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Role of the Endothelium on Arterial Vasomotion
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ABSTRACT It is well-known that cyclic variations of the vascular diameter, a phenomenon called vasomotion, are induced by
synchronous calcium oscillations of smooth muscle cells (SMCs). However, the role of the endothelium on vasomotion is
unclear. Some experimental studies claim that the endothelium is necessary for synchronization and vasomotion, whereas
others report rhythmic contractions in the absence of an intact endothelium. Moreover, endothelium-derived factors have been
shown to abolish vasomotion by desynchronizing the calcium signals in SMCs. By modeling the calcium dynamics of
a population of SMCs coupled to a population of endothelial cells, we analyze the effects of an SMC vasoconstrictor stimulation
on endothelial cells and the feedback of endothelium-derived factors. Our results show that the endothelium essentially
decreases the SMCs calcium level and may move the SMCs from a steady state to an oscillatory domain, and vice versa. In the
oscillatory domain, a population of coupled SMCs exhibits synchronous calcium oscillations. Outside the oscillatory domain, the
coupled SMCs present only irregular calcium flashings arising from noise modeling stochastic opening of channels. Our findings

provide explanations for the published contradictory experimental observations.

INTRODUCTION

Vasomotion is a natural property of many muscular vessels.
It consists of cyclic variations of the vascular diameter caused
by local changes in contraction and relaxation of smooth
muscle cells (SMCs) present in the muscular vessel wall.
Arterial contraction has been shown to be due to an in-
crease in the smooth muscle cytosolic calcium concentration
(Meininger et al., 1991). 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. The latter bind to cell-surface
receptors, which activate phospholipase C (PLC) and induce
the release of the second messenger, inositol 1,4,5-trisphos-
phate (IP;). IP; then releases calcium from the intracellular
stores (Minneman, 1988). SMCs have to present synchro-
nous calcium oscillations to generate vasomotion, otherwise
their calcium dynamics induce only a constant contraction
(Mauban et al., 2001; Peng et al., 2001; Sell et al., 2002;
Lamboley et al., 2003). The synchronization is achieved via
gap junctions, which may mediate electrical, calcium, and
IP3 couplings; for a review see Bény (1999) or Dora (2001).

Endothelial cells (ECs), situated at the interface between
the blood and the muscular media, have been shown to play
an important role in modulating vascular tone. Myoendo-
thelial gap junctions between SMCs and ECs have been
found (Sandow and Hill, 2000), and heterocellular bi-
directional communication between SMCs and ECs has been
reported (Dora et al., 1997, 2000; Budel et al., 2001; Dora
et al., 2003b). Calcium increases in SMCs induce elevated
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calcium concentrations in ECs. In contrast with SMCs that
present synchronous calcium oscillations during vasomo-
tion, experimental observations on rat mesenteric arterial
strips (Lamboley et al., 2005) indicate that the ECs calcium
concentrations present irregular calcium transients in re-
sponse to an SMC stimulation during vasomotion. More-
over, experimental evidence suggests that calcium increases
in ECs occurring after a calcium increase in SMCs
(Lamboley et al., 2005) or astrocytes (Braet et al., 2001)
are due to a gap-junctional IP; diffusion. High calcium levels
in ECs then cause an endothelial hyperpolarization by
triggering the efflux of potassium through calcium-activated
potassium channels (Baron et al., 1996; Sollini et al., 2002).
The calcium increases in ECs lead to the generation of two
factors that act on SMCs: endothelium-derived relaxing
factor (EDRF), and endothelium-derived hyperpolarizing
factor (EDHF). EDRF has been identified as nitric oxide
(NO). This gas diffuses rapidly to SMCs and increases cyclic
guanosine monophosphate (cGMP) concentration in SMCs.
The mediator cGMP decreases the SMC cytosolic calcium
level, which causes vasodilation (Ignarro et al., 1986). It acts
by enhancing the refilling of intracellular stores (Cohen et al.,
1999), activating calcium-sensitive potassium channels
(Archer et al, 1994), stimulating Na*/Ca®" exchange
(Furukawa et al., 1991), and inhibiting the generation of
IP; (Hirata et al., 1990). In contrast to EDRF, the identity of
EDHF remains controversial. Recently, there has been evi-
dence that EDHF represents the hyperpolarization spreading
electrotonically through myoendothelial gap junctions from
ECs to SMCs (Doughty et al., 2000; Coleman et al., 2001;
Sandow et al., 2002; Ungvari et al., 2002; Dora et al., 2003a;
Griffith et al., 2004). The hyperpolarization then decreases
the influx of calcium in SMCs through voltage-operated
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calcium channels (VOCCs), which brings about a vessel
relaxation.

The role of the endothelium-derived factors in the gen-
eration and maintenance of vasomotion remains unclear
(Shimamura et al., 1999). Some experimental studies claim
that the presence of endothelium is necessary for vasomotion
(Gustafsson et al., 1993; Huang and Cheung, 1997; Peng
et al., 2001; Okazaki et al., 2003). However, vasomotion is
also observed in the absence of an intact endothelium (Sell
et al., 2002; Haddock et al., 2002; Lamboley et al., 2003).
Sell et al. (2002) even show that the endothelium can abolish
vasomotion by desynchronizing calcium signals in SMCs.
To the best of our knowledge, there is no explanation for
these contradictory experimental observations.

In this study, we address this point by modeling a pop-
ulation of coupled SMCs and ECs. As an extension of a pre-
vious work (Koenigsberger et al., 2004) modeling a population
of coupled SMCs, we consider a two-dimensional layer of
SMCs superposed on a two-dimensional layer of ECs. First
neighboring SMCs and ECs are connected through homo-
cellular and heterocellular gap junctions via electrical, cal-
cium, and IP3 coupling. We start by considering a single
SMC-EC pair to understand how the presence of an EC
affects the calcium dynamics of an SMC. The effects of an
SMC vasoconstrictor stimulation on the EC and the feedback
of the EC (generation of NO and endothelium-induced hy-
perpolarization) on the SMC is analyzed. The generalization
of these results to a population of SMCs and ECs allows us to
explain why the endothelium may induce vasomotion in
certain circumstances and abolish it in others.

MATHEMATICAL MODEL
Single SMC and EC

In contrast with an SMC, an EC is a non-excitable cell. A calcium rise in an
EC is not associated with a membrane potential depolarization (absence of
VOCCs) but with a hyperpolarization due to the efflux of potassium through
calcium-activated potassium channels (Baron et al., 1996; Sollini et al.,
2002). Moreover, a nonspecific cation channel is of significant importance in
the EC calcium response (Sollini et al., 2002). Other important cellular
mechanisms governing the calcium dynamics in both the SMC and the EC
are the calcium release from IP5- or ryanodine-sensitive stores, the calcium
uptake in the sarcoplasmic reticulum/endoplasmic reticulum (SR/ER), the
calcium extrusion out of the cytosol (which is voltage-dependent for SMCs;
Furukawa et al., 1989), and the leak of calcium from the SR/ER (for a review
on calcium entry channels in ECs, see Nilius and Droogmans, 2001).

We use the model of Koenigsberger et al. (2004) to describe the calcium
dynamics of a single SMC i. The model has five variables: the calcium
concentration in the cytosol ¢;; the calcium concentration in the SR s;; the
cell membrane potential v;; the open state probability w; of calcium-activated
potassium channels; and the IP; concentration /;. This model extends the one
of Parthimos et al. (1999, 2003), in which the equations for calcium con-
centration (c; and s;) are based on the two-pool model of Goldbeter et al.
(1990).

To describe the calcium dynamics of a single EC j, we construct a similar
model based on the equations of Goldbeter et al. (1990). The evolution of EC
membrane potential is described by an equation taken from Schuster et al.
(2003) that details the calcium-activated potassium channels and reproduces
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the experimentally observed calcium induced hyperpolarization. The
expression of the nonselective cation channel is also taken from Schuster
et al. (2003) and added to the equation describing the cytosolic calcium
concentration. IP3 dynamics is described in the same manner as in our SMC
model. Thus the EC model has four variables: the cytosolic calcium
concentration ¢&; the calcium concentration in the ER §j; the cell membrane
potential %; and the IP; concentration ;.
The SMC model is given by

dc i
E = JIP3i - -]SRuptakei + JCICRi - Jextrusioni + Jleaki
- Jvocci + JNa/Ca;v (D
dSi
E = JSRuptakei - JCICRi - Jleaki7 (2)
dVi
dr = y(_JNa/Ki —Ja, — 2Jvoce, — Inajca — JKi); (3
dWi
dt = )\<Kaclivation; - Wi)> (4)
dl,
E =/J PLCygonis; J degrad; - (5)

The EC model reads

dé; - - - - - - -
7; = JIPSj - JERuptakej + JCICRj - Jexlrusionj + Jleakj + Jcationj + JOj )
(6)
as; - - -
?; =/ ERuptake; — J CICR; — J leak; » (N
dv; L = =
w= e Bt L), ®)
dl, - -
7; =J PLCugmmj —J degrad; + (9)

The various terms appearing in these two sets of nonlinear differential
equations are detailed in Parthimos et al. (1999) and Koenigsberger et al.
(2004) for the SMC model, and Goldbeter et al. (1990) and Schuster et al.
(2003) for the EC model. The calcium fluxes

72
r , T
JIP3' :Fil and ‘]IP3- :Fﬂ% (10)
K+ i +T
i
model the calcium release from IP3-sensitive stores,
¢ ¢
Jsruptake, = B5—— and ]ERuplakej =B (11)
¢, ¢ ¢ ¢
model the SR/ER uptake,
2 4 2 4
Jeier, = o and jCICR = 671671 (12)
i T Y2 2 4 4 g T Y2 2.4, 4
s, Fsic T TS e T

describe the calcium-induced calcium release (CICR),

Vi — Vg4

Jextrusioni = Dci (1 + ) and jexlrusionj = D&J (13)

d

are the calcium extrusion by Ca?*-ATPase pumps,
Jiea; = Ls; and J leak; = L§; (14)

correspond to the leak from the SR/ER,



Role of the Endothelium on Vasomotion

Vi — Vg,

Ivoce, = Ga 1o Toiva, Tl (5)
is the calcium influx through VOCCs, and
C,
Jnajca = G — (v = 16
Na/Ca; Na/Ca ¢ ¥ CNa/Ca ( i Na/Ca) ( )
is the Na™/Ca®" exchange. The term
JNa/Ki = FNa/K (17)
is the Nat-K"-ATPase,
-]Cli = GCI(Vi - VCI) (18)
models the chloride channels,
JKi = GKWi(Vj - VK) (19)
is the K™ efflux,
2
(i tey)
Kactivationi = : = (20)

(Ci + CW)Z + Be*[(vi*‘/c%)/RK]

describes the calcium and voltage activation of K" channels,

_ . 1 log. & — i
Jcalionj = Gcal<ECa - ‘7])2(1 + tanh <M)> (21)

My,

is the calcium influx through two non-selective cation channels, joj regroups
further calcium influx (assumed constant) to the cell,

IKj = Glol(‘;j - ﬁK)(IBKCaj + ZSKCHJ.) (22)
is the potassium efflux through the BKc, channel (a large conductance
channel activated by calcium and membrane potential) and the SK¢, channel
(a small-conductance channel only activated by calcium), with

(IOgloéJ - C~')(‘7j —b)—a,

.04
Tsk.. =—— |1+ tanh =
BRey ™ i (% + @ (10g, & — ¢) — b)” + 1y

(23)

and

(24)

~ 0.6 | Ci — Mz,
ISKcaj = 2(1 + tanh( Ogm;; m3>>

The residual current regrouping C1~ and Na™ currents is written

IR' - GR( ~j - ﬁrest), (25)

and the IP; fluxes

Jdegradi = kIl and jdegradj = /gjj (26)

model the IP; degradation. The constants Jpy ¢, and J, PLCygonier aT€ the Tate of
PLC activated by agonists. Thus araise in SMC vasoconstrictor concentration
is simulated by an increase of the PLC rate JpLc,,,,, - In the following we do
not consider EC stimulation by agonists and Jerc,,,,, is set to zero.

The parameter values of the SMC model are taken from Koenigsberger
et al. (2004) and are given in Table 1. The EC parameter values appearing
in the equation for membrane potential (Eq. 8) and in term fcmionj (term 21)
are taken from Schuster et al. (2003). These values fit experimental results
describing calcium-induced hyperpolarization. On the other hand, to the
best of our knowledge, the amplitudes 7, B, C, D, and L are not known.
These amplitudes and all the other parameter values of the terms present in

agonist;
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TABLE 1 Parameter values for the single SMC model

Parameter Description Value

F Maximal rate of activation-dependent 0.23 uM/s
calcium influx

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

Gea Whole cell conductance for VOCCs ~ 0.00129 uM mV ' 57!

Vea Reversal potential for VOCCs 100.0 mV

Veay Half-point of the VOCC activation —24.0 mV
sigmoidal

Rca Maximum slope of the VOCC 8.5 mV
activation sigmoidal

Gnaca  Whole cell conductance for Na*/Ca** 0.00316 uMmv—! !
exchange

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

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

B SR uptake rate constant 2.025 uM/s

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

C CICR rate constant 55 uM/s

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

Ce Half-point of the CICR activation 0.9 uM
sigmoidal

D Rate constant for Ca>" extrusion by 0245
the ATPase pump

Vq Intercept of voltage dependence of —100.0 mV
extrusion ATPase

R4 Slope of voltage dependence of 250.0 mV
extrusion ATPase

L Leak from SR rate constant 0.025 s~

k% Scaling factor relating net movement 1970 mV/uM
of ion fluxes to the membrane
potential (inversely related to
cell capacitance)

Frax Net whole cell flux via the 0.0432 uM/s
Na*-K*-ATPase

Gq Whole cell conductance for C1™ 0.00134 uM mV ! 57!
current

Vel Reversal potential for CI™ channels —25.0 mV

Gk Whole cell conductance for K* 0.00446 uM mV ! 57!
efflux

VK Reversal potential for K* —-94.0 mV

A Rate constant for net K¢, channel 45.0
opening

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

B Translation factor for membrane 0.13 uM?
potential dependence of K¢,
channel activation sigmoidal

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

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

k Rate constant of IP; degradation 0.1s7!

both SMC and EC models are chosen the same as for the SMC model,
except for the amplitudes B and C of the terms .7ERupmkej (term 11) and
Jeicr, (term 12). These terms are responsible for calcium oscillations, and
we choose to decrease them so that ECs present only transient calcium
increases at all levels of IP3 or calcium concentrations. A summary of the
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EC parameter values is given in Table 2. As membrane channels open and
close stochastically at finite temperature, a Gaussian noise is added into the
parameter values. The noise level is chosen to obtain variances for model
curves comparable to experimental data (Koenigsberger et al., 2004).

Intercellular communication

For intercellular communication, we consider homocellular (SMC-SMC,
EC-EC) and heterocellular (SMC-EC) electrical, calcium, and IP;
coupling. To simplify our study, gap junctions between two neighboring
cells are modeled by a single global conductance or permeability, which
is supposed to be the same in every direction, even if the contact surface
between adjacent cells is variable. All heterocellular coupling coefficients
are assumed to be symmetric. Apart from these gap-junctional couplings,
we also consider the effects of the endothelium-derived NO on SMCs.

Homocellular communication
Between SMCs

A term

—g Y .(vi—w) 27

k

Vccuplingi =

TABLE 2 Parameter values for the single EC model

Parameter Description Value

F Maximal rate of activation-dependent 0.23 uM/s
calcium influx

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

B ER uptake rate constant 0.5 uM/s

Cp Half-point of the ER ATPase 1.0 uM
activation sigmoidal

o CICR rate constant 5 uM/s

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

. Half-point of the CICR activation 0.9 uM
sigmoidal

D Rate constant for Ca>* extrusion by ~ 0.24 s~
the ATPase pump

L Leak from ER rate constant 0.025 57!

k Rate constant of IP; degradation 0.1s7!

Gt Whole-cell cation channel 0.66 nM mV~! s7!
conductivity

Ecq Ca*" equilibrium potential 50 mV

}’713“" —0.18 [.LM

Mg, 0.37 uM

J_OJ. Constant calcium influx 0.029 uM/s

Cn Membrane capacitance 25.8 pF

Gt Total potassium channel 6927 pS
conductivity

VK K™ equilibrium potential —80 mV

@ 53.3 uM mV

a 53.3 mV/uM

b —80.8 mV

¢ —0.4 uM

1i3p 1.32 X 1073 uM/mV

n”14b 0.30 ,LLM mV

EN —0.28 uM

Hilgg 0.389 uM

Gr Residual current conductivity 955 pS

Vrest Membrane resting potential —31.1 mV
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is added for each SMC i to Eq. 3 to model the electrical coupling with all
nearest-neighboring  SMCs k. The gap-junctional electrical coupling
coefficient g is related to the gap-junctional conductance G by g = G/Cy,,
where C,, is the cell membrane capacitance. The calcium coupling
describing calcium diffusion is modeled by a term

PZ — ), (28)

Jc—couplingi =

complementing Eq. 1. The IP; coupling describing IP; diffusion is modeled
by a term

—Pips Z(Ii - Ik) (29

k

Jl—cnuplingi =

added to Eq. 5. The coupling coefficients are set to g = 1000 s~ ', p = 0.05
s7!, and ppp; = 0 s ! (Koenigsberger et al., 2004).

Between ECs

A term
Vcouplingj = _g Z(ﬁj - ﬁl) (30)
1

is added for each EC j to Eq. 8 to model the electrical coupling with all nearest-
neighboring ECs 1. Setting Cy, ~ 3 X 1075 uF (Schuster et al., 2003) and
G ~ 30nS (Van Rijen et al., 1997) gives a gap-junctional electrical coupling
coefficient g of the order of 1000 s~'. The terms modeling calcium and IP;
coupling are set to zero, since they are not known. We will come back to this
choice in Results and Discussion.

Heterocellular communication

To model heterocellular electrical coupling, the terms

SMC—-EC
coupling;

—8Y.(% — )

k
€1V}

couplin, g;

= 7(@ Z(Vi — \71 and VEC SMC
1

are added to Eqgs. 3 and 8, respectively. The values represented by v are
membrane potentials of the neighboring ECs / of SMC i, whereas the values
represented by Vi are membra.ne potentials of the neighboring SMCs k of EC .
Setting Cy, >~ Cm ~2X%X1073 uF (Parthimos et al., 1999; Schuster et al.,
2003) and G ~ 1nS (Yamamoto etal., 2001) gives a gap-junctional electrical
coupling coefficient g of the order of 50 s . The calcium coupling describing
calcium diffusion is modeled by the terms

J(Zsi/fzgl:p]iig, = PZ i C] and ‘]cECcoirI;/lllig = _ﬁ Z(CJ - Ck)
(32)

added to Egs. 1 and 6, respectively. The IP; coupling describing IP;
diffusion is modeled by the terms

JSMCEC
I—coupling; ~—

_pAIP.? 2(1 I) and JlECcm?[I)\l/fg - _pAIP3 Z(jl - Ik)

1 k
(33)

added to Egs. 5 and 9, respectively. We choose to set the heterocellular
coupling coefficients j to zero and pp, t0 0.05 s~ ! Other possibilities will be
addressed in Results and Discussion.

NO acts on SMCs by enhancing the refilling of intracellular stores,
activating calcium-sensitive potassium channels, stimulating Na*/Ca**
exchange, and inhibiting the generation of IP;. Its effects can thus be
simulated by increasing the value of parameters B, Gk, and Gny/c, in terms
11, 19, and 16, and by decreasing Jpr.c,qp, -
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Numerical methods

The model equations were solved using a fourth-order Runge-Kutta method.
For populations of cells, the equations were integrated on a two-dimensional
grid of rectangular SMCs superposed on a two-dimensional grid of
rectangular ECs (Fig. 1). Within each SMC and EC, the calcium and
membrane potential dynamics are described by Eqs. 1-5 and Egs. 6-9,
respectively. Each cell is connected with its nearest neighbors on the same
layer (homocellular communication, terms 27-30) and with the cells on the
other layer directly superposed on it (heterocellular communication, terms
31-33). The software AUTO, as implemented in XPPAUT by B. Ermentrout
(http://www.pitt.edu/~phase/), was used for bifurcation diagrams. All stable
solutions indicated by AUTO have been found in our numerical simulations.

RESULTS AND DISCUSSION
Single cell
SMC

The behavior of the cytosolic calcium concentration c; of an
isolated SMC i with respect to the agonist activated PLC-
rate, JpLc is shown on Fig. 2. At low values of JPLCagonisli
(i.e., at low vasoconstrictor concentration), the cytosolic
calcium level is in a stable steady state (domain I on Fig. 2).
Increasing the vasoconstrictor concentration, one reaches a
Hopf bifurcation: the steady state becomes unstable and the
calcium level begins to oscillate (domain II on Fig. 2). Our
simulations show that the mean calcium level and the
frequency of the oscillations become higher with increasing
values of Jprc,,,,,, - Finally, there is a second Hopf bifur-
cation from which the steady state becomes stable again
(domain III on Fig. 2). Note that a calcium rise in the SMC
is accompanied by a membrane potential depolarization,
due to the presence of VOCCs (term 15) (see also Fig. 3 of
Koenigsberger et al., 2004). The introduction of a Gaussian
noise in parameter values results in a few irregular calcium

agonist; ?

Fy
v

vessel axis

FIGURE 1 The model equations are integrated on a two-dimensional grid
of SMCs superposed on a two-dimensional grid of ECs (the third dimension
is for visualization purposes only). ECs are arranged parallel, and SMCs
perpendicular, to the vessel axis. Cell geometry is approximated by a
rectangle. The width of an EC is taken to be twice that of an SMC, and the
length of an EC is taken to be 1.3 times that of an SMC (Sandow and Hill,
2000). The cell geometry only plays a role in determining the number of
neighbors: each SMC generally has six nearest-neighboring SMCs and 5-6
nearest-neighboring ECs, and each EC generally has six nearest-neighboring
ECs and ~15 nearest-neighboring SMCs. Each cell is connected with its
nearest neighbors on the same layer (homocellular connection, —) and with
the cells on the other layer directly superposed on it (heterocellular con-
nection, |)).
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FIGURE 2 Bifurcation diagram for the cytosolic calcium concentration c;
of an isolated SMC with respect to the rate of PLC JpLc,y,y,, (thick solid line,
stable rest state; thick dashed line, unstable rest state; and thin solid line,
minima and maxima of stable oscillations). Two Hopf bifurcations divide
the diagram into three domains (domains I and III, steady state; and domain
11, oscillations).

flashes in the SMC at low vasoconstrictor concentrations in
the domain I on Fig. 2 (see also Fig. 2 b of Koenigsberger
et al., 2004): the calcium level may exceed a threshold and
flash at moments distributed stochastically in time. Intro-
duction of noise at higher values of JpLc,,,, results in small
fluctuations between two calcium oscillations (domain II; see
also Fig. 2 ¢ of Koenigsberger et al. (2004)) or around the
steady state (domain III; see also Fig. 2 d of Koenigsberger

et al. (2004)).

EC

With the parameter values chosen, the EC model exhibits no
calcium oscillations. The calcium level is in a stable steady
state at all values of IP; concentration ij. Introducing a
Gaussian noise in parameter values results in few irregular
calcium fluctuations and flashings of the EC. An elevated
calcium level is associated with a membrane potential hy-
perpolarization, whose major compound can be inhibited by

blocking the SK¢, channel (i.e., by setting term 24 to zero).

Single SMC-EC pair

An elevated calcium level in an SMC induces irregular
calcium flashings (resulting from noise) in a neighboring EC
via heterocellular chemical coupling. Electrical coupling
leads to membrane potential values that are similar for the
SMC and the EC. The calcium increases in the EC lead to
a membrane potential hyperpolarization due to potassium
efflux through the SK¢, channel (term 24). Moreover, a high
calcium level in the EC leads to the generation of NO that
can be simulated in our model by increasing B, Gk, or
Gna/car and by decreasing Jprc, o, -

Biophysical Journal 88(6) 3845-3854
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FIGURE 3 Bifurcation diagrams of an SMC coupled to
an EC. (a-b) Bifurcation diagrams for the SMC cytosolic

calcium concentration ¢; with respect to the rate of PLC
IPLC,gonis;, (thick solid line, stable rest state; thick dashed
line, unstable rest state; and thin solid line, minima and
maxima of stable oscillations). On panel a, the major part
of the EC hyperpolarization is inhibited (i.e., the SKc,
channel is blocked) and the effects of NO are not taken into
account (i.e., parameters B, Gk, and Gnyc, are un-
changed). On panel b, the SK¢, channel is open in the
absence of NO. (c—e) Two-parameter bifurcation diagrams
showing the evolution of the two Hopf bifurcations with

2.5 0.6
0.5
24
0.4
23
03
22 02
I I ol 1 11 il
2.1 0.1
005 01 015 02 025 03 005 01 015 02 025 03

JPLCagonisti (LM/s)

e)

GNaca ("M mv'sh

3.8

3.6

3.4 1 1L I

32
005 0.1 0.15 02 025 0.3
JPLCagonistj (uM/s)

The bifurcation diagram of Fig. 3 a shows the SMC cal-
cium concentration with respect to the agonist-activated PLC
rate. For this simulation, the SK, channel is blocked and the
parameters B, Gk, and Gy, are not modified. This figure
then simulates a situation in which the major effects of the
endothelium (EC hyperpolarization and NO) are not taken
into account. There is an oscillatory domain (domain II) and
two steady-state domains (domains I and III). Note that
because of the electrical and IP; coupling with the EC, the
bifurcation diagram of Fig. 3 a is slightly different from the
one of an isolated SMC (Fig. 2). On the diagram of Fig. 3 b,
we focus on the effects of the hyperpolarization: the SKc,
channel is open in the absence of NO. The hyperpolarization
propagates to the SMC (term 31). It then lowers the mean
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JPLCagonistj (HM/s)

the rate of NO (simulated by an increase of B, Gk, and G/
ca» Tespectively) and the rate of PLC Jpc,,,, - On these
diagrams the SKc, channel is open.

calcium level of the SMC by decreasing the calcium influx
through VOCCs (term 15). With respect to Fig. 3 a the mean
calcium level is decreased, the three domains (I, II, and III)
are shifted to the right, and domain II has become larger. In
the two-parameter bifurcation diagrams of Fig. 3, c—e, the
SK¢, channel is open and the action of NO is analyzed by
increasing parameters B, Gk, or Gn,c, With respect to Table
1. An increase in B increases the range of Jpic,,,,, COI-
responding to domain II (Fig. 3 ¢), but the SMC calcium
level remains unchanged. Increasing Gk or Gn,,c, decreases
the mean calcium level by shifting the domains I, II, and III
to the right and enlarges domain II (Fig. 3, d and ¢). At a fixed
value of JpLc,,,,, in domain II, increasing B, Gk, and Gny/ca
increases the amplitude of the oscillations and decreases their



Role of the Endothelium on Vasomotion

frequency. Another effect of NO is to inhibit IP; generation.
In our model, this can be simulated by decreasing JpLc, g, »
and simply leads to a decrease of the mean SMC calcium
level.

Population of SMCs and ECs, and comparison
with experiments

In a population of coupled SMCs and ECs under uniform
SMC vasoconstrictor stimulation, we still observe the three
domains described in Fig. 2. As for a population of SMCs
without ECs (Koenigsberger et al., 2004), the calcium
oscillations in domain II are synchronous, whereas the
irregular flashings in domain I are essentially asynchronous
with the SMC coupling coefficients values used. The results
obtained in the case of an SMC-EC pair can be generalized to
a population of SMCs and ECs. The major effect of the en-
dothelium on a population of SMCs is to decrease the SMC
calcium level. This has been observed experimentally; see,
for instance, Fig. 4 of Gustafsson et al. (1993), Fig. 1 b of
Gustafsson et al. (1994), Fig. 6 of Budel et al. (2001), or Fig.
2 a of Okazaki et al. (2003). Domain II is smaller if the
effects of the endothelium are not taken into account, which
may explain why some experimental studies do not observe
synchronous calcium oscillations giving rise to vasomotion
in the absence of endothelium at the vasoconstrictor
concentrations they have chosen. Within domain II the
endothelium decreases the frequency of the SMC calcium
oscillations and increases their amplitude, but their synchro-
nization is preserved. This is in agreement with experimental
observations. For instance, Kasai et al. (1997) have observed
that under electrical or noradrenaline stimulation the
frequency of the calcium oscillations of SMCs decreased
when ECs were stimulated with acetylcholine, which
increases the EC cytosolic calcium concentration (see Fig.
2 E of Kasai et al., 1997). The frequency was also lowered in
the presence of NO donor sodium nitroprusside (see Fig. 4, C
and D, of Kasai et al., 1997). The endothelium-induced
calcium decrease in SMCs shifts the domains I, II, and III to
the right. A direct consequence of this domain shifting is that
the endothelium can induce oscillatory behavior in a non-
oscillating SMC population (transition from domain III to
domain II), or suppress oscillations by initiating a transition
from domain II to domain I.

The endothelium may induce vasomotion

An example of a transition from domain III to domain II is
given on Fig. 4, a and b. A uniform stimulation by an SMC
vasoconstrictor at Jprc,yy,, = 0.29 uM/s leads to a high
non-oscillating calcium level in the SMCs if the major
effects of the endothelium are not taken into account, i.e., the
SKc, channel is blocked and the effects of NO are not taken
into account. Experimentally, a high calcium level in SMCs
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FIGURE 4 Time courses for a coupled population of ~60 SMCs and ~30
ECs (with Jpic,,, = 0-29uM/s). The uniform SMC vasoconstrictor
stimulation begins at ¢ = 0 s. During the period indicated by the first bar, the
major part of the EC hyperpolarization is inhibited (i.e., the SK¢, channel is
blocked) and the effects of NO are not taken into account (i.e., parameters B,
G, and Gy c, are unchanged). In a second step, the SK, channel is open in
the absence of NO. Finally, the SK¢, channel is held open and the parameter
B is increased to simulate the action of NO on the SMCs (B = 2.5 uM/s). (a)
Evolution of the cytosolic calcium concentrations of four representative
SMCs (solid curves) and three ECs (dashed curves). (b) Evolution of the
mean SMC membrane potential V; (solid curve) and the mean EC membrane
potential vj (dashed curve). The mean is taken over the entire grid.

corresponds to a tonic contraction (Lamboley et al., 2003).
Electrical coupling results in membrane potential values for
SMCs and ECs that are similar, as observed experimentally
(Emerson and Segal, 2000). The SK¢, channel is then open
in the absence of NO. The EC hyperpolarization propagating
to the SMCs decreases the calcium level sufficiently to bring
about oscillations in SMCs. With the SMC coupling coef-
ficients used, these oscillations are synchronous. Experi-
mentally synchronous SMC calcium oscillations give rise to
vasomotion (Lamboley et al., 2003). Note that the EC
calcium level has become higher: the EC hyperpolarization

Biophysical Journal 88(6) 3845-3854
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increases the EC calcium level due to an increased calcium
influx through the nonselective cation channel (term 21).
Finally, the SK¢, channel is held open and the action of NO
is simulated by an elevated value of B (B = 2.5 uM/s). The
SMC calcium oscillations are still synchronous. Their am-
plitude increases and their frequency decreases.

Experimentally, the reverse transition (from domain II to
domain III) has been observed by Dora et al. (2000) by
inhibiting the effects of the endothelium. In Fig. 1 of Dora
et al. (2000), endothelium intact vessels stimulated by
a certain dose of phenylephrine (PE) presented vasomotion.
PE acts only on SMCs and not on ECs (Dora et al., 2000) by
binding to «-adrenoceptors. After adding N“-nitro-L-
arginine methyl ester, a blocker of NO-synthesis, the average
contraction was increased. The amplitude and frequency of
the oscillations was decreased and increased, respectively.
The addition of charybdotoxin (a nonselective inhibitor of
BKc, channels acting on SMCs and ECs) abolished
vasomotion and further increased the contraction. Apamin
(an inhibitor of the SKc, channel) further augmented the
contraction to PE. These behaviors correspond to the ones
simulated on Fig. 4 in the reverse order (the effect of
inhibiting all large conductance potassium channels is not
shown on the figure).

In Fig. 1 E of the study of Peng et al. (2001), vasomotion
was also observed in the presence of endothelium under
norepinephrine stimulation. After endothelium removal,
the calcium level was more elevated and SMCs presented
asynchronous calcium increases. In our interpretation, such
flashings result from the stochastic opening of channels. The
removal of endothelium corresponds to a transition from
domain II to domain III in our model. To analyze the effect
of NO, Peng et al. (2001) then added an analog of cGMP,
8-bromo-cGMP, and they observed that vasomotion reap-
pears, which can be interpreted as a transition from domain
III to domain II.

In Fig. 1 of the study of Gustafsson et al. (1993), removing
the endothelium also increases the contraction and abolishes
vasomotion, which corresponds to the transition from do-
main II to domain III.

The endothelium may abolish vasomotion

An example of a transition from domain II to domain I is
given on Fig. 5, a and b. A uniform stimulation by an SMC
vasoconstrictor at Jprc,,,,,, = 0.127 uM/s leads to an
oscillating calcium level in the SMCs if the SKc, channel
is blocked in the absence of NO. With the SMC coupling
coefficients used, these oscillations are synchronous and
experimentally this gives rise to vasomotion. SMCs mem-
brane potential oscillations are transmitted to the ECs. The
SKc, channel is then open in the absence of NO. The SMC
calcium oscillations are still synchronous. The hyperpolar-
ization propagating to the SMCs decreases the frequency of
the SMC calcium oscillations, and increases their amplitude.
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FIGURE 5 Time courses for a coupled population of ~60 SMCs and ~30
ECs (with Jprc,yy, = 0.127 pM/s). The uniform SMC vasoconstrictor
stimulation begins at ¢t = 0 s. During the period indicated by the first bar, the
major part of the EC hyperpolarization is inhibited (i.e., the SK¢, channel is
blocked) and the effects of NO are not taken into account (i.e., parameters B,
Gy, and Gny/c, are unchanged). In a second step, the SK, channel is open in
the absence of NO. Finally, the SK¢, channel is held open, and the parameter
Gy is increased to simulate the action of NO on the SMC (G = 0.2 uM
mV ! s™1). (a) Evolution of the cytosolic calcium concentrations of seven
representative SMCs (solid curves) and three ECs (dashed curves). (b)
Evolution of the mean SMC membrane potential v; (solid curve) and the
mean EC membrane potential vj (dashed curve). The mean is taken over the
entire grid.

The SMC membrane potential oscillations are attenuated
because of the EC hyperpolarization propagating to the
SMC:s. Finally, the SK, channel is held open and the action
of NO is simulated by an increase of parameter Gx (G = 0.2
uM mV ™" s7!. This decreases the SMC calcium level
further and induces a transition from domain II to domain I of
Fig. 3 d. The SMCs no longer oscillate, but present only few
flashings due to noise modeling stochastic opening of
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channels. These flashings are essentially asynchronous with
the coupling coefficients used. Thus the endothelium can
have a ‘‘desynchronizing effect’” on the calcium signals of
SMCs. Note that the EC calcium level is lower and more
sensitive to noise on Fig. 5 than on Fig. 4 because the SMC
vasoconstrictor concentration (i.e., term JpLc,,,,, ) is lower.

Experimentally, this ‘‘desynchronizing effect’’, corre-
sponding to a transition from domain II to domain I, has been
observed by Sell et al. (2002), who obtained vasomotion
both in the presence and the absence of endothelium. The
synchronization of the calcium signals was attenuated by
acetylcholine acting on ECs (see Fig. 6 of Sell et al., 2002)
and SMC:s then presented only irregular flashings. Sell et al.
(2002) observed that the synchronization was augmented by
adding the NO inhibitor N“-nitro-L-arginine methyl ester.
This manipulation corresponds to a transition from domain
ItoIL

Nature of EDHF

We have shown that the hyperpolarization propagating from
ECs to SMCs through myoendothelial gap junctions can
model the experimental behaviors attributed to EDHF. Our
model then supports the hypothesis about the nature of
EDHF proposed by many authors (Doughty et al., 2000;
Coleman et al., 2001; Sandow et al., 2002; Ungvari et al.,
2002; Dora et al., 2003a; Griffith et al., 2004).

Consequences of different model hypotheses

We have chosen to base the EC model on the equations of
Goldbeter et al. (1990) and Schuster et al. (2003), but our
results do not depend qualitatively on the precise calcium
dynamics of each single EC. In particular, we have verified
that our findings remain qualitatively the same if the EC
model is modified to allow calcium oscillations. Moreover,
the exact values for calcium or IP; coupling between ECs are
not known. Experimentally, it has been observed that a local
calcium increase in ECs does not propagate at long distances
(Dora et al., 2003b), which is the case when calcium and IP;
couplings are set to zero. Non-zero values for these cou-
plings would only synchronize the ECs calcium concen-
trations.

Changing the values of the myoendothelial coupling
coefficients or the nature of the messenger inducing a calcium
rise in ECs following an SMCs calcium increase does not
qualitatively affect our results. Decreasing the heterocellular
IP; coupling coefficient pip, leads to a lower calcium level in
ECs during SMC vasoconstrictor stimulation. The resulting
hyperpolarization is then attenuated, which leads to a smaller
decrease in the SMC calcium level. Setting pip, to zero, we
observe that a calcium coupling coefficient higher than
0.02 s~ may also induce a calcium rise in ECs following an
SMCs calcium increase. A consequence of decreasing the
heterocellular electrical coupling coefficient ¢ is that the EC
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hyperpolarization is transmitted to a lesser extent to the
SMCs, which, in turn, also decreases the SMC calcium level
less. Moreover, the SMC membrane potential oscillations
(Fig. 5 b) are then attenuated less.

SUMMARY

SMCs may be in a low-calcium-level steady state (domain I),
present calcium oscillations (domain II), or be in a high-
calcium-level steady state (domain III). In domain II, the
SMC coupling coefficients synchronize the calcium oscil-
lations giving rise to vasomotion. In domains I and III, the
calcium flashings and fluctuations arising from the stochastic
opening of channels cannot be synchronized by these cou-
pling coefficients. We have observed that the endothelium-
derived factors (EDHF and NO) increase the range of agonist
concentrations for which SMCs present synchronous oscil-
lations: domain II is smaller if the effects of the endothelium
are not taken into account (Fig. 3). This may explain why
some experimental studies do not observe vasomotion in the
absence of endothelium at the vasoconstrictor concentrations
they have chosen.

The main effect of the endothelium is to decrease the mean
calcium level in SMCs. As a consequence, the endothelium
can give rise to vasomotion by inducing a transition from
domain III to domain II (Fig. 4). On the other hand, the
endothelium may abolish vasomotion by inducing a transi-
tion from domain II to domain I (Fig. 5). These two types of
transitions provide explanations for the seemingly contra-
dictory experimental observations about the role of the en-
dothelium on vasomotion. The effect of the endothelium is
always the same, only the initial conditions, which may
depend on the experimental setup (temperature, wall tension,
etc.) and the type of vessel, are different: in some experi-
ments, the vessels are prepared so that they are in a steady
state, whereas in others they are in an oscillatory state. Our
conclusions do not depend on precise details of the model, as
long as the SMC presents oscillatory and steady-state be-
haviors and the EC decreases the SMC calcium level.

This research was supported by Swiss National Science Foundation grant
No. FN 31-61716.
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