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Mechanisms of Propagation of Intercellular Calcium Waves in Arterial
Smooth Muscle Cells
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ABSTRACT In rat mesenteric arteries, smooth muscle cells exhibit intercellular calcium waves in response to local phenyleph-
rine stimulation. These waves have a velocity of ~20 cells/s and a range of ~80 cells. We analyze these waves in a theoretical
model of a population of coupled smooth muscle cells, based on the hypothesis that the wave results from cell membrane depo-
larization propagation. We study the underlying mechanisms and highlight the importance of voltage-operated channels,
calcium-induced calcium release, and chloride channels. Our model is in agreement with experimental observations, and we
demonstrate that calcium waves presenting a velocity of ~20 cells/s can be mediated by electrical coupling. The wave velocity
is limited by the time needed for calcium influx through voltage-operated calcium channels and the subsequent calcium-induced
calcium release, and not by the speed of the depolarization spreading. The waves are partially regenerated, but have a spatial
limit in propagation. Moreover, the model predicts that a refractory period of calcium signaling may significantly affect the wave

appearance.

INTRODUCTION

The regulation of hemodynamics by variations of the arterial
diameter results from the contraction of smooth muscle
cells (SMCs) present in the muscular arterial wall. Arterial
contraction is caused by an increase in the smooth muscle
cytosolic calcium concentration (1). Calcium increases result
from the presence of vasoconstrictors in the vascular system.
In vitro, calcium increases in vascular cells can be induced
by receptor-ligand agonists like phenylephrine. The latter
bind to cell-surface receptors, which activate phospholipase
C and induce the release of the second messenger inositol
1,4,5-trisphosphate (IP3). IP; then activates the release of
calcium from the sarcoplasmic reticulum (2).

SMC calcium dynamics are often coordinated along the
vascular wall. Vasomotion, a cyclic variation of the arterial
diameter, is induced by synchronous calcium oscillations
of SMCs (3-7). This synchronization is achieved by means
of gap junctions (5,7). Gap junctions have been shown to
play an important role in the intercellular communication
between SMCs by enabling electrical communication and
diffusion of calcium ions and IP; between neighboring cells
(8-10). A membrane-potential depolarization propagation
through gap junctions that leads to a spread of contraction
along the arterial wall has often been observed in arterioles
(11-13).

In rat mesenteric arteries, intercellular calcium waves
induced by a local phenylephrine stimulation have been
obtained previously in our laboratory (Fig. 1) (14). These
waves exist only in the presence of a small global back-
ground stimulation of phenylephrine, and they have
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a velocity of ~20 cells/s and a range of ~80 cells. Moreover
they are not influenced by the presence or absence of
the endothelium (D. Seppey, J.L. Bény, and J.-J. Meister,
unpublished results). This velocity is significantly faster
than the speed that is expected from the diffusion of calcium
or IP5 by theoretical modeling (15-17). From electrophysio-
logical experiments, it appears that the passage of cur-
rent occurs rapidly over long distances in intact arteries
(11,18,19). However the propagation of an electrical signal
is also much faster than 20 cells/s (20,21).

The aim of this article is to analyze whether and how it is
possible to obtain a wave range and velocity similar to those
observed experimentally by assuming that an electrical
communication underlies the calcium wave. We use our
previously developed model (22) of a population of coupled
SMCs to study these calcium waves. This model is able
to reproduce the calcium dynamics of SMCs at different
agonist concentrations (22). As the calcium waves are
observed experimentally in the absence of endothelium
(14), we do not include endothelial cells in our model.
We stimulate locally a few SMCs and analyze the propaga-
tion of the electrical and calcium signals to the neighboring
cells. We study the effects of different model parameter
changes on the calcium wave range and velocity to deter-
mine the mechanisms underlying the waves. Our results
are compared to the experimental findings obtained in our
laboratory (14). Moreover, we show the possible effects of
multiple consecutive wave inductions on the appearance of
the calcium propagations.

EXPERIMENTAL BACKGROUND TO THE MODEL

Fig. 1 (14) shows intercellular calcium waves obtained on
rat mesenteric arterial strips denuded of the endothelium.
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Experimental images encompass a strip of a length of
~700 um. An area of a width of ~50 um is locally stimulated
with 40 uM phenylephrine. Local stimulations of the strip
showed no calcium increase, except in the stimulated area.
There was no propagation when the artery was in its resting
state. Combined with a global stimulation of 0.3 uM phenyl-
ephrine through the superfusion system, the local stimula-
tions induced propagation of an intercellular calcium
wave. The range of this wave was 400 um and its velocity
100 pum/s. Inhibitors of gap junctions and of voltage-oper-
ated calcium channels (VOCCs) abolished the waves.

MATHEMATICAL MODEL

The equations describing the calcium dynamics in SMCs are
adapted from our previous article (22). This model takes into
account the most relevant cellular mechanisms involved
during the generation of calcium increases (23), and it is
validated experimentally (22-26). The calcium dynamics
in each SMC, i, is described by five variables: the calcium
concentration in the cytosol, ¢;; the calcium concentration
in the sarcoplasmic reticulum, s;; the cell membrane poten-
tial, v;; the open-state probability, w;, of calcium activated
potassium channels; and the IP; concentration, /;. Cells are
connected to their nearest neighbors via gap-junctional elec-
trical coupling.
The SMC model is given by
dCi

— = Jip3; — Jsruptake, T Jeicr; — Jextrusion; + Jreay — Jvoce;

dt
+ JNa/Cai
M
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FIGURE 1 (Taken from Seppey et al. (14).)
9 To analyze the intercellular calcium waves, 10
regions of interest of 30 x 75 um?, separated by
a distance of 75 um, were placed along the mesen-
teric arterial strip. The calcium concentration in the
different regions of interest is proportional to the
ratio of Fluo-4/Fura red fluorescence intensity.
The figure shows typical time courses of the
mean fluorescence ratio in the different regions of
interest. The area that is locally stimulated is repre-
5  sented by bold curves, and broad gray lines have
been added to better visualize the propagation of
4 the mean fluorescence ratio increase along the
arterial strip. Local stimulations of the strip with
40 uM phenylephrine (arrows) showed no fluores-
cence ratio increase, except in the stimulated area.
There was no propagation when the artery was in
its resting state. Combined with global stimulation
with 0.3 uM phenylephrine (PE) (horizontal bar)
through the superfusion system, the local stimula-
tions induced a propagation of the mean fluores-
cence ratio increase that affected several regions

of interest.
dSi
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dVi
o (= Ina, = Je, = 2hvoce, = Inajca = T = Joack;)
+ Vcouplingiv
3)
dWi
i = A(Kactivationi - Wi)ﬂ “)
dI;
R R 5
d[ PLCagomsn d g dl ( )

The precise expressions of the various terms appearing in
these two sets of nonlinear differential equations are given in
the Appendix and are taken from Koenigsberger et al. (24).
Crucial terms in the mathematical model include the gap-
junctional electrical coupling (Eq. A12) and the VOCCs
(Eq. A6), as the blockades of these channels have been
studied experimentally (14). The term

Jback; - Gback(vi - Vrest) (6)

has been added to model background currents. The term Jy;
is slightly changed to take into account that the channel is
calcium-activated (27):

Ci

Jer a———
Ci + ca

; (vi = va). @)

The addition of this calcium dependency is necessary to
ensure a sufficient membrane depolarization after agonist
stimulation and calcium increase.
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TABLE 1 Parameter values for the SMC model

Parameter Description Value

F Maximal rate of activation-dependent calcium influx 3.45 uM/s

K. Half-saturation constant for agonist-dependent calcium entry 1 uM

Gca Whole-cell conductance for VOCCs 0.036195 uM mV ' 7!

Vea, Reversal potential for VOCCs 100.0 mV

VCa, Half-point of the VOCC activation sigmoidal —24.0 mV

Rca Maximum slope of the VOCC activation sigmoidal 8.5 mV

GNa/Ca Whole-cell conductance for Na*/Ca>*" exchange 0.006 uM mV~! 57!

CNa/Ca Half-point for activation of Na™/Ca®" exchange by Ca*" 0.5 uM

VNa/Ca Reversal potential for the Na*/Ca>* exchanger —30.0 mV

B SR uptake rate constant 49.5 uM/s

Ch Half-point of the SR ATPase activation sigmoidal 1.0 uM

C CICR rate constant 1545 uM/s

Se Half-point of the CICR Ca”" efflux sigmoidal 2.0 uM

Ce Half-point of the CICR activation sigmoidal 0.9 uM

D Rate constant for Ca>" extrusion by the ATPase pump 365"

Va Intercept of voltage dependence of extrusion ATPase —100.0 mV

Rq4 Slope of voltage dependence of extrusion ATPase 250.0 mV

L Leak from SR rate constant 0.375s"

' Scaling factor relating net movement of ion fluxes to the membrane potential 492.5 mV/uM
(inversely related to cell capacitance)

Frak Net whole-cell flux via the Nat-K"-ATPase 0.03 uM/s

Ga Whole-cell conductance for C1™ current 0.6 uMmV !s7!

ccl Ca** sensitivity for C1~ channels 0.7 uM

Vel Reversal potential for C1™ channels —25.0 mV

Gk Whole-cell conductance for K* efflux 0.045 uM mV ! 57!

VK Reversal potential for K™ —94.0 mV

A Rate constant for net K¢, channel opening 675.0

Cw Translation factor for Ca" dependence of K¢, channel activation sigmoidal 0 uM

6 Translation factor for membrane potential dependence of K¢, 0.001 uM?
channel activation sigmoidal

Veas Half-point for the K¢, channel activation sigmoidal —27.0 mV

Rk Maximum slope of the K¢, activation sigmoidal 12.0 mV

Ghack Whole-cell conductance for background currents 0.06 uM mv!s!

Vrest Equilibrium potential —55mV

k Rate constant of IP; degradation 0.1s"

JPLCgonis Rate of PLC activated by background agonist 0.05 uM/s

JPLC i, Rate of PLC activated by agonist in stimulated cells 0.4 uM/s

g Electrical coupling coefficient 1000 s~

The meaning and values of all parameter values are given
in Table 1. Several parameter values are changed with
respect to our previous articles (22,24,25) so that our
previous experimental results (14) can be reproduced.
Changes in these parameter values are discussed in the
Results and Discussion section.

Numerical methods

The model equations were solved using a fourth-order
Runge-Kutta method. The equations were integrated on
a two-dimensional grid of rectangular SMCs (Fig. 2 a) com-
prising 130 columns of cells. Assuming a typical size for
a single SMC of 5 um x 50 um, our grid has a size of the
same order as the experimental images (14). Within each
SMC, the calcium and membrane potential dynamics are
described by Eqs. 2—5. Each cell is connected with its nearest
neighbors via electrical coupling.

To generate an intercellular wave, the 10 gray columns on
the left in Fig. 2 a are stimulated for 1 s with a high agonist
concentration (see Table 1). These cells are referred to
henceforth as stimulated cells. The remaining cells (120
columns) experience a background agonist stimulation (see
Table 1). In this way, we mimic our previous experimental
setup (14). To describe the wave range and velocity we
use the units cells and cells/s, respectively. By these units,
we mean cells in the horizontal direction of Fig. 2 a, and
these units are synonymous with columns and columns/s,
respectively.

RESULTS AND DISCUSSION

Intercellular calcium wave and experimental
comparison

Fig. 2 b shows an intercellular calcium wave obtained by
exposing ten columns (Fig. 2 a, stimulated cells) to a high
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FIGURE 2 (a) The model equations are inte-
grated on a two-dimensional grid of SMCs. As the
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typical size of a single SMC is 5 um x 50 pm, the
cell geometry is approximated by a rectangle. Each

SMC is generally connected with its nearest neigh-
bors via electrical coupling. To generate an intercel-
lular wave, the 10 gray columns at the left are
stimulated with a high agonist concentration for
1 s. The remaining cells (120 columns) experience

a background agonist stimulation (see Table 1).
(b) Intercellular calcium waves for the reference
parameter set (Table 1). (¢) Corresponding time
courses of the calcium concentration, ¢; (upper

panel), and membrane potential, v; (lower panel),
in a cell of every fifth column. The red curves corre-

spond to the stimulated cells. The bar indicates the
period (1 s) during which the stimulated cells expe-
rience a high agonist concentration. (d) Zoom of the

time interval 1-1.6 s: time courses of the calcium
concentration, ¢; (upper panel), and membrane

potential, v; (lower panel), in a cell of every second
column.

max

min

agonist concentration Jpc,,,, (see Table 1) for 1 s. The
remaining cells experience a background agonist stimulation
(see Table 1). In this way, we reproduce our previous exper-
imental setup (14). We observe that an intercellular calcium
wave is propagating over a large part of the grid, with a
limited range. Fig. 2 ¢ gives the time evolution of the calcium
concentration and membrane potential in individual SMCs.
For clarity, Fig. 2 d shows a close-up of the first 2.6 s of
Fig. 2 c. We observe that after an agonist stimulation lasting
1 s, the membrane potential and calcium concentration are
transmitted beyond the stimulated cells for ~7 s.

After the agonist stimulation, the stimulated cells exhibit
calcium elevation accompanied by membrane depolariza-
tion. This depolarization results from outward chloride
currents through calcium-activated chloride channels (Eq. 7).
It is instantaneously electrotonically transmitted to neigh-
boring cells with a decay in amplitude over distance
(Fig. 2 d), and opens VOCCs (Eq. A6) in these cells. After
a small delay (see Fig. 2 d), a sufficient amount of calcium
has entered the cell, and calcium-induced calcium release
(CICR; Eq. A3) is activated, leading to a calcium flash.
The time delay after which CICR is triggered is smallest in
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cells that are direct neighbors of the stimulated cells, as these
cells are exposed to stronger membrane-potential depolariza-
tions. The calcium increase further depolarizes the cells due
to calcium-activated chloride channels, and this depolariza-
tion is further transmitted to other cells and added to the
existing depolarization. The regenerated depolarization
then enhances the calcium entry through VOCCs activating
CICR. In this way, the calcium wave can be regenerated
over long distances. Note that the membrane potential in
each cell exhibits low-amplitude oscillations resulting from
coupling with the membrane potentials of neighboring cells.

With the set of parameters given in Table 1, the model is
able to reproduce the experimental observations (Fig. 1)
(14). The wave range of 76 cells and the wave velocity of
~20 cells/s correspond to experimental measurements of
a 400 um wave range and 100 um/s velocity, assuming an
SMC width of 5 um (Fig. 2 @). The calcium wave results
from the spread of a depolarizing electrical signal, but it is
slower than the electrical propagation, which is instanta-
neously electrotonically transmitted. The velocity of the
calcium wave is limited by the time needed for calcium
influx through VOCCs and by the subsequent CICR, not
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by the speed of spreading of the depolarization (see Fig. 2 d).
Note that the velocity decreases with distance (see Fig. 2 ¢).
These results are also obtained using other theoretical models
(15,16). However, they have not been observed experimen-
tally (14), possibly due to lack of resolution. In the following
text, the velocity shown in the figures is the instant velocity
of the cells located close to the stimulated cells, and its value
is similar for all cells in that vicinity.

A theoretical model describing regenerated intercellular
calcium waves in glial cells has been elaborated by Hofer
et al. (17). In this model, the waves propagate through IP;
diffusion and are regenerated by phospholipase C-§ activity.
As in our study, the regenerated wave propagation has
a spatial limit. This unexpected partial regenerated behavior
can be explained in our study. As the stimulated cells are
exposed to a high agonist concentration, the membrane
depolarization resulting from this agonist stimulation is
higher than those regenerated in the other cells. Both types
of membrane potential depolarizations propagate electroton-
ically to neighboring cells. However, the depolarization
resulting from propagation of the regenerated membrane
potential is lower than that induced by propagation of
the membrane potential of the stimulated cells. Since the
electrotonic membrane potential propagation leads to an
exponential decay in membrane potential depolarization
over distance, far from the stimulated cells the amount of
calcium entering the cells through VOCCs is not sufficient
to activate CICR and induce a calcium flash. Thus, partly
regenerated waves only exist because the membrane poten-
tial depolarization in the stimulated cells is higher than that
regenerated in the follower cells. We will see below that
with different parameter values the waves can be completely
regenerated.

The set of parameters in Table 1 was chosen to reproduce
the experimental observations (range, velocity) in our labora-
tory (14). To unravel the mechanisms underlying these
waves, we studied the effect of several system parameters
on wave propagation.

Parameters influencing wave velocity and range

Fig. 3 gives the range and velocity of the wave as a function
of different parameters: the electrical coupling coefficient,
the VOCC conductance, the amplitude of CICR, the chloride
channel conductance, the magnitude of the background
agonist stimulation, and the number of stimulated cells. In
experiments, it was not possible to gradually change channel
conductance, and channels were either pharmacologically
inhibited or not (14). Here we increase the parameter values
incrementally to gain a better understanding of the intercel-
lular waves. Changes in the parameter values are discussed
below. Note that we keep the initial value of the VOCC
conductance, CICR amplitude, and chloride channel conduc-
tance (Table 1) in the stimulated cells and vary only these
parameter values in the other cells. This allows us to better

337

analyze the effects of different parameter values on the
wave characteristics without influencing the stimulated-cell
signal.

Electrical coupling

The electrical coupling coefficient (Fig. 3 a) is responsible
for the propagation of membrane depolarization. Decreasing
this coefficient diminishes the wave range and velocity.
Indeed, the amplitude of the electrotonic spreading of the
wave is more rapidly reduced over distance. This decreases
calcium entry through VOCCs, and the threshold for CICR
is reached in fewer cells. Setting the electrical coupling coef-
ficient to zero completely inhibits the wave, in agreement
with experimental findings (Fig. 3 in our previous study
(14)). Sufficiently high values of this coefficient lead to fully
regenerated waves, i.e., waves that have no limit in the range
of propagation and propagate over the whole grid (Fig. 2 a).
Similar results have been obtained in another theoretical
model (17), where high values of the gap-junctional perme-
ability for IP; may also result in completely regenerated
IP;-mediated calcium waves.

The value of the electrical coupling coefficient used in
Fig. 2 (¢ = 1000 s~ '; Table 1) to reproduce the experimental
findings is the same one used in our previous articles
(22,24,25), and corresponds to the gap-junctional conduc-
tance measured experimentally (28-31).

VOCC conductance

Increasing the VOCC conductance (Eq. A6) (Fig. 3 b)
enhances the entry of extracellular calcium for a given
membrane potential value. The threshold for CICR is there-
fore reached more rapidly (increased wave velocity) and in
more cells (increased wave range). A sufficiently high
conductance leads to fully regenerated calcium waves.
Setting this conductance to zero completely inhibits the
calcium wave; only the electrotonic propagation of mem-
brane potential to neighboring cells is preserved. This repro-
duces our experimental observations, described previously
(14), that wave propagation is inhibited by the addition of
nifedipine (see Fig. 5 in that study). In a similar way,
Fig. 6 of that study showed that the addition of Bay K
8644, a VOCC activator, enhanced wave propagation (14).

CICR amplitude

Higher CICR amplitude (Eq. A3 and Fig. 3 ¢) results in
a lower calcium concentration threshold for a calcium flash.
Sufficiently high CICR amplitudes lead to fully regenerated
calcium waves, whereas a zero amplitude abolishes the
wave.

Chloride channel amplitude

In our model, the chloride channels (Eq. 7 and Fig. 3 d) are
necessary for the membrane potential depolarization after
a calcium increase, in this way regenerating the mem-
brane potential. Setting their conductance to zero does not

Biophysical Journal 99(2) 333-343



338

a

wave range & (cells) wave velocity A (cells/s)
30

140
1204 ® 25
100 | 20
801
L 15
60
- 10
40
201 -3
0 : : : : : : : . . 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
1
g(s™)
(o]
wave range # (cells) wave velocity A (cells/s)
140 30
120 ® )5
A
100 |
r 20
801
Lis
601
r 10
40
201 B
0 T T T T . 0
0 300 600 900 1200 1500 1800
CuMs™)
e
wave range & (cells) wave velocity A (cells/s)
140 30
1204 !25
100
£20
801
F15
601
F10
40
201 s
0 T * * ! T 0
0 0.01 0.02 0.03 0.04 0.05

JPLCagonist, (M s™)

Koenigsberger et al.

b
wave range & (cells) wave velocity A (cells/s)
140 30
1201 ? 55
A
100
F20
804
15
60
10
40
20+ B
0 < v . . —0
0 0.0075 0.015 0.0225 0.03 0.0375

Gea (@M mV7's™

d
wave range # (cells) wave velocity A (cells/s)
140 30
1204 ? 55
A
1004
r 20
804
15
60 4
10
401
20+ 5
4
0 : : : : T 0
0 0.15 0.30 0.45 0.60 0.75 0.90

Gor (uMmV's™

f
wave range & (cells) wave velocity A (cells/s)
140 30
1204 Los
100 A &
k—r"‘/. [0
801 “
F15
601
r10
401
20 M3
0 . . . 0
0 5 10 1 25 30

5
stimulated cells

FIGURE 3 Range (diamonds) and velocity (triangles) of the calcium wave as a function of the electrical coupling coefficient g (a), the VOCC conductance,

G, (b), the amplitude of CICR C (c), the amplitude of the chloride channel, G¢ (d), the magnitude of the background agonist stimulation, Jpy ¢,

(e), and the

agonisty,

number of columns of stimulated cells (f). The large diamond and triangle in each panel correspond to the reference parameter set (Table 1).

completely inhibit the calcium wave, as the membrane
potential is still electrotonically transmitted, leading to cal-
cium increase through VOCCs and CICR in the neighboring
cells. However, after the calcium increase in these cells, the
membrane potential is not further depolarized and regener-
ated, which limits the range of propagation of the calcium
wave. Sufficiently high conductances may amplify the
membrane depolarization in all cells, also leading to a fully
regenerated wave.
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The conductance value used in Fig. 2 (Table 1) to repro-
duce the experimental observations leads to an amplitude
of membrane potential depolarization after phenylephrine
stimulation that is in agreement with experimental data
(32,33).

Background agonist stimulation

In the absence of any background agonist stimulation,
JPLCygon, (Fig. 3 €), there is no wave propagation, in



Modeling Intercellular Calcium Waves

a
Change in
1004
wave range ¢
80 and velocity A
%
60]"®
40
204
N g change (%)
-100 -80 -60 -40 20 40 60 80 100
201
404
-604
-804
-100-
Cc
Change in
1007, §
wave range
80 -and velocity A
(%)
60
40
201
C change (%)
-100 -80 -60 -40 -2 20 40 60 80 100

40
-601
-801

-100-

339
Change in
1007 wave ran;
ge ¢
80 and velocity A
(%)
604
40
20
Gca change (%)
-100 -80 -60 -40 -20 0 20 40 60 80 100
40
50
-80
-100-

Change in
wave range
80 {and velocity A
(%)

100+

601
404

20
N Gy change (%)

-100 -80 -60 -40 N 20 40 60 80 100

40
-60
-804

-100-

FIGURE 4 Relative wave range (diamonds) and velocity (triangles) changes as a function of relative parameter changes in the electrical coupling coefficient
g (a), conductance of VOCCs, G¢, (b), amplitude of CICR, C (c¢), and conductance chloride channels, G¢; (d). The reference point (0%) corresponds to the

parameter values in Table 1.

agreement with experimental observations (Fig. 1). Increas-
ing the background stimulation increases the IP; con-
centration (Eq. 5) and, subsequently, the cytosolic calcium
concentration (Eq. A1), approaching in this way the thresh-
old for CICR necessary for a calcium flash. Note that the
background agonist concentrations used do not give rise to
any spontaneous calcium flashes.

Number of stimulated cells

The number of stimulated cells (first 10 columns in Fig. 2 a)
(Fig. 3 f) was chosen to match the experimental setting (14).
Decreasing the number of stimulated cells decreases the
wave range. One stimulated column (cell) is not enough
to induce a calcium wave using the reference parameter set
(Table 1). An elevated membrane potential of a single
column is not strong enough to entrain its neighboring cells.
The transmission of the membrane potential to the neigh-
boring cells reduces the depolarization in the stimulated
column, and the transmitted membrane potential in the
neighboring cells is not sufficient for significant calcium
entry through VOCCs. Increasing the number of stimulated
cells beyond 10 columns does not have any more of a signif-
icant effect on the wave velocity and range.

Thus, there are some essential mechanisms for intercel-
lular wave propagation: gap-junctional electrical coupling
is necessary for propagation of cell membrane depolariza-
tion, VOCCs for calcium entry after a depolarization, CICR
for a calcium flash, and chloride channels for regeneration of
depolarization after the calcium increase. The model is in
agreement with our previously published experimental study
(14). It confirms the involvement of gap junctions, VOCCs,
and background agonist stimulation and predicts the impor-
tance of CICR, chloride channels, and the size of the agonist-
stimulated area. Similar mechanisms have been found to be
crucial for synchronization of nonidentical cells in a theoret-
ical model based on experimental findings in fibroblasts (34).
However, that model did not focus on the wave range and
velocity.

In summary, both the wave velocity and range increase
when the different parameter values increase. When fully
regenerated waves are obtained, the wave range stays con-
stant (equalling the number of nonstimulated cells in the
grid in Fig. 2 a), whereas the wave velocity continues to
increase. Fig. 4 shows the relative changes in velocity and
range as a function of relative parameter changes in the
electrical coupling coefficient, conductance of VOCCs,

Biophysical Journal 99(2) 333-343
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amplitude of CICR, and chloride channel conductance.
It thus provides a quantitative comparison of the effects of
these parameters. The reference point (0%) corresponds to
the parameter values in Fig. 2 and Table 1. By comparing
the different elements of Fig. 4, we can see that wave range
and velocity depend less strongly on the electrical coupling
coefficient than on the other parameters for small parameter
changes. Moreover, the wave velocity is less affected by
parameter changes than the wave range.

Refractory period

In vivo, SMCs may be subject to multiple stimuli by
agonists. If one stimulus occurs rapidly after another, the
SMCs may be in a refractory period of calcium signaling
in our model. The wave propagation may then be less effi-
cient. Indeed, the intracellular stores are not yet replenished
and CICR cannot be triggered. Fig. 5 shows a density plot of
three intercellular calcium waves. The stimulated cells are
exposed to three identical subsequent agonist stimulations
lasting 1 s each. The first stimulus gives rise to a fully regen-
erated calcium wave propagating to all cells. The second
stimulus, occurring about 4 s after the first, is strong enough
to induce a calcium increase and a depolarization in the stim-
ulated cells, but the range of the subsequent intercellular
calcium wave is only a few cells. This is due to the fact
that the cells are in a refractory period during which the
internal stores are not yet replenished. Even if the depolariza-
tion propagates to all cells and calcium enters through
VOCCs, CICR is not triggered and the cells are not able to
respond with a calcium increase. After the third stimulus,
which occurs 2 s after the second, the cells that responded
after the second stimulus are still in a refractory period and
do not exhibit a calcium rise. However, the cells that are
not direct neighbors of the stimulated cells, and which
did not respond after the second stimulus, are not in the
refractory period anymore. They can thus exhibit calcium
increases resulting from the electrotonic propagation of the
depolarization. There is a seeming pacemaker region, as a
wave is starting from these unstimulated cells. Thus, when
cells are submitted to multiple stimuli, there may be waves
departing from nonstimulated regions due to the existence
of a refractory period. This model prediction suggests that
regions from which calcium and contraction waves are
observed to arise may not necessarily be stimulated regions.

Discussion of model hypotheses

We analyze only the effects of electrical communication,
without taking into account intercellular calcium or IP5 diffu-
sion. This allows us to better analyze and understand the
mechanisms underlying calcium waves resulting from
electrical coupling. Intercellular calcium waves induced by
local agonist or mechanical stimulation and resulting from
calcium and IP; diffusion have been studied extensively
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1st stimulation

2nd stimulation

3rd stimulation

max

FIGURE 5 Density plot of intercellular calcium waves (Gc, = 0.039 uM
mV ' s7"). The stimulated cells are exposed to three subsequent agonist
stimulations of 1-s duration occurring at times t = 1 s, t = 4.75 s, and
t=06.75s.

from a theoretical point of view (15-17), and the wave speed
obtained using these models cannot account for that mea-
sured experimentally. Note, however, that calcium coupling
may be sufficient to synchronize oscillating cells (22,35) that
are globally stimulated by agonists. There is probably an
overlap between IP;, calcium, and membrane potential prop-
agation at the start of the wave, and IP; or calcium diffusion
may slightly increase the wave velocity at the start of the
wave.

To simplify our study, we did not include endothelial cells
in our model, as calcium waves produced experimentally
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have been obtained in the absence of endothelium (14). We
have studied the detailed effects of the endothelium on SMC
calcium dynamics and vasomotion in a previous article (24).

The equation modeling chloride channels has been modi-
fied with respect to our previous articles (22,24-26) to take
into account that it is calcium-activated. In this way, we
were able to reproduce the depolarization accompanying
a calcium increase and to counteract the hyperpolarizing
effect of calcium-activated potassium channels. The depolar-
ization induced by the Na/Ca®" exchanger (Eq. A7) is not
strong enough to sufficiently regenerate the waves. Indeed,
a high amplitude of this exchanger depolarizes the cell after
a calcium increase, but it also removes calcium from the cell,
which in turn is hyperpolarizing. The cell membrane also
depolarizes after calcium entry through VOCCs, as calcium
is a positive ion. However, this depolarization is not signifi-
cant in our model, and VOCCs are also not able to induce
a depolarization after a calcium flash resulting from CICR.
In our model, CICR occurs through ryanodine receptors, as
calcium flashes and oscillations are inhibited by blockade
of these receptors in rat mesenteric arteries (4). CICR may
also occur through the P53 receptors, as IP; receptors can
be activated and inactivated by a calcium increase (36).
However, the experimentally determined peak calcium
concentration values for activation of the IP3 receptor differ
significantly among experimental setups, and it is uncertain
whether CICR can occur for the range of calcium and low
IP; concentrations obtained in our model (37). Including
a calcium sensitivity of the IP3 receptor would modulate
our results by increasing or decreasing the wave velocity
and range, depending on the particular model parameters
chosen.

The main findings of our study are that intercellular
calcium waves with the same range and velocity as seen
experimentally can be generated through electrical propaga-
tion, and that the time needed for calcium flash generation,
not the speed of electrical propagation, is the limiting factor
in wave velocity. These conclusions are not dependent on
model details or on the particular choice of model, as long
as the model presents a term generating a depolarization
after agonist stimulation, a term modeling calcium influx
after a depolarization, and a term responsible for a calcium
flash.

The size of the grid of the population of SMCs (Fig. 2 a)
has been chosen to correspond to the experimental images
obtained in our laboratory (14). When the wave approaches
the end of the grid, it may be exposed to some border effects,
as the propagation of the membrane potential is stopped at
the borders. Membrane potential is therefore more depolar-
ized in the border cells than it would have been if no border
were present, because it is not damped by neighboring cells
with lower membrane potential. Wave propagation is then
facilitated. Completely regenerated waves would be obtained
for lower values of electrical coupling, VOCC conductance,
and CICR amplitude if the grid were smaller.
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In our laboratory, intercellular calcium waves arising
under global homogeneous agonist stimulation have also
been observed (14). On one arterial segment, the waves are
always observed to depart from the same region. The nature
of these pacemaker regions is so far undetermined. Further
investigation of this issue could give rise to another
modeling study.

CONCLUSIONS

Our model is a rigorous test of the hypothesis that intercel-
lular calcium waves observed in arterial SMCs that exhibit
a velocity of ~20 cells/s may result from electrical coupling.
The velocity of the calcium wave is much smaller than the
speed of propagation of an electrical signal. It is limited by
the time needed for generation of a calcium flash, not by
the speed of spreading of the depolarization. The waves
are regenerated, but they have a spatial limit in propagation.
These results are not dependent on our particular choice of
model. In our model, VOCCs are necessary for calcium entry
after a depolarization, CICR is essential for the calcium flash,
and chloride channels induce regeneration of depolarization
after a calcium increase. Thus, our model has allowed us to
reproduce, and gain a better understanding of, our previously
published experimental findings (14). Moreover, the model
predicts that a refractory period of calcium signaling may
have significant effects on the appearance of the wave: the
starting point of the wave may not necessarily be a stimulated
region, but a region of cells that are not in a refractory period.

APPENDIX A: DETAILS OF THE MATHEMATICAL
MODEL

The various terms appearing in Eqs. 2-5 are described by the following
expressions, as presented previously (22-26). The calcium flux,

?
J P3;. — F — L (A] )
i 2 2)
Kr + Ii
models the calcium release from IPs-sensitive stores,
J a (A2)
SRuptake; — )
uptake; Ciz + C%
models the SR/ER uptake,
2 4
5 C’
Jacr, = C5—"— (A3)
‘ 2+ st + o
describes the CICR,
Vi — V4
Jextrusion; = Dci (1 + > (A4)
Ry
is the calcium extrusion by Ca*"-ATPase pumps,
Jiea; = Ls; (A5)

corresponds to the leak from the SR,
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Vi — Vca,

Jvoce; = Gea (A6)
1+ e*[("i*"cﬂz)/Rcﬂ]
is the calcium influx through VOCCs, and
Inajcs = G (- vnye) (A7)
Na/Ca; — Na/Ca”  _ \¥i — VNa/Ca
/ / Ci + CNa/Ca /
is the N‘alJr/Ca2+ exchange.
JNa/K; = FNa/K (A8)
is the Na™-K"-ATPase,
Jo, = Ger——(vi — va1) (A9)
c; = Ga—/—Wi —Vva
¢ +ca
models the chloride channels,
JKi = GKWi(Vi — VK) (AIO)
is the K efflux,
Jbacki = Gback(vi - vrest) (Al 1)
corresponds to background currents,
Vcoupling‘ = —4 Z(Vi - vk) (A12)
k
models the electrical coupling,
2
(ci + cw)
Kactivationi = (A13)

(c; + CW)2 _|_6e*[(v1*vcﬂ3)/RK]

describes the calcium and voltage activation of K* channels, and the
1P; flux,

Jdcgradi = kI (Al4)

models the IP; degradation. The constant Jpi.c,,, is the rate of PLC acti-
vated by agonists. The parameter values for the SMC model are given in
Table 1.
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