in Fig. 1D and E. (Ba) Apyrase
(5 U/mL) suppressed the SAG-induced enhancement of Ca oscillation frequency. (Bb)
Cumulative histograms of Ca oscillation frequency during the baseline period, after SAG
application and after apyrase addition (n =444 cells from 3 cultures). (Bc) Cumulative histograms
of AFrequency. (C) As a control, vehicle solution (HBS-TTX) was added in place of apyrase in
(B). Cumulative histograms of Ca event frequency (Ca) and AFrequency (Cb) are shown (n =729
cells from 7 cultures).
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Figure 3. The SAG-induced Ca oscillation enhancement takes place in astrocytes

(A) Cell types showing Ca oscillations were characterized by immunohistochemistry. Time
lapse Ca imaging of a 10 min baseline (HBS-TTX) and 10 min in SAG was performed in
hippocampal cultures (Aa), which were then fixed and stained with anti-MAP2 (red) and anti-
S100B (green) antibodies (Ab). Filled arrowheads indicate S100B-positive cells, and open
arrowheads indicate MAP2-positive cells. Scale bar, 100 pm. (Ba) Fura-2-loaded astrocyte
culture. The enhancing effects of SHH (B; 500 pM, n = 465 cells from 5 cultures) or SAG (C; 5
uM, n = 1731 cells from 12 cultures) on Ca oscillation frequency were observed in the astrocyte
culture. (D) Cumulative histograms of AFrequency of SHH and SAG together with a DMSO
(0.1%) applied control cell group (n = 642 cells from 5 cultures).
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Figure 4. Ca release through IP3R is involved in the SAG-enhanced Ca oscillations

(Aa) The SAG-induced Ca oscillation frequency enhancement was tested in Ca-free media, in
which Ca-free HBS supplemented with EGTA (1 uM) was used as an extracellular medium
throughout the recording period. (Ab) Cumulative histograms of Ca oscillation frequency with
Ca-free medium during the baseline period and after the application of SAG (n =431 cells from
5 cultures). (Ac) A cumulative histogram of AFrequency(SAG — base) in Ca-free medium and
AFrequency(DMSO — base) obtained from a control group with DMSO (0.1% in Ca-free medium)
in place of SAG (n = 377 cells from 4 cultures). (B-D) 2-APB (B; 50 uM, n = 417 cells from 5
cultures), an IP3R inhibitor, Thapsigargin (Tg; C; 100 nM, n = 416 cells from 5 cultures), an
inhibitor to the endoplasmic reticulum Ca-ATPase, or Dantrolene (D; 10 uM, n = 505 cells from
5 cultures), a ryanodine receptor antagonist, was applied and addition of SAG followed. (Bb, Cb,
Db) Cumulative histograms of Ca oscillation frequency during the baseline period, after
antagonist application and after SAG addition. (Bc, Cc, and Dc) Cumulative histograms of
AFrequency together with those obtained from a control cell group with DMSO in place of the
antagonists (n = 384 cells from 4 cultures).
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Figure 5. The SAG-induced enhancement of Ca oscillations requires Gi activation

(A) Astrocyte cultures were treated with 100 ng/ml pertussis toxin (PTX) for 24 h prior to Ca
imaging. (Aa) SAG increased the Ca oscillation frequency compared to baseline. (Ab-c)
Cumulative histograms of Ca oscillation frequency during the baseline period and after SAG (Ab,
n = 714 cells from 7 cultures) or control DMSO (Ac, n = 537 cells from 4 cultures) application.
(Ad) Cumulative histograms of AFrequency together with those from the control cell group shown
in Fig. 3D. (B) cAMP imaging revealed an increase in intracellular cAMP concentration
([cAMP];). (Ba) A cAMP indicator, Flamindo-2 (green), was expressed in astrocytes and Fura-2
(gray) was loaded for simultaneous measurement. Scale bar, 100 um. (Bb) Time course of
[cAMP]; and [Ca]i were monitored before and after SAG application. (Bc) Averaged time course
of Flamindo-2 signal from astrocytes to which SAG (n = 97 cells from 8 experiments) or vehicle
(0.1% DMSO; n = 58 cells from 4 experiments) was applied.
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Figure 6. Blockers of ATP release channels altered the SAG-induced Ca oscillation
frequency enhancement

(a) Carbenoxolone (A; CBX, 100 uM, n = 231 cells from 4 cultures), a connexin hemichannel
inhibitor, 1-octanol (B; 2 mM, n = 274 cells from 5 cultures), an inhibitor to the connexin
hemichannel, Gd** (C; 50 uM, n = 229 cells from 4 cultures), an inhibitor to the Maxi-anion
channel, or brilliant blue G (D; BBG, 1 uM, n = 292 cells from 5 cultures), a P2X7 receptor
antagonist, was applied and addition of SAG followed. (b) Cumulative histograms of Ca
oscillation frequency before application of the blockers, under the blockers, and after SAG
addition. (c¢) Cumulative histograms of AFrequency together with those from a control cell group
in which 0.1% DMSO was applied in place of the blockers (n = 368 cells from 5 cultures).
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Figure 7. Enhancement of Ca oscillation in astrocytes in brain slices

(A) Astrocytes in an acute hippocampal slice were stained with an astrocyte marker, SR101
(red), and a Ca indicator, Fluo-4 (green). Arrow heads point SR101 and Fluo-4 double-positive
cells. Scale bar, 100 um. Ca oscillations by the application of 0.1% DMSO (B; n = 167 cells from

8 slices) and 50 nM SAG (C; n = 175 cells from 9 slices). (D) Cumulative histograms of
AFrequency.
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Figure S1. Dose-response relationships between the SHH and SAG concentrations and
Ca oscillation frequency in hippocampal culture cells

Calcium oscillation frequencies in hippocampal culture cells were measured before and after
the application of SHH, SAG, and DMSO (0.1%) for control. Cumulative histograms of each
condition indicate effects of DMSO (A; p =0.11, n = 820 cells from 7 cultures), 50 pM SHH (B;
p = 0.38, 1 =603 cells from 5 cultures), 5 nM SHH (C; p <0.01, n = 1688 cells from 16 cultures),
50 nM SAG (D; p <0.05, n =428 cells from 4 cultures), 100 nM SAG (E; p = 0.85, n =560 cells
from 6 cultures), 500 nM SAG (F; p=0.13, n =469 cells from 5 cultures), and 1 uM SAG (G; p
< 0.05, n =416 cells from 4 cultures). Results with 500 pM SHH and 5 M SAG are indicated in
Fig. 1Bb and 1Cb, respectively.
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Figure S2. Identification of cell types in the mouse hippocampal culture

Immunohistochemistry was performed on mouse hippocampal cultures with antibodies against
MAP?2 (A; neuronal marker), S100p (B; astrocyte marker), Ibal (C; microglia marker) and Olig2
(D; oligodendrocyte marker). MAP2- and S100B-positive cells were observed everywhere over
coverslips. Ibal-positive cells were found only in culture batch (10-20 cells in total in each
coverslip) out of 3 batches. Olig2-positive cells were found only where neuron density was very
high (Da), but not at all in view fields where neuron density was modest (Db). Scale bar, 100 um.
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Figure S3. The SHH induced Ca oscillation frequency enhancement was not affected by
extracellular free Ca but by 2-APB in astrocytes

(Aa) The SHH-induced enhancement of Ca oscillation frequency in astrocytes was not
affected by the removal of extracellular Ca, in which Ca-free HBS supplemented with 10 uM
EGTA was used as an extracellular medium throughout the recording period. (Ab) Cumulative
histograms of Ca oscillation frequency with Ca-free medium during the baseline period and after
SHH application show a right-shift of the histogram by SHH (p < 0.001, n = 431 cells from 5
cultures), (Ac) Cumulative histograms of AFrequency calculated from the cell group in (Ab)
and from a control cell group shown in Fig. 4Ac show an apparent difference (p < 0.001). (Ba)
2-APB (50 pM), an IP3R inhibitor, blocked the SHH-induced Ca oscillation enhancement. (Bb)
Cumulative histograms of Ca oscillation frequency during the baseline period, after 2-APB
application and after SHH application show SHH did not take effect in 2-APB (base vs. 2-APB:
p = 0.08, base vs. SHH: p = 0.046, 2-APB vs. SHH: p < 0.001, n = 237 cells from 4 cultures).
(Bc) Cumulative histograms of AFrequency(2-APB — base) and AFrequency[(2-APB + SHH) —
base] are shown together with AFrequency histograms from a cell group applied SAG in place of
SHH shown in Fig. 4Bc.
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Figure S4. SR101-staining and immunostaining with anti-NeuN antibody of a
hippocampal slice

(A) A 20 um-thick z-stack image taken from a live hippocampal slice stained with SR101.
Scale bar: 100 um. (Ba) A 20 pm-thick z-stack image taken from the same slice after fixation and
immunohistochemistry with anti-NeuN-antibody. (Bb) M: molecular layer, G: granule cell layer,
and H: hiles.

Methods: Hippocampal slices were prepared and stained with SR101 as described in
Experimental Procedures. After obtaining the SR101 image under the 2-photon microscope, slices
were fixed in 4% paraformaldehyde for overnight at 4°C, followed by blocking with 10%
blocking solution (10% BSA and 0.3% Triton X-100 in PBS) for 1 h at RT. Then slices were
incubated with anti-NeuN antibody (1:500; MAB377; Millipore, Tokyo, Japan) overnight at RT
then with a secondary antibody (Donkey anti-mouse IgG conjugated with Alexa Fluor 488;
ac150101; abcam) for overnight at RT. Both SR101-stained and immunostained images were
constructed by maximum intensity z-projections of 10 two-photon images with 2 pm z-interval.
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Figure S5. Ca event detection methods

Baseline values for each data point in each ROI were determined (blue), which well traced the
resting Ca signal changes, and threshold by adding a fixed value to the baseline values (red) was
used to detect Ca events. (A) In most of the cell culture experiments, baseline values were
calculated by averaging preceding data points (see Experimental Procedures), which overlapped
well with the baseline even with high frequency Ca oscillations (middle trace). Threshold was set
by adding a fixed value (0.08) to the calculated baseline values and Ca events were faithfully
picked up (triangle marks). (B) In experiments using 2-APB, Tg, CBX and 1-octanol, where the
Fura-2 ratio drifted because of the reagents, baseline values were calculated using not average but
linear regression of preceding data points to cancel the slow signal drift. Here Ca time courses of
cells applied with Tg are shown. (C) In the slice experiments, baseline was calculated as above
with the F/Fy Fluo-4 fluorescence. Threshold was set by adding 0.3 to the calculated baseline.
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