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Abstract. Many cells coordinate their activities by
transmitting rises in intracellular calcium from cell to
cell. In nonexcitable cells, there are currently two mod-
els for intercellular calcium wave propagation, both of
which involve release of inositol trisphosphate (IP5)-
sensitive intracellular calcium stores. In one model, IP;
traverses gap junctions and initiates the release of intra-
cellular calcium stores in neighboring cells. Alterna-
tively, calcium waves may be mediated not by gap junc-
tional communication, but rather by autocrine activity
of secreted ATP on P, purinergic receptors. We studied
mechanically induced calcium waves in two rat osteosar-
coma cell lines that differ in the gap junction proteins
they express, in their ability to pass microinjected dye
from cell to cell, and in their expression of P2Y, (P,y)
purinergic receptors. ROS 17/2.8 cells, which express
the gap junction protein connexin43 (Cx43), are well
dye coupled, and lack P,y receptors, transmitted slow
gap junction-dependent calcium waves that did not re-

quire release of intracellular calcium stores. UMR 106-01
cells predominantly express the gap junction protein
connexin 45 (Cx45), are poorly dye coupled, and ex-
press P,y receptors; they propagated fast calcium waves
that required release of intracellular calcium stores and
activation of P, purinergic receptors, but not gap junc-
tional communication. ROS/P,y transfectants and
UMR/Cx43 transfectants expressed both types of cal-
cium waves. Gap junction-independent, ATP-depen-
dent intercellular calcium waves were also seen in ham-
ster tracheal epithelia cells. These studies demonstrate
that activation of P,y purinergic receptors can propa-
gate intercellular calcium, and describe a novel Cx43-
dependent mechanism for calcium wave propagation
that does not require release of intracellular calcium
stores by IP;. These studies suggest that gap junction
communication mediated by either Cx43 or Cx45 does
not allow passage of IP; well enough to elicit release of
intracellular calcium stores in neighboring cells.

that spread from cell to cell provide a mechanism for

cells to coordinate many activities, including ciliary
beat frequency and insulin secretion. These intercellular
calcium waves have been studied in many cell types, in-
cluding respiratory tract ciliated cells (2, 14), neurons (6),
glial cells and cell lines (4, 5, 12, 26), smooth muscle cells
(28), osteoblastic cells (27), chondrocytes (9), mast cells
(19), insulinoma cells (3), PC12 cells (18), lens cells (8),
and hepatocytes (24). In most instances, propagation of in-
tercellular calcium waves induced by mechanical stimula-
tion involves the release of intracellular calcium stores by
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inositol trisphosphate (IP;).! In the most extensively char-
acterized mechanism for these waves, mechanical stimula-
tion generates IP;, which diffuses to neighboring cells
through gap junction pores, and then triggers calcium re-
lease from IP;-sensitive intracellular calcium stores (23).
Thus, in rabbit respiratory epithelia, mechanically induced
intercellular calcium waves can be elicited in the absence
of extracellular calcium (22) and can be inhibited by de-
pleting intracellular calcium stores with thapsigargin (2),
by blocking IP; receptors with heparin (2), by inhibiting
phospholipase C activity with U73122 (15), or by blocking
gap junctional communication with heptanol, and the
waves can be evoked by microinjecting IP; (22). It is un-
clear which gap junction proteins are present in these cells,
but the same group has demonstrated that transfection of
connexin 43 (Cx43) into C6 glioma cells confers upon
these cells the ability to propagate intercellular calcium
waves (5).

1. Abbreviations used in this paper: Cx43 and Cx45, connexin 43 and 45;
HTE, hamster tracheal epithelia; IPs, inositol trisphosphate.
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The above studies demonstrate that IP; releasable cal-
cium stores are required for the propagation of intercellu-
lar calcium waves in some cell types, but it is less clear that
diffusion of IP; through gap junction channels is necessar-
ily involved. IP; can traverse at least some gap junction
pores (21), and microinjected IP; can elicit calcium waves
(22), but these observations do not necessarily imply that
the quantity of IP; generated in the stimulated cells is suf-
ficiently great to release calcium stores in neighboring
cells after traversing gap junctions. This situation is further
complicated by the presence of another propagation
mechanism for intercellular calcium waves that requires
release of intercellular calcium stores, but that does not
occur via gap junctional communication. In this second
mechanism, calcium waves appear to be mediated by acti-
vation of purinergic receptors, presumably by secreted
ATP. This mechanism was first defined in rat mast cells
and basophil leukemic cells (19), and has also been re-
ported in hepatocytes (24) and the RINmSf (RIN) insuli-
noma cell line (3). Studies in these cells suggest that me-
chanical stimulation results in activation of ATP receptors
on neighboring cells. Receptors of the P,y class are G pro-
tein—coupled receptors that activate phospholipase C, re-
sulting in generation of IP; and release of intracellular cal-
cium stores (16). In particular the P,y (P2Y,) receptor,
which is activated by both ATP and UTP, has been impli-
cated in these waves. This receptor is found on many dif-
ferent cell types.

We have recently demonstrated that RIN cells, which
are not coupled by gap junctions, propagate intercellular
calcium waves, most likely by activation of purinergic re-
ceptors (3). RIN cells are “excitable,” and express L-type,
voltage-gated calcium channels. Thus when we expressed
the gap junction protein Cx43 in these cells, we could iden-
tify a second type of intercellular calcium wave in the RIN/
Cx43 transfectants, which required ionic coupling, mem-
brane depolarization, and activation of voltage-gated cal-
cium channels, and also did not require release of intracel-
lular calcium stores. This mechanism is not likely to
depend on generation of IP; and is distinct from the mech-
anism proposed above for respiratory epithelial cells; it
may be an important signaling pathway in many excitable
cells, and has been reported in neurons (6).

In the current studies, we investigated intercellular cal-
cium wave propagation in two osteoblastic cell lines that
differ in their expression of gap junction proteins and puri-
nergic receptors. In previous studies we found that the rat
osteosarcoma cell lines ROS 17/2.8 (ROS) and UMR 106-
01 (UMR) differ in the gap junction proteins they express
and in their ability to pass negatively charged dyes such as
Lucifer yellow, carboxyfluorescein, and calcein. ROS cells
express Cx43 on the plasma membrane and are well dye
coupled, but UMR predominantly express Cx45 on the
cell surface and are poorly dye coupled (25). These and
other studies (11) demonstrated that Cx45 gap junction
pores are less permeable to negatively charged dyes than
are Cx43 pores. In addition, as shown in this study, UMR
cells express P,y purinergic receptors, but ROS cells do
not. Our results show that P, receptors and Cx43 play dis-
tinct roles in the propagation of intercellular calcium
waves. We provide evidence in nonexcitable cells that
ATP-mediated calcium waves release intracellular calcium
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stores, and that propagation of gap junction-mediated cal-
cium waves does not require activation of these stores. We
performed further experiments in hamster tracheal epithe-
lia, to more nearly approximate the most thoroughly de-
veloped model in which gap junction-mediated calcium
waves are felt to be mediated by IP;, and obtained results
suggesting that calcium waves in these cells were mediated
by purinergic receptors.

Materials and Methods
Cells and Chemicals

The rat osteoblastic cell lines ROS 17/2.8 and UMR 106-01 were grown in
MEM (Life Technologies, Grand Island, NY) supplemented with 10%
heat-inactivated calf serum, nonessential amino acids, 1 mM sodium pyru-
vate, 2 mM L-glutamine and penicillin/streptomycin. ROS cells expressing
the P,y purinergic receptor (ROS/P,y;) were generated by transfecting
ROS with a human P, construct in the pREP9 mammalian expression
vector, which was provided by Dr. G. Weisman (University of Missouri,
Columbia, MO). Cells were transfected according to the calcium phos-
phate precipitation method and selected in 400 pg/ml Geneticin. Hamster
tracheal epithelia cells (HTE), provided by Dr. W. Goldman (Washington
University School of Medicine, St. Louis, MO), were grown in F-12 medium
supplemented with 10% heat-inactivated calf serum, 2 mM L-glutamine,
and penicillin/streptomycin. All cells were grown in a humidified atmo-
sphere containing 5% CO,. For imaging studies, cells were plated on 25-mm
glass coverslips for 2-4 d and used at 70-90% confluence.

The fluorescent calcium indicators fura-2 and fluo-3 were from Molecu-
lar Probes, Inc. (Eugene, OR). Thapsigargin, an inhibitor of the calcium-
ATPase in the endoplasmic reticulum, was purchased from Calbiochem-
Novabiochem Corp. (La Jolla, CA) and used in a concentration of 50 nM.
The ATP receptor antagonist suramin (Res. Biochems. Inc., Natick, MA),
was used in a final concentration of 100 pM. Other chemicals were from
Sigma Chemical Co. (St. Louis, MO). Heptanol, a gap junction inhibitor,
was made freshly before experiments as a 1:4, heptanol/ethanol solution
and used in final concentrations of 2.0 or 3.5 mM.

Calcium Imaging

Measurement of intracellular calcium concentration [Ca®>*];, was per-
formed using the calcium indicator dyes fura-2 and fluo-3. Cells adherent
to 25-mm-diam, No. 1 thickness glass coverslips were incubated at 37°C in
PBS with 6 mM glucose and 20 mM sodium bicarbonate (PBSG) contain-
ing 5 uM fura-2/AM for 30 min or 5 uM fluo-3/AM for 20 min, and then
incubated an additional 20 min in medium without dye. Coverslips were
affixed to a Teflon chamber and mounted in a PDMI-2 open perfusion mi-
croincubator (Medical Systems Corp., Greenvale, NY) maintained at 37°C
with superfused CO, on a Zeiss Axiovert 35 microscope (Carl Zeiss Inc.,
Thornwood, NY). Imaging was performed using an IM-4000 system
(Georgia Instruments, Roswell, GA). Fura-2 ratio images were acquired
using excitation wavelengths of 340 and 380 nm. Relative increase in
[Ca®*]; were assessed with fluo-3 using an excitation wavelength of 488
nm. Probenecid (1 mM) was added throughout to prevent dye leakage
(10). For fura-2 experiments, ratio images were calibrated using fura-
2-free acid in buffers of known calcium concentration (Molecular Probes
Inc.). Background fluorescence was assessed by quenching fura-2 fluores-
cence with 5 mM Mn?* in the presence of BrA23187. For fluo-3 experi-
ments, images taken before stimulation, indicating the resting calcium
concentration, were subtracted from images taken after stimulation of
cells. The subtracted images therefore represent the increase in dye fluo-
rescence after stimulation. Calcium waves were induced by stimulating a
single cell with a borosilicate glass pipette affixed to an Eppendorf 5171
micromanipulator (Eppendorf, Inc., Madison, WI), and recording images
at intervals. Conduction velocities of calcium waves were estimated by
measuring the distance and amount of time required for the wave to
spread from the stimulated cell to the cells at the periphery of the video field.

Calcium Measurements by
Fluorescence Spectrophotometry

Intracellular calcium was quantitated in cells in suspension as follows.
Cells (107 cells/ml were suspended in medium containing 5 uM fura-2 and
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1 mM probenecid for 20 min at 37°C, diluted 10-fold, incubated at 37°C for
20 min, washed, and then resuspended in PBSG with probenecid. Cells
were kept at room temperature until used for experiments. Cells were
placed in cuvettes (10 cells in 2 ml per cuvette) maintained at 37°C and
stirred. Ratio pairs (340/380 nm excitation; 510 nm emission) were as-
sessed with a Hitachi F-2000 fluorescence spectrophotometer (Hitachi In-
struments, Inc., San Jose, CA).

RNA Blot

RNA blots were performed as previously described (25). Briefly, total cel-
lular RNA was isolated using guanidinium isothiocyanate (7), resolved on
formaldehyde-agarose gels, and transferred to nylon membranes. The
membranes were hybridized to 3?P-labeled probes, the final stringency
wash was with 30 mM sodium phosphate and 1% SDS at 55°C, and hy-
bridizing bands were detected by autoradiography.

Results

ROS and UMR Cells Propagate Calcium Waves with
Different Kinetics

In these studies, we elicited intercellular calcium waves by
mechanical stimulation of single cells in monolayers of two
rat osteoblastic cell lines, ROS and UMR. We previously
demonstrated that ROS cells express Cx43 on the cell sur-
face and are well dye coupled, but that UMR cells express
predominantly Cx45 on the plasma membrane and are
poorly dye coupled (25). When Lucifer yellow was micro-
injected into single cells, it diffused into 9.1 cells per in-
jected cell in ROS, and 1.4 cells per injected cell in UMR
(25). Because ATP receptors as well as gap junctional
communication have been implicated in calcium wave
propagation, we measured the calcium response in UMR
and ROS after the addition of 1 mM ATP or UTP. Both
nucleotides caused a rise in [Ca’"]; in UMR, but not in
ROS (not shown). Concentrations of ATP as low as 0.1
pM were able to elicit calcium transients in UMR cells
(Fig. 1). Response to both ATP and UTP suggested that
UMR cells might express receptors of the P,y (P2Y),) class,
which appear to be the most commonly observed recep-
tors of the P2Y class. We therefore performed RNA blots
on total RNA from ROS and UMR, using as a probe hu-
man P,; cDNA (Fig. 1). UMR, but not ROS, expressed a
3-kbp hybridizing band, consistent with rat P, (17). The
mouse macrophagelike cell line J774, used as a control in
these experiments, demonstrated a faster-migrating band
of ~2.4 kbp, consistent with mouse P, (17). Thus ROS
and UMR cells differ both in gap junctional communica-
tion and in expression of P, receptors.

In both ROS and UMR cell lines, mechanical stimulation
increased [Ca®*]; in the stimulated cell and subsequently
induced a wave of calcium transients spreading to adjacent
cells in the monolayer. However, intercellular calcium waves
in ROS monolayers were much slower, and propagated to
fewer cells, than calcium waves in UMR monolayers. In
monolayers of ROS cells, calcium waves spread 5-15
neighboring cells over several minutes (Fig. 2). Although
the rate of propagation of these waves showed variability
depending on cell density and geometry, these “slow”
waves in ROS cells generally propagated at a rate of ~0.5
pm/s. Frequently there was a time lag of 15-30 s between
the calcium rise in one cell and its neighbor. In contrast,
the poorly dye-coupled UMR cells transmitted waves to
most of the cells in the field of view (30-50 cells) within

Jgrgensen et al. Mechanisms of Intercellular Calcium Waves

600 F 00 F

500 | 0.1 M ATP| 500 |- 10 pM ATP

400 | 400 285 —

300 | 300

200 200 i
[\-‘—*—-u—..,.., — -y

100

sof

500 | 1.0uM ATP| 500 r 100 pM ATP .
400 | 400
300 | 300 185— =
200 M 200
100 - 100

L . . 0 L L .
¢ 25 50 75 100 0 25 50 75 100

A seconds B

Figure 1. UMR cells, but not ROS cells express P,y receptor
mRNA. (A) Calcium transients elicited by different concentra-
tions of ATP in UMR cells. Fura-2-loaded UMR cells were
placed in a stirred cuvette at 37°C, and 340:380 ratios were ob-
tained. (B) Total cell RNA (10 pg) from ROS, UMR, and the
mouse macrophage cell line J774 was electrophoresed on aga-
rose-formaldehyde gel, transferred to nylon, and hybridized with
a radiolabeled cDNA probe for the human P,y receptor. Both
J774 cells and UMR cells expressed a hybridizing band of the ap-
propriate size for mouse and rat P,y, respectively, but no band
was detected in ROS cell RNA.
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15-20 s (Fig. 3), and with little time lag between neighbor-
ing cells. The velocity of propagation was ~10 pm/s in
UMR. In some experiments, the stimulated cell was in fact
ruptured, as demonstrated by loss of dye from that cell.
We detected no differences in the propagated calcium
wave between experiments where cells were ruptured and
experiments where cells were not ruptured. In either in-
stance, ROS cells demonstrated slower calcium waves and
UMR cells demonstrated faster calcium waves.

To demonstrate the differences in the kinetics of these
calcium waves graphically, we identified four cells in a row
extending outward from the mechanically stimulated cell,
and measured fura-2 ratios in these cells over time (Fig. 4).
These traces confirm the dramatic differences in calcium
wave kinetics between the two cell lines. It should be
noted that these traces are presented to demonstrate ki-
netics and not the intensity of the response. Thus they are
presented in relative fluorescence ratios, and the ROS
cells demonstrate a saturating response. It should also be
noted that although UMR cells in these traces demon-
strate an attenuating response, frequently the response in
these cells does not attenuate significantly, as is seen in
Fig. 3.

Calcium Waves in UMR, but Not ROS, Require
Release of Intracellular Calcium Stores

The differences in kinetics and extent of the calcium waves
in ROS and UMR cells suggested that two different mech-
anisms were responsible for these waves. Because most in-
tercellular calcium waves that have been analyzed require
the release of intracellular calcium stores, we asked whether
this was true for ROS and UMR calcium waves by deplet-
ing intracellular calcium stores with thapsigargin, an inhib-
itor of the calcium-ATPase of the endoplasmic reticulum
(Fig. 5). UMR monolayers were loaded with the calcium
indicator dye fluo-3, and single cells were mechanically
stimulated to confirm that calcium wave propagation oc-
curred (average 25 cells per stimulated cell, » = 3). Subse-
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quently, 50 nM thapsigargin was added to the bath solu-
tion, causing a rapid and prolonged increase in [Ca®*]; as
calcium leaked from the intracellular stores. The [Ca?*];
gradually returned nearly to resting levels within 30 min,
at which time intracellular calcium stores were depleted,
as demonstrated by lack of calcium response to ATP in
UMR cells. At this time single cells were again mechani-
cally simulated. The calcium waves in UMR cells were
blocked (zero cells per stimulated cell, n = 3) although the
stimulated cell still showed an increase in [Ca?*];. In con-
trast, intercellular calcium wave propagation in ROS cells
were similar before (average six cells per stimulated cell, n
= 6) and after (average 5.5 cells per stimulated cell, n = 3)
depletion of intracellular calcium stores with 50 nM
thapsigargin. Thus UMR calcium waves required release
of intracellular calcium stores but ROS waves did not.

We then asked whether ROS and UMR could propa-
gate calcium waves in the absence of extracellular calcium.
For these experiments, calcium waves were demonstrated,
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Figure 2. ROS cells propa-
gate slow intercellular cal-
cium waves. Monolayers of
ROS cells were loaded with
fura-2, and a single cell (ar-
rowhead) was mechanically
stimulated during fluores-
cence ratio imaging. Time af-
ter stimulation in seconds is
indicated on each panel. The
pseudocolor map represents
the estimated [Ca®'];.

the cells were washed in calcium-free medium, this me-
dium was then added to the monolayer and again wave
propagation was assessed (Fig. 5). Calcium waves were not
seen after mechanical stimulation of ROS cells under
these conditions (n = 4). In contrast, UMR cells continued
to propagate calcium waves in the absence of extracellular
calcium (>50 cells per stimulated cell, n = 3). It is worth
noting that calcium waves in UMR cells appeared to
spread farther in the absence of extracellular calcium than
in the presence of extracellular calcium, although we have
not explored possible reasons for this finding.

UMR Cell Calcium Waves Do Not Require Gap
Junctional Communication

We then asked whether calcium waves in these osteoblas-
tic cells required gap junctional communication. Heptanol
is a widely used inhibitor of gap junctional communica-
tion, and we have previously demonstrated that heptanol
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blocks gap junctional transfer of microinjected Lucifer yel-
low in these cells (25). We asked whether heptanol inhib-
ited intercellular calcium waves in UMR cells as follows.
Resting calcium images were taken of fluo-3-loaded cells,
and calcium waves were elicited before addition of hep-
tanol. Next, the medium was exchanged for medium con-
taining 3.5 mM heptanol, and after 5 min, cells were stimu-
lated mechanically (Fig. 5). Finally, 1 mM ATP was added
to the solution to determine whether heptanol affected
ATP receptors under these conditions. Using this protocol
we found that heptanol did not block intercellular calcium
waves in UMR cells (n = 11), and also did not inhibit the
calcium transient induced by subsequent addition of ATP.
Ethanol alone in the quantities used in these experiments
had no effect on intracellular calcium, on calcium wave
propagation, or on gap junctional communication (not
shown).
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Figure 3. UMR cells propa-
gate fast intercellular calcium
waves. Methods as in Fig. 2.

When heptanol was added directly to the cell monolay-
ers, calcium wave propagation was inhibited in 11 of 19 at-
tempts. However, whenever heptanol blocked calcium
waves in these experiments, there was no subsequent cal-
cium response to ATP, and conversely, where heptanol
failed to block calcium waves, there was a subsequent re-
sponse to ATP. These experiments demonstrate that hep-
tanol must be used with caution in such experiments. ROS
cell calcium waves were inhibited by heptanol (Fig. 5), and
heptanol consistently blocked gap junctional communica-
tion as assessed by dye transfer, with both addition proto-
cols (data not shown).

To confirm that calcium waves in UMR cells occur inde-
pendently of gap junctional communication, we performed
experiments using subconfluent cultures in which indepen-
dent islands of cells could be observed. These islands of
cells were not in physical contact as assessed by phase mi-
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Figure 4. Kinetics of calcium
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croscopy. We then induced intercellular calcium waves by
mechanical stimulation in single cells within these mono-
layers. Stimulation of single UMR cells resulted in the
rapid spread of a calcium wave to all the cells within the
small cell islands. In addition, the calcium wave spread
with a short time lag to cells in nearby cell islands that
were not in physical contact with the stimulated cell (Fig.
6). When we performed similar experiments in cultures of
ROS cells, spread of calcium waves between islands of
cells was never observed. These experiments confirm that
gap junctional communication is not required for UMR
calcium waves, and are consistent with a role for gap junc-
tional communication in ROS calcium waves.

UMR Cell Calcium Waves Require
Activation of P, Receptors

Since UMR cell calcium waves required release of intra-
cellular calcium stores but did not involve gap junctional
communication or require cell contact, we asked whether
these calcium waves involved activation of P,y receptors.
The inhibitor suramin has been widely used to prevent
ATP-induced calcium transients, although it is not totally

Figure 5. Inhibition of cal-
cium waves in ROS and
UMR cells. Adherent cells
were loaded with fluo-3, and
thapsigargin, heptanol, or
suramin was added, or extra-
cellular calcium was re-
moved, as described in the
text. Intercellular calcium
waves were initiated by me-
chanical stimulation. Panels
were obtained by subtract-
ing a frame taken immedi-
ately before mechanical stim-
ulation from a frame taken at
the time of maximal wave
propagation. Note that, as
described in the text, hep-
tanol blocks calcium wave
propagation in UMR cells in
many cases, and this occurs
when heptanol also inhibits
ATP-induced calcium tran-
sients. The panel shown is the typical response in experiments
where ATP-mediated calcium transients remain intact after hep-
tanol treatment.

No ext.Ca Suramin Heptanol Thapsgn Control

ROS UMR
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Figure 6. Calcium waves are propagated among islands of UMR
cells. Calcium waves were induced in a subconfluent monolayer
of fluo-3-loaded UMR cells. The outline of cells in the field of
view is shown in the upper left panel. A cell in the middle of the
cell island was stimulated, and images were taken at intervals.
Cells that propagated the calcium wave but were not in physical
contact with the stimulated cell are indicated by arrows. Time after
stimulation in s is shown on each panel.

specific for inhibition of purinergic receptors. In prelimi-
nary experiments, we found that 100 wM suramin was re-
quired to effectively prevent P,y-mediated calcium re-
sponses (not shown). This concentration of suramin blocked
propagation of mechanically induced calcium waves in
UMR cells, even though the stimulated cell showed a cal-
cium rise (Fig. 5). In these experiments, calcium waves
spread to an average of 20 cells (n = 8) before suramin,
and to an average of one cell (n = 10) after suramin. In
contrast, 100 pM suramin did not inhibit calcium wave
propagation in ROS cells (Fig. 5; n = 4), nor did it inhibit
intercellular transfer of microinjected Lucifer yellow (not
shown). Thus, although suramin may affect a number of
cellular processes, we were able to use it to distinguish be-
tween calcium waves in ROS and UMR cells, and it had no
effect on gap junctional communication.

The above experiments suggested that intercellular cal-
cium waves in UMR cells were mediated by activation of
purinergic receptors. P,y purinergic receptors, like many
other G protein—coupled receptors, undergo prolonged
desensitization after stimulation with ligand. After expo-
sure to 10 uM or 1 mM ATP and change of medium,
UMR cells failed to respond to subsequent addition of
ATP for at least 15 min (not shown). The failure to re-
spond to subsequent challenge with ATP was not due to
depletion of intracellular calcium stores, because subse-
quent challenge with thrombin (20 U/ml), which activates
another G protein—coupled receptor in these cells (1), re-
sulted in cytosolic calcium transients. Depletion of intra-
cellular calcium stores with 50 nM thapsigargin for 30 min
inhibited thrombin-induced calcium transients (20 U/ml
thrombin) in UMR cells, demonstrating that thrombin-
induced calcium transients required release of intracellular
calcium stores as did ATP-mediated responses (not shown).
We therefore assessed the effect of P,y receptor desensiti-
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zation on calcium waves in UMR cells as follows (n = 4,
Fig. 7). Cells were loaded with 5 uM fura-2, and calcium
waves were demonstrated. Next, 10 uM ATP was added,
which resulted in a calcium transient in all cells. After 2
min, [Ca®"]; returned to resting levels, and single cells
were mechanically stimulated. This resulted in a rise in
[Ca?*]; in the stimulated cell, but no calcium wave was ini-
tiated or propagated in the monolayers. Finally, 20 U/ml
thrombin was added, resulting in an increase in [Ca®*];,
demonstrating that there remained releasable calcium
stores. The same results were obtained using 1 mM ATP
before mechanical stimulation.

To confirm that the inhibition of calcium waves by prior
addition of ATP was due to desensitization of the P,y re-
ceptor we asked whether stimulation of the thrombin re-
ceptor had a similar effect. Adherent UMR cells were
stimulated with 20 U/ml thrombin, which elicited a cal-
cium response in the monolayer. After the initial calcium
transient elicited by thrombin subsided, single cells were
mechanically stimulated, eliciting a calcium wave that was
identical to that seen in untreated cells (n = 3, Fig. 7). Ad-
dition of 10 uM ATP subsequently elicited a rise in intra-
cellular calcium concentration in almost all cells, although
cells in the central area of the propagated calcium wave
frequently did not respond to subsequent challenge with
ATP, presumably because of desensitization induced by
the initial calcium wave (Fig. 7, bottom). Thus activation of
signal transduction pathways that resulted in release of in-
tracellular calcium stores was not by itself sufficient to in-
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Figure 7. Desensitization of
P,y receptors inhibits cal-
cium waves in UMR cells.
Ratio imaging was per-
formed on fura-2-loaded
UMR cell monolayers. Top
panels: left, 1 mM ATP-elic-
ited calcium transients; cen-
ter, subsequent mechanical
stimulation failed to induce
intercellular calcium waves;
right, subsequent challenge
with 20 U/ml thrombin re-
vealed that calcium stores
were not depleted. Middle
panels: left, thrombin-induced
calcium transients; center,
subsequent mechanical stim-
ulation induced a calcium
wave; right, subsequent addi-
tion of ATP induced calcium
transients. Bottom panels:
propagated calcium waves
(left) frequently desensitized
a local area to subsequent
addition of ATP (right).

hibit subsequent mechanically induced intercellular cal-
cium waves; rather, desensitization of the P,y receptor
itself was required.

ROS/P,;; and UMR/Cx43 Transfectants
Propagate Both Gap Junction— and ATP-dependent
Calcium Waves

The above studies demonstrated that mechanically in-
duced intercellular calcium waves in the UMR cell line
were propagated by activation of P, purinergic receptors.
Because UMR cells expressed P,y receptors but ROS cells
did not, we then asked whether expression of P,;; in ROS
cells was sufficient to allow ROS cells to propagate UMR-
like calcium waves. ROS cells were transfected with a con-
struct containing the human P,y receptor cDNA. Unlike
the parent ROS cells, ROS/P,y transfectants responded to
addition of ATP with a rise in [Ca?*]; (not shown). Me-
chanical stimulation of ROS/P,y cells (n = 8) elicited in-
tercellular calcium waves that were much faster than the
waves in the parent ROS cells and slightly slower than
UMR calcium waves (average conduction velocity = 7.4
pm/s), with a maximal extension of the wave to 8-38 cells
(Fig. 8; Table I). Maximal extension of the wave was
reached after 15-20 s. We confirmed that these fast cal-
cium waves did not involve gap junctional communication
by demonstrating that 3.5 mM heptanol had no effect on
the speed or extent of propagation (15-44 cells per stimu-
lated cell, n = 4). In contrast, desensitization with 1 mM
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Figure 8. Calcium waves in
ROS/P,y transfectants and
HTE cells. ROS/P,; trans-
fectants (left) and HTE cells
(right) were loaded with fluo-3
and images were taken after
a mechanical stimulation of a
single cell. Panels are images
taken at the indicated time
after subtraction of the pre-
stimulation fluo-3 image.

ROS/P2U HTE

ATP as described above inhibited the fast UMRIlike
waves, and uncovered the slow ROS waves with extension
to 3—4 cells (n = 4). The combination of 3.5 mM heptanol
and 1 mM ATP desensitization resulted in a complete
block of wave propagation, where only the stimulated cell
showed an increase in intracellular calcium in all experi-
ments (n = 4). These results demonstrated that expression
of the P,y receptor in ROS cells was sufficient to allow
these cells to propagate gap junction-independent calcium
waves via activation of purinergic receptors in addition to
the gap junction—-dependent calcium waves that these cells
normally expressed. These experiments also demonstrated
that ROS cells are capable of releasing intracellular cal-
cium via an IP;-dependent mechanism, when such a mech-
anism is activated.

The above experiments showed that UMR cells and
ROS/P,y cells propagated calcium waves via activation of
P,y receptors. These waves required release of intracellu-
lar calcium stores, and presumably required IP; generation
that is known to occur after ligation of P,y receptors.
UMR cells are coupled by gap junctions comprised mostly
of Cx45, and are electrically coupled (25), but Cx45 pores
are less permeable to negatively charged molecules than
are Cx43 pores. Thus it was possible that UMR cells did
not propagate gap junction—dependent calcium waves be-
cause Cx45 gap junctions did not allow adequate coupling
of cells to permit this form of gap junctional communica-
tion. For instance, IP; might be expected to traverse Cx43
gap junction pores more efficiently than Cx45 gap junction
pores. We therefore assessed intercellular calcium waves
in UMR/Cx43 transfectants, which pass microinjected Lu-
cifer yellow much more efficiently than parent UMR cells,
and about half as well as ROS cells (25). After mechanical

Table I. Extent of Intercellular Calcium Waves in Osteoblast
Transfectants and HTE

ROS/Pyy UMR/Cx43 HTE
Control 18 £9(8) 33 £7(9) 13 = 5(25)
Heptanol (3.5 mM) 28 £ 12 (4) 33+6(4) 13£203)
ATP (ImM) 3+2(4) 4+2(5 0.5+ 1(12)
Thapsigargin (50 nM) N.D. 2+1(9) N.D.
Heptanol > ATP 04) N.D. N.D.

Results are expressed as mean number of cells involved in calcium wave = SD (num-
ber of experiments). N.D., not done.
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stimulation the UMR/Cx43 cells propagated calcium
waves to 25-50 cells (n = 9) with kinetics similar to parent
UMR cells (average conduction velocity = 10 pm/s; see
Table I). As with the parent UMR cells, desensitization
with 1 mM ATP inhibited the fast calcium waves in UMR/
Cx43 cells, and uncovered a slow ROS-like wave that ex-
tended to 2-6 cells (n = 5). The same phenomenon oc-
curred after thapsigargin treatment: addition of 50 nM
thapsigargin for 30 min inhibited the fast UMR-like wave,
and unmasked a slow wave, which proceeded to as many
as four cells with kinetics similar to the ROS calcium
waves (n = 10). Heptanol (3.5 mM), but not 1 mM ATP
pretreatment, inhibited dye transfer in these cells (not
shown). Thus transfection of Cx43 into UMR cells re-
sulted in the expression of a new kind of calcium wave in
these cells. This calcium wave, although dependent on
Cx43-mediated gap junctional communication, did not re-
quire release of IP;-sensitive intracellular stores.

Calcium Waves in HTE Cells

In our experiments with ROS cells, UMR cells, and the
above transfectants, as well as in our previous studies with
Cx43-transfected rat insulinoma cells (3), we were unable
to identify an instance where gap junctional communica-
tion allowed the propagation of calcium waves that re-
quired release of intracellular calcium stores, even with
cells that were well dye coupled and capable of releasing
such stores. This model for the propagation of intercellular
calcium waves has been defined mostly in experiments us-
ing rabbit respiratory epithelial cells (22). Respiratory epi-
thelia also express well-characterized P, receptors (20),
raising the possibility that intercellular calcium waves gen-
erated by mechanical stimulation in this model might in-
stead be mediated by the autocrine activity of ATP. We
therefore assessed mechanically-stimulated calcium waves
in HTE cells (13). These cells propagated calcium waves
with an average velocity of 5 wm/s, slower than those seen
in UMR cells and in ROS/P,; transfectants, but much
faster than those of ROS cells (n = 25; Fig. 8). The maxi-
mal extension was reached 30-40 s after the initial me-
chanical stimulation of a single cell, and the wave propa-
gated to 5-30 cells.

Further experiments, similar to those described above,
suggested that the calcium waves in the HTE cells were
propagated by activation of purinergic receptors and not
by gap junctional communication. Addition of 1 mM ATP
to these cells elicited calcium transients, confirming puri-
nergic receptors in these cells (not shown). ATP treatment
resulted in a subsequent block of calcium wave propaga-
tion with a rise in intracellular calcium in the stimulated
cell and sometimes an adjacent cell (n = 12; Table I). Sub-
sequent addition of thrombin elicited a rise in intracellular
calcium in most cells, showing again that the inhibition of
the waves was not due to emptying of the intracellular IPs-
releasable calcium stores (n = 5, not shown). Heptanol did
not inhibit the calcium waves in the tracheal epithelia cells
(15 cells before heptanol, 13 cells after heptanol, n = 3).
The wave still propagated to 11-15 cells, suggesting that
the intercellular calcium waves in these cells were not me-
diated by gap junctional communication, and involved pu-
rinergic receptors in the mechanism of propagation.

504



Discussion

In these studies, summarized in Table II, we found that
two osteoblastic cell lines propagated intercellular calcium
waves with strikingly different kinetics and by different
mechanisms, and have identified the proteins responsible
for these differences. In ROS cells, calcium waves were
propagated by gap junctional communication and influx of
extracellular calcium. These slower calcium waves were
reconstituted in UMR cells by transfecting UMR with the
gap junction protein Cx43. In UMR cells calcium waves
were transmitted from cell to cell by activation of P,y puri-
nergic receptors, which caused release of intracellular cal-
cium stores, presumably by generation of IP;. Introduction
of the human P,y receptor into ROS cells was sufficient to
elicit calcium waves that mimicked UMR calcium waves.
The slow calcium waves in ROS cells comprise a novel
mechanism for the propagation of intercellular calcium
waves that required gap junctional communication, but
did not require release of intracellular calcium stores.
These data imply that ROS calcium waves are generated
by the passage of a signal through Cx43 gap junctions that
results in activation of a plasma membrane calcium chan-
nel either directly or indirectly. We have not identified the
calcium channel responsible for calcium influx in these
cells, nor have we identified the mechanism by which Cx43
permits activation of these channels. However, this mech-
anism is unlikely to be similar to the characterized mecha-
nisms for intercellular calcium wave propagation that re-
quire gap junctional communication. It is unlikely to be an
IP;-mediated mechanism as described in rabbit tracheal
epithelia cells because intracellular calcium stores are not
required. In RIN/Cx43 transfectants, Cx43 propagates in-
tercellular calcium waves by electrically coupling cells and
thereby allowing activation of voltage-dependent calcium
channels (3). This mechanism is not responsible for cal-
cium waves in our ROS cells because membrane depolar-
ization does not elicit calcium transients in these cells
(data not shown). UMR/Cx43 cells were able to propagate
ROS like calcium waves but the parent UMR cells were
not. This result may indicate that there is a threshold level
of intercellular communication that is required to permit a
sufficient amount of the signal to move between cells and
activate calcium influx. A more intriguing possibility is
that the signal that moves through gap junctions in ROS
cells and activates calcium influx in neighboring cells can
traverse Cx43 gap junctions more efficiently than Cx45
gap junctions. We have previously shown that Lucifer yel-
low and calcein pass through Cx43 pores more efficiently
than Cx45 pores; thus, negatively charged molecules of a

Table 1. Summary of Calcium Experiments

Calcium wave condition ROS UMR ROS/P,; UMR/Cx43 HTE
Control Slow Fast Fast Fast Fast
Depletion of calcium stores Slow None N.D. Slow  N.D.
Heptanol (gap junction inhibitor) None Fast  Fast Fast Fast
Between isolated cell clusters No Yes N.D. N.D. N.D.
Suramin (P2 inhibitor) Slow None N.D. N.D. N.D
ATP desensitization Slow None Slow Slow  None

“Fast” denotes wave that propagated at a rate =5 pm/s; “slow” wave propagated at a
rate <1 pm/s. See text for calculated conduction velocties. N.D., not done.

Jgrgensen et al. Mechanisms of Intercellular Calcium Waves

size similar to these dyes would be good candidates for the
intercellular messenger molecule in ROS calcium waves.

Calcium waves in UMR cells did require release of in-
tracellular calcium stores, but did not require gap junc-
tional communication. Much of the current literature sug-
gests that mechanically-induced intercellular calcium waves
are usually propagated by the passage of IP; through gap
junctions and the subsequent release of intracellular cal-
cium stores in neighboring cells. Although we had initially
assumed that transjunctional diffusion of IP; was a likely
mechanism to account for calcium wave propagation in
ROS or UMR cells, we were unable to find evidence that
this mechanism occurred in either of these cell lines. This
was true even though the cells were capable of releasing
intracellular calcium stores by mechanisms that are known
to involve IP; generation, and most of the cell types were
well coupled via gap junctions. Furthermore, calcium waves
in HTE cells were inhibited by desensitization of ATP re-
ceptors, but not by heptanol, implying that activation of
P,y receptors, and not gap junctional transmission of IP;,
was responsible for inducing the release of IP;-sensitive
stores. One possible reason for the differences between
our data and that of others is that for some reason we are
generating less IP; by mechanical stimulation, either be-
cause of technical differences or differences in cells. Another
possible explanation is that gap junction proteins other
than Cx43 are required to transmit sufficient quantities of
IP; from cell to cell to induce calcium store release. A third
possibility is that although IP; can traverse at least some
gap junctional pores, gap junctional communication does
not allow sufficient passage of IP; from cell to cell to prop-
agate intercellular calcium waves under most circumstances.
It should be noted that our data do not exclude the possibility
that gap junctional communication might play a modulatory
role in calcium waves mediated by P, receptor activation.

Our data define distinct calcium waves that are medi-
ated by gap junctional communication and by activation of
P,y receptors. Intercellular calcium waves mediated by
Cx43 did not require release of intracellular stores, and
must therefore require activation of plasma membrane cal-
cium channels. In contrast, intercellular calcium waves me-
diated by activation of purinergic receptors did involve
release of intracellular calcium stores. P,y receptors have
a very wide tissue distribution as do IPs-sensitive calcium
stores and it is therefore likely that activation of these re-
ceptors is a very common mechanism by which calcium re-
sponses can be transmitted among cells that are in close
proximity to each other.
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