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Extracellular ATP controls various signaling systems including
propagation of intercellular Ca2� signals (ICS). Connexin hemichan-
nels, P2x7 receptors (P2x7Rs), pannexin channels, anion channels,
vesicles, and transporters are putative conduits for ATP release, but
their involvement in ICS remains controversial. We investigated ICS
in cochlear organotypic cultures, in which ATP acts as an IP3-
generating agonist and evokes Ca2� responses that have been
linked to noise-induced hearing loss and development of hair
cell-afferent synapses. Focal delivery of ATP or photostimulation
with caged IP3 elicited Ca2� responses that spread radially to
several orders of unstimulated cells. Furthermore, we recorded
robust Ca2� signals from an ATP biosensor apposed to supporting
cells outside the photostimulated area in WT cultures. ICS propa-
gated normally in cultures lacking either P2x7R or pannexin-1
(Px1), as well as in WT cultures exposed to blockers of anion
channels. By contrast, Ca2� responses failed to propagate in cul-
tures with defective expression of connexin 26 (Cx26) or Cx30. A
companion paper demonstrates that, if expression of either Cx26
or Cx30 is blocked, expression of the other is markedly down-
regulated in the outer sulcus. Lanthanum, a connexin hemichannel
blocker that does not affect gap junction (GJ) channels when
applied extracellularly, limited the propagation of Ca2� responses
to cells adjacent to the photostimulated area. Our results demon-
strate that these connexins play a dual crucial role in inner ear Ca2�

signaling: as hemichannels, they promote ATP release, sustaining
long-range ICS propagation; as GJ channels, they allow diffusion of
Ca2�-mobilizing second messengers across coupled cells.

deafness � mouse models � P2x7 receptor � pannexin � biosensor cells

In the organ of Corti, a polarized neurosensory epithelium of
the inner ear (1) [supporting information (SI) Text and Fig.

S1], non-sensory epithelial and supporting cells form a glial-like
syncytium (2) interconnected by connexin 26 (Cx26) and Cx30,
two connexins that may assemble to form heteromeric gap
junction (GJ) channels (3). In several systems coupled by GJ
channels, including retina glial cells and astrocytic networks, the
spread of intercellular Ca2� signals (ICS) provides a mechanism
by which cooperative cell activity is thought to be coordinated (4,
5). Nanomolar levels of ATP on the apical surface of the organ
of Corti, which have been linked to sound exposure (6), activate
G protein-coupled P2Y2 and P2Y4 receptors (7, 8). Moreover,
focal mechanical stimuli that release ATP evoke IP3-dependent
ICS that propagate radially across this cochlear cellular network
at a uniform and constant speed of 10 to 15 �m/s (7, 8),
comparable to the speed of glial Ca2� waves (4, 5). ICS prop-
agation across the organ of Corti is reduced by apyrase, suramin,
or intracellular acidification in CO2-saturated buffer (7, 9). The

mechanisms that underlie cochlear ICS propagation (7–9), as
well as spontaneous ATP release in the Kölliker organ before the
onset of hearing (10), are consistent with Ca2�-activated ATP
release through unpaired connexons (11), i.e., non-junctional Cx
hemichannels (12, 13). Indeed, increase of cytoplasmic free Ca2�

concentration ([Ca2�]i) triggers Cx hemichannel opening (14,
15), and functional studies in expression systems indicate that
Cx26 and Cx30 may operate as hemichannels in the plasma
membrane (16–18). Furthermore, ATP is released in an actin-
and phospholipase-C-dependent manner through Cx hemichan-
nels in HeLa cell cultures stably expressing human Cx26 (19).
Finally, deafness-linked mutations of Cx26 that result in abnor-
mally open hemichannels cause cell death (20), whereas unreg-
ulated ATP release through Cx30 hemichannels has been im-
plicated in alteration of epidermal factors leading to a rare skin
disorder (21).

However, it has been pointed out that most studies impli-
cating Cx hemichannels relied on the use of pharmacological
compounds that are not specific and have been shown to affect
the activity of various other channels (22). Therefore, alter-
native conduits for ATP release, like the P2x7 receptor
(P2x7R) (23, 24), which is expressed in the immature inner ear
(25), and its co-immunoprecipitating partner Px1 (26), cannot
be excluded based solely on responses to pharmacological
inhibitors or mimetic peptides (22, 27). Matters are further
complicated by the fact that ICS can be also transmitted by the
direct transfer of Ca2�-mobilizing second messengers from the
cytosol of one cell to that of an adjacent one through GJ
channels (28). Indeed, GJ-mediated transmission of Ca2�

waves was the first pathway identified in astrocytes (29).
Interestingly, ICS propagation across heteromeric GJ channels
consisting of Cx26 and Cx30 is reported to be faster than across
their homomerically assembled counterparts (30). Further-
more, heteromeric mixing of different connexin isoforms,
producing variation in channel stoichiometry and/or arrange-
ments of isoforms within the hemichannels, may allow cells to
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regulate their intercellular communication properties, includ-
ing molecular selectivity to inositol phosphates (31). Perme-
ability to IP3 is impaired in a deafness mutant of Cx26 (9).

By using focal ATP delivery (8) or photostimulation with
caged IP3 (32), we have performed accurate measurements of
cochlear ICS propagation range, hereby defined as the ratio
between the culture area invaded by Ca2� signals and the area
responding within 1 s to the applied stimulus (i.e., ATP puff or
laser radiation). A value of 1 indicates no propagation (see SI
Text). We show that Ca2� signals fail to propagate in cultures
with deficient expression of Cx26 and Cx30, whereas ICS in
cultures from mice lacking Px1 or P2x7R are indistinguishable
from those of WT controls.

Vesicular- and transporter-mediated release was not investi-
gated in this study, as (i) vesicular storage of ATP has been
detected in the cochlear lateral wall but not in cells of the organ
of Corti (6, 33), and (ii) previous work has shown that blockage
of either vesicular ATP release or ATP-binding cassette trans-
porters fails to inhibit ATP release (11).

Results
Divalent Ions and Ectonucleotidases Control Ca2� Signaling in WT
Cochlear Cultures. In the first set of experiments (Fig. 1), we
loaded cochlear organotypic cultures with the AM ester moiety
of the Ca2� indicator fura-2 and measured ICS in supporting and
epithelial cells stimulated with ATP puffs (50 ms, 4 �M)
delivered from a glass micropipette located above the outer hair
cell region (Fig. S1) as previously described (7, 8). In vivo, the
apical surface of the cochlear sensory epithelium is bathed in
endolymph, an unusual extracellular fluid containing 150 mM
K�, 2 mM Na�, and as little as 20 �M extracellular free Ca2�

concentration ([Ca2�]o) (34). We tested ICS propagation in
ECM, a medium with endolymph-like [Ca2�]o (Fig. 1 A and
Movie S1), or DFM, a medium devoid of divalent ions (Fig. 1B),
and in both cases we obtained ICS similar to those evoked by
focal mechanical stimuli (7, 8). ICS range decreased significantly
in EXM, an extracellular medium containing 2 mM [Ca2�]o (Fig.
1C). However, in EXM supplemented with the ectonucleotidase
inhibitor ARL67156 (100 �M), the ICS range was similar to that
measured in ECM (Fig. 1D; pooled data are shown in Fig. 1E),
suggesting that EXM presumably reduces hemichannel basal
opening, but the ATP that is released in the presence of
ARL67156 is enough to support ICS propagation. Consistent
with this hypothesis, in ECM supplemented with ARL67156
(100 �M), we recorded the spontaneous (i.e., unstimulated)
occurrence of Ca2� oscillations (Fig. 1F) similar to those elicited
by extracellular ATP in concentrations ranging between 20 nM
and �1 �M (7, 8). These results highlight the sensitivity of
cochlear supporting cell Ca2� signaling to [Ca2�]o and ATP
degradation by ectonucleotidases expressed at the endolym-
phatic surface of the organ of Corti (35, 36).

Ca2� Signals Fail to Propagate in Connexin-Deficient Cochlear Cul-
tures. By using antibodies against Cx26 extracellular loop pep-
tides (18), we detected immunofluorescence signals near the
apex of fixed, but not permeabilized, cochlear supporting and
epithelial cells (Fig. S2), suggesting that unpaired connexons may
be present in the apical plasma membrane, which prompted us
to further test the hypothesis that Cx hemichannels release ATP
in this system.

Thus, in the second set of experiments (Fig. 2), we co-loaded
cochlear organotypic cultures from WT or transgenic mice with
the AM esters of fura red (a visible light-excitable fura-2
analogue) and caged IP3. By focusing UV laser light (100 ms, 375
nm) within a well defined area in the organ of Corti bathed in
ECM, we photostimulated supporting cells containing caged IP3,
effectively bypassing the initial activation of P2Y receptors by
extracellular ATP. In WT cultures, focal IP3 uncaging elicited
ICS that spread radially to several orders of unirradiated cells
(Fig. 2 A and Movie S2). ICS propagation was hampered in
cultures lacking Cx26 (Fig. 2B and Movie S3) or Cx30 (Fig. 2C),
but normal in cultures lacking either P2x7R (Fig. 2D) or Px1
(Fig. 2E). Pooled data are shown in Fig. 2 F and G. Sensitivity
of Ca2� responses to [Ca2�]o and ectonucleotidases was similar
in WT, P2x7R KO, and Px1 KO cultures (Fig. S3). Furthermore,
the purinergic signaling cascade (7, 8) was intact in these
experiments, as all cultures responded to extracellular ATP with
the expected pattern of Ca2� oscillations (not shown). The
selective P2x7R inhibitor brilliant blue G and anion channel
inhibitors SITS, DIDS, tamoxifen, and glybenclamide had no
effect on ICS propagation in ECM (Fig. S4A), whereas ICS
spread was inhibited in ECM supplemented with the nonselec-
tive Cx channel blockers CBX (in a dose-dependent manner),
nif lumic acid (200 �M), and flufenamic acid (50 �M) (Fig. S4B).
Taken together, these experiments clearly show that connexins
are involved in the process of ICS propagation illustrated in
Fig. 2.

Fig. 1. Effect of divalent ions and ectonucleotidases on ICS evoked by ATP
puffs in the organ of Corti. (A-D) Representative experiments showing
pseudocolor images of Ca2� signals (measured as fura-2 emission ratio
changes; �R) propagating through cochlear supporting and epithelial cells of
P3-P6 mouse organotypic cultures following focal delivery of an ATP puff (50
ms, 4 �M) from a glass micropipette with a tip opening of �1.5 �m. EXM,
extracellular medium containing 2 mM Ca2�; ECM, medium containing en-
dolymphatic Ca2� concentration (20 �M); DFM, medium devoid of divalent
ions; EXM�ARL, ectonucleotidase inhibitor ARL67156 (100 �M) dissolved in
EXM. Time of image capture measured from the end of ATP delivery is
indicated on each frame. (E) Pooled data showing ICS propagation index for
conditions in A-D; data are mean � SEM for independently repeated exper-
iments on at least five cultures from different animals; **P � 0.01, Student t
test. (F) Representative whole-cell averages of fura-2 �R versus time for
randomly selected cells in a culture bathed in ECM and stimulated with 100 �M
ARL67156 (empty bar at bottom marks timing of drug delivery).
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Photostimulation with Caged IP3 Releases ATP to the Extracellular
Medium. To investigate the relationship between photorelease of
caged IP3, ATP release, and Cx hemichannels, we performed a
third set of experiments using cellular biosensors (37) (Fig. 3).
ATP biosensor responses are mediated by Ca2� influx through
P2x2 and P2x3 ionotropic receptors (37); therefore, data were
collected in an extracellular medium containing 100 �M Ca2�,
a concentration that does not impair ICS propagation in WT
cultures. We separately preloaded ATP biosensors with fluo-
4AM and cochlear cultures with caged IP3 AM. When a pipette-
held ATP biosensor was apposed to a supporting cell outside the
UV exposed area in a WT culture (Fig. 3 A and B), we reliably
recorded robust biosensor Ca2� signals (Fig. 3C). We failed to
detect similar signals following IP3 uncaging in Cx26 KO or Cx30
KO cultures (not shown). We note in passing that ICS propa-

gated to cells in the Kölliker organ following IP3 uncaging in
Hensen cells of WT cultures bathed in ECM (Fig. S5 and Movie
S4). Thus, ATP release through Cx hemichannels allows com-
munication across supporting cells in the two separate GJ-
coupled compartments (38) that are found on opposite sides of
the sensory hair cell region, as well as within each one of these
compartments.

Diffusion and Efflux of Calcein from Cochlear Supporting Cells. As
cochlear Cx hemichannels release ATP, a charged and relatively
large molecule (MW 340, charge �4 at physiological pH [39]),
they might also release fluorescent tracers with similar charge
and size. Calcein, which has approximately six negative and two
positive charges at pH 7 (MW 622, net charge �4) is a polyan-
ionic fluorescein derivative that, according to the manufacturer,
exhibits f luorescence essentially independent of pH between 6.5
and 12. Thus, in the fourth set of experiments (Fig. 4 and Figs.
S6–S8), we initially verified that calcein diffuses across GJ
channels in the organ of Corti of WT cochlear cultures (Fig. S6).
Thereafter, we assayed calcein efflux from cochlear cultures
bathed in ECM and preloaded with the AM moiety of this tracer
(Fig. 4). In particular, we compared calcein efflux rates in WT,
Cx26 KO, and Cx30 KO cultures and we also tested the effects
of CBX and lanthanum (La3�). The latter has been reported to
block IP3-triggered ATP release in a rat brain endothelial cell
line (40). La3� also impairs dye uptake in rat cortical astrocytes
expressing Cx43 (41) and blocks hemichannel currents evoked by
depolarization of HeLa cells transfected with cDNA encoding
rat Cx43 (42). We recorded hemichannel currents evoked by

Fig. 2. Ca2�signals evoked by 100 ms of focal photostimulation with caged
IP3 fail to propagate in connexin-deficient cochlear cultures but propagate
normally in Px1 KO and P2x7 KO cultures. (A-E) Ca2� signals in cochlear
supporting and epithelial cells from P3-P6 mouse organotypic cultures bathed
in ECM and co-loaded with the AM esters of fura red and caged IP3. (A) Control
(WT culture); (B) Cx26 KO culture; (C) Cx30 KO culture; (D) P2x7 KO culture; (E)
Px1 KO culture. (F) Pooled data showing propagation range in WT controls and
in cultures lacking Cx26, Cx30, P2x7, or Px1. (G) Speed of propagating ICS for
data in F. Data in F and G are mean � SEM for independently repeated
experiments in tissues from at least three different animals.

Fig. 3. Ca2�responses evoked in ATP biosensors by 100 ms of focal photo-
stimulation of cochlear supporting cells with caged IP3. (A) Example of a
pipette-held biosensor loaded with fluo-4 and apposed to a Hensen’s cell in a
culture loaded with caged IP3 AM and viewed with bright-field differential
interference contrast optics. (B) The same field under conventional epifluo-
rescence illumination. (C) Representative biosensor whole-cell pixel averages
of percent fluo-4 fluorescence change (�F) relative to pre-stimulus fluores-
cence emission intensity (F0) measured before delivery of the photostimula-
tion (arrow, stimulus onset), versus time for similar independently repeated
experiments performed in tissues from three different animals.

Fig. 4. Calcein efflux from supporting cells of the organ of Corti. Left, time
course of percent fluorescence emission change (�F) relative to initial fluo-
rescence intensity (F0) in cultures preloaded with calcein AM. Right, efflux rate
from data at left. Values shown as mean � SEM for independently repeated
experiments on cultures from at least four different animals.
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depolarization in patch-clamped solitary HeLa cells transiently
transfected with mouse Cx30 (16) tagged with a color variant of
the GFP (43), and we determined that La3� (100 �M) blocks
these currents (Fig. S8). Addition of La3� (100 �M) to ECM
markedly reduced calcein efflux from WT cochlear cultures (Fig.
4). Indeed, in WT cultures exposed to La3� (100 �M) or CBX
(100 �M), calcein efflux rate was comparable to that of Cx26 KO
or Cx30 KO cultures bathed in ECM but not exposed to any drug
(Fig. 4). The residual eff lux in the connexin KOs and in La3� or
CBX may be a result of dye loss (which may be tracer-dependent)
through the membrane or other uncharacterized pathways.
However, in gap-fluorescence recovery after photobleaching
assays (44), calcein fluorescence recovery after photobleaching
in WT cultures exposed to La3� (100 �M) was similar to
controls, whereas no recovery was observed in WT cultures
exposed to CBX (100 �M; Fig. S7). Fluorescence recovery after
photobleaching occurs by dye permeation through cell-cell chan-
nels, which partially restores the dye’s intracellular pool within
the photobleached cells. Incomplete recovery of fluorescence
intensity is ascribed to the fraction of the pool that is not
available for intercellular transfer, as a result of trapping into
subcellular organelles and/or binding to subcellular structures
(45). Thus, our experiments (Fig. 4 and Figs. S6–S8) clearly
indicate that membrane-permeable CBX blocks both Cx
hemichannels and GJ channels, whereas La3� blocks Cx
hemichannels but has no access to intercellular channels in GJ
plaques. In summary, based on the experiments described so far
and our previous work (7, 8), we conclude that Ca2� signals can
be transmitted across cochlear supporting and epithelial cells via
extracellular diffusion of a signaling molecule, ATP, which is
released through Cx hemichannels and acts on G protein-
coupled P2Y2 and P2Y4 receptors (7, 8).

Diffusion of Ca2�-Mobilizing Second Messengers Through GJ Channels.
To investigate the relationship between ICS propagation and GJ
channels, in the last series of experiments we exploited the
different blocking characteristics of CBX and La3� highlighted
earlier. Thus, in cultures bathed in ECM co-loaded with caged
IP3 and fura red, uncaging IP3 in the presence of CBX (100 �M)
evoked Ca2� signals that remained confined within the UV-
irradiated area (Fig. 5A). In the presence of La3� (100 �M),
Ca2� signal spread to first-order cells, i.e., cells adjacent to the
irradiated area (Fig. 5B). The results in Fig. 5B are consistent
with those obtained by directly injecting IP3 in a single support-
ing cell while inhibiting P2Y receptors with suramin (9). Thus,
we ascribe the spread of Ca2� signals in Fig. 5B to the direct
diffusion of Ca2�-mobilizing second messengers, most likely IP3

(9), through GJ channels.

Discussion
In this article we investigated the mechanisms underlying ICS
propagation across epithelial and supporting cells of the organ
of Corti challenged with extracellular ATP puffs or photostimu-
lated with caged IP3. Non-sensory cells of the cochlear epithe-
lium express the intermediate filament glial fibrillary acidic
protein, a classic marker for astrocytes (2), and are thought to
perform similar spatial buffering of K�, the major charge carrier
implicated in mechano-electrical transduction (3, 46, 47). Acti-
vation of Cx43 hemichannels in the astrocyte plasma membrane
causes the release of ATP into the extracellular space (48), where
it activates P2Y receptors on adjacent cells to initiate a Ca2�

wave (12, 13).
In addition, Px1 and P2x7R have been implicated in ATP

secretion from glial cells during Ca2� wave propagation (49) and
amplification of astrocytic ICS (24). Px1 can assemble in the
plasma membrane (50, 51), forming mechano-sensitive conduits
that are permeable to ATP (52) and underlie ATP release from
erythrocytes challenged by mechanical stretch (53), as well as
mouse taste receptors activated by gustatory stimuli (37). How-
ever, determining the exact function for pannexons and how they
differ from connexons has been so far undermined by lack of
specific channel blocker and Px gene KO animals (54). Further-
more, interactions between Px1 and P2x7R have been docu-
mented. In particular, co-expression of Px1 and P2x7R produces
a signaling complex that, when activated by ATP, leads to
opening of a cation channel, the creation of a transmembrane
pathway sufficiently large to allow the passage of large molecular
weight fluorescent dyes (up to 900 Da), and cell lysis (26, 55).
The large-pore permeation properties of the P2x7R/Px1 complex
are greatly enhanced by removal of divalent cations and inhibited
by CBX (55) whereas, in the absence of Px1, P2x7R behaves like
a simple cation channel that is resistant to treatment with CBX
and other nonselective connexin channel blockers (26, 55, 56).

Our results with caged IP3 and genetically targeted mice
overcome ambiguities resulting from a lack of specific channel
blockers, demonstrating that ICS propagate normally in cultures
lacking either P2x7R or Px1, but fail to propagate in cultures with
defective expression of Cx26 or Cx30. We thus exclude that
channels composed of Px1, P2x7R, or a combination of the two
play a significant role. Besides P2x7R (25), the only P2X-type
receptor that has been detected consistently in epithelial, sup-
porting, and sensory cells of the rat organ of Corti is the P2x2R
(57). In the developing cochlea, at P6 (an age pertinent to our
studies), Hensen’s cells, Deiters’ and inner phalangeal cell
processes, and Claudius cells, all express P2x2R (57). However,
we did not detect significant differences in ICS propagation
using DFM or ECM, consistent with the fact that ATP-gated ion
currents recorded from cochlear supporting cells activate at ATP
concentrations in excess of 10 �M (58). By contrast, based on the
comparison of our fura-2 Ca2� signals in Fig. 1 to the ATP
dose-response curve in figure 2 of Gale et al. (7), we estimate that
ATP levels stay in the sub-micromolar range during ICS prop-
agation in the organ of Corti. Hence we exclude P2x2R contri-
butions to the Ca2� signals presented in this article.

Anion channel inhibitors had no effect on ICS propagation in
ECM (Fig. S4A), whereas, as mentioned earlier in this article,
contributions from vesicular- and transporter-mediated ATP
release can be excluded based on previous work (11). Therefore,
based on evidence presented in this article and in our previous
work (7–9), we conclude that connexins afford two concurrent
pathways by which ICS propagate across the organ of Corti; one
involves release of ATP through Cx hemichannels and its
diffusion in the extracellular space, coupled to activation of P2Y2
and P2Y4 membrane receptors that are responsive to nanomolar
ATP in this system (7, 8); the other involves the transfer of

Fig. 5. Effects of CBX and La3� on the spread of Ca2� signals evoked by 100
ms of photostimulation with caged IP3 in the organ of Corti. Ca2� responses of
cultures incubated with 100 �M CBX (A) or 100 �M La3� (B). The fourth image
in each sequence is the pixel-by-pixel difference (i.e., c � b � a) of the first two
images. Results are representative of similar independently repeated exper-
iments performed in tissues from at least three different animals.
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Ca2�-mobilizing signaling molecules, and possibly also other
types of second messengers (59), directly from the cytosol of one
cell to that of an adjacent cell through GJ channels (9).

The unique composition of endolymph makes ATP release
through Cx hemichannels an attractive candidate for ICS prop-
agation in vivo, as low endolymphatic [Ca2�]o (34) is expected to
bias Cx hemichannels in the apical plasma membrane toward the
open state (60). Another important factor that may contribute
to enhancing hemichannel activity in cells exposed to endolymph
is the high level of endolymphatic K� (61). Frequency and
duration of Cx hemichannel opening may be additionally regu-
lated by physiological intracellular triggers, most notably intra-
cellular Ca2� (14, 15). Thus, work performed on Cx32-expressing
cells showed that an increase in [Ca2�]i triggers ATP release
(and dye uptake) that is critically dependent on [Ca2�]i elevation
within a concentration ‘‘window’’ situated around 500 nM (see
figs. 7 E and F of ref. 14). Although we have not performed a
similar characterization of [Ca2�]i-dependent ATP release, it is
interesting to note that ICS mobilize [Ca2�]i to peak levels of
�500 nM in our system (7, 9).

Complete blockade of ICS propagation in cochlear cultures
lacking either Cx26 or Cx30 is not entirely unexpected, as a
substantial decrease in Cx26 protein level (but not mRNA) was
recently reported in cochlea of Cx30 KO mice (62). Likewise, the
amount of Cx26 protein in liver cells of Cx32 KOs is significantly
lower than in controls (63). We analyzed this phenomenon in
detail and, in a companion article, we provide evidence for
coordinated regulation of inner ear Cx26 and Cx30 expression,
at both the mRNA and the protein level, as a result of signaling
through phospholipase C and NF�B pathway in cochlear sup-

porting and epithelial cells in a region between the outer hair
cells and the stria vascularis. However, other unexplored facets
call for further analyses. Indeed, in our opinion, one of the main
goals for future research is certainly that of achieving a clearer
picture of intercellular signaling in the inner ear.

Materials and Methods
Organ Cultures. Cochleae were dissected from P3-P6 mouse pups in ice-cold
Hepes-buffered (10 mM, pH 7.2) Hanks’ balanced salt solutions (HBSS; Sigma)
and placed onto glass coverslips coated with 10 g/ml of Cell Tak (Becton
Dickinson), as described by Gale et al. (7). Cultures were incubated in DMEM/
F12 (Invitrogen), supplemented with FBS 5% and maintained at 37 °C for 1 d.
For experiments, cultures were superfused at 2 ml/min with an extracellular
medium (i.e., EXM) containing 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.3 mM
NaH2PO4, 0.4 mM KH2PO4, 10 mM Hepes-NaOH, and 6 mM d-glucose (pH 7.2;
320 mOsm). ECM refers to a similar medium with a reduced Ca2� concentration
of 20 �M. DFM refers to a similar medium devoid of divalent ions. Experiments
were performed at room temperature, 22 °C-24 °C. For further methodolog-
ical details, see the SI Text.
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