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The epidermis is the uppermost layer of the skin. It possesses a distinct stratified
structure consisting of four sublayers and a characteristic calcium profile which is
strongly implicated in regulating this structure. The calcium concentration rises from
low concentrations in the lowest sublayers (stratum basale and stratum spinosum) to
a peak in the overlying sublayer (stratum granulosum) and then drops to negligible
levels in the most superficial sublayer (stratum corneum). The factors that regulate
the formation of the epidermal calcium profile are currently a source of debate. These
factors definitely include (1) passive regulation by the primary barrier function of the
stratum corneum, but may also include (2) active regulation due to calcium exchanges
between cells and the surrounding extracellular fluid (ECF) and (3) extracellular
transport limitation in the stratum granulosum due to the secondary barrier formed by
tight junctions there. The relative importance of the latter two factors to the formation
of the epidermal calcium profile has yet to be resolved.

Epidermal cells (keratinocytes) can also be cultured in vitro to form a multilayered
structure (‘reconstructed epidermis’) that strongly resembles its in vivo counterpart
(‘normal epidermis’). However, reconstructed epidermis typically lasts less than a
month, following a well-defined but unexplained growth and deterioration pattern.
This is a serious clinical issue that affects its ability to be stored as a readily available
skin replacement for patients requiring emergency treatment. Because the calcium
distribution regulates epidermal structure, it is quite possible that its altered dynamics
in vitro could be responsible for the deterioration of reconstructed epidermis, although
this has not yet been investigated.
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This thesis examines both normal and reconstructed epidermis using multiphase
models consisting of two phases (cells and fluid), in order to achieve two major
objectives: (1) determine the key mechanisms that regulate the calcium profile in
unwounded normal epidermis and (2) identify the possible contributors to the growth
and deterioration pattern of reconstructed epidermis. Our application of multiphase
models to normal and reconstructed epidermis is novel and has not yet been reported
elsewhere.

For the first objective, it is already well established that the epidermal calcium
profile is passively regulated by the presence of stratum corneum. We assumed that
this was true and thus first investigated the spatial variation of calcium exchange
through the viable epidermal sublayers using the steady state solution of a multiphase
model parameterised for both human and murine epidermis [1]. To accomplish this,
velocity profiles for the cells and ECF were calculated from experimental data for the
proliferation and growth kinetics of keratinocytes in these sublayers. We assumed that
the diffusion of calcium through the ECF could be approximated by its diffusion in
water at skin temperature. From this diffusion consideration and the calculated ECF
velocity profiles, the relative contributions of advection and diffusion to the motion of
extracellular calcium were compared. We found that diffusion governs extracellular
calcium motion. This indicated that the intracellular calcium was the main source of
the total epidermal calcium profile. Using the equations of the multiphase model at
steady state together with some reasonable assumptions, we used the calculated cell
velocity profiles and experimental data for the total calcium profiles to predict the
spatial profile of calcium exchange between cells and the ECF in the viable epidermis.
We found that there is net influx of calcium ions into keratinocytes from the ECF
in the lowest epidermal sublayers (stratum basale and stratum granulosum) and that
there is net outflux of these ions in the stratum granulosum. This indicated that the
spatial pattern of calcium exchange between keratinocytes and ECF is an important
contributor to the regulation of the calcium profile in unwounded epidermis.

We then updated this steady state multiphase model to include the presence of tight
junctions in the stratum granulosum [4]. We found that considering tight junctions as
a local reduction in the diffusion coefficient could explain the remaining discrepancy
between our model and the experimental data for the epidermal calcium profile, the
latter showing a rise in extracellular calcium concentration in the stratum granulosum.
We concluded that the calcium profile in unwounded epidermis most likely forms
in response to all three investigated factors: the barrier functions of the stratum
corneum and tight junctions, and the spatial pattern of calcium exchange between the
keratinocytes and ECF.

For the second objective, we developed a spatiotemporal multiphase model of the
growth of reconstructed human epidermis, consisting of partial differential equations
that describe the distributions of intracellular and extracellular calcium, tight junctions
and a signal chemical hypothesised to induce tight junction formation, and ordinary
differential equations that describe the motion of the epidermal sublayer boundaries
and hence the growth of reconstructed epidermis [2]. The model considered the growth
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of reconstructed epidermis from basal keratinocytes to a fully stratified structure
in three temporal stages, each stage corresponding to the formation of individual
suprabasal layers (stratum spinosum, stratum granulosum and stratum corneum).

The model was solved using three different methods [3]. First, an analytical
solution of the spatiotemporal dynamics could be derived for certain parameter
values. Second, steady states of the model were calculated using a root-finding
algorithm, which numerically calculated the steady state distributions of intracellular
and extracellular calcium, signal chemical and tight junctions for guessed values of
the sublayer boundary positions, and then iteratively updated the guesses of these
boundary positions based on the mismatch between these guesses and their expected
positions according to their governing ordinary differential equations. Third, the
full spatiotemporal model was solved numerically by first employing a mathematical
transformation of the growing spatial domain to a fixed domain and then numerically
solving the resulting system of ordinary and partial differential equations. The
model demonstrated that epidermal skin substitute deterioration cannot be attributed
to in vitro dysfunction of tight junction expression in the stratum granulosum, but
some deterioration is possible if the extracellular diffusion of calcium throughout the
reconstructed epidermis is reduced from reported values in the literature. Hence, the
reason for the growth and deterioration of reconstructed epidermis remains an open
question, but the mathematical modelling and conceptual background developed here
may aid future efforts to resolve this question.

The outcomes of this research and additional information can be found in [1–4].
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