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Many models have been proposed for spatial pattern formation in embryology
and analyzed for the standard case of zero-flux boundary conditions. However,
relatively little attention has been paid to the role of boundary conditions on
the form of the fina pattern. Here we investigate, numerically, the effect of
nonstandard boundary conditions on a model pattern generator, which we choose
to be of a cell-chemotactic type. We specifically focus on the role of boundary
conditions and the effects of scale and aspect ratio, and study the spatiotemporal
dynamics of pattern formation. We illustrate the properties of the model by
application to the spatiotemporal sequence of skeletal development.
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1. INTRODUCTION: MATHEMATICAL MODELSFOR PATTERN
FORMATION IN DEVELOPMENTAL BlOoLOGY

One of the main areas of research in developmental biology seeks to understand
the key processes and mechanisms that underlie the development of structure and
form within an embryo. A number of mathematical models have been proposed
in this context. Broadly speaking, they fall into two main classes. chemical
prepattern models—in which a uniform density of cells responds to a chemical
prepattern and differentiates accordingly, and cell movement models—in which
the cells themselves form a spatial pattern with those cells which are in high-
density aggregates differentiating.

The two main chemical prepattern models are gradient models and reaction—
diffusion models. Inthe former, asimple gradient in some chemical concentration
is set up and this is interpreted by cells which differentiate according to a com-
plex mechanism involving multiple thresholds (Wolpert, 1969). In the latter, the
complex interaction of reaction and diffusion in a system of chemicals leads to
a pattern of peaks and troughs in chemical (morphogen) concentration (Turing,
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1952) which, it is hypothesized, is then ‘read off’ by cells which differentiate
if the morphogen concentration lies above a certain threshold. Therefore, one
of the main differences between these models is that in the former the chemical
prepatterning mechanism is simple but the interpretation mechanism is complex,
while the reverse is true for the latter (Nagorcka, 1989).

The two widely known examples of cell-movement models are mechanochem-
ical models and chemotactic models. In mechanochemical models (Oster et al.,
1983), pattern arises as the result of cell traction exerted by mesenchymal cells
on the extracellular matrix. This cell traction destabilizes the uniform steady state
which results in a pattern of peaks and troughs in cell density. In chemotactic
models, cells secrete a chemical (chemoattractant) and move up a gradient in
this chemical. It is well known that this is a mechanism for generating spatial
patterns in cell density (Keller and Segel, 1970). In cell-movement models, the
pattern is in cell density and it is assumed that cells which are in high-density
aggregates then differentiate (although this is not explicitly included in any of
these models). Murray (1989) reviewed in detail both types of model and their
application to a wide range of developmental patterning phenomena.

There are many similarities between reaction—diffusion, mechanochemical and
chemotactic pattern generators. All are based on the interaction between an ac-
tivating mechanism, which is promoting growth (of chemical concentration or
cell density) and an inhibiting mechanism, which depresses growth. The uniform
steady state is destabilized when the balance between these two mechanisms is
tipped in favor of the activating mechanism due to, for example, greater diffu-
sion of inhibitor than of activator in the case of reaction—diffusion. A spatially
homogeneous steady state then evolves into a spatially heterogeneous state. This
is a generalization of diffusion-driven instability, which applies specifically to
reaction—diffusion systems. The linear analyzes of these models are al similar
mathematically and lead to the prediction of bifurcation from spatially uniform
solutions to spatially nonuniform solutions. In the vicinity of primary bifurcation
points, these spatially nonuniform solutions are eigenfunctions of the Laplacian
with appropriate boundary conditions on the domain. This naturally leads to the
concept of developmental constraints, where certain key features of spatial pat-
terns hold independently of the mechanism which generated them (Oster et al.,
1988).

Models of this form have been widely studied for the standard case of a homo-
geneous domain, that is, the parameters are constant across the whole domain,
with zero-flux boundary conditions. Recently, however, there have been a num-
ber of papers devoted to the analysis of such models on asymmetric domains,
where certain key parameters show a spatial or spatio-tempora dependence (see,
for example, Hunding and Brans, 1990; Maini et al., 1992; Kulesa et al., 1995).
Therole of generalized boundary conditions on the spatia patterns exhibited by a
standard reaction diffusion model has also been analyzed by Dillon et al. (1993).

Here we focus on a cell chemotactic model for pattern formation. In Section 2
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we briefly review pervious results on general cell chemotaxis models. In Section 3
we introduce the specific model that we analyse. In subsequent sections we
investigate the role of boundary conditions and the effect of scale on the patterns
exhibited by the model using numerical methods. The one-dimensiona results
provide us with crucial insight into the behavior of the model in two dimensions,
which is discussed in Section 6. A possible application to skeletal patterning in
the vertebrate limb is presented in Section 7.

2. CHEMOTACTIC MODELSAND PATTERN FORMATION

Much of the recent work on chemotactic models has concentrated on waves
of migrating cells or other entities in various contexts. These include angio-
genesis (Chaplain and Stuart, 1993), various cell migration assays (Ford and
Lauffenberger, 1991, Sherratt et al., 1993), propagating patterns (Myerscough
and Murray, 1992) and even herd grazing (Gueron and Liron, 1989). Rather less
attention has been given to chemotactic pattern formation. The seminal work of
Keller and Segel (1970) addressed the problem of pattern formation among aggre-
gating Dictyostelium amoebae. More recent models for this phenomenon couple
the excitable dynamics of the signaling chemical CAMP and cell receptors to the
chemotactic cell response to CAMP to produce the streaming instability charac-
teristic of Dictyostelium aggregation (see, for example, Hofer et al., 1995a,b).
Chemotactic models have also been proposed for skin pigment patterns in rep-
tiles, specifically stripe patterns in aligators (Murray, et al., 1990) and snake-skin
markings (Murray and Myerscough, 1991).

The basic general chemotaxis model takes the form:

2—? =V .(DpVn) — V. (nf(n,c)ve) + h(n, ¢ (@)
% =V (DcVe) +g(n, ©) (2)

where n is cell density and c is the concentration of chemoattractant; D, and D,
are diffusion coefficients, f(n, c) models the chemotactic response of the motile
cells, h(n, ¢) models cell division and cell death, and g(n, ¢) models chemoat-
tractant production and degradation. This type of model was first proposed by
Keller and Segel (1970). Typical boundary conditions for a pattern-formation
model are traditionally periodic or zero flux. The effect of different types of
boundary conditions has not been addressed for this model.

The form of the function f(n,c) which controls the chemotactic response
of the cells to the chemoattractant ultimately depends on the sensitivity of the
cells at different concentrations of the attractant. The ssimplest form for f(n, )
is f(n,c) = «, a constant (see, for example, Maini et al., 1991; Chaplain
and Stuart, 1993). This assumes that the sensitivity of cells to attractant is inde-
pendent of chemoattractant concentration. If cell sensitivity to chemoattractant
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concentration is known to decrease as concentration increases then one possible
model is f(n,c) = x/c, where x is constant (Keller and Segel, 1971). The ac-
tion of cell-surface receptors has been modeled by setting f (n, ¢) = xk/(k+c)?,
where k and x are constants (Lapidus and Schiller, 1976; Ford and Lauffen-
berger, 1991). The above models are phenomenological. Recently, Othmer and
Stevens (1997) derived macroscopic chemotaxis equations based on microscopic
rules using a random walk approach. They showed which specific assumptions
of how a cell moves give rise to the types of phenomenological macroscopic
models above.

The coefficient D, that governs the random component of cell motility may
depend on chemical concentration. For example, to model chemokinesis, Dy,
would be an increasing function of ¢ (Sherratt et al., 1993). For simplicity,
however, we will asssume that Dy, is constant.

The function h(n, c) models cell proliferation and death. If cell numbers are
conserved, i.e. h(n, c) = 0, then in the steady state one can integrate equation (1)
and show that the final steady state is periodic or consists of a single peak or half
peak (Grindrod et al., 1989). When h(n, c¢) is nonzero, cell growth is usually
assumed to be logistic; i.e. h(n,c) = rn(1 — n/ng), where r and ny are usually
constants.

The production, degradation and consumption of chemoattractant are given by
the function g(n, ¢). The degradation or consumption term in g(n, c) istypically
linear and the production term is of the Michaelis-Menten type (see, for example,
Keller and Segel, 1970; Myerscough and Murray, 1992; Maini et al., 1991;
Chaplain and Stuart, 1993; Sherratt et al., 1993). This form of g(n, ¢) and the
chemotactic flux of cells together form the activating processes in a chemotactic
pattern-formation model. This is in contrast to reaction—diffusion models where
the presence of one of the chemical species activates the pattern under suitable
conditions. In the next section we present the basic chemotactic model for pattern
formation that we shall analyze.

3. MODEL EQUATIONS
In order to investigate the role of boundary conditions and scale effects on

patterns in cell density we consider the model analyzed in Maini et al. (1991).
The basic two-species model is

on n
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where n is cell density and c is the concentration of chemoattractant; « is the
chemotactic coefficient of the motile cells, r is the linear growth rate of the cell
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population, ng the cell density under steady-state conditions and v, y, and u are
constants governing the rate of chemoattractant production and degradation. We
will assume that D,, and D are positive constants.

Equations (3) and (4) can be nondimensionalized by setting

1
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Dropping the asterisks, the nondimensional equations then become

an
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Here, s is a parameter which controls spatial and temporal scale.
We apply generalized boundary conditions

0 0
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where g—r is the normal derivative to the boundary, 6, 6, and 63 are nonnegative
control parameters and n® and ¢® are the nontrivial values of n and c, respectively,
for which the kinetic termsvanish, i.e. n® = 1, ¢ = 1/(1+4y). With the boundary
conditions in this form we can impose very genera boundary conditions by
varying the control parameters 6;, wherei = 1, 2, 3.

Using homotopy methods, Dillon et al. (1993) analyzed a two-chemical reac-
tion—diffusion model in one dimension with boundary conditions of the above
form. We shall investigate the effect of different boundary conditions on the
chemotactic pattern. In Sections 4 and 5 we present numerical solutions to the
model equations (6) and (7) with boundary conditions (8) and (9) in one spatial
dimension on the domain 0 < x < 1 using NAG solver DO3PHF to obtain time-
dependent solutions and the ENTWIFE finite element package (Winters, 1985)
for steady-state solutions.

4, ROLE OF BOUNDARY CONDITIONS
The above model was extensively studied by Myerscough (1988) for the case of

no flux boundary conditions on both n and ¢ (i.e. when 6; = 63 = 1 in equations
(8) and (9)). The model can exhibit patterns of peaks of cell density which overlie
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peaks of chemoattractant concentration. Depending on the parameter values and
initial conditions used, these peaks can be internal or can lie on the boundary.
Although such patterns are appropriate for applications such as skin pigmentation
patterns, they are not appropriate for cases in which patterns are internal to the
domain, for example, in skeletal development in the limb. Here we investigate
the role of alternative boundary conditions.

4.1. The role of symmetric mixed boundary conditions/Ve now impose mixed
boundary conditions on the system of equations (6) and (7). Specifically we take
01 = 1,0, =63 = 0in equations (8) and (9) so that ¢ = 0 on both boundaries,
while n still has no flux boundary conditions. These mixed boundary conditions
eliminate the boundary peaks. This can be seen in Fig. 1. The stability of these
solutions can be determined either by solving the time-evolution problem or by
analyzing the steady-state problem using the ENTWIFE numerica bifurcation
package.

If cells are present, i.e. n = 0, then ¢ will not be zero except at the bound-
ary. Hence, near each boundary there is a gradient in chemoattractant ¢ which
increases away from the boundary. Cells move up this gradient and away from
the boundary. This forces pattern to occur within the domain and also eliminates
boundary peaks. Dillon et al. (1993) found that mixed boundary conditions can
also internalize peaks in the standard Turing model equations.

Symmetric boundary conditions always result in a symmetric pattern in the
sense that all peaks have the same amplitude. We next explore how asymmetric
boundary conditions give rise to asymmetric patterns.

4.2. The role of asymmetric mixed boundary conditionsTo impose asym-
metric mixed boundary conditions the values of the parameter set {01, 62, 03}
in equations (8) and (9) must be different at x = 0 from those at x = 1.
We shall investigate asymmetric boundary conditions on c. Therefore, we fix
61 = 1 to impose zero-flux conditions on n. For ¢ we choose 6, = 63 = 0
ax =0 Atx = 1lwesed; = 0and 6, > 0. With these parame-
ter values we have c(0) = 0,c(1) = 6,c. The solutions to equations (6)
and (7) with these boundary conditions are spatially asymmetric. Furthermore,
the solutions evolve in a specific temporal fashion. This temporal sequence is
shown in Fig. 2. The asymmetry in the boundary conditions for ¢ imposes
an initialy large gradient in c at the boundary x = 0. This initiates a peak
in cell density near this boundary. If further peaks form, they do so in a
tempora sequence from x = 0 to x = 1; that is, the first peak to form is
nearer the x = 0 boundary provided that 6, is close to 1. Their amplitudes
are different and their maxima do not occur in regular intervals along the do-
main. Thus, we have a genuine spatial asymmetry. If ¢c(1) > ¢5, i.e. 6, > 1,
there is an outward gradient in ¢ at x = 1 initialy, as ¢ reaches c® inter-
nally. This results in a peak in cell density on the boundary. If c(1) < c;,
(6 < 1) then there is an inward gradient in ¢ and peaks in n do not form on the
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Figure 1. Numerical simulations of the cell-chemotactic model equations (6) and (7)
in one dimension for different boundary conditions, with parameters D = 0.25,r =
0.04,0 = 2,y =1,s = 600. For theinitia conditions we imposed random perturbations
of maximum size 0.01 about the uniform state n = 1 for cell density, and set c to the
uniform state of 0.5. The time evolution equations were solved using NAG library
routine DO3PHF until a steady state was reached: (a) Zero flux boundary conditions,
(i.e. in equations (8) and (9) 61 = 63 = 1). (b) Mixed boundary conditions with 61 =
1,00 = 63 = 0 in equations (8) and (9) so that ¢ = 0 on the boundary. In each case
the final steady state is shown. Note that there is a boundary peak in (&), but in (b) the
pattern is internalized. Note also that the pattern in (b) is ‘simpler’ (i.e. it has fewer
peaks), than that in (). n, —; ¢, — ——.
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Figure 2. Time evolution for the model equations (6) and (7) in one dimension with zero
flux boundary conditions on n [61 = 1 in equation (8)], but with asymmetric boundary

conditions on c. Specifically, for the left-hand boundary x = 0, 6> = 0,63 = 0 in

equations (8) and (9), while for the right-hand boundary x = 1, 6, = 0.9,603 = 0.
With the parameters D = 0.25,r = 0.04,« = 2, y = 1, s = 1000, this corresponds to
c(0) =0, c(1) = 0.45. Solutions are shown for (a) cell density n, and (b) chemoattractant

density c. Initial conditions as in Fig. 1. t = 200, — — — t = 2000 — — —; steady

State, —.
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boundary (Fig. 3). As c(1) is decreased to zero the spatial asymmetry in n is
lost.

5. THE EFFECTSOF SCALE

For both symmetric and asymmetric boundary conditions, the nature of the
pattern, in particular the number of peaks within the pattern, will depend on the
domain size, or in the non-dimensional equations (6) and (7) on the parameter
S. Increasing s effectively increases the dimensional size of the domain and the
dimensiona evolution time.

The time-evolution problem was solved for various values of s with both sym-
metric and asymmetric mixed boundary conditions; a selection of these solutions
are presented in Section 4. For a more comprehensive picture of how domain
size influences pattern, bifurcation diagrams were generated for steady-state so-
lutions of equations (6) and (7) in one dimension with different sets of boundary
conditions. These are shown in Figs 4—7. When mixed boundary conditions are
used for equations (6) and (7), no nontrivial uniform steady state exists and a
nonuniform steady state always exists even for very small s. Where both n and
¢ have no flux boundary conditions, and hence a nontrivial, uniform steady state
exists, the bifurcation diagram is likely to have many branches which bifurcate
from the uniform steady state (cf. Maini et al., 1991; Dillon et al., 1993). For
mixed boundary conditions there is one unbranched curve for most values of s.
In Figs 4 and 6 the measure of the steady-state solution is taken as the average
of n over the domain, i.e.

1
In]] =/ n(x) dx.
0

For the symmetric mixed boundary conditions of Section 4, with parameter
values D =0.25, « = 2, r = 0.04, and y = 1, increases in the number of peaks
take place via a series of limit points. This is very different from the case in
Dillon et al., (1993), where transitions from one type of pattern to another can
occur in the absence of a bifurcation. For example, for s < 450 the solution
has only one peak. As s increases, this peak becomes indented at the top. This
indentation deepens on rounding the limit point at s = 544.11 to give an unstable
solution with two distinct peaks. At the next limit point, s = 505.52, this two-
peak solution becomes stable. Thus, thisfold in the bifurcation curve is associated
with the formation of a minimum in n which separates the ‘split peak’ into two
distinct peaks. The time-evolved solution tends to the split-peak solution which
corresponds to the upper part of the fold. This is usualy, but not always, the
case (Figs 4 and 5).

The second fold in the bifurcation curve in Fig 4 is associated with the two-
to three-peak transition. Here, the third peak begins to form in the minimum
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Figure 3. Steady-state solutions of equations (6) and (7) in one dimension with zero-
flux boundary conditions on n [61 = 1 in equation (8)], but with asymmetric boundary
conditions on c¢: ¢(0) is kept fixed at 0 but different boundary conditions are imposed
a x =1 (a) 62 = 0.9,03 = 0in equation (9), (b) 62 = 1.1,63 = 0 in equation (9).
Parameters and initial conditions are as in Fig. 1. n, —; ¢, — — —.
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Figure 4. Bifurcation diagram for steady-state solutions of equations (6) and (7) with
no flux boundary conditions on n and homogeneous Dirichlet boundary conditions on c.
Parameter valuesused are D = 0.25, ¢ =2, r =004 and y = 1.

between the existing two peaks. The formation of this peak is associated with a
Hopf bifurcation in which the primary branch becomes unstable. (We will not
investigate Hopf bifurcations further in this paper as our main concern is with
stationary pattern.) Moving around the two limit points of this fold, the minima
in n deepen to give three distinct peaks of roughly equal height.

As s increases toward the next fold, the peak in the center of the domain
becomes split, and as for the first fold, this split deepens as the limit points at
s = 2028.99 and s = 1672.95 are traversed to give four distinct peaks.

The bifurcation diagram becomes more complex for s > 2000. The next limit
point, following the curve from the third fold, is close to another Hopf bifurcation
which is associated with the formation of afifth peak at the center of the domain.
As before, the minima on either side of this peak deepen on rounding the limit
point to give a five-peak pattern. These straightforward four- and five-peak
patterns continue to be the attractors for the time-evolved solutions despite the
existence of less regular patterns on other parts of the bifurcation curve between
s = 2000 and s = 3100.

The bifurcation diagram for mixed asymmetric boundary conditionsis shown in
Fig. 6 with the corresponding steady-state solutions for n being shown in Fig. 7.
There are no Hopf or secondary bifurcations for s < 3000 in this case. The first
three folds are associated with the growth of minima in n to give new peaks.
Here, because of the boundary conditions, the new peak always forms on the
right-hand side of the domain where ¢ = 0.45 at x = 1. (On the left-hand side
c=0a x =0.) The fourth and fifth sets of limit points, with their associated
unstable regions at approximately s = 1900 and 2500, are associated with a slight
leftward movement of the four peaks rather than the generation of extra peaks.
In this particular asymmetric case, when three solutions exist, the time-evolved
solutions are attracted to the steady-state solutions on the upper part of the curve.
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Figure 5. Steady-state solutions in n corresponding to marked points on Fig. 4 (the
corresponding chemical concentration profiles are qualitatively similar to those of n).

This is not the case for every parameter set. For example, when D = 0.35,
a =2,r =0.01 and y = 1, the first three folds in the bifurcation curve appear
similar to those in Fig. 6. The time-evolved solutions, however, tend towards
solutions on the lower part of the fold in two out of the three cases.

In this example, the case with asymmetric boundary conditions differs from the
symmetric case in that the new peaks form on one side of the domain rather than
at its center and there are no Hopf or secondary bifurcations. This lateral (as
opposed to central) formation of new peaksin cell density, as dimensional domain
size increases, distinguishes pattern formed in asymmetrical environments from
pattern formed in strictly symmetrical domains.

Application of this type of model to a developmental phenomenon implicitly
assumes that cells at high density differentiate so that the pattern in n exhibited
by the model is the pattern observed in development. (There is evidence that in
limb development, for example, cellsin high-density aggregates will differentiate
(see Maini and Solursh, 1991, for review).) Note that there is the possibility that
transient solutions that are different from the final steady state may have an effect
on the pattern of differentiated cells. However, under the biologically redistic
assumption that differentiation occurs on atime scale slower than that of pattern
formation, one can show that transient solutionsin n have only a negligible effect
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Figure 6. Bifurcation diagram for steady-state solutions of equations (6) and (7) with no
flux boundary conditions on n and asymmetric boundary conditions on c; that is, c =0
ax=0andc=0.45a x = 1. Parameter valuesused are D = 0.25, « = 2,1 = 0.04
and y = 1.

on the final solution profile of differentiated cells. Differentiation is essentialy a
‘dave’ process and does not influence the qualitative form of the n and ¢ solution
profiles. Therefore, we are justified in analyzing only the steady-state problem
for the n — ¢ model and then inferring the differentiated state from the n profiles.

6. TwWO-DIMENSIONAL SOLUTIONS

We now consider two-dimensional domains with different types of boundary
conditions. Of course, there is now much more variety in the different types of
conditions that may be imposed. To investigate how the one-dimensional results
generalize, we choose to focus on two types of boundary condition, which we
denote by Type A and Type B (see Fig. 8). In both boundary conditions, we
impose zero flux for cell density but vary the conditions for the chemical. In
Type A, we have zero-flux boundary conditions along two of the boundaries and
a source and sink at the other boundaries. More specifically, at the left-hand
boundary we set ¢ = 0 and at the right-hand boundary ¢ = 0.45. For Type B,
the sink extends to three of the boundaries and there is a chemical source at one
end.

We define the aspect ratio a as L/W (Fig. 8), and in al the simulations
presented below we fix the parameter values of D,r, y and « as for the one-
dimensional case and vary a and s. The initia conditions for the chemical
concentration and cell density are set at the respective steady-state levels with a
small random perturbation (1%) everywhere for the cell density.

We first consider Type A boundary conditions and investigate the extent to
which stripes are maintained as we move from one to two dimensions. We find
that as the parameter value s increases, stripes are maintained only if a lies above
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Figure 7. Steady-state solutions in n corresponding to marked points on Fig. 6.

a critical value, which can be determined from linear analysis (see Appendix).
We illustrate the results in Fig. 9. Intuitively, this is as we would expect from
analogy with the standard zero-flux case. In the latter, linear analysis predicts the
formation of spots or stripes, depending on the parameters and initial conditions.
Spots are effectively the superposition of stripes of different orientations. As a
increases, the space to form multioriented stripes decreases, and at a critical value
of a, stripes of only one orientation will form.

Figure 10 shows the time evolution of the pattern for the parameters s =
900, a = 1. Initialy, the pattern is essentially one dimensional with three parallel
stripes.  This transient solution eventually breaks up into a mixed stripe/spot
pattern.

The solutions for Type B boundary conditions are shown in Fig. 11 for increas-
ing s. We increase a with s so that the domain width is kept constant. As s
increases, a central spot of high-cell density splits into two spots and then a third
spot emerges between these pre-existing spots.
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Figure 8. Schematic representation of the boundary conditions imposed on c¢ for the
two-dimensional simulations (see text for details). Boundary conditions for n are zero
flux everywhere.
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Figure 9. Steady-state solutions for n under Type A boundary conditions for varying s
and a. (8) s=300,a =1; (b) s=400,a = 5.0; (c) s= 900, a = 7.41. Corresponding
one-dimensional cross sections illustrating cell density are shown in (d)—(f). [White
denotes high cell density (n > 1.1), black denotes low cell density (n < 1.0)].
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Figure 10. Time evolution for n under Type A boundary conditions for s = 900,
a=10 @t=06,(b)t =120 (c)t =20, (dt=40. [White denotes high cell
density (n > 1.1), black denotes low cell density (n < 0.8)]. Here the sink for c is at
the top of each sguare and the source is at the bottom (that is, the figure on the left-hand
side of Fig. 8 has been rotated through 90° clockwise).

7. APPLICATIONTOLIMB DEVELOPMENT

Although a great deal of experimental and theoretical work has been carried
out on skeletal patterning in the chick limb, several key questions remain to
be answered (see Maini and Solursh, 1991, for review). Specifically, there is
no theoretical model, to our knowledge, that can account for the sequence of
transitions from one to two to three skeletal elements along the anterior—posterior
(AP) axis of the limb, their spatial asymmetry, and the temporal sequence of their
development across the AP axis. The anterior half of the limb gives rise to most
of the humerus, the radius and digit I1. The posterior half givesriseto the ulnaand
digits1ll and 1V. The patternis laid down in a proximo—distal (PD) and posterior—
anterior sequence. For example, digit IV appears before digit |11, which appears
before digit 11.

Bard and Lauder (1974) showed that a Turing model was unrealistic as a mech-
anism for digit development because of its sensitivity to initial conditions and
parameter values. Newman and Frisch (1979) proposed a Turing model for skele-
tal development along the limb, but based their analysis on a linearized version of
the model and did not fully address the role of nonlinear effects (Othmer 1986).
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B

Figure 11. Steady-state solutions for n under Type B boundary conditions for varying
sanda. (@ s=150,a = 1; (b) s = 225,a = 1.25; (c) s = 300,a = 1.43; (d)
s =400,a = 1.67; () s=550,a = 1.96; (f) s= 700, a = 2.22. [White denotes high
cell density (n > 1.6), black denotes low cell density (n < 1.4)].

More recently, Dillon et al. (1993) showed that different types of boundary
conditions can greatly reduce the sensitivity of patterns produced by a reaction—
diffusion system, and, under appropriate boundary conditions, that the model can
generate in a robust and controlled fashion the sequence of transitions from one
to two to three peaks. Their model produces spatially symmetric patterns. Maini
et al. (1992) showed that the introduction of spatial asymmetry in the diffusion
coefficients of the morphogens, through a control chemical, could lead to spatial
asymmetry in the solution. Such spatially asymmetric diffusion is biologically
reaistic (Brummer et al, 1991, Maini, 1994). Some of the models discussed
above can account for the spatiotemporal sequence of pattern formation along
the PD axis. At each AP cross section, however, the patterns formed by the
above models arise simultaneously. This is inconsistent with the skeletal pattern
in the limb which occurs in a temporal sequence across the AP axis. In fact,
none of the above models addresses this issue.

In this article we have shown that spatially asymmetric boundary conditions
can give rise to genuine spatio-temporal patterning. If we consider the model
equations (6) and (7) in one dimension with Neumann boundary conditions on n
and Dirichlet boundary conditions on ¢, then Figs 4—7 show that, as the domain
length increases, the steady-state solution profile of cell density changes from one
to two to three peaks. The nature of this change depends crucially on the form of
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the boundary conditions for c. For symmetric Dirichlet boundary conditions, new
peaks arise from the splitting of other peaks, whereas for asymmetric boundary
conditions peaks arise near the boundary where x = 1. The latter is more
consistent with the spatiotemporal patterning observed in the skeletal development
in the vertebrate limb.

It should be noted that the patterns arising from model equations (6) and (7),
with asymmetric boundary conditions appear in a temporal sequence across the
AP axiswhich is not entirely consistent with that observed in the limb. However,
we can modify the model by explicitly including cell differentiation and assuming
that differentiation not only depends on the density of undifferentiated cells,
but also on an external factor which exists in a gradient across the AP axis.
Specifically, the model then becomes

2—?:V-(DVn)—V'(naVc)-i-s(rn(l—n)— M(x)2(n)) (10)
N _semm (1
at

ac n_

a_V C+S<—n+y c) (12

where N isthe nondimensional density of differentiated cells, 2 (n) isthe function
controlling cell differentiation and M (x) is the function which modulates the rate
of differentiation across the AP axis. The function €(n) must have the property
that it takes very low values for small n and saturates to a high value for large
n. Specifically, we consider

Q) = A(n —ne)™

=S5t monom (13

where 8, n¢, §, and m are suitably chosen parameters. The modulating function
M (x), which models the effect of an external factor which diffuses across the
domain from one boundary, is given by

cosh(mx)

MO0 = cosh(20m)

(14)

where m is a constant. This form for the function M (x) has been chosen because
it represents the steady-state solution of a reaction—diffusion equation where a
modulating substance has a fixed concentration (taken to be 1) at x = 1 with zero
flux at x = 0. The only kinetic term is a linear degradation term. This modified
model of equations (10)—(12) gives atemporal sequence which is consistent with
those observed experimentally in the chick limb (Fig. 12).

The inclusion of cell differentiation alone results in the model having no non-
trivial steady state. However, the inclusion of a small amount of dedifferentiation
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1.0

Figure 12. Simulation of the model system (10)—(12) in one spatial dimension for
Neumann boundary conditions on n and asymmetric Dirichlet conditions on ¢, with
c(0) =0, c(1) = 0.45. Parameter valuesare D = 0.25, ¢ =2, r =0.04,y =1, My =
03, Mg=18=01nc=03m=28;in(a s=400andin (b) s= 1000. Transient
solutions are shown in (a) for t = 12000 and in (b) for t = 6000. In each case the
rightmost aggregate in undifferentiated cells, N, dominates the initial transient solution.
The fina steady-state patterns (not shown) in (a) have two peaks in N and in (b) have
three peaks in N. In both cases the amplitude decreases from left to right. n, —;
N — — — [the profiles for ¢ in (&) and (b) are not shown but have two and three peaks,
respectively].
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leads to steady-state solutions in n, ¢ and N which are qualitatively similar to
those for the case of no dedifferentiation. In these cases, the number of peaks,
their position and their temporal sequence remain unaltered, but away from the
peaks, N eventualy tends to zero exponentialy.

While pattern is being laid down the limb bud is growing. This can be modeled
by taking the scale factor s to be a function of s(t) in equations (10)—<12).
Solving the model in this case leads to results that are qualitatively similar to
those described.

The above arguments are based on one-dimensional simulations, while the limb
is, of course, a three-dimensional structure. To make our model more realistic,
we now consider the two-dimensional simulations presented in Section 6. We
may think of Type B conditions as corresponding to a two-dimensional cross
section of alimb perpendicular to the PD axis, with the source of chemical being
at one end of the AP axis. Type A conditions correspond to a cross section
perpendicular to the dorso—ventral axis, with the source once more located on
one side of the AP axis. Figure 11 shows that, as the domain size increases,
there is a transition sequence from one to two to three spots, consistent with the
sequence observed aong the PD axis, whereas Fig. 9 shows a sequence similar
to that observed along the plane of the limb parallel to the dorso-ventral axis.
The correct sequence in this case will form only if the aspect ratio is sufficiently
small, suggesting that pattern forms in a small strip and not in the full domain.
This is consistent with the idea that pattern is laid down in the progress zone.

8. DISCUSSION

In this article we have considered the effect of different boundary conditions
on a cell-chemotaxis pattern generator. The introduction of more general bound-
ary conditions leads to significant differences in the spatiotemporal properties of
the patterns produced compared with those exhibited under standard Neumann
boundary conditions. These are the internalization of the peaks in cell density
(that is, no peaks form on the boundary) and the formation of stable patterns
with asymmetric peaks. We have chosen to consider the particular case in which
the cell density obeys zero flux on the boundary, which is a biologicaly realistic
assumption. Hence, mixed symmetric or asymmetric boundary conditions are
introduced by imposing Dirichlet conditions on c.

Imposing homogeneous Dirichlet boundary conditions on chemoattractant con-
centration ¢ while continuing to use Neumann conditions for cell density n results
in peaks occuring within the domain rather than on the boundary. Such boundary
conditions eliminate solutions with peaks on the boundary and therefore enhance
the robustness of the patterns which do occur. Dillon et al. (1993) showed a
similar phenomenon in reaction—diffusion models.

Asymmetric fixed boundary conditions on ¢ produce a spatially asymmetric
pattern. Such boundary conditions can actually enhance the pattern formation
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potential of the cell-chemotactic model. With these boundary conditions peaks
do not form simultaneously, but rather form in a sequence which usualy starts
with the first large peaks forming nearer the boundary where c is lower.

Maini et al. (1992) investigated the spatially asymmetric patterns produced
by a modified reaction—diffusion system. In their model, two chemicals (mor-
phogens) interacted to give diffusion-driven instability in the standard fashion.
The introduction of a third chemical which modulated the diffusion coefficients
of the morphogens and had a spatially asymmetric profile resulted in spatially
asymmetric steady-state solutions in morphogen concentrations. In their case
the introduction of spatially varying diffusion coefficients splits the domain into
pattern-forming and nonpattern-forming subdomains. A similar result cannot be
obtained for the chemotactic system because a spatial variation in the diffusion
or chemotactic coefficients results in one part of the domain being more strongly
chemotactic than the other part. The former actually induces gradients in the lat-
ter leading to patterns in both parts of the domain. Thisis an inherent difference
between these models.

In the cell-chemotactic model peaks are set up in a specific temporal se-
quence. In contrast, in the three chemical reaction—diffusion system discussed in
Maini et al. (1992), the peaks in morphogen concentration form simultaneously.
Therefore, the mechanism by which the asymmetry is set up in these two differ-
ent systemsis intrinsically different. In the reaction—diffusion system, a spatialy
varying diffusion coefficient essentially modifies the underlying pattern formed
due to diffusion-driven instability. In the chemotactic system, heterogeneous
fixed-boundary conditions in c create gradients in ¢ which implicitly influence
the patterning mechanism. Therefore, although the final steady states of the mod-
els may look qualitatively similar, the processes that lead to the asymmetry are
essentially very different.
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APPENDI X

A.1l. Analytical Determination of Aspect RatioWe begin our determination of
the aspect ratio through consideration of the more standard case, in which the
boundary conditions for both the cell density and chemical concentration are zero
flux everywhere. A standard linearization of the model system (6)—(7) about the
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homogeneous steady state (1, ¢%), yields the following linearized set of equations:

ou

Pl DV2u — aV?v — sru (15)
v _ V2 +s Y _u—v (16)
ot (y +1)2

whereu =n — 1, v = ¢ — ¢5. We seek solutions to the linearized system of the
form:

w ~ exp(ik - X + At), (17)

subject to the boundary conditions, where w = (u, v)T and x = (x, y)".
The dispersion relation is given by:

22 +ak?)r +bk? =0 (18)

where
ak®) = (D +Dk> +s(r +1) (19)
b(k?) = DK* + <Ds Frs— (151";)2> K2 4 s2r (20)

Heterogeneous solutions will develop only when the real part of A becomes
positive for admissible values of k?. For zero-flux boundary conditions on the
domain [0, 1] x [0, W], such k? are of the form

2 o 2, @
K2 =7 (p + W) (21)
where p,q € N.

We know that a(k?) > O for al k* > 0, and so heterogeneous patterns are
possible only if there exists a range of k? for which b(k?) < 0.

The conditions are thus given by:

(1%0;)2>(D+r)s 22)

2
(% —(D+ r)s) - ADS?r 23)
Y

When these conditions are satisfied, we obtain a range of k? € R* for which
the steady state is unstable in the linearized system. When a finite domain is
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considered, however, the only heterogeneous solutions that grow are those that
satisfy the boundary conditions. This eguates to requiring the set given by:

2

{(p,q>eN2:n2<p2+%> e (k?, kuz)} (24)
to be nonempty, where k; and k, are, respectively, the lower and upper intercepts
of the dispersion curve with the k? axis.

The linearized solutions give us an idea to the type of solutions we may expect
to the system for a given set of parameters. We therefore fix all model parameters
apart from W and consider the range of unstable modes when W is small.

The function given by \j‘v—zz tends to infinity as W tends to zero and thus for
sufficiently small W (and q > 0),

9
= >k (25)

In this case, the only unstable modes are those for which g = 0. Obviously,

» °

<7T2p2+7'[ W, (26)

2

7TW2

and so the first mode that becomes unstable as W is increased, for which q £ 0
will be the (0, 1) mode.

Thus to find the minimum aspect ratio, we determine the size of W for which
the (0, 1) mode becomes unstable. The problem effectively becomes a one-
dimensional problem. The critical length for stripe solutions to the zero-flux
problem is given by

W, = (27)

s
Ky

where k, is given by

2_i Sya
k“_ZD(((1+y)2 (D+r)s)

2
_Sre _ ADS?
+J (((1+y)2 (D+r)s> 4Dsr>> (28)

Using the parameters in the simulations presented in this paper, the critical
length is determined by

W, = 5\/_# (29)

s(21 + +/41)
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Table A1. Numerical and analytical comparison of maxima domain width for stripe
solutions. Numerical results are to two decimal place accuracy and given are the smallest
W for which stripes break down in two dimensions.

S Analytical W;  Numerical W,

300 0.245 —

400 0.212 021
900 0.141 0.14
3000 0.078 0.08

We have thus shown how the linear analysis can predict the onset of patterning
for the model with zero flux at the boundary.

In our system, however, only the cell population has zero-flux conditions every-
where. The chemical concentration is bounded on two sides of the domain with
asymmetric Dirichlet conditions, and zero flux at the other boundaries. The effect
of increasing s, however, is to increase the domain size and, effectively, increase
the length of domain between the Dirichlet boundaries. We can thus argue that, as
sisincreased, the influence of the boundaries on the patterning at the center of the
domain weakens, and so the system can be approximated by the one-dimensional
problem of searching for the point of instability of the (O, 1) mode.

This hypothesis is strongly supported by the results of numerical simulations.
A comparison between critical aspect ratios predicted by the above analysis and
the numerically determined values is shown in Table A1l

The analytical prediction apparently breaks down near s = 300. We have
analyzed aspect ratios down to 0.5, (corresponding to W, = 2), with no apparent
breakdown of the stripe solutions. This suggests that the boundary conditions are
strong enough to influence the entire domain.
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