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Elevated oxidative stress (OS) during aging leads to bone loss. OS increases intracellular Ca2* ([Ca?*]y),
resulting in cellular damage and death. We show earlier that Cx43 hemichannels open in response to OS,
which serves as a protective mechanism for osteocytes. However, the underlying mechanism is unknown.
Here, we found that treatment with H>O; increased [Ca?*]; in osteocytes with [Ca?*]; being primarily derived
from an extracellular Ca?* source. Hemichannel opening induced by OS was inhibited by the depletion of
[Ca?*]; with BAPTA-AM, a Ca?* chelator, suggesting that [Ca?*];influenced the activity of Cx43 hemichannels.
Conversely, blockade of hemichannels had no effect on [Ca?*];. A biotinylation assay showed that cell
surface-expressed Cx43 was increased by OS, which could be inhibited by BAPTA-AM, suggesting that
[Ca?*]; is necessary for Cx43 migration to the cell surface in response to OS. Together, these data suggest that
increased hemichannel activity induced by OS was likely to be caused by elevated [Ca?*]; through increased
Cx43 on the cell surface.
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Introduction

Osteocytes, comprising of approximately 95% of all bone
cells, are embedded inside of the bone matrix. Their
long dendritic processes form a communication network
between neighboring osteocytes and with cells on the
bone surface to regulate bone remodeling. During aging,
the number of viable osteocytes decreases gradually
(1). Oxidative stress (OS) is thought to be a major factor
attributing to osteocyte apoptosis and subsequent bone
loss (2).

In oxidation-related cellular damage, an increase in
the intracellular Ca?* ([Ca?*])) concentration is known to
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accelerate damage to osteocyte by activating Ca?+-
dependent proteases, although cellular Ca%* overload
may not be the sole mechanism mediating cell death
(3). Some possible mechanisms by which oxygen radicals
cause [Ca?*]i elevation in different cell types have been
reported. Oxygen radicals are shown to induce Caz*
release from intracellular Ca?* stores in hippocampal
neurons (4). In human neutrophils, oxygen radicals
induce CaZ influx from the extracellular space (5).
Moreover, oxygen radicals are shown to be responsible
for Ca?*-dependent mitochondrial dysfunction and
CaZ* entry (6). However, the precise mechanisms of
H202-induced [Ca?*] elevation remain largely unknown.

Connexin (Cx) molecules form both gap junctions and
hemichannels, of which the former mediates inter-
cellular communications between cells and the latter
mediates the communication between the intracellular
and extracellular environments. These channels permit
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the exchange of small molecules (up to ~1kDa) (7).
Hemichannels are formed by 6 Cx proteins. Cx43 is the
major connexin isoform expressed in bone cells and the
activity of hemichannels induced by OS is primarily me-
diated by Cx43 hemichannels (8). Cx43 hemichannels
have been shown to regulate the release of NAD*,
prostaglandin E2 (PGEz), and ATP in response to mecha-
nical stimulation in osteocytes (8). Cx43 plays a critical
role in many aspects of bone cell function, including
proliferation, survival, and differentiation of osteoblasts,
skeletal development, and postnatal bone mass acqui-
sition (9-10). Furthermore, Cx43 is shown to be required
for the anti-apoptotic effect of bisphosphonates on
osteoblasts and osteocytes in vivo (11). However, the
cellular mechanism that regulates the activity of Cx43
hemichannels by OS is poorly understood. In this study,
we uncovered the role of intracellular Ca?* rise induced
by OS in the regulation of Cx43 hemichannels. These
findings will ultimately help to illustrate the underlying
mechanism of Cx43 hemichannel opening and OS-
induced Ca?* signals in osteocytic cell death and bone

aging.
Materials and Methods

Materials

Fetal bovine serum (FBS) and calf serum (CS) were from
HyClone Laboratories (Logan, UT, USA); rat tail collagen
type |, 99% pure, was from Becton Dickinson Labora-
tories (Bedford, MA, USA); Fluo-4 AM were from Invitro-
gen (Eugene, OR, USA); EZ-link Sulfo-NHS-LC-Biotin and
NeutrAvidine from Pierce Biotechnology (Rockford, IL,
USA); paraformaldehyde (16% stock solution) was from
Electron Microscopy Science (Fort Washington, PA, USA);
nitrocellulose membrane was from Schleicher & Schuell
(Keene, NH, USA); Enhanced Chemiluminescence (ECL)
kit was from Amersham Biosciences (Piscataway, NJ,
USA); X-OMAT AR films were from Eastman Kodak (Ro-
chester, NY, USA). All other chemicals were from either
Sigma (St. Louis, MO, USA) or Fisher Scientific (Pittsburgh,
PA, USA).

Cell culture

MLO-Y4 cells were cultured on collagen-coated (rat tail
collagen type I; 0.15 mg-mL1) surfaces. Cells were grown
in a-modified essential medium (MEM) supplemented
with 2.5% FBS and 2.5% CS, and incubated in a 5%
CO:2 incubator at 37 C as described previously (12).

Time-lapse fluorescence imaging and [Ca2+]i
[Ca?']ichanges were monitored in MLO-Y4 cells plated
on collagen coated glass bottom cell culture plate

(MatTek, Ashland, MA, USA). Cells were ester-loaded
with 5 umol-L? Fluo-4 for 45min at 37 'C and then washed
three times in recording medium. Cells were maintained
for another 5min at 37 C before any fluorescence
recording was performed. The Ca?* imaging was
acquired every 30s during 100min using a 20x dry
objective at 37 C in an inverted microscope (Nikon
Eclipse) with a fluorescein filter. The image analysis was
performed with Image J software by measuring an
average of pixel density of 15 random cells and sub-
tracting the background fluorescence. The average
pixel value allocated to each cell was corrected for
background. Because of low excitation intensity, no
bleaching was observed even illuminating the cells over
a few minutes. The AF ratio was obtained by first sub-
tracting fluorescence during the rest (Fo) and the fluo-
rescence at the time of recording (F), and then dividing
by Fo on the pixel-by-pixel base [AF=(F-Fo)/Fo]. This
average value was subtracted by basal, non-stimulated
signal to correct the photo-bleaching effect due to the
recording.

Dye uptake

MLO-Y4 cells were plated onto 35 mm cell culture dish
for 48h to reach 70% of confluence. Then cells were
incubated in absence or presence of 5umol-L-1 BAPTA-
AM and then were rinsed 3 times with 2mL of recording
medium (HCOs- -free a-MEM with 10 mmol-L'* HEPES).
The cells were treated for 30 min with 0.3mmol-L1 H202
and then were exposed to 2mL recording medium with
50umol-L1 ethidium bromide (EtBr) and fluorescein dex-
tran (~10kDa) for 5min. Dropping assay was performed
to serve as a control for the hemichannel activity. Cell
culture dishes were divided in 8 areas and 200uL of
recording media were dropped on top of the cell in the
presence of EtBr. After the dropping was finished, the
cells were incubated in the presence of the dye for
5min and were then rinsed 3 times with PBS and fixed
with 2% formaldehyde. At least 4 microphotographies of
fluorescence fields were taken with a 10X dry objective
in an inverted microscope (Carl Zeiss) with a rhodamine
filter for EtBr and fluorescein filter for fluorescein dextran.
The image analysis was performed with Image J software
by measuring the average of pixel density of 15 random
cells and subtracting the background fluorescence.

Immunoblots

MLO-Y4 cells were seeded at 3x10° per 60 mm dishes for
48h, rinsed twice with cold PBS, and harvested by scrap-
ing with a rubber policeman on ice in 200 UL of Laemmli
sample buffer containing protease and phosphatase
inhibitors. Cell lysates were analyzed by immunoblotting.
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Briefly, 20uL cell lysates were separated on 10% SDS-
PAGE and electro-transferred to nitrocellulose sheets.
Nonspecific protein binding was blocked by incubation
of nitrocellulose sheets in 10% nonfat milk for 30 min, and
then blots were incubated with an affinity-purified poly-
clonal anti-Cx43 antibody (1:300 dilution in PBS con-
taining 2% nonfat milk) overnight at 4 ‘C, followed by six,
10 min each washes with PBS containing 0.5% Tween-20.
Blots were incubated with goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (1:2 500
in PBS containing 2% nonfat milk). Antigen-antibody
complexes were detected by ECL using the SuperSignal
kit according to the manufacturer's instructions. Result-
ing immunoblot signals were scanned and densito-
metric analyses were performed using the Image J
software.

Surface protein biotinylation

Cell cultures seeded in 60 mm culture dishes were
washed three times with DPBS containing 1 mmol-L-1
CacCl: and 1 mmol-L'1 MgCl. (DPBS-X?*). Then, 2 mL of
0.5 mg-mL1 EZ-link Sulfo-NHS-LC-Biotin (Pierce Biotech-
nology) (DPBS-X2*) was added to each dish and
incubated for 30 min at 4 'C. The cells were washed with
DPBS-X2*, and then were incubated with 15 mmol-L1
glycine in DPBS-X2* for 30 min, after which cell lysate was
collected in 0.5mL of radioimmunoprecipitation assay
(RIPA) buffer (100 mmol-L-1 NaCl, 10 mmol-L-1 EDTA,
25mmol-L? Tris-HCI, 0.25% Triton X-100, and 1% SDS, pH
7.76) containing protease and phosphatase inhibitors.
Cell lysates were then homogenized by passing through
a 26-gauge needle syringe 20 times. Total lysates were
mixed with 50 mmol-L Tris, pH 7.8, to bring the volume to
1mL, and then incubated with 100puL of monomeric
avidin beads for 1h at 4°C. The beads were then
washed with RIPA buffer without SDS, and biotinylated
proteins were eluted by boiling the beads for 5 min in
sample loading buffer containing 1% SDS and 2% 2-
mercaptoethanol, and the eluted proteins were ana-
lyzed by Western blotting using an affinity-purified Cx43
antibody. The intensity of Cx43 bands was quantified by
densitometry (Image J) and the ratio of biotinylated to
total Cx43 was calculated.

Statistical analysis

Data were analyzed using one-way analysis of variance
(ANOVA) and the Bonferroni comparison test with the
Instat biostatistics program (GraphPad software). Data
are presented as the means + standard errors of the
means (SEM) of three determinations. Asterisks indicate
the degrees of significant differences compared with
the controls (*P<0.05; **P<0.01; ***P<0.001).
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Results

OS increases the level of [Ca?*]iin osteocytes with extra-
cellular Ca?+ as a primary source

Intracellular calcium signals were detected by time
lapse Ca?* recording in MLO-Y4 cells loaded with Fluo-4
dye. The treatment with 0.3 mmol-L'? H20: induced a
quick and consistent rise of [Ca?*]i levels (Figure 1A,
green line). The depletion of extracellular Ca?* resulted
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Figure 1 Extracellular Ca?* is a principal source of [Ca?']; in osteocytes
under OS. (A) MLO-Y4 cells were pre-loaded with 5 pmol L Fluo-4 dye
and then treated with 0.3 mmol L1 H20z in the presence (control, green
line), or absence (low e[Ca?], purple line) of extracellular Ca?". (B)
MLO-Y4 cells were pre-loaded with Fluo-4 dye and then pre-treated
with 5 pmol L1 U73122 (yellow line), 0.1 pmol L thapsigargin (TGN,
red line) or non-treatment control (purple line) in the absence of
extracellular Ca?* prior to the treatment with 0.3 mmol L' H2O>. Time
laps recording of Ca2* signal took place every 30 s during entire 100 min
time period. The black arrow indicates the moment when H>O., was
added. The lines correspond to an average of 3 independent
experiments where 30 cells were quantified and normalized with
non-stimulated rest state. The error bars were omitted in order to clearly

show the Ca?* signal pattern.
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in a reduction of [Ca?*]i by two-thirds (Figure 1A, purple
line), suggesting that the major source of Ca?* was from
outside of the cell. To explore the involvement of the
intracellular Ca?* stores mediated by the IPs pathway
and endoplastic reticulum (ER), we used U73122, a
phospholipase C (PLC) inhibitor and thapsigargin, an ER
Caz*-ATPase pump inhibitor. In the absence of extra-
cellular Ca?*, both U73221 and thapsigargin dramati-
cally inhibited [Ca?*]i rise, with more profound effect by
thapsigargin. These result suggest that OS increased
intracellular Ca?* signals and extracellular Ca?* influx is
the major source of [Ca?*]. Moreover, release of the
intracellular store of Ca?* is primarily mediated by PLC-
IP:-mediated Ca?* release from the ER.

Cx43 hemichannel openings in osteocytes are regulated
by intracellular Ca?* signals

We have previously shown that Cx43 hemichannel
opening is induced by OS and this opening protects
osteocytes against OS (8). However, the upstream me-
chanism that causes the opening of Cx43 hemichannels
remains unknown. To determine if elevated [Ca?']i
induced by OS has any effect on hemichannels, MLO-Y4
cells were treated with or without H.O2 and/or the Ca?*
chelator, BAPTA-AM, or U73122 (Figure 2A). The treat-
ment with H202 induced the opening of hemichannels
as indicated by the increase of EtBr uptake, with appro-
ximately 50% over the basal uptake. The depletion of
[Ca?']iby a Ca?* chelator or a phospholipase C inhibitor
completely prevented the opening of hemichannels
induced by OS. To exclude the possibility that BAPTA-AM
by itself, but not through the suppression of [Ca?*],
directly inhibits hemichannel opening, we applied me-
chanical loading through media dropping to the cell,
which has been shown to induce the opening of
hemichannels (13). Consistently, media dropping caused
an increase of EtBr dye uptake (Figure 2B). Unlike its res-
ponse to BAPTA-AM under OS, the opening of hemi-
channels by media dropping was not inhibited by
BAPTA-AM. This result excluded the direct effect of
BAPTA-AM and support the role of elevated [Ca?']i
signals on hemichannels. Together, these data suggest
that Ca?* signals are an upstream regulator for the
opening of hemichannels under OS conditions.

Elevated [Ca?*]iincreases cell surfface expression of Cx43
We have previously shown that OS induces a progre-
ssive increase of Cx43 protein on the cell surface, reach-
ing the maximum after 1 h (8). To determine if OS-
induced [Ca?']irise has any effect on the cell surface
expression of Cx43, we treated MLO-Y4 cells with H20:2
for 1h in the absence or presence of BAPTA-AM. The

level of Cx43 on the cell surfface was then determined
by biotinylation and western blotting assays. The treat-
ment of H20: increased the levels of Cx43 on the cell
surface indicated by the increase of biotinylated Cx43
level (Figure 3); however, this increase is reduced by
BAPTA-AM (Figure 3). The quantification result of western
blots showed that BAPTA-AM significantly attenuated
the increase of Cx43 on the cell surface induced by
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Figure 2 Hemichannels opening induced by OS requires elevated [Ca?*]..
(A) Hemichannel opening induced by H2O; is blocked by depletion of
[Ca?*]i. MLO-Y4 cells were pre-incubated with 5 pmol L' BAPTA-AM
or 5 pmol L1 U73122 for 20 min and then were incubated with
0.3 mmol L' HO2 for 30 min. EtBr dye uptake was performed and
imaged by snapshot. The degree of dye uptake was quantified by Image
J. The dashed line indicates the normalized basal dye uptake value.
H20O:; treatment versus all other conditions, **P<0.01, n=3. (B) BAPTA-
AM does not block the activation of Cx43 hemichannels induced by
media dropping. MLO-Y4 cells were pre-treated with 5 pmol L*
BAPTA-AM and were stimulated by media dropping to induce Cx43
hemichannels opening. EtBr dye uptake was performed and imaged by
snapshot. The degree of dye uptake was quantified by Image J. The
dashed line indicates the normalized basal dye uptake value. Non-
dropping control with BAPTA-AM versus dropping with or without
BAPTA-AM, **P< 0.001, n=3.
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H20: (Figure 3, lower panel). This result suggests that the
increased hemichannel activity by OS can be partially
explained by the elevated levels of Cx43 on the cell
surface, and this process is mediated by the rise of
[Ca?].

Cx43 hemichannels have no effect on intracellular Ca?*
signals in response to OS

To assess if Cx43 hemichannels would affect OS-induced
[CaZ*)irise in osteocytes, Fluo-4 dye-loaded MLO-Y4 cells
were pre-incubated with or without Cx43 (E2) antibody,
a Cx43 hemichannel blocking antibody (14), and were
then treated with H202. The treatment with Cx43 (E2)
antibody had a similar OS-induced [Ca?]i response as
non-treated control (Figure 4). Unlike the role of [Ca2*]iin
Cx43 hemichannels, Cx43 hemichannels are not involved
in the generation of intracellular Ca?* signals under OS,
which further suggests that [Ca?*]i is an upstream regula-
tor of Cx43 hemichannels and under OS hemichannels
are not responsible for passage of calcium ions.
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Figure 3 [Ca?*]; rise induced for OS enhances the levels of Cx43 on the
cell surface. MLO-Y4 cells were pre-incubated with 5 pmol L BAPTA-
AM,, treated with 0.3 mmol L' H20> for 1 h and then were subjected to
cell surface biotinylation. Biotinylated samples and total cell lysates
were immunoblotted using an affinity purified anti-Cx43 antibody. The
band intensity was quantified and the ratio of biotinylated versus total
Cx43 was calculated (lower panel). *P<0.05; **P<0.01; n=3.
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Figure 4 Blockage of Cx43 hemichannels has no effect on elevated
[Ca?*]i induced by OS. MLO-Y4 cells were pre-loaded with Fluo-4 dye
and then were treated with 0.3 mmol L' H>O> under control (green line)
or in the presence of hemichannel-blocking Cx43(E2) antibody (blue
line). The black arrow indicates the moment when H202 was added. The
lines correspond to an average of 3 independent experiments where 30
cells were quantified and normalized with non-stimulated rest state.
The error bars were omitted in order to clearly illustrate the Ca?* signal

pattern.
Discussion

The apoptosis and loss of osteocytes, the most abun-
dant cell type in the bone, are closely associated with
skeletal aging and accumulation of reactive oxygen
species (2). Osteocytes richly express Cx43, and we
have previously shown that Cx43 hemichannels play a
critical role in protecting osteocytes against OS (8). How-
ever, the underlying regulatory mechanism remained
elusive. In this study, as illustrated in Figure 5, we showed
that the increased intracellular Ca?* signals activated by
OS are a major factor that opens Cx43 hemichannels.
The enhancement of hemichannel activities is likely to
due to the increased Cx43 levels on the cell surface.
Similar to osteocytes, cells like astrocytes and cardio-
myocytes express high levels of Cx43. Under precondi-
tioning conditions induced by OS or ischemia and re-
perfusion, the presence of Cx43 plays a fundamental
role in cell protection. It has been suggested that Cx43
hemichannels release unidentified factors to extra-
cellular media, which activates intracellular signaling
pathways involved in cell protection (8, 15-16). However,
in other studies, Cx43 hemichannels are indicated to
enhance the process of cell death. Cigarette smoke
extract, H2Oz2 or OS induced by chemical ischemia,
oxygen or glucose deprivation are shown to induce
hemichannel opening, which leads to cell death (17-
19). Additionally, Cx43 hemichannels cause cadmium-
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Figure 5 Schematic diagram illustrates the regulation of Cx43 hemichannels by [Ca?*]i under OS. OS induces [Ca?*] rise as a result of extracellular Ca?*

influx and a release of Ca?* from endoplasmic reticulum (ER). Elevated [Ca?*] promotes the increased presence of Cx43 hemichannels (Cx43 HC) on

the cell surface.

induced cell death of renal epithelial cells (20). This
discrepancy between the roles of Cx43 hemichannel
function in cell death versus protection could be caused
by the activity and duration of the opening of hemi-
channels. Sustained opening of hemichannels is known
to be detrimental to the cell which depolarizes cell
membrane and ultimately leads to cell death. Corres-
pondingly, the prolonged elevation of [Ca?']i which
sustains the hemichannel opening could be a major
mechanism resulting in cell death. Therefore, an intricate
balance of Cx43 hemichannel activity is a key factor in
deciding cell fate under OS.

[Ca?*]irise induced by growth factors or 4-Br-A23187, a
slow Ca?* ionophore, has been shown to induce the
increase of Cx43 cell surface levels (21). This result is
consistent with our observation that increased [Ca?']i
promotes cell surface expression of Cx43 and the
amount of Cx43 increased on the plasma membrane is
well correlated with the increased availability of Cx43 in
forming functional hemichannels.

Interestingly, we found that the opening of Cx43 hemi-
channels does not participate in the passage of Ca?* to
contribute to total [Ca?*]i signalling induced by OS. This
observation suggests that Ca?* rise in the cytoplasm is

possibly attributed by Ca?* influx from outside by high
conductance Ca?* channels present on the plasma
membrane of osteocytes (22). Additionally, based on
our study, release of intracellular stores by PLC-IP3 sig-
nalling also partially contributes to the increase of [CaZ*]i
and Cx43 hemichannel activity in the osteocytes. This
data further support the notion that [Ca?*]isignals are an
upstream regulator for the activation of Cx43 hemi-
channels in osteocytes.
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