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Abstract

Clustered cell migration is a crucial biological process involved in oocyte develop-

ment, tissue healing, and cancer metastasis. We specifically investigated this process

in the Drosophila melanogaster after egg fertilization, in which a group of migrating

cells, called border cells, move as a cluster from the anterior side of the chamber to the

posterior side, where the oocyte resides. We represented each cell through boundary

points, which are two-dimensional cartesian coordinates. We developed mathematical

representations of the various intra- and intercellular forces within the D. melanogaster,

and applied each of these forces to the boundary points of the cells with the use of

differential equations. We conducted parameter testing of our model with an initial pla-

nar implementation, in which we varied one parameter to obtain viable ranges for each

parameter. Then, we used a Latin Hypercube Sampling (LHS) method to investigate

the force-balance sensitivity of our system. To do so, we used the High Performance

Computing Facility (HPCF) at UMBC to run parallel simulations with each set of of

parameters generated using the LHS method.
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Introduction

Clustered cell migration is a process in which a group of cells move throughout biolog-

ical tissue in response to a stimulus. This process is prevalent in wound healing, cancer

metastasis, and ensuring proper wild-type oocyte development after egg fertilization. While

previous work has focused on understanding the underpinnings of single cell migration, a two-

dimensional model of clustered cell migration has yet to be presented. We propose a novel

two-dimensional force boundary model of clustered cell migration for oocyte development

in the Drosophila melanogaster. The amenable nature of the D. melanogaster egg cham-

ber makes it a great candidate for experimental studies investigating oocyte development1.

Working alongside a biology experimental lab, we obtained in vivo images of clustered cell

migration from the anterior side of the egg chamber to the posterior side. A fertilized D.

melanogaster egg chamber contains border cells, polar cells, nurse cells, and the oocyte. The

border cells are migrating cells whose movement is dictated by a chemoattractant gradient.

A group of border cells form on the anterior side of the egg chamber after fertilization,

and this group remains together while traveling in the posterior direction. Polar cells are

signaling cells which are central to the cluster, but do not explicitly respond to the chemoat-

tractant signal2. Nurse cells are larger, robust cells which interact with the cluster, but

do not drastically change in location during this process. Border cell migrate by extending

protrusions between nurse cell gaps in the egg chamber. The oocyte can be thought of as the

“destination” for the cluster, located on the posterior side of the egg chamber. Our model

focuses on the dynamics between the border cells, nurse cells, and the oocyte. Figure 1 is

an in vivo image of the egg chamber without border cells, where the oocyte is on the left

and the other cells are nurse cells. We constructed our model based on the in vivo images

of the egg chamber. In our model, the larger red cells are the nurse cells, the blue cells are

the border cells, and the oocyte is in black on the right side of the chamber (Figure 2).

Previous work has been completed studying both clustered and single cell migration.

Many of these models have been conducted using Agent-Based Modeling. Among these
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Figure 1: Ex vivo image of D. melanogaster egg chamber.

Figure 2: Initial state of the model. The red cells are the nurse cells, the black cell is the
oocyte, and the migrating cluster is represented by the four small blue cells.
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models, there has been much variance in the representation of cells such as representation

through ellipsoids or overlapping spheres3. Others have offered frameworks for clustered cell

migration models in a one-dimensional setting4. Our two-dimensional force-boundary model

is unique in capturing the complex intra- and intercellular forces and molecular components

which are observed experimentally.

Methods

Model Structure

Our two-dimensional mathematical model was made up of four nurse cells, four border

cells, an ooctye, and an immobile epithelial boundary enclosing these cells. We focused

on representing each cell by only its membrane composed and defined by 200 boundary

points, where each boundary point was a Cartesian coordinate pair in R2. We represented

the boundary point j of cell i in the following manner (xij; y
i
j), where j 2 f1; 2; :::; Npg and

i 2 f1; 2; :::; Ncg. We denote that number of boundary points by Np = 200 and the number

of cells by Nc = 9. Then each cell ci; i = f1; 2; :::; Ncg membrane was represented in the

following way

ci =

2666666666666666664

xi1 yi1

xi2 yi2

: :

: :

: :

xi199 yi199

xi200 yi200

3777777777777777775

:

We created X; Y in RNp�Nc�1 to store all of the x coordinates and y coordinates of all of
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the boundary points, respectively, formatted as:

X =

2666666666666666666666666666666666666666666664

x1
1

x1
2

:

:

x1
Np

x2
1

:

:

x2
Np

:

:

xNc
1

:

:

xNc
Np

3777777777777777777777777777777777777777777775

; Y =

2666666666666666666666666666666666666666666664

y1
1

y1
2

:

:

y1
Np

y2
1

:

:

y2
Np

:

:

yNc
1

:

:

yNc
Np

3777777777777777777777777777777777777777777775

:

We developed forces which represented the intra- and intercellular interactions observed

biologically in the egg chamber. Specifically our model consisted of a spring, volume, adhe-

sive, repulsive, migratory, and curvature force vectors. We calculated the vector sum of these

forces in a matrix Fnew = (Fnew;x; Fnew;y), where Fnew;x; Fnew;y 2 RNp�Nc�1, and correspond

to the x component of the sum of forces, and the y component of the sum of forces, respec-

tively. We used a forward Euler’s step, where at the end of each time step (h := 0:00001),

we applied the forces to the boundary points:

X = X + h � Fnew;x;

Y = Y + h � Fnew;y:
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Then, for each boundary point Bi, we obtained the following system:

dBi

dt
=
�
F p
i + F v

i + F c
i

�
+
X
j2Ai

�
F a
ij + F r

ij

�
+
X
j2Mi

Fm
ij ;

where F p
i was the spring force, F v

i was the volume force, F c
i was the curvature force, F a

ij was

the adhesive force, F r
ij was the repulsive force, and Fm

ij was the migratory force. Note that

Ai denoted the neighborhood for the specific boundary point Bi. Additionally, Mi � Ai was

the neighborhood for migrating cells if Bi was a border cell sufficiently close to a nurse cell,

or Bi was a nurse cell sufficiently close to a migrating cell.

Figure 3: Free-body depiction of the intercellular forces (adhesive, repulsive, migratory)
enacted on boundary points n and j of cells m and i, respectively, where cell m is a border
cell and cell i is a nurse cell. The intracellular forces (spring, volume) enacted on boundary
point r of cell i.

Force Equations

The spring force F p
i was formulated to keep boundary points within the same cell elasti-

cally connected and to maintain a relatively cell-like rounded shape, which is dependent on

the baseline spacing between boundary points and the current spacing between neighboring
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boundary points. The spring force of boundary point Bi is defined as:

F p
i = Ka

�
jjBi+1 �Bijj �Ht

� (Bi+1 �Bi)

jjBi+1 �Bijj
�Ka

�
jjBi �Bi�1jj �Ht

� (Bi �Bi�1)

jjBi �Bi�1jj
;

where Ka is the spring constant, Ht is the baseline space between boundary points of a cell.

We calculate Ht (before doing any force calculations) as Ht = jjBi+1�Bijj2. For each type of

cell, we have a specific baseline spacing. Therefore, all border cells share the same baseline

spacing Htb and all nurse cells share the same baseline spacing Htn. From the formulation,

we see that the spring force magnitude and direction depends on direction of points Bi+1

with Bi and Bi�1 with Bi. The further that neighboring boundary points are from their

baseline spacing, the stronger the spring force.

Biologically, cell volume control is an essential process for regulating a homeostatic in-

ternal environment5. In our model, the volume force F v
i plays a similar role to enforce that

cells maintain a cross-sectional certain area. The initial area Aold is calculated for each of the

cells before we begin any force calculations. Then, at each following time step, we calculate

the current area Acurr of each cell. For each cell, the difference between the target area and

current area values act as scalar values for the volume force.

F v
i = P (Aold � Acurr)

 
(Bi+1 �Bi)

jjBi+1 �Bijj
+

(Bi �Bi�1)

jjBi �Bi�1jj

!?
;

where P is the parameter constant for the volume force. Note that we estimate the tangent

vector of every boundary point Bi by
(Bi+1�Bi)
jjBi+1�Bijj +

(Bi�Bi�1)
jjBi�Bi�1jj . We use the normal vector to

the tangent vector to obtain the direction of the volume force.

The adhesive force was designed to represent E-cadherin and other adhesive molecules

in the D. melanogaster. For every cell, we calculate the distance of that cell’s boundary

points from the boundary points of every other cell in the system, i.e., for every boundary

point Bi, we perform Np(Nc � 1) comparisons. From these comparisons, an adhesive force

is applied only if the two boundary points Bi and Bj are within a certain radius, D(1 + �),
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where D = 0:35 and � = 0:1. Then,

F a
ij = Ca �D � ��ijH(��ij)

 
Bi �Bj

jjBi �Bjjj

!
;

where Ca is a constant. Note that

��ij = D � (1 + �)� jjBi �Bjjj;

is the comparison for measuring whether two boundary points are “close enough”, as de-

scribed above. H(��ij) is the heaviside function which measures whether ��ij > 0.

The repulsive forces acts in the opposite manner as the adhesive force. The repulsive

force ensures that the two different cells do not overlap or cross boundaries. Again, using

the distance comparisons between all boundary points using different cells, we calculate

whether two boundary points are close enough to “feel” repulsion. This is calculated by

�oij = D� jjBi �Bjjj, where Bi and Bj are boundary points of two different cells. Then, we

apply the heaviside to �oij, denoted by H(�oij), as:

F r
ij = Cr �D � (�oij)3H(�oij)

 
Bi �Bj

jjBi �Bjjj

!
;

where Cr is the repulsive constant.

The migratory force is enacted between boundary points of border cells and nurse cells,

only if they are close enough together. We calculate the distance between cells and whether

that distance is within the threshold using the calculations in the adhesive force. Currently,

the system responds to a constant gradient, rf = [0; 1]T which drives movement of border

cells from the anterior to posterior axis. Our migration force for border cells is calculated as

Fmb
ij = Cm �D � ��ijH(��ij)projd?ij

rf;

where dij =
Bi�Bj

jjBi�Bj jj and Cm is the migration force constant. For the migratory force for
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a nurse cell, we hypothesized that any tangential movement from a boundary point can

be ignored due to the actin cortical architecture, which is a network of actin filaments, a

protein responsible for structure and motion of the nurse cells6. Therefore, we calculate the

migration force as

Fmn
ij = Fmb

ij � projBjt
Fmb
ij ;

where Bjt is the tangent vector of boundary point Bj of the nurse cell, defined as:

Bjt =
Bj+1 �Bj

jjBj+1 = Bjjj
+

Bj �Bj�1

jjBj �Bj�1jj
:

The curvature force acts to prevent the flattening and cusping of edges of the border

cells, especially when migrating through the egg chamber. The curvature force is computed

as

F c
i = projdi

F new;

where di =
Bi+1�Bi�1

jjBi+1�Bi�1jj ; and F
new is the sum of forces for boundary point Bi. Note that the

curvature force is only applied for boundary points whose angle is lower than the threshold,

which is � = 110� for our purposes. We calculate the angle through the direction vectors of

the neighboring boundary points:

� = cos�1(cos �) = cos�1

 D d12

jd12j
;
d23

jd23j

!
:

Parameters

Through test runs, we defined the baseline parameter values for each of our 5 parameters:
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Ka 25:41�1500

P 1000

Ca 1:872 � 50

Cr 15:6 � 5000

Cm 1:568 � 20

Note that we obtained these values with a nondimensionalized model. Therefore, there

were no parameter units attached to each of these values. By construction, the volume and

spring forces and the adhesive and repulsive forces acted to balance one another out. Then,

there exists a steady state between the adhesive and repulsive forces and between the spring

and volume forces, dependent on their force parameter value. Note that the volume force

parameter constant was smaller relative to the spring force, likely because of the magnitude of

the “difference” factors. The spring force was scaled by the difference between the baseline

spacing and the distance between neighboring boundary points. However, this value was

likely very low since the baseline spacing for border cells was 7:2508 � 10�8, and the baseline

spacing for nurse cells was 0:008. In general (because of the spring force), the distance

between neighboring boundary points remained close to their respective baseline spacing

values, therefore the spring force had a relatively small magnitude. On the other hand, the

volume force compared the baseline area with the current area of each cell. The difference

between areas seemed to have a much higher magnitude than the distance between boundary

points. Therefore, the volume force had a higher magnitude than the spring force jFv j
P
> jF pj

Ka
.

The spring force constant compensated for this difference in an order of about 100 magnitude

with respect to the volume force. Additionally, while the adhesive constant was much smaller

relative to the repulsive force, note that the repulsive force was scaled by the � term, with a

magnitude less than one, that was cubed. Meanwhile, the � term for the adhesive force was

a also less than one, but applied as a scaling factor. Then, in general, jF
rj

Cr
< jFaj

Ca
by order of

about (slightly less than) 1000 magnitude.

Our model was highly sensitive to change in parameter values, and was quite dependent

on the balance between parameters. Therefore, we decided to perform parameter tests using
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the Latin Hypercube Sampling (LHS) method7. Beyond full chamber visualization and to

quantitatively assess the behavior of the model, we tracked the position of each border cell

through the simulation by a boundary point. We assessed the model by two criteria: The

distance that the cluster traveled, and how long the cluster stayed together.

Initially, using our baseline values in the table below, we varied one parameter at a time.

For example, in our first test, we kept P;Ca; Cr; Cm the same, and tested the model with

different Ka values, ranging from 25:41 �10 to 25:41 �10000. Repeating this process for each of

the other parameters, we obtained ranges for all of the parameters and observed the behavior

of the system at the boundaries of those suitable ranges.

After testing these different ranges, we were interested in the effect of varying two pa-

rameters at once. Specifically, we were interested in the relationship between the spring

and adhesive forces. We ran multiple simulations in which we varied both the spring and

adhesive parameters using the parameter ranges obtained by only varying one parameter.

Checkpoints

We added checkpoints to our model to ensure that the simulation quits as soon as behavior

which we do not observe biologically occurs. For our purposes, we noticed that with some of

the parameter sets which had a low repulsive force value relative to the volume and spring

force, cell boundaries would overlap. Another condition we checked for was that all cells

remained inside the hard boundary. In some cases, we observed that cells totally bypassed

the egg chamber walls. This is obviously not biologically sound, since the egg chamber is an

invariant set.

Visualization of Forces

In order to visualize the effect of each force on the system, we plotted the force vectors for

the spring, volume, adhesive, repulsive, and migratory forces. This allowed us to visualize

the behavior of the cells due to each force. From these force vectors, we were able to review
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Figure 4: Angle of boundary point B2 is calculated with the vectors between boundary point
B1 and B2, denoted as d12, and the vectors between boundary points B2 and B3, denoted as
d23. We use the projection of d13, the distance vector between boundary points B1 and B3,
and F new, the sum of all forces.

Figure 5: LHS scheme as followed by Denise Kirschner’s work7. We defined ranges for each
of our parameters, and picked values uniformly for each run based on the range. Then,
the output was a matrix containing the positions of all boundary points, and a ranking of
each run based on the behavior of the cluster. We ran parameter tests using UMBC’s High
Performance Computing Facility (HPCF).
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and revise previous mathematical representations for the forces, and improve upon the old

implementation. We plotted the spring, volume, adhesive, repulsive, and migratory forces

in the figure below.

The spring force acts to keep the cells in a relatively rounded shape. In the figure below,

the spring force vectors have a larger magnitude at the parts of the cell with higher curvature.

The volume force acts to maintain the area of the cell. Therefore, its force vectors point

outside of the center of each cell with each force vector being normalized. The adhesive force

acts to allow cells to adhere to one another. Its force vectors also point away from the center

of the cell, in the direction of the sum of nearby boundary points. The repulsive force acts to

prevent cells from crossing boundaries. We observe its force vectors pointing into the center

of the cell. The migratory force is enacted between boundary points of nurse cells and border

cells contained within the same neighborhood. Its force vectors point perpendicular from

the adhesive force vectors, allowing the border cells to migrate in the posterior direction.

Figure 6: Spring force vectors at time t = 0:002 and scaled by 0:008.

As described above, the curvature force was developed to prevent border cells from com-

pletely flattening while traveling between nurse cells. We tested the effects of the curvature

force on a migrating border cell in a simple egg chamber with two nurse cells and one border

cell. After the curvature force was applied, the border cell maintained a rounded tip even

while migrating between nurse cells.
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Figure 7: Volume force vectors at time t = 0:001 and scaled by 0:008.

Figure 8: Adhesive force vectors at time t = 0:001 and scaled by 0.008.

Figure 9: Repulsive force vectors at time t = 0:001 and scaled by 0.004.
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Figure 10: Border cell migratory force vectors at time t = 0:001 and scaled by 0.04.

Figure 11: Top: Before curvature is enacted. Bottom: After curvature is enacted.
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Timing of the Model

We ran our model using the taki GPU cluster (which contains one node with four NVIDIA

Tesla V100 GPUs connected by NVLink) at UMBC’s High Performance Computing Facility

(HPCF). In order to run the simulation until time t = 1:0 (100000 iterations), it takes about

29 hours and 30 minutes.

Results

Parameter Ranges

From our parameter testing with a planar implementation in which we varied one pa-

rameter, and kept the four others fixed, we obtained ranges for our five parameters:

Ka 25:41 � [200� 2000]

P [1000� 5000]

Ca 1:872 � [10� 260]

Cr 15:6 � [4000� 8000]

Cm 1:568 � [10� 80]

We were particularly interested in the relationship between the spring and adhesive force.

We observed an inherent balance between the spring and volume forces and the adhesive and

repulsive forces, due to construction of their mathematical representations. In other words,

there exists a steady state for the spring and volume force and a steady state for the adhesive

and repulsive force. Then, we naturally we investigated the relationship between the spring

and adhesive relationship. We observed that with a spring force that was too high relative to

the adhesive force, the border cells would not adhere to each other, causing them to separate

from the cluster. Conversely, when the adhesive force was too high relative to the spring

force, the cells would remain together, but boundary points would clump together, causing

the model to stop prematurely. While keeping the other parameters at their baseline values,

we varied the spring and adhesive forces and observed their relationship. We obtained the
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following grid illustrating our model’s outputs. In Figure 12, we see that the majority of

the model outputs that we observed had border cell migration that reached the oocyte, but

separated as a cluster. A small number of parameter sets contained model outputs in which

the border cells stayed together but did not migrate far. We observed this when the adhesive

constant was high and the spring constant was low and high. When the adhesive and spring

constant were both high, then the border cell boundary was very rigid, and with an increased

adhesive force, this prevented the cluster from migrating. When the adhesive force was high

and the spring force was low, then the model would fail. This is due to boundary point

clustering and cell boundaries overlapping. Then, one of the checkpoints would stop the

model early.

Figure 12: We varied the spring constant from 25.41*[400-1800] and the adhesive constant
with a range of 1.872*[20-100]. We classified each simulation by the behavior of the cluster
of border cells. We observed four different behaviors: border cells stay together but do not
reach the oocyte, border cells do not stay together but reach the oocyte, border cells stay
together and reach the oocyte, and model quits.

From the model outputs and classification, we estimated the relationship between the

spring and adhesive force in the region when the cluster stays together and still migrates as:

Ca =
1:872 � 10
25:41 � 200

Ka + 50 � 1:872:
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The approximately linear relationship between the adhesive and spring constant describe a

balance in the model for which migration to the oocyte and sufficient cluster adhesion occurs.

Model Output

The majority of the parameter sets were characterized by the behavior in which the

border cells did not stay together; however, they reached the oocyte. The following figure

(13) demonstrates an instance of this case. Note that these model outputs correspond to the

baseline parameter values established in Table 1.

We observe in Figure 13, While the border cells initially started as a cluster, as time

progresses, the front border cell began to separate from the rest of the group, beginning

before time t = 0:1. Even as the two middle border cells migrated through their first set of

nurse cells, they adhered to each other until time t = 0:4, as they approached the leading

border cell. The back border cell did begin to migrate until about time t = 0:3. We

hypothesized this was due to the adherence between border cells being weak, and that the

back border cell was not close enough to the nurse cells to migrate. Finally, the back border

cell caught up to the rest of the group around time t = 0:5. As the two previously middle

two border cells were the only ones in close interaction with the nurse cell, they began to

migrate forward, leaving the front and back border cell behind. The two border cells arrived

at the oocyte at around time t = 0:9, but the group was completed separated.

We compared the model outputs of the baseline parameters with parameters for which

approximately the following relation holds:

Ca =
18:82

5082
Ka + 93:6:

With Ka = 25:41 � 535:9845, the estimated adhesive force constant given by the estimated

linear relationship above is Ca = 1:872 � 76:8. The actual adhesive force constant with a

spring constant of Ka = 25:41 � 535:9845 was Ca = 1:872 � 50:21. We observed that while

the border cells initially separated in a matter that abandoned the last migrating cell, once
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Figure 13: Simulation outputs under the baseline parameter values in Table 1 (Ka = 25:41�
1500; P = 1000; Ca = 1:872 � 50; Cr = 15:6 � 5000; Cm = 1:568 � 20). While initially starting
as a cluster, the group of border cells separate for the majority of the simulation.
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the cluster came back together at around time 0.3, the cluster continued to move as a group

until it reached the oocyte. Note that due to a stronger adhesive force (relative to the spring

force), the border cells experienced congregation of boundary points at the center cluster.

Through our testing, we observed that there was no way to avoid this clustering of boundary

points at the joints of the border cells. With a decreased adhesive force or an increased

spring force, the border cells no longer migrated as a group.

We obtained the following plots when we plotted the position of a boundary point of

each border cell. In the plot on the left of Figure 14, we observed that with a spring force

of 25:41 � 535:9845 and an adhesive force of 1:872 � 25:3802, the cluster reached the oocyte

(around x = 14), while remaining as a group for the majority of the simulation for all time

after t = 0:1. However, on the right, we observed that with a spring force of 25:41 � 1750:8

and an adhesive force of 1:872 � 25:3802, the border cells reached the oocyte, but did not

stay as a group. It is interesting to note that for all t 2 [0; 0:8], border cell 3 and border

cell 4 remained in symmetry. While varying in their y�coordinate, the border cells were

symmetric in the x�axis.

Figure 14: Comparison of border cell location (in the x-coordinate) of different parameter
sets. On the left, the spring and adhesive parameters were Ka = 25:41 � 535:9845; Ca =
1:872 � 50:2105, respectively. On the right, the spring and adhesive parameters were Ka =
25:41 � 1750:8; Ca = 1:872 � 25:3802, respectively. For both figures, the volume, repulsive,
and migratory force constants were set to their baseline values.
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