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SUMMARY 

Adult dermal wounds, in contrast to foetal wounds, heal with the formation of scar tissue. A crucial factor 
in determining the nature of the healed tissue is the ratio of collagen 1 to collagen 3, which regulates the 
diameter of collagen fibres. We develop a mathematical model which focuses on the stimulus for collagen 
synthesis due to the secretion of the different isoforms of the regulatory chemical transforming growth 
factor /3. Numerical simulations of the model lead to a value of this ratio consistent with that of healthy 
tissue for the foetus but corresponding to scarring in adult wound healing. We investigate the effect of 
topical application of TGFP isoforms during healing and determine the key parameters which control the 
difference between adult and foetal repair. 

1. INTRODUCTION 

The process of dermal wound healing involves the 
complex interaction of many cell types and occurs as a 
sequential cascade of overlapping processes. In adult 
wound repair, in contrast to foetal healing, the end 
result is scar formation. This initially reddish, slightly 
elevated scar gradually turns pale and becomes slightly 
recessed. It is less functional than the surrounding 
uninjured tissue because of the lack of a number of key 
components (Rudolph et al. 1992). 

In response to injury, fibroblasts migrate into the 
wound domain, from the surrounding unwounded 
dermal tissue and from the underlying subcutaneous 
tissue, the exact source of fibroblasts being an area of 
much biological controversy. The fibroblasts synthesize 
chains of amino acids called procollagens (McDonald 
1988), a process which is activated by growth factors, 
including in particular type /3 transforming growth 
factor (TGFP) (Appling et al. 1989). Biologically 
inactive (latent forms of TGFP isoforms are secreted by 
many cells (Martin et al. 1992 ; Streuli et al. 1993)) are 
autoinductive and have a considerably longer half-life 
than the active forms (Roberts & Sporn 1990). The 
wound site contains enzymes which activate latent 
growth factors and also initiate the stabilization of 
collagen precursors (Miller & Gay 1992). In human 
skin, collagenase is synthesized and secreted by 
fibroblasts as a ‘zymogen’ (Stricklin et al. 1978), but 
collagen degradation cannot occur until the zymogen 
is activated. 

Dermal tissue contains two main types of collagen, 
types I and III. Type III collagen decorates the 
surface of the type I collagen fibril so that a higher 
ratio of type III to type I results in thinner fibres 
(Whitby & Ferguson 199 1). Another key difference 
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between scar and normal tissue is collagen fibre 
orientation. In normal skin, the collagen fibres in the 
dermis exhibit a basketweave-like arrangement. In 
scar tissue, the fibres are longer and thinner than in 
normal tissue, because of higher levels of type III 
collagen (Mast et al. 1992)) and the fibres are orientated 

fibroblasts 

collagen 

Figure 1. Schematic representation of the interactions 
between growth factors, proteins, fibroblasts and enzymes 
during the wound healing process. The fibroblast cells secrete 
precursors to both collagen and collagenase, so that there is 
a feedback control loop. They also secrete growth factors 
which regulate collagen production, again in a precursor 
(latent) form. The various precursor forms are made active 
via enzymes which are released as part of the response to 
wounding, and are absent in unwounded skin. It is this 
feature of the system that results in a continuous range of 
possible healed states. Our full model equations contain 
variables reflecting the presence of two isoforms of TGF8, 
two types of collagen and correspondingly two types of 
zymogen. 
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in the direction of the tension (Peacock 1984). There is 
some recent evidence that other collagen types may be 
expressed during wound healing and influence scar 
quality (Hopkinson et al. 1995) ; however we will 
neglect these, and focus entirely on the dominant 
collagen types, I and III. 

Experimental understanding of foetal wounds has 
increased dramatically over the past 15 years and this 
has led to the possibility of improved adult healing. 
Foetal and postnatal mammalian wounds have been 
shown to heal differently, the main difference being 
that foetal wounds heal without scar formation; during 
the late foetal stages and early childhood, there is a 
gradual transition to the adult response to injury, 
namely repair by scar tissue (Adzick & Longaker 
1992). This absence of scarring is reflected in a number 
of molecular differences between healed adult and 
foetal wounds, notably the diameter of collagen fibres 
and their orientation. In this paper, we focus on the 
first of these, and develop a mathematical model which 
addresses the biochemical mechanisms responsible for 
the difference in fibre thickness, and its implications for 
chemical reduction of adult scarring. 

2. MATHEMATICAL MODELLING 

In this section, we derive a detailed mathematical 
model for the formation of collagen fibres during foetal 
dermal wound healing. We neglect the important issue 
of orientation, to focus on the ratio of type I to type III 
collagen, which controls fibre thickness. Collagen is 
secreted during wound healing by fibroblast cells. 
There is a current controversy concerning whether 
fibroblasts migrate into the wound from the underlying 
subcutaneous tissue or from the neighbouring dermis. 
In the former case, spatial variations within the wound 
will be quite small and thus we can reasonably consider 
a purely temporal model. We will adopt such a 
spatially homogeneous framework, which reflects the 
synthesis by fibroblasts of collagen, TGFP, and the 
collagen degrading collagenases, and we introduce 
both latent and active forms of the model variables, 
with generic enzymes for activation. 

Fibroblasts,f( t) , are the main cell type in the dermis. 
In the absence of TGFP, the cell population increases 
exponentially at low densities but saturates for high cell 
densities and we thus model fibroblast proliferation by 
a chemically enhanced logistic growth term. We 
assume that normal dermal fibroblasts die at a constant 
rate, A,. Hence the equation for fibroblast density is 

mitotic generation 
A 

/ \ natural loss 

In our model, we represent active TGFP via the 
variables PI(t) ( re resenting isoforms 1 and 2) and p 
&(t) (representing isoform 3). The fibroblasts are 
stimulated via autocrine regulation (Roberts & Sporn 
1990) to secrete the corresponding latent TGFps, Zl(t) 
and Z3(t) ; the production rate saturates at high growth 

factor concentrations (Wakefield et al. 1988). Latent 
TGFB also undergoes an autocrine mechanism, 
whereby TGFB induces self-secretion. Latent TGFB 
has a short half-life and we model natural decay as a 
first order process (Wakefield 1990). The concentration 
of latent growth factor is also decreased because of 
activation by specific enzymes. These various effects 
lead to the equations 

production by fibroblasts natural decay activation 

4 r \ 
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Fibroblast proliferation and collagen synthesis are 
upregulated by TGFBs, but by active rather than 
latent forms (Krummel et al. 1988). The latent forms of 
TGFP are activated by specific enzymes, and experi- 
ments have shown that active TGFPs, PI(t) and P3(t), 
undergo rapid decay, which we model as a first order 
process for both isoforms (Roberts & Sporn 1990). 

activation natural decay 
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The enzyme e, (t) is one of three generic enzymes in our 
model formulation. During the inflammation stage, 
white blood cells release a range of enzymes which 
activate growth factors, procollagens and zymogens 
(Sinclair & Ryan 1994). These pools of enzyme are 
rapidly degraded during the healing process. Because 
detailed descriptions of the various enzymes are not 
currently available, we represent their effects by generic 
enzymes edt>, 4% e,(t), and use the law of mass action 
to model the activation of latent TGFpl and 3 and 
type I and type III collagen and collagenases : 

activation of latent forms 
de, a -= 
dt -44,fA+w3)~ 

de3 
dt- - -&%,A +A,&,), 

de3 - = - e3 (A,, z1 + A,, 2,). 
dt 

Here pi(t) and p,(t) denote the concentrations of 
procollagens I and III, and zi (t) and z,(t) are the 
corresponding zymogens. Procollagen is synthesized by 
fibroblasts, in response to injury (McDonald 1988) and 
we focus on two types of procollagens, types I and III. 
In the absence of chemicals, we assume a constant 
secretion rate, but experiments show upregulation of 
procollagen synthesis by active TGFP (Appling et al. 
1989)) hence the inclusion of a linear function of the 
active chemical concentrations. We assume pro- 
collagen fibres have a constant life-span and model 
natural decay as a first order process: 
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