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Receptor-mediated bone morphogeneric protein (BMP) degradation has been
seen to play an important role in allowing for the formation of relatively stable
morphogen signaling patterns. To the extent that receptors act as a “sink”
for BMPs, one would predict that the localized over-expression of signaling
receptors would cause a net flux of freely diffusing BMPs toward the ectopic,
i.e., abnormally high concentration, receptor site. One possible consequence
would be a depression of BMP signaling in adjacent areas because less BMPs
are now available for binding with the same normal concentration of receptors
at the adjacent areas. However, recent experiments designed to examine this
possible effect were inconclusive. In this paper, we investigate the possibility
of depression of BMP signaling outside the area of elevated receptor level
in a Drosophila embryo by modeling mathematically the basic biological
processes at work in terms of a system of nonlinear reaction-diffusion equations
with spatially varying (and possibly discontinuous) system properties. The
steady-state signaling morphogen gradient is investigated by the method of
matched asymptotic expansions and by numerical simulations.
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1. Introduction

For proper functioning of tissues and organs, cells are required to differentiate
appropriately for its position. Positional information that instructs cells about their
prospective fate is often conveyed by concentration gradients of morphogens,
also known as (aka) ligands, bound to cell receptors (bound-morphogens for
short). Morphogens/ligands are “signaling” protein molecules that, when bound
to appropriate cell receptors, trigger the genetic program to assign/express
different cell fates at different concentrations [1, 2]. Morphogen activities
are of special importance in understanding the development of a population
of uncommitted cells in an embryo to create complex patterns of gene
expression in space. This role of morphogens has been the prevailing thought
in tissue patterning for over half a century; but only recently have there been
sufficient experimental data [1-4] and adequate analytical studies (see [5—8]
and references therein) for us to begin to understand how various useful
morphogen concentration gradients are formed.

Dorsal—ventral (belly-back) patterning in vertebrate and Drosophila embryos
is now known to be regulated by bone morphogeneric proteins (BMP). The
BMP activity is mainly controlled by several secreted factors including the
antagonists chordin and short gastrulation (Sog). In Drosophila fruit flies,
seven zygotic genes have been proposed to regulate dorsal-ventral patterning.
Among them, decapentaplegic (Dpp) encodes BMP homologues that promotes
dorsal cell fates such as amnioserosa and inhibits development of the ventral
central nervous system. On the other hand, the chordin homologue Sog
promotes the development of central nervous system.

Typically, morphogen concentration gradients are synthesized at certain part
of the embryo, followed by their diffusion, binding with receptors (or other
nonsignaling molecules known collectively as nonreceptors) and degradation
in appropriate regions [7]. In the above Dpp—Sog system, the production of
Dpp is pretty much uniform in the dorsal region and not at all in the ventral
region while the opposite is true for Sog. The Dpp activity has been found to
have a sharp peak around the midline of the dorsal in the presence of its
“inhibitor” Sog (much more so during the transient phase than in steady state).
Intriguingly, mutation of Sog results not only in a loss of ventral structure as
expected, but the amnioserosa is reduced in addition. This result is paradoxical
as the amnioserosa is the dorsal-most tissue and apparently a BMP antagonist
is required for maximal BMP signaling [9—12].

As the system contains many variables, the question of what leads to a
sharp (bounded) Dpp concentration peak is difficult to tackle by traditional
experimental means. In [13], a quantitative analysis (along with experimental
studies) of this phenomenon was undertaken by extending the one-dimensional
dynamic Dpp—Sog system formulated in [14] and [15] for the evolution of the
morphogen activities in the extracellular space with Dpp and Sog produced in
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the dorsal and ventral regions, respectively, possibly at different prescribed
production rates. The system allows for diffusion, reversible binding, and
degradation of the two morphogens, Dpp and Sog, as well as reversible binding
and degradation of Dpp bound to its signaling cell receptors Thickvein (zkv).
The extension consists of allowing the enzyme 7Tolloid to cleave Dpp—Sog
complexes to (degrade Sog and) free up Dpp molecules. Numerical simulations
of this relatively simple model for the process of dorsal-ventral patterning
in [13] were found to capture the Sog-dependent shuttling of BMPs to the
dorsal midline and provide insights into the unusual dynamics of this gradient
formation process.

In the model examined in [13], receptor-mediated BMP degradation plays an
important role in allowing for the formation of relatively stable PMad patterns.
To the extent that signaling receptors act as a “sink” for BMPs, one would
predict that the localized over-expression of these receptors would cause a net
flux of free BMPs toward the ectopic (abnormally high) receptor concentration
site. One possible consequence would be a depression of BMP signaling in
adjacent areas because less BMPs are now available for binding with the
same concentration of receptors at the adjacent areas as before. Recently,
Wang and Ferguson [16] presented experiments in which mRNA for the
Dpp receptor tkv was injected in a localized fashion into early embryos. No
discernible difference were observed in the patterns of morphogen signaling,
i.e., phosphorylated Mad protein (PMad) patterns, that ultimately developed
(unless a constitutively active form of the receptor was used).

The experiments of Wang and Ferguson were carried out by RNA injection;
it is not possible to know whether the levels of ectopic tkv were substantial
compared with endogenous tkv and therefore whether they should have been
expected to have any significant influence on BMP degradation. To gain
additional information on this issue, GAL4-UAS was used in [13] to express
ectopic tkv in the head region of embryos and its subsequent effects on PMad
staining observed. As shown in supplemental figure S7 of [13] (reproduced
from the Supplement of [13] as Figure 1 below), endogenous tkv expression
in the embryonic head region is already relatively substantial and can be
elevated by expressing wild-type tkv using a bcd-GAL4 driver. When compared
with wild-type embryos, those expressing ectopic tkv consistently showed a
narrowing and weakening of the PMad staining pattern over a range of 10—12
cell diameters posterior to the border of the bcd domain. Thus, the data are
consistent with the supposition on the model earlier that there would be a
depression of BMP signaling outside the area of elevated tkv.

The experimental results of [13] notwithstanding, a closer examination of
the biological processes at work suggests some uncertainty regarding the actual
effects of a localized over-expression of tkv. Given that there is no shortage of
free Dpp throughout the dorsal region of the embryo in steady state, there is
no obvious necessity for a depression of bound-Dpp concentration outside
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Figure 1. Localized expression of Tkv leads to reduced PMad activation in adjacent cells
(reproduced from figure 7 of the SOM for [13]): (A) Endogenous kv expression in a wild-type
embryo. Note that expression is elevated in the sections of head relative to the trunk region.
At this stage, thkv expression is restricted to the dorsal region of the embryo. Embryos are
viewed from a dorsal perspective with anterior to the left in this and subsequent panels.
(B) Over-expression of a UAS-tkv transgene in the head with the bcd-GCN4/GAL4 driver
results in increased tkv expression in an anterior cone of cells that circumnavigates the
entire D/V axis in the head region (bracket). The level of ectopic tkv expression in dorsal
cells is approximately equal to that of endogenous tkv. (C) PMad staining in a wild-type
embryo. (D) PMad staining in an embryo expressing tkv in the head under the control of the
bed-GCN4/GAL4 driver. Note that the width and level of PMad expression is decreased in
trunk cells lying posterior to the domain of thkv over-expression. This depression of PMad
staining extends for 10-12 cells. (Reprinted from Developmental Cell, Vol. 8, Claudia Mieko
Mizutani, Qing Nie, Frederic Y.M. Wan, Yong-Tao Zhang, Peter Vilmos, Rui Sousa-Neves,
Ethan Bier, J. Lawrence Marsh, Arthur D. Lander, Formation of the BMP Activity Gradient in
the Drosophila Embryo, pp. 915-924, June 2005, with permission from Elsevier).

the area of elevated kv even if some of the free Dpp has been siphoned off
by the ectopic receptors. Furthermore, whether there should be a depression
of BMP signaling may depend on the level of Sog synthesis rate given the
Sog-dependent shuttling of BMPs to the dorsal midline. We investigate these
issues herein by obtaining steady-state solutions of a relevant mathematical
model for the biological development of interest.

The mathematical model of the aforementioned embryonic development is
necessarily more complex than those previously analyzed by the authors in
[7, 8, 13, 15] and references therein. Given the spatial variations of the synthesis
rates of Dpp and Sog along the dorsal-ventral axis and the spatial variations of
tkv concentration in the anterior—posterior direction, the model must be at
least spatially two-dimensional. With Dpp, Sog and the Dpp—Sog complexes
diffuse freely in the extracellular space, the model must be multi-diffusional
even if we should take the diffusion rates to be (more or less) identical. In
Section 2, the roughly cigar shape embryo is idealized and simplified to make
our first analysis tractable. A two-dimensional extension of the extracellular
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model used in [15] for this simplified domain turns out to be adequate for our
purpose. The relevant initial-boundary value problem (IBVP) is formulated for
the idealized problem. With the new mathematical problem similar to that
treated in [15] except that it is now spatially two-dimensional, much of the
theoretical development in [15] can be extended to assure the existence of a
steady-state solution. We therefore focus on obtaining approximate solutions
for the steady-state problem to gain insight to the steady-state behavior in the
presence of ectopic receptor expression.

Similar to the simpler one-dimensional case of a uniform receptor expression
treated in [15], the restriction of complete immobility of Dpp (as suggested by
Eldar et al. [5]) is not required for the existence of a steady-state behavior for
the present problem (see also [13]). For a sufficiently high Sog synthesis rate,
we are able to obtain an outer (asymptotic expansion) steady-state solution
with respect to the small Dpp-to-Sog synthesis rate ratio for our problem.
More remarkably, the effects of ectopic receptor expression for this case
can be obtained from the aforementioned outer solution alone without the
rather complex inner solutions (and the attendant matching) required in a
related problem in [17] or numerical simulations as in [18] to deal with the
layer phenomena in the neighborhood of the various receptor concentration
and synthesis rate discontinuities. Conditions under which there would be a
depression of bound-Dpp concentration posterior to the elevated tkv area can
then be analyzed. We also examine the relatively high Dpp synthesis rate case
and show that a regular perturbation solution is sufficient for the determination
of the effects of ectopic receptors. The intermediate case of comparable Dpp
and Sog synthesis rates admits no useful simplifications and is investigated by
accurate numerical simulations.

2. The mathematical model

2.1. ldealized geometry for the extracellular domain

Depending on the stage of development it is in, an embryo may be of different
shapes. For the period of development of interest here, the embryo of a
Drosophila fruit fly is typically somewhere between the shape of a football
and a cigar and may be treated as a prolate spheroid (see Figure 2(A)) for the
purpose of analysis. For an extracellular model, we are concerned mainly with
biological activities on the surface of the embryo with the various concentration
gradients being scalar fields defined on the surface of the prolate spheroid.
While we can formulate the equations governing these concentration gradients
in terms of the conventional prolate spheroidal coordinates with the z-axis
along the length and through the center of the cross section (of the embryo), we
simplify it substantially in our preliminary study of this problem by mapping
the relevant part of the surface domain into a rectangle in the Cartesian plane.
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Figure 2. (A) Prolate spheroidal surface domain; (B) dorsal and ventral portion of prolate
spheroidal surface; (C) half of the mirror-symmetric domain; (D) idealized half domain as a
rectangle in the X- and Y-plane.

For our investigation, we imagine cutting the prolate spheroidal surface
along the one continuous mid-line of both dorsal and ventral part of the embryo
(see Figure 2 (B) and (C)). Given the symmetry of development activities with
respect to the dorsal and ventral mid-line, we only need to consider one of the
two half prolate spheroidal surfaces resulting from the fictitious cut. We further
map the relevant half prolate spheroidal surface (consisting half of the dorsal
region and the adjacent half of the ventral extending from the dorsal mid-line to
the ventral mid-line) into the rectangular region Qyy in the X,Y-plane, which
spans from —Y .x/4 t0 Y max /4 in the polar direction and from 0 to X .« in the
azimuthal direction. Note that Y.« is the circumference of the average cross
section of the embryo with the z-axis of the prolate spheroidal coordinate
system (which is parallel to the direction of the antero—posterior axis and the
x-axis of the Cartesian rectangle Qyy) as its normal (see Figure 2(D)).

As indicated in the Figure 2(D), Sog is synthesized at a constant rate Vg
and only in the ventral region while Dpp at a constant rate V; only in
the dorsal region. Both diffuse away from the respective localized source
and bind with each other while Dpp also binds to signaling receptors
Thickvein (tkv) which is attached to the cell membrane. Some of these
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Figure 3. Schematic diagram of biological processes.

complexes will degrade while others dissociate to free up morphogens and
receptors for new binding action. Generally, the receptors also degrade and
new one generated at a rate V. The model in this paper does not have an
explicit account for the synthesis, internalization (through endocytosis), and
degradation of (free or bound) receptors. As System B in [7] and [19], we limit
ourselves to the case of a fixed receptor concentration R(X) corresponding
to the case of a receptor synthesis rate matching its degradation rate with
internalization implicit in receptor-mediated degradation. (An alternative and
equally unrealistic interpretation would be that degradation of a bound Dpp
complex destroys only the Dpp molecule and releases the receptor involved for
binding with another free Dpp molecule.) The omission of an explicit account
of receptor renewal and internalization in no way affects the usefulness of our
analysis; we have already established in [19, 20] that the BVP governing the
steady-state behavior of more general models which include receptor renewal
and internalization can be reduced the corresponding BVP for the simpler
fixed receptor system. The effects of the more general case of receptor renewal
have also been examined and will be reported in a future publication.

2.2. The initial-boundary value problem

The allowable set of developmental activities of the two interacting morphogens
Dpp and Sog in our idealized embryo is summarized schematically in Figure 3.
For an analytical and computational study of the biological development of this
idealized embryo, the essential features of the allowable activities are described
mathematically by a system of partial differential equations (PDE) and auxiliary
conditions [13]. This approach was first applied to study the development of the
Drosophila wing imaginal disc [7, 21, 22]. The three basic biological processes
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involving Dpp in the wing disc are the diffusion of free Dpp molecules, their
reversible binding with renewable receptors, and degradation of the Dpp-receptor
complexes (aka bound Dpp). The main purpose of [7, 22] was to investigate the
role of diffusion in the formation of a Dpp-receptor concentration gradient in the
wing disc. That system was extended to include the effect of Sog on the
Dpp activity in a dorsal-ventral configuration [14] in an embryo with
the cleavage of Dpp—Sog complexes by Tolloid implicitly incorporated into
the system through the complete recovery of Dpp after cleavage (while the
Sog components degrade). The cleavage and recovery phenomenon has been
suggested by previous experimental studies [23, 24]. An even more general
system was investigated in [15] where we allowed fractional recovery (in an
extracellular model) through the fraction parameter 7,0 < t < 1, with 7 = 1
corresponding to complete recovery.

The setting for dorsal-ventral patterning in a Drosophila embryo during
development with localized over-expression of tkv receptors is different and
more complex than those considered in [7, 8, 13, 15, 20, 25]. As shown in the
sketch of the dorsal-ventral cross-section of the embryo in Figure 2, Dpp is
only produced in the dorsal region (with the temporally uniform rate V(X))
while Sog is only produced in the ventral region (with the rate V g(X)). With tkv
over-expressed along only a part of anterior—posterior direction, the biological
development of the embryo is no longer uniform in that direction as it was in
the problem investigated in [15]. The appropriate mathematical model for the
problem must now be (at least) spatially two-dimensional.

Let [L(X, Y, D,[SX, Y, )], [LS(X, Y, T)] and [LR(X, Y, T)] denote the
concentration of Dpp, Sog, Dpp—Sog complexes, and Dpp-receptor complexes,
respectively. The first three concentrations diffuse with coefficients of diffusion
Dy, Dg, and Dyg, respectively, and the concentration of immobile receptor
is fixed at every location (X, Y), possibly nonuniformly distributed over the
solution domain. Then the system of equations governing the morphogen
dynamics as indicated in Figure 3 consists of the following four coupled
differential equations, three of them being second-order nonlinear PDE of the
reaction-diffusion type while the other being a first-order ordinary diffferential
equation (ODE):

A = DUV L)~ ko [LERY ~ (LR + Koy (LR
— JonlLIEST+ Giogs + Tiaeg ILS]+ V1Y) (1)
J[LR
L K LLNIRT — [LRY) ~ Gy + hao (LR @)
S
LS D sV L S] + Jon LIS = Giogr + Juse)ILS] (3)

oT
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% = DSV)Z(Y[S] - jon[L][S] + joff[LS] + Vs(Y) (4)
with
Vi(Y) _ I_/LH(—Y) ) B @ @
{VS(Y)} _{ VeH(Y) } VirO) =7+ 537 (5)

where H(z) is the Heaviside unit step function, equal to unity for positive z
and zero for z < 0.

In the four differential equations above, the parameters k,,, k.5, and kge,
are the binding rate constant, dissociation rate constant, and degradation rate
constant, respectively, for Dpp-receptor complexes while j,, jo and jye are
the corresponding rate constants for Sog—Dpp complexes. The parameter 7 in
(1) assume a value in the interval [0, 1] giving the fraction of Dpp freed up by
the degradation of the bound morphogen complex and returned to the free
morphogen pool available for binding with receptors or Sog molecules. There
is no return if ¢ = 0 and complete return if t = 1. The quantity [R(X, Y)] in
(1) and (2) is the initial tkv receptor concentration at the location (X, Y) before
the onset of Dpp synthesis and [R(X, Y)] — [LR(X, Y)] being the unoccupied
receptor concentration at (X, Y) still available for binding with Dpp. Three
special receptor distributions of interest in the subsequent development are as
follows:

(1) A spatially uniform distribution with [R(X, Y)] = [Ro].
(2) A distribution [R(X, Y)] = [Rx(X)] uniform in Y but with two different
segments of uniform receptor expression in X as given by

Ro(1+A) (X <Xy

[Rn(X)] = R, X=X

A > 0, (6)

for some positive constant Aj.
(3) A distribution [ R,(.X)] with three uniform segments of receptor expression
in the X direction as given by

Ro(1 + Ay) (X < Xy)
[Ri(X)] = Ry (Xe < X < Xy) (7)
Ro(1+ Ay) (X < X)

for some positive constants A, and A,.

The system of four differential equations (1)—(4) above is sixth-order in
the spatial variables. Given the symmetry with respect to the dorsal and
ventral midline, we need only to consider the problem for the rectangular
part Qyy = {(0, Xmax) X (—%Ymax, %Ymax)} of the actual domain. Along the
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boundary 0Qyy of Qyy, we have the following homogeneous Neumann
conditions
o[L] O[LS] 9[S]
on  on  n
for all T > 0 where 0[G]/dn is the normal derivative of [G] and dQyy
is the boundary of Qxy. The no flux conditions along Y = j:%Ymax follow
immediately from the symmetry of the developmental activities with respect to
the dorsal mid-line and ventral mid-line. The no flux conditions along X = 0
and X = Xy are more difficult to justify except that there can be no flux in
any direction at the poles of the prolate spheroidal shape embryo. A more
realistic treatment of the problem using (prolate) spheroidal coordinates will
be the subject of a separate investigation.

Until morphogens being generated at 7 = 0, the biological system was in
quiescence so that we have the homogeneous initial conditions

T=0  [L]=[LR]=[LS]=[S]=0, )

for all (X, Y) in Qyy. The system (1)—(9) defines an IBVP for the four unknown
concentrations [L], [LR], [LS], and [S].

(X, Y) € 0Qyy:

0 (8)

2.3. Nondimensionalization

To reduce the number of parameters in the problem, we introduce the
normalized quantities

D
Y2

max

X Xy Xo Xy Xpw Y }
Ymax, Ymax, Ymax’ Ymax’ Ymax ' Ymax

(10)

t= T, {x, Xn, Xe, Xg, Xmax, ¥} ={

2

Y - -
{/1, 8L, hr, fs, s, hs} = gax {koff, kdega kon Ro, jo_fff’ jdega JonRo}, (11)

1
{4,B,C, S, p, pn} = ) {[LL [LR] [LS], [SLIR], [Re]y,  (12)

o Y2, - - D, Dps Dg

) ) ) = —X V ) V ) V ) V ) d ad ’d = Ny T o~ 0 T~
{vr, vs, VL, Us} DRO{ 1 Vs Vi, Vs), {da. de, ds} {D DD
(13)

where D is the maximum of D;, D;g, and Dg and Ry is a representative
magnitude of [R]. With these normalized quantities, we rewrite the IBVP in
the following dimensionless form

0A4

- = dyV?A—h; A(p — B)+ f1LB — hsAS + (fs + tgs)C + vy, (14)
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dB
aC 5
o = dcV*C + hsAS — (fs + g,)C, (16)
aS 5
= dgV?S — hsAS + fsC + vg, (17)

where now V() = (),xx + ( ),y is the Laplacian in the dimensionless variables
(x, ¥) in the rectangle Q2 = {(0, xpax) X (—3—1, %)}. After normalization, the
special receptor distributions will be written as

[R] = R(),O(X, y)’ (18)
with
(i) polx,y) =1, (19)

o=14+A>1 (x <xp)

1 (x >xp)

(@) pulx,y) = { (20)

pr=1+Ar (x <xp)
1 (x¢ <x <xg) . (21)
p=1+A, (x> xg)

(iii) pax,y) =

For synthesis rates, we will be mainly concerned with the special case

{vL(y)} _ {DLH(_J’)} 22)
vs(y) vsH(y)

where H(z) is the Heaviside step function.
The boundary conditions now take the form
a4 dC 9§
x,»)ed —=—=—=0 (23)
on on on

for > 0 where €2 is the boundary of 2. The homogeneous initial conditions
become

t=0:4A=B=C=85=0, (x,)eQ. (24)

2.4. Time-independent steady state

Similar to what was proved in [15], we expect the various initial concentrations
of our embryo to evolve toward a time independent steady-state behavior. For



186 A. D. Lander et al.

this steady-state solution, we have d()/d¢ = 0 so that the governing PDE and
boundary conditions become

VZA—hpA(p— B)+ fLB — hsAS + (fs + tgs)C + 0, H(—y) =0, (25)

hpA(p — B) — (fL +81)B =0, (26)
V2C + hsAS — (fs + gs)C =0, (27)
V2S — hsAS + fsC + vsH(y) =0, (28)

where we have set d4 = d¢ = dg = 1 to simplify the discussion though the
method of analysis employed is also applicable to the more general case. We
can solve (26) for B(x,y) in terms of A(x,y) to get

_ P p)A(x,y)
PN

and use the result in (29) to eliminate B(x,y) from (25) to get

o= (i +u), 29)
L

2 pgLA _
Vi4 — vt A — hgAS + (fs + 125)C + v  H(—y) = 0. (30)
Equations (27), (28), and (30) form a sixth-order system of three second-order
PDE for A(x,y), C(x,y), and S(x,y). Augmented by the boundary conditions
(23), this system can be solved by various numerical methods for elliptic
boundary value problems. However, to gain insight to the qualitative behavior
of the steady state, we also obtain instead an approximate solution in the
context of the method of matched asymptotic expansions.

3. Matched asymptotic expansions for ¥V / Vs <1

3.1. Re-scaling of steady-state problem

It is rather typical in the development of Drosophila of interest here that
the synthesis rate for Sog is substantially higher than that for Dpp. With
e =1y /vg = Vi /Vs < 1, the BVP for the steady-state behavior is amenable
to an asymptotic solution by the method of matched asymptotic expansions.
For this purpose, we re-scale the dimensionless steady state BVP by observing
that both S(x) and C(x) are expected to be O(vs). On the other hand, we
expect A(x) to be O(vy) at most, in fact quite a bit smaller because available
free Dpp should eventually be bound to Sog or receptors given that there is an
abundance of Sog molecules. We, therefore, set

S = Bes(r,y.e), €= XX E) VL gt ye), (31)

fs+gs wi
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with
I_)L I_/L % hS I_JL I_JL
& = - = = v = 7> :B = (32)
vs Vs oy T
8L 2 _ &L 8s gs+ fs
o = , M ==, os= , g = , (33
T hita o T fo+gs s hs
and re-write (30), (27), and (28) as
—2v72 pa *
Via — H(—y)} — —¢) =0, 34
{052 - 25 4 HE) - (vjas ) (34
(fs +gs) 'Vie+ (vias —c) =0, (35)
Vs — (vzas — c) —osc+ H(y) =0, (36)

where we have taken 7 = 1 to simplify the presentation though the analysis
would apply to other values of 7 in (0, 1). The remaining unknown B(x,y) is
then given in terms of a(x,y; €) by (29) written as

. p(x’y)ﬁLa(x’y; 8)
B = et yie)

For ¢ =v;/vg < 1, we seek an outer asymptotic expansion solution in
parametric series of &:

= b(x,y;¢€). (37)

{a(x,y;e), b(x,y;€), c(x,y;€), s(x,y; €)}

= D lan(x, 1) balx, y). calx, p), sulx, ))e”. (38)
n=0

3.2. Leading term outer solution

The leading terms ao(x, y), l_)o(x, ¥), co(x, ¥), and so(x, y) correspond to the
limiting case of ¢ = 0 (for Vs = 00). For this limiting case, Equations (34)—
(36) reduce to

vfaoso —co=0, Vzco =0, Vz.S‘() — o0sCo + H(y) =0 (39)

and the boundary conditions (23) applied to the leading term quantities.

The second equation in (39) is for cy(x,y) alone. Together with the
homogeneous Neumann condition along the edges of the rectangle, 9<2, it
requires

co(x, y) = Co. (40)

To determine the constant ¢y, we integrate the last equation in (39) over the Q2
and apply Green’s theorem. The Neumann condition on sy along 92 and the
result (40) are then used to give
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oz/fg{vzso—ascwl{(y)}dx dy
1

= — 05C0Xmax + Exmax,
or
_ 1
c(x,y) ~ colx,y) =¢co = To< (41)
gs

The value for ¢y in turn simplifies the last equation of (39) to

1
Vs = 7 H(=y) = H(y)) (42)

with s¢ required to satisfy the homogeneous Neumann condition along 9€2.
The solution of this BVP is

1
So + g(y +2)%) (¥ <0)
so(x, y) = s0(y) = I (43)
S+30=2%) (>0

where 5 is a constant of integration to be determined by the O(e) problem.
Note that s is (uniform in x and) continuously differentiable but has a simple
jump discontinuity in 9%so/dy?* across y = 0.

Except for the unknown constant 5y, we have also ao(x, y) = ag(y) from the
first equation in (44):

1 —1

. [so +20+ 2y2)] (y <0)

" _ 0

205v3a0(y; 50) = 205 — = ;4
0

1 -1
ot go-20] 0=0
which also does not depend on x, and from (37) the leading term solution for
B(x,y)

bo(x )_p(x,y)ﬂLao(y;Eo)
e T Braov;50)

which does depend on x (as well as y) through p (x, ).

(45)

3.3. The O(e) problem

To determine the unknown constant 5y, we consider the O(¢g) problem for
ai(x, y),...,s1(x, y). The governing equations for these unknowns are

(fs +gs)"'Vier + [vi(aos: + aiso) — 1] =0, (46)

V251 — oser — [Vi(aos1 + aiso) —c1] = 0, 47)
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- Pdo %
/Lszzao - T,BLao + H(—y)— [VL(aosl + ais0) — Cl] =0, (48)
with
p(x, y)Brai
bi(x, y) = S PLEL 49
1(x, ») (1 + Brao)? (49)

The unknowns aj, cj, and s; are subject to the homogeneous Neumann
conditions (8) which also apply to the O(e) terms of the problem.

We begin to determine 5y by integrating (46) over 2. Upon application
of the two-dimensional divergence theorem and the homogeneous Neumann
condition on sy, we obtain

/ / [vZ(a0s1 + aisg) — cl] dx dy = 0. (50)
Q

This relation enables us to simplify the corresponding integral of (48) to

72V2a—M+H— }dxd =0
//Q{ML o= T ()| dx dy

or, upon application of the two-dimensional divergence theorem and the
homogeneous Neumann condition on ay,

p(x, y)ao(y;So) _ Xmax
J(O)_//1+/3Lao(yso)d = 4 Gl

For any prescribed distribution of tkv concentration p(x, y), this is a condition
on ay(y;5o) alone and thus determining 5, in view of (44).

We may continue the solution process to solve (46)—(48) and the corresponding
homogeneous Neumann conditions to determine ¢, 51 and @;. While this BVP
is now truly two-dimensional given the explicit appearance of p(x) in (48), the
problem is actually tractable (by the method of eigenfunction expansions for
example) because it is linear. However, we will not be concerned with the
results for these higher order terms here but only note the following:

ProposITION 1. For ¢ = V /Vs < 1, a formal leading outer (asymptotic
expansion) solution for the re-scaled steady-state concentrations of (31) is
given by (41), (43), and (44) with the parameter 5y in these expressions
determined by (51). The corresponding concentration of the leading term
signaling Dpp-receptor complex is given by (45).

The results deduced from the leading term outer solution of the problem
will obviously be modified by higher order terms in the outer asymptotic
expansions (38) of the solution. However, the qualitative features of the outer
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solution are not expected to be changed by such refinements for sufficiently
small ¢.

3.4. Inner solution and receptor saturation

Whenever an outer solution for e = ¥, /Vs < 1 is applicable, the leading term
solution of Proposition 1 generally captures the qualitative effects of localized
ectopic receptor expression with quantitative accuracy improves as & decreases.
However, the formal solution of Proposition 1 may not be applicable even if the
condition ¢ = ¥ / Vg <« 1 is met. Of the two factors limiting its applicability,
the possibility of supplementary inner asymptotic expansion solutions adjacent
to the solution domain boundaries and discontinuities of system properties
turn out not to be an issue for our problem. Given the homogeneous Neumann
boundary conditions (8) along 9€2, there should not be any sharp gradients
(leading to layer solution components comparable to the outer solution in
magnitude) adjacent to the edges of 2. It is also evident from (30) that there
can be at most a finite jump discontinuity in the second derivatives of A(x,y)
associated with jump discontinuities of the morphogen synthesis rates V' (X,Y)
and Vg(X,Y) and possible jump discontinuities of the receptor concentration
R(X,Y) = Ryp(x, y). By (30), (28), and (27), the concentrations 4, S, and C
and their derivatives are expected to be continuous (with [LS] = RyC having
even higher continuous derivatives) there. The only observable effect of the
various discontinuous system properties is seen from the algebraic relation in
(29) for [LR] = Ry B (see also (37) and (45)) which is calculated from the
solution for A4 after the implementation of the method of matched asymptotic
expansions. These qualitative conclusions from the form of the PDE for the
steady-state problem are supported by the results of numerical simulations of
the original initial-boundary value problem on the evolution of the various
concentrations starting from the onset of morphogen synthesis.

The other factor limiting the applicability of the outer asymptotic solution
of the Proposition 1 comes from our choice of a model with fixed receptor
concentration. For sufficiently large Dpp synthesis rates (but still small
compared to the Sog synthesis rate), the Dpp synthesized may form such a
high concentration of Dpp-receptor complexes to saturate the fixed receptor
concentration. To the extent that our analytical method of solution of for the
steady-state problem has no built-in mechanism for enforcing the constraint
[LR] < Ry, the formal asymptotic solution may be an erroneous description
of the steady-state signaling gradient. As we see from an example in a later
section, a formal asymptotic solution without enforcing the upper bound on
[LR] may result in an (outer) asymptotic solution with [LR] > R, and/or
morphogen concentrations such as [L] and [S§] may become negative. As
such, the matched asymptotic solution (whose leading term outer solution is
summarized in Proposition 1) is not the appropriate steady-state solution for



Localized Ectopic Expression of Dpp Receptors 191

our problem when 77 is high for the prescribed R, even if the condition
e="V;/Vs <1 is met.

We note for emphasis that, for the low receptor saturation case, we do
not need to consider explicitly the relevant inner solutions of the problems
even in the neighborhood of the various synthesis rate and receptor expression
discontinuities. For one reason, layer solution components, if any, do not affect
the Dpp, Sog, and Sog—Dpp complex concentrations (and their first derivatives)
in a qualitatively significant way throughout the solution domain. In addition,
the Dpp-receptor concentration is computed after the process of matched
asymptotic expansion solution for the BVP. Hence, we will focus our attention
on some possible effects of morphogen synthesis rates and ectopic receptor
expressions on the signaling morphogen concentration [LR] in the next few
sections. These will be deduced from the outer solution when applicable and
on numerical simulations of the IBVP otherwise.

3.5. Numerical simulations

It was pointed out in the previous two sections that for ¢ = V; /Vs < 1, a
leading term outer solution suffices for describing accurately the effect of
ectopic receptor expression prior to receptor saturation. For a Dpp synthesis
rate sufficiently high to result in receptor saturation, effects of ectopic receptor
concentration are generally at variance with the matched asymptotic solution
even for ¢ << 1 and may vary in rather complex ways depending on the values
of the remaining system parameters. To uncover other possibilities regarding
depressed or elevated [LR] concentration, we will establish in the next section
some analytical properties of the outer asymptotic solution which should hold
for the exact solution at low receptor saturation and low Dpp-to-Sog synthesis
rate ratio. These results are complemented by numerical simulations of the
original IBVP by a finite difference scheme (see [26]). In this finite difference
approach, the diffusion terms are approximated by the second-order central
difference and the adaptive Runge—Kutta—Fehlberg 2-3 method [27] is used
for the temporal discretization. Convergence of the calculations and better
resolution are observed when the spatial meshes are refined. The overall
accuracy of numerical simulations is second-order in space and third-order in
time.

The time evolution simulation code developed for the approach above has
been validated by comparing results obtained for the special case of uniform
receptor expression (with p (x, y) = p,(x, y) = 1) investigated in [ 15] with those
shown in Figure 2 of that paper. The simulation code for the two-dimensional
model of this paper when applied to the uniform receptor expression problem
for the same set of parameter values as in [15] gives numerical results that are
effectively identical to those obtained in Figure 2 of [15] with the corresponding
values of [LR] at the dorsal midline agreeing to the three significant figures.



192 A. D. Lander et al.

As an independent consistency check, the steady-state value of [LR] from the
simulation code was found to be essentially the same as that calculated from
the steady-state value of [L] using the steady-state relation (see (29))

_R(X, V)[L]
 Roay + [L]

The wvalidated code for numerical solutions of the initial-boundary value
problem for the reaction-diffusion system (14)—(17) will be used extensively
to study the effects of ectopic receptor expression in the next few sections
especially for the problem in [13] which stimulated this research. Typically,
simulations were run until 7 = 20 hr and the prescribed stringent change
tolerance had already been met. The non-monotone approach to steady state
and the substantial changes between the initial state and the steady state of
the [LR] gradient for our class of Dpp—Sog interaction problems have been
documented extensively in [13]. It is therefore prudent to evolve the various
morphogen gradients for an unusually long period to ensure steady state. A
direct solution for the steady-state problem is also possible and are being
carried out separately. A time evolution simulation approach is preferred here
to facilitate comparison with the one-dimensional results in [13].

[LR] (52)

4. Effects of ectopic receptor expression

4.1. The properties of J(50)

To examine the effects of localized over-expression of tkv in the Drosophila
embryo as determined by Proposition 1, we establish presently some properties
of the function J(5p) in (51) and their consequences, focusing on the
receptor distributions R(x,y) = Ry (so that p(x,y) = po(x,y) = 1) and
R(x,y) = Ru(x) = Ropu(x) (as given by (6)) in this section.

Lemma 2. J(50) is a monotone decreasing function of 5.
Proof: For any fixed y, we have from the explicit solution for ay(y) in (44)
1 -2
—&o |50+ =(y + 257 <0
e e e ] I
8§0 - | 1 ) -2
—Co [So + g(y -2y )} (>0
so that day(y;59)/95y < 0. Because p(x) is positive, this implies
dJ(So) /f p(x, ) dag(y; 5o)
dso o [1+ Brag(yi5o)l* 95

dx dy < 0.
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For (43) and (44) to be applicable, we must have 59 > 0 in order for s¢(y; 50)
and ao(y; 50) to be nonnegative. Hence J(5p) is also positive. By Lemma 2,
J(50) is a monotone decreasing function of 5¢; hence J(5p) tends to O as
50 — oo. The argument proved the following result:

ProrosITION 3. J(50) = Xmax/4 has exactly one positive root if J(0) >
Xmax/4 and no positive solution if J(0) < Xmax/4.

We now examine the root 5g = ¢ of J(5y9) = xmax/4 for several distributions
of the fixed receptor concentrations uniformly in the dorsal-ventral direction:

(a) Uniform Distribution p(x,y) = p,(x,y) = 1: For this case, the expression
for J(5¢) involves only integration of a one-variable function:

JGo) = LTG0,y = / / [ f;ifloi"y)’m)]dx dy

= [ UG dx = G (53)
0
where
1 a0(y;2)
I(2) = — |4y (54)
~t L1+ Brao(y; z)
Thus, with p = p, = 1, the condition (51) determines 5, to be ¢o with
_ 1
— [Jo(30)]5,=c, = Lo(S0) = 7 (55)

The expression (44) for ay(y; 5o) can be used to re-write the integral in (54) as

0 1
_ Xmax dy b dy
Jol0) = 20,v} f_l 1 2 +/o 1 2
L 4n+§o+—(V+2y) n+§o+§(y—2y)

maX

= 5 gL (50) + 1p(50)] = Xmax[£o(50)], (56)
o5V

and
,BL . 1 ULhL . 1 (6 XY
2O'sv1>)j B 2g1 oshs B 2gs OlL'

n= (57)

The two integrals /,,(co) and 7 ,(go) in (56) can be evaluated exactly to give

16 _1( 1 ) 16 hl( 1 ):asv; .
By ™ o) T B0 ™™ \Byen) =2 OV

where
1 1
Bu®) =8 n+E——.  B@O=8fn+s+—. (59
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Evidently, /,(z) is also a monotone decreasing function of z consistent with
Lemma 2. More importantly, the following is an immediate consequent of (59).

LemmA 4. A positive 5y does not exist for (51) if n < 1/64.

(b) Uniformly Elevated Anterior Receptor Distribution p (x,y) = pu(x):
With pj(x) defined in (20), we have instead of (53)

M=z = /0 /_ [1 + ﬂLao(y;ﬁo)] ey
Efo max Lon(X)1,(50)] dx = (x4 A + Xmax) [1,(50)] - (60)

The condition (51) determines 5, to be ¢, with

1

oGo)lmgy = (14 5160 = 5. (o)

max

where 5}, = xh/xmax = Xh/Xmax < 1, or

1 B 6 ( 1 ) oyv
nh = . (62
Bolon) (Bm(gh))+8p<gh) a5 en) T 2 s

(c) Relative Magnitude of ¢¢ and ¢,: With (61) written as

1

Iy(sn) = TN (63)

where /,(z) is as defined in (54), we have then the following relative magnitude
of the two roots ¢ and ¢j:

ProposiTION 5. ¢, = [S0]p=p, > [So0]lp=1 = So.

Proof: The claim follows immediately from /,(¢gy) = i > 1/4(1 + 6,A) =
1,(¢) and Lemma 2 for any positive X, so that 6, = x5, /Xmax = X5/ Xmax > 0.
|

(d) Receptor Distribution Uniform in the Dorsal-Ventral Direction: For a
piecewise continuous function of x alone, p(x,y) = p,4(x), we have

[J50)]p=poar) = Jva(50) = /o - /Zl [%m

_ 3 ao(y;3o) i|
= DydXmax ———— | dy. (64)
¢ /; [1 + Brao(y; 30) 4

:|dx dy
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With ag(y;50) given by (44), the integral remaining in (64) can again be
evaluated exactly with

- 0 1
- PvdXmax dy 4 dy
J =
Ud(SO) ZO'SUI /1 R 1 5 + /0 R 1 5
4S0+§(y+ZJ’) So+§(y—ZY)

Poa¥man | Bua 15
— vd m:X [[m(S()) + [p(SO)] = xmaxpvdlo(so) (65)
2a9vL

where

/_)vdxmax = / )Oud(x) dx. gO = 50 + = EO +n. (66)
0

20 SUZ
A particular application of this type of ectopic receptor distributions will be
discussed in Section 5.

It is also possible to investigate the effects of ectopic receptor distributions
whose ectopicity varies in both the X and Y directions. We illustrate with the
following example:

(e) Receptors Concentration Nonuniform in Both X and Y: The effect of a
localized over-expression of tkv more akin to the one shown in panels A and B
of Figure 1 for the Drosophila embryo is also possible. The distribution in
panel A may be approximated by

(RAZ, Y] = [ Rf(1+ OH) + AHO)) (X <X)
Ro{l + Ay} (X > X3)
or
_ 1 A+ MH(=y)+ AH(y) (x < xp)
o= R_O[RA(X’ V= { I+ A, (x> xp) (%)

where A > 0, A, > 0 and 0 < Ay < 1 + A. For this dorsal-ventral
nonuniform receptor distribution, Lemma 2 and Proposition 3 continue to hold
because their proofs apply to all positive receptor concentration. Hence J(5p)
as defined in (51) continues to be a monotone decreasing function of §; and
J(50) = xmax/4 has exactly one root in (0, c0) if J(0) > xmax/4.

4.2. Signaling receptor concentration

From (37), we have

[LR] _ . . _,o(x,y),BLa(x,y)
Ry = By =bx.yie) = 1+ Bra(x, y)
_ P y)Bracy;So) _ mp(x, y) (69)

1+ Brao(y;5o) 0+ s0(y;3o)
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where so(y; 50) and n are given by (43) and (57), respectively.
(a) p (x, y) = 1: We have for this case 5y = ¢y and therewith

1 1 1
Ry Rl = 7 P00 Y3 Elaco=t ~ [n + sO(y;Eo)]so—go
1 -1
[n+§o+§(y+2y2)] (v <0)
= 1 ~1 : (70)
[n+§o+§(y—2y2)] (v >0)

(b) p (x, y) = pu(x): For this case, we have similarly §) = ¢;, and therewith

Pn(x)
_ . 71
n+so(y; 50)]%:9 7L

As a principal aim of our research effort, we wish to learn whether [LR] is
depressed outside the region of elevated receptor expression. For this posterior
end range x;, < x < Xmax Where the normalized receptor concentration is unit,
i.e., pp(x) = 1, we have

1 1
E[LR]mm:ph(x) = [6Cxs 5 &) peey=pnn) ~ [

1 1
e[
77R0 ph( ) 77 + SO(yaSO) §0:§h

1 -1
b+g+§@+bﬂ (v <0)
= : (72)

1 -1
b+g+§@—bﬂ (v >0)
From this follows the next result which addresses the question that motivated
this investigation:

PRrOPOSITION 6. At low receptor occupation and the outer solution applicable,
over-expressing Dpp receptors tkv on the anterior half of the embryo reduces
PMad activation in cells on the posterior part of the embryo.

Proof: The observation is an immediate consequence of (70), (71), and
Proposition 5. [ |

When the asymptotic solution of Section 3 applies, we now see that an
elevated receptor concentration in the anterior end of the embryo invariably
leads to a depression of signaling bound morphogen concentration posterior
to the region of elevated receptor concentration, whether the depression is
noticeable depends on the magnitude of the Dpp synthesis rate (with values of
all other parameters fixed).
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As for the effect of ectopic tkv expression on the signaling [LR] at the anterior
end of the embryo (the site of ectopic receptors), we have for 0 < x < x,

1 1+ A
IR,
nRo n+s0(y;50) 15—,

(o) [nta+ 0420 0<0
= . (73)

1
(I+4)/ [n tont g —2y2)] (y>0)

The comparison with the corresponding expression for p(x) = 1 in the same
region now depends on the magnitude of A, whether it is sufficiently large to
compensate for the reduction by a larger §, in the denominator. In particular,
we have

ProrosITION 7. When the outer asymptotic solution applies, over-expressing
Dpp receptors tkv on the anterior end of the embryo by a sufficiently large
concentration so that

1
n+cn— —

1+A>———J% (74)
’7+§0—a

elevates PMad activation in cells on the part of the embryo with the ectopic
receptors. The opposite is true if the inequality in (74) is reversed at least for a
part contiguous to the dorsal midline.

4.3. Elevated anterior receptor expression

For the asymptotic solution to be applicable, it is necessary to have
&= I7L/ Vs < 1,1.e., V;, must be small compared to Vs. To illustrate the diverse
range of possible steady-state configurations in different range of ¢ (within
and outside the range ¢ < 1), the two-dimensional numerical simulation
code is applied in this section to the problem investigated in Figure 5 of
[13] which stimulated this research. In addition to ¥, = 1 nM/s = 1073 uM/s
and Vg =0.08 uM/s investigated in that figure, we also examine cases
with 7, =2.5 x 107 uM/s and with 75 = 0.6 uM/s and 1073 uM/s. The
remaining values of the different parameters for the problem used in [13] are
given in Table 1.

Remark 8. For these parameter values, we have oy = (g1 + f1)/hr =
437 x 107, u3 =gy /ayp ~hy =427 x 10°, and n = 1.17 x 1073, We are
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Table 1
Parameter Values

D = D; = Dg = Dyg Xmax Y max Ry
8.5x 1077 cm? s7! 55x 1072 cm 55x 1072 cm 3.0uM
kon x 10 Jon X 1071 kgeg X 10* jaeg X 10 ko x 10° o5 x 10°
40uM-ts7t 95uM~ts7! 505! 545! 4.0s7! 4.0s7!

Figure 4. Two-dimensional plot of the [LR] distribution for the fixed receptor expression
Ry (X) (with ectopic expression in 0 < X < X, = 0.02cm) for V, =2.5 x 10~* uM/s and
Vs =0.6 uM/s.

interested in cases corresponding to the six different combinations of values of
V; and Vy fixing other parameter values as given in Table 1.

With Dpp synthesized only in the dorsal region and diffused away from its
localized source, the steady-state distribution of Dpp expression [L] is expected
to reach its maximum at the dorsal midline ¥ = —Y.x/4 and decreases
monotonically in both directions toward its minimum at ¥ = Y, /4. Because
the steady state [LR] is an increasing function of [L] (see (29) or (69)), it also
attains its maximum at the dorsal midline ¥ = —Y /4. Shown in Figure 4
is a two-dimensional plot of the steady-state signaling gradient [LR] for the
case R(X,Y) = R;(X) with 7, =0.25 x 1073 uM/s and V; = 0.6 uM/s. It
provides the numerical evidence confirming these qualitative features of the
[LR] expression. As such, we may focus our discussion on the signaling
gradient along the dorsal midline assisted at times by one-dimensional plots of
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Figure 5. Distribution of [LR] in the anterior—posterior direction at the dorsal midline for the
fixed receptor expression R;(X) (with ectopic expression in 0 < X < X, = 0.02cm) for
V, =25x10"* uM/s and Vg = 0.6 uM/s.

Table 2
Numerical Solution for [LR] in uM at Dorsal Midline

(Vp = 0.25 x 1073 uM/s)

VS 8h [LR]x:O [L R]x:xh - [L R]xh+ [L R]x:xmax
1073 uM/s 0 0.5406.. 0.5406.. 0.5406.. 0.5406..
4/11 0.5126.. 0.7452.. 0.3530.. 0.5426..
8x 1072 uM/s 0 0.6314.. 0.6314.. 0.6314.. 0.6314..
4/11 0.5281.. 0.7431.. 0.2578.. 0.6067..
6x 107" uM/s 0 0.6241.. 0.6241.. 0.6241.. 0.6241..
4/11 0.6859.. 0.7762.. 0.2618.. 0.3522..
oo uM/s 0 0.6239.. 0.6239.. 0.6239.. 0.6239..
4/11 0.7816.. 0.7816.. 0.2605.. 0.2605..

midline graphs such as the one in Figure 5 for [LR] at ¥ = —Y /4 . Given
the level of [LR] for a uniform receptor expression reported in Table 2 (in
rows with §, = 0), it is clear that the signaling gradient is now depressed at
the posterior end (where there is the same uniform receptor expression) and
elevated at the anterior end (where there is an ectopic receptor expression),
at least in an interval adjacent to X,. The elevation and depression become
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more uniform in X < X; and X > X}, respectively, for higher Sog synthesis
rates V.

Starting from quiescence, the non-monotone approach to the steady behavior
of the Dpp—Sog interaction has been found to be similar to the one-dimensional
problem already discussed extensively in [13]. Hence, it will not be further
elaborated herein. Instead, we will present results on the steady-state [LR] at
different locations of the dorsal midline in the direction of the anero—posterior
axis to illustrate the complexity of possible outcomes of the same ectopic
receptor expression depending on the magnitude of the two ligand synthesis
rates (with all other wing disc rate constants fixed). We will discuss separately
the signaling gradient for two particular values of the Dpp synthesis rate, first
for 7; =0.25 x 1073 uM/s and then for ¥, = 1073 uM/s for which some
observations were given in [13].

4.3.1. Signaling morphogen gradient [LR] for V; = 0.25 x 1073 uM/s. In
Table 2, the signaling morphogen gradient [LR] at the dorsal midline are given
for 77 = 0.25 x 1073 uM/s. The results for a uniform receptor expression
(with Ry = 3 uM) throughout the solution domain are given in the odd rows
(with 8, = 0) for Vs = {0.001,0.08,0.6 and oo} uM/s, respectively. The
results for Vs = oo corresponds to those obtained from the outer asymptotic
solution while those for finite 75 were obtained by the simulation code for
the IBVP. For a uniform receptor distribution, the dorsal midline values of
[LR] shown are independent of X as expected and tend to the asymptotic
solution as Vs increases from 0.08 to 0.6 uM/s with the latter nearly equal
to the asymptotic value. For Vs =1 nM/s = 1073 uM/s however, we have
£ = i so that the Sog synthesis rate is relatively low leading to a level of Sog
concentration in steady state that is too low to shuttle enough Dpp back to the
anterior end for additional binding with available receptors to achieve the level
of [LR] given by the outer asymtptotic solution.

The even rows in Table 2 with §, = 4/11 give the corresponding results for
a localized elevated receptor expression R;(X) (see (6)). In the interval X} <
X < Xmax, @ comparison of the steady state [LR] concentration for the two
different receptor expressions clearly shows a close agreement between the
asymptotic and simulation values of [LR] at the dorsal midline near the X},
and less so near the end Xp,.x. The agreement throughout the interval gets
better as Vs increases from 0.08 xM/s and more Dpp molecules are shuttled
away by a higher concentration of Sog. There is clearly a depression of [LR]
concentration in the posterior portion of the solution domain X > X, (as well
as a qualitative agreement even for the case Vs = 1 nM/s (¢ = 1) for which
the asymptotic solution is not applicable.)

In the region with elevated receptor expression, 0 < X < X}, the situation is
more complicated. The outer asymptotic steady-state solution for the receptor
distribution Rj,(X) shows a higher steady-state [LR] concentration than the
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corresponding (uniform) concentration for a uniform receptor distribution
throughout the sub-interval [0, X}). On the other hand, the numerical solutions
for the IBVP shows a higher [LR] concentration only for Vg = 0.6 uM/s;
moreover, the elevation in [LR] for this (and other) Sog synthesis rate is
nonuniform, closer to the asymptotic solution near X and considerably smaller
near X = (. Because the asymptotic steady-state solution for [LR] does not
depend on 7§ (or more correctly corresponds to the limiting case of Vg = 00),
the lower level of [LR] near X = 0 appears to be due to less Dpp—Sog binding
and hence more Dpp-receptor binding resulting in more receptor-mediated
degradation of Dpp for the given moderate synthesis rate 7.

For Vs = 0.08 M/s, numerical solutions show an elevated level of [LR]
only for the part of the interval [0, X}) near X = X}, the location for the abrupt
change of receptor expression. For this lower Sog synthesis rate (which is still
large compared to the Dpp synthesis rate), [LR] is actually depressed near
the end X = 0. The nonuniform distribution in the antero-posterior direction
reflects the fact that receptors near X, has the rights of first refusal to bind
with Dpp freed up from the degradation of the Dpp-Sog complexes being
transported back to the anterior end. For the given ¥, and a lower Vs such as
0.08 uM /s, the amount of Sog produced does not lead to a sufficiently large
concentration of Dpp—Sog to be transported to the anterior end and degrade,
freeing up sufficient Dpp to diffuse further away from X for the unoccupied
receptors near X = 0.

To put it another way, for a fixed Dpp synthesis rate, we get an elevated
expression of [LR] at the tip of the anterior compartment away from the
location of the abrupt change in receptor expression at X of R;(X) only if the
Sog synthesis rate is sufficiently high. When all other biological rate constants
of the embryo are held fixed, we need a high level of Sog expression for the
formation of a level of [LS] concentration to be transported from the ventral
region back to the entire dorsal region, to dissociate and degrade, freeing
up enough Dpp to be binding with receptor thkv everywhere in the anterior
compartment. At the same time, it appears from numerical solutions of the
IBVP that the abrupt change of receptor expression at X; would invariably
results in a boundary layer phenomenon on both sides of the discontinuity
of the receptor distribution. The elevation and depression of the steady-state
signaling [LR] concentration in a narrow region (in the anterior and posterior
side, respectively) adjacent to X, are more pronounced than expected from the
informal asymptotic consideration.

4.3.2. Non-signaling gradients for Vi =0.25 x 1073 uM/s. When the
asymptotic steady-state solution is applicable, there is also a close agreement
between the asymptotic and simulation results for [LS], [S], and [L] except
for the expected spatial nonuniformity in both X and Y directions with
the latter similar to those shown in Figure 5 in [15]. The corresponding
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Table 3
Asymptotic and Numerical Results in uM at Dorsal Midline

(Vp = 0.25 x 1073 uM/s, Vg = 0.08 uM/s)

Vs & x=0 X =Xxp— x =xp+ X = Xmax
oo 0 0.74.x107" 0.74.x 107! 0.74.x 1071 0.74..x 107!
oo 4/11 0.74.x 107" 0.74..x 107! 0.74..x 107" 0.74..x 107!
[LS]
uM/s N N - - -
008 0 0.75.x107" 0.75.x 107! 0.75..x 10! 0.75..x 107!
0.08 4/11 0.70..x 10" 0.75..x 107! 0.75..x10"! 0.86..x 107!
ES ES k
oo 0 0.33.x 1073 0.33.. x 1073 0.33.. x 1073 0.33.. x 1073
0o 4/11 0.12.. x 1073 0.12.. x 1073 0.12.. x 1073 0.12.. x 1073
[L]
uM/s N N B B B
008 0 0.34. x 1073 034.. x 1073 0.34.. x 1073 0.34.. x 1073
0.08 4/11 0.12.. x 1073 0.17.. x 1073 0.17.. x 1073 0.40.. x 1073
k ES k
oo 0  0.12.x10" 0.12..x 10"  0.12..x 10"  0.12..x 10!
oo 4/11 035.x10"  0.35.x 10"  035.x10"  0.35.x 10!
[S]
uM/s B - - -

008 0 013.x10" 0.13.x10" 0.13..x 10" 0.13..x 10!
0.08 4/11 0.49..x 10"  035.x 10" 035.x 10" 0.15.. x 10!

asymptotic and numerical solutions for [L], [S], and [LS] are given in
Table 3 for Vg = 0.08 xM/s to demonstrate the qualitative agreement for this
set of parameter values, particularly near X = X,. The nonuniformity in the X
direction is more pronounced for [L] and [S]. The variation with X (computed
but not shown here) reduces considerably for Vs = 0.6 uM/s or larger.

4.3.3. Signaling morphogen gradient [LR] for V;, = 1072 uM/s. For a
sufficiently high Dpp synthesis rate, there would be more than enough Dpp for
binding to saturate the available zkv receptors (which is fixed in our model), at
least in an interval 0 < |V — Y. /4| < d, centered at the dorsal midline
along the posterior end of the embryo in steady state. This is evident from the
dorsal midline values of [LR] for the case of a uniform receptor expression
shown in Table 4 for Vg = 0.6 uM/s and 0.08 uM/s. A graph of [LR] at
the dorsal midline for s = 0.6 uM/s is shown in Figure 6 to illustrate the
saturation. Thus the higher Dpp synthesis rate ¥, = 1073 uM/s coupled with a
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Table 4
[LR] at Dorsal Midline in uM (V; = 1073 uM/s)
Vs S [LRlx=0  [LRlx=x,— [LRly+  [LR]r=x,.
1073 uM/s 0 2.0432.. 2.0432.. 2.0432.. 2.0432..
4/11 1.9868.. 2.9233.. 1.4645.. 1.9893..
8x 1072 uM/s 0 2.9428.. 2.9428.. 2.9428.. 2.9428..
4/11 2.8211.. 5.9636.. 2.2612.. 2.9456..
6x 107" uM/s 0 2.9934.. 2.9934.. 2.9934.. 2.9934..
4/11 4.1176.. 8.0755.. 2.8289.. 2.9927..
oo uM/s 0 7.8208.. 7.8208.. 7.8208.. 7.8208..
4/11 8.3495.. 8.3495.. 2.7832.. 2.7832..
9
3t =
2o o.;n o.;)z 0.63 o.'o4 0.;)5 0.06
X

Figure 6. Distribution of [LR] in the anterior—posterior direction at the dorsal midline for the
fixed receptor expression R;(X) (with ectopic expression in 0 < X < X, = 0.02cm) for
7, =103 uM/s and Vg = 0.6 uM/s.

sufficiently high Sog synthesis rate leads to a saturation of available receptors
in the posterior segment. The asymptotic steady-state solution is not applicable
in this case as the method of solution does not take into account receptor
saturation. In fact, that solution gives a steady state [LR] concentration in excess
of the prescribed receptor concentration (see the case Vs = oo in Table 4). The
inappropriateness of such a solution is also reflected in its (unacceptable) negative
steady-state concentrations for the free Sog and Dpp molecules (not shown

herein).
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At the lower Sog synthesis rate of Vg = 1073 uM/s, the steady-state [LR] at
the dorsal midline given in Table 4 is at about 1.98.. uM at the two ends
of the embryo, which is nowhere near saturation for the available receptors
(with Ry = 3 uM) and seemingly consistent with that predicted by the outer
asymptotic solution (=~ 2.04..). However, the agreement is somewhat fortuitous
because the outer asymptotic solution also does not apply in this case given
Vg = V. so that & is not small compared to unity and a leading term regular
perturbation solution is also mathematically inappropriate. Biologically, the
expression of Sog at the ventral region is not sufficiently high so that not enough
Dpp is transported to the dorsal region for binding with the available receptors
in that region (except in the neighborhood of X} where it is accomplished at
the expense of similar activities near X on the posterior side).

While the results for ¥, = 1073 uM/s in Table 4 clearly demonstrate the
limitation of the outer asymptotic steady-state solution obtained in Section 3,
they do not in any way diminish the value of the analytic solution because its
applicability can easily be decided by examining whether the concentration
of signaling Dpp-receptor complexes meets the restriction [LR] < Ry and
whether the remaining concentration gradients are nonnegative (in addition to
e < 1). We simply do not use the outer asymptotic solution if any of the
constraints is not met.

4.3.4. Summary. The developments in this section show the complementary
nature of the analytical and numerical methods. The former has the advantage
of exhibiting more explicitly the dependence of the solution on the various
system parameters while the latter applies to a broader region in the parameter
space. To simplify our analysis and computation, we have chosen to work
with a model with a prescribed kv receptor concentration fixed for all time.
The restriction limits the applicability of the asymptotic solution developed in
Section 3, which by nature does not take into account the constraint of a fixed
receptor concentration during the solution process.

With all other rate parameters fixed, the asymptotic steady-state solution
provides an adequate description of the signaling morphogen gradient
concentration [LR] for moderate Dpp synthesis rates /; that do not saturate
the fixed receptor concentration R, (such as the case ¥, = 2.5 x 107* uM/s
reported in Table 2). For these moderate Dpp synthesis rates, the distribution
of [LR] in the anterior—posterior direction obtained by the (more accurate)
numerical simulations tends to the asymptotic solution (with a uniform
distribution on both sides of the receptor concentration discontinuity) for
higher and higher Sog synthesis rates, e.g., for Vs = 0.6 uM/s or higher. More
importantly (pertaining to the purpose of our investigation), these results
established the existence of a depressed [LR] concentration in the posterior
end of the embryo when there is an ectopic receptor expression in the anterior
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end. The asymptotic solution helps delineate more explicitly the mechanism
responsible for the depression.

On the other hand, for relatively low Sog synthesis rates such as
Vg = 0.08 uM/s, the [LR] concentration near the anterior end X = 0 may even
be, somewhat surprisingly, lower than the level for the case of a uniform receptor
distribution, the elevated level of receptor concentration notwithstanding. An
explanation for this somewhat unexpected result was given in Section 4.3.1.

For the same rate parameter values but higher Dpp synthesis rates at the level
of ¥, = 1073 uM/s, the available free Dpp eventually saturate the available
receptors (of fixed concentration) for the uniform fixed receptor case and at
least in the posterior region for the receptor distribution R;(x) ectopically
expressed at the anterior end. For these cases, the asymptotic solution gives a
signaling gradient [LR] in excess of the available receptors in some region of
the embryo (and possibly negative concentration for the Sog and Dpp—Sog
gradients) and hence would be inappropriate for the problem. Such a limitation
on the asymptotic steady-state solution would not be present in a model
allowing for receptor renewal.

5. Signaling morphogen concentration for ectopic expression at both ends

5.1. Properties of J(3y)

If we examine panel B of Figure 1 more closely, we would see that there seems
to be an over-expression of receptors at both ends of the anterior—posterior axis.
To find out what our model would predict for this configuration of receptor
over-expression, we consider the following normalized distribution of receptor
concentration:

I+A;>1 (0<x <xy)

p(x,y) = pa(x) =11 (xp <x <xg) . (75)
I+ A;>1 (xg <X =< Xmax)

For this p(x, y), we have instead of (63)

1 Xk

. JaGo) = [{1 +8¢A¢+ (1 — (sg)Ag}Io(go)]%:gA, 8 = — < 1
max max
(76)
where ¢ 4 is the solution of
1
Io(s4) = A (77)

14+ Agdp + Ag(l — 5g)’
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or

—16 tan_l( ! )—i— 16 tanh_l( ! )
B (54) B (54) B,(¢4) B,(¢4)

o5V

T2+ Ade + Ag(1— 8y)] (78)

with B, and B, given in (59).
ProOPOSITION 9. ¢4 = [Solp=p, > [S0lp=p, = 0.

Proof: This follows from the fact that the right-hand side of (77) is less than

1 and I, is a monotone decreasing function of 5y by Lemma 2. |

2

5.2. Signaling receptor concentration

We now compare the signaling Dpp for the normal case of a uniformly
distributed receptor concentration with one that is over-expressed at the two
ends of the anterior—posterior axis, particularly the interval x, < x < x, where
the latter is not over-expressed.

For the uniformly distributed case, we have [L R],x)=1/ nRy is given by (70)
as before. For p (x) = p4(x), we have for the range x;, < x < xg,

. 1
nRO 04(x) n+ SO()}; SO) S0=64
1

1 —
[”+§A+§(Y+2y2)} (v <0)
|:77+§A+§(J/—2y2)i| ()/ >0)

! 1
- [HTW]go_go ~ Ry R (79)

where the inequality is a consequence of Proposition 9. The implication of
(79) is summarized in the following proposition:

ProrosiTiON 10. At low receptor occupation and the out asymptotic solution
applies, over-expressing Dpp receptors tkv at both end of the anterior—posterior
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axis reduces PMad activation in cells in the region X, < X < X, outside the
location with ectopic receptors.

For the intervals where tkv is over-expressed, the situation is again more
complicated. In the range 0 < x < x,, we have

1 14+ Ay
—[LR]y0) ~ | ————=
nRo n+s0(»;50) I5,=c,

8
_ . (80)

1+ a0/ [0+ s+ g0 =-22] =0

a+mvb+g+%wwﬂ (v < 0)

The comparison with the corresponding concentration for a uniform receptor
distribution now depends on the magnitude of A,. In particular, we have

ProrosiTioN 11. At low receptor occupation and the out asymptotic solution
applies, over-expressing Dpp receptors tkv at both ends of the anterior—posterior
axis by a sufficiently large concentration at the anterior end so that

1
"+§A_E

I+4a > —16 81)
n+ g 16

elevates PMad activation in the interval 0 < x < x; while the opposite is true
if the inequality in (81) is reversed, at least in a region contiguous to the
dorsal midline. A corresponding result applies to the posterior end.

5.3. Numerical results for the illustrative example

To provide numerical evidence in support of a depressed signaling gradient
expression for an ectopic receptor distribution of the type R 4(X) defined in
(7), we consider such a receptor distribution with A, = A, = 0.02 cm. Given
the symmetry of R 4(X), a similar symmetry expected of the corresponding
[LR] expression is confirmed by the two-dimensional plot of its steady state in
Figure 7 for ; = 0.25 x 1073 uM/sand Vs = 0.6 #M/s and the corresponding
one-dimensional plot for its graph along the dorsal midline in Figure 8. Hence,
we can limit our discussion to the steady-state behavior for the anterior half of
the embryo (as we did in reporting the numerical results shown in Tables 5 and
6).

From the numerical results for the case ¥, = 0.25 x 103 uM/s reported in
Table 5, we see a good qualitative agreement between the numerical simulation
results for Vs = 0.6 uM/s and the asymptotic results. As shown in Figure 8,
the numerical solution for [LR] along the dorsal midline for Vg = 0.6 uM/s
is nearly uniform within the three subinterval [0, X,), (X,, X,), and (Xg,
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Figure 7. Two-dimensional plot of the [LR] distribution in M for the fixed receptor expression
R4(X) (with the same ectopic expression in 0 < X < X, = 0.02cm and X, = 0.035cm <
X < Xpax) for 7, =2.5x 107* uM/s and Vs = 0.6 uM/s.

0.5 T T T T r
[
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Figure 8. Distribution of [LR] in the anterior—posterior direction at the dorsal midline for the
fixed receptor expression R 4(X) (with the same ectopic expression in 0 < X < X, = 0.02cm
and X, = 0.035cm < X < Xpyy) for V, =2.5x 10~ uM/s and Vg = 0.6 uM/s.

Xmax]. This is consistent with the prediction by the asymptotic steady-state
solution. Furthermore, the trend of [LR] is toward the asymptotic solution as
Vg increases from 1073 uM/s.

For the higher Dpp synthesis rate ¥, = 1073 uM/s. the agreement between
the numerical and asymptotic solution is also good but in a different way. With
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Table 5
[LR] at Dorsal Midline in uM
(V. =0.25 x 1072 uM/s, 8 = 8, = 4/11)
Vs 8¢ [LR]x=0  [LRlx=x—~ [LRlx+  [LR]r=x,,
1073 uM/s 0 0.5406.. 0.5406.. 0.5406.. 0.5406..
4/11 0.5134.. 0.7741.. 0.3572.. 0.5134..
8x 1072 uM/s 0 0.6314.. 0.6314.. 0.6314.. 0.6314..
4/11 0.4824.. 0.5462.. 0.1849.. 0.4824..
6x 107" uM/s 0 0.6241.. 0.6241.. 0.6241.. 0.6241..
4/11 0.4686.. 0.4778.. 0.1597.. 0.4686..
oo uM/s 0 0.6239.. 0.6239.. 0.6239.. 0.6239..
4/11 0.3570.. 0.3570.. 0.1190.. 0.3570..
Table 6
[LR] at Dorsal Midline
(Vi = 1073 uM/s, 8¢ = 8, = 4/11)
Vs Y [LR]:=0  [LR]x=x,—  [LRly+  [LR]i=r,,
1073 uM/s 0 0.5406.. 0.5406.. 0.5406.. 0.5406..
4/11 0.5126.. 0.7452.. 0.3530.. 0.5426..
8x 1072 uM/s 0 0.6314.. 0.6314.. 0.6314.. 0.6314..
4/11 2.9821.. 5.6463.. 2.0882.. 2.9821..
6x 107" uM/s 0 0.6241.. 0.6241.. 0.6241.. 0.6241..
4/11 3.7793.. 4.9604.. 1.7012.. 3.7793..
00 0 0.6239.. 0.6239.. 0.6239.. 0.6239..
4/11 3.0710.. 3.0710.. 1.0237.. 3.0710..

more Dpp available, the same Sog synthesis rate Vs = 0.6 uM/s proportionally
less Dpp is transported toward the anterior end of the embryo, especially near
the anterior vertex. Consequently, there is a more pronounced nonuniformity
in each of the three subintervals (qualitatively similar to the distribution for
Rjy(X)), decreasing in magnitude from X, to 0 (and by symmetry from X,
to Xmax). Because of less transport, more Dpp molecules are degraded,
especially in the waist region of the embryo X, < X < X, resulting in a
lower [LR] concentration than that for 7, = 0.25 x 1073 4M/s. On the other
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hand, the discrepancy between numerical and asymptotic solution for [LR]
is substantially less than those of Table 5 for the lower Dpp synthesis rate
case.

6. Asymptotic behavior for V> Vs

For the biologically less realistic case of Vs / v, = 1/e « 1, the structure of
the BVP admits a regular perturbation solution in powers of 1/e. The governing
equations for the leading term solution, {ao, ey so}, corresponds to setting
1/e = 0 in (34)—(36) to get

0

2920 pa
v — L L HE—y) =0, 82
" Ty gt (82)
(fs +g5)' V2" + (va's® — ) =0, (83)
V2s? — (vja’s® = ) — o5c” + H(y) = 0. 34)

Note that the form of equations (35) and (36) is not changed by setting 1/& =
0; nor is the equation (37) giving b(x, y; €) in terms a(x, y; €):

_ p(x)Bra’(x, y)
1+ Bra’(x,y)’

More importantly, (82) is an equation for a’(x, y) alone and, augmented
by the homogeneous Neumann condition along the edges of the rectangular
domain, may be solved separately.

b(x, ) (85)

ProrosiTiON 12.  For B; < 1, a unique nonnegative solution of the BVP for

a® exists with

0<a’(x,y) <a, (86)
where the constant a, is given by
1
ay, = .
1 =5

Proof: Evidently, a, = 0 is a lower solution for the problem. On the other
hand, we have

22 p(x)au
—u,"Via, + m — H(-y)
_ o)~ 1a,

3 g, HITHED =00 1+ HE) > 0
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given p > 1. With da,/on = 0, a, is an upper solution for the BVP. Hence, a
solution of the BVP problem exists and is bounded above and below as in (86)
[28-30]. Uniqueness is proved as in [8]. [ ]

Having the piecewise C? solution for a’(x, y), equations (83) and (84)
together with the relevant homogeneous Neumann conditions may be solved
for c’(x, y) and s°(x, y). Note that the two PDE (83) and (84) are linear in the
two unknowns. Actual solutions may be obtained by methods similar to those
used in [5, 18]. However, for the purpose of delineating the effects of locally
over-expressed tkv on cell signaling, we need only the solution of (82) with
which we can calculate [LR] from (85). The numerical solution for the BVP
for a’(x, y) is straightforward. Given that /Lzz is typically small compared to
unity, we note also the singular perturbation structure of (82) with respect to the
parameter (; so that asymptotic solution for large w; is also possible. Sample
solutions have been obtained for typical sets of parameter values used in [8, 18,
31]. The results on depression of Dpp signaling by localized over-expression of
receptors are qualitatively different from that stated in Proposition 6 for p(x) =
pn(x) regarding the abrupt depression of the bound morphogen concentration
posterior to the region of the elevated receptor concentration.

7. Conclusion

When the receptor expression is ectopic in the anterior end of an Drosophila
embryo, our study of a simple mathematical model based on the essential
biological processes for morphogen gradients in Drosophila embryos identified
in [7, 13] shows that a depression of the signaling Dpp-tkv concentration in the
posterior does occur under suitable conditions. At the same time, a lack of
Dpp-tkv concentration depression as noted in the work of Wang and Ferguson
[16] is now seen to be possible as well for a number of reasons including:

e Sufficiently high Dpp and Sog synthesis rates that saturate the fixed receptor
expression throughout the posterior portion of the embryo (see the case
V; =103 uM/s and V5 = 0.6 uM/s in Table 4).

e A sufficiently low Sog synthesis rate that does not shuttle much if any Dpp
to the anterior region except in a narrow layer adjacent to the location of
receptor expression discontinuity as seen from the case of Vg = 1072 uM/s
in both Tables 2 and 4. (Not shown by the tables is the substantial depression
of [LR] in each case is confined to a narrow region with the width of the
region becoming narrower as ; increases.)

e A relatively low elevation of the receptor expression in the anterior region
which allows enough Dpp for binding in the posterior region (except for a
narrow phenomenon near X}) as shown in Table 2 for Vg = 1073 uM/s.
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It is also seen from Table (2) (and the graphs for [LR] for the case of
V; = 2.5 x 107* uM/s not shown herein) that the depression in the posterior
region (and the elevation in the anterior region) becomes more uniform in X with
increasing Vs. This suggests that the partial depression over a small subinterval
of the posterior end near the location of receptor expression discontinuity for
the case of R;(X) may be the consequences of three different phenomena:

e A very low Sog synthesis rate Vg that transports to the nearby anterior
region only the Dpp and Dpp-Sog in a narrow layer adjacent to the location
X, of the discontinuity in Rj(X).

e Intermediate Sog synthesis rates that manage to shuttle sufficient Dpp and
Dpp-Sog away from a finite interval (X}, X,) in the posterior region to the
anterior region with X, substantially smaller than X ..

e The receptor expression is elevated at both end (qualitatively similar to the
results for R 4(X)) leading to an [LR] gradient elevated at both ends and
depressed in region of normal receptor expression in between (see Tables 5
and 6).

The results from our simple mathematical model also offer new insight not
previously observed. One important result of this category is the variability of
the elevation in [LR] in the region of ectopic receptor expression. From the
asymptotic analysis of Sections 3 and 5, we now know that [LR] expression
may be elevated, unchanged or even depressed depending on the combinations
of the various rate parameter values. In particular, we have from Propositions
7 and 11 that

e An elevation of the receptor expression in the ectopic region not sufficiently
high would result in no change or a depression (rather than an elevation) of
signaling morphogen gradient [LR] in the anterior region if it does not
meet the condition (such as (74) for R,(X) and (81) for R 4(X)) required
for an elevated [LR] expression.

It should be noted that some of the results obtained by our asymptotic analysis
and numerical simulations are consequence of our simplifying assumption of
a fixed receptor expression throughout the embryo which may or may not
persist should we allow for receptor synthesis and renewal. It should persist
if the receptor-mediated Dpp degradation rate constant is the same as the
degradation rate constant of unoccupied receptors. Research results for the
more realistic model allowing for receptor renewal will be reported elsewhere.
Meanwhile, the results for the fixed receptor expression model reported herein
should serve much more than a proof of concept on how we may address the
question whether there should be a depression of BMP signaling posterior to
the anterior region of ectopic receptor expression and how it should depend on
the level of Sog synthesis rate and other rate constants.



Localized Ectopic Expression of Dpp Receptors 213

Acknowledgments

The research was supported in part by NIH grants P50-GM076516,
RO1GMO067247, and RO1GMO075309. The two NIH RO1 grants were awarded
through the Joint NSF/NIGMS Initiative to Support Research in the Area of
Mathematical Biology. The research of Y.-T. Zhang at the University of Notre
Dame was partially supported by Oak Ridge Associated Universities (ORAU)
Ralph E. Powe Junior Faculty Enhancement Award and by NSF research grant
DMS-0810413.

10.
11.

12.

14.

15.

References

A. A. TeLemaN, M. StriGINI, and S. M. CoHen, Shaping morphogen gradients, Cell
105:559-562 (2001).

L. WoLrerT, R. BEDDINGTON, J. BrOCKES, T. JEsSeEL, P. LAWRENCE, and E. MEYEROWITZ,
Principles of Development (2nd ed.), Oxford University Press, New York, 2002.

E. V. ENTCcHEV, A. ScHWABEDISSEN, and M. GoNzaLEz-GaITAN, Gradient formation of the
TGSF-beta homolog Dpp, Cell 103:981-991 (2000).

A. A. TeLeman and S. M. Couen, Dpp gradient formation in the Drosophila wing
imaginal disc, Cell 103:971-980 (2000).

A. ELDAR, R. DorrMAN, D. WEIss, H. AsHE, B. Z. SiLo, and N. Barkal, Robustness of MmP
morphogen gradient in Drosophila embryonic patterning, Nature 419:304-308 (2002).

J. B. Gurpon and P. Y. BouriLLot, Morphogen gradient interpretation, Nature 413:797-803
(2001).

A. D. LANDER, Q. NI, and F. Y. M. Wan, Do Morphogen Gradients Arise by Diffusion?
Dev. Cell 2:785-796 (2002).

A. D. LanNDER, Q. Nig, and F. Y. M. WaN, Spatially distributed morphogen production
and morphogen gradient formation, Math. Biosci. Eng. (MBE) 2:239-262 (2005).

H. L. AsuE and M. Leving, Local inhibition and long-range enhancement of Dpp signal
transduction by Sog, Nature 398:427-431 (1999).

E. BIEr, A unity of opposites, Nature 398:375-376 (1999).

M. OELGESCHLAGER, J. LARRAIN, D. GeisserT, and E. M. RoBerts, The evolutionarily
conserved bmp-binding protei twised gastrulation promotes bmp signalling, Nature
405:757-762 (2000).

J. J. Ross, O. Suimmi, P. ViLmos, A. PeTrYK, H. KiM, K. GauDENZ, S. HERMANSON, S.
C. Ekker, M. B. O’ConNoOR, and J. L. MarsH, Twisted gastrulation is a conserved
extracellular BMP antagonist, Nature 410:479—483 (2001).

C. M. Mizutany, Q. Nig, E. Y. M. Wan, Y.-T. Zuang, P. ViLmos, E. BIERr, J. L. MARsH,
and A. D. LANDER, Formation of the BMP activity gradient in the Drosophila embryo,
Dev. Cell 8:915-924 (2005) (with Supplement).

J. Kao, Q. NIg, A. TenG, F. Y. M. WaNn, A. D. LANDER, and J. L. MarsH, Can morphogen
activity be enhanced by its inhibitors? in Proceedings of the 2nd MIT Conference on
Computer Mechanics (K. J. Bathe, Ed.), Elsevier Science Ltd, Vol. 2, pp. 1729-1734, 2003.
Y. Lou, Q. Nig, and F. Y. M. Wan, Effects of Sog on Dpp-receptor binding, SIAM J.
Appl. Math. 65:1748-1771 (2005).



214

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

A. D. Lander et al.

Y.-C. WanG and E. L. FErGusoNn, Spatial bistability of Dpp-receptor interactions during
Drosophila dorsal-ventral patterning, Nature 434:229-234 (2005).

D. IronN, A. Svep, H. THEISEN, T. LukacsovicH, M. NagHiBl, J. L. MarsH, F. Y. M. WaN,
and Q. Nig, The role of feedback in the formation of morphogen territories, Math.
Biosci. Eng. (MBE) 5(2):277-298 (2008).

B. Varacas, Leaky boundaries and morphogen gradient formation, Ph.D. Dissertation,
University of California, Irvine, December 2007.

Y. Lou, Q. Nig, and F. Y. M. Wan, Nonlinear eigenvalue problems in the stability
analysis of morphogen gradients, Stud. Appl. Math. 113:183-215 (2004).

A. D. Lanper, Q. Nig, and F. Y. M. WaN, Internalization and end flux in morphogen
gradient formation, J Comp. Appl. Math. 232-251 (2006).

F. C. Crick, Diffusion in embryogenesis, Nature 225:40-42 (1970).

M. KerszBerG and L. WoLPERT, Mechanisms for positional signalling by morphogen
transport: A theoretical study, J Theor. Biol. 191:103—114 (1998).

G. MaRQUES, M. Musacchio, M. J. SHIMELL, K. WUNNENBERG-STAPLETON, K. W. CHo, and
M. B. O’Connor, Production of a DPP activity gradient in the early Drosophila embryo
through the opposing actions of the SOG and TLD proteins, Cell 91:417-426 (1997).

S. Piccoro, E. Aciusa, B. Lu, S. GoobmaN, L. DaLg, and E. DE RoBerTts, Cleavage of
chordin by xolloid metalloprotease suggests a role for proteolytic processing in the
regulation of spemann organizer activitiy, Cell 91:407-416 (1997).

A. D. LanpEr, Q. Nig, and F Y. M. Wan, Membrane associated non-recptors and
morphogen gradients, Bull. Math. Bio. 69:33-54 (2007).

B. Gustarsson, H.-O. Kreiss, and J. OLIGER, Time Dependent Problems and Difference
Methods, Wiley, New York, 1995.

J. StoER and R. BuLRSCH, Introduction to Numerical Analysis, Springer-Verlag, New
York, 1993.

H. Amann, On the existence of positive solutions of nonlinear boundary value problems,
Indiana Univ. Math. J. 21:125-146 (1971).

D. H. SATTINGER, Monotone methods in nonlinear elliptic and parabolic boundary value
problems, Indiana Univ. Math. J. 21:981-1000 (1972).

J. SMOLLER, Shock Waves and Reaction-Diffusion Equations, Springer-Verlag, New York,
1982.

Q. N, F. Y. M. WaN, Y.-T. ZHanG and X.-F. Liu, Compact integration factor methods in
high spatial dimensions, J. Comp. Phys. 227:5238-5255 (2008).

UNIVERSITY OF CALIFORNIA, IRVINE

(Received September 16, 2008)



