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Abstract—The melanin pigment system in human skin is extraordinarly well developed
and assures the photoprotection of the skin against harmful solar radiation. Specific cel—
cell interactions between one melanocytes and keratinocytes play a fundamental role in
the regulation of melanogenesis and melanin pigementation, the two key elements of this
system, giving rise to the concept of a structural, functional collaborative ‘epidermal
melanin unit,’ Early experiments strongly suggested that melanocyte growth and differ-
entiation are regulated by paracrine factors from keratinocytes and other skin cells. In
addition, co-culture studies with keratinocytes has shown that the extracellular matrix acts
as a local environmental signal for dendrite formation and melanogenesis. Attempts to
reconstruct pigmented human skin in vitro have made great progress over the last decade.
The behavior of cells in these pigmented human skin equivalents closely resembles that in
vivo, and the cells can still respond to appropriate extrinsic regulatory stimuli such as
ultraviolet radiation. Keratinocytes and fibroblasts have been shown to be active partners
in the regulation of melanocyte distribution, viability and other differentiation functions,
presumably by direct contact and the effects of various soluble paracrine factors. By
reproducing cell—cell and cell-matrix interactions, these culture systems provide a promis-
ing experimental model for investigating regulation of the skin pigmentary system and the
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role of photoprotection against harmful solar radiation.
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1 Introduction

THE HUMAN skin pigementary system, consisting of one
melanocyte and about 36 keratinocytes in the epidermis, is
considered to be a structural and functional collaborative unit,
known as an ‘epidermal melanin unit,” The best-known func-
tions of this system are (i) production of melanin in melano-
somes (melanogenesis) and (ii) transfer of melanosomes into
surrounding keratinocytes through dendritic processes (mela-
nin pigmentation). This ensures a primary physical defence
against harmful solar radiation (FITZPATRICK et al., 1983).
Epidemiological studies have shown that constitutive melanin
protects against solar radiation by absorbing and scattering it.
Thus, highly pigmented races are less susceptible to skin
cancers induced by ultraviolet (UV) radiation than lightly
pigmented races (EPSTEIN, 1989), and DNA from lightly
pigmented melanocytes contained significantly more cyclobu-
tane pyrimidine dimers than DNA from heavily pigmented
melanocytes after UVB irradiation (BARKER et al, 1995).
DNA damage (ELLER et al., 1994) and its excision repair
(ELLER et al., 1996; GILCHREST et al., 1993) is an important
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initial signal in the pigmentation responses to UV radiation,
although the mechanism by which these melanosomes are
subsequently transferred to keratinocytes is unknown.

2 Cell-cell and cell-matrix interactions among
melanocytes, keratinocytes and fibroblasts

Since the first selective cultivation normal human melano-
cytes (EISINGER and MARXO, 1982), many attempts have been
made to produce a culture medium that will support melano-
cyte proliferation (HALABAN ef al., 1988; HERLYN et al., 1988;
PITTELKOW and SHIPLEY, 1989; WILKINS et al., 1985). The
resulting improvements in cell culture conditions have greatly
advanced our understanding of melanocyte biology (YAAR and
GILCHREST, 1991), including the identification of growth
factors and the observation of direct activation of melanocytes
by UV irradiation (FRIEDMAN and GILCHREST, 1987).

Under hyperproliferative conditions, however, the specific
differentiation functions of melanocytes are often altered or
lost. The morphology of melanocytes in vivo, which is
characterised by dendrite formation among surrounding kera-
tinocytes, has great importance for the transfer of melano-
somes into keratinocytes. However, in monolayer cultures,
without keratinocytes, in vitro, the morphology of melano-
cytes largely depends on the culture conditions. The ability of
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melanocytes to form dendrites frequently decreases after
several passages, and the cells become bipolar with little
cytoplasm (EISINGER and MARKO, 1982; HALABAN et al.,
1988; HERLYN et al., 1988). In contrast, in the presence of
keratinocytes, melanocytes spread their dendrites to the kera-
tinocytes (DE LUCA ef al., 1988a,b; NAKAZAWA et al., 1995;
VALYt and HERLYN, 1991). It has also been shown that
melanocyte proliferation can be controlled through direct
cell—cell contact between the melanocyte and neighbouring
keratinocytes. Generally, proliferation of normal human mel-
anocytes in culture requires mitogens such as 12-0O-tetradeca-
noylphorbol 13-acetate (TPA), basic fibroblast growth factor
(bEGF) or cyclic AMP stimulating agents (EISINGER and
MARKO, 1982; HALABANE et al., 1987), and normal human
melanocytes cannot grow without these mitotic factors. Mel-
anocytes can nevertheless proliferate when in direct contact
with keratinocytes (DE LUCA et al., 1988a,b; HALABAN et al.,
1988; VALYI and HERLYN, 1991). The physiological ratio of
melanocytes to keratinocytes in vivo is strictly maintained in
co-culture with keratinocytes in epithelial sheets (DELUCA et
al., 1988a,b).

These results emphasise the importance of complex cell—
cell interactions and, especially, the role of keratinocytes in
the regulation of melanocyte functions. Many growth factors
have been identified as paracrine factors from keratinocytes
and fibroblasts, including bFGF (HALABAN et al., 1988), nerve
growth factor (YAAR et al., 1991), endothelin-1 (HARA, et al.,
1995; YADA et al., 1991; YOHN et al., 1993), leukotrienes C4
and D4 (MORELLI et al., 1989), prostaglandin E; (NORDLUND
et al., 1986; TOMITA et al., 1987), interleukinla and 6, vitamin
D; (TOMITA et al., 1988), tumour necrosis factor-a (SWOPE et
al., 1991), hepatotyce growth factor/scatter factor (HALABANE
et al., 1992), mast cell growth factor/stem cell factor (FUNA-
SAKA et al., 1992; SCOTT et al, 1996) and a-melanoctye
stimulating hormone (DE LUCA et al., 1993; SCHAUER et al.,
1994; ABDEL-MALEK et al., 1995). All of these act in the
regulation of normal human melanocyte functions (Table 1).

UV radiation has long been known to be the major stimulus
for the skin pigmentary system in vivo (PATHAK et al., 1965;
QUEVEDO et al., 1965; JIMBOW et al., 1975; ROSEN et al.,
1987) and in vitro (FRIEDMANN and GILCHREST, 1987).
Melanocytes are directly stimulated by UV irradiation to
increase the length of their dendrites and the number of
melanosomes. Melanocytes are indirectly stimulated by the
release of some of the paracrine factors listed above, such as
bFGF (HALABAN et al., 1988), nerve growth factor (YAAR et
al., 1991), endothelin-1 (IMOKAWA et al., 1992) and a-mela-
nocyte stimulating hormone (CHAKRABORTY et al, 1995),
after UV irradiation.

Functional differentiation of melanocytes is also affected by
molecules of extracellular matrix (ECM) which act as local
environmental signals (CILCHREST et al., 1985; MCCLENIC et
al., 1989; ScoTT et al., 1992; SCOTT and BUsAccCo, 1997).
The structural components of dermal ECM produced by
embroyonic tissues can induce melanocyte differentiation
from neural crest cells (DERBY, 1982). The intact ECM
produced by bovine comeal endothelial cells has been
shown to affect tyrosinase activity and melanin production
as well as melanocyte proliferation (RANSON et al., 1988).

Table 1 Action of different soluble factors on normal human
melanocyte functions

Proliferation bFGF, ET-1, LT-C4, LT-D4, IL-1a, IL-6,
TNF-a, MGF(SCF), «-MSH and HGF

Migration LT-C4 and TNF-«

Melanogenesis IL-1«, IL-6, TNF-a, ET-1, LT-B4 and «-MSH

Dendrite formation PGE,, LT-C4, ET-1, NGF and VD3
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Strong effects of ECM deposited by keratinocytes on mela-
nocyte dendrite formation, adhesion and proliferation and
additional physiological and environmental stimuli have
been reported (NAKAZAWA ef al., 1995). Similarly, it has
been reported that the ECM proteins derived from normal
human fibroblasts or dermal papilla cells of hair follicles
strongly induce tyrosinase activity (BUFFEY et al, 1994).
The effects of fibroblast ECM have been observed most
clearly when myocytes were cultures under poor conditions
without mitogens (HEDLY et al., 1996, 1997).

The difference in the proliferation rate in monolayer cul-
tures and in vivo should also be noted. To stimulate conditions
in vivo, the three-dimensional pigmented human skin equiva-
lent began to be used in 1986, and several potentially useful
pigmented skin equivalents (PSEs) have been developed in the
last decade (Table 2).

3 Pigmented human skin equivalent models

The first PSE was reported by TOPOL et al. (1986). The
model was constructed by plating human neonatal foreskin
melanocytes onto a dermal equivalent before overgrowth with
keratinocytes and culturing in Earle’s modified Eagle’s
medium with 20ng/m! epidermal growth factor (EGF) and
10~ '°M of cholera toxin for five days. The cells were then
lifted onto grids for 12 days. The dermal equivalent arises
through the action of fibroblasts which compact matrix pro-
teins into a tissue (BELL et al., 1979, 1981). Keratinocytes
migrated out of 2mm punch biopsies of human neonatal
foreskin embedded in the dermal equivalent and covered it
within 14 days (COULOMB et al, 1986). Using the same
dermal equivalent, BERTAUX et al. (1988) reported the out-
growth of melanocytes from a foreskin punch biopsy without
the addition of keratinocytes. Recently, foreskin melanocytes
and keratinocytes were seeded at a ratio of 1:10 onto the same
dermal equivalent and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with relatively high concentrations
of bFGF (10ng/ml), EGF (20ng/ml) and cholera toxin
(107°M) (ARCHAMBAULT ef al., 1995). SCOTT and HAAKE
(1991; HAAKE and SCOTT, 1991) combined cultured foetal or
neonatal keratinocytes with cultured melanocytes (7:3 ratio)
on the same dermal equivalent. The PSE was maintained in
DMEM for 6-10 days and then lifted onto the air-liquid
interface and cultured for 1-2 weeks.

The second PSE model was established on a fibroblast-
coated nylon filtration mesh, which serves as the dermal
equivalent (NAUGHTON et al., 1989). Keratinocytes were
plated, after three days, onto melanocytes that had previously
been seeded onto the firbroblast-coated mesh, when cultured
in PRMI 1640 with no further supplement.

In the third model, PSEs were prepared by seeding mixtures
of adult human keratinocytes and melanocytes in various
ratios onto deepidermised dermis, originally designed by
FREEDMAN et al. (1976) and further developed by PRUNIERAS
et al. (1983), in which the fibroblasts are devitalised (ASSELI-
NEAU and PRUNIERAS, 1984). The dermal substrate does not
contain living fibroblasts, but it is presumed to provide
sufficient degradation products of the matrix and still contain
enough soluble factors (FUSENIG, 1992). The cells were
cultured in DMEM/Ham’s F12 (3:1) for three days and then
lifted onto the air-liquid interface and maintained for 11 days
(TopD et al., 1993).

Franchi reported the use of the same PSE but with a
different cuiture medium (Rheinwald-Green’s modified
medium) with 1.8 mmol/litre, CaCl,, EGF and bFGF. More
recently, BESSOU et al. (1996) used this model and developed
autologus epidermal reconstructs with keratinocytes and mel-

November 1998



Table 2 Pigmented human skin equivalent models
Dermal equivalents Epidermis Studies
1986 Topol et al. Collagen Gel +FB Punch Biopsy + MC UvVB

1988 Naughton er al.
1988 Bertaux et al.

Nylon Mesh + FB
Collagen Gel +FB

1991 Haake and Scott Collagen Gel +FB

1991 Scott and Haake Collagen Gel +FB

1993  Todd et al. Deepidermized Dermis
1994  Franchi et al. Deepidermized Dermis

1995 Archambault ef al. Collagen Gel +FB

1996 Bessou et al. Deepidermized Dermis

1997 Nakazawa et al. Dermal Substrate + FB

(foreskin) Melanosome transfer
Dopa-reaction
KC+MC Cytotoxicity asay

UVB, UVA + 8-MOP
Melanosome transfer
Dopa-reaction
Melanoma-melanocyte-
associated antigens

Punch Biopsy (foreskin)

KC + MC (foreskin)

Melanosome
KC +MC (foreskin, 7:3) Melanocyte density
HMB-45
KC + MC (adult skin, 5-25:1) UvB
Dopa-reaction, TRP-1
KC + MC (adult skin, 5-10:1) UVB

S-100, T4-tyrosinase
Dopa-reaction

Melanosome

KC +MC (foreskin, 10:1) UVB
Melanin synthesis
Viability

KC +MC (adult skin, 20:1) UVB

Phototypes -1V
Dopa-reaction
Melanosome

KC +MC (mixed skin, 10:1) UVB
in epithelial sheet Melanocyte number
TRP-1, Ki67

Epidermal proliferation

anocytes from healthy donors of skin phototypes I to VI. The
melanocytes and keratinocytes were seeded onto the de-
epidermised dermis in a 1:20 ratio, and grown in MCDB
153—1Iscove’s modified Dulbecco’s medium (3:1) with
45 ug/ml bovine pituitary extract for 15 days at the air-
liquid interface.

A porous dermal substrate made of collagen types I/I1I, was
first developed by YANNAS and BURKE (1980) and modified by
COLLOMBEL et al. (1987) with a chitosan cross-linking process.
Because of the presence of pores of about 100 um in diameter,
fibroblasts migrate and colonise the dermal substrate and further
synthesise a new ECM, which forms a dense, non-contractile
dermal equivalent (BERTHOD et al., 1993). First, adult skin
melanocytes and keratinocytes were seeded at a ratio 1:10 on a
foreskin fibroblast feeder layer in DMEM/MCDB 153 (1:1) with
cholera toxin (107'°M), TPA (4nmol/litre), bFGF
(0.25ng/ml) and bovin pituitary extract (25 pg/ml), forming
an epithelial sheet. The dermal equivalent was epidermised by
transfer of this epithelial sheet and the PSE was then lifted onto
the air-liquid interface and cultured in DMEM with bFGF
(0.5ng/ml), EGF (10 ng/ml) and cholera toxin (10~ 100\) for
two weeks (NAKAZAWA ef al., 1997).

By mimicking the normal epidermal environment, with
growth of the cells at the air-liquid interface, the models
allow the cells to grow, differentiate and finally form a skin
tissue-like structure with multilayered differentiated epithe-
lium and a well-organised extracellular matrix in the dermal
region (Fig. 1).

4 Responses of PSEs to UV radiation: melanogenesis
and melanin pigmentation

Exposure of the skin to UV radiation results in a deeper skin
colour. Immediate darkening occurs within few seconds,
delayed pigment formation or tanning (melanin formation)

Medical & Biological Engineering & Computing

Fig. 1 Immunostaining of TRP-1 using MEL-5 anti-melanosomal
protein gp75 of human skin (4) and pigmented skin equiva-
lent (B) using a collagen GAG-Chitosane sponge as cell
culture support. Melanocytes appear in black on basal layer

begins on the second or third day, and melanin migrates
upwards in the epidermis several days later (SNELL, 1963).
Tyrosinase and TRP-1 are the best-characterised melanogenic
proteins associated with melanin synthesis. Regulation of the
expression of TRP-1 and tyrosinase is independent (VIJAYA-
SARADHI et al., 1995) but they can interact (BOISSY et al.,
1996; ZHAO et al., 1996), although the functional consequence
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of this interaction is not yet fully understood. The activity of
tyrosinase can be determined by measuring L-dopa and L-
tryosine, which are two key substrates of tyrosinase (SLO-
MINSKI et al., 1988). The morphological features of melano-
cytes are particularly important in melanin pigmentation: a
brown colour is imparted to the skin by melanosomes within
keratinocytes and not melanocytes loaded with melanosomes
(FITZPATRICK et al., 1983).

In guinea-pigs exposed to UV irradiation (230 nm, infra-red, 5
min/day fortwo weeks) melanocytes had enlarged perikarya and
an increased number of enlarged dendrites were filled with
melanin granules (SNELL, 1963). The morphological changes
after UVB irradiation are most marked at day 5 or 7, but still
persist at day 10 or 14 (JIMBOW et al., 1975). The delayed
response consistent with UVB-induced pigmentation is visible
only after three days. The numbers of tyrosinase- and TRP-1-
positive melanocytes increase significantly (from 4.0+ 0.6 to
51£9 and from 48 & 10 to 130 3 per 500 basal keratinocytes
in normal human skin, respectively), and the intensity of cellular
staining also increased after UVB irradiation (0.5 minimal
erythema dose per day for five days) (TOBIN et al., 1994).

Exposure of the PSE established on collagen gel to UVB
radiation (4 x 10* and 8 x 10%erg/cm?/day) for 14 days
stimulated and enhanced the pigment transfer from melano-
cytes to keratinocytes. Melanosomes, identified by their pig-
ment and by dopa oxidase staining, were dispersed throughout
the keratinocyte cytoplasm (TOPOL er al, 1986). BERTAUX
et al. (1988) reported that treatment of the PSE with 8-
MOP+UVA (320400 nm, 500mJ/cm?) or UVB (313 nm,
200 mJ/cm?) did not modlfy the surface colour of the epider-
mis, but the dopa-positive melanocytes were more numerous
and the dendritic melanocytes were denser than in controls.

Although the PSE established on deepidermised dermis
became more heavxly pigmented affer UV irradiation (total
UVB, 4760J/m? over three days), the quantity and distribu-
tion of melanin at the light microscopic level appeared to be
unchanged. However, the numbers of dendrites and of mela-
nocytes increased, as did their staining with dopa and TRP-1
(ToDD et al., 1993). ARCHAMBAULT et al. (1995) reported that
melanocytes in  UV-irradiated PSE (solar simulator,
285 £ 5Snm, 2.5-10 mJ/cm?), developed many more dendrites
than sham-irradiated cells. More melanin was consistently
produced in melanocytes in the PSE than in those in mono-
layer culture, and the most melanin was found in melanocytes
in the PSE containing both keratinocytes and fibroblasts,
strongly suggesting an influence of neighbouring keratinocytes
and fibroblasts. BESSOU et al. (1996) has shown that epidermal
reconstructs with keratinocytes and melanocytes obtained
from different skin phototypes (I to IV) reproduce the initial
phototype, with few modifications, and that the intensity of
melanin transfer correlates with the situation in vivo after
five consecutive UVB irradiations (312nm, 150mJ/cm?).
After exposure of the non-contractile PSE to UVB (312 nm,
100 mJ/cm?/day) for seven consecutive days, the intensity
of TRP-1 staining was increased (NAKAZAWA et al.,
1997).

In these PSEs, the functional activity of the melanin
pigmentary system, melanogenesis (melanin production) and
melanin pigmentation (melanosome transfer to keratinocytes)
are maintained in a manner comparable to that in vivo. The
results thus confirm the validity of the models for further use.

5 Response of PSEs to UV radiation: melanocyte
proliferation

Skin colour can become darker with or without an increase
in the number of melanocytes.
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In a guinea-pig irradiated with UV (230nm, infra-red,
5min/day for two weeks), the total number of melanocytes
(estimated by dopa reaction) was greatly increased (SNELL,
1963). In contrast, in mouse skin exposed repeatedly to UVB
radiation (290340 nm, 0 1J/cm® per day for 16 days),
increased incorporation of *H-methylthymidine into epidermal
melanocytes was found, indicating enhanced melanocyte pro-
liferation (ROSDAHL and SzABO, 1978). In irradiated human
skin (304 nm, 80200 mJ/cm? and 365 nm, 50150 J/cm?), the
ratio of dopa-positive melanocytes to keratinocytes increased
from 1:12—1:18 to 1:5-1:7 (ROSEN et al., 1987). An increase in
the number of dopa-positive melanocytes was also observed in
shielded human skin after UVB irradiation (270-380 nm, three
times/week for 17 days) (STIERNER et al., 1989).

BERTAUX et al. (1988) reported that only melanocytes
obtained from donors under two years of age could grow in
vitro in the PSE established on collagen gel, even after
stimulation with 8- MOP+UVA (320400 nm, 500 mJ/cm?)
or UVB (313nm, 200mJ/cm?) five times every two days.
Another report showed that the viability of cells was decreased
after seven dally UV irradiations (solar simulator, 285 £ 5 nm,
2.5-10mJ/cm?), whereas melanin production was increased
(ARCHAMBAULT et al., 1995). In the PSE model established on
de-epidermised dermis, the number of melanocytes was not
increased after UVB irradiation (TODD et al., 1993). BESSOU
et al. (1996) showed, however, an increase in the number of
dopa-positive melanocytes in various reconstructed photo-
types after five consecutive UVB irradiations (312 nm,
150 mJ/cm?), except for phototype I involving a mixed
medium with MCDB-153 and DMEM, and suggested aug-
mentation of the mitotic activity of melanocytes. In the non-
contractile PSE, the mean melanocyte to basal keratinocyte
ratio was 3.14-3.47:40, and this ratio was not changed after
UVB treatment (NAKAZAWA et al., 1997).

Melanocyte survival in PSEs seems to be strongly affected
by the seeding ratio and culture conditions. Moreover, indi-
vidual and regional anatomical differences may exist in the
responses of the skin pigmentary system to UV radiation
(SNELL, 1963; QUEVEDO et al., 1965). In human skin, the
UV-induced increase in the number of melanocytes may be
due to activation of ‘silent melanocytes’ (STIERNER et al.,
1989), ‘dormant melanocytes’ (PATHAK ef al., 1965; TOBIN et
al., 1994) or ‘initially dopa-negative melanocytes’ (ROSEN et
al., 1987) as the number of melanocytes was usually estimated
by tyrosinase activity in the dopa reaction.

MISHIMA and WILDEN (1967) proposed the use of a ‘com-
bined dopa-premelanin reaction’ and electron microscopy to
distinguish enzymatically inactive (with no or minimal tyro-
sinase) and structurally inactive (with few premelanosomes)
melanocyte populations from active (melanosome and tyrosi-
nase synthesising) melanocytes. The formation of premelano-
somes is independent of tyrosinase synthesis and of the
deposition of melanin, athough these process are normally
coordinated in the cytoplasm of the melanocyte. With this
method, it was shown that the melanocyote population of the
skin is consistently larger than that revealed by the dopa
reaction, showing that enzymatically inactive melanocytes
exist in significant numbers in normal skin. Therefore, UV
irradiation may act by both increased tyrosinase synthesis and
induced processes of premelanosome formation.

PATHAK et al. (1965) suggested that an increase in the
number of dopa-positive melanocytes is not needed to increase
the degree of pigmentation in the skin: melanocytes may have
greater functional activity, such as a larger cell body and
longer dendrites loading pigment granules, to increase pig-
mentation. Furthermore, it has been suggested that the
increased number of melanocytes in normal skin leads to
neoplastic changes in some individuals (FITZPATRICK ef al.,
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1983). The equilibrium between proliferation and differentia-
tion is precarious; it can be studied by combined analysis of
both using distinct methods.

Melanocyte migration is also stimulated by UV irradiation.
After stimulation with UVB or 8-MOP + UVA, melanocytes
grew out of a biopsy sample (BERTAUX et al., 1988). Mela-
nocyte migration from the centre to the periphery of the
keratinocyte layer was also stimulated by UVB irradiation
(ARCHAMBAULT e al., 1995). These responses of melanocytes
to UV radiation must also be taken into account.

6 Other responses of PSEs to UV radiation

Histochemical analysis of UV-irrradiated human skin
demonstrates a distinctive pattern of damage, including the
appearance of ‘sunburn cells’ with characteristic eosinophilic
cytoplasm and pyknotic nuclei (DANIELS et al., 1961). The
cumulative effects of repeated exposures to UVB and UVA
(solar simulated radiation, 290-400nm and 320-420 nm, 28
times daily) are the presence of epidermal hyperplasia and
stratum corneum thickening (LAVKER et al., 1995). ROSEN et
al. (1987) showed that sunburn cells appeared in human skin
one day after exposure to 304 nm irradiation, but not on day 7
or day 14 or at any time after exposure to 365 nm. Another
important effect of UV radiation on the skin is the alteration of
the underlying dermis known as solar elastosis, which is
characterised by decomposition of collagen fibres. Pigmented
individuals show this change to a much lesser degree than red-
headed people (FITZPATRICK et al., 1983).

These responses have not been well documented in PSEs.
ARCHAMBAULT et al. (1995) reported that cells in the upper
layer had the appearance of sunburn cells, but there was no
evidence of cellular necrosis in the other PSEs (BERTAUX et
al., 1988). In the non-contractile PSE, although there was no
signficant change in the epidermal organisation, a dense
stratum corneum was noted (NAKAZAWA ef al., 1997).

Thickening of the stratum comeum is the other potent
protective factor after UV irradiation. This reaction allows
longer retention of free melanin and prevents loss of melanin
from the surface of skin (FITZPATRICK and SzaBoO, 1959;
SNELL, 1963). The two factors therefore probably play a
combined protective role.

7 Functional activity of PSEs

The stratus of keratinocyte differentiation, which can
be modified by culture conditions, appears to affect various
melanocyte functions. In addition, the mitotic activity of
keratinocytes in the long-term is extremely important for
studies of the pathogenesis and carcinogenesis of the skin in
vitro (YUSPA and DLUGOSZ, 1991). In neonatal PSE, the
mean melanocyte to basal keratinocyte ratio determined by
HMB-45 staining was 1:31.2, and the melanocytes were
individually distributed on the basal epidermal layer. The
radio in foetal skin equivalent was 1:3.3, and the melanocytes
were grouped both basally and suprabasally. Nevertheless,
both models parallel the situation in vivo (HAAKE and SCOTT,
1991). Because mitoses are generally restricted to the basal
layer in the normal neonatal epidermis, whereas there is
proliferative activity throughout the foetal epidermis, the
distribution of melanocytes is probably related to compart-
mentalisation of proliferating keratinocytes within the epider-
mis. When cultured PSE to athymic mice, however,
differentiated epithelium was better able to support melanisa-
tion of the skin than undifferentiated epithelium (BOYCE et al.,
1993).
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Autoradiographic analysis after incorporation of radioactive
thymidine or immunohistochemical analysis with specific
antibody after BrdU-labelling are usually used to identify
proliferating cells in the S phase in tissues. Alternatively,
immunohistochemical identification of cycling cells by Ki67
is suited for comaprative studies as it does not require
prelabelling or radioactivity.

Very few studies have been performed on this aspect of
PSEs. In the skin equivalent on collagen gel, the percentage of
nuclei of basal cells labelled with BrdU decreased rapidly
from 48% on day 6 to 5.6% on day 12 (TSUNENAGA et al,
1994). In another experiment, keratinocytes cultured with
serum-free medium in the modified collagen gel model had
a thymic labelling index of 11.9% on day 14 (2-4% in normal
human epidermis), suggesting a hyperproliferative phenotype
(CHEN et al., 1995). In the non-contractile PSE, 18.1 +7.4%
of cells within the basal layer were stained with Ki67 by day
14, indicating mitotic activity very similar to that of basal cells
in normal human epidermis (17.6 £ 6.6%) (NAKAZAWA et al.,
1997). It has been reported that 1-3% of all epidermal cells
were Ki67-positives (SQINI ef al., 1994). KNAGGS et al. (1994)
showed an increase in Ki67-positive cells (25.3 £6.8%) in
epidermis surrounding inflamed lesions from acne patients
(5.3+£3.4% in basal cells in normal epidermis). The percen-
tage of Ki67-positive proliferating cells was higher than that
observed by radioactive thymidine or BrdU labelling, consis-
tent with the presence of Ki67 nuclear antigen throughout the
cell cycle (GARDES et al., 1984).

Further study of the optimal culture conditions for prolif-
eration of keratinocycles at an appropriate rate and for
differentiation adequate to maintain epidermal integrity in
the PSE will be indispensable for long-term experiments.

8 Conclusion

These results suggest that melanocytes in the PSEs can
function in a manner similar to that in vivo, including the
expression of a number of melanoma/melanocyte-associated
antigens in the collagen gel model {HAAKE and ScoTT, 1991).
The studies confirm the idea that isolated, recultivated melano-
cytes grow and regain certain specific differentiation functions.

Each model has some drawbacks, such as high contractile rate
in the collagen gel model (TSUNENAGA et al., 1994), relatively
low contractile rate for cross-linked dermal substrates (BERTHOD
et al., 1993; BOYCE et al., 1993), and the complete absence of
dermal fibroblasts in the de-epidermised dermis model. The
contractile rate in collagen gel was much improved in a recently
modified model, however, and hyperproliferation was reported
(CHEN et al., 1995). The presence of both living fibroblasts and
keratinocytes has been shown to be necessary for optimal
melanocyte function, such as survival and melanin synthesis
after UV irradiation (ARCHAMBAUT et al., 1995), while the
number and distribution of melanocytes were closely regulated
by keratinocytes (SCOTT and HAAKE, 1991), even in the absence
of dermis (DE LUCA et al., 1988). Although de-epidermised
dermis is one of the best dermal substrates, with a preserved, well
organised basal lamina for epidermal differentiation, the pre-
sence of biologically active fibroblasts and dermal components
might be important for studying the regulatory mechanisms of
the skin pigment system.

9 Perspectives and future applications

Even though the models have some drawbacks, these PSE
models are potentially useful, as they provide conditions in
which cell—ell and cell-matrix interactions can be maintained
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under conditions resembling those in tissue homeotaxis in
vivo. BESSOU et al. (1997) have used their system to investi-
gate reagents that can affect melanogenesis, such as isobutyl-
methylxanthine, 1-oleoyl—2-acetyl snglycerol and kojic acid,
either by adding them to the culture medium or by applying
them topically at the air-liquid interface. The various PSE
models could be used not only for studying the molecular
mechanisms that regulate normal melanocyte proliferation and
differentiation, but also for investigating pathogenesis in the
skin, including the progression of malignant melanoma, other
disease developments (possibly using genetically altered skin
cells) and therapeutic evaluation of new drugs.
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