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I. DETAILS OF THE COMPUTATIONAL MODEL

A. Cellular Potts model

We consider a square domain Ω of side L (in numerical simulations, L = 230 µm) having M nodes on each side.
On Ω, there are M ×M grid points and (M − 1)2 elementary squares (pixels) x, each having an area L2/(M − 1)2.
Pixels x can belong to different cells or ECM, Σσ, and are labelled by their spin σ(x) as follows:

σ(x) =


0, if x ∈ ΣECM;

1, . . . , Ndrusen + 1, if x ∈ ΣBM;
Ndrusen + 2 . . . , 2Ndrusen + 1, if x ∈ Σdrusen;

2Ndrusen + 2 . . . , 2Ndrusen + 1 +NRPE, if x ∈ ΣRPE;
2Ndrusen +NRPE + 2, . . . if x ∈ ΣEC.

(1)

where Ndrusen is the number of drusen and NRPE is the number of RPE cells.
a. Energy functional. In the Hamiltonian of Eq. (1) in the main manuscript, we have

• The net variation of the durotaxis term Hdurot is [1]

∆Hdurot =−ρdurot g(x,x′) f(x,x′), (2)

where ρdurot is a Potts parameter, g(x,x′) = 1 for extensions and g(x,x′) = −1 for retractions, and the function
f(x,x′) depends on the solution of the elasticity equations as described in [3].

• The variation of the chemotaxis term Hchem is [2]

∆Hchem = −ρchem(x,x′)
C(x′)− C(x)

1 + 0.3C(x)
, (3)

where C is the VEGF concentration in the corresponding pixel, given by Eqs. (2)-(5) of the main manuscript,
and ρchem(x,x′) ≥ 0 is a Potts parameter that depends on the type of EC or ECM occupying pixels x and x′.
We have

ρchem(x,x′) =
ρ0chem

maxkDk

{
Di, x ∈ Σi, x

′ ∈ ΣECM or vice versa,
Di+Dj

2 , x ∈ Σi, x
′ ∈ Σj or vice versa,

(4)

where i and j are ECs. The positive constant ρ0chem measures the magnitude of chemotaxis. The level of Delta-4
determines the EC phenotype and, according to Eqs. (3) and (4), the strength of their chemotactic drive. Tip
cells have a higher level of Delta-4 and, consequently by Eq. (4), they are more motile than stalk cells.

ρarea(EC) ρarea(RPE) ρarea(DR) ρperim(EC) ρperim(RPE) ρperim(DR) ρlength(EC) ρdurot ρ0
chem

25000 100000 750000 75 100 500 180 25 50000

TABLE I: Dimensionless Potts parameters corresponding to the area, perimeter, length, durotaxis and chemotaxis constraints
(DR=drusen) [3].

The values of the Potts parameters are listed in Tables I and II from Ref. [3]. They are adjusted so that the terms
in the net variation of the hamiltonian all have the same order. The perimeter contribution, absent in Refs. [1, 2],
is small compared to the other terms in Eq. (1) of the main manuscript, so that it only affects the computations in
extreme cases (e.g., extremely thin cells, thin cells that stick to the blood vessel). The sensitivity of this CPM to
parameter values is discussed in Ref. [3].
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ρ
Σσ,Σσ′
adh EC-EC EC-ECM EC-RPE EC-DR RPE-ECM RPE-BM RPE-DR RPE-RPE DR-ECM DR-DR

Value 70-80 40 60 80 40 0-30 160 80-90 80 200

TABLE II: Dimensionless Potts parameters ρ
Σσ,Σσ′
adh for adhesion (DR=drusen) [3].

B. Notch signaling pathway equations

The Notch signaling pathway is activated when the transmembrane receptor Notch belonging to a particular cell
interacts with the transmembrane ligands Delta-4 or Jagged-1 belonging to its neighboring cell (trans-activation),
thereby releasing the Notch intracellular domain (NICD). NICD then enters the nucleus and modulates the expression
of many target genes of the Notch pathway, including both the ligands Delta and Jagged. However, when Notch of
a cell interacts with Delta or Jagged belonging to the same cell, no NICD is produced; rather, both the receptor
(Notch) and ligand (Delta or Jagged) are degraded (cis-inhibition) and therefore the signaling is not activated. These
mechanisms are incorporated into model differential equations proposed in Ref. [4], and coupled to the CPM in Ref. [3].
Here, we describe these equations for a given cell i surrounded by other cells. At time t, let Ni, Di, and Ji be the
number of Notch, Delta-4, and Jagged-1 proteins in the ith cell, respectively. Similarly, let Ii, VRi and Vi be the
number of NICD, VEGF receptor and VEGF molecules, respectively. These variables satisfy the following equations,

dNi
dt

= rNH
S(Ii, λI,N )− {[kCDi + kTDext(i)]H

S(Ii, λD,F ) + γ

+ [kCJi + kTJext(i)]H
S(Ii, λJ,F )}Ni, (5a)

dDi

dt
= rDH

S(Ii, λI,D)HS(Vi, λV,D)−
[
kCNiH

S(Ii, λD,F ) + kTNext(i) + γ
]
Di, (5b)

dJi
dt

= rJH
S(Ii, λI,J)−

[
kCNiH

S(Ii, λJ,F ) + kTNext(i) + γ
]
Ji, (5c)

dIi
dt

= kTNi
[
HS(Ii, λD,F )Dext(i) +HS(Ii, λJ,F )Jext(i)

]
− γSIi, (5d)

dVRi
dt

= rV RH
S(Ii, λI,VR)− kTVRiVext(i)− γVRi, (5e)

dVi
dt

= kTVRiVext(i)− γSVi. (5f)

Here, rN , rD, rJ , and rV R, are the production rates of N , D, J , and VR, respectively. The cis-inhibition and trans-
activation rates are kC and kT , respectively, whereas γ and γS are degradation rates for N , D, J , VR and for I, V ,
respectively. These parameters, their representative values and units are listed in Table III. The shifted, excitatory
and inhibitory Hill functions appearing in Eqs. (5) are:

HS(ξ, λη,ζ) = H−(ξ) + λη,ζH
+(ξ), (6a)

H−(ξ) =
1

1 +
(
ξ
ξ0

)nζ , H+(ξ) = 1−H−(ξ), (6b)

where HS is excitatory for λη,ζ > 1 and inhibitory for λη,ζ ≤ 1. In Eqs. (6), ξ = V, I, η = I, V,D, J , and ζ =
N,D, J, VR, F (the subscript F refers to Fringe, cf. [4]). The dimensionless parameters nζ and λη,ζ appearing in the
Hill functions are listed in Table IV. We solved Eqs. (5) with zero initial conditions for all unknowns but the outcome
of the simulations does not change if other initial conditions are used.

Parameter rN rD, rJ , rV R kC kT γ γS

Value 1200 1000 5× 10−4 2.5× 10−5 0.1 0.5

Unit molec/h molec/h (h molec)−1 (h molec)−1 h−1 h−1

TABLE III: Rates appearing in Eqs. (5).

If j ∈ 〈i〉 are the cells j sharing boundary of length Pi,j with cell i, the number of X = N,D, J molecules outside
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Parameter λI,N , λV,D, λI,J λI,D, λI,VR λD,F λJ,F nN , nD, nV , nVR nJ nF I0, V0 χV

Value 2.0 0.0 3.0 0.3 2.0 5.0 1.0 200 1.0

TABLE IV: Dimensionless parameters appearing in the Hill functions. I0 and V0 are activation numbers of NICD and VEGF
molecules, respectively, and χV is the conversion factor.

cell i is

Xext(i) =
1

Pi

∑
j∈〈i〉

Pi,jXj . (7)

The perimeter of cell i, Pi, minus
∑
j∈〈i〉 Pi,j is the length of its boundary that is not shared with any other cell.

Note that Xext(i) is simply the sum of all Xj if the lengths Pi,j are all equal and Pi =
∑
j∈〈i〉 Pi,j because the whole

boundary of cell i is shared with other cells. As the cell moves and its boundaries fluctuate due to cellular Potts
dynamics, the membrane protein levels of the neighboring cells interacting with the moving cell also vary. In this way,
the production rates of the different proteins in a cell are directly influenced by the interactions with its neighborhood
and, in particular, by the membrane fluctuations of the cell. Vext(i) is the number of VEGF molecules outside the ith
cell that interact with VEGF receptor cells to produce VEGF molecules inside the ith cell. The external VEGF cells
come from the continuum field C(x, y, t), which diffuses from x = L. Let xi be the pixel of the ith cell that is closer
to the hypoxic region. The number of external VEGF molecules in that pixel is C(xi, t) multiplied by the conversion
factor χV = NAL

2/[(M−1)2MV ], where MV is the molecular weight of the VEGF molecules and NA is the Avogadro
number. We have used χV = 1, which is representative of VEGF molecules with a large molecular weight. In the
numerical simulation, C is known in the grid points and its value at a pixel should be the average value of the four
grid points of the pixel. Since these values are quite similar, we adopt the value of C at the bottom left grid point of
the pixel xi as C(xi, t).

Variable Ni, Di, Ji, Next, Dext, Jext Ii VRi Vi Vext t

Scale
√
rD/kC (kT rD)/(kCγS) rVR/γ V0 6V0 1/

√
kCrD

Value
√

2× 103 102 104 2× 102 12× 102
√

2

Unit molec molec molec molec molec h

TABLE V: Units for nondimensionalizing the Notch equations (5).

II. VIDEOS

Video 1: Left Column of Figure 7.
Video 2: Middle Column of Figure 7.
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