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Abstract: The epidermis is the outermost layer of skin. It is comprised of keratin-containing cells called keratinocytes.
Functionally, the epidermis serves as a physical barrier that can prevent infection and regulate body hy-
dration. Maintenance and repair of the epidermis are important for human health. Mechanistically, these
processes occur primarily via proliferation and differentiation of stem cells located in the basal monolayer.
These processes are believed to depend on cell-cell communication and spatial constraints but existing ki-
netic models focus mainly on proliferation and differentiation. To address this issue, we present a mean-field
kinetic model that takes these additional factors into account and describes the epidermis at a biosystem
level. The corresponding equations operate with the populations of stem cells and differentiated cells in the
basal layer. The keratinocytes located above the basal layer are treated at a more coarse-grained level by
considering the thickness of the epidermis. The model clarifies the likely role of various negative feedbacks
that may control the epidermis and, accordingly, provides insight into the cellular mechanisms underlying
complex biological phenomena such as wound healing.
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1. Introduction

Biological systems are complex. As a rule, a system canbe divided into subsystems which may be hierarchical oroperate in parallel, and this process of division can of-ten be continued downwards or upwards. Operation ofbiosystems is typically based on various feedbacks, but
∗E-mail: zhdanov@catalysis.ru

the corresponding mechanistic information is usually in-complete and remains to be elucidated further. Increas-ing understanding about the function of such systems isa prerogative of systems biology [1–3]. Currently, with arapid expansion of our knowledge about biological sub-systems, this interdisciplinary science is becoming morewidely studied. One of the general concepts in this fieldis that the maintenance and stability of biological systemsis often based on negative feedback loops.In order to clarify the principles that govern the func-tion of a biological system, generic kinetic models offer
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Figure 1. Schematic structure of the epidermis. Stem and differen-
tiated cells located in the basal layer are shown explicitly.
Stem cells are also found in the hair follicles (not shown),
but while they have the potential to generate epidermis in
circumstances such as wounding, they do not appear to
contribute to maintaining normal epidermis [4].

a method to describe the interplay between correspond-ing subsystems. Such models should not only reflect theavailable knowledge about a biosystem, but also be soundwith regards to biophysical chemistry. From these gen-eral perspectives, we focus our present work on the skinepidermis.The epidermis is a self-renewing tissue between 0.05 and1.5 mm thick that helps living organisms to avoid infectionby pathogens, repel chemical and physical assaults, andprevent unregulated loss of water and solutes [4]. Struc-turally, the epidermis can be divided into four layers in-cluding, in respective order: (i) the basal monolayer con-taining stem and partially differentiated cells; [(ii) and(iii)] the spinous and granular layers composed of differ-entiated cells; and (iv) the cornified layer of dead cells(Fig. 1). The maintenance of the epidermis depends pri-marily on proliferation and differentiation of stem cells inthe basal layer. Stem cells are also available in hair fol-licles. Under normal physiological conditions, the formerand latter stem cell populations seem to function inde-pendently [4]. During cutaneous wound healing, follicularstem cells appear to play an important role in skin regen-eration [5]. (Various stem cells are also indispensable fordevelopment of the epidermis [6]. However, this subject isbeyond the scope of this article.)Experimental studies of the epidermis are numerous [4].Understanding the mechanisms that govern the mainte-nance of the epidermis is, however, still limited. Concern-ing the key processes occurring in the basal layer, thereare contrasting lines of scientific evidence [7]. Morpho-logical and cell proliferation studies [8] in mice have indi-cated that slow-cycling stem cells operate together withamplifying cell progeny, which are then converted intodifferentiated cells [Fig. 2(a)]. In contrast, lineage tracing
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Figure 2. Kinetic schemes of proliferation and differentiation of stem
cells in the basal layer according to Refs. [8] (a), [9] (b),
[10] (c), and [7] (d). S, S1 and S2, A, and D represent stem,
amplifying, and differentiated cells, respectively. Curly ar-
rows indicate self-renewing ability of stem cells. (Adapted
from Ref. [7].)

studies based on inducible genetic labeling [9] suggestthe existence of a single population of stem cells thatdirectly generates differentiated cells [Fig. 2(b)]. Morerecently, comparative analysis of two different transgenicmouse models [10] has provided evidence of two differ-ent stem cell populations, including slowly dividing andactively cycling ones [Fig. 2(c)]. Both of these popula-tions share a similar pattern of asymmetric self-renewalin which the balance between proliferation and differenti-ation is achieved via stochastic fate choice (presumably onthe level of interconnected functional gene networks [11]).This mechanism appears to reconcile seemingly contra-dictory earlier results. Taken together, these findings incombination with knowledge about stem cell proliferationand differentiation in other tissues [7] suggest that, in gen-eral, slowly dividing stem cells generate activated stemcells, which give rise to transient amplifying progenitorsthat eventually produce differentiated cells [Fig. 2(d)].In terms of regulating these pathways, the proliferationand differentiation of stem cells (especially in vivo) aregenerally believed to depend on cell-cell communication,adhesion, and spatial constraints [12–14] (the correspond-ing kinetic models are reviewed in Ref. [15]). Since theepidermis is a heterogeneous mixture of different layers,
1017
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cell-cell communication in this milieu is likely to be com-plex. Despite numerous related experimental studies [16]-[20], understanding of the role and mechanisms of the func-tion of different signals is still far from complete (see thediscussion below in Sec. 2). In light of this complexity, ex-isting kinetic models related to the epidermis are focusedprimarily on proliferation and differentiation of stem cellsin the basal layer (Refs. [9–11] and [21]-[30]). There islimited consideration of cell-cell communication, and as arule neither feedback between the basal layer and the up-per layers nor spatial constraints are taken into account.The goal of this work is to build a more comprehensivegeneric kinetic model that incorporates these variables inorder to clarify the role these factors may play in main-taining and repairing the epidermis. Relying on the gen-eral principles of systems biology [1–3], we assume thatmaintenance and stability of the epidermis are based onnegative feedback and systematically analyze the likelyrole of the corresponding factors.
2. Model
In our analysis, we adopt the simplest scheme to describeproliferation and differentiation of stem cells in the basallayer [Fig. 2(b)]. Specifically, the layer is assumed to con-tain stem cells, S, and differentiated cells, D. The divisionof stem cells occurs symmetrically or asymmetrically as

S→ 2S, (1)
S→ S + D, (2)

S→ 2D. (3)
The differentiated cells located in the basal layer maymigrate to the upper layer of the epidermis,

D→ E, (4)
where E designates the cell in the latter state. The toplayer of the epidermis consists of dead, flat cells that areremoved from this layer approximately every two weeks.This process is represented as

E→ Ø. (5)
To describe steps (1)-(4), we use the S and D popula-tions (per unit area), Ns and Nd, respectively. The ker-atinocytes located above the basal layer are described ata more coarse-grained level based on the thickness of the

epidermis, h. The mean-field kinetic equations for thesevariables are read as
dNs/dt = (k1 − k3)Ns, (6)

dNd/dt = (k2 + 2k3)Ns − κNd, (7)
dh/dt = as(κNd − rNt), (8)

where a is the cell size, s is the area per cell in the basallayer under saturation, Nt is the number of cells in thetop layer, and k1, k2, k3, κ and r are the rate constants ofsteps (1)-(5), respectively.To account for the physics behind the steady state, weintroduce the dependence of the rate constants in Eqs.(6)-(8) on Ns, Nd, and h. This dependence is assumed toresult from signal-mediated cell-cell communication andspatial constraints. Following this line, it is convenient tooperate with the S and D coverages defined as θs = Ns/N∗and θd = Nd/N∗, where N∗ ≡ 1/s is the population of thebasal layer at saturation. To also account for the spatialconstraints, we further consider that the rate constants k1,
k2 and k3 are proportional to 1− (θs + θd)n, where n ≥ 1is the corresponding exponent. This simple approach iswidely employed in biological models that are focused onpopulation kinetics as well as in various physicochemicalkinetic models. In particular, n = 1 corresponds to theso-called logistic growth, while n > 1 is associated withgeneralized logistic growth [31]. With n = 1, the kinet-ics are sensitive to saturation already at θs + θd ' 0.5.In physiological situations, the saturation is expected toinfluence the kinetic at larger coverages. For this reason,we use n > 1 below.The signal-mediated regulation of cell populations in gen-eral and the epidermis in particular is typically mediatedvia negative feedbacks. As already noted in the Intro-duction, this principle is common in nature [3] (the cor-responding kinetic models focused on stem cells can befound, e.g., in Refs. [32]-[36]). Concerning the epider-mis, experimental studies indicate that the keratinocytepopulation is controlled by Ca2+ [17, 18], ephrin [19] (amembrane-linked protein serving as a ligand for Eph re-ceptors), a family of epidermal growth factors (such asfactor-α , amphiregulin, heparin binding-EGF, and epireg-ulin) acting in an autocrine or paracrine manner [16], andRho family proteins related to cell-cell adhesion [20]. Withincreasing environmental Ca2+ concentration, the prolifer-ation of keratinocytes is retarded while differentiation isenhanced [18]. Proliferation is also negatively regulatedby the Eph/ephrin signaling complexes [19]. The inclusionof this information into our model is, however, not straight-forward. For example, Ca2+ is supplied into the epidermisfrom underlying layers [37]. The Ca2+ gradient depends on
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the epidermal permeability barrier and endogenous Ca2+stores contained in the endoplasmic reticulum and Golgi[17]. Whether and how this gradient is influenced by thestem cells is now not clear (in recent experimental stud-ies [17, 18] and review [38], this aspect is not mentioned;according to the most recent model [39], the Ca2+ con-centration in the basal layer is considered to be constant,and accordingly the Ca2+-mediated regulation can hardlybe described in terms of feedbacks). Eph/ephrin signalingcomplexes are, in turn, inherent to various keratinocytes,and it is not clear either how this factor can be incorpo-rated into the model. The situation with other epidermalgrowth factors is similar. For these reasons, we focus ouranalysis on general aspects of the regulation of prolifer-ation and differentiation of keratinocytes.The signal-mediated regulation depends on the concen-tration of the corresponding species (for examples, we referto the models described in Refs. [40, 41]). In our treatment,the concentrations are assumed to depend monotonouslyon θs, θd, and/or h and accordingly the rate constants
ki (i = 1, 2 or 3) and κ are also considered to dependmonotonously on these variables. Specifically, we use theconventional Hill expressions in order to describe thesedependences (in the context of stem cells, these expres-sions were employed, e.g., in Refs. [33, 34]). For example,the dependence of the rate constants ki on θs and θd arerepresented as

ki ∝ λmi /(λmi + θms + θmd ) (9)
in the case when step (1) or (2) is regulated by S and Dcompetitively, or as

ki ∝ λmi /(λmi + θms ) (10)
or

ki ∝ λmi /(λmi + θmd ) (11)
when the regulation is related, respectively, to S or D (λiand m are the Hill parameters). The feedback betweenthe differentiated cells in the basal layer and the cellslocated in the upper layers is in turn described as

κ ∝ µl/(µl + hl), (12)
where µ and l are the parameters.Using e.g. expressions (9), (11) and (12) for k1, k2 and κand setting Nt = N∗, we have
dθs
dt = (

k◦1λm1
λm1 + θms + θmd − k

◦3
) [1− (θs + θd)n]θs, (13)

dθd
dt = (

k◦2λm2
λm2 + θmd + 2k◦3 ) [1− (θs + θd)n]θs − κ◦µlθd

µl + hl ,(14)
dh
dt = a

(
κ◦µlθd
µl + hl − r

)
, (15)

where k◦i and κ◦ are the rate constants in the absence ofspatial constraints and feedback.If alternatively k1 is described by employing expression(10), Eq. (13) should be rewritten as
dθs
dt = (

k◦1λm1
λm1 + θms − k◦3

) [1− (θs + θd)n]θs. (16)
Eqs. (13)-(16) allow us to illustrate the key predictionsof the model. Basically, our model can be classified as aminimal model describing the epidermis, because we usethe simplest scheme of proliferation and differentiation ofstem cells in the basal layer, the simplest equation forthe other layers, and operate on the mean-field level (todescribe spatial effects related, e.g., to cell-cell adhesion,the lattice Monte Carlo simulations are preferable [36]).It contains five rate constants, k1, k2, k3, κ, and r. Thelast rate constant, r, which characterizes dead cells is notregulated, and its value is fixed. Each of the other four rateconstants can, in principle, be regulated in different ways.Although full classification of the corresponding kineticsis beyond our goal, our analysis of different situations hasdrawn out general conclusions that can be illustrated byusing specific examples of the different types of regulation.Concerning the relation between our model and the otherkinetic models, we repeat (cf. the Introduction) that theearlier studies are primarily focused on the cells in thebasal layer. In particular, Eqs. (6) and (7) have been em-ployed in Refs. [9, 23–26, 28] in order to describe thislayer. In our analysis, we complement Eqs. (6) and (7) byEq. (8) for the other layers and focus on the feedbacksmediated by cell-cell communication.If the parameters in Eqs. (6)-(8) are chosen arbitrarily andare fixed, the model does not predict a steady state, i.e.,there will be either uncontrolled growth or shrinkage ofthe epidermis. To reach a steady state at least in thebasal layer, there must be the condition that k1 = k3 inEq. (6) (this condition makes the model close to the Moranclass [33, 42]). Under steady-state conditions, Eq. (7) thenyields Nd = [(k2 + 2k3)/κ]Ns. These prescriptions wereemployed in Refs. [9, 23, 24]. In our analysis, such con-straints are not imposed.After the completion of our work, a three-variable modeloperating with the population of stem cells in the basallayer, the population of differentiated cells in other lay-ers, and the concentration of a growth factor controllingthe division of stem cells was recently proposed in Ref. [30]

1019



Kinetics of the maintenance of the epidermis

(Eqs. (3.3)). In that study, the growth factor formation rateis assumed to depend on its concentration and to be in-dependent of the cell populations, while the degradationrate is determined by the cell populations. Compared toour model, this alternative scheme does not include feed-back mediated directly between stem cells and differenti-ated cells. Thus, the two models are complementary andconsistent.
3. Results of calculations

To illustrate our findings, let us consider, for example, thatthe transition of the differentiated cells from the basallayer to the upper layers is regulated by the cells locatedin the upper layers and the corresponding rate constant isdescribed by Eq. (12). In addition, let us consider that theasymmetric division resulting in differentiation [step (2)] isregulated by D as described by Eq. (11), while the sym-metric division resulting in differentiation [step (3)] is notregulated. For the symmetric division resulting in prolif-eration [step (1)], we will choose the regulations describedby Eq. (9), (10) or (11).Taking into account that the processes under considera-tion occur on an one-week time scale, biologically rea-sonable values of the rate constants are expected to bein the range from 0.2 to 2 w−1 (w = week) or higher (be-cause the rates are reduced due to negative feedback andspatial constraints). Under steady-state conditions, themodel should predict θ1 ' 0.2 and θ2 ' 0.7 (see the ex-periment and earlier simulations [9]). Following this line,rate constants can be selected to obtain θ2 ' 0.7. How-ever, the situation with θ1 is found to depend strongly onthe type of regulation that governs the symmetric divisionresulting in proliferation [step (1)].If we (i) assume that regulation of symmetric division re-sulting in proliferation is related to S and D and describedby Eq. (9) or related to D and described by Eq. (11)and (ii) choose the parameter such that θ2 ' 0.7 understeady-state conditions, the model typically predicts that
θ1 is smaller than 0.2. The natural way to increase θ1is to increase k◦1 . With increasing k◦1 , θ1 and θ2 first in-crease slightly but then the system is rapidly trapped intothe state where the basal layer contains only stem cells,as illustrated e.g. in Fig. 3 showing the kinetics calcu-lated by using Eqs. (13)-(15). Physically, this occurrenceis related to the decrease of the rate of steps (2) and (3)with increasing coverage due to the spatial constraints.These steps become less favourable compared to step (4),and the D population diminishes. Practically, this meansthat the results are too sensitive with respect to modelparameters.
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Figure 3. Coverages of stem and differentiated cells in the basal
layer and thickness of the upper layers as a function of k◦1
under steady-state conditions according to Eqs. (13)-(15)
with k◦2 = 50 w−1, k3 = 0.1 w−1, κ◦ = 2 w−1, r = 0.3 w−1,
λ1 = λ2 = 0.6, l = 4, m = 2, n = 4, and µ/a = 100.

If we assume that regulation of the symmetric division re-sulting in proliferation is related to S as described byEq. (10) and choose the parameters so that θ2 ' 0.7 understeady-state conditions, the condition θ1 ' 0.2 can easilybe met, and the steady-state kinetics are not too sensi-tive with respect to the parameters, as illustrated in Fig. 4showing the results obtained by employing Eqs. (14)-(16).To illustrate some predictions of the model (with the sametype of regulation and parameters as those chosen to con-struct Fig. 4), we show (Fig. 5, thick lines) what happens ifinitially (at t = 0) two variables correspond to the steadystate while one of the variables is lower than that calcu-lated for the steady state. With the parameters selected,we have θs = 0.2, θd = 0.69, and h/µ = 1.38 at thesteady state.If the coverage of stem cells is initially decreased down to0.1 [Fig. 5(a)], it then slowly increases up to the steady-state value while the coverage of differentiated cells in thebasal layer and the thickness of the upper layers remainsclose to those corresponding to the steady state.If the coverage of differentiated cells in the basal layeris initially decreased down to 0.3 [Fig. 5(b)], it rapidlyreturns to the steady-state value while the coverage ofstem cells and the thickness of the upper layers remainclose to those corresponding to the steady state.If the thickness of the upper layers is initially reduceddown to h/µ = 0.5 [Fig. 5(c)], the population of stem cellsremains close to the steady-state value while the popula-tion of differentiated cells in the basal layer first rapidlydrops (because the transit of these cells to the upper lay-ers becomes facilitated) and then the population of thesecells as well as the population of differentiated cells inthe upper layers slowly increase up to the steady-statelevel.
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Figure 4. Coverages of stem and differentiated cells in the basal
layer and thickness of the upper layers under steady-state
conditions according to Eqs. (14)-(16): (a) as a function of
k◦1 for k◦2 = 50 w−1 and κ◦ = 2 w−1, (b) as a function of k◦2
for k◦1 = 0.2 w−1 and κ◦ = 2 w−1, and (c) as a function of κ◦
for k◦1 = 0.2 w−1 and k◦2 = 50 w−1. The other parameters
are k3 = 0.1 w−1, r = 0.3 w−1, λ1 = 0.2, λ2 = 1, l = 4,
m = 2, n = 4, and µ/a = 100.
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Figure 5. Coverages of stem and differentiated cells in the basal
layer and thickness of the upper layers as a function of
time for (a) θs(0) = 0.1, θd(0) = 0.69, h(0)/µ = 1.38, (b)
θs(0) = 0.2, θd(0) = 0.3, h(0)/µ = 1.38, and (c) θs(0) = 0.2,
θd(0) = 0.69, h(0)/µ = 0.5. The kinetics shown by thick
and thin lines have been calculated with µ/a = 100 and
µ/a = 30, respectively (the other parameters are similar
to those used to construct Fig. 4: k◦1 = 0.2 w−1, k◦2 = 50
w−1, k3 = 0.1 w−1, κ◦ = 2 w−1, r = 0.3 w−1, λ1 = 0.2,
λ2 = 1, l = 4, m = 2, and n = 4). Note that variation of
µ/a influences the time scale of the transient regime but
does not change the steady-state values of the variables
(θs = 0.2, θd = 0.69, and h/µ = 1.38). In particular, the
kinetics shown in panel (c) indicate that the transition to
the steady-state regime becomes faster with decreasing
µ/a from 100 to 30. The kinetics exhibited in panels (a)
and (b) are nearly independent of µ/a (the thick and thin
lines almost coincide and are not distinguishable).
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Figure 6. As Fig. 5(c) for κ◦ = 4 w−1. In this case, the steady-state
values of the variables are: θs = 0.2, θd = 0.788, and
h/µ = 1.76.

If the thickness of the upper layers is initially reduced, thetime scale of the subsequent transient kinetics dependsfirst of all on µ/a and κ◦. With decreasing µ/a (Fig. 5,thin lines) or increasing κ◦ (Fig. 6), the transient periodbecomes shorter.
From a biological perspective, the situation described inFig. 5(c) and 6 may resemble the repair of the epidermisafter damage. Specifically, the proliferation and differen-tiation of stem cells in the basal layer is modulated inresponse to an event that initially reduced the thicknessof the upper layer - e.g., a wound that requires healing.Interestingly, the time scale of the initial phase of thisprocess is predicted in this case to be about one or twomonths while the timescale of the whole process is on theorder of several months. The former and latter timescalesare, respectively, comparable with and longer than that(a few weeks) typically observed during wound healing.The longer period of time that is predicted by the modelappears to indicate that amplifying cells [Fig. 2(d)] and/orfollicular stem cells [5] may actually participate in repair,although they were not represented in the model. Addi-tionally, it is worth considering that the healing time maybe related to the depth of the wound. Looking forward, thisgeneral kinetic model now provides an avenue to under-stand the dynamics of wound healing and the relationshipbetween the process time and spatial constraints. For ex-ample, this model may find utility in comparing the repairof deep wounds versus superficial wounds.

4. Conclusion

We have presented and analyzed a generic mean-field ki-netic model to understand the maintenance and repair ofthe epidermis. It operates with the populations of stemcells and differentiated cells in the basal layer and thethickness of the layers located above the basal layer. Italso takes cell-cell communication and spatial constraintsinto account. The underlying general idea behind this ap-proach is that the maintenance of epidermis is controlledby negative feedback. Although this idea is central withinsystems biology [1–3], the corresponding models clarify-ing the likely role of various feedbacks in the maintenanceand repair of the epidermis have so far remained to be elu-cidated further. In this work, we have presented the firstmodel to describe this behaviour. The key predictions ofour model are illustrated in Figs. 3-6. The correspondingkinetics have been calculated numerically by using spe-cific values for the different parameters. One of the aimsof this method was to show general trends predicted bythe model (this means that we have performed many morecalculations than we present).Our general conclusions are as follows:(i) Not every type of negative feedback is suitable formaintenance of the epidermis. For example, the modelis too sensitive to the choice of parameters if we assumethat proliferation of stem cells is controlled simultaneouslyby stem cells and differentiated cells, or by differentiatedcells. Self-inhibition of stem cells seems to be preferable.(ii) The time scale of transient regimes is sometimes pre-dicted to be longer than one may expect in light of bi-ological responses in nature. This might indicate thatthe model should be complemented by terms describingamplifying cells and/or follicular stem cells. Another con-sideration is that deeper wounds require longer healingtimes than superficial wounds. Further analysis of thespatial constraints may be warranted.At present, experimental reports concerning the regulationof stem cell proliferation and differentiation in the epider-mis are lacking, particularly at the level of communicationbetween stem cells and differentiated cells. Our kineticmodel provides insights into the maintenance and repairof epidermis that may guide future experiments.
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