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Closely coupled in vitro and in virtuo models have been used to explore the self-organization of
normal human keratinocytes (NHK). Although it can be observed experimentally, we lack the
tools to explore many biological rules that govern NHK self-organization. An agent-based
computational model was developed, based on rules derived from literature, which predicts the
dynamic multicellular morphogenesis of NHK and of a keratinocyte cell line (HaCat cells)
under varying extracellular Ca™ ™ concentrations. The model enables in virtuo exploration of
the relative importance of biological rules and was used to test hypotheses in virtuo which were
subsequently examined in vitro. Results indicated that cell-cell and cell-substrate adhesions
were critically important to NHK self-organization. In contrast, cell cycle length and the
number of divisions that transit-amplifying cells could undergo proved non-critical to the final
organization. Two further hypotheses, to explain the growth behaviour of HaCat cells, were
explored in virtuo—an inability to differentiate and a differing sensitivity to extracellular
calcium. In vitro experimentation provided some support for both hypotheses. For NHKSs, the
prediction was made that the position of stem cells would influence the pattern of cell migration
post-wounding. This was then confirmed experimentally using a scratch wound model.

Keywords: computational modelling; keratinocyte; HaCat cell; calcium; wound healing;
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1. INTRODUCTION

In recent years, it has been proposed that the
development of a complex tissue is crucially dependent
on the coordination of relatively few mechanisms
(Nishimura et al. 1999; Eglen & Willshaw 2002; Galle
et al. 2005; Vespa et al. 2005). The explanation for this
is that many biological processes on the sub-cellular
scale appear to interact at the cellular or the multi-
cellular level (Aplin et al. 1999; Ingber 2003 a,b).
Previously, we developed a cell-based computational
model of the growth characteristics of urothelial cells in
monolayer culture in low or physiological levels of
calcium, which gives a qualitative fit to in wvitro cell
behaviour (Walker et al. 2004a,b). Extension to normal
human keratinocytes (NHK) and a keratinocyte cell line
(HaCat) indicated that although this model can describe
the effect of extracellular calcium on NHK proliferation
and differentiation, it is not sufficient to simulate the
colony formation of keratinocytes and it also failed to
model the behaviour of HaCat cells in response to
changing extracellular calcium (Walker et al. 2006). The
aim of this study was to further develop the model to
explore how NHK self-organize into an epithelium—
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particularly how they form colonies. The motivation is
that, while there is growing knowledge of how individual
cells respond from the genome through to the proteome
and metabolome, it is difficult for biologists to integrate
all the information and regenerate a holistic view of the
organism (Rashbass 1996; Galle et al. 2005). Compu-
tational modelling provides a powerful tool to handle
this complexity and can improve our understanding of
tissue morphogenesis and pathogenesis (Rashbass 1996;
Morel et al. 2001; Galle et al. 2005; Ponciano et al. 2005).

A modelling approach which is gathering popularity
with biologists is the use of agent-based models. Each
individual cell is represented by a software agent. In
this particular model, the software agents are a form of
communicating X-machine (Balanescu et al. 1999;
Kefalas et al. 2003). Each agent has a rule set, based
on experimental cell biology, which determines the
behaviour of the agent and its interaction with its
neighbours. The interaction of a set of agents (which are
equivalent to a cell population) can be used to model
the organization of multicellular aggregates (Walker
et al. 2004a; Grabe & Neuber 2005). The model is
implemented using the FLexible Agent-based Model-
ling Environment (FLAME) which is available at
http://www.flame.ac.uk. The attraction of this
approach is that it is capable of connecting
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experimental results to fundamental principles of
biological behaviour and can explore the influence of a
single parameter on the behaviour of a biological
system, a scenario often unattainable in in wvitro or
in vivo experimentation. It is particularly useful for
identifying key parameters that play a central role in
defining the overall behaviour of a biological system,
and in this respect can lead to new and more informative
experiments (Olsson 2003; MacArthur et al. 2004;
Drasdo & Hohme 2005; Zaman et al. 2005). It can
open new perspectives to process the huge amount of
data provided by experiments and to separate generic
principles of organization from cell-specific charac-
teristics (Rashbass 1996).

With respect to the human epidermis, the knowledge
base is relatively mature. Normal human keratinocytes
constitute over 80% of the cells in interfollicular
epidermis which is a rapidly renewing tissue (Holbrook
1994). It is known that cells are shed at the skin surface
and are replaced by the division in the basal layers of
the epidermis, known as the germinative compartment
(Webb et al. 2004). Evidence suggests that cells in the
basal layer are heterogeneous in type and have a
hierarchical population structure (Laporte & Heenen
1994; Jensen et al. 1999; Webb et al. 2004). Over the
last 15 years, a considerable volume of data about the
regulation of epidermal stem cells and cell proliferation
have been collected. The approach for this study was to
use areas of strong consensus in epithelial biology
literature as the basis for the initial rule set for
governing cellular behaviour. Thus, the behaviour of
the software agents was based on generic rules for cell
division, migration, differentiation and signalling. The
interaction of the software agents (in virtuo cells)—
their emergent behaviour—describes the macroscopic
morphogenesis of NHK in vitro. The generic properties
were then investigated by varying parameters and by
selective in wvirtuo knockout of the mechanisms to
describe the growth behaviour of a transformed
keratinocyte cell line (HaCat cells). After validation
of the n virtuo model by comparison with in wvitro
behaviour, the model was then used in a predictive
sense. For NHK, we hypothesized that the spatial
distribution of cells in mature colonies would influence
the pattern of wound healing if deliberate wounds
(scratch wounds) were made in NHK cell cultures. For
HaCat cells, we explored two hypotheses that cells
basically lacked the ability to self-regulate colonies and
differentiate or that an insensitivity to extracellular
calcium might explain most (if not all) of the abnormal
differentiation pattern of these cells. In vitro experi-
ments proposed from these predictions were then
carried out to confirm or refute these predictions.

In §§8§2-5, we summarize the development of the
model, firstly describing the materials and methods of
in vitro experiment, introducing the concept of agent-
based modelling, secondly the literature research
evidence on which the rule mechanisms for NHK
behaviour were based and thirdly how these were
applied to the model. Results from this model both in
virtuo and in vitro are then presented followed by a
discussion of these.
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2. MATERIALS AND METHODS
2.1. Cell culture

The methodology of NHK isolation and culture and
assessment of involucrin by immunofluorescence
microscopy were as described previously (Sun et al. 2005).

2.2. In vitro scratch wound assessment

Confluent NHK cells were cultured in low (0.09 mM)
or physiological (2mM) Ca ** media for varying
periods of time in six-well tissue culture plates.
Scratch wounds were then made across the centre of
each well using a 600-800 um wide sterile pipette tip.
After removing debris by re-feeding the cells with
fresh media, migration of cells into the denuded areas
was analysed by photographing and measuring the
distance between the two wound edges at different
time points using a phase contrast microscope (Leica,
Germany) and image analysis software (OPENLAB
v. 4.0.2 and Vorociry v. 3.0.2, Improvision, UK). In
order to photograph the same field at each time point,
the underside of culture dishes were labelled with
letters on the bottom of each well to act as a reference
point for scratch wound assessments.

2.3. Bromodeoxyuridine immunojfluorescence
microscopy

Incorporation of bromodeoxyuridine (BrdU) into DNA
during the S phase of the cell cycle was used to show cell
proliferation. Briefly, after incubation in BrdU labelling
medium (Roche) for 6 h at 37°C, the cells were fixed in
ethanol and 50 mM glycine fixative (in 7 : 3 ratio) at
—20°C for 20-30 min. After removal of the fixative
and thoroughly washed thrice with PBS, cells were
incubated with anti-BrdU monoclonal antibodies
(Roche, 1:300 dilution) for 30 min at 37°C, fluor-
escein-conjugated anti-mouse secondary antibodies
(1:500 dilution) for 30 min at 37°C, DAPI (to stain
nuclei; 1:1000 dilution) for 15min and washed
thoroughly with PBS thrice after each incubation.

Epifluorescence images of immunostained cells were
taken with an ImageXpress (AXON, USA) at A=
495 nm, A, =515nm (for FITC/BrdU, involucrin
visualization) and A,,=358 nm, A, =461 nm (for
DAPI/nuclei visualization).

3. DEVELOPMENT OF THE AGENT-BASED
MODEL

3.1. Introduction to agent-based modelling

Agent-based modelling is based on the behaviour of
individual entities, their environment and the rules that
govern their behaviour, rather than from a mathemat-
ical description of the average behaviour of a collection
of entities. From the interaction of these basic entities,
group behaviours emerge. It allows for a population of
heterogeneous agents (in this case a population of cells
modelled using a form of communicating X-machines;
Balanescu et al. 1999) with varying position and internal
state (Walker et al. 2004a; Grabe & Neuber 2005).



An agent-based model is composed of two parts: the
agents, in this case representing cells; and the environ-
ment, here being the culture dish in which the cells
reside, along with global factors such as extracellular
calcium. Each cell was modelled as a non-deformable
sphere of 20 pm in diameter, which was capable of
migration, proliferation and differentiation. The cul-
ture dish was modelled as a user-defined flat, square
surface with ‘walls’. For the purposes of these experi-
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ments, the dish was 500 um in dimension with a wall
height of 100 um. The exogenous calcium level was set
as variable in the range of 0.09-10.0 mM.

The model framework used was that of Coakley et al.
(2006). Each cell is represented by an individual agent.
Agents communicate (cell signalling) by reading and
writing to message lists. The process can be represented
by the following pseudocode:

For each time-step
For each agent
Read state and position of neighbouring agents
from message list
Update state and position as determined by
internal rules and external signals
Write new state and position to message list
End
End

The framework used, (FLAME, http://www.flame.
ac.uk), provides automated tools for generating soft-
ware in the language C which is highly efficient and
capable of being run on supercomputers if required.

Each iteration in this model represents a time-step of
30 min. The rule sequence is as shown in figure 1la.
Initially, agents (cells) output their location and
type (1=stem cell; 2=transit amplifying (TA) cell;
3=committed cell; 4=corneocyte) to the message lists
for other cells to read. Each cell then performs rules
specific to its own position in the cell cycle. Following
this, cells decide whether to change to another cell type
based on the differentiation rules in the model. Cells
then execute their migration and physical rules. All
rules are executed in the context of the agent’s own
internal state and its immediate environment as
discovered through interrogation of the message lists.

Sections 3.2-3.7 describe the rules of the model in
greater detail.

3.2. Stem cells to corneocytes

Current literature supports the view that epithelial
cells in skin exist in one of the four states (stem cells,
TA cells, committed cells and corneocytes). Stem cells
are said to comprise approximately 5% of the human
adult epidermis with an indefinite lifespan and they are
capable of giving birth to stem or TA cells (Savill &
Sherratt 2003; Okuyama et al. 2004; Webb et al. 2004).
TA cells are estimated to be capable of dividing no more
than 3-5 times. Once they stop dividing, they are
categorized as post-mitotic or committed cells (Dover &
Wright 1991; Jensen et al. 1999; Lowell et al. 2000;
Okuyama et al. 2004; Kolly et al. 2005). Normally
committed cells are referred to as undifferentiated
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Figure 1. (@) Rules performed by each cell in each iteration.
(b) Differentiation rules from stem cell (black) to TA cell
(light grey). If the stem cell number goes above a threshold
and the number of stem cell contacts is relatively low
(indicating it is on the edge of the niche), the stem cell
differentiates into a TA cell. (¢) Differentiation rules from TA
cell (light grey) to committed cell (dark grey). If a TA cell
cannot find a stem cell (black) within a certain radius in three
dimensions (out of the stem cell protection region), it
commits. (d) The different radii used by stem cells (black)
and TA cells (light grey) depend on the global factors
including exogenous calcium concentration. Distance con-
stants used in differentiation rules are set according to the
calcium levels: in low Ca™ ™ environments, the distance was
assumed to be larger than the size of normal cell culture
vessels; in physiological Ca* ™ environments, the distance
based on the in vivo or in vitro data.

cells which have initiated, but not completed their
differentiation programme. These cells are found in
the basal layer and superbasal layer. Keratinocytes in
the spinous and granular layers of epidermis are
progressively more differentiated (Grabe & Neuber
2005). In this research, the term ‘committed cell’ is
used as an umbrella term to cover not just the post-
mitotic cells in the basal layers but all the cells between
TA cells and corneocytes at different differentiation
stages. Therefore, the committed cells in the model
represent all the cells that are destined to move upwards
from the basal layer by a process that involves down-
regulation of integrin expression and function, with-
drawing from the cell cycle, undergoing terminal
differentiation and finally desquamating at the skin
surface as corneocytes (Latkowski et al. 1995; Jensen
et al. 1999; Zhu et al. 1999; Savill & Sherratt 2003).
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3.3. Application of skin cell division rules to the
model

Stem cells have an unlimited self-renewal capacity
(Jensen et al. 1999; Potten & Booth 2002) and TA cells
are capable of division before being committed to
differentiation (Savill & Sherratt 2003). Accordingly,
for modelling purposes, both cells were assumed to
proliferate and re-enter the cell cycle after every
preceding birth was fully completed until they were
contact inhibited or received differentiation signals (as
discussed in §§ 3.4 and 3.5). A cell will enter the resting
phase (GO) if it becomes contact inhibited. The agent
interrogates the message lists to find the number of
neighbours in its immediate vicinity. If the number of
cells is more than z, then the cell enters GO. When the
number of neighbouring cells falls below z again, the cell
leaves GO and restarts countdown to division until the
cell stays in GO longer than a certain period of time. The
number of neighbouring cells needed to trigger contact
inhibition and initiate differentiation depends on
the cell type and exogenous Ca™t ™ level as discussed
in §§ 3.4 and 3.5 on differentiation rules.

There are no conclusive, independent cell cycle
measurements of stem and TA cells in human
epidermis. Measured cell cycle times vary between 30
and 300 h, with the average being 60 h (Dover & Potten
1983; Savill 2003). Although TA cells were reported to
divide at a faster rate than stem cells in vivo, both
cells were reported to divide at the same rate in vitro
(Savill & Sherratt 2003). In this model, the intrinsic cell
cycle times designated to TA and stem cells were 30 h
(60 iterations) and 60 h (120 iterations), respectively,
which can be prolonged due to possible growth arrests.

3.4. Physical distribution and differentiation of
skin cells

Evidence suggests that stem cells aggregate to form
patches or clusters, which have a specific location with
respect to the epidermal-dermal junction (Jensen et al.
1999; Lowell et al. 2000; Savill & Sherratt 2003). The
cell number of each stem cell niche has been estimated
to be at least 20, probably up to 40 (Asplund et al. 2001;
Savill & Sherratt 2003). This regular distribution of
stem and TA cells is thought to be subject to
autoregulation and can be recreated in cell culture
(Jensen et al. 1999; Savill & Sherratt 2003).

Two cell adhesion molecules (CAM), B1 integrin and
Delta 1, evolved in the autoregulation of the stem cell
colony, are currently used to locate stem cell niches.
Stem cells express approximately twofold higher levels
of B1 integrin and Delta 1 than TA cells (Jensen et al.
1999; Zhu et al. 1999; Lowell et al. 2000; Savill &
Sherratt 2003). The high B1 integrin level and conse-
quently strong adhesive characteristics of stem cells are
thought to be required to prevent entry into the TA cell
compartment (Jensen et al. 1999; Zhu et al. 1999;
Lowell et al. 2000). High Delta 1 expression has been
reported to protect stem cells by blocking Notch
signalling, enhancing cell-cell cohesiveness and indu-
cing the cells on the colony edge to differentiate (Lowell
et al. 2000; Savill & Sherratt 2003). Although epidermal
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stem cell number is thought to be subject to auto-
regulation, there is also evidence that environmental
factors, specifically the composition of the basement
membrane (Aplin et al. 1999; Zhu et al. 1999) and the
presence of neighbouring keratinocytes (Lowell et al.
2000; Okuyama et al. 2004) play important roles in
establishing and maintaining the patterned distri-
bution of stem cells within the epidermal basal layer.
The effect of different factors on cell pattern formation
are also found in other cell types (Bhadriraju & Hansen
2004; Nelson et al. 2005; Shraiman 2005).

Exit from the cell cycle and initiation of differen-
tiation is thought to be under the control of many
factors of which Notch 1 and c-Myc are key regulators
(Zhu et al. 1999; Kolly et al. 2005). These are both
triggered by cell confluence and are mutually exclusive
(Kolly et al. 2005). At cell confluence, Notch 1 is
activated and c-Myc is inhibited and their cell-cell
signalling pathways are thought to trigger cell cycle exit
followed by transcriptional upregulation of p21/p27
and the onset of terminal differentiation (Kolly et al.
2005). In witro research also shows that there is a
requirement for a certain level of extracellular (and by
implication intracellular) calcium to reinforce the
initiation of terminal differentiation and allow it to
proceed to completion. Thus, the onset of terminal
differentiation was observed to occur but failed to
complete in low Ca® ™ environments (Okuyama et al.
2004; Kolly et al. 2005). Additionally, many other
factors have been reported to trigger differentiation of
human and mouse keratinocytes, e.g. TGF-B, forced
expression of PKC and detachment of cells from the
substrate (Sakaguchi et al. 2003). Therefore, calcium is
treated as one of the several factors to trigger
keratinocyte differentiation in this research, while in
the earlier model of Grabe & Neuber (2005) calcium is
considered the key factor responsible for keratinocyte
differentiation.

3.5. Application of skin cell differentiation rules
to the model

The following differentiation mechanisms were expli-
citly modelled: (i) contact inhibition (Galle et al. 2005),
(ii) presence of differentiation/apoptosis signals, such
as ceramide (Kolettas et al. 2006), Fas (FasL; Ashkenas
et al. 1996; Wang et al. 2004) and elevated extracellular
Ca™ " concentration (Grabe & Neuber 2005), (iii)
absence of protective signals (Ashkenas et al. 1996), (iv)
simultaneous signals of growth and differentiation
(King & Cidlowski 1995; Thompson 1995; Ashkenas
et al. 1996), (v) loss of cell-matrix and or cell—cell
contacts (Adams & Watt 1990; Ashkenas et al. 1996;
Assoian 1997; Santini et al. 2000; Grossmann et al.
2001), and (vi) remaining in a quiescent state (GO) for
longer than a certain period of time as used by other
models (Drasdo & Hohme 2005).

CAM-mediated cell-cell contact not only inhibits
(Croix et al. 1998; Orford et al. 1999; Gizelda et al.
2000) but also enhances cell proliferation (Bhatia et al.
1999; Nelson & Chen 2002). Epithelial cells with strong
cell—cell contacts were found to survive longer even
after losing substrate contact (Santini et al. 2000).
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Figure 2. Micrographs of modelled keratinocytes in (a) low and (b—d) physiological Ca** environments, (b) shows an overview
of a colony, (c) the appearance of the basal layer and (d) the appearance of the middle layer of cell for the same colony. The
modelled cells are stem cells (blue), TA cells (light green), committed cells (dark green) and corneocytes (brown). Fluorescent
micrographs of NHK cultured in (e) low and ( f) physiological Ca™* environments. The cells were stained with DAPT (blue) and

pancytokeratin antibody (green). Scale bar, 100 pm.

Therefore, confluence-regulated cell contact inhibition
or stimulation must be considered in a broader
biological context (Scheffrahn et al. 2005; Walker
et al. 2005). In a low Ca™ " environment, individual
cells are less stimulated as the result of weak cell—cell
contact, therefore, fewer neighbouring cells were
needed to trigger contact inhibition. In a physiological
Ca™ ™" environment, individual cells are stimulated by
strong cell—cell interactions and are assumed to require
more neighbouring cells to become contact inhibited.
Stem cells are thought to be able to generate local
niches by expressing specific basement membrane
components (Korang et al. 1995; Smola et al. 1998;
Fleischmajer et al. 2000) and higher levels of growth
factors and/or corresponding receptors (Morel et al.
2001), which can stimulate and maintain the prolifer-
ation of cells inside or close to the niches. This
protection effect is inversely proportional to the
distance between the affected cells and the niches
in three dimensions. Consequently, TA model cells
near the niches are constantly undergoing division. As
they escape the protective region, they are less
proliferative and start to differentiate, which is
also reinforced by differentiation or apoptosis signals

J. R. Soc. Interface (2007)

(Morel et al. 2001). The protection effect also depends
on global factors, since large NHK colonies can be
obtained in highly supplemented culture medium
(Goulet et al. 1996). In this model, the protection effect
was assumed to be inversely proportional to the
elevated Ca™ " level. In alow Ca™ * media, the longest
protection distance (assumed to be larger than the size
of normal cell culture vessels) was applied as almost all
the cells were observed to behave as TA cells
(Dalrymple et al. 2005).

The differentiation rules in the model centre on the
formation of colonies. Through cell division, stem cell
colonies are formed from stem cells initially seeded by the
user. Stem cell colony size is subject to autoregulation
(Jensen et al. 1999; Zhu et al. 1999; Lowell et al. 2000;
Savill & Sherratt 2003). Based on the literature and
experiments, we assumed there was a bell-shape relation-
ship between stem cell cluster size and exogenous Ca™
level (Asplund et al 2001), with a maximum size at
physiological Ca™ " level (Sakaguchi et al. 2003).
Consequently, when the cluster size is reached at a
certain Ca™ * concentration, cells on the edge of the stem
cell colony differentiate into TA cells, which give birth to
further TA cells. This is implemented as follows. A stem
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Figure 3. (a) Growth curves of modelled stem and TA cells of keratinocytes simulated in low (open square, 0.09 mM) and
physiological (filled square, 2 mM) Ca* ™" environments. (b) Growth curves of in vitro NHK measured with MTT-ESTA
assessment cultured in low (open square, 0.09 mM) and physiological (filled square 2 mM) Cat ™ environments. (c) Effect of
different cell cycle times (filled square, 30 h; open square, 60 h; filled triangle, 120 h; open triangle, 240 h) of TA and stem cells on
the growth curve of the total number of stem and TA cells modelled in physiological Ca™ (2 mM) environments. (d) Effect of
different cell seeding density on the average division number of TA cells simulated in low (open square, 0.09 mM) and

physiological (filled square 2 mM) Ca™* environments.

cell simulates real-life signalling mechanisms by examin-
ing the message lists and checking the number of stem
cells in its vicinity within a certain radius. If the figure
goes above a threshold, and the number of stem cell
contactsisrelatively low (indicating it is on the edge of the
niche), the cell differentiates into a TA cell (figure 1b).

TA cells in the model undertake a similar process as to
whether they should differentiate into a committed cell by
monitoring message lists for stem cells. If a T A cell cannot
find a stem cell within a certain radius in three dimensions
(out of the stem cell protection region), it commits
(figure 1¢). The different radii used by stem cells and TA
cells depend on the global factors including exogenous
calcium concentration as discussed above (figure 1d).
The committed cells gradually lose their nuclei and
further differentiate to corneocytes. Both committed cells
and corneocytes also send out differentiation/apoptosis
signals (e.g. ceramide and or Fas/FasL) to the neighbour-
ing cells. Both TA and stem cells are committed to
differentiate if certain number of neighbours are
differentiated cells and /or corneocytes.

As keratinocytes are shed from the skin surface and
any apoptosis seen was observed at a very low level in
the human epidermis (Savill 2003), apoptosis was not
explicitly modelled.

3.6. Experimental evidence used for
migration rules

Cell motility is largely due to the cell-substrate and cell-
cell interactions. There is a bell-shaped relationship
between cell migration speed and integrin-mediated
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cell-substrate contact, with maximum migration
rates at intermediate cell-substrate adhesiveness
(DiMilla et al. 1991; Jensen et al. 1999; Cox et al.
2001). Cell motility can be opposed by cadherin-based
cell-cell adhesion (Lowell et al. 2000). TA cells have a
higher motility than other cell types ( Jensen et al. 1999)
and isolated T'A cells were observed to perform a random
walk-like movement in low Ca®™ " environments. A
migration speed of approximately 1 pm min~' was
selected for TA model cells in low Ca™ " media based
on time lapse experiments. Migration was assumed to
be inversely proportional to the Ca®™ level. It is
thought that the essential mechanism responsible for
epithelial cell flux is mitotic activity, which causes a
pressure-driven passive movement (Jensen et al. 1999;

Meineke et al. 2001).

3.7. Physical rules for cell interactions

The physical rules consist of attractive and repelling
forces between agents in the model. A movement is then
applied to each agent corresponding to the forces acting
on it. As the actions of cell migration and division are
modelled as discrete steps that are applied to each
agent individually, it is possible for the simulated cells
to overlap on their virtual culture plate. In this
instance, a corrective repulsive force is applied in
order to push the cells apart. This is proportional to the
overlapping area (a higher force for a bigger overlap).
Attractive forces simulate bonds between cells and the
substrate, and are applied when the respective bodies
(cell-cell or cell-substrate) are within 10 pm of one
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another. Bond strengths depend on the individual type
of cells involved and are related to the environmental
calcium concentration (Lowell et al. 2000) via a sigmoid
function (Baumgarter et al. 2000).

Inlow Ca™ " media, cells (most of which are TA cells)
have low cadherin-mediated cell—cell and integrin-based
cell-substrate bonds. In a physiological Ca™ " environ-
ment, stem cells exhibit strong cell-cell and cell-
substrate bonds due to high levels of Delta 1 and
integrins (Jensen et al. 1999; Lowell et al. 2000; Savill &
Sherratt 2003). Committed cells and corneocytes
in physiological Ca™ * form strong cell-cell and cell-sub-
strate bonds through desmosomes and hemidesmosomes
(Okuyama et al. 2004; Kolly et al. 2005) and age-related
upregulated E-cadherin expression (Morel et al. 2001).
TA cells have the lowest cell—cell or cell-substrate bonds
due to the low level of Delta 1, integrins and E-cadherin.
Cells and neighbouring cell spheres (or substrates) form
contacts sharing a common, flat contact area. In this
model, the cell-cell or cell-substrate adhesion was
deliberately set within the range of 0-1, with a higher
number representing stronger bonds. This allowed for in
virtuo exploration of the bond strengths on an empirical
basis to simulate in vitro behaviour of cells.

The code for the model itself will be made available
from: http://www.flame.ac.uk.

4. RESULTS

4.1. Simulation of NHK dynamic multicellular
morphogenesis

As illustrated in figure 2a, in a low calcium environ-
ment, following the rules described in the methods, the
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stem cells divided symmetrically 2-3 times, then
asymmetrically to produce TA cells. TA cells divided,
migrated randomly and distributed evenly over the
substrate. After the culture achieved confluence, the
cells withdrew from the cell cycle due to confluence
triggered contact inhibition and gradually lost viabi-
lity. No stratification occurred as cells maintained high
cell motility and only four neighbouring cells were
needed to induce contact inhibition. In a physiological
calcium environment (as shown in figure 2b6-d), a
heterogeneous cell composition and hierarchical popu-
lation structure were reproduced by the model. Stem
cells kept dividing symmetrically in compact clusters
before the targeted colony size was obtained. After
that, the stem cells on the colony edge started to give
birth to a stem and a TA cell due to the cluster
autoregulation mechanism proposed. TA cells near the
stem cell niches were observed to proliferate, migrate
and stratify actively. When TA cells escaped the
influence of stem cells, they differentiated to committed
cells and eventually changed to corneocytes. Due to the
strong cell—cell and cell-substrate adhesiveness, differ-
entiated NHK cells formed a tight shell around TA and
stem cell compartments as shown in figure 2b. Figure 2¢
depicts the basal layer for the colonies seen in figure 20,
and figure 2d a middle layer of cells in the same colony
(The model allows the colonies to stratify for up to four
layers). The differentiation of TA and stem cells was
also initiated by their neighbouring committed cells
through synthesis of differentiation signals (e.g. cer-
amide and Fas/FasL) and/or establishment of local
confluence. (Please see the website http://www.dcs.
shef.ac.uk/~ phil/epiresources for movie clips of
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Figure 5. Micrographs of modelled HaCat cells (blue) in (a) low (0.09 mM), (¢) physiological (2 mM) and (e) high (4 mM) Ca™*
environments. Fluorescent micrographs of HaCat cells cultured in () low (0.09 mM), (d) physiological (2 mM) and ( f) high (4 mM)
Ca™* environments. The HaCat cells were stained with DAPI (blue) and pancytokeratin antibody (green). Scale bar, 100 um.

modelling of keratinocyte colony formation in low and
physiological Ca™ ™)

Comparing this simulation of keratinocyte
behaviour to the behaviour of the cells in vitro, it was
found that NHK cells proliferated, migrated actively
and distributed evenly throughout the tissue culture
surface in a low calcium medium (0.09 mM) as
illustrated in figure 2e, whereas compact self-limiting
colonies were found in the physiological calcium
(2 mM) environment as shown in figure 2f.

Figure 3a shows the total number of modelled TA
cells and stem cells when simulated in low and
physiological calcium for up to six weeks. Normally,
skin cells are only cultured for one to two weeks prior
to experimentation or clinical use. With deliberate
longer term culture of cells both the in virtuo model
and the in vitro data (figure 3b) showed an initial
increase in the total viable cell population followed by
a much slower decrease in cell number. In the model,
the decreasing cell number after the peak value is due
to loss of stem cells and TA cells to become
committed cells and corneocytes (ultimately corneo-
cytes would be shed from the skin surface hence
are not counted in this model). In vitro it was found
that cells reduced in volume and detached from the
culture surface with time—almost certainly following
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irreversible differentiation. Thus, the initial model
predicted the overall pattern of cell number versus
time in vitro.

However, the timing of the modelled increase did
not accurately simulate the in wvitro increase and
decrease seen for cells either in low or physiological
calcium. In low calcium levels, viable cell number
peaked at around day 7-8 and then subsequently
decreased. In physiological calcium level, the greatest
number of viable cells was achieved at around day 12.
To adjust the model to simulate the biological data,
the average cell cycle length can be adjusted as shown
in figure 3c.

4.2. Identification of key regulation mechanisms

Once we had established an initial model that roughly
described the behaviour of the cells in vitro both in low
and physiological calcium, the model was then used to
test the relative importance of some of the literature-
derived rules on which the model was based. Firstly, the
effect of different cell-cell and cell-substrate adhesive-
ness on NHK pattern formation was tested in the agent-
based model. Weak stem cell-cell bonds resulted in
disruption of the stem cell clusters and intermingling of
stem, TA and committed cells. A pattern of colony
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Figure 6. Micrographs of modelled NHK cells in physiological calcium in the bottom layer of (a) a scratch wound immediately
post created in virtuo by removing the cells in the strip, the arrows show the position of stem cell compartments and (b) partly
healed wound 370 iterations after scratch with slow and quick healing areas predicted by the agent-based model, the arrows show
the quick healing areas, (c¢) scratch wound immediately post transplanted with stem cells in virtuo and (d) partly healed wound
370 iterations after transplanted with stem cells. Phase contrast micrographs of (e, g) scratch wounds created in confluent NHK
cells cultured in physiological Ca™ * environments, ( f) quick healing area 24 h after wounding, (h) slow healing area 7 days post

wounding. Scale bar, 100 pm.

formation was only created when more cohesive bonds
were applied between stem cells than between their
daughter TA cells. Strong stem cell-substrate
interactions were important to keep the stem cell
clusters on the substrate. Weak cell-substrate bonds
induced the detachment of stem cell niches from the
substrate. The crucial roles of cell-cell and cell-
substrate bonds of committed cells and corneocytes
were also identified by in wvirtuo simulation. These

J. R. Soc. Interface (2007)

‘failed” simulations are not shown. In contrast, as
already stated, figure 3¢ shows the impact of in virtuo
testing different cell cycle times of stem and TA cells in
physiological Ca®* media. However, not shown but
important to note, varying cell cycle times had no
obvious effects on the overall NHK macroscopic
morphogenesis produced using this model (which was
essentially similar to that seen in figure 2b) the influence
was solely on the time taken to achieve this pattern.
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The next regulatory mechanism that was investi-
gated was the literature suggestion that TA cells only
divide 3-5 times in vivo. Accordingly, this was applied
as a rule to our model. However, this caused early
disruption of NHK colony formation in the physiologi-
cal calcium model and subconfluence of cells in the low
calcium model, which differs from what actually occurs
in in wvitro cell culture. An unlimited cell division
capacity for TA cells was then applied to the model.
This gave a more realistic representation of the
behaviour of the cells in the in wvitro culture and in
virtuo statistical analysis indicated that the actual
average number of divisions that TA cells underwent
either in low or physiological Ca™ ™ model media was
very limited (around 1 in our current model conditions
in physiological calcium and less than 1 in low calcium).
Further in virtuo simulation indicated that varying cell
seeding density had no obvious effect on the number of
TA cell divisions in physiological calcium. The average
TA division was around 1 with a maximum division
number of 9. In contrast, increasing cell seeding density
in low calcium gradually reduced the average division
number of TA cells as shown in figure 3d.

One of the predominant issues for TA cell division is
space. Early TA cells have plenty of space, and thus can
divide a relatively large number of times (leading to the
highest maximum division figure calculated from this
model of nine divisions). Larger number of TA cells
appearing later in the simulation have less and less
space, inhibiting possibilities for division (if there is any
space to divide at all), thus bringing the average figure
for cell division down for the entire simulation.
Furthermore, TA cells produced by stem cells on the
edge of the stem cell colony are an alternative cell
source for the TA cell compartment of the keratinocyte
colony; these also reduce the chances of TA cell
division. Therefore, for low calcium, the higher the
initial seeding density the lower the average number of
TA cell divisions. For physiological calcium, TA cell
division space is also restricted by the size of the overall
colony, since the colony will eventually be ‘fenced in’ by
committed cells. Accordingly, the effect of seeding on
TA cell division would not become apparent until
seeding levels become high enough for colonies to start
competing with one another for space.

4.3. Simulation of HaCat cell dynamic
multicellular morphogenesis

HaCaT cells are a spontaneously immortalized human
keratinocyte cell line which has been shown to be
capable of stratification and expression of epidermal
differentiation markers when grafted onto mice
(Boukamp et al. 1988). However, in in wvitro, these
cells are more proliferative than NHKs in a physiolo-
gical Ca™™* environment and have little or no
expression of differentiation associated desmosomal
cadherin glycoproteins (Denning et al. 1998) or other
differentiation markers such as defensin (Abiko et al.
2003). Nevertheless, exposing these cells to supraphy-
siological levels of calcium can give rise to expression
of these differentiation markers. Research suggests
that these cells respond differently to changes in
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extracellular calcium than NHKs—the intracellular
Ca™™ level (70-100 nM) of HaCats in physiological
Cat™ environment is much closer to that of NHK
cultured in low Ca® ™ media (Sakaguchi et al. 2003).
However, it can be elevated by increasing extracellular
Ca™™ to supraphysiological levels (Sakaguchi et al.
2003). This firmly suggests that HaCat cells are more
resistant to the influence of extracellular Ca™ ™
probably due to an alteration in a Ca™ " ion channel
or purinoceptor-mediated calcium mobilization (Lee
et al. 2001).

Accordingly, we explored two hypotheses in virtuo to
explain the differences in behaviour between HaCats and
NHKSs. In hypothesis one, we proposed that HaCats are
intrinsically blocked from undergoing normal differen-
tiation without taking into account the mechanisms
behind it. In hypothesis two, we further proposed that a
differing sensitivity to calcium is the key mechanism
that explains how HaCat cells differ from NHKs. It was
proposed that they have a much higher threshold of
extracellular calcium to trigger differentiation.

To explore hypothesis one, the differentiation and
stem cell niche mechanisms of the NHK model were
simply ‘knocked out’ when modelling HaCats’
behaviour. For hypothesis two, the sensitivity of
NHK to calcium was shifted to a higher range to
simulate HaCats’ responses to different Ca™ " environ-
ments while keeping the differentiation rules unaltered.

Figure 4a illustrates that when the possibility of
differentiation was omitted (hypothesis one) the
increase in viable cell number for HaCats in low and
physiological calcium was identical (and very similar to
that of NHK in low calcium) with a maximum number
of viable cells around modelling time of day 21,
numbers decreasing sharply thereafter. Figure 4b
shows the assessment of total cellular viability for
cultures of HaCats grown in low and physiological
calcium with a maximum viability around day 9. The
growth curves of both in virtuo modelling and in vitro
cell culture share almost the same pattern, which
supports the hypothesis that HaCats lack the ability to
differentiate whether in low or physiological calcium
environments and that this is responsible for the
behaviour differences between NHKs and HaCats.

To further explore the mechanism behind hypothesis
one, the differentiation mechanism and the sigmoid
pattern of NHK’s response to extracellular calcium
were unaltered, but the sensitivity to calcium was
simply shifted to a higher range to simulate HaCats.
The extracellular calcium was varied from 0.9 to 6 mM
for simulation and in wvitro cell culture. The results
indicated that there is a clear response of the cells to
extracellular calcium (as previously reported) pre-
dicted by the model (figure 4¢) and also confirmed by
in vitro cell culture (figure 4d ). Most strikingly, this can
be seen in the photographs of the simulated cells in 0.09,
2 and 4 mM calcium shown in figure 5a,c and e,
comparing these with the actual cells under the same
calcium conditions as shown in figure 5b,d and f.

Altering the parameters for the sensitivity of the
HaCats to calcium (by a factor of nearly 4) without
altering any other rules (the differentiation rule was left
intact) in the model gave small tight colony formations.
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This simulated the actual colonies obtained at supra-
physiological calcium which appeared to be very self-
limiting with limited multilayering. Thus, some, albeit
abnormal, self-regulation of colony formation was seen
at supraphysiological extracellular calcium (please see
the website http://www.dcs.shef.ac.uk/~ phil/epire-
sources for movie clips of modelling of HaCat cells in
different Ca™ ™ environments), indicating that altered
calcium sensitivity only partially contributed to the
behaviour of HaCat cells. Thus, the data suggest
HaCats lack the ability to form NHK type colonies
in vitro even when supraphysiologically high levels of
calcium are present, but further investigation shows
there is some remaining response to calcium in these
cells as they do achieve increased cell-cell binding at
relatively high levels of extracellular calcium.

4.4. Prediction and validation of scratch wound
healing in two-dimensional cell culture

We then used the in virtuo model for the NHKs to make
predictions on how cells would respond to wounding.
A simple scratch wound was simulated by removing all
of the modelled NHK cells located within a strip (300
400 pm wide) in the centre of confluent modelled cells
under different Ca™ " environments. In a low Ca™™
media, rapid wound healing was achieved by active cell
migration and subsequent cell proliferation (data not
shown). Cells moved individually and achieved
complete re-epithelialization within 1-2 days of wound-
ing. In contrast, in physiological Ca*™* media, cells
migrated as a coherent sheet.

The model predicted that injuries close to stem or
TA cell compartments would heal quickly, whereas
very slow wound closure would be achieved in areas
containing only committed cells and/or corneocytes as
illustrated in figure 6a,b. The model also predicted that
the wound healing process could be accelerated by
seeding a small number of stem cells in the denuded
area as shown in figure 6¢,d. (Please see the website
http://www.dcs.shef.ac.uk/ ~phil/epiresources for
movie clips of modelling of keratinocyte wound healing
in low and physiological Ca™*.)

In witro scratch wound-healing experiments were
then designed based on these predictions. NHK cells in
low Ca™™ were observed to migrate freely into the
denuded area to close the wound within 24 h in the low
Ca*™ media (results not shown). In physiological
Ca’ ™, however, the wound edge was observed to
migrate as a contiguous sheet with significantly
different rates: in some areas rapid wound healing was
observed within 24 h (figure 6e, f), while in other areas
there was no sign of complete healing even after 7 days
of culture (figure 6g,h). The rapidly healing areas were
identified as germinative compartments with high rates
of BrdU incorporation (indicative of proliferation)
(figure 7a,b) and low levels of involucrin expression
(indicative of differentiation; figure 7¢). In contrast, the
slow or non-healing areas were identified as committed
cell compartments with low rates of BrdU incorpor-
ation (figure 7d,e) and high levels of involucrin
expression as illustrated in figure 7f.
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5. DISCUSSION

The regulation of epidermal homeostasis involves a
complex interplay between different generic and genetic
mechanisms, making it difficult to investigate except by
focusing on separate discrete aspects of the biology. In
agent-based computational model, individual cells are
represented by autonomous software agents, which
execute a set of rules according to cell internal states
and immediate environments. This has the advantage of
creating a global view of the macroscopic morphogenesis
of NHK cells in virtuo, allowing the testing of hypotheses
and designing of new and informative experiments.

Previously, we developed a cell-based computational
model for urothelial cells in monolayer culture (Walker
et al. 2004a,b). However, extension of this model to NHK
and HaCat cell demonstrated some of its limitations
(Walker et al. 2006) suggesting it did not include sufficient
biological rules. Another agent-based model has recently
been developed to simulate and predict epidermal
morphology, tissue kinetics and the two-dimensional
flow of calcium ions (Grabe & Neuber 2005). In this
model, the keratinocyte differentiation mechanism was
assumed to be solely based on the calcium levels.

Our aim in the current study was to develop and
validate a model of epidermal cell social behaviour,
which would be accessible for use by cell biologists
interested in questions of epidermal organization and
homeostasis. In establishing this agent-based model, we
found we had to change initial assumptions about
keratinocyte TA cell division and the length of cell cycle
in different calcium media. We then tested two different
hypotheses about how the growth of the HaCat
keratinocyte cell line differed from NHKs. Two
hypotheses were proposed: the first was that HaCats
are intrinsically incapable of normal colony formation
irrespective of the calcium concentration and the
second was that these cells had an altered (abnormally
s0) calcium sensitivity. Both hypotheses were sup-
ported—the first to a greater extent than the second.
This suggests that cells fail to differentiate for reasons
which include but are not fully explained by an altered
sensitivity to calcium. In this research, we also
predicated and validated a position-dependent scratch
wound healing pattern of keratinocytes in monolayer
culture. The development of the model is described in
this study and access to this software model can be
obtained via our website as mentioned earlier.

In brief, we suggest that the initial validation of the
model seems promising and has quickly led to the
generation of hypotheses for exploration. The hypotheses
we describe are only a few of the questions that can now be
tackled using this model.

Firstly, to summarize the main outcomes of the
model, we found that cell-cell and cell-substrate
mediated contacts were crucially important for the
colony-forming pattern of NHK cells in physiological
calcium. These results, while important, are as
expected. Other outcomes were less predictable—the
basic model rules simulated the initial increase and then
decrease in total viable cell number seen when cells
were grown for up to six weeks. However, it was
necessary to alter the cell cycle length of the cells to
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Figure 7. Fluorescent micrographs of NHK in physiological calcium in a scratch wound model with (a) cell nuclei stained with
DAPI (blue), (b) cells incorporating BrdU and (c¢) cells which expressed involucrin in quick healing areas. In contrast, (d) shows
cell nuclei stained with DAPT and (e) cells failing to incorporate BrdU ( f) cells expressing involucrin in a slow healing area within

the same culture. Scale bar, 100 pm.

reflect the more rapid or slow increase in cell number.
The next finding was that the literature suggests that
TA cells can divide only 3-5 times (Dover & Wright
1991; Jensen et al. 1999; Lowell et al. 2000; Okuyama
et al. 2004; Kolly et al. 2005). Data from the model
however suggested that the limited division ability of
TA cells was not an intrinsic cell property of the cells
but rather a statistical phenomenon. In the model, TA
cells were allowed to divide without any limitation.
However, it became apparent that whereas some cells
(those TA cells arising from stem cells early in colony
formation) might divide up to a maximum number of
nine times, other TA cells did not divide at all (largely
due to space limitations in low calcium or to parameters
limiting the size of the colonies in physiological
calcium). Thus, the model showed that the average
TA cell division time was around 1 in physiological
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calcium and less than 1 in low calcium under current
simulation conditions. These data strongly suggest that
TA cells divide according to ‘need’ or opportunity,
rather than it being an inherent property of the cell.

Another interesting finding related to the length of
the cell cycle. The lack of methods to identify and
measure cell cycle times of TA cells and stem cells is
frustrating for biologists but here, interestingly, inves-
tigation in wirtuo showed that varying the cell cycle
times of stem or TA cells had no obvious effects on
macroscopic morphogenesis. Essentially, different cycle
times had no overall effect on the final structure of the
colonies, they simply affected the length of time
required to achieve this structure.

The model was then extended to see if we could
simulate the behaviour of the HaCat keratinocyte cell
line. HaCat cells are a useful keratinocyte cell line in
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that they behave as though they are undifferentiated
TA cells even in physiological Ca™™ environments.
Thus, they are easy to expand and culture without
going into terminal differentiation. However, the
literature suggests that these cells have at least some
capacity for terminal differentiation when they are
implanted in vivo on nude mice (Boukamp et al. 1988).
Also previous work has suggested that one of their
major differences to NHK cells is their sensitivity to
extracellular calcium (Sakaguchi et al. 2003). As
discussed earlier, calcium is clearly key to helping
initiate differentiation (although not the only factor)
but crucial to allow differentiation to complete in
NHKs. Thus, if for whatever reason the intracellular
calcium of HaCats does not rise to the permissive levels
required for differentiation, then this could explain
their behaviour to a large extent.

Two alternative hypotheses to explain HaCat cell
in vitro behaviour were explored: an intrinsic abnorm-
ality in their ability to differentiate and an abnormality
in their calcium regulation. The first was simulated by
knocking out mechanisms for differentiation and stem
cell niche autoregulation. This then produced an in
virtuo model which simulated the behaviour of the
HaCats in physiological calcium. The growth curves of
both in virtuo modelling and in wvitro cell culture share
almost the same pattern, which supports the
hypothesis. The second hypothesis that the
mechanisms for differentiation and stem cell niche
autoregulation would start to function if HaCat cells
were exposed to a superphysiological level of extra-
cellular calcium was then explored. The in wvitro
experimentation revealed that if cultured in sufficiently
high calcium media HaCat cell proliferation decreased
and cells began to form compact colonies. However,
these were still clearly and visibly different to NHK
colonies (no stratification of cells in these very tight
HaCaT colonies) but nevertheless this hypothesis was
supported to a certain extent. We suggest that the
modelling supports cells having a clear abnormality in
their calcium responsiveness (as already supported by
the current literature) but also some additional defect
in their ability to differentiate beyond this.

The in virtuo model for colony formation in NHKs
was then tested further by making a wound (equivalent
to a scratch wound) in a monolayer culture of NHKs.
The modelling revealed that active cell migration and
subsequent cell proliferation contributed to the rapid
wound closure in a low Ca™t media, whereas in
physiological calcium media wound healing was very
dependant on the position of the wound with respect to
the nearest stem cells or TA cells. At this stage, the
model was used to design in wvitro scratch wound
experiments to examine to what extent this hypothesis
would hold true. We were able to show, within the same
scratch wound, areas of rapid wound healing and areas
of slow wound healing. Rapid healing turned out to be
attributable to actively proliferating keratinocytes
(germinative compartments) and areas of very slow
wound healing were associated with cells in the same
culture showing low levels of proliferation and rela-
tively high levels of differentiation. We suggest this
confirms the prediction from the in virtuo modelling.
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In tissue development, cells actively change their
behaviour and properties, as a consequence of internal
decisions due to ‘rules’ that are encoded in the genetic
information of each cell. These have been selected
throughout evolution and are influenced by the
immediate environments. Hence, a model that permits
prediction of individual cells or multicellular behaviour
should combine a description of a cell with a descrip-
tion of the rules that dictate the change of its
behaviour or parameters (Baker et al. 1998; Hogeweg
2000a,b; Drasdo & Hohme 2005; Galle et al. 2005;
Ponciano et al. 2005). This goes beyond the work
described in this study in which we have a model that
describes the spatial growth pattern of keratinocytes
determined by the relationship between individual cells
evolving with time. At this stage of development, the
model does mnot incorporate detailed intracellular
information, nor does it deal with the cells’ responses
to a wide range of external agents (but, in principle,
any rule in the model could be replaced by a model of
the mechanism underlying the rule). The model does
allow us to begin to see organization of cells in three
dimensions (in physiological calcium) and most impor-
tantly allows one to test different hypotheses of how
cells will respond to basic features of cell manipulation
m vitro.

Now that this basic model has been established,
there are significant further challenges to be taken on
in terms of looking at the interaction of the keratino-
cytes with stromal fibroblasts and then progressively
adding in more details wherever the model indicates
particular parameters are particularly important (such
as in cell-cell adhesion for example). However, the
model at this stage can be used to explore many of the
questions which keratinocyte biologists currently
answer at an empirical level. Thus, it should now be
possible to predict why certain seeding densities of
keratinocytes will get a better expansion of cells than
others, why passaging cells at a certain density and
after a certain length of culture yield more prolifera-
tive cells than under other conditions and how to
manipulate the extracellular calcium environment to
get best value from biopsies of patient cells for clinical
expansion.

In summary, in this study, we have described a novel
computational model of keratinocyte colony formation.
Since the model treats cells as individual entities it can
be tightly coupled to experimental work, enabling
hypotheses to be readily generated and tested. Our
study shows that this synergy between computational
and experimental models has the potential to become a
powerful tool for understanding how cells organize into
tissue

We gratefully acknowledge financial support from EPSRC
(UK) for this research.
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