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Abstract

In this work we propose that the animal–vegetal gradient spatial distribution of the IP receptors observed in the3

Xenopus embryo can effect a uniform FGF inducting input signal, allowing for different modes of transcription of
the Xbra gene, producing the differentiation of the cells of the marginal zone. We analyze this hypothesis with a
model for the interaction of the calcium signaling system with the MAPK cascade during the FGF mesodermal
induction process, consisting of five non-linear coupled differential equations. A numerical treatment of a one- and
two-cell system shows that the calcium flux between cells enhances the Raf activity levels, leading to oscillatory
behavior. This qualitative result may be of consequence for the expression of the ventralizing characteristics of the
FGF inducting signal.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mesoderm is the set of embryonic cells that
has the information to build the notochord, heart,
blood and other related tissues of the organism.
The differentiation of these cells is the process
known as mesodermal induction. It initiates at the
mid-blastula transition(MBT) stage of theXeno-
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pus embryo, under the influence of members of
the transforming growth factor family(TGFb) and
the fibroblast growth factor(FGF). The experi-
mental records at this stage show that there is an
intense periodic production of calcium signals from
a region close to the equatorial zonew1x. In this
work, we looked into the role that these periodic
calcium signals might have on the mesodermal
induction process, in particular their influence on
the dynamics of the MAPK signaling pathway
activated by FGF.
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Fig. 1. The FGF receptor is linked to the Ca and MAPK signaling systems. The symbol(q) indicates an activating process and2q

the symbol(y) indicates an inactivating process.

Basic FGF (bFGF) and Xenopus eFGF (Xe-
FGF) are proteins that act as one of the inductors
of mesodermal differentiation. They appear to be
uniformly distributed in the embryo at the begin-
ning of the induction processw2x. Both FGF
isoforms act through the MAPK intracellular sig-
naling pathway and co activate, together with
activin, the Brachyury gene ofXenopus (Xbra)
w2–6x. When the Xbra gene is switched on, the
embryo begins the synthesis of the zygotic XeFGF
w2,7,8x. FGF isoforms also activate the IP -Ca2q

3

signaling system through the phosphorylation of
phospholipase Cg1 (PLCg1). Fig. 1 shows the
molecules that participate in the transmission of

the signal from the external cell surface to the
nucleus.
Although some experimental facts indicate that

PLCg1 activation does not have a direct role in
the mesodermal induction processw9x, other exper-
iments show that the blocking of the IP receptor3

(IP R) with monoclonal antibodies induces dorsal3

differentiationw10x. Furthermore, it has been found
that the IP receptors are uniformly distributed3

along the dorso–ventral axis of the embryo; how-
ever, they are distributed along a gradient in the
animal–vegetal axis directionw11x. Most of these
receptors are located at the perinuclear zone of the
animal pole cells.
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This gradient distribution of the IP R might be3

a structural property of the system, with conse-
quences for the mesodermal induction process. It
is an intriguing fact that the activation of the
FGFR triggers three different signaling pathways:
MAPK cascade, PI3Ks and IP -Ca . The latter2q

3

two pathways converge in the MAPK cascade
w12,13x. The activation of the Xbra gene is directly
related to the action of FGF through the MAPK
cascadew8x. The calcium signal may, therefore,
play an important role in the spatio-temporal fea-
tures of the induction signal. We propose that the
spatial distribution of the IP R affects the uniform3

FGF input signal, allowing for different modes of
transcription of the Xbra gene, producing the
differentiation of the cells of the marginal zone,
even if all the embryonic cells were submerged in
the same FGF external concentration.
In this paper, we analyze the above hypothesis

with a mesodermal induction process model, con-
sisting of five coupled non-linear differential equa-
tions. These equations describe the kinetics of:(a)
activation of the FGFR on the cellular surface;(b)
activation of Raf;(c) activation of PLC;(d) the
free calcium ion concentration in the cytoplasm;
and (e) the calcium concentration in the endo-
plasmic reticulum(ER) stores.

We first focus on the qualitative behavior of the
model in a one-cell system by means of numerical
integration, and then extend the investigation to a
coupled two-cell system subject to a non-uniform
distribution of IP R, in the presence of a uniform3

concentration of FGF. This analysis allows us to
study the influence of the calcium dynamics result-
ing from the non-uniform IP R distribution on the3

temporal pattern of the Xbra gene expression.

2. The model

2.1. One-cell kinetic model for the mesodermal
induction process by FGF

The qualitative model of the interaction of the
calcium and MAPK signaling systems is based on
the diagram in Fig. 1.
The FGF cellular surface receptors(FGFR) have

a high affinity for their ligand(K s10 –10y9 y12
d

M) w14x. When FGF binds to its receptor, a self-

phosphorylated dimeric complex with tyrosine
kinase activity is formedw15,16x. In its simplest
form, the formation of the agonist–receptor dimer-
ic complex (C) is a two-step process:(1) one
molecule of FGF binds to one cell-surface receptor
FGFR and forms a F–FGFR complex;(2) the F–
FGFR complex binds to another one, in the pres-
ence of heparan sulfate proteoglycan, to form a
dimeric complex, which is activated by self-phos-
phorylation. If we denote concentration of the F–
FGFR complex byT and that of the activated
dimeric complex byC, the differential equations
for this two-step process are:

dT eŽ .Ž .sk FGFyT RyT yk T (1)1 2dt

dC 2sk T yk C (2)3 4dt

where FGF is the total concentration of the agoniste

in the external medium andR is the total amount
of FGFR on the cell surface. The values ofk , k ,1 2

k and k are 4.76mM s , 0.0008 s , 6.25y1 y1 y1
3 4

mM s and 0.001 s , respectivelyw17x. Undery1 y1 y1

steady state-conditions, from Eq.(1) we find:
2 eyg y4FGFRgestT s y (3)

2 2

where .
k2egsFGFqRq
k1

Susbstituing Eq.(3) into Eq. (2), we finally
find:

dC est 2Ž .sk T yk C (4)3 4dt

Previous work determined that the number of
FGF receptors on the surface of Balbyc3T3 cells
is approximately 15 000 receptors per cellw17x.
Since we do not know the number of FGFR for
Xenopus blastomeres, we analyzed the influence
of the value ofR on the one-cell calcium dynamics
in order to set an interval of values for this
parameter for which an oscillatory calcium
response arises. This analysis is presented later.
As shown in Fig. 1, the dimeric complex phos-

phorylates a group of three intracellular proteins:
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the Sh2–Sh3 adapter Shc-Grb2, phospholipase
Cg1 (PLCg1) and the GTPase-activating protein
(GAP) w5x. The Grb2- and GAP-activated proteins
form a negative feedback loop that modulates the
amount of activated Ras in the cell cytoplasmw18x.

We assume in our model that the temporal
behavior of the overall negative feedback loop is
a balance between the rate of formation of Shc-
Grb and the rate of activation of the GAP mole-2

cule, both of which are related toC via Michaelis–
Menten kineticsw19x. This balance determines the
rate of activation of Ras. The balance equation for
the total amount of activated Ras, denoted by
Ras , can then be written as:*

*d Ras k C k C5 7* *Ž .s RasyRas y Ras (5)Tdt Cqk Cqk6 8

The values of the constants are:k s0.003 s ;y1
5

k s0.0166mM; k s0.08 s ; andk s0.013mM.y1
6 7 8

The total amount of Ras(denoted by Ras) wasT

set to 0.1mM w19,20x.
From the Grb2–GAP loop, the signal travels

through a cascade of MAP kinases. The first of
these is Raf1, which is a MAP kinase-kinase-
kinase(MAPKKK ). Raf1 is translocated under the
influence of phosphatidic acid to the inner surface
of the plasma membranew21x, where it acquires
its serineythreonine kinase function(denoted by
Raf ) in the presence of activated Ras.*

As shown in Fig. 1, two feedback loops con-
verge at the Raf level. A positive feedback loop is
due to the action of PKC on the Raf molecule.*

The rate of this process is directly determined by
the calcium cytosolic concentration Ca, and we
model it with Michaelis–Menten kineticsw19x.
Raf is in turn deactivated by its own phosphatase.*

The overall rate of formation of Raf is then:*

* B Ed Raf k Ca10*C Fs k Rasq9dt CaqkD G11
*k Raf12*Ž .= Raf yRaf y (6)T *Raf qk13

The parameter values we used are:k s0.0259

mm s ; k s0.005 s ; k s4 mM; k sy1 y1 y1
10 11 12

0.002 mM s ; and k s0.008 mM. The totaly1
13

amount of Raf was set to 0.3mM w19,20x.T

Under steady-state conditions, from Eq.(5) we
find:

RasT*Rass (7)
Ž .k Cqk7 61q
Ž .k Cqk5 8

Substituting Eq.(7) into Eq. (6), we obtain a
steady-state balance equation for activated Raf:

* B Ed Raf k Ras k Ca9 T 10s q
Ž .dt Caqkk Cqk 117 6C F1q
Ž .k CqkD G5 8

*k Raf12*Ž .= Raf yRaf y (8)T *Raf qk13

Raf acts specifically on a MAP-kinase-kinase*

(MAPKK), eitherXenopus MEK1 or MEK2. Each
of these kinases phosphorylates the tyrosine and
threonine residues of a MAP-kinase(MAPK) in a
specific way. InXenopus, the MAPKs could be
either ERK1 or ERK2, which are translocated to
the nucleus, where they act on a transcription
factor that activates the Xbra genew8,22x.

We consider that activated MAPKK and MAPK
rapidly reach a quasi-stationary state with respect
to the concentration of Raf , and hence we did not*

explicitly model the phosphorylation process of
the kinases downstream of Raf.
The phosphorylated molecule of PLCg1 (denot-

ed by PLC) activates the synthesis of IP from*
3

inositol-4,5-bisphosphate(PIP ) of the plasma2

membrane. The IP triggers an intense periodic3

calcium efflux from the endoplasmic reticulum
(ER) stores. In this work, we consider that IP3

rapidly reaches a quasi-stationary state with respect
to the PLC* concentration, and that the behavior
of this positive feedback loop is completely deter-
mined by the temporal behavior of the PLC and*

calcium concentrationsw23x
The calcium spikes produced by IP influence3

the signal that travels through the MAPK pathway,
because a high level of calcium in the cytoplasm
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activates protein kinase C(PKC). The activated
PKC (denoted by PKC) acts on the CR3 domain*

of the Raf molecule, increasing its MAPKKK
activity w24x.
The calcium ion also acts on PLCw25x, closing

a positive feedback loop in which the rise in the
level of PLC increases the IP concentration, and*

3

the latter increases calcium efflux from the ER.
This mechanism allows for sustained oscillations
of the free calcium concentration in the cytoplasm;
however, it is not clear which isoform of PLC is
activated by calcium, since PLCd, PLCg1 and
PLCb can all be possible targets of the calcium
ion w26x. The PLCb and PLCg1 isoforms can act
in concert, each contributing to a specific aspect
of the calcium responsew27x. We do not have
information about the presence of PLCd in the
Xenopus embryo.
The rate of activation of PLCg1 by the dimeric

complex can be modeled by Michaelis–Menten-
type kinetics w19x if we consider that the PLC
activation occurs in a two-step process described
by the following reactions:

trPLCqClPLC
tr *PLC ™PLC qC

with the kinetic equations:
trd PLC trsk PLCØCyk PLC (9)I yIdt
*d PLC trsk PLC (10)IIdt

If the first step rapidly reaches the steady state,
from Eq. (9) we can obtain an expression for
PLC , considering the fact that PLCsPLC ytr

Total

PLC . This relation can be substituted into Eq.tr

(10) to lead to an equation for the velocity of
activation of PLC by the dimeric complex(C):

*d PLC k C14f (11)
dt Cqk15

Although we do not know which isoform of the
PLC is activated by the calcium ionw25x, we
added a term for the activation of this phospholi-

pase, in which its rate of activation by calcium is
proportional to the cytosolic Ca concentration.2q

Finally, the PLC is inactivated with a rate*

proportional to its own concentration.
The balance equation for the overall rate of

PLC activation is then:*

*d PLC k C14 *s qk Cayk PLC (12)16 17dt Cqk15
The parameter valuesk s3.5 mM s andy1

14

k s0.033mM were taken from the literaturew20x.15

The values of the other parameters,k s0.08 sy1
16

and k s1.7 s , were chosen so that the steadyy1
17

concentration of PLC does not exceed 0.3mM.*

The balance between the values ofk andk sets11 14

the amplitude of the spikes if the other parameters
of the model are held at a constant value.
For the purpose of modeling the oscillations in

the intracellular calcium concentration, it is not
necessary to model the IP receptor kinetics,3

because they are primarily due to the balance
between the positive PLC feedback loop and the
calcium damping mechanismsw23x. The high lev-
els of calcium are periodically damped by the
action of the ER calcium pumps, which can be
modeled by saturation dynamics with a Hill coef-
ficient equal to two. We assume that the amplitude
of the spikes is also influenced by the release of
calcium from a calcium-sensitive store dependent
on the cytoplasm calcium concentration and on
the ER calcium concentrationw1,25x.
In Xenopus, there is also a continuous calcium

influx from the extracellular space through L-type
calcium channels. These channels are dihydropyr-
idine-sensitive and cause an increase in the cyto-
solic calcium concentration. They are modulated
by PKC in the presence of diacylglycerol(DAG)*

in the plasma membranew28,1x. This influx or
leak is taken into account in order to obtain a
more detailed balance equation for the free cyto-
solic calcium w23,29x. We assume that it is pro-
portional to the PLC concentration which triggers*

the production of DAG.
In our model the calcium ionic current from the

ER (I ) depends on the number of IP receptorsCa 3
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(N), on the probability that the receptor is open at
time t (p ) and on the unitary current through theo

channel(i):

I sN p i (13)Ca o

The probabilityp is a function of the cytosolico

calcium concentration. The probability of being
open is a bell-shaped function of the cytosolic
calcium concentrationw30x; however, in some
cases a hyperbolic function of the saturation kinet-
ics-type has been proposedw29x. In our model we
use the latter approach with a Hill coefficient equal
to one, because the mechanism that produces
calcium oscillations is mainly the initial, fast acti-
vation of the IP R and its subsequent slow inacti-3

vation w29x. Furthermore, this probability also
depends on PLC because the IP concentration is*

3

in a quasi-steady state with respect to it. Thus, the
expression for thep term is:o

B ECa *C Fp sAØ ØPLC (14)o CaqkD G19

where A is a normalization factor necessary to
transformp into a probability function. That is:o

` ` B ECa * *C FA PLC Ød CaØd PLC| | CaqkD G19y` y`

s1 (15)

If all the cells were exposed to the same agonist
concentration and had the same number of IP R,3

thenA would be a constant.
The unitary current term can be approximated

by the equation:
6 Ž .is2=10 Ø kFV ØCaS (16)

where F is the Faraday constant(96 500 C
mol ), V is the volume of the cell in l, CaS isy1

the calcium concentration in the ER measured in
mM and k is a rate constant in s .y1

The resulting expression forI is:Ca

B ECa6 *Ž . C FI s2=10 Ø kFUNA Ø PLC ØCaSCa CaqkD G19

(17)

which finally leads to an equation for the increase
in cytosolic calcium resulting from the ER calcium
stores(Ca ):ER

B Ed Ca CaER *C FsNAkØ ØPLC ØCaS (18)
dt CaqkD G19

The overall rate of change of the free cytosolic
calcium concentration is a balance among the
influx of calcium from the ER, the influx of
calcium from the L-type Ca channels, the calcium
pumped by the ER pumps, the release of calcium
through the calcium-sensitive store of the ER and
the calcium buffered by PLC and PKC during
their activation:

*d Ca k CaSØPLC ØCa18 *s qk PLC20dt Caqk19
2 2k Ca k Ca Cas21 23y q yk Ca162 2Caqk Caqk22 24

k Ca10y (19)
Caqk11

where k is a control parameter that determines18

the intensity of the calcium flux from the ER and
is defined from Eq.(18) as:

k sNAk (20)18

The values of the other parameters are:k s19

0.33 mM; k s1.5 s ; k s30 mM s ; k sy1 y1
20 21 22

0.512 mM ; k s2.5 s ; andk s0.512 mM2 y1 2
23 24

w23,25,29x.
Finally, the rate of change of the calcium con-

centration of the ER stores is:

* 2d CaS k CaSØPLC ØCa k Ca18 21sy q 2dt Caqk Caqk19 22
2k Ca CaS23y (21)2Caqk24

2.1.1. Spatial and temporal scales of the process
The set of equations Eq.(4), Eq. (8), Eq. (12),

Eq. (19) and Eq. (21) describes the temporal
response of one cell to FGF under steady-state
conditions. The time interval for the computer
simulation of the model ranges from the beginning
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of the MBT stage, at the end of the 12th mitotic
division, to the beginning of the 13th mitotic
division.
Up to the 12th mitotic division, cleavage is

synchronous, but at the 13th mitotic division cleav-
age becomes asynchronous: the mitotic division is
faster for the animal pole cells than for the vegetal
pole cells. Consequently, from the 13th mitotic
division on, the concentration of the signaling
molecules varies drastically and non-uniformly in
both poles and the model assumptions cannot be
properly extended to investigate the temporal
behavior of all the embryo cells. To avoid this
problem, we limited the simulation of the model
to a time interval of 1200 s, which approximately
corresponds to the time interval between both
mitotic division periods.
We assume that the blastomeres have an average

cytosolic volume of 0.128 nl and an average
diameter of 62.67mm. All concentrations are
referred to these values. We do not take into
account the vesicular traffic of FGF and its recep-
tor, nor the translocation process of the PLC ,*

Raf and PKC molecules to the inner surface of* *

the plasma membrane.
Numerical analysis of the model was performed

with the Euler Predictor–Corrector Method, with
a time step of 0.04. The initial conditions used
are:CsRaf sPLC s0; Cas0.01mM and CaSs* *

12 mM.

2.2. Two-cell kinetic model for the mesodermal
induction process by FGF

As a first step towards our understanding of
how the animal–vegetal gradient of IP receptors3

affects the kinetic properties of the calcium and
MAPK signaling pathways, we simulated the inter-
action of two cells with a different amount of IP3
receptors. It is not necessary to modify the core of
the model for one cell, because only the calcium
ion can diffuse across cells.
The modified equations are:

dCj est 2Ž .sk T yk C3 4 jdt

* B EdRaf k Ras k Caj 9 T 10 js q
Ž .dt Caqkk Cqk j 117 j 6C F1q
Ž .k CqkD G5 j 8

*k Raf12 j*Ž .= Raf yRaf yT j *Raf qkj 13

*d PLC k Cj 14 j *s qk Cayk PLC16 j 17 jdt Cqkj 15

1 *( )d Ca k Ca CaS PLCj 18 j j j *sf qk PLCj 20 jdt Caqkj 19
2Ž .k Ca 12yCaS23 j j k Ca10 jy yk Cay16 j2Caqk Caqkj 24 j 11

jŽ . Ž .q y1 D CayCaCa 1 2

1 *( )d Cas k Ca CaS PLCj 18 j j jsyfjdt Caqkj 19
2Ž .k Ca 12yCaS23 j j

q (22)2Caqkj 24

where js1,2 is the number of the cell andfsj

is a measure of the relative number of recep-
j( )k18
1( )k18

tors of the jth cell with respect to cell 1, which
incorporates information on the ER receptor
inhomogeneity. Since the parameterk is given in18

terms of the number of IP receptors(N) and the3

normalization factorA by the expressionk s18

NAk, its value in cellj is related to that in cell 1
by:

N Aj jj 1( ) ( )k s k (23)18 18N A1 1

and consequently .
N Aj jfsj N A1 1

We solved the model numerically as in the one-
cell case. In the absence of quantitative data for
the amount of receptors in the vegetal polew19x,
we used different values off , from 0.5 to 0.7, in2

order to simulate the transition from a sharp to a
soft receptor gradient.D varied from 0 (noCa

coupling) to 0.015 (strong coupling). The para-
meters andR were set to 20mM s and1 y1 y1( )k18
0.0006mM, respectively, and the concentration of
FGF to 0.25 nM.
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Fig. 2. Bifurcation diagram of the effect of the external FGF concentration on the intracellular calcium dynamics. The parameters
k andR were held at constant values of 20mM s and 0.6 nM, respectively.y1 y1
18

The initial conditions used were:C sRaf s*j j

PLC s0; Cas0.01mM and CaSs12 mM.*
j j j

3. Results

3.1. Calcium spikes

The calcium dynamics predicted by the model
is strongly FGF-dependent. Fig. 2 shows the
dependence of the amplitude of the calcium spikes
on the external FGF concentration for ak value18

of 20 mM s . When the agonist concentrationy1 y1

is below 0.18 nM, the cytosolic free calcium
concentration increases with the FGF concentra-
tion, but the system does not reach the threshold
concentration needed to start oscillatory dynamics.
At a threshold FGF concentration of 0.18 nM,
calcium spikes arise and their amplitude varies
very little in the interval of agonist concentration
between 0.18 and 0.28 nM. This is a very impor-
tant feature of the model, because it allows a
frequency encoding process with great accuracy
(see Fig. 2). In the interval between 0.28 and 0.35
nM, the amplitude of the spikes decreases while

the frequency increases, and for an agonist con-
centration above 0.35 nM, the oscillations cease
but the free calcium concentration remains at a
high cytosolic level, i.e. the system is over-stimu-
lated w23x.
The oscillatory dynamics of the system is

strongly dependent on the value of the parameter
k , which links the activation process of the PLC18

molecules with the calcium influx from the ER
stores through the IP receptors. Fig. 3a shows a3

bifurcation diagram for the parameterk at a FGF18

concentration of 0.25 nM. The calcium spikes
arise at a threshold value of 11mM s andy1 y1

their amplitude becomes approximately constant
in the interval between 15 and 60mM s . Fory1 y1

k values between 60 and 110mM s they1 y1
18

amplitude of the spikes continuously decreases
until a k value of 75mM s , above whichy1 y1

18

the system reaches an unstable steady state. From
these results, we chose ak value of 20mMy1

18

s as the standard value for the model, becausey1

the calcium spikes obtained for this value have the
amplitude required to approximately fit with the
experimental recordsw1x.
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Fig. 3.(a) Bifurcation diagram for the parameterk . The FGF concentration used in this simulation was 0.25 nM and the parameter18

R was held at a value of 0.6 nM.(b) Bifurcation diagram for the parameterR. The FGF concentration used in this simulation was
0.25 nM and the parameterk was held at a value of 20mM s .y1 y1

18
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An important problem of the model is its
dependence on the number of FGF receptors at
the cell surface. Since we do not have information
from the literature about the exact value of this
parameter, we explored the dependence of the
calcium dynamics on it. The bifurcation diagram
for R is shown in Fig. 3b. When the number of
FGF receptors is approximately 31 000(15 500
possible FGF dimeric complexes), calcium spikes
arise in the system and their amplitude decreases
above approximately 77 000 receptors(38 500
possible FGF dimeric complexes). The maximum
amplitude of the spikes is reached whenR has a
value of close to 0.6 nM(46 000 FGF receptors).
We chose this number of receptors as the standard
value for the model.
The stimulation of the system by an agonist

concentration above 0.2 nM drives the system to
a stable limit cycle behavior, in which the variables
PLC , Ca and CaS show an oscillatory response.*

The oscillatory calcium-dependent dynamics of the
system can hence be modeled considering the
interplay between the activation of PLC by the
FGFR dimeric complex, the influx of calcium
from the ER, the activity of the Ca -ATPases,2q

calcium leakage through ionic channels and calci-
um buffering processesw23x.

This limit cycle behavior induces a periodic
modification of the basal level of activity of many
molecules, such as PKC and other related Ca -2q

dependent molecules, as well as possible periodic
variations in the number of Ca -dependent trans-2q

location processes in the cytoplasm. All these
factors can translate in turn the periodic changes
in Ca levels into periodic changes in the activity2q

level of a great number of possible targets.
As PKC is the link between the PLC–Ca2q

signaling pathway and the FGF-MAPK pathway,
the periodic changes in the number of PKC*

molecules must be reflected in a periodic change
in the number of Raf molecules activated by this
kinase. The number of Raf molecules directly
activated by the FGFR dimeric complex must be
complemented with the Raf molecules activated
by the PKC . As consequence of this, the MAPK*

cascade acquires a limit cycle behavior; the whole
signaling system oscillates with an amplitude and

frequency that depend on the FGF concentration
(Fig. 4).
These periodic changes in the levels of activity

of the MAPK cascade must have an influence on
the activity of the Xbra FGF-dependent transcrip-
tion machinery. We do not have experimental
information from the literature about this point,
but the response of other genetic systems to the
frequency of the calcium spikes opens this possi-
bility w31x.

3.2. Two cell system

In the early stages ofXenopus development, gap
junctions electrically interconnect all the blasto-
meres. They remain open until cell differentiation
begins. Cells of the same type remain intercon-
nected, while the gap junctions that connected
them to cells of another type closew32,33x.
At stage 8 of development, these electric con-

nections play a very important role during the
mesodermal induction process. The experimental
records obtainedw1x show the presence of a cal-
cium pacemaker placed at the prospective dorsal
ectoderm domain. The intense calcium activity of
this restricted area produces a set of calcium waves
that propagate all over the embryo surface through
the gap junctions. We suggest that this periodic
calcium activity is due in part to the action of the
FGF on its receptors(Fig. 1). The experimental
records obtained from different groups do not
clearly establish the spatial distribution of FGF at
the beginning of stage 8 in the embryo; hence, the
non-existence of an animal–vegetal gradient of
FGF concentration remains a possibilityw2,3,7,34x.
In this work, we adopt this last point of view by
considering that there is no regional difference in
the concentration of the FGF that bathes the
blastomeres. We also consider that any regional
differences in the calcium activity are due in part
to the non-homogeneous spatial distribution of
IP R w10,11x.3

The coupling between cells depends on the
conducting properties of the gap junctions, and
these in turn depend on the intracellular calcium
concentration. Even though high stationary Ca2q

concentrations can block the gap junctions, brief
Ca transients can freely pass through themw35x.2q
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Fig. 4.(a) The calcium spikes induce periodic changes in the level of activation of Raf and(b) produce a stable limit cycle behavior
of the system. The FGF concentration was 0.25 nM, the parameterk was held at a value of 20mM s and the parameterRy1 y1

18

at a value of 0.6 nM.
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Fig. 5. Phase space plot for the calcium dynamics of:(a) two uncoupled cells;(b) soft coupling,D s0.005 s ; and(c) strongy1
Ca

coupling,D s0.015 s . In all panels, both cells were subjected to 0.25 nM of FGF. The parameters values used were:f s0.7y1
Ca 2

and s20 mM s .1 y1 y1k18

In our model the coupling between cells is
determined by the value of a coupling coefficient
D . The average diameter of the cells is 62.67Ca

mm, and thus aD value of 0.005 s means thaty1
Ca

the gap-junctional calcium permeability is 0.3134
mm s in the absence of buffering. In a similary1

way, aD value of 0.015 s means that the gap-y1
Ca

junctional calcium permeability is 0.94mm s .y1

Two uncoupled cells immersed in the same
amount of FGF(0.25 nM), with f /1, exhibit2

very different dynamics(Fig. 5a). The effect of
coupling the cells is readily observed by comparing
Fig. 5a,b,c. Before the coupling process, the two-
cell system (with parameter f set to 0.7) is2

characterized by a complex curve in the space

defined by the calcium concentration in cell 2 vs.
the calcium concentration in cell 1(Fig. 5a). The
form of this curve is characteristic of the dynamics
of two independent cells. In Fig. 5b,c, we show
the same plot of Fig. 5a for different coupling
parameters after a transient. The transformation to
a simple closed curve is indicative of a phase-
locking process. After the coupling, the differences
between the calcium concentrations of both cells
diminish, as can be observed from the approach to
a straight line of slopes1 (Fig. 5b,c). However, a
collapse to a straight line of slopes1 is ruled out
because of the cell’s structural differences speci-
fied in the model by the number of IP receptors.3

When f s0.5, the interacting dynamics produc-2
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Fig. 6. Phase space plot for the calcium dynamics of:(a) two uncoupled cells;(b) soft coupling,D s0.005 s ; and(c) strongy1
Ca

coupling,D s0.015 s . In all panels, both cells were subjected to 0.25 nM of FGF. The parameters values used were:f s0.5y1
Ca 2

and s20 mM s .1 y1 y1k18

es oscillatory entrainment. For this case, the
dynamics of two uncoupled cells gives the straight
line with zero slope shown in Fig. 6a. In the
presence of weak coupling, this straight line chang-
es into a closed curve with a limit cycle behavior
(Fig. 6b). This curve narrows as the coupling
coefficient is increased, settling at the coupling
corresponding to Fig. 6c.
Although the mesodermal induction process is

a collective onew32x, the two-cell model can
contribute to our understanding of how the calcium
signal evoked by FGF can synchronize the tem-
poral behavior of the signal carried by the MAPK
cascade in cells with different structural properties.

If the Xbra transcription machinery is sensitive
to either the amplitude or frequency of the MAPK
cascade oscillations induced by calcium, then the
intercellular calcium transport would modulate the
expression of this genew31x. This modulation
process could be positive or negative under differ-
ent circumstancesw34x.
For example, the coupling of the cells can

induce oscillations in the Raf levels. This is*

shown in Fig. 7a,b, where, forf s0.5, cell 12

induces oscillations in the Raf level of the origi-*

nally quiescent cell 2. These periodic variations in
Raf activity are phase-locked to the periodic*

changes in the calcium level of each cell. In this
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Fig. 7. Raf* vs. calcium phase space of the two-cell system immersed in 0.25 nM of FGF.(a) Uncoupled cells withf s0.5; (b)2

coupled cells withf s0.5. In panel(b) the parameterD is set to 0.015 s . The parameter is set to 20mM s in ally1 1 y1 y1k2 Ca 18

panels.

case the oscillatory behavior of the cell 2 Raf*

level tends to be less intense(Fig. 7b) than that
of the triggering cell 1.
When two cells have an initially intrinsic oscil-

latory behavior, the coupling tends to synchronize
them(Fig. 8a,b). However, differences persist due
to the different number of IP receptors.3

4. Discussion

Each blastomere of theXenopus embryo is a
complex system, in which the signals from differ-
ent parts of the embryo determine its fate. This
fate depends on the cell’s spatial localization and
on its competence to respond to these signals. The
response is mediated by intracellular signaling
systems, which carry these signals to the nucleus
and induce very specific genetic processesw31x. In

particular, the FGF signaling system plays a central
role during the mesodermal induction of the blas-
tomeres of the equatorial zone of the embryo.
Our model attempts to clarify this role and takes

into account the temporal behavior of the interac-
tion of the IP –Ca and MAPK signaling path-2q

3

ways associated with FGF. We assume that the
temporal behavior of each pathway is essentially
determined by its feedback loops, and that the
concentrations of the other components of the
pathway are in a quasi-steady state with respect to
PLC and Raf concentrations. This approach* *

allows us to model this complex system with a set
of five non-linear differential equations that reflect
the main qualitative features of the system.
In the model, the sources of the calcium spikes

are the interactions of the cytoplasmic components
of the Ca -signaling system, rather than the2q
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Fig. 8. Raf* vs. calcium phase space of the two-cell system immersed in 0.25 nM of FGF.(a) Uncoupled cells withf s0.7; (b)2

coupled cells withf s0.7. In panel(b) the parameterD is set to 0.015 s . The parameter is set to 20mM s in ally1 1 y1 y1k2 Ca 18

panels.

kinetics of the IP receptorw23,36x. With this point3

of view, the positive feedback loop between Ca2q

and PLC is the main element for calcium spiking.
The link between this signaling system and the

MAPK cascade is the activation of Raf by PKC*

(Fig. 1). The results from the numerical solutions
of the model (Figs. 2 and 4) indicate that the
calcium oscillatory signal induces a linear oscilla-
tory response on the MAPK cascade, i.e. the output
(Raf oscillations) has the same frequency as the*

input (Ca spikes), but of different amplitude.2q

This input and response relationship might be
modified once the kinetics of the PKC transloca-
tion is taken into account.
The mRNA transcripts of PKC are located at

the animal pole of theXenopus oocyte w37x and
this spatial localization is closely related to the
great amount of IP R molecules found in the3

animal polew11x. Thus, the animal pole is a rich
calcium activity zone, while the vegetal pole seems
to be less relevant to the embryo calcium-signaling
activity. These structural and functional differences
between both poles should have a meaning for the
mesodermal induction process. The cells of the
marginal zone of the embryo are subject to a set
of inducting signals from the vegetal pole and the
Nieuwkoop center, and to an intense periodic
calcium signal from the animal polew1x. Therefore,
the link between the calcium and the MAPK
systems may have a specific functional role at the
animal pole, whereas they might be less important
at the vegetal pole.
The MAPK cascade acts in a ‘switch-like’ relay

system for the signal generated by the agonist
input. The translocation of the activated MAPK to
the nucleus can turn on the Xbra FGF-dependent
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transcriptional machinery in a switch-like form
w38x. This could be the basic response to the
induction by FGF in the absence of interactions
with other signaling pathways. This also could be
the way in which the cells from the vegetal pole
respond to FGF in the absence of the PKC link.
In the animal pole the scenario is very different,

because the calcium spikes add an oscillatory
component to the signal carried to the nucleus by
the MAPK cascade. This new temporal property
of the signal is meaningful only if the Xbra FGF-
dependent transcription machinery is competent to
respond to an oscillatory inputw31x. This frequency
response can be enhancing or inhibitory, depending
on the amplitude, frequency and duration of the
input signalw31,39x.
Our model shows that cells with different num-

ber of IP R have different calcium dynamics, even3

when they are subject to the same agonist concen-
tration, and that two cells with different calcium
dynamics can be synchronized by the flux of this
ion through the gap junctions. A cell without
intrinsic calcium dynamics can acquire this feature
when it contacts a cell with intense calcium spiking
(Fig. 6).
These results from the model lead to a picture

of the MBT embryo as a network of Ca oscil-2q

lators linked to a central pattern generator located
at the prospective dorsal ectoderm domain over
the A–V axisw1x.

The consequence of this coupling over the
Ca dynamics of the embryo cells, as suggested2q

by our model, is that the Xbra FGF-dependent
transcription machinery of every cell is subject to
the same frequency input, which means that the
central pattern generator possibly induces an oscil-
latory signal that modulates the expression of the
Xbra gene, although this signal is damped in some
zones of the animal pole far from the generator
w1x.
Experimental data related to the frequency

response of the Xbra FGF-dependent transcription
machinery are not yet available. However, since
all the cells of the marginal zone are apparently
subject to the action of the same amount of FGF,
an open possibility is that the oscillatory compo-
nent of the FGF-MAPK signal may be linked to

the ventralization of the mesoderm, counterbalanc-
ing the dorsalizing action of activinw3x.
A possible hypothesis for the role of Ca in2q

the mesodermal induction process is that this signal
periodically induces high levels of activation of
the MAPK, which in turn can produce high levels
of phosphorylated Smads 2 and 3. The phospho-
rylation of these Smads inhibits the dorsalizing
signal from the activin pathwayw40x, while the
periodic translocation of a high number of activat-
ed MAPK molecules into the nucleus can increase
the activity of the of the FGF-dependent Xbra
transcription machinery, enhancing the ventral fea-
tures of the mesoderm. Finally, the calcium signal
can also increase the level of activity of other
molecules, such as the calmodulin and the gsk3
w41x, in the zone near the central pattern generator.
The activated calmodulin and gsk3 molecules can
then also act as inhibitors of the dorsalizing signals
w3,40x from the vegetal pole and the Nieuwkoop
center, allowing an appropriate environment for
the FGF-dependent expression of the Xbra and
related genes.
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