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All-trans Retinoic Acid (RA) Stimulates Events in Organ-cultured Human Skin
That Underlie Repair
Adult Skin from Sun-protected and Sun-exposed Sites Responds in an Identical Manner to RAwhile
Neonatal Foreskin Responds Differently
James Varani, Patricia Perone, Christopher E. M. Griffiths, Dennis R. Inman, Suzanne E. G. Fligiel, and John J. Voorhees
Departments of Pathology and Dermatology, The University of Michigan Medical School, Ann Arbor, Michigan 48109; and The
Department of Pathology, Wayne State University, Veterans Affairs Medical Center, Allen Park, Michigan 48101

Abstract

Adult human skin from a sun-protected site (hip) and from
a sun-exposed site (forearm) was maintained in organ cul-
ture for 12 d in the presence of a serum-free, growth factor-
free basal medium. Cultures were incubated under condi-
tions optimized for keratinocyte growth (i.e., in 0.15 mM
extracellular Ca2") or for fibroblast growth (i.e., in 1.4 mM
extracellular Ca2"). Treatment with all-trans retinoic acid
(RA) induced histological changes in the organ-cultured
skin under both conditions which were similar to the
changes seen in intact skin after topical application. These
included expansion of the viable portion of the epidermis
and activation of cells in the dermis. In sun-damaged skin
samples, which were characterized by destruction of normal
connective tissue elements and presence of thick, dark-stain-
ing elastotic fibers, a zone of healthy connective tissue could
be seen immediately below the dermo-epidermal junction.
This zone was more prominent in RA-treated organ cultures
than in matched controls. Associated with these histological
changes was an increase in overall protein and extracellular
matrix synthesis. In concomitant studies, it was found that
RA treatment enhanced survival and proliferation of adult
keratinocytes and adult dermal fibroblasts under both low-
and high-Ca2" conditions. In all of these assays, responses
of sun-protected and sun-exposed skin were identical. In
contrast, responses of neonatal foreskin to RAwere similar
to those of adult skin in the presence of low-Ca2" culture
medium, but under conditions of high extracellular Ca2"
RAprovided little or no additional stimulus. Together these
studies suggest that the ability of RA to enhance repair of
sun-damaged skin (documented in previous studies) may
reflect its ability to influence the behavior of skin in a man-
ner that is age dependent but independent of sun-exposure
status. (J. Clin. Invest. 1994.94:1747-1756.) Key words: all-
trans retinoic acid * keratinocytes * fibroblasts * skin * repair

Introduction

Past studies have shown that proliferative responses of human
keratinocytes and fibroblasts decrease as a function of age (1 -
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12). This can be seen either when embryonic or neonatal cells
age in vitro or when cells taken from individuals of varying
age are examined in vitro. Decreased proliferative capacity with
age does not appear to be growth factor specific as similar
results have been obtained with numerous different factors.
With fibroblasts, there is a parallel decrease in growth response
to extracellular Ca2+ (13-16). Changes in fibroblast and kera-
tinocyte proliferative capacity in monolayer culture are corre-
lated with age-related alterations in the appearance of the skin
(17-21). Characteristically, the skin of older individuals is
looser, dryer, paler, and more finely wrinkled than the skin of
younger people. The epidermis tends to be thinner in aged skin
although the normal features of differentiation can be seen. The
dermis is also thinner. The average number of dermal fibroblasts
present is decreased as is the total amount of dermal collagen.
Likewise, dermal vascularity of aged individuals is decreased
as compared with that of younger people.

Superimposed on the structural and functional changes in
the skin that result from intrinsic aging are effects of chronic
sun exposure. Past studies have documented the deleterious
effects of ultraviolet irradiation on both dermal and epidermal
cellular populations in skin. Studies by Gilchrest (22, 23) have
shown that keratinocytes and fibroblasts taken from sun-ex-
posed skin have a reduced lifespan in vitro as compared with
the same cells taken from adjacent (sun-protected) skin. Histo-
logical differences between sun-exposed and sun-protected skin
can also be seen (24-31). Epidermis of sun-exposed skin is
compacted and thinned. Polarity of basal cells is lost, and nu-
clear atypia can be seen. In the dermis one sees accumulation
of thickened, degraded elastic fibers and a decrease in intact
collagen fibers. This is accompanied by a reduction in the inter-
stitial cell population (i.e., mostly fibroblasts) and a deteriora-
tion of the capillary beds of the papillary dermis. Although it
was at one time thought that sun damage to skin was irrevers-
ible, more recent studies in humans and in experimental animals
have documented that repair can occur upon cessation of expo-
sure (32, 33). Further, it has been shown that treatment of sun-
damaged skin with agents such as all-trans retinoic acid (RA)'
can hasten the repair process (34, 35). How RA facilitates
repair of sun-damaged skin is not fully understood. It may act
by inhibiting or reversing processes that are triggered directly
by exposure to ultraviolet light (36-39). Alternatively, RA is
a multifunctional molecule that is known to regulate directly or
indirectly many processes in a variety of cell types (40). The

1. Abbreviations used in this paper: KBM, keratinocyte basal medium;
KGM, keratinocyte growth medium; RA, all-trans retinoic acid; SLS,
sodium lauryl sulfate; vitamin D, 1,25 dihydroxyvitamin D3.
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ability of RA to enhance repair of sun-damaged skin may reflect
this pleotropic activity.

Wedemonstrated recently that human skin could be main-
tained in organ culture for up to 12 d under serum-free, growth
factor-free conditions (41-43). It was shown in these studies
that treatment of organ-cultured skin with RAinduced changes
that were analogous to those seen in intact skin after topical
RA treatment. These changes include expansion of the viable
portion of the epidermis (41, 42) and induction of new extracel-
lular matrix production (43). In our original studies, only skin
from a sun-protected site was used. In this study we have used
the same organ culture approach to compare skin from three
sources, i.e., adult sun-protected skin, adult sun-exposed skin,
and neonatal foreskin, in their responses to RA. Wereport here
that, by a variety of criteria, adult skin from sun-protected and
sun-exposed sites responds in a qualitatively and quantitatively
similar manner to RA while there are significant differences
between adult skin from either site and neonatal foreskin in
these same responses.

Methods

Culture media and reagents. Keratinocyte basal medium (KBM) was
used as culture medium for these experiments. KBMis a serum-free,
growth factor-free modification of MCDB-153 (Clonetics Corp., San
Diego, CA). The Ca2" concentration of KBMis 0.15 mM. It was used
without further modification or supplemented with calcium chloride to
bring the final Ca2" concentration to 1.4 mM. In certain experiments,
keratinocyte growth medium (KGM) (Clonetics Corp.) was used in
place of KBM. KGMconsists of the same basal medium as KBMbut
is supplemented with a number of growth factors including epidermal
growth factor, insulin, hydrocortisone, ethanolamine, phosphoethano-
lamine, and pituitary extract.

RAwas obtained from the R. W. Johnson Pharmaceutical Research
Institute (Raritan, NJ) and prepared as a 20 mg/ml solution in dimethyl-
sulfoxide (DMSO). The stock solution was stored at -20TC in the dark
until use. At the time of use, it was diluted directly in KBMand added
to the cultures. RA-treated cultures (as well as controls) were kept in
the dark throughout the incubation period. In cultures treated with 3
AMRA (highest concentration used), the final concentration of DMSO
in the culture medium was 0.005%. This amount of DMSOhad no
detectable effect by itself. Retinol (Sigma Chemical Co., St. Louis,
MO) was used in place of RA in certain experiments. It was prepared
as a 20 mg/ml solution in DMSOand handled exactly as RA. In other
experiments, 1,25 dihydroxyvitamin D3 (vitamin D) and the detergent
sodium lauryl sulfate (SLS) were used. Vitamin D was obtained from
Hoffmann-La Roche (Nutley, NJ). It was prepared in DMSOand han-
dled as RA. High-purity, electrophoresis-grade reagent (Bio Rad Labo-
ratories, Melville, NY) was the source of SLS. It was prepared as a
stock solution in KBMand kept at 40C. At the time of use, it was
warmed and diluted directly into culture medium.

Organ cultures. Organ cultures were established from healthy adult
volunteers and maintained as described (41-43). Briefly, 2-mm full-
thickness punch biopsies were obtained from the hip (sun-protected
site) or forearm (sun-exposed site) of healthy adult volunteers (normally
four biopsies per site) and were immediately placed into wells of a 24-
well dish containing 0.5 ml of KBM. Foreskin tissue was obtained after
circumcision and cut into 2-mm full-thickness pieces and placed into
wells containing 0.5 ml of KBM. One tissue from each specimen was
incubated in KBMalone containing either 0.15 or 1.4 mMextracellular
Ca2", while RA (3 AM) was added to the KBMin other wells. This
concentration of RA has been shown to be optimal for preservation of
histological features in adult sun-protected skin (41). Furthermore, re-
cent studies have shown that topical RA treatment protocols that im-
prove the clinical appearance of intact skin result in a 2-3 AMconcen-
tration of RA in the viable portion of the epidermis (44). The organ

cultures were then incubated at 370C and 5% CO2 with fresh culture
medium and treatments provided at 2-d intervals. After incubation for
the desired period of time (normally 12 d), the organ-cultured tissue
was examined in one of several ways as indicated below.

Histological evaluation. After incubation, the organ-cultured tissue
was fixed in 10% buffered formalin and embedded in paraffin. 5-,im
thick sections were cut, and representative sections of each biopsy were
selected for histological studies. The epidermis was examined for overall
viability. Nonpyknotic cells in the basal epithelial layer were counted
using a microscope with a calibrated grid in the eyepiece (at a magnifi-
cation of 200) to provide an estimate of basal cell density. The height
of the viable portion of the epidermis (from the basement membrane
to the top of the stratum granulosum) was measured to provide an
estimate of the width of the viable portion of the epidermis. Evaluation
of the dermis consisted of counting numbers of nonpyknotic interstitial
cell nuclei (i.e., those not associated with epithelial structures or capillar-
ies) over each entire section. Additional histological characteristics were
assessed in skin samples from the sun-exposed site. Specifically, each
specimen was examined for destruction of normal connective tissue
elements and for presence of elastotic fibers. The degree of sun damage
was assessed on a 0 to 2 ordinal scale (0 indicating an appearance
virtually indistinguishable from that of sun-protected skin and 2 indicat-
ing clear histological evidence of damage, including degradation of
collagenous fibers and/or presence of elastotic fibers). Of the 36 skin
samples from sun-exposed sites that were examined, 21 received a score
of 2 and were considered to be sun damaged. In some of the sun-
damaged skin samples, abnormal histological features could be seen
extending almost to the dermo-epidermal junction. In others, a thin
zone of healthy appearing connective tissue could be seen immediately
beneath the dermo-epidermal junction. The width of this zone was
measured.

Protein synthesis. Overall protein synthesis was assessed in organ-
cultured skin as described previously (41 ). Briefly, 1 pCi of [3H] leucine
was added per well, and the cultures were incubated for an additional 72-
h period. After this, the tissue and culture fluid were collected together in
a phosphate-buffered saline solution containing three detergents (1%
Triton X-100, 0.5% sodium deoxycholate, and 0.1% sodium dodecylsul-
fate; all obtained from Sigma Chemical Co.) and protease inhibitors
including 20 mMEDTA, 5 mMN-ethylmaleimide, and 2 mMphenyl-
methyl sulfonyl fluoride. The lysed tissue was frozen at -800C, thawed,
and clarified by centrifugation (37,000 g for 60 min). Samples of each
extracted tissue were precipitated with 10% (final concentration) trichlo-
roacetic acid (TCA) and washed two times in 10%TCA. After the final
wash, the samples were counted directly in a 3 scintillation counter to
obtain an estimate of total radioactivity incorporated into TCA-precipita-
ble material as an indicator of protein synthesis.

Enzyme-linked immunosorbent assay (ELISA) for fibronectin. An
ELISA was used to assess fibronectin concentrations in the culture
fluids of control and RA-treated organ cultures. Organ culture medium
collected from the wells at 2-d intervals was analyzed. Commercially
available rabbit polyclonal serum prepared against human plasma fibro-
nectin (Telios Pharmaceuticals, Inc., San Diego, CA) was used as the
primary antibody along with alkaline phosphatase-labeled goat anti-
rabbit IgG (Sigma Chemical Co.) as the secondary antibody. Human
plasma fibronectin was used as a standard. Briefly, 0.1 ml of culture
fluid was added to wells of a 96-well dish (Falcon Plastics, Oxnard,
CA) from lots that had been prescreened for acceptibility in ELISA.
Low-Ca2" and high-Ca2' KBMalone served as negative controls, and
human plasma fibronectin diluted in the same culture media was used
to generate standard curves. The ELISA was run as described in previous
studies (45), and the values obtained with the culture fluids were com-
pared directly with the values obtained from the negative control wells
and standard curves.

Cellular outgrowth from organ-cultured tissue. A number of speci-
mens were used to assess keratinocyte and fibroblast viability after
organ-culture incubation. For this, tissue specimens that had been incu-
bated in either KBMalone (0.15 or 1.4 mMCa2+) or in the same basal
medium supplemented with RAwere harvested and minced with scissors
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and forceps. The minced tissue pieces were transferred to 25-cm2 flasks
and allowed to attach firmly to the tissue culture plastic. After allowing
the tissue pieces to attach, minimal essential medium of Eagle with
Earle's salts, nonessential amino acids, and 10% fetal bovine serum
(MEM-FBS) was added. Cultures were provided fresh medium as
needed and examined for outgrowth of fibroblasts and keratinocytes. If
no outgrowth was seen by 2 wk, the flasks were discarded. Although
this assay is insensitive, it is definitive in that recovery of keratinocytes
and/or fibroblasts provides proof that these cells were viable at the end
of the organ-culture period.

Monolayer culture assays. Keratinocytes were obtained from adult
sun-protected skin and neonatal skin by the method of Liu and Karasek
(46). Culture medium consisted of KGM. Fibroblasts were obtained
from minced tissue (adult sun-protected, adult sun-exposed, and neona-
tal) and cultured in MEM-FBS as described previously (47). Both
keratinocytes and fibroblasts were grown at 370C in an atmosphere of
5%CO2 and subcultured as required. Cells were routinely used at pas-
sages 2-4. For use in proliferation assays, the cells were plated at 5
x 104 cells/well in a 24-well culture dish. KGMwas used as plating
medium for keratinocytes, and MEM-FBSwas used as plating medium
for fibroblasts. After allowing the cells to attach and spread, cells were
washed twice in KBM(either 0.15 or 1.4 mMCa2") and incubated for
an additional 2 d in this medium alone or in the same medium supple-
mented with RA (3 ILM). At the end of the incubation period, cells
were harvested and counted. An electronic particle counter was used to
assess cell numbers after first verifying that the cells were in single-cell
suspension. Additional studies were conducted in the exact same manner
except that (growth factor-supplemented) KGMrather than KBMwas
used as incubation medium.

Results

Effects of RA on epidennal features of organ-cultured skin.
Adult sun-protected and sun-exposed skin and neonatal foreskin
were incubated for 12 d in organ culture under conditions opti-
mized for keratinocyte growth (i.e., in KBMcontaining 0.15
mMCa2+) (46, 48-50) or for fibroblast growth (i.e., in KBM
containing 1.4 mMCa2+) (47, 51), based on monolayer culture
studies. Cultures were left as control or concomitantly treated
with 3 OMRA. At the end of the incubation period, tissues
were fixed for histology, stained with hematoxylin and eosin,
and examined microscopically. In the absence of RAtreatment,
tissues from all three sites had a similar appearance. Specifi-
cally, they were completely necrotic after incubation in low-
Ca2+ culture medium for 12 d, but remained histologically intact
when incubated for the same period of time in high-Ca2" KBM.
Adult sun-protected skin and neonatal foreskin after incubation
in low-Ca2' KBMare shown in Fig. 1, A and E, respectively,
and skin from the same sites after incubation in high-Ca2+ KBM
are shown in Fig. 1, C and G. Adult sun-exposed skin (not
shown) had an appearance identical to that of sun-protected
skin.

Treatment of adult sun-protected or sun-exposed skin with
RA under either low-Ca2+ or high-Ca2+ conditions resulted in
dramatic changes in the histological appearance of the epider-
mis. Under low-Ca2+ conditions, RA prevented epidermal ne-
crosis. The basal epithelial layer remained intact, and there were
several layers of viable epithelial cells above. However, normal
epithelial differentiation did not occur, and the upper layers of
the epidermis separated from the viable portion beneath (Fig.
1 B). Under high-Ca2+ conditions, concomitant treatment with
RA resulted in a significant expansion of the viable portion of
the epidermis (Fig. 1 D). When neonatal foreskin was treated
with RA in organ culture, different results were obtained. Spe-

cifically, neonatal foreskin incubated in low-Ca2" KBMre-
sponded to RA in much the same manner as adult skin (Fig. 1,
F). However, there was essentially no response to treatment
with RA under high-Ca2" conditions. Control and RA-treated
skin were virtually identical in histological appearance (Fig. 1,
G and H). Quantifiable information from these tissues is pre-
sented in Table I.

Although RA was used with most of the skin specimens,
retinol, vitamin D, and SLS were also examined with a number
of adult sun-protected specimens. To summarize findings with
these agents, the same changes in epidermal structure were seen
after retinol treatment as after RA treatment. However, retinol
was less effective than RA. It required a higher concentration
to elicit a maximal response (7.5 vs 3 tM, respectively), and
the response of the tissue to an optimal concentration was less
(on average) with retinol than with RA (Table I). In contrast,
vitamin D and SLS were completely without effect in organ
culture when examined over a wide range of concentrations
(0.1-10 jIM with vitamin D and 0.1-50 jiM with SLS). There
was no preservation of the basal epithelial cell layer under low-
Ca2" conditions with either agent and no expansion of the viable
portion of the epidermis under high-Ca2" conditions (Table I).

Effects of RA on dermal features of organ-cultured human
skin. Dermal histological features were also assessed in the
same specimens. With skin from all three sites, incubation in
low-Ca2 -containing medium resulted in extensive pyknosis
in the interstitial cell population (mainly fibroblasts) and in
degeneration of both connective tissue structures and capillaries.
These degenerative changes were much less evident in tissues
that had been incubated either in low-Ca2" KBMsupplemented
with RA or in high-Ca2" KBMwithout RA. The combination
of high Ca2" and RA provided the best response. Although
these dermal features are difficult to quantify, numbers of non-
pyknotic interstitial cells (Table I) indicate the differences be-
tween treatment groups. As with the epidermal features, there
was no difference between adult and neonatal tissues in their
response to RAunder low-Ca2" conditions, while only the adult
tissue responded to RA under high-Ca2" conditions (Table I).

In addition to these findings, which appeared to be indepen-
dent of sun-exposure status or degree of sun damage, additional
dermal features were evident in sun-damaged skin specimens.
The dermis of these specimens was characterized by disruption
of normal connective tissue structures and by the presence of
dark-staining, thickened, elastotic fibers throughout the tissue
sections. The appearance of one such specimen after 12 d in
culture in KBMcontaining 1.4 mMCa2" with or without RA
is shown in Fig. 2. Incubation in organ culture for this short
period of time (either with or without RA) did not reverse the
solar damage (i.e., dermal elastosis) that had already accumu-
lated. However, consistent with findings from in vivo studies
(32-34, 36), a zone of healthy connective tissue could be
seen immediately below the dermo-epidermal junction in both
specimens. The major difference between the control and RA-
treated tissue was in the width of this zone. It was wider (on
average) in the RA-treated sample (Fig. 2). Table II summa-
rizes data from 21 specimens with detectable sun damage. The
quantitative data presented in Table II substantiate the histologi-
cal findings presented in Fig. 2; i.e., that the subepidermal zone
of healthy connective tissue is wider in RA-treated specimens
than in control.

Protein synthesis and extracellular matrix synthesis in RA-
treated skin. In the next series of experiments, overall protein
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synthesis and extracellular matrix (fibronectin) synthesis were
examined in control and RA-treated skin organ cultures. Consis-
tent with histological features, there was little protein synthesis
and little extracellular matrix synthesis in the low-Ca2" control
tissues from either adult site and both were stimulated by RA
(Figs. 3 and 4). Higher levels of both total protein and fibronec-
tin synthesis were seen under high-Ca2" conditions and both
were further stimulated by RA. The relative increase in fibro-
nectin synthesis was much greater than the increase in total
protein synthesis (Figs. 3 and 4). As was observed histologi-
cally, neonatal tissue responded differently from adult tissue in
regard to protein synthesis and extracellular matrix production.
Specifically, protein synthesis was increased in the neonatal

Figure 1. Epidermal features of skin after
incubation in organ culture. Features of adult
sun-protected skin are shown in A-D. Fea-
tures of neonatal foreskin are shown in E-
H. KBMalone, A and E; KBM+ 3 jiM RA,
B and F; KBMcontaining 1.4 mMCa2+, C
and G; KBMcontaining 1.4 mMCa2` + 3
AuMRA, Dand H. All photographs are hema-
toxylin and eosin stained. x66.

skin by RA under both conditions but the increase was much
smaller than that seen with adult tissue from either site (Fig.
3). With regard to fibronectin synthesis, there was essentially
no stimulation with RA under either condition (Fig. 4). It
should be noted that tissue samples from adult sun-protected
and sun-exposed sites were obtained from the same individuals
and assayed in parallel. We, therefore, examined the strength
of the linear relationship between the response to RAin individ-
ual arm and hip samples. Although there was a clear response
to RA in both groups, the variability within each group pre-
vented us from seeing a clear relationship between respon-
siveness in individual arm and hip samples (Figs. 3 and 4;
bottom panels). Neonatal skin samples (in addition to having
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Table I. Quantification of Histological Features of Human Skin in
Organ Culture

Basal epithelial
cell density Interstitial

(cell per 2 mm cell density
of basement (cells/

Epithelial membrane; tissue
Treatment group height x200) section)

Am

Adult sun-protected (n = 36)
Low-Ca2+ control < 5 1+1 15+2
Low-Ca2' RA-treated 21±+2* 35+2* 25±+16t

High-Ca2+ control 45±t1 46+3 24+2
High-Ca2` RA-treated 72±2t 53+3 32+3

Adult sun-exposed (n = 36)
Low-Ca2+ control < 5 1+1 11±1
Low-Ca2+ RA-treated 19+ 1* 34+ 1* 26+2*

High-Ca2+ control 44+2 46+3 20+2
High-Ca2' RA-treated 64±3t 49±1 32±2t

Neonatal foreskin (n = 6)
Low-Ca2+ control < 5 < 1 69+9
Low-Ca2+ RA-treated 23+3* 38+3* 91±+16

High-Ca2+ control 28+3 41±+3 94± 16
High-Ca2' RA-treated 18±t1 42±t1 88±12

Adult sun-protected (n = 8)
Low-Ca2+ control < 5 2+1 Not done
Low-Ca2' retinol-treated 15±5* 30±5* Not done
Low-Ca2+ vitamin D3-

treated < 5 < 1 Not done
Low-Ca2+ SLS-treated < 5 < 1 Not done

High-Ca2+ control 55+10 57±5 Not done
High-Ca2+ retinol-treated 65+5 50±6 Not done
High-Ca2+ vitamin D3-

treated 50+3 48+7* Not done
High-Ca2+ SLS-treated 35+8 38+5 Not done

Epidermal height, basal epithelial cell density, and interstitial cell den-
sity were quantified as indicated in Methods. RA, 3 AM; retinol, 7.5
tM; vitamin D, 3 AM; SLS, 10 1M. Values shown represent means
and standard errors of means. Statistical significance levels were deter-
mined by a series of t tests, comparing the treatment groups with their
respective controls. * Statistical significance at the P < 0.05 level;
* Statistical significance at the P < 0.01 level.

no genetic relationship to the adult samples) were assayed inde-
pendently. Therefore, it is difficult to draw quantitative compari-
sons between the adult and neonatal tissues. The more important
comparison is the relationship between control and RA-treated
samples from the same tissues.

Keratinocyte and fibroblast recovery from organ-cultured
skin. Although these findings strongly indicate that human skin
can be maintained in a histologically intact and biochemically
active condition for several days in organ culture, it is difficult
to directly assess cell viability in these cultures. A keratinocyte-
and fibroblast-recovery assay was used, therefore, as a way
to conclusively demonstrate cell viability after organ culture
incubation under various conditions. The results of this assay
are shown in Table III. It can be seen that when the organ-

cultured adult skin from either site was incubated in low-Ca2+
KBMfor 12 d there was a complete loss of keratinocyte viability
as indicated by the inability to subsequently recover cells from
minced tissue pieces. Likewise, fibroblasts were recovered from
only a small percentage of these same tissues. Ability to recover
both cell types was improved when RAwas present throughout
the organ culture incubation period. It can also be seen from
Table HI that keratinocyte and fibroblast viability was greater
in high-Ca2' KBMthan in low-Ca2' KBM. However, even in
high-Ca2+ culture medium, RApromoted cell survival, and the
highest recovery of both cell types was from tissues that had
been incubated in high-Ca2+ KBMsupplemented with RA.

Table Ill also shows results from studies with neonatal fore-
skin tissue. In contrast to what was observed with adult tissue,
both keratinocytes and fibroblasts survived incubation in organ
culture for 12 d in either low-Ca2" or high-Ca2' KBM. As a
result, we were able to isolate both cell types from virtually all
tissues in the presence or absence of RA. Additional studies
were conducted in which neonatal skin was maintained in organ
culture until day 20 and then examined for the presence of
viable keratinocytes and fibroblasts. After 20 d, recovery of
both cell types from tissues incubated in low-Ca2+ KBMalone
was reduced as compared with day 12 recovery rates (Table
HI). Under conditions of low-Ca2+ culture medium, a protective
effect of RA on both cell types was seen (Table III). Better
recovery of both cell types occurred from cultures that had been
incubated in high-Ca2+ KBM. The addition of RAto high-Ca2+
medium did not increase the recovery percentage further (Ta-
ble HI).

Although overall recovery percentage was the main criterion
used in this study, we also noted a correlation between the
rapidity with which cells could be detected in the outgrowth
assay and the overall recovery percentage. Likewise, the total
number of viable cells that could be seen microscopically in
the culture flasks at any given time point during the 2-wk obser-
vation period appeared to correlate with overall recovery per-
centage. These parameters were difficult to quantify, however,
because of culture to culture variability and the presence of
both keratinocytes and fibroblasts in many of the same culture
flasks.

Proliferation of keratinocytes and fibroblasts in monolayer
culture. In a final set of experiments, keratinocytes and fibro-
blasts were isolated from adult and neonatal skin and established
in monolayer culture. These cells were examined for ability to
survive and proliferate in low-Ca2' and high-Ca2+ KBMin the
presence or absence of RA (Fig. 5). Neonatal keratinocytes
underwent a proliferative response in either low-Ca2+ or high-
Ca2+ culture medium while there was no net growth with the
adult keratinocytes under either condition (Fig. 5, bottom).
When RA was included in the culture medium, both neonatal
and adult cells proliferated. The neonatal keratinocytes re-
sponded much more vigorously than the adult cells. In addi-
tional experiments, neonatal keratinocytes and adult keratino-
cytes (sun-protected site only) were examined for respon-
siveness to RA in growth factor-supplemented medium
(KGM). Significant proliferation of both adult and neonatal
cells occurred in the growth factor-supplemented medium, but,
in contrast to the results obtained in basal medium, there was
no response to RA in the already rapidly proliferating cells (not
shown).

The fibroblast response to RA (Fig. 5, top) was significantly
different from that of keratinocytes. When low-Ca2' KBMwas
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Figure 2. Dermal features of sun-exposed skin after incubation in organ culture. Features of adult sun-exposed (sun-damaged) skin after incubation
for 12 d under control conditions (i.e., in high-Ca2' KBMwithout RA) are shown in A and B, and after incubation in high-Ca2+ medium containing
3 ItM RA are shown in C and D. Hematoxylin and eosin, A and C; Masson's trichrome stain, B and D. X 120.

used as culture medium, not only did the adult fibroblasts fail
to proliferate, but a high percentage of these cells died. Although
adult dermal fibroblasts did not survive incubation in low-Ca2"
KBMalone, addition of RA (3 tIM) or supplementation with
Ca2" (1.4 mM, final concentration) prevented fibroblast death.
This was seen equally with fibroblasts isolated from either sun-
protected or sun-exposed tissue. Although incubation in high-

Table II. Measurement of the Subepithelial Zone of Repair in
Control and RA-treated Sun-damaged Skin

Treatment group Subepithelial zone width

Adult sun-exposed (n = 21)
Low-Ca2+ control 3.6+3.8
Low-Ca2+ RA-treated 10.0+5.8*

High-Ca2+ control 5.8+2.8
High Ca2+ RA-treated 12.0±4.8*

Width of the subepithelial zone of repair was quantified as indicated in
Methods. Values shown represent means and standard deviations. Statis-
tical significance levels were determined using the t test, comparing the
treatment groups with their respective controls. * Statistical signifi-
cance at the P < 0.05 level.

Ca2+ KBMor in low-Ca2" KBMsupplemented with RA pre-
vented cell death, neither treatment alone provided an optimal
environment for proliferation. Significant growth was only ob-
served in the presence of combined treatment with high Ca2"
and RA. Neonatal fibroblasts were also examined for survival
and growth under the same culture conditions. Similar to what
was observed with adult cells, the neonatal fibroblasts failed to
proliferate in low-Ca2" KBMbut responded well to RAin this
culture medium (Fig. 5). In contrast to the adult cells, however,
neonatal fibroblasts proliferated maximally in high-Ca2" culture
medium without RA supplementation and RA did not enhance
growth further. Indeed, the addition of RA reduced cell growth
significantly (Fig. 5). Lastly, neonatal fibroblasts and adult fi-
broblasts from both sun-protected and sun-exposed sites were

examined for responsiveness to RA in growth factor-supple-
mented medium (KGM). The results with all three populations
were very similar to those shown in Fig. 5. That is, all three
populations responded to RA in low-Ca2" medium but only the
adult cells responded in high-Ca2" medium (not shown).

Discussion

Topical RA treatment has been shown to improve the clinical
appearance of sun-damaged skin (34-36), but how this occurs
is poorly understood. Previous studies, based largely on murine
models, have suggested that RA works by reversing events
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Figure 3. Protein synthesis by organ-cultured adult sun-protected, adult
sun-exposed, and neonatal skin. (Top) Values shown represent total
counts per minute of [3H] leucine incorporated per tissue±standard devi-
ations. Values are based on matched specimens from 11 different volun-
teers for adult sun-protected and adult sun-exposed skin and from speci-
mens obtained from 9 different foreskins. Statistical significance levels
were assessed using a series of t tests, comparing each treatment group

with its respective control. *Statistical significance at the P < 0.05
level. (Bottom) Scattergram showing relationship between response to
RA in tissue from arm and hip of individual volunteers. The strength
of the linear relationship was assessed using Pearson's correlation analy-
sis. The linear relationship was not significant at the P < 0.05 level.

"triggered" by exposure to ultraviolet light (36-39). Specifi-
cally, the histological changes seen in the dermis of sun-dam-
aged skin reflect degradation of dermal collagen. This could
result either from reduced synthesis of new collagen or from
increased breakdown of existing collagen. Since RA has the
capacity to both stimulate new collagen synthesis (51-54) and
decrease expression of collagen-degrading enzymes (55, 56),
one or both of these effects could alter the balance between
collagen production and breakdown and could result in dermal
repair. Alternatively, the recent observation of Kligman et al.
(21) that RA improves clinical and histological appearance of
sun-protected as well as sun-exposed skin in elderly people
suggests that RA may not act specifically to reverse events
caused by excessive sun exposure but, rather, may have a more

general effect on the physiology of skin.
The studies described here provide insight into this issue.

Based on a variety of experimental approaches using organ-
cultured human skin as well as keratinocytes and fibroblasts in
monolayer culture, we observed identical responses to RA in
adult skin taken from either a sun-exposed or sun-protected site.
In contrast, clear differences were evident when adult skin from
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Figure 4. Measurement of immunoreactive fibronectin in organ culture
fluid by ELISA. (Top) Values shown represent nanograms of immuno-
reactive fibronectin per 100 /A of culture fluid-standard errors. Values
are based on matched specimens from 15 different volunteers for adult
sun-protected and adult sun-exposed skin and from specimens obtained
from 7 different foreskins. Statistical significance levels were assessed
using a series of t tests, comparing each treatment group with its respec-

tive control. *Statistical significance at the P < 0.05 level; * *Statistical
significance at the P < 0.01 level. (Bottom) Scattergram showing rela-
tionship between response to RA in tissue from arm and hip of individual
volunteers. The strength of the linear relationship was assessed using
Pearson's correlation analysis. The linear relationship was not significant
at the P < 0.05 level.

either site was compared with neonatal foreskin. Specifically,
neonatal foreskin responded to RA treatment under low-Ca2"
conditions in a similar fashion to adult tissue, but under condi-
tions of high extracellular Ca2+ was virtually nonresponsive.
Adult skin was responsive under both low-Ca2" conditions and
in the presence.of a physiological level of extracellular Ca2".
The implication of this is that RA-induced repair of sun-dam-
aged skin (34-36) may reflect the capacity of retinoids to mod-
ulate the behavior of fibroblasts and keratinocytes in a manner

that is age related but independent of their sun-exposure status.
Alternatively, the possibility must be considered that foreskin
differs from adult skin as a result of site-specific rather than
age-specific factors. Wedon't feel this is likely, however, for
as pointed out by Plisko and Gilchrest (3) adult cells show
decreased responsiveness to a number of different growth fac-
tors that do not have selective effects for genital tissue. Regard-
less of underlying mechanism, our data do not address the issue
of intrinsic aging per se, in any event. Nonetheless, they do
support the suggestion by Kligman et al. (21) that retinoids

All-trans Retinoic Acid and Organ-cultured Skin 1753

'a

c

2

a.
0)

0

10000



Table III. Effects of RA on Keratinocyte and Fibroblast
Recovery from Organ-cultured Skin

Recovery (%)

Treatment group Fibroblasts Keratinocytes

Adult, sun-protected (day 12)
Low-Ca2' control 3/20 (15) 0/20 (0)
Low-Ca2+ RA-treated 15/20 (75)* 8/20 (40)*

High-Ca2' control 12/20 (60) 7/20 (35)
High-Ca2' RA-treated 20/20 (100)* 19/20 (95)*

Adult, sun-exposed (day 12)
Low-Ca2+ control 2/7 (29) 0/7 (0)
Low-Ca2' RA-treated 7/7 (100)* 4/7 (57)*

High-Ca2+ control 6/7 (85) 2/7 (29)
High-Ca2' RA-treated 7/7 (100) 6/7 (85)*

Neonatal foreskin (day 12)
Low-Ca2+ control 7/8 (88) 5/8 (63)
Low-Ca2+ RA-treated 5/ (63) 7/7 (100)

High-Ca2+ control 6/7 (85) 7/7 (100)
High-Ca2+ RA-treated 5/7 (85) 7/7 (100)

Neonatal foreskin (day 20)
Low-Ca2+ control 13/17 (76) 4/17 (24)
Low-Ca2' RA-treated 14/15 (93) 7/15 (47)*

High-Ca2' control 13/16 (81) 10/16 (63)
High-Ca2+ RA-treated 17/22 (77) 13/22 (60)

Cell recovery from organ-cultured tissue was assessed as described
in Methods. Values shown represent the number of tissue pieces
from which cells were isolated divided by the total number of tissue
pieces examined. Statistical significance was determined using the
Scheffe method. * Statistical difference between the treatment
groups and their respective control groups at the P < 0.05 level.

may be useful for counteracting the effects of intrinsic aging
as well as sun exposure.

How RA acts at the cellular level is not fully understood.
One possibility is that both the epidermis and dermis are targets
and that RA independently stimulates events in each population
to bring about clinical improvement. Consistent with this (and
consistent with past observations [51, 57-60]), both adult fi-
broblasts and keratinocytes responded to RA with increased
growth in monolayer culture. Since it is well known from previ-
ous studies that both populations have diminished responses to
a number of growth factors as a function of age (1-12), the
capacity of RA to act as a growth promoter for both cell types
may underlie its ability to bring about repair of aged skin in
vivo. This may be especially relevant for the epidermis since
both neonatal and adult keratinocytes responded to RA much
better under growth factor-deficient conditions than in growth
factor-supplemented medium (reference 57 and this report)
and since production of endogenous growth factors (as well as
growth factor responsiveness) is lower in adult keratinocytes
than in neonatal cells (11). We realize, of course, that it is
difficult to extrapolate from in vitro models directly to what
occurs in intact skin. However, the organ culture model is likely
to mimic the in vivo situation more closely than either keratino-
cytes or fibroblasts in monolayer culture.

Another possibility is that, although both keratinocytes and
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Figure 5. Keratinocyte and fibroblast proliferation in monolayer culture.
Values shown represent mean number of cells present in the wells on
day 0 and after 48 h of incubation. 48-h values are means±standard
deviations based on triplicate samples with a single isolate for each
group. Total number of isolates examined with similar results include
7 for adult sun-protected keratinocytes, 12 for neonatal keratinocytes,
14 for adult sun-protected fibroblasts, 10 for adult sun-exposed fibro-
blasts, and 18 for neonatal fibroblasts. *Statistical significance at the P
< 0.05 level; * *Statistical significance at the P < 0.01 level.

fibroblasts are retinoid responsive, it is the dermal fibroblast
that is the critical cell in maintaining the overall structure and
function of skin in organ culture and that the effects of RAare
mediated through its effects on this cell. The degeneration of
organ-cultured skin in low-Ca2+ culture medium and the ability
of RA to preserve epidermal and dermal structure and function
in organ culture under low-Ca2+ conditions are consistent with
the requirements for extracellular Ca2+ in maintaining fibroblast
function in monolayer culture ( 13-16, 51, 61, 62) and with the
ability of RA to compensate for inadequate extracellular Ca2+
(63). Likewise, the ability of RA to improve structural and
functional features of adult skin (but not neonatal skin) in cul-
ture medium containing a physiological level of extracellular
Ca is consistent with monolayer observations ( 13- 16) show-
ing that adult fibroblasts are less growth responsive than neona-
tal fibroblasts to extracellular Ca2 . In contrast, keratinocytes
proliferate under both low-Ca2' and high-Ca2+ conditions in
monolayer culture (48-50), and retinoid stimulation of these
cells is not Ca2+ concentration dependent (57). Thus, there is
a strong correlation between conditions that preserve fibroblast
function in monolayer culture and conditions that preserve or-
gan culture structure/function, while conditions that favor kera-
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tinocyte growth in monolayer culture and conditions that pre-
serve structure and function in organ culture are not as closely
correlated. This suggestion that retinoids preserve structure and
function in organ-cultured epidermis primarily through an effect
on dermal fibroblasts is consistent with information from devel-
opmental models. Developmental studies have shown that reti-
noids influence parenchymal organ morphogenesis primarily
through effects on mesenchymal cells (64-69).

How fibroblasts preserve structure and function in organ-
cultured skin is not fully understood. In addition to production
of extracellular matrix components that constitute the dermal
connective tissue (Fig. 4 and references 43, 47, and 51 ), dermal
fibroblasts are also a source of growth factors for both keratino-
cytes and fibroblasts (70-72). Thus, RA could act in some
manner to prevent fibroblast death and to activate these cells,
with the activated fibroblasts then being responsible for preser-
vation of both dermis and epidermis.

Regardless of how RA acts to preserve structure/function
in organ-cultured skin, it appears that effects observed after RA
treatment are reflective of retinoid action. Similar histological
changes were seen with retinol as with RA. In contrast, vitamin
D and SLS did not duplicate these effects when used over a
wide range of concentrations.
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