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ABSTRACT We describe a two-dimensional stochastic model of intercellular Ca21 wave (ICW) spread in glia that includes
contributions of external stimuli, ionotropic and metabotropic P2 receptors, exo- and ecto-nucleotidases, second messengers,
and gap junctions. In this model, an initial stimulus evokes ATP and UTP release from a single cell. Agonists diffuse and are
degraded both in bulk solution and at cell surfaces. Ca21 elevation in individual cells is determined by bound agonist
concentrations s and by number and features of P2 receptors summed with that generated by IP3 diffusing through gap junction
channels. Variability of ICWs is provided by randomly distributing a predetermined density of cells in a rectangular grid and by
randomly selecting within intervals values characterizing the extracellular compartment, individual cells, and interconnections with
neighboring cells. Variability intervals were obtained from experiments on astrocytoma cells transfected to express individual P2
receptors and/or the gap junction protein connexin43. The simulation program (available as Supplementary Material) permits
individual alteration of ICW components, allowing comparison of simulations with data from cells expressing connexin43 and/or
various P2 receptor subtypes. Such modeling is expected to be useful for testing phenomenological hypotheses and in
understanding consequences of alteration of system components under experimental or pathological conditions.

INTRODUCTION

Glial cells can respond to a variety of neurotransmitters with

increases in intracellular Ca21 levels that can be transmitted

to neighboring cells as intercellular Ca21 waves (ICWs),

thus providing long-range glial Ca21-signaling. Two main

pathways contribute to spread of ICWs (1), one involving the

release and diffusion of extracellular messengers such as

ATP and UTP that activate cell membrane Ca21-mobilizing

receptors or promote Ca21 influx from the extracellular

medium, and a separate gap junction-mediated route that

allows for direct cytosol-to-cytosol diffusion of intracellular

Ca21 mobilizing second messengers. (See Table 1 for a

glossary of terms used in this article.)

Gap junctional pathway

Astrocytes are coupled by gap-junction channels mainly

formed by the gap junction protein connexin43 (Cx43) (2,3)

and, as first shown by Boitano et al. (4), inositol 1,4,5-

triphosphate (IP3) is generally believed to be the main in-

tracellular messenger responsible for gap-junction-mediated

ICW spread between these cells (5,6). IP3 generated in stim-

ulated astrocytes by activation of phospholipase C (PLC)

increases Ca21 levels due to the release of Ca21 from

intracellular IP3-sensitive Ca21 stores (7). The increases in

intracellular Ca21 can then be transmitted to neighboring

coupled cells by second-messenger diffusion through gap

junction channels (5,6,8–11).

Extracellular purine-/pyrimidinergic pathway

The contribution of an extracellular route to the spread of

ICWs between cultured astrocytes was first suggested by the

observations that Ca21 waves could jump cell-free areas

(12,13). Further evidence that gap junctions were not

required for ICW spread between astrocytes was obtained

from experiments using gap junction channel blockers and

Cx43-null mice, showing that the extent of ICW spread was

attenuated but not totally prevented when coupling was

substantially reduced (14–16). The extracellular messenger

mediating such gap junction-independent ICW spread was

identified as being ATP, other nucleotides and/or their

metabolites (17,18). Nucleotides released from mechanically

stimulated cells (19–21) can induce intracellular Ca21

mobilization through activation of ionotropic (P2X) and

metabotropic (P2Y) purinergic receptors (22,23). Activation

of ligand-gated P2XR ion channels allows influx of Ca21

from the extracellular compartment, while activation of

G-protein coupled P2YRs mobilizes Ca21 from intracellular

pools through activation of PLC and generation of intra-

cellular second messengers (22,23).

Mathematical modeling of ICW

As described above, ICW spread between astrocytes depends

on a large number of variables linked through complex

regulatory interactions between distinct cellular processes.
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TABLE 1 Glossary of symbols (in alphabetical order)

Symbol Unit Description

a (a ¼ ATP, UTP) Released agonist.

å (å ¼ ADP, UDP) Hydrolyzed a.

a ; _aa ; Da aðm; nÞ ; _aaðm; nÞ ; Daðm; nÞ s�1 Degradation modules of agonists a and å in the bulk solution and in cell at node

(m,n). Defined in the text.

ä (ä ¼ AMP, UMP, . . .) Degradation compounds without agonist activity.

b Text variable taking values from an attached list.

C(m,n;m1i,n1j) Arb* (Integer) Number of gap junction channels formed between the cells at the nodes

(m,n) and (m1i,n1j).

Ca21CYðm; n; tÞ
� �

mM Cytosolic concentration of Ca21 at the moment t in the cell at node (m,n).

Ca21ERðm; nÞ
� �

mM Concentration of Ca21 in the ER stores of the cell at node (m,n).

Ca21SO
� �

mM Concentration of Ca21 in the bulk solution.

x(m,n) Number of internodal distances (l) from the central cell to the node (m,n).

d/dt, @/@t Total and partial time derivatives.

DATP, DUTP 10�10 m2/s Diffusion coefficients in the bulk solution.

dx,ATP, dx,UTP
dx,ADP, dx,UDP

103 M�1 s�1 Degradation rates of ATP, ADP, UTP, and UDP in solution by the

exo-nucleotidase x.

dz,ATP(m,n), dz,UTP(m,n)

dz,ADP(m,n), dz,UDP(m,n)

103 M�1 s�1 Degradation rates of ATP, ADP, UTP, UDP at the membrane of the cell located

at node (m,n) by the ecto-nucleotidase z.
[e]/ [emax] Energy of the stimulus/ maximal energy that preserves the cell integrity.

h(m,n) s�1 Rate of Ca21 sequestration in the cell at node (m,n).

fEATPg, fEUTPg Arb* (Integer) Number of transducers, each responsible for ATP or UTP release after

mechanical stimulation.

FER(m,n;t) mol/s Ca21 flux from the ER to the cytosol at moment t in the cell located at

node (m,n).

FIP3(m,n;t) mol/s IP3 formation rate at moment t in the cell located at node (m,n).

FSO(m,n;t) mol/ Total Ca21 influx through the membrane of the cell located at node (m,n).
G(m,n;m1i,n1j) 10�21 mol/s IP3 permeability of a unitary gap junction channel formed between the cells

located in the nodes (m,n) and (m1i,n1j).

Hr,s(m,n), (e.g., HEATP,e, HEUTP,e, HP2X4,ATP, etc.) Unit of [s] Intensity of stimulus s eliciting half-saturation response of transduction/receptor

r in the cell at node (m,n).
i, j Integer values.

fIP3g Arb* (Integer) Number of IP3 receptors.

k(m,n) s�1 Degradation rate of IP3 in the cell at node (m,n).
=2 ¼ @2/@x2 1 @2/@y2 1 @2/@z2 Laplacian.

Lr,s(m,n) (e.g., LEATP,e, LEUTP,e, LP2X4,ATP, etc.) s Latency of the response of transducer/receptor r from the cell located at node

(m,n) to the stimulus s.

LATP [ LEATP,e(0,0)
LUTP [ LEUTP,e(0,0)

s Latency of agonists release by the central cell.

l mm Internodal distance.

(m,n), m,n ¼ �12, . . ., 12 Node of the grid. (0,0) ¼ The central node locating the stimulated cell.

Mr,s(m,n) (e.g., MEATP,e, MEUTP,e, MP2X4,ATP, etc.) Unit of [s] Threshold intensity of stimulus s to elicit the response of transducer/receptor

r from the cell located at node (m,n).

NORMSINV Returns the inverse of the standard normal cumulative distribution for the

cumulative probability.

OCC(m,n) Occupancy of the node (m,n).

VCa21 Number of iteration steps (elementary time intervals t) from the stimulation until

the new steady state of the system.

VIP3 Number of elementary time intervals t from the stimulation until the first

formation of IP3 in the cell located at node (m,n).

P Probability to assign a cell to a node ¼ confluence.

fP2Xi(m,n)g
fP2Yi(m,n)g

Arb* (Integer) Number of P2X and P2Y receptors in the cell at node (m,n). The index

i indicates the subtype of the receptor.

Qr,s(m,n), (e.g., QEATP,e, QEUTP,e, QP2X4,ATP, etc.) Hill slope of the logistic dose-response of transducer/receptor r from the cell

located at node (m,n) to the stimulus s.

rand(. . .) Evenly distributed random number $0, and ,1.

c(m,n) s�1 Rate of Ca21 extrusion in the cell at node (m,n).

s Standard deviation.

Ta(m,n) s Time after stimulation when the released agonist a (¼ ATP, UTP) from the

central cell reaches the node (m,n).
t s Elementary time-interval used as iteration step.
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One way in which to gain insight into such interactions is the

use of mathematical modeling for these processes, which

may provide a conceptual framework to account for experi-

mental observations and to generate experimentally testable

predictions. The stochastic two-dimensional model that we

have generated describes and allows computer simulations of

the participation of both gap junctional and extracellular

pathways for the transmission of ICWs, permitting separate

alterations of the individual contribution of each component

of these two pathways, including variations in degree of

junctional coupling as well as levels of P2R expression

reported for astrocytes from different central nervous system

regions and under different pathophysiological conditions

(3,24–30). Supplementary Material contains the procedures

to initialize the system and a simplified version of the

simulation program. The values of the parameters may

be individually fixed or randomly selected from Gaussian

distributions centered on predefined value intervals, as

described in the Supplementary Material (procedures

1a–1d).

In this report, model parameters were chosen to simulate

the phenomena that occur after focal mechanical stimulation

in a culture dish in which a human astrocytoma cell line

(1321N1 cells), stably transfected with various P2 receptor

subtypes and/or with Cx43 gap junction channels, was

grown at 80–90% confluence in a medium containing 1 mM

Ca21. The model was developed progressively so that the

characteristics of each simulation were used to determine

those of the next one.

PHYSICAL MODEL

Physical system and main approximations

In a cell culture system, ICWs can be induced by focal

stimulation of a single cell. The transmission profile and

properties of the ICWs depend both on the subtypes of P2R

expressed and on the degree of junctional coupling (31). Fig.

1 depicts the ICW phenomenon observed in a culture of

human 1321N1 astrocytoma cells stably transfected to

Table 1 (Continued)

Symbol Unit Description

ur,s(m,n;t1Lr,s(m,n)) (e.g., uEATP,e, uEUTP,e,

uP2X4,ATP, etc.)

Response of transducer/ receptor r from the cell located at node (m,n) to the

stimulus s at time t 1 latency L.
Qr,s(m,n) (e.g., QEATP,e, QEUTP,e, QP2X4,ATP, etc.) Unit of u Saturated response of transducer/receptor r from the cell located at node (m,n) to

the stimulus s.

V(m,n) pl Volume of the cell located at node (m,n).
VER(m,n) pl Total volume of Ca21 ER stores of the cell at node (m,n).

VSO cm3 Volume of the bulk solution.

[x1], [x2], . . . mM Concentration of exo-nucleotidase x1, x2, . . . in the bulk solution.

Y(m,n;m1i,n1j) 10�21 mol/s The product between the number and permeability of gap junction channels

interconnecting the cells located at nodes (m,n) and (m1j,n1k).

[z1(m,n)], [z2(m,n)], . . . Concentration of ecto-nucleotidase z1, z2, . . . in the cell at node (m,n).

*100 Arb (arbitrary) units are responsible for the maximal observed value.

FIGURE 1 Intercellular calcium wave

(ICW) spread among 1321N1 human

astrocytoma cells stably expressing P2Y2

receptors. (A) Confocal images of cells

loaded with Indo 1-AM and imaged using

a real-time confocal microscope (Model

RCM-8000, Nikon, Tokyo, Japan) as pre-

viously described (3,31). Images were

pseudo-colored using the lookup table

(fluorescence ratio proportional to the

logarithm of the molar concentration of

Ca21) indicated at the far left. Mechanical

stimulation of a cell in the center of the field

(arrow, cell a) induces a steep increase in

the intracellular Ca21 level of the stimu-

lated cell and triggers the transmission of

the Ca21 signal to the neighboring cells

(a chain of which is labeled b–d). (B)

Graphical representation of the phenome-

non illustrated in A as a function of time for

the four cells indicated in the photograph.
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express only the P2Y2R subtype. Focal mechanical stimu-

lation of a cell in the center of the field induces a prompt rise

in intracellular Ca21 that spreads to neighboring cells within

a few seconds. This spread is illustrated in a plot of changes

over time in the fluorescence ratio of Indo-1, an intracellular

Ca21 indicator. Similar experiments performed on 1321N1

cells transfected with vectors encoding each P2R subtype

and/or the gap-junction protein Cx43 were previously

quantified (31) to determine parameters used to constrain

the model simulations presented below. These experimental

results permitted the separation of the contribution of each

component of the purine-/pyrimidinergic and gap junctional

pathways for the transmission of ICWs.

The components of the physical system described below

are illustrated in Fig. 2. In our model of ICW spread, the cells

(where the average diameter is assumed to be 20 mm but can

be adjusted to account for differences or variability in cell

morphology) are randomly distributed on the nodes

f(m,n)jm,n ¼ �12, . . ., 12g of a 25 3 25 rectangular grid,

reported to the Cartesian axes centered in the central node

(0,0) with the internodal distance l larger or equal to the

maximal cell diameter to avoid cell overlapping. The central

section of this grid is illustrated in Fig. 2 A; note that grid size
is considerably larger than the observed spread of ICW (see

Fig. 1) so that edge effects are negligible. The cellular

network is placed at the surface of a dish (100 mm)

containing culture medium (extending 2 mm above the

cells). Confluence p, a parameter previously shown to affect

ICW spread (16) is randomly selected from the 80–90%

value interval and used as probability to assign a cell to

a node to simulate normal culture conditions. The cells can

be grouped into concentric circular tiers (as indicated by the

FIGURE 2 The main features of the

model. (A) 13 3 13 node portion of the

network. In this example, cells (whose

centers are illustrated by the small

circles) were assigned to nodes with

80% probability. Tier 5 is represented

by a circular crown of thickness equal to

one internodal distance. Note the non-

uniform cell density within the tier. (B)

Agonist release, diffusion, binding, and

degradation. The central cell (located

at the node (0,0) in A) is externally

stimulated with an energetically quantifi-

able stimulus [e] and due to the in-

dependent transduction events EATP

and EUTP it immediately releases single

amounts of ATP (A) and UTP (U). The
agonists diffuse (D ¼ diffusion coeffi-

cient) through the solution and irrevers-

ibly bind to P2X and P2Y receptors on

the cell surface (shaded; note that in this

illustration only the extracellular cell

surfaces are relevant). The agonist is

degraded both in the solution by exo-

nucleotidases (EXO) and at the mem-

brane surface by the ecto-nucleotidases

(ECTO). The first degradation product, A9

or U9, may be an additional active agonist

for certain P2Rs. The next degradation

step produces compounds without ago-

nist activity, all denoted by the generic

letter ä. (C) Ca21 influx induced by iono-

tropic activity. Agonist binding to iono-

tropic P2XRs opens channels through

which Ca21 diffuses from the medium

into the cell. Notations: a(m,n;t)¼ agonist on node (m,n) at time t, where (m,n) denotes the location of the cell in a Cartesian system centered on the stimulated

cell; Ca21SO
� �

; Ca21ERðm; nÞ
� �

, and Ca21CYðm; n; tÞ
� �

¼ Ca21 concentrations in bulk solution, endoplasmic reticulum, and cytosol; and VSO and VCY(m,n) ¼
volume of bulk solution and of cytosol. Basal Ca21 concentration is restored in time by sequestration of Ca21 ions into the ER with the rate h(m,n) and/or

extrusion in the extracellular medium with the rate c(m,n) through the calcium-extrusion pump (CE). (D) Generation of intracellular Ca21 pulse in cells

expressing metabotropic P2YRs and in cells interconnected through gap junction channels with cells expressing P2YRs. Agonist binding to P2YRs initiates

a series of intracellular reactions leading to IP3 generation. IP3 then diffuses within the cytosol and to the neighboring cells through the C(m,n;m1i,n1j) gap

junction channels having the IP3 permeability G, releases Ca21 from IP3-sensitive stores of the endoplasmic reticulum (ER), and is degraded within the cytosol

with the rate k(m,n). As illustrated for the cell in the upper right corner, increase in cytosolic Ca21 can occur also in cells that lack P2 receptors if they are

interconnected via gap junction channels with cells producing IP3.
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ring with light shading in Fig. 2 A), where tier thicknesses

are equal to the internodal distance l. The height of the

medium and diameter of the dish are considered to be infinite

compared to the cell diameter and the average intercellular

distance. Therefore, as compared to the distances between

the stimulated cell and the edges of the entire system, con-

centrations of all molecules of interest may be considered

uniform within each cell volume as well as at each cell sur-

face at any point in time.

To account for the variability of expression levels of

enzymes, transducers, receptors, and gap-junction channels,

the simulation program (see Supplementary Material) allows

values of these parameters to be fixed or randomly selected

for each cell in the network within corresponding Gaussian

distributions centered on user-defined value intervals (ex-

tended for three standard deviations around the mean). For

the simulations included in this article we have chosen fixed

values of the parameters (indicated in figure legends and

Table 2) to simplify understanding of their contribution to

the ICW.

The central cell is externally stimulated with an energet-

ically quantifiable stimulus [e], and due to transduction

events, it immediately releases discrete amounts of ATP and

UTP (A and U in Fig. 2 B) that are logistically dependent on

the stimulus energy. As illustrated in Fig. 2 B, we have

explicitly split the transduction events as EATP and EUTP,

allowing separate activation and therefore, independent re-

lease of these two agonists. The amount of the released

agonist may range between 1% and 10% of the cellular

content (;26.4 fmol ATP and 5.2 fmol UTP for astrocytes,

and ;7.5 fmol ATP and 2.1 fmol UTP for the 1321N1 cells

(32)). Although several distinct mechanisms for transmitter

release from glial cells have been proposed (e.g., exocytosis,

diffusion through ion channels; see Parpura et al. (33)), in

this model we have considered that only the externally

stimulated cell releases agonists, regardless of the underlying

mechanism of release. However, both EATP and EUTP can

be further subdivided into EATP1, EATP2, EATPn, and

EUTP1, EUTP2, EUTPn to account for various types of

release mechanisms. The agonist a (labeled A for ATP and U
for UTP in Fig. 2 B) diffuses (with the diffusion coefficientD
indicated in Fig. 2 B) through the solution, and instanta-

neously and irreversibly binds to cell surface P2X and P2Y

receptors. Both in the solution and at the membrane surface

the agonist is degraded in two steps (summarized in Fig. 2 B)
by removal of phosphate groups. The first degradation

product, å (labeled in Fig. 2 B as A9 or U9 for hydrolysis of
ATP and UTP, respectively), may be an additional active

agonist for certain P2Rs, as in the case of ADP obtained by

ATP hydrolysis, which is an agonist for P2Y1R. In this

model we have neglected the potential agonistic activity of

other degradation products such as AMP, adenosine, or

uridine, all denoted by the generic letter ä. Degradation

is catalyzed at the membrane surface by various ecto-

nucleotidases (e.g., NTPDase1 and NTPDase2, denoted as

ECTO in Fig. 2 B) and in the bulk solution by exo-

nucleotidases (e.g., NPP1, NPP2, denoted as EXO in Fig. 2 B)
(34). Enzyme concentration is significantly higher at the

membrane surface than in the bulk solution, thereby rapidly

degrading the bound agonists and terminating their action on

the P2 receptors. As shown in Fig. 2 C, agonist binding to

ionotropic P2XRs opens channels through which Ca21

diffuses from the medium into the cell. Since 1) Ca21 con-

centrations in both bulk solution Ca21SO
� �

and endoplasmic

reticulum (ER) stores, Ca21ERðm; nÞ
� �

(where (m,n) denotes
the node locating the cell in a Cartesian system centered on

the stimulated cell), are much higher (�1 mM) than the

cytosolic concentration, Ca21CYðm; n; tÞ
� �

(50–200 nM) at

any moment t; and 2) the extracellular volume VSO is

much larger than the sum of all cell volumes, VSO �
+12

m;n¼�12
Vðm; nÞ; and 3), at any moment, in any cell, most

of the intracellular Ca21 is located in the Ca21-stores of the

TABLE 2 Values of P2 receptor saturation (u), half-maximum (H), and minimum (M) concentrations used in the simulations

Saturation (u)
Half-maximum

concentration (H)

(mM)

Minimum

concentration (M)

(mM)P2R and agonists

Ca21 influx

(10�18 mol M�1 s�1)

IP3 formation

(10�21 mol s�1)

P2X4R

ATP 20.0 0.3 0.03

P2X7R

ATP 20.0 100.0 1.0

P2Y1R

ATP 25.0 0.3 0.03

ADP 25.0 0.01 0.001

P2Y2R

ATP 25.0 3.0 0.01

UTP 25.0 0.3 0.01

P2Y4R

ATP 8.0 3.0 0.1

UTP 8.0 3.0 0.1
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endoplasmic reticulum, i.e., VERðm; nÞ3 Ca21ER
� �

ðm; nÞ �
Vðm; nÞ3 Ca21CY

� �
ðm; n; tÞ; the Ca21 gradients are practically

constant during the spread of ICWs and therefore the Ca21-

fluxes are modulated only by receptor activity. Ca21 entry

exhibits a logistic dependence on agonist concentration in

the vicinity of the receptor and is proportional to the number

of receptors and to the [Ca21] gradient. Basal Ca21 con-

centration is restored by sequestration of Ca21 ions into the

ER with the rate h(m,n) and/or extrusion in the extracellular

medium with the rate c(m,n) through the calcium-extrusion

pump (CE in Fig. 2 C).
Fig. 2 D displays the Ca21 responses generated in cells

expressing metabotropic P2YRs that are interconnected

through gap junction channels to other P2YR-expressing

cells. Agonist binding to P2YRs initiates a series of reactions

leading to IP3 generation. For each type of P2YR, production

of IP3 exhibits a distinct logistic dependence on agonist

concentration at the cell surface and is proportional to the

number of receptors. IP3 then diffuses within the cytosol of

the stimulated cell and to the neighboring cell through the

C(m,n;m1i,n1j) gap junction channels, having a defined

permeability G(m,n;m1i,n1j), where it releases Ca21 from

IP3-sensitive stores of the ER (7); IP3 is then degraded within

the cytosol with the rate k(m,n). Ca21 elevations can also

occur in cells that lack P2 receptors only if they are

interconnected via gap junction channels with cells pro-

ducing IP3. Ca
21 release exhibits a logistic dependence on

IP3 concentration in the vicinities of the IP3 receptors, with

the average parameters: 0.3 mM half-saturation constant for

IP3 activation of IP3 receptors, 0.4 s�1 rate constant for IP3
receptor activation, 0.08 s�1 rate constant of Ca21 release,

and 4 s�1 rate constant for IP3 receptor inactivation (35).

Efficient local Ca21 buffering mechanisms largely limit

Ca21 liberation from Ca21-sensitive calcium stores. Because

direct intercellular Ca21 diffusion through gap junction

channels is not expected to be significant, we have not

included it in the model. In our model, the values of all

parameters are independently assigned to each cell. In cases

in which no quantitative information is available about a

particular feature (such as, for instance, the energy of the

stimulus, the numbers of transducers and receptors), we used

the interval (0,100).

Network and bulk solution

The network is immersed in a solution containing a constant

and uniform concentration of Ca21 (1 mM) and of exo-

nucleotidases [x] (x ¼ x1, x2, . . .). Also constant and uniform
are the diffusion coefficients DATP and DUTP of the agonists

(2 3 10�10 m2/s; 37) and their degradation rates dx,ATP,

dx,UTP due to exo-nucleotidase activity. The value intervals

of the degradation rates were selected so that the half-times

of the agonist in the solution are in the range of 12–25 min

(as observed by Lazarowski et al. (36)) when the concen-

trations of the nucleotidases are in the range of hundreds of

nanomoles.

Each node (m,n) is assigned cell occupancy OCC(m,n)
(¼ 0, 1) with the probability p randomly selected from

the interval of cell confluences (80–90%). The procedure to

assign features to the network is described in section 1a in

the Supplementary Material. The centers of the most distal

cells (at the corners of the network) are at the distance

l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1221122

p
¼ 16:97l from the central one.

Individual cell features

Each cell (located at node (m,n)) is assigned constant values

for the cellular volume V(m,n), the steady-state concen-

trations of Ca21 within the cytosol Ca21CYðm; n; 0Þ
� �

¼
limt/N Ca21CYðm; n; tÞ

� �
; and within the Ca21-stores of the

ER Ca21ERðm; n; 0Þ
� �

¼ limt/N Ca21ERðm; n; tÞ
� �

; the concen-

trations [z(m,n)] and the degradation rates dz,a(m,n) and

dz,å(m,n) of several (z ¼ z1, z2, . . .) ecto-nucleotidases on the
membrane surface, the numbers fr(m,n)g of pre-established

types of energy transducers (r ¼ EATP, EUTP) and P2X,

P2Y, and IP3 receptors, as well as the rates of Ca21-

sequestration h(m,n) and extrusion c(m,n), and the degra-

dation rate of IP3, k(m,n), according to procedure 1b in

Supplementary Material.

Intercellular communication

Each pair (m,n; m1i,n1j) of neighbor cells (up to eight

neighbors per cell) is assigned the number C(m,n; m1i,n1j)
and permeability G of gap junction channels according the

procedure 1c in the Supplementary Material.

We considered that each gap junction contains 30–170

Cx43 channels with a total conductance of 3–17 nS as

measured in astrocytes (37,38) and in Cx43 transfected

astrocytoma cells (D. C. Spray, unpublished results), with

the value of junctional permeability (in mol s�1 M�1) de-

rived from that used in the model of Hofer et al. (39). Input

parameters in the Supplementary Material can be changed to

fit other cell types and experimental conditions.

MODEL EQUATIONS AND SIMULATIONS

Activation of transducers and receptors

In this model we considered that any transducer or receptor r
on the cell located in the generic node (m,n) responds after
the latency Lr,s(m,n) to the specific stimulus swhose intensity
[s](m,n;t) at the moment t of application exceeds the

threshold Mr,s(m,n) by the response ur,s(m,n;t1Lr,s(m,n))
that satisfies the classical logistic dose-response relation-

ship
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where Qr,s(m,n) is the saturation response, Hr,s(m,n) is the

stimulus intensity eliciting half-saturation response, and

Qr,s(m,n) is the Hill slope.
The response differs from one cell to another mainly due

to differences in the number of receptors on each cell. The

values of the logistic activation parameters may be fixed (as

are the values from Table 2 used in the illustrations below) or

selected from the user-defined value intervals according to

procedure 1d in the Supplementary Material.

Agonist release, diffusion, and degradation
in solution

The simplest stimulation paradigm involves the central cell

receiving a single stimulus of defined energy [e] , [emax],

where [emax] is the maximal stimulus energy that preserves

cell integrity, and negligible duration. After the latencies

LATP ([ LEATP,e (0,0)) and LUTP ([ LEUTP,e (0,0)), the

central cell releases single amounts of ATP and UTP,

fATPgo and fUTPgo, that are proportional to the number of

transducers fEATPg and fEUTPg and the logistic responses

uEATP,e (0,0; LATP) and uEUTP,e (0,0; LUTP) of the

corresponding transducers of the stimulus intensity e.

Fig. 3 A presents simulations of agonist release from the

central cell (node 0,0) induced by increasing stimulus energy

and activation of randomly assigned numbers of transducers

fEATPg or fEUTPg. Note that the amount of agonist

released is markedly affected not only by the stimulus energy

(% of emax) and numbers (fEATPg, fEUTPg) of activated
transducers but also by each of the activation parameters.

Although for a similar number of transducers, higher

Hill slope (Q) values elicit more rapid agonist release, the

total final amount of agonist released depends not only on

the stimulus energy but also on the transducer saturation

values (Q).

The exo-nucleotidases in the bulk solution and ecto-

nucleotidases at the cell membranes degrade nucleotide

triphosphates to di- and monophosphates. Both released and

degraded nucleotides diffuse through the homogeneous bulk

solution. This system consists of a continuous and uniform

distribution of enzymes in bulk solution superimposed on

a discrete nonhomogeneous stochastic distribution of

degrading enzymes at the cell surface. Such a reaction-

diffusion problem can be numerically solved by using finite

differences or Monte Carlo methods. However, due to the

very small percentage of the system volume that is occupied

by cells, the amount of bound and degraded agonist is

negligible with respect to the total amount in the system at

each moment and can be neglected. With this approximation,

the timecourse of total amounts of agonists in the bulk

solution satisfies the differential equations,

Fig. 3, B and C, displays simulations of the timecourse of

the total amount of ATP and generated ADP, respectively, in

the system for selected values of the input parameters for

a single type of exo-nucleotidase. Note that increasing the

concentration of the enzyme in the bulk solution significantly

"

r ¼ EATP;EUTP ^ s ¼ e

r 2 P2Xiji¼1;2;3;4;5;6;7

n o
^ s ¼ ATP; ADP; UTP; UDP

r 2 P2Yiji¼1;2;4;6;11;12;14;16

n o
^ s ¼ ATP; ADP; UTP; UDP

r ¼ IP3 ^ s ¼ IP3

8>>>>><
>>>>>:

"m; n ¼ �12; . . . ; 12

ur;sðm; n; t1 Lr;sðm; nÞÞ ¼

Qr;sðm; nÞ

11
Hr;sðm; nÞ
½sðm; n; tÞ�

� �Qr;sðm;nÞ; ½sðm; n; tÞ�.Mr;sðm; nÞ

0; ½sðm; n; tÞ� # Mr;sðm; nÞ

;

8>>><
>>>: (1)

"a ¼
ATP / _aa ¼ ADP

UTP / _aa ¼ UDP
Conditions :

faðtÞg ¼ 0

f _aaðtÞg ¼ 0

���� "t, La

��
Notations : a [+

x

dx;a½x�; _aa [+
x

dx; _aa½x�; Da [ a � _aa

dfaðtÞg
dt ¼ �afaðtÞg / faðtÞg ¼ fagoe

�ðt�LaÞ a

df _aaðtÞg
dt ¼ afaðtÞg � _aaf _aaðtÞg / f _aaðtÞg ¼ faðtÞg a

Da
ðeðt�LaÞ Da � 1Þ

�����"t$ La:

8><
>: (2)
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accelerates ATP removal from the system and consequently

generation of ADP. However, the total amounts of ADP

formed in the first 2 min after stimulation (when ICWs may

be observed) are negligible, as compared to those of ATP.

Even at 10 min after stimulation, when the maximal amounts

of ADP generated in the bulk solution by exo-nucleotidase

([x] ¼ 0.1 mM) activity is observed, the concentrations of

ADP at the nodes that would bind to membrane receptors

would still be negligible because of the large volume in

which ADP is diluted. Therefore, we can neglect the ADP

and also UDP formed in the bulk solution and only consider

the amounts of ADP and UDP generated at the membrane

surface through the action of ecto-nucleotidases. The con-

centrations of ATP and UTP in the proximities of the nodes

(identified by the Cartesian vector r~ : ml; nl; 0 with the

origin in the node locating the stimulated cell), before

binding to membrane receptors satisfy the reaction-diffusion

equations derived from the expressions in Eq. 2 for

elementary volume, in which the total time derivative d/dt
was decomposed into the partial time derivative @/@t and the
diffusion operator �Da=

2 (40), are

"a ¼ ATP; UTP

@

@t
� Da=

2

� �
½aðr~; tÞ� ¼ �a ½aðr~; tÞ�0

½aðr~; tÞ� ¼ 2
fagoe

�ðt�LaÞ a

ð
ffiffiffiffiffiffi
2p

p
sÞ3

e�
1
2

r
sð Þ2 ;

(3)

where s is the standard deviation of the Gaussian distribu-

tion of concentrations.

In the absence of degradation, the right term of Eq. 3 is

zero and the solution is a Gaussian distribution of con-

centrations in the half-space (no diffusion below the cell

layer) at any moment t; the distribution is centered on the

node locating the stimulated cell and has the area below

the distribution curve equal to the released amount fago. The
uniform degradation in the bulk solution does not affect the

diffusion time to the nodes but diminishes the areas below

the distribution curves by the factor e�ðt�LaÞa: Considering
initial point sources for ATP and UTP (i.e., sATP(t # LATP)
¼ sUTP(t # LUTP) ¼ 0) and the dynamics of the standard

deviation s2
aðtÞ ¼ 2Dat1s2

að0Þ (41), agonist a reaches its

maximal concentration in the proximity of the node (m,n) at
time Ta(m,n) after stimulation:

"a ¼ ATP; UTP

"m; n ¼ �12; . . . ; 12

Taðm; nÞ ¼
1

2Da

ðm2
1 n

2Þ|fflfflfflfflffl{zfflfflfflfflffl}
x
2ðm;nÞ

l
2
1 La ¼

x
2ðm; nÞl2

2Da

1 La:

(4)

For the average values of l ¼ 20 mm and DATP � DUTP �
2 3 10�10 m2 s�1, the maximal concentration of agonists at

nodes (0,1), (0,2), and (0,3) is obtained after 1, 4, and 9 s,

after their release by the central cell in addition to the

transducer latency, which is in agreement with the experi-

mental data (see Fig. 1 B).

Agonist binding and degradation at
membrane surface

Since only the central cell releases agonists, and practically

the entire diffusion-reaction pathway (before binding to the

FIGURE 3 Agonist release and degradation in the solution. (A) Logistic
dependence of the total amount of agonist (ATP or UTP) released

instantaneously by a mechanical stimulus (e) upon a cell located at node

(0,0) at time 0. The stimulus is a percentage of the unknown energy emax,

which is the maximum intensity that can stimulate the cell without damaging

it. Note that for a particular stimulus energy (e/emax), any changes in energy

receptor parameters (fENEg ¼ fEATPg or fEUTPg, number of energy

transducers, Q ¼ saturation release of agonist, M ¼ minimum energy for

agonist release, H ¼ energy necessary to release half-maximal amount of

agonist stored within the cell, Q ¼ slope of the sigmoidal stimulus intensity-

agonist release curve) greatly affect the amount of agonist released by the

stimulated cell. (B and C) Timecourse of changes in the total amount of ATP

(B) and ADP (C) in the system due to exo-nucleotidase activity. Note that the

increase in arbitrarily set concentrations of the exo-nucleotidase [x] ¼ 0.01,

0.1, and 1mM speeds the degradation of ATP in the system (B) and increases

the amount of generated ADP (C). Because ADP is also degraded by exo-

nucleotidases, the amount ofADP in the system at anymoment is smaller than

the initially released amount of ATP. Input parameters for central cell

stimulation: e/emax¼ 10%, fEATPg ¼ 90,Q(EATP,e)¼ 53 10�18 mol s�1,

H(EATP,e)¼ 10�2emax,Q(EATP,e)¼ 1.5, L(EATP1,e)¼ 1 s, andM(EATP,e)
¼ 10�3emax; exo-nucleotidase parameters set arbitrarily as [x]¼ 0.01, 0.1, and

1 mM, degradation rates d (3 103 M�1 s�1) for ATP ¼ 5, ADP ¼ 2.
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membrane receptors) is located in the bulk solution above the

cell layer, initial agonist concentration is the same for all

nodes located at the same distance from the stimulated cell

and can be determined from Eq. 3 for r ¼ s ¼ x(m,n)l for

the cell located in the node (m,n) and r ¼ s ¼ l/2 for the

central cell. However, the timecourse of the concentration

varies among the cells from the same tier due to local

variability in the concentrations of ecto-nucleotidases that

degrade the bound agonists. Therefore, the timecourses of

the agonist concentrations at the membrane receptors are

described by

"a¼
ATP / _aa¼ADP

UTP / _aa¼UDP

(

"m; n¼�12; . . . ;12

Notations :

aðm; nÞ [+
z

ðdz;aðm; nÞ½zðm; nÞ�Þ

_aaðm; nÞ [+
z

ðdz; _aaðm; nÞ½zðm; nÞ�Þ

Daðm; nÞ[aðm; nÞ� _aaðm; nÞ

8>>>><
>>>>:

½að0;0; tÞ� ¼
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p
ffiffiffiffiffiffi
pe
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3 e
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2
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2
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; t. laðm; nÞ

0; t # laðm; nÞ

8<
:

½ _aað0;0; tÞ� ffi
½að0;0; tÞÞ� að0;0Þ
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t.Taðm; nÞ
0; t # Taðm; nÞ

8>>><
>>>:

"m; n¼�12; . . . ;12 jm2
1n

2 6¼ 0 ; OCCðm; nÞ ¼ 1

½aðm; n; tÞ� ¼

2fago

p
ffiffiffiffiffiffi
pe

p
x
3ðm; nÞl3e

�t aðm;nÞ
e
x
2
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2

2Da
ð aðm;nÞ � a Þ

;

t.Taðm; nÞ
0; t # Taðm; nÞ

8>>><
>>>:

½ _aaðm; n; tÞ� ffi
½aðm;n; tÞÞ� aðm; nÞ

Daðm; nÞ ðe
Daðm;nÞ ðt�Taðm;nÞÞ�1Þ;

t.Taðm; nÞ
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8>>><
>>>:

(5)

Fig. 4 displays simulations of the timecourse of the agonist

concentrations for cells located at nodes (0,0), (0,1), (0,2),

and (0,3) of a square grid for two different concentrations of

ecto-nucleotidases. Note that for the same distance of

diffusion, the amount of agonist that reaches the cell and is

further degraded is significantly altered by changes in the

concentrations of enzymes.

The interval Ir,s(m,n) from the moment of stimulation after

which the receptor r on the cell located at node (m,n)
responds to agonist a or å is the sum of the above defined

time Ta(m,n) (transducer latency1 diffusion time to the node

(m,n)) and the receptor latency L r,s(m,n).

Activation of P2X receptors and Ca21 influx

The logistic response of P2X receptor r (¼ P2Xi ji ¼
1,2,3,4,5,6,7) to the stimulus s (¼ [ATP]), ur,s(m,n;t) is

the permeability to Ca21 (in mol M�1 s�1). The interval

values of the activation parameters are different for each

P2X receptor subtype (42). We considered that the total

Ca21 influx through the membrane of the cell located at

node (m,n), FSO(m,n;t) is the sum of Ca21 influxes through

all P2XRs, independently activated by the agonist. Since

Ca21CYðm; n; tÞ
� �

� Ca21SO
� �

and Ca21SO
� �

is negligibly

affected by the amount entering the cells, the total Ca21

influx is

"m; n¼�12; . . . ;12

FSOðm; n; tÞ ¼ ð½Ca21SO �� ½Ca21CY ðm; n; tÞ�Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ffi½Ca21SO �

+
r2 P2Xiji¼1;2;3;4;5;6;7f g

3 frðm; nÞg +
s¼ATP;ADP;UTP;UDP

ur;sðm; n; tÞ
 ! !

: (6)

Simulations of Ca21 influx and of increase in cytosolic Ca21

levels due to activation of P2XR expressed by cells located at

nodes (0,0), (0,1), (0,2), and (0,3) are illustrated in Fig. 5. In

these simulations, we considered a single subtype of P2X

receptor (P2X4R).

Activation of P2Y receptors, IP3 formation,
degradation and diffusion through gap junction
channels, and Ca21 mobilization from ER stores

Agonist binding to P2Y receptors initiates a series of reactions

leading to IP3 formation.We assumed independent activation

of each receptor by each of the agonists and independent

reactions to form IP3 using logistic dose-response relations to

describe P2Y receptor (23,31).

The IP3 formation rate FIP3ðm; n; tÞ (in mol s�1) at

moment t in the cell located at node (m,n) is

"m; n¼�12; . . . ;12

FIP3ðm; n; tÞ ¼ +
r2 P2Yiji¼1;2;4;6;11;12;14;16f g

3 frðm; nÞg +
s¼ATP;ADP;UTP;UDP

ur;sðm; n; tÞ
 ! !

: (7)

IP3 undergoes degradation within the cytosol and also

diffuses to neighboring cells through gap junction channels.

Since no IP3 circulates outside cells, the dynamics of IP3
concentration within the cell located at node (m,n) at time t,
[IP3(m,n;t)], can be described by
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"m; n¼�12; . . . ;12

d½IP3ðm; n; tÞ�
dt

¼FIP3ðm; n; tÞ
Vðm; nÞ �kðm; nÞ½IP3ðm; n; tÞ��

+
1

i;j¼�1;

jm1 jj#12;

jn1kj#12

Yðm; n;m1 i;n1 jÞ
Vðm; nÞ 3ð½IP3ðm; n; tÞ�

� ½IP3ðm1 i;n1 j; tÞ�Þ
Conditions : ½IP3ðm; n;0Þ� ¼ lim

t/N
½IP3ðm; n; tÞ� ¼ 0; (8)

where V(m,n) is the cell volume, k(m,n) is the degradation

rate, and Y(m,n;m1i,n1j) is the product between the number

and permeability of gap junction channels interconnecting

the cells located at nodes (m,n) and (m1j,n1k).

IP3 mediates the release of Ca21 from the ER. Experi-

mental data (43) indicate that Ca21 release is logistically

dependent on the cytosolic concentration of IP3 and

Coombes et al. (44) analyzed how the stochastic nature of

individual IP3 (and ryanodine) receptors of the ER combine

to create a stochastic behavior on long timescales that may

ultimately lead to waves of activity in a spatially extended

cell model of myocytes. Therefore, we considered the

response of each IP3 receptor (in mol M�1 s�1) to be

satisfactorily described by the logistic function from Eq. 1.

Ca21 flux from the ER to the cytosol,FER, is proportional

to the difference Ca21ERðm; nÞ
� �

� Ca21CYðm; nÞ
� �

; to the num-

ber of IP3 receptors, and to the Ca
21 permeability of each IP3

receptor:

FIGURE 4 Timecourse of changes in the concentration of (A) ATP, (B) ADP, and (C) UTP at themembrane surface of cells located in nodes (0,0), (0,1), (0,2),

and (0,3). In these simulations the central cell (node 0,0) is mechanically stimulated and releases ATP and UTP.We assigned the same number of transducers for

ATP (fEATPg) andUTP (fEUTPg) release and chose their activation parameters so that the ratio of the released amounts of ATP and UTP is 3:1, as observed by

Lazarowski andHarden (32) (leftmost graphs inA andC). Observe the delay of the release of agonist by the stimulated cell at node (0,0) and the time necessary for

the agonist to reach cells located at consecutive nodes (0,1), (0,2), and (0,3). Also illustrated is the effect of increased concentrations of ecto-nucleotidases ([z]¼
0.01 and 0.1mM)on the amount of boundagonists on cells at consecutive nodes in the grid. Input parameters are as in Fig. 3,with diffusion coefficient forATPand

ADP in the solutionD¼ 23 10�10 m2 s�1 (56), fEATPg¼ fEUTPg¼ 80, exo-nucleotidases concentrations [x1] and [x2]¼ 0.01mM, and degradation rates (3

103M�1 s�1) for ATP¼ 5,ADP¼ 2,UTP¼ 4, andUDP¼ 1, ecto-nucleotidases [z1]¼ [z2] arbitrarily set as 0.01 or 0.1mM, z1 degradation rates (3 103M�1 s�1)

ATP¼ 400,ADP¼ 350,UTP¼ 350,UDP¼ 250; and z2 degradation ratesATP¼ 450,ADP¼ 200,UTP¼ 400, andUDP¼ 100. The differences in degradation

rate constants for z1 and z2 in relation to ATP and ADP are based on data described by Kukulski and Komoszynski (57) for NTPDase1 and NTPDase2.

"m; n ¼ �12; . . . ; 12

FERðm; n; tÞ ¼ ð½Ca21ER ðm; nÞ� � ½Ca21CY ðm; n; tÞ�Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ffi½Ca21ER ðm;nÞ�

3 fIP3ðm; nÞg3 uIP3 ;IP3ðm; n; tÞ

Condition : uIP3;IP3 m; n; t,min Ir;aðm; nÞ
����� r2fP2Yi ji¼1;2;4;6;11;12;14;16g

a¼ATP;UTP

8>><
>>:

9>>=
>>;1 LIP3 ;IP3ðm; nÞ

0
BB@

1
CCA ¼ 0: (9)
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Fig. 6 displays simulations of the dynamics of IP3 formation

rate and concentration as well as of intracellular Ca21 con-

centration due to Ca21 release from the ER of cells located at

nodes (0,0), (0,1), (0,2), and (0,3), induced by P2Y2R activa-

tion in the absence of gap junction channels. IP3 formation

uponagonist binding and receptor activation is considered tobe

instantaneous and formation rate to depend on agonist con-

centration, number of P2Y receptors on the membrane and

receptorproperties (saturation (Q), half-maximal concentration

(H), threshold (M), slope (Q), and latency (L)). For this

simulation, all receptor parameters were fixed. Therefore, the

delay in the responses of cells located in different nodes and the

differences between IP3 formation rates are solely attributed to

agonist diffusion and degradation by nucleotidases that deter-

mine the concentration of agonists at each node and the level of

P2Y2R activation. Note the temporal decrease in the rate of IP3
formation (Fig. 6 A) at each node caused by the decrease in

receptor activation as ATP and UTP are removed from the

system by nucleotidase action. The accumulation of IP3 in the

cytosol (Fig. 6 B) will be mainly determined by the rate of IP3
formation and IP3 degradation. Note that for the same

degradation rate, IP3 accumulates faster and displays higher

final cytosolic concentrations in the center cell (node 0,0) than

in neighboring cells.However, because of the low threshold for

IP3 receptor activation (M ¼ 0.03 mM), Ca21 is promptly re-

leased from the ER followed P2YR activation. Final cytosolic

Ca21 concentrations will depend on the level of P2YR acti-

vation, on the rate of IP3 degradation, and on the rate of Ca
21

removal from the cytoplasm due to extrusion and ER se-

questration (see below). Note that despite the differences be-

tween IP3 formation rate and concentration observed between

the stimulated cell (node 0,0) and its immediate neighbor (node

0,1), they display similar maximal intracellular Ca21 concen-

trations. This occurs because the peak concentration of IP3 at

node (0,1) exceeds the concentration required for maximal

activation of IP3 receptors (half-maximal set as H ¼ 3 mM)

and Ca21 release from the ER. Observe that for the cell at node

(0,2), where the final concentration of IP3 is close to the value

inducing half-maximal activation of IP3 receptors, the amount

of Ca21 mobilized from the ER is half that observed for the

cells at nodes (0,0) and (0,1).

Dynamics of cellular [Ca21]

Recovery mechanisms restore basal Ca21 concentration in

the cytosol, and largely prevent Ca21-diffusion through the

gap junctions by sequestering excessive Ca21 into the ER

with rate h(m,n) and extruding Ca21 in the bulk solution with

rate c(m,n). Both processes are reversible. Therefore, the

dynamics of Ca21 concentration within the cell located at

node (m,n) are described by

FIGURE 5 Ca21 entry through P2X receptors. In these simulations, the

time courses of Ca21 influx (A) and cytosolic Ca21 levels (B) due to activation

of P2X4 receptors are shown for cells located in nodes (0,0), (0,1), (0,2), and

(0,3). Because in this model Ca21 influx does not promote Ca21 release from

internal stores and is actively removed from the cytosol byERsequestration and

extrusion to the extracellular medium, the kinetics of the P2X4R-mediated

increase in cytosolic Ca21 are strongly determined by those of the Ca21 influx.

Input parameters for central cell stimulation, diffusion coefficient for agonists,

and nucleotidase degradation rates are the same as in Fig. 4. Amounts of ATP

and UTP released ¼ 0.47 fmol (;98 mM ATP initial concentration at the

central cell surface) and 0.15 fmol (;32 mM UTP initial concentration at the

central cell surface). Exo-nucleotidase concentration set arbitrarily as [x1] and

[x2] ¼ 0.01 mM and ecto-nucleotidases [z1] ¼ 0.1 mM and [z2] ¼ 0.01 mM.

Number of P2X4Rs on the center stimulated cell (node 0,0) and on cells located

on the other nodes was respectively fixed as 100% and 80% of the maximum

number thatmay exist on themembrane for each cell. Other P2X4R parameters

are listed inTable 2;Hill-slopeQ is 1.5and latencyL is 0.5 s.Basal cytosolic and

ER concentrations of [Ca21], Ca21CYðm; nÞ
� �

¼ 0:1mM, and Ca21ERðm; nÞ
� �

¼
2mM; sequestration rate h(m,n) ¼ 0.2 s�1; extrusion rate c(m,n) ¼ 0.2 s�1.

"m; n ¼ �12; . . . ; 12

d½Ca21 ðm; n; tÞ�
dt

¼ 1

Vðm; nÞ FSOðm; n; tÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Ca

21�influx

1
FERðm; n; tÞ

Ca
21 � release

0
B@

1
CA�

� hðm; nÞð½Ca21 ðm; n; tÞ� � ½Ca21CY ðm; nÞ�Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Ca

21�sequestration

� cðm; nÞð½Ca21 ðm; n; tÞ� � ½Ca21CY ðm; nÞ�Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Ca

21�extrusion

Conditions : ½Ca21 ðm; n; 0Þ� ¼ lim
t/N

½Ca21 ðm; n; tÞ� ¼ ½Ca21CY ðm; nÞ�: (10)
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Simulations of changes in intracellular Ca21 concentration

of cells located at nodes (0,0), (0,1), (0,2), and (0,3), when

activation of ionotropic and metabotropic receptors are

considered separately and combined but in the absence of IP3
diffusion through gap-junction channels, are presented in

Fig. 7.

To simplify the simulations displayed in Fig. 7, the

number of P2 receptors and the values of all parameters

except those associated with receptor properties were kept

constant and uniform for all cells. Therefore, the differences

in the Ca21 signal generated by activation of a particular P2R

subtype were solely attributed to the properties of each

receptor in relation to their agonists (saturation (Q), stimulus

producing half-maximal response (H), threshold (M), Hill

slope (Q), and latency of the response (L)). As agonist

concentration in the bulk solution is the same in equally

distant nodes from the stimulated cell and the latency of

response (L) was set to be the same for all P2Rs, the

characteristic differences in activation thresholds of each

P2R subtype determines whether and when a response is

observed in these nodes. The amplitude and the timecourse

of the Ca21 signal also differ owing to the differences in Q,

H, M, and Q. In cases where the transmission of the Ca21

signal is mediated by activation of a single P2R subtype, the

properties of the ICW are mainly determined by the receptor

properties. For instance, in 1321N1 cells expressing P2Y1R,

the spread of ICW recruits a similar percentage of cells per

tier, while the waves mediated by P2Y2R activation have

a decremental profile, with reduced percentage of responding

cells per tier as the Ca21 signal travels from the central

stimulated cell (31). These differences in ICW profiles can be

attributed to the higher sensitivity of P2Y1R to ATP and the

conversion of ATP into ADP (see Figs. 3 and 4), which is an

agonist for P2Y1R but not for P2Y2R. Fig. 8 compares the

experimental data obtained from 1321N1 cells expressing

single P2YRs with simulations of P2R-mediated ICW spread

profiles that were determined from consecutive simulations

performed as described in Fig. 7. Note that the model closely

reproduces the ICW profiles mediated by each P2YR

subtype.

When gap junction channels are present, the intercellular

diffusion of IP3 generated by P2YR activation can

significantly contribute to ICW spread. Fig. 9 simulates the

sole contribution of gap-junction channels to Ca21 signal

transmission. For these simulations, the center cell (node 0,0)

is the only cell expressing a P2YR subtype (P2Y1R); in the

absence of gap junction channels, the IP3 generated by

activation of P2Y1Rs on the center cell (node 0,0) (Fig. 9 A)
and the resultant increase in intracellular Ca21 concentration

(Fig. 9 C) are confined to the stimulated cell. However, in the

presence of gap junction channels (Fig. 9 B), the IP3
generated in the stimulated cell (node 0,0) diffuses to

neighboring coupled cells according to its concentration

gradient and induces release of Ca21 from the ER of these

cells, triggering ICW spread. Because IP3 diffusion through

FIGURE 6 Activation of P2Y receptors. In these simulations the rate of

IP3 formation (A), intracellular IP3 concentration (B), and resultant increase

in cytosolic Ca21 due to IP3-mediated Ca21 mobilization from the ER (C) of
cells located at nodes (0,0), (0,1), (0,2), and (0,3) are shown for activation of

a single P2YR subtype, the P2Y2R that is sensitive to both ATP and UTP,

but insensitive to ADP. For these simulations, the number of P2Y2R on each

node is the same. The differences observed between IP3 formation rates,

intracellular concentration, and resultant cytosolic [Ca21] observed between

cells are due to agonist diffusion and degradation by nucleotidases, resulting

in different levels of P2Y2R activation. Note the temporal decrease in the

rate of cellular IP3 formation (A) at each node due to decrease in receptor

activation as ATP and UTP are removed from the system by nucleotidase

action. Observe also how the rapid formation of IP3 leads to a steady

accumulation of IP3 in the cytosol and increased [Ca
21] that reach a plateau

and then decay because of decreased P2Y2R activation. Input parameters for

central cell stimulation, diffusion coefficient for agonists, nucleotidase

concentrations, degradation rates, and amounts of ATP and UTP released

from central cell are the same as in Fig. 5. The number of P2Y2Rs on the

center stimulated cell (node 0,0) and on cells located on the other nodes was

respectively fixed as 100% and 80% of the maximum number that may exist

on the membrane for each cell. Other P2Y2R parameters are listed in Table

2; Hill-slope Q is 1.5 and latency L is 0.5 s. We fixed the number of IP3Rs at

80% of the maximum number that may exist in the cell and the IP3
degradation rate, k(m,n) at 0.08 s�1. Parameters for Ca21 concentrations,

extrusion, and sequestration rates are the same as in Fig. 5.
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gap junction channels is driven by the IP3 concentration

gradient, the presence of gap junction channels is expected to

minimize eventual differences in IP3 concentration and Ca
21

amplitudes between cells expressing for instance distinct

levels of P2Y1Rs. As shown by the simulation in Fig. 9 E,
where uncoupled cells express different numbers of P2Y1Rs,

the latency for the response still follows the agonist diffusion

rate, but the Ca21 signals peak faster in cells expressing more

P2Y1Rs (located at nodes (0,2) and (0,3)) than cell

expressing few receptors (located in node (0,1)); this

situation leads to what we have called a saltatory profile of

ICW spread (31; Fig. 9 E). In contrast, in the presence of

gap junction channels (Fig. 9 F), the differences in IP3
concentration generated in cells located at nodes (0,1),

(0,2), and (0,3) are attenuated, which ultimately mini-

mizes the difference in the Ca21 signal amplitude,

leading to a decremented ICW spread (31; compare Fig. 9,

E and F).

Numeric solution

Because the system (Eq. 8) of 253 25 (¼ 625) equations has

no analytical solution due to the dependence of each cell’s

response on that of its neighbors, the numerical procedure is

the single alternative. For such numerical solution, the

timestep t was considered equal to the 10th part of the

required time for the agonist to diffuse the first internodal

distance. The iteration timestep is small enough to ap-

proximate each latency and diffusion time as multiples of

timesteps:

FIGURE 7 Individual and combined

contribution of P2X and P2Y receptors to

Ca21 signal generation in the absence of

gap-junction channels. In these simulations,

the Ca21 signals generated by activation of

a particular P2R subtype (A–E) are solely

attributed to the properties of each receptor

in relation to their agonists (saturation (Q),

half-maximal concentration (H), threshold

(M), and slope (Q)). The number of P2Rs

on cells located in nodes (0,0), (0,1), (0,2),

and (0,3) is the same, fP2Y1,2,4g and

fP2X4,7g ¼ 80% of the maximum number

that may exist on the membrane for each

cell, Hill-slopeQ is 1.5, and latency L is 0.5

s for all P2Rs. Note that for the same

stimulation conditions and amount of

agonist reaching each node (determined

by diffusion and nucleotidases activity) the

Ca21 response of each cell differs accord-

ing to P2R subtype present. Due to the

higher sensitivity of the P2Y1Rs to ATP

and also its responsiveness to ADP that is

generated both in the solution and at each

node from ATP degradation by nucleoti-

dases, all cells in the simulation display

Ca21 responses with similar amplitudes

(A). In the case of the P2Y2R (B) and

P2Y4R (C) that are sensitive to ATP and

UTP but insensitive to ADP, the nucleotid-

ase activity restricts the range of the Ca21

signaling as cells located farther from the

center cell will be reached by smaller

amounts of agonists (amplitude of the

Ca21 response decays from node (0,0) to

(0,3)). The differences in Ca21wave spread

for cells expressing the P2X4R (D) or the
P2X7R (E) are due to the lower sensitivity

of P2X7R to ATP, and therefore only the

cells closest to the central cell respond. Part F shows Ca21 responses in cells expressing P2Y1,2 and 4R and P2X4 and 7R. Note that although the Ca
21 amplitudes

are higher than those induced by activation of single P2R subtypes (A–E), they are smaller in cells located farther from the stimulated cell. Input parameters for

central cell stimulation, diffusion coefficient for agonists, nucleotidase degradation rates, and amounts of ATP and UTP released from central cell are the same

as in Fig. 5. Exo-nucleotidase concentration set arbitrarily as [x1] and [x2] ¼ 0.01 mM and ecto-nucleotidases set as [z1] ¼ 0.1 mM and [z2] ¼ 0.01 mM.

Parameters for Ca21 concentrations, extrusion and sequestration rates are the same as in Fig. 5. Parameters for IP3R and IP3 degradation rate are the same as in

Fig. 6. Parameters for P2Rs are listed in Table 2.
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where int (A/B) designates the integer part of the ratio A/B.

DISCUSSION

Calcium signal transmission between astrocytes was first

described 15 years ago (45,46) and was initially thought to

be mainly attributable to the diffusion of Ca21 mobilizing

second messengers through gap junction channels (9), to

which they were shown to be permeable (47). Later, it

became apparent that activation of membrane receptors

linked to the formation of IP3 and/or Ca21 played a sig-

nificant role in such long-range signal transmission (13), as

evidenced by purinergic receptor-activated spread in im-

mune cells (48).

To better understand the phenomenon of calcium waves,

mathematical models were generated to provide insights into

the mechanisms involved on their initiation, propagation,

and termination. The first models generated considered only

a few parameters, which then evolved to more complex

models as new experimental data and concepts were gen-

erated. However, the several models that have been

presented previously have been limited to simulation of

either extracellular or intercellular modes of Ca21 wave

transmission and therefore represent analyses of different

aspects of ICWs. For instance, the initial model of Sneyd

et al. (49) considered whether the diffusion of IP3 or Ca
21

might underlie gap junction-mediated ICW transmission in

airway epithelial cells (and also between glia). This linear

five-cell model incorporated the then rather novel involve-

ment of two intracellular Ca21 release compartments (IP3R

and RyR (50)) and calculated diffusion of IP3 through this

chain of cells as a function of time, assuming that Ca21

release would be triggered by a threshold concentration of

IP3. Although parameters such as junctional permeability

and sizes of Ca21 releasable pools were fixed in this

deterministic model, the modeling concluded that IP3 rather

than Ca21 itself was the relevant gap junction permeant

second messenger communicating the ICWs and also

"m; n ¼ �12; . . . ; 12

Notations :

VIP3ðm; nÞ ¼ min int
Ir;sðm; nÞ

t
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suggested that long-distance spread might require IP3
regeneration by distal cells in the chain. The same group

subsequently extended this model to a 7 3 7 two-

dimensional grid of cells with oscillating intracellular Ca21

levels, showing that intercellular IP3 (but not Ca
21) diffusion

was sufficient to entrain the oscillations in cells connected by

gap junctions (51). More recently, Hofer et al. (35,39)

modeled the dynamics of intracellular Ca21 and of IP3
diffusion in a 93 9 array considering four discrete variables

(cytosolic and ER store Ca21 concentrations, IP3 concentra-

tion, and the fraction of active IP3R). These variables were

used to obtain numerical solutions for the intracellular Ca21

levels resulting from IP3 diffusion through randomly varied

gap junctional communication between cells. To provide

the amplification of IP3 necessary for long-range Ca21 sig-

nal transmission, Hofer et al. (35) included a partial re-

generative response in which PLC activity could be

increased as a discrete variable that was added to the dif-

fusional IP3 flux.

In our 625-cell model, the combination of the extracellular

ICW component with that mediated by gap junctions

explains in principle the long-range spread of the Ca21

signal, without having to include the partial regeneration of

IP3. The only previous mathematical model explicitly

combining gap junctions and membrane surface receptors

for the transmission of ICWs was the deterministic model

based on responses in hepatocytes (52) that was extended to

a stochastic model by Gracheva and Gunton (53). In this

system, Dupont et al. (52) determined that ICW spread

required an agonist (vasopressin or norepinephrine), but that

gap junctions were required for the synchronization of the

responses. Through summation of intracellular IP3 generated

by agonists and by gap junction-mediated diffusion, these

authors were able to closely mimic the entrainment of in-

tracellular Ca21 oscillations seen in adjacent cells.

One notable feature of this model is the stochastic

character that we and others (e.g., (44)) believe to account

for the experimentally observed variability of ICWs. Thus, in

addition to randomly distributing the cells in a 25 3 25

rectangular grid with randomly selected internodal distances

that can be deformed to account for different glial topologies,

the model selects randomly, from experimentally determined

variability intervals, relevant properties of the immersing

solution (concentrations of two exo-nucleotidases), of in-

dividual cells (numbers of two types of energy transducers

independently responsible for ATP or UTP release, two

types of P2X, three types of P2Y and one type of IP3
receptors, and concentration of two ecto-nucleotidases), and

FIGURE 8 P2 receptor-mediated intercellular Ca21

wave profiles. Simulations and experimental data

obtained for intercellular Ca21 waves (ICW) triggered

by focal mechanical stimulation of the central cell (node

0,0) showing the efficacy of the Ca21 signal spread

(relative number of responding cells per tier). (A, C, and

E). Efficacies of P2YR-mediated Ca21 signaling calcu-

lated from consecutive simulations performed using

parameters described in Fig. 7. All parameters, except

those that characterize the P2R properties in relation to

their agonists (saturation (Q), half-maximal concentra-

tion (H), threshold (M) and slope (S)) were fixed. (B, D,

and F) Experimental data obtained from P2YR-express-

ing 1321N1 cells (31). The figures illustrate changes in

efficacies of the Ca21 signal transmission depending on

which P2YR subtype is being activated. Simulations are

in agreement with experimental data as shown for ICWs

mediated by P2Y1Rs, which enroll a small but uniform

number of cells per tier (compare A and B), and for waves

mediated by P2Y2R activation with efficacies higher in

the tiers closer to the central cell and decaying as the

signal spreads farther from the center (C and D).
Simulated P2Y4R-mediated ICW spread also resembles

that obtained experimentally and is characterized by its

restricted profile, with only a small number of respond-

ing cells per tier (E and F).
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of interconnections with each neighbor cell (number of gap

junction channels). The reason for using randomly assigned

values within variability intervals instead of deterministic

values for these parameters is to account for their variable

expression levels. The nature as well as the value-intervals of

each of the contributors to Ca21 signals can be altered

separately so that comparison of the statistical features of

model simulations with data from parallel experiments may

be used in testing phenomenological hypotheses and deter-

mining excitation and ICW spread parameters.

Our model allows making simulations and predictions

regarding changes in the expression levels and in the features

of transducers and/or certain receptors and/or gap junction

coupling that occur under pathological conditions. For

instance, simulations of Ca21 signals under inflammatory

conditions in which gap junctions and P2R have been

described to be altered (28,54,55) may provide insights to

determine how much to manipulate the accessible parame-

ters to restore the physiological conditions or limit the dam-

ages induced by the pathology. The model has also a high

potential to be generalized to better approximate ICWs in

brain regions. Thus, it can be easily expanded to predefined,

nonrectangular grids whose nodes are occupied by different

types of cells according to a conditional probability scheme

to account for the nonrandom topology of the central nervous

system structures, or to include other receptors and agonists

(either directly released by the stimulated cells or as down-

stream products of enzymatic degradation), or to introduce

dependence relationships among the expression levels of

various types of transducers/receptors/gap junction proteins,

or additional types of cells (such as neurons) that may com-

municate through extracellular and/or gap junctional path-

ways with the astrocytes.
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FIGURE 9 Contribution of gap-junction channels to

intercellular transmission of Ca21 waves and impact of

cell coupling on P2 receptor-mediated intercellular Ca21

wave (ICW) spread. The sole participation of gap junction

channels in the spread of ICWs due to the intercellular

diffusion of IP3, is illustrated in the simulations A–D

where P2Rs were removed from all cells with the

exception of the center one (node 0,0) that express

100% of the P2Y1R subtype. Upon stimulation, the center

cell responds with an increase in cytosolic IP3 (A) and

Ca21 (C) concentrations that are confined to the

stimulated cell. However, in the presence of gap junction

channels, the increase in IP3 concentration in the

stimulated cell generates a concentration gradient be-

tween this and the neighboring coupled cells, leading to

IP3 diffusion (B). Increases in IP3 concentration in the

nonstimulated cells induce Ca21 release from the ER and

triggers ICW spread (D). Simulations in E and F illustrate

P2YR-mediated ICW spread in the absence and presence

of gap junctions, respectively; in E, cells are uncoupled

and all express P2Y1Rs but with different levels, with the

cells at nodes (0,2) and (0,3) expressing higher numbers of

P2Y1Rs than the cell at node (0,1). In this case, the Ca
21

signals in cells located at nodes (0,2) and (0,3) peak faster

than the one generated in node (0,1), creating what we

have called a saltatory ICW spread (31). In the presence of

gap junction channels (F), the differences in IP3
concentration levels and by consequence in Ca21

amplitudes seen in cells expressing distinct numbers of

P2Y1Rs (compare toE) are attenuated due to the diffusion
of IP3 between the coupled cells. Such dissipation of large

IP3 concentration gradients between cells alters the

behavior of ICW, which assumes a decremental profile

of spread.All parameters, with the exception of number of

P2Y1Rs, are the same as in Fig. 7. The number of gap

junction channels was fixed at 80% of the total number of

channels that can be formed and channel permeability (G)

was fixed at 0.6 3 10�12 mol M�1 s�1.
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