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Abstract

Modeling the dynamics of cell population in tissues involving stem cell niches allows insight into

the control mechanisms of the important wound healing process. It is well known that growth and

divisions of stem cells are mainly repressed by niche cells, but can also be activated by signals

released from wound. In addition, the proliferation and differentiation among three different types

of cell: stem cells (SCs), intermediate progenitor cells (IPCs), and fully differentiated cells (FDCs)

in stem cell lineage are under different activation and inhibition controls. We have developed a

novel stochastic spatial dynamic model of cells. We can characterize not only overall cell

population dynamics, but also details of temporalspatial relationship of individual cells within a

tissue. In our model, the shape, growth, and division of each cell are modeled using a realistic

geometric model. Furthermore, the inhibited growth rate, proliferation and differentiation

probabilities of individual cells are modeled through feedback loops controlled by secreted factors

and wound signals from neighboring cells. With specific proliferation and differentiation

probabilities, the actual division type that each cell will take is chosen by a Monte Carlo sampling

process. With simulations, we study the effects of different strengths of wound signals to wound

healing behaviors. We also study the correlations between chronic wound and cancerogenesis.

I. INTRODUCTION

Wound healing is a complex process but poorly understood. It relates not only directly to

restoring health, but also broadly to many diseases, including cancer [1, 2]. It is well know

that stem cell niche and stem cell lineage play important roles in the process of wound

healing [1]. Computational models of cell population dynamics can provide insights into the

control process of tissue regeneration and wound healing.

It is well know that the growth, division and differentiation of stem cells depends strongly

on the microenvironment where stem cells reside, which is also known as the stem cell

NIH Public Access
Author Manuscript
Conf Proc IEEE Eng Med Biol Soc. Author manuscript; available in PMC 2014 August 29.

Published in final edited form as:
Conf Proc IEEE Eng Med Biol Soc. 2013 ; 2013: 5550–5553. doi:10.1109/EMBC.2013.6610807.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



niche. One of the most important role of the niche cells is to help maintain the stem cell

property by repressing cell division and differentiation [3, 4]. However, once a stem cell

leaves the niche, it will have much higher chances to differentiate into progenitor cells and

fully differentiated cells [3], which is what happens when wound healing occurs. It is also

known that proliferation and differentiation among different types of cells in the stem cell

lineage, including stem cells (SCs), intermediate progenitor cells (IPCs), and fully

differentiated cells (FDCs), are under different activation and inhibition controls [5–8].

Secreted factors in negative feedback loops have already been identified as major elements

in regulating the numbers of different cell types and in maintaining the equilibrium of cell

populations [5, 9]. There have been a number of mathematical models for studying different

aspects of the wound healing process [10– 12]. However the dynamics and critical roles of

stem cell lineages remains unclear.

We have developed a novel spatial dynamic cell growth model to study the dynamic

behaviors of stem cell lineage during wound healing process. We can characterize not only

the overall cell population dynamics, but also details of temporal-spatial relationship of

individual cells. In our model, the shape, growth, and division of each cell are modeled

using a realistic geometric model, and the inhibited growth rate, proliferation and

differentiation probabilities of individual cells are modeled through feedback loops

controlled by secreted factors of neighboring cells within a proper diffusion radius. With

specific proliferation and differentiation probabilities, the actual division type that each cell

will take is modeled by a Monte Carlo sampling procedure. We found that with proper

strengths of inhibitions to growth and self-renewal of stem cells, and proper strength of

activation signals from the wound locale to stem cells, cells lost upon wound infliction can

be replenished and the tissue can reach a new homeostasis. However, wound signal of

inappropriate magnitude can also lead to incomplete or over-recovery. Our results also

suggest potential connections between chronic wounds and cancerogenesis.

II. METHODS

In our model, the growth, division and decision making of specific division type of cells are

modeled explicitly. Cell growth is modeled based on the underlying physics. Cell growth

rate and probabilities of three division types are determined by the number of differentiated

cells within a proper diffusion radius around each cell.

A. Cell Growth Model

We use two-dimensional mechanical vertex model to represent a tissue of contiguous,

interacting cells [13]. This model represents accurately the geometric properties of a single

cell as well as the collective topological properties of cells in a tissue. More details of the

model can be found in ref. [13, 14].

In our model, cell movement and rearrangement within a tissue depend on the mechanical

forces a cell experiences. There are two types of forces in our model, tension and pressure.

Tension models the compressional forces acting within a cell. These forces arise from

cytoskeletal microfilaments, intermediate filaments, and cell membrane. For an edge

between cell a and b, the direction of the tension force is tangential to the edge ab (Fig.
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1(a)). Pressure represents the forces resisting compression. These forces arise mainly from

microtubules and extracellular matrix. In our model, pressure is proportional to the

difference in pressure in neighboring cells.

Non-zero net force drives a vertex to a new location and the cell shape changes with the

vertex movements. Local rearrangements of vertices result in reduction of the stress in the

tissue, which lead the system to a lower stress state.

Cell division occurs when the size of the cell is doubled after certain steps of cell growth. A

new cell wall is added that passes through the center of the mother cell. The two resulting

daughter cells have half the size of the mother cell.

B. Cell Types and Division Types

Four different types of cells are modeled in our system: niche cells, stem cells, progenitor

cells and differentiated cells. For simplification, niche cells do not grow and divide, but can

repress the growth and division of stem cells (Fig. 1(c)). The other cell types have different

cell division potentials: stem cells have unlimited division power; intermediate progenitor

cells can divide at most twice; and differentiated cells lose the ability of division. Stem cells

and progenitor cells can undergo three different types of divisions: [6, 15, 16]: (1) self-

renewal or proliferation generates two daughter cells identical to the mother cell, (2)

symmetric differentiation generates two identical daughter cells of next lineage stage, and

(3) asymmetric division generates two different daughter cells, with one identical to the

mother cell and the other of next lineage stage (Fig. 1(b)). Note that as progenitor cells can

maximally divide twice, the type of second division of progenitor cells is limited to

symmetric differentiation.

C. Feedback Controls

In our model, the growth rates and different division types of stem cells are inhibited

independently by surrounding differentiated cells within a specific diffusion radius and by

directly attached niche cells. To reflect the repression role of niche cells, we assume stem

cells have a probability of pSQ = 0.95 to stay in quiescent state when attached to one of the

niche cells, but the quiescence probability drops to pSQ = 0.01 when no niche cell attached.

Following [6], we use Hill functions shown in Eqn. (1) to calculate the growth rates and

division probabilities of different types of cells at each time step. We assume a basal growth

rate  and  for stem cells, progenitor cells and differentiated cells, respectively, the

basal probabilities of three division types are assigned to be equal:  for

stem cells and  for progenitor cells. The growth rate vS(t) of stem cells,

vP(t) of progenitor cells and probabilities of self-renewal pSr(t), symmetric pSs(t) and

asymmetric pSa(t) divisions of stem cells and pPr(t), pPs(t) and pPa(t) of progenitor cells at

time t are calculated as:
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(1)

where ND(t) is the number of differentiated cells within three layers of neighboring cells,

Nwd is the number of wound cells releasing wound signals in the three layers of neighboring

cells, and Nniche is the number of niche cells in the direct neighbor of the stem cell. Hill

coefficients gS, gP, hSr, hSs, hSa, hPr, hPs and hPa are assumed to be time-invariant, and used

to model intrinsic cell properties and control growth rates and division probabilities of stem

cells and progenitor cells, respectively. Parameter AWH is used to model the strength of the

wound signal. After the new probabilities of division types are calculated, they are

normalized to ensure the probabilities of three division types sum to 1.0 for progenitor cells,

and 1− pSQ for stem cells. A Monte Carlo sampling step is implemented for selecting the

division type based on probabilities for each dividing stem cell and progenitor cell. A

uniform random number μ ∈ [0, 1] is generated at each step, and the division type is

determined by the minimum value of K satisfying inequality: ,

in which values of i,K ∈ {1,2,3} correspond to division types: self-renewal (i, K = 1),

symmetric differentiation (i, K = 2), and asymmetric division (i, K = 3), respectively.

The growth rates and division types obtained from feedback control module are used as

input for cell growth. Therefore, the feedback circuits are coupled with cell growth to model

more realistically the dynamics of stem cell lineage populations (Fig. 1(c)).

III. RESULTS

We first grow a normal tissue starting from a small group of 64 cells (2 niche cells (gray) in

the center, 8 stem cells (red) surrounded by 16 progenitor cells (blue) and 38 differentiated

cells (white)), as shown in Fig. 2(a). Heuristically, we found that the tissue is able to achieve

homeostatic size control (Fig. 2(b) and (c)) when model parameters are gS = 0.35, gP = 0.01,

hSr = 0.1, hSs = 9.0, hSa = 9.0, hPr = 0.2, hPs = 0.1 and hPa = 0.1, respectively. The size of

the whole tissue stops changing, and stem cells are repressed in the quiescent state by niche

cells in direct neighbors and by surrounding differentiated cells. The resulting tissue

contains 120 differentiated cells and 8 stem cells attached to 2 niche cells.
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To study the wound healing process, a wound tissue (Fig. 2(d)) is created by removing the

top part (40 differentiated cells) from the normal tissue in Fig. 2(b). Cells on the edge of

wound are labeled in green, indicating wound healing signals are released from them to

activate the growth and differentiation of stem cells in the niche to replenish those removed

cells (Fig. 2(d)).

A. Wound healing by different strengths of wound signals

The wound healing processes are simulated starting upon the initial wound infliction. Three

different strengths of wound signals AWH = 0.5, AWH = 1.0 and AWH = 2.0 are used

respectively to study their effects to wound healing results. The resulting recovered tissues

and the corresponding dynamics curves of cell numbers are shown in Fig. 3.

In our model, simulations with parameter AWH = 1.0 can be regarded as the wound healing

process of normal tissues (Fig. 3(b) and (e)). From the dynamic curves in Fig. 3(e), there is a

small increase in stem cell numbers (red curve in Fig. 3(e)) around time step 100 after

wound infliction, indicating that the growth and self-renewal of stem cells inside the niche

are activated by the wound signals released from the cells on wound edge. Once stem cells

are detached from the niche cells due to growth and division, they will differentiate into

intermediate progenitor cells, which further become fully differentiated cells. This three-step

process of stem cell lineage amplification is shown by the bump in the number of progenitor

cells around time step 200 (blue curve in Fig. 3(e)), and the subsequent significant increase

in the number of differentiated cells (black curve in Fig. 3(e)). When removed cells in the

wound are replenished, wound signals from wound edge are decreased to zero, along with

the progress of the regeneration process, the repression to stem cells is recovered and the

whole tissue stops growing. One example resulting tissue of normal wound healing from the

wound in Fig. 2(d) is shown in Fig. 3(b). Although the shape is different from the original

tissue (Fig. 2(b)), the size of the whole tissue is recovered (Fig. 3(e)).

To study the effects of different strengths of wound signals, we further perform simulations

with AWH = 0.5 and AWH = 2.0, respectively, and the results are shown in Fig. 3(a) and (d),

and Fig. 3(c) and (f), respectively. Compared with normal wound healing, results from

weaker wound signals AWH = 0.5 produce much smaller recovered tissue (Fig. 3(a)), and the

number of differentiated cells does not recover to the level in the original tissue (Fig. 3(d)).

With a stronger wound signal AWH = 2.0, the resulting tissue (Fig. 3(c)) and the number of

regenerated differentiated cells (Fig. 3(f)) are much more than those of the original tissue,

which may be related to abnormal wound healing, such as found in the keloid formation

[17].

B. Effects of prolonged wound signals

To study the effects of prolonged wound signals and the potential relations between

unregulated wound healing and cancerogenesis, we examine the effects of persistent wound

signals, in which the activation to stem cell growth and division is not reduced and turned

off as wound healing proceeds. A snapshot and dynamics curves of cell numbers from our

simulation results are shown in Fig. 4. Overall, the wounded tissue does not stop growing
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due to the persistent activation of stem cells by wound signals (Fig. 4(b)). This mechanism

may relate to cancerogenesis in the case of chronic wound [1].

IV. DISCUSSIONS AND CONCLUSIONS

Wound healing process has been theoretically modeled using continuous and deterministic

modeling methods based on partial differential equations (PDE) [10–12]. A novel temporal-

spatial cell population dynamics model has been developed to realistically model wound

healing by combining a realistic cell growth model [13] with the population dynamics of

stem cell niche and lineages [14]. The geometries and forces for cell growth and divisions

are incorporated in the cell growth model, and the growth rates and division types after

receiving inhibitions from surrounding differentiated cells are modeled individually in

negative feedback controls. The stochastic choice of division types is modeled through a

Monte Carlo sampling process. In our wound healing model, stem cells growth can be

activated by wound signals, and stem cell divisions are highly regulated by niche cells.

Simulation results show that in normal case of wound healing, cells lost from wound

infliction can be largely replenished by the activated stem cell lineage in the niche. The

regeneration is stopped when the healing process is complete and wound signals are

dissipative. We also studied the effects of different strengths of wound signals to wound

healing behaviors. Our results show that weaker wound signal will lead to an incomplete

wound healing, whereas stronger wound signal will cause an over-recovery, which may be

related to abnormal wound healing such as keloid formation. We also studied the effects of

persistent wound signals, demonstrating that the wound tissue does not stop regenerating

new cells, which may result in tumor tissues. Our method can be used to study broad issues

in stem cell biology, cancer biology and developmental biology.
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Fig.1.
Our model. (a) The forces at the junction vertex of three cells a, b and c in our cell growth

model. Tension is tangential to the edge (black). Pressure is normal to the edge (blue). The

net force on the junction vertex is obtained by summing tension and pressure acting on the

vertex. (b) Division types of stem cells and progenitor cells. Red sphere labeled with (S)

indicates stem cells, blue sphere (P) indicates progenitor cells, and white sphere (D)

indicates differentiated cell. The same color code is used for illustration of resulting tissues.

(c) Feedback controls of stem cell lineage. The gray (N) sphere indicates niche cells. Blue

arrows indicate self-renewal or proliferation divisions. Black arrows indicate symmetric

divisions. Red arrows indicate asymmetric divisions. Flat-head arrows extending from

differentiated cell with corresponding colors indicate inhibitions to respective type of

divisions.
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Fig.2.
Normal tissue and wound infliction. (a) Small starting cell group for simulations of the

temporal-spatial dynamics model contains 64 cells. Niche cells are labeled in gray, stem

cells are in red, progenitor cells are in blue, and differentiated cells are in white. (b) One

example normal tissue achieved homeostatic size control. This steady state tissue contains 8

stem cells, 2 niche cells and 120 differentiated cells. (C) Dynamics of cell numbers during

tissue development. The red curve shows the dynamics of stem cell numbers, the blue line is

progenitor cells, and the black line is differentiated cells. Error bars show the standard

deviations at 100, 200, 300, 400, 500, 600 and 700 time steps are calculated from four
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independent simulations, respectively. The average number of differentiated cells in the

steady state is shown in the green straight line. (d) Wound infliction is created by cut the top

part of the normal tissue in (b). Cells at the wound edge are shown in green.
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Fig.3.
Wound healing results with different strengths of wound signal AWH. (b) and (e) Normal

wound healing results with AWH = 1.0. (a) and (d) Incomplete wound healing by a weak

wound signal AWH = 0.5. (c) and (f) Stronger wound signal of AWH = 2.0 leads to an over-

recovery, which may be related to abnormal wound healing like keloids.
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Fig.4.
Deregulated wound healing and cancerogenesis. (a) A snapshot of simulations in tissue with

deregulated wound signals. (b) The dynamics of numbers of different types of cells.
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