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Summary. Human keratinocytes can be maintained in 
monolayer culture under serum-free conditions for an 
extended period of time . Under low Ca2+ conditions 
(e.g ., 0.05-0.15 mM), an undifferentiated state is 
maintained and the cells proliferate optimally. When the 
Ca2+ concentration is raised to approximately 1.0 mM, 
differentiation occurs and growth slows. Human dermal 
fibroblasts can also be maintained in monolayer culture 
under serum-free conditions, but in contrast to 
keratinocytes, a physiological level of extracellular Ca2+ 
(above approximately 1.0 mM) is required. A variety of 
growth factors stimulate froliferation of both cell types 
but do not replace the Ca + requirement of the fibroblast 
population . All-trans retinoic acid also promotes 
proliferation of both cell types and, most interestingly, 
replaces the requirement for a physiological level of 
Ca 2+ in the fibroblast cultures. Human skin can be 
maintained in organ culture for an extended period of 
time under serum-free conditions. Conditions optimized 
for fibroblast proliferation (either physiological Ca2+ or 
all-trans retinoic acid) are required . In the presence of 
culture conditions optimized for the epithelial cell 
component, both the epidermis and dermis rapidly lyse. 
These data suggest that the fibroblast is the critical 
component in maintaining homeostasis of skin, and that 
maintenance of the epidermis as well as the dermis 
depends on the viability and functioning of these cells. 

Key words: Keratinocyte, Fibroblast, Skin organ 
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Introduction 

The skin forms the continuous external surface of the 
body. It consists of two major compartments; the upper 
layer, or epidermis, and the lower layer, or dermis. The 
epidermal layer is composed largely of squamous 
epithelial cells (keratinocytes). At the base of the 
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epidermis are the proliferating keratinocytes. Above are 
the differentiating epithelial cells, organized into more or 
less well-defined morphological layers. Melanocytes are 
also found in the basal layer of the epidermis. The 
dermal layer is a thick, dense fibro-elastic connective 
tissue in which interstitial fibroblasts are embedded. A 
rich vascular network permeates the dermis (Harrist and 
Clark, 1994). The epidermis and dermis are separated by 
a thin, sheet-like extracellular matrix (ECM) structure 
known as the basement membrane. Major components of 
the basement membrane are laminin, type IV collagen 
and heparin sulfate proteoglycan (Fine, 1987). The 
major cellular elements of both compartments are 
readily visualized after hematoxylin and eosin staining 
(Fig. la). Connective tissue elements can also be 
visualized in hematoxylin and eosin-stained preparations 
(Fig. la), though special stains are useful for enhancing 
the visualization of the extracellular matrix . Trans
mission electron microscopy (Fig. 1 b) is required to 
identify structural detail in the basement membrane and 
dermal connective tissue elements. 

The skin has many functions. Protection of the 
organism against physical , chemical and biological 
stresses is its major function. The skin also serves as a 
water vapor barrier, has metabolic and immunologic 
functions and contains the receptors for sensation 
(Harrist and Clark, 1994). 

The skin has proven to be a useful tissue with which 
to probe biological questions that are germane not only 
to the skin, itself, but to other tissues and organ systems. 
For example, the skin has been used to study the cellular 
and molecular basis of normal vs abnormal wound 
repair; to study mechanisms of inflammatory and 
immunological tissue injury; to elucidate the basis for 
benign and malignant hyper-proliferative diseases; and 
to study the natural ageing process as well as how 
exposure to environmental stresses such as ultraviolet 
light alters this process. Because the skin is amenable to 
topical treatments , it has also been used to assess 
potentially toxic and/or therapeutic properties of a 
number of agents which could not be evaluated 
systematically. While the skin appears to be a suitable 
model for all of these s tudies, it is our belief that 
understanding how normal homeostasis is maintained is 
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a critical pre-requisite for understanding any of the 
physiological or patho-physiological changes that can 
occur. For this reason, a considerable effort has been 
spent to understand the cellular and molecular events 
which contribute to maintenance of structure and 
function of normal skin. In vitro studies with cells in 
monolayer culture and, in particular, with whole skin in 
organ culture have been useful for this. It is clear from 
such studies that cells of the dermis, especially dermal 
fibroblasts, are a critical element in preserving both the 
epidermis and dermis. 

Maintenance of homeostasis in skin 

Keratinocyte and fibroblast growth in monolayer culture: 
Role of growth factors and extracellular Ca2+ 

The major cellular elements of skin - e.g., keratino
cytes and fibroblasts - can be routinely grown in cell 
culture under serum-free conditions. Growth of neonatal 
and adult keratinocytes is stimulated by a number of 
different factors, including epidermal growth factor 
(EGF) and other growth factors that function through the 
EGF receptor (e.g., transforming growth factor-a, 
amphiregulin, heparin-binding EGF) (O'Keefe and Chiu, 
1988; Elder et al., 1989; Ferriola et al., 1991; Cook et 
al., 1991a,b), by factors elaborated in the dermis, 
including insulin-like growth factor-1 (IGF-1) (Froesch 
et al., 1985; Krane et al., 1991; Neely et al., 1991), 
keratinocyte growth factor (KGF) (also known as 
fibroblast growth factor-7) (O'Keefe et al., 1988; Ristow 
and Messmer, 1988; Barreca et al., 1992) and hepatocyte 
growth factor (HGF) (Sato et al., 1995). 

Keratinocytes from neonatal foreskin proliferate in 
the absence of exogenous growth factors, but cells from 
adult skin have a limited growth potential under basal 
conditions. Of interest, antibodies to the EGF receptor 
are potent inhibitors of keratinocyte growth in mono
layer culture. They inhibit basal proliferation as well as 
EGF-stimulated growth, suggesting that keratinocyte 
growth occurring in the absence of exogenous growth 
factors is mediated through autocrine loops involving the 
EGF receptor (Varani et al., 1994c). On the other hand, 
antibodies to the IGF-1 receptor block keratinocyte 
growth induced by IGF-l but do not inhibit basal 
proliferation (Varani et al., 1994c). 

Human keratinocytes proliferate over a wide range of 
extracellular Ca2+ concentrations. At low Ca2+ concen
trations (0.05-0.15 mM), the cells maintain an un
differentiated phenotype, while higher concentrations 
induce differentiation (Hennings et al., 1980; Boyce and 
Ham, 1983; Milstone, 1987). This "calcium switch" has 
been used to elucidate the cellular changes that occur in 
keratinocytes as they undergo a transition from un
differentiated growth to differentiation, and to identify 

factors that mediate these changes. It has been shown 
that under low-Ca2+ conditions, the undifferentiated 
epithelial cells synthesize and secrete large amounts of 
several ECM components, including laminin, type IV 
collagen, thrombospondin and fibronectin (Clark et al., 
1985a,b; Nickoloff et al., 1988; Varani et al., 1988). The 
undifferentiated cells also express surface receptors for 
these matrix molecules and utilize their receptors to 
adhere to the basement membrane (Riser et al., 1990). 
As the cells differentiate, synthesis of ECM material is 
reduced and adhesive capacity diminishes (Clark et al., 
1985a,b; Nickoloff et al., 1988; Varani et al., 1988). 
Concomitantly, as keratinocytes undergo the transition 
from undifferentiated to differentiated growth, there is 
induction of proteins associated with the differentiated 
state, including high-molecular weight keratins and the 
enzyme that cross links these proteins (keratinocyte 
specific transglutaminase) (Yuspa et al., 1980; PiIIai and 
Bikle, 1991). The cell layer becomes 3-dimensional. The 
cells in the upper layers terminally differentiate, 
eventually becoming a mass of cross-linked, high
molecular weight keratins. 

Dermal fibroblasts also proliferate in vitro, and many 
of the same factors that promote keratinocyte growth 
stimulate fibroblast proliferation as well (Kaji and 
Matsuo, 1983; Plisko and Gilchrest, 1983; Phillips et al., 
1984; Colige et al., 1990). Unlike keratinocytes, 
however, fibroblast growth is strictly regulated by 
extracellular Ca2+. Fibroblasts require an extraceIIular 
Ca2+ concentration above 1 mM for proliferation. At 
concentrations below 1 mM, growth is inhibited and at 
concentrations as low as 0.05-0.15 mM (optimum for 
keratinocyte growth), fibroblasts die (Boynton et al., 
1974, 1977). While dermal fibroblasts are usually grown 
in vitro at 1.4 to 1.6 mM extracellular Ca2+, some 
studies have shown that higher concentrations resulted in 
even better growth (Praeger and Cristofalo, 1980, 1986). 
This is especiaIJy true in aged cells. On the other hand, 
studies have shown that transformation of fibroblasts 
results in a loss of Ca2+ sensitivity (Boynton et al., 
1977). Factors such as EGF and IGF-1, which induce a 
proliferative response in high-Ca2+ (i.e., above 1 mM) 
medium, do not ameliorate the Ca2+ requirement. 
However, platelet-derived growth factor (PDGF) may 
act, in part, by lowering the Ca2+ threshold required for 
fibroblast proliferation (Betsholtz and Westermark, 
1984). The effects of growth factors and extracellular 
Ca 2+ on keratinocyte and fibroblast growth are 
demonstrated in Figure 2. 

Retinoid effects on skin cells in monolayer culture 

Retinoids have potent growth-regulating activity in 
the skin. When these agents are applied to normal human 
or mouse skin, they induce a hyper-proliferative 

Fig. 1. Histological and ultrastructural appearance of freshly-biopsied skin. A. Human skin stained with hematoxylin and eosin and examined by light 
microscopy. B. Human skin examined by transmission electron microscopy. Long arrows indicate type I collagen bundles. Short arrows indicate 
basement membrane. A, x 470; B, x 9,000 
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response in the epidermis (Ashton et aI., 1984; Griffiths 
et aI. , 1993). They also activate dermal fibroblasts and 
stimulate extracellular matrix production by these cells 
(Schwartz et aI., 1991). Of interest, the same retinoids 
that stimulate growth in a quiescent epithelium have the 
capacity to suppress abnormal epithelial proliferation in 
conditions such as psoriasis (Rusciani et al., 1981). 
Likewise, these agents can suppress outgrowth of 
epithelial cell tumors from pre-cancerous lesions (Verma 
et aI., 1979). 

Efforts have been made to understand these complex 
effects using skin cells in culture. Retinoid effects in 
vitro appear to be as complex as they are in vivo. All
trans retinoic acid (RA) stimulates keratinocyte 
proliferation when the cells are maintained in a culture 
medium devoid of other growth factors, but inhibits the 
growth of keratinocytes that are maintained in a growth 
factor-enriched medium and are already proliferating 
actively (Varani et al., 1989). Retinoids also inhibit 
keratinocyte differentiation, but this appears to be 
independent of other growth factors. Interestingly, ECM 
production and cell-substrate adhesion are also reduced 
in retinoid-treated epithelial cells (Varani et aI.,1989). 

RA can also either stimulate or inhibit dermal 
fibroblast growth, depending on the state of the cells at 
the time of treatment. The most striking effects of 
retinoids on fibroblasts are seen at low extracellular 
Ca2+ concentrations. Unlike growth factors such as EGF 
and IGF-l, retinoids overcome the block in proliferation 
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Fig. 2. Growth of human neonatal foreskin keratinocytes and fibroblasts 
in monolayer culture: effects of extracellular Ca2+ and EGF. Cells were 
plated at 5x104 cells per well of a 24-well dish , and incubated for 48 
hours in serum·free basal medium (Keratinocyte Basal Medium ; 
Clonetics, San Diego, CAl . The culture medium contained 0.15 mM or 
1.4 mM extracellular Ca2+ and/or 1 ng/ml human recombinant EGF as 
indicated. At the end of the incubation period , cells were harvested and 
counted. 

resulting from low extracellular Ca2+ (Varani et al. , 
1990a). This is shown in Figure 3. In contrast to what is 
seen with keratinocytes, retinoids act synergistically with 
other growth factors in stimulating fibroblast proli
feration. Retinoids also have complex effects on extra
cellular matrix production by fibroblasts . Collagen 
s ynthesis can be either inhibited or stimulated , 
depending on the cell source and state at the time of 
treatment. Collagen I synthesis is inhibited in rapidly
growing cells and this results from interference with 
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Fig. 3. Effects of RA on growth of human neonatal foreskin fibroblasts in 
monolayer culture. Cells were plated at 5x104 per well of a 234-well 
dish. Cells were incubated for 48 hours in Keratinocyte Basal Medium 
supplemented with 1 ng/ml human recombinant EGF and with extra
cellular Ca2+ and/or RA as indicated. At the end of the incubation 
period, cells were harvested and counted. 
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procollagen I gene transcription (Meisler et aI., 1997). In 
growth-inhibited cells, new collagen I synthesis occurs 
along with sy nthesis of other proteins (Varani et aI., 
1990b). Likewise, production of non-collagenous 
components of the extracellular matrix is stimulated as 
part of the growth response. 

In summary, monolayer culture studies are useful for 
identifying conditions that promote keratinocyte and 
fibroblast survival and proliferation. They also indicate 
the growth factors th a t are capable of inducing a 
response, and provide an indication of other biological 
responses that occur in conjunction with proliferation. It 
is clear fro m these studies that how keratinocytes and 
fibroblasts respond to a given agent depends as much on 
the state of the cells at the time of treatment as it does on 
an innate capacity of the stimulating agent to induce a 
response. How the condition of keratinocytes and 
fibroblasts in intact skin relates to conditions seen in 
monol ayer culture is not known, and it is difficult to 
known, therefore, the relevance of these in vitro findings 
to what occurs in vivo. Furthermore, cells grown in 
monolayer culture represent a SUb-population of the cells 
prese nt in the intact tissue. Thus, characteristic of 
culture-adapted cells may not be reflective of the 
properties expressed by the majority of cells originally 
present in the intact tissue. Because of these limitations, 
we have sought to use a more complex (organ) culture 
system to help elucidate the cellular and molecular basis 
for preservation of skin structure/function. 

Maintenance of skin in organ culture; relationship 
between organ culture findings and results from 
monolayer culture studies 

In the context of the skin, organ culture refers to 
small pieces of full-thickness skin (epidermis and 
dermis) incubated in vitro under conditions in which 
tissue histology and biochemical function are maintained 
but where cellular outgrowth from the tissue fragments 
does not occur. Practically, this involves incubating the 
tissue pieces either at an air-liquid interface or 
submerged in liquid culture medium over a support to 
which the tissue pieces do not adhere and which does not 
support outgrowth of cells. Approximately 2-mm sized 
pieces appear to be most satisfactory as larger tissue 
pieces show evidence of necrosis in the center after 5-6 
days. Routinely, the tissue is incubated at 37 °C in an 
atmosphere of 95% air and 5% CO2, In our laboratory, 
we provide a complete change of culture medium at 2-3 
day intervals. Skin from virtually any site seems to be 
sa tisfactory, although there are age- and site-related 
differences in structure and function. 

i) Conditions required for successful organ culture of 
skin 

In an attempt to preserve tissue structure and function 
for extended periods of time in organ culture, we 
examined the same culture conditions that had been used 

successfully with keratinocytes and fibroblasts in 
monolayer culture. Specifically, 2-mm punch biopsies of 
adult human skin from a sun-protected site were 
incubated in a serum-free basal medium. The culture 
medium contained a level of extracellular Ca2+ (0.15 
mM) that was optimized for keratinocyte growth in 
monolayer culture (Varani et aI., 1989) or was 
supplemented with CaCI2 to a final extracellular Ca2+ 
concentration of 1.4 mM (optimal for fibroblast growth, 
based on monolayer culture data (Varani et aI., 1990a». 
These media were used without change or further 
modified by the addition of one or more growth 
supplements. Among these were EGF, IGF-1, KGF, 
HGF, insulin, hydrocortisone or pituitary extract. AJI of 
these supplements facilitate keratinocyte growth in 
monolayer culture and many are also fibroblast growth 
factors. Figure 4 demonstrates the histological 
appearance of organ-cultured skin after incubation for 12 
days. The major findings can be summarized as follows. 
Tissue architecture is maintained in growth factor-free, 
Ca2+-supplemented medium (Fig. 4a,b), while complete 
necrosis is seen in growth factor-free, low Ca2+ medium 
(Fig. 4c). Growth factors do not alter the Ca2+ require
ment; EGF is shown in Fig. 4d. Identical results were 
seen with the other factors and combinations of factors 
(see Varani et aI., 1993a-c, 1994a,b for details of organ 
culture studies). The implication of these data is that 
culture conditions which maintain fibroblast viability 
and growth preserve tissue structure in organ culture, 
while conditions optimized for keratinocyte growth do 
not. As fibroblasts are a source of a number of keratino
cyte growth factors, it seems reasonable to speculate that 
keratinocyte growth is mediated, at least in part, through 
paracrine loops involving dermal-derived growth factors. 
What specific dermal-derived factors are critical is yet to 
be determined. The only data to date bearing on this 
question suggest that the IGF-1 receptor on keratino
cytes is important in maintaining epithelial integrity in 
organ culture (Varani et aI., 1994c). By extension, this 
suggests that IGF-l is an important dermal product. 

Although Figure 4 presents results of histological 
evaluation only, a variety of other end-points support the 
same conclusion. In high-Ca2+ (fibroblast-optimized) 
medium, there is active synthesis of total proteins as well 
as components of the extracellular matrix (Varani et aI., 
1993a,b, 1994b). In low-Ca2+ medium, overall protein 
synthesis is much lower, and there is a large reduction in 
production of ECM components. Additionally, large 
numbers of viable keratinocytes and fibroblasts can be 
recovered from the skin after incubation in high-Ca2+ 
medium, but few cells are recovered from the low-Ca2+ 
cultures (Varani et aI., 1994a,b). In addition to culturing 
whole skin in organ culture, experiments were conducted 
in which the dermis and epidermis were separated from 
each other and cultured separately. It was found in these 
studies that the isolated epidermis quickly degenerated 
while the iso lated dermis remained viable and 
functionally intact for several days (Varani et aI., 
1994a). 
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Fig. 4. Histological appearance of human skin after incubation for 12 days in organ culture. Two-mm punch biopsy cultures were incubated in serum
free Keratinocyte Basal Medium supplemented with Ca2+, EGF or RA as indicated. At the end of the incubation period , the tissue was fixed in formalin, 
stained with hematoxylin and eosin and evaluated by light microscopy. A. 1.4 mM Ca2+ (x 175) ; B. 1.4 mM Ca2+ (x 360); C. 0.15 mM Ca2+ (x 360); 
D. 0.15 mM Ca2+ and 1 ng/ml EGF (x 180); E. 0.15 mM Ca2+ and 311m RA (x 125) ; F_ 1.4 mM Ca2+ and 311m RA (x 125). 



781 

Human skin organ culture 

ii) Retinoid effects on human skin in organ culture: 
Further evidence for dermal role. 

These observations imply that the dermis plays a key 
role in maintaining homeostasis in the skin. Results from 
studies with retinoids support this conclusion. As 
indicated above, RA is unlike growth factors such as 
EGF in that it promotes growth of human dermal 
fibroblasts in low-Ca2+ medium. Figure 4 shows the 
effects of RA on the histological appearance of skin after 
12 days in organ culture under low-Ca2+ conditions. The 
dermis and lower layers of the epidermis are well
preserved, and there is no evidence of the necrosis in the 
basal epithelial cells that characterizes control skin. 

A consistent feature of skin treated with RA under
low Ca2+ conditions is a failure of the epidermis to 
differentiate normally. Incomplete keratinization , 
acanthosis and sloughing of the upper epidermal layers 
is routinely seen. Why normal differentiation does not 
occur in RA-treated skin is not known. Retinoids are 
known to reduce epithelial cell cohesion and this has 
been shown both in monolayer culture studies (Varani et 
aL, 1989, 1991) and in vivo (Williams and Elias, 1981). 
The histological features seen in RA-treated organ
cultured skin (Figure 4e) are consistent with a reduction 
in cohesion. Alternatively, extracellular Ca2+ is known 
to be a positive regulator of differentiation (Hennings et 
aL, 1980; Boyce and Ham, 1983; Milstone, 1987; Pillai 
and Bikle, 1991) and it may be that the abnormal 
features seen in the upper epidermis reflect failure to 
differentiate in the low Ca2+ environment. This is not 
likely to be the complete story, however, since features 
of abnormal differentiation are also seen in organ 
cultures treated with RA under high-Ca2+ conditions 
(Fig. 4f), and reduced cohesion is also observed in some 
of the cultures. 

It is clear from these studies that structure and 
function of human skin can be preserved for several days 
in organ culture. It is also clear that culture conditions 
optimized for dermal cell function are key. Dermal 
fibroblasts are likely to be important players, but other 
mesenchymal cells - e.g., dermal vascular endothelial 
cells - may also be critical. How dermal cells maintain 
viability of the epithelium is not fully understood. 
Fibroblasts and endothelial cells are a source of several 
keratinocyte growth factors and these may function in a 
paracrine loop. Likewise, dermal cells are a source of 
ECM components and some of these are incorporated 
into the epidermal basement membrane as well as the 
dermal connective tissue. While both growth factors and 
ECM components are likely to be important, we have 
been unsuccessful to date in finding a soluble dermal 
product or combination of products to replace the intact 
dermis itself. This undoubtably speaks to the overall 
complexity of the mechanisms operating to maintain the 
intact tissue. 

Retinoid/Ca2+ effects on fibroblasts membrane function 

The capacity of retinoids to modify the Ca 2+ 

requirement has led us to investigate potential 
mechanisms by which this might occur. As an initial 
"working hypothesis" we speculated that retinoids might 
stimulate Ca2+ transport across the fibroblast ~lasma 
membrane and/or release intracellular stored Ca + into 
tbe cytoplasm. Either could help to maintain an adequate 
intracellular Ca 2+ level in the face of low extra
cellular Ca2+. Neither occurred. Using Ca2+ -sensitive 
fluorescent dyes as markers of intracellular free Ca2+, it 
was found that treatment of fibroblasts with RA did not 
release stored Ca2+ (nor did it impair release triggered 
by ionomycin) and did not induce an influx of Ca2+ 
from the extracellular medium (Varani et aL, 1995). 
However, it was found that RA interfered with the 
release of intracellular Ca2+ to the environment (Varani 
et aL, 1995). Studies with 45Ca2+-prelabeled cells, 
likewise showed that outward movement of Ca2+ was 
inhibited in retinoid-treated skin fibroblasts (Varani et 
aL, 1990a). The ability of retinoids to sustain a sufficient 
level of intracellular Ca2+ by preventing its efflux could 
preserve viability by allowing Ca2+ -dependent process 
to be maintained. 

How RA acts to prevent Ca2+ loss is not fully under
stood. It may be a direct membrane effect. This 
suggestion is based on the finding that membrane 
fluidity increased as the concentration of extracellular 
Ca2+ was reduced, and that RA, like Ca2+ itself, reduced 
fluidity (Varani et aL, 1996). We speculate that under 
physiological conditions, interactions between surface 
receptors and their ligands lead to efficient signal 
transduction across the membrane, but that such signals 
are not effectively transduced across the expanded 
(fluidized) membrane that exists in the low-Ca 2 + 
environment. By acting to reduce membrane fluidity, 
retinoids facilitate efficient transduction of growth
promoting signals. The implication of this is that the 
fibroblast plasma membrane is a critical target of 
retinoid action. This is not to negate the role of retinoids 
in gene transcription, but rather to suggest that 
membrane biophysical effects also occur. Of interest , 
retinoid concentrations that reduce membrane fluidity 
and prevent Ca2+ movement across the fibroblast plasma 
membrane are the same concentrations that promote 
fibroblast survival and growth under low-Ca 2+ 
conditions and these are the same concentrations that 
preserve dermal and epidermal function in organ culture. 
Most importantly, studies by Duell et al. (1992) showed 
that the RA concentrations that are effective in vitro are 
the same concentrations found in the viable portion of 
the skin after topical application of a therapeutic doses 
of RA. This concentration is approximately 100-fold 
higher than the amount needed to activate retinoic acid 
receptors in the skin. 

Use of skin organ cultures to investigate age-, site
and disease-related changes in skin 

The underlying assumption of our studies is that 
elucidating how the structure and function of the skin are 
maintained under homeostatic conditions is essential to 
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understanding physiological processes such as ageing 
and wound repair; to understanding the patho
physiology of various disease processes; and to 
understanding mechanisms of respon s e to toxic/ 
therapeutic agents. While this assumption implies a 
hierarchy of effort, in reality, mechanisms of homeo
stasis (in normal skin) are probed in conjunction with 
efforts to understand how homeostasis is dis-regulated 
under various conditions. While discu ssion of such 
studies is beyond the scope of this review, it should be 
noted that organ culture technology has been used to 
probe mechanisms of such diverse diseases as psoriasis 
and pemphigus. Organ cultures of skin have also been 
used to probe mechanisms of action of topical drugs. In 
our own laboratory, we have used organ cultures of skin 
to probe question related to cancer invasion as well as 
the ageing process. The major advantage of organ
cultured skin for such studies is that it provides an intact 
tissue (similar to that found in vivo) for study, by yet the 
tissue can be manipulated as readily as cells in 
monolayer culture or other in vitro models. 

Acknowledgements. This work was supported in part by Grant 60958 

from the USPHS. 

References 

Ashton R.E., Connor M.J. and Lowe N.J. (1984) . Histologic changes in 

the skin of the rhino mouse induced by retinoids. J. Invest. Dermatol. 
82, 632-635. 

Barreca A. , de Luca M., del Monte P., Bondaza S., Damonte G., Cariola 

G., deMarco E. , Giordano G. , Cancedda R. and Minuto F. (1992) . In 

vitro paracrine regulation of human keratinocy1e growth by fibroblast· 
derived insulin-like growth factors . J. Cell Physiol. 151 , 262-268. 

Betsholtz C . and Westermark B . (1984) . Growth factor-induced 

proliferation of human fibroblasts in serum-free culture depends on 

cell density and extracellular Ca2+ concentration. J. Cell Physiol. 
118, 203·210. 

Boyce S.T. and Ham R.G. (1983). Calcium-regulated differentiation of 

normal human epidermal keratinocy1es in chemically·defined clonal 

culture and serum-free serial culture. J. Invest. Dermatol. 81 , 33·40. 

Boynton A.L. , Whitfield J.F., Isaacs R.J. and Morton H.J. (1974). Control 

of 3T3 cell proliferation by calcium. In vitro 10, 12·17. 

Boynton A.L., Whitfield J.F., Isaacs R.J. and Tremblay R. (1977). The 

control of human WI·38 proliferation by extracellular calcium and its 

elimination by SV-40 virus-induced proliferative transformation . J. 

Cell. Physiol. 92, 241·248. 

Clark R.A.F., Folkvold J.M. and Wertz R.C . (1985a). Fibronectin as well 

as other extracellular matrix proteins mediate human keratinocy1e 

adhesion. J. Invest. Dermatol. 84, 378-383. 

Clark R.A.F. , Nielsen L.D. , Howell S.E. and Folkvold J.M. (1985b). 

Human keratinocytes that have not terminally differentiated 

synthesize laminin and fibronectin but deposit only fibronectin in the 

pericellular matrix. J. Cell Biochem. 28, 127-141 . 

Colige A., Nusgens B. and Lapiere C.M. (1990) . Response to epidermal 

growth factor of skin fibroblasts from donors of varying age is 

modulated by the extracellular matrix. J. Cell Physiol. 145, 450-457. 

Cook P.W., Mattox P.A. , Keeble WW., Pittlekow M.R. , Plowman G.F., 

Shoyab M., Adelman J .P. and Shipley G.D. (1991 a). A heparin 

sulfate·regulated human keratinocy1e autocrine factor is similar or 

identical to amphiregulin. Mol. Cell BioI. 11 , 2547·2557. 

Cook PW., Pittlekow M.R. and Shipley G.D. (1991 b) . Growth factor

independent proliferation of normal human neonatal keratinocy1es: 

production of autocrine and paracrine-acting mitogeniC factors. J. 

Cell Physiol. 146, 277·289. 
Duell EA, Astrom A. , Griffiths C.E.M., Chambon P. and Voorhees J.J. 

(1992). Human skin levels of retinoic acid and cy1ochrome p450· 

derived 4-hydroxyretinoic acid after topical application of retinoic 

acid in vivo compared to concentrations requ ired to stimulate 

retinoic acid receptor-mediated transcritpion in vitro. J. Clin . Invest. 

90, 1269-1274. 
Elder J., Fisher G., Lindquist P., Bennett G., Pittlekow M.R., Coffey E. , 

Ellingsworth L., Derynck R. and Voorhees J. (1989) . Overexpresion 

of transforming growth factor-a in psoriatic epidermis. Science 243, 

811·814. 
Fine J.D. (1987) . The skin basement membrane zone. Adv. Dermatol. 2, 

283·304. 

Ferriola P., Earp H., DiAugustine R., Nettesheim P. (1991) . Role of 

TGF'a and its receptor in proliferation of immortalized rat tracheal 

epithelial cells: studies with tryphostin and TGF'a antisera. J. Cell 

Physiol. 147, 166·175. 

Froesch E.R., Schmid C., Schwander J. and Zapf J. (1985). Actions of 

insulin-like growth factors. Annu . Rev. Physiol. 47, 443-467. 

Griffiths C.E.M ., Finkel L.J., Tranfaglia M.G., Hamilton T.A. and 

Voorhees J.J. (1993) . An in vivo experimental model for effects of 

topical retinoic acid in human skin . Brit. J. Dermatol. 129, 389·394 . 

Harrist T.J. and Clark W.H. (1994). The skin. In: Pathology. 2nd edition. 

Rubin M. and Farber J.L. (eds) . J.B. Lippincott . Philadelphia, PA. 

pp 1177-1237. 

Hennings H., Michael D., Cheng C., Steinert P., Holbrook K. and Yuspa 

S.H. (1980) . Calcium regulation of growth and differentiation of 

mouse epidermal cells in culture. Cell 9, 245-254. 

Kaji K. and Matsuo M. (1983) . Responsiveness of human lung diploid 

fibroblast ageing in vitro to epidermal growth factor: saturation 

density and lifespan. Mech. Ageing Dev. 22,129-133. 

Krane J .F ., Murphy D.F. , Carter D.M. and Kruger J .G. (1991) . 

Synergistic effects of epidermal growth factor (EGF) and insulin-like 

growth factor-I/Somatomedin C (IGF-1) on keratinocy1e proliferation 

may be mediated by IGF-l transmodulation of the EGF receptor. J. 

Invest. Dermatol. 96, 419-424. 

Meisler N.T., Parrelli J., Gendimenico G.J., Mezick J.A., Cutroneo K.R. 

(1997). All-trans retinoic acid inhibition of Proa l (I) collagen gene 

expression in fetal rat skin fibroblasts: Identification of a retinoic acid 

response element in the Proa l (I) collagen gene. J . Invest. 

Dermatol. 108, 476-481 . 

Milstone L.M. (1987) . Calcium modulates growth of human keratino

cy1es in confluent cultures. Epithelia I , 129-140. 

Neely E.K., Morhenn V.B., Hintz R.L., Wilson D.M. and Rosenfeld R.G. 

(1991) . Insulin-like growth factors are mitogenic for human 

keratinoCy1es and squamous cell carcinoma. J. Invest. Dermatol. 96, 

104-110. 

Nickoloff B.J. , Mitra R.S., Riser B.L., Dixit V.M. and Varani J. (1988). 

Modulation of keratinocy1e motility: correlation with production of 

extracellular matrix molecules in repsonse to growth-promoting and 

anti-proliferative factors . Am. J. Pathol. 132,543-551. 

O'Keefe E.J . and Chiu M.L. (1988). Stimulation of thymidine 

incorporation in keratinocytes by insulin, epidermal growth factor 



783 

Human skin organ culture 

and placental extract: comparison with cell number to assess 
growth. J. Invest. Dermatol. 90, 2-7. 

O'Keefe E.G., Chiu M.L. and Payne R.E. (1988). Stimulation of growth 
of keratinocytes by basic fibroblast growth factor . J. Invest. 
Dermatol. 90, 767-769. 

Phillips p.o., Kaji K. and Cristofalo V.J . (1984). Progresive loss of the 
proliferative response of senescing WI-38 cells to platelet-derived 
growth factor, epidermal growth factor, insul in, transferrin , and 
dexamethasone. J. Gerontol. 39, 11-17. 

Pillai S. and Bikle D.D. (1991). Role of intracellular-free calcium in the 
cornified envelope formation of keratinocytes: differences in the 
mode of action of extracellular calcium and l ,25-dihydroxyvitamin 

03. J. Cell Physiol. 146, 94-100. 
Plisko A. and Gilchrest B.A. (1983). Growth factor responsiveness of 

cultured human fibroblasts declines with age. J. Gerontol. 38, 513-
518. 

Praeger F.C. and Cristofalo V.J. (1980). Effects of elevated levels of 
extracellular Ca++ on young and old WI-38 cells. In Vitro 16, 239-

249. 
Praeger F.C. and Cristofalo V.J. (1986). Modulation of WI-38 cell 

proliferation by elevated levels of CaCI2. J. Cell. Physiol. 129, 27-35. 
Riser B.L., Varani J., Nickoloff B.J . and Dixit V.M. (1990). Thrombo

spondin binding by keratinocytes . Modulation under conditions 
which alter thrombospondin biosynthesis. Dermatology 180, 60-65. 

Ristow H.J . and Messmer T.O. (1988). Basic fibroblast growth factor 
and insulin-like growth factor-I are strong mitogens for cultured 

mouse keratinocytes. J. Cell Physiol. 137, 277-284. 
Rusciani L. , Massaro P. and Orlando P. (1981). On the effects induced 

by aromatic retinoid Ro-9359 on explants of skin from psoriatiC 
patients. In: Retinoids: Advances in basic research and therapy. 
Orfanos C.E. , Braun-Falco O. and Farber E.M. (eds). Springer

Verlag. Berlin. p 139. 
Sato C., Tsuboi R., Shi C.M ., Rubin J.S . and Ogawa H. (1995). 

Comparative study of hepatocyte growth factor/scatter factors and 
keratinocyte growth factor effects on human keratinocytes. J. Invest. 

Dermatol. 104, 958-963. 
Schwartz E. , Cruikshank F.A. , Mezick J.A. and Kligman H. (1991). 

Topical all-trans retinoic acid stimulates collagen synthesis in vivo. J. 

Invest. Dermatol. 96, 976-978. 
Varani J., Nickoloff B.J., Riser B.L., Mitra R.S., O'Rourke K. and Dixit 

V.M . (1988). Thrombospondin-induced adhesion of human keratino

cytes. J. Clin. Invest. 88, 1573-1544. 
Va rani J. , Nickoloff B.J ., ~ix i t V.M. , Mitra R.S. and Voorhees J.J. (1989). 

All-trans retinoic acid stimulates growth of adult human keratinocytes 
cultured in growth factor-deficient medium, inhibits production of 
thrombospondin and fibronectin and reduces adhesion. J. Invest. 

Dermatol. 93, 440-454. 
Varani J., Shayevitz J., Perry D. , Mitra R.S., Nickoloff B.J. and Voorhees 

J.J. (1990a). Retinoic acid stimulation of human dermal fibroblast 

proliferation is dependent on suboptimal extracellular Ca2+ 

concentration. Am. J. Pathol. 136, 1275-1281. 

Varani J., Mitra R.S., Gibbs D., Phan S.H., Dixit V.M., Nickoloff B.J . and 
Voorhees J.J. (1990b) . All-trans retinoic acid stimulates growth and 
extracellular matrix production in growth-inhibited cultured human 
skin fibroblasts. J. Invest. Dermatol. 94, 717-723. 

Varani J. , Gibbs D.F., Shah B. and Fligiel S.E.G. (1991). Inhibition of 
epithelial cell adhesion by retinoic acid: relationship to reduced 
extracellular matrix production and alterations in Ca2+ levels. Am. J. 
Pathol. 138, 887-895. 

Varani J., Fligiel S.E.G., Schuger L., Perone P., Inman D.R ., Griffits 
C.E.M. and Voorhees J.J. (1993a). Effects of all-trans retino ic acid 
and Ca2+ on human skin in organ culture. Am. J. Pathol. 142, 189-
198. 

Varani J., Larson B.K., Perone P., Inman D.R. , Fligiel S.E.G. and 
Voorhees J.J. (1993b). All-trans retinoic acid and ex1racellular Ca2+ 

differentially influence ex1racellular matrix production in human skin 
in organ culture. Am. J. Pathol. t42, 1813-1817. 

Varani J., Flig iel S.E.G ., Perone P., Inman D.R. and Voorhees J. 
(1993c). Effects of sodium Lauryl sulfate on human skin in organ 
culture: comparison with all-trans retinoic acid and epidermal growth 
factor. Dermatology 187, 19-25. 

Varani J., Perone P., Fligiel S.E.G., Inman O.R. and Voorhees J.J. 
(1994a). All-trans retinoic acid preserves viability of fibroblasts and 
keratinocytes in full-thickness human skin and fibrOblasts in isolated 
dermis in organ culture. Arch. Dermatol. Res. 286, 443-447. 

Varani J., Perone P., Griffits C.E.M. and Voorhees J.J. (1994b). All-trans 

retinoic acid (RA) stimulates events in organ-cultured human skin 
that underlie repair. J. Clin. Invest. 94, 1747-1756. 

Varani J., Perone P. , Zouboulis C. and Tavakkol A. (1994c). Epithelial
stromal interactions in maintenance of human skin in organ culture. 
FASEB J. 8, 3854. 

Varani J. , Burmeister B. , Perone P., Bleavins M. and Johnson K.J. 
(1995). All-trans retinoic acid inhibits fluctuations in intracellular Ca2+ 

resulting from changes in extracellular Ca2+. Am. J. Pathol. 147, 
718-722. 

Varani J., Burmeister B., Bleavins M. and Johnson K.J . (1996). All-trans 
retinoic acid reduces membrane fluidity of human dermal fibroblasts . 
Assessment by fluorescence redistribution after photobleaching. 
Am. J. Pathol. 148, 1307-1312. 

Verma A.K. , Shapas B.G., Rice H.M. and Boutwell R.K. (1979). 
Correlation of the inhibition by retinoids of tumor promoter-induced 
mouse epidermal ornithine decarboxylase activity and of skin tumor 
promotion . Cancer Res. 39, 419-425. 

Williams M.L. and Elias P.M. (1981). Nature of skin fragility in patients 
receiving retinoids for systemic effect. Arch. Dermatol. 117, 611-619. 

Yuspa S.H., Ben T., Hennings H., Lichti U. (1980). Phorbol ester tumor 
promoters induce epidermal transglutaminase actiVity. Biochem. 
Biophys. Res. Commun. 97, 700-708. 


