
Abstract Recent studies have shown that adult skin in-
cubated in low-Ca2+ (0.15 mM) medium rapidly degen-
erates but that normal architecture is maintained when
the tissue is incubated in high-Ca2+ medium (1.4 mM
Ca2+). To investigate whether the skin cell-produced
growth factors insulin-like growth factor-1 (IGF-1) and
epidermal growth factor (EGF) play a role in these
events, 2-mm skin punch biopsies were obtained and
maintained for 8 to 10 days in a basal medium contain-
ing 0.15 mM Ca2+ with and without growth factors, or
containing 1.4 mM Ca2+ with and without antibodies to
the same growth factors. In parallel experiments, cul-
tured human keratinocytes were incubated for 2 days
in the same basal medium in the presence or absence
of the same growth factors and antibodies. Consistent
with previous reports, organ cultures incubated in the
low-Ca2+ (0.15 mM) medium rapidly degenerated. Nei-
ther IGF-1 nor EGF prevented the complete degenera-
tion of epidermis and dermis in these organ cultures. In-
terestingly, the addition of an anti-IGF-1 receptor (IGF-
1R) antibody to the organ cultures maintained in high-
Ca2+ medium induced changes reminiscent of those seen
when the organ cultures were maintained in low-Ca2+

medium, i.e. tissue degeneration. In contrast, antibod-
ies to EGF receptor, used for comparison, only produced
focal areas of epidermal necrosis. In vitro, IGF-1 is a
known mitogen for keratinocytes. In cultured human
keratinocytes, anti-IGF-1R antibody partially inhib-
ited the IGF-1-mediated stimulation of human kera-
tinocyte proliferation without affecting normal sponta-
neous growth. Additionally, IGF-1R immunolocalized
to basal keratinocytes in vivo, exhibited specific bind-
ing to IGF-1 in vitro. This indicated a critical role for
IGF-1R in both organ cultures ex vivo and cultured cells
in vitro. Messenger RNA encoding both IGF-1 and IGF-
1R were readily detected by RT-PCR in organ cultures
incubated in both low- and high-Ca2+ medium. There
were no detectable differences in IGF-1 mRNA in or-
gan cultures growing in the low- or high-Ca2+ medium,
but lower levels of IGF-1R mRNA were observed in the
organ cultures maintained in low-Ca2+ medium than 
in those in high Ca2+medium. These findings are consis-
tent with homeostatic changes in the tissue grown un-
der different calcium concentrations. IGF-1 mRNA was
detected in several skin cell populations in vitro, even
though it was undetectable in cultured keratinocytes.
Taken together these findings indicate that (1) the IGF-l/
IGF-1R loop is critically involved in maintenance of
human skin organ cultures ex vivo, and (2) IGF-1, lo-
cally produced by skin cells other than keratinocytes,
interacts with its receptor, predominantly expressed in
basal keratinocytes, to maintain tissue homeostasis.
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Introduction

Autocrine and paracrine signaling networks and single fac-
tors are known to be morphogens or mitogens for epider-
mal keratinocytes [1–3]. Although several studies have in-
dicated that a large number of diverse factors are capable
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of stimulating keratinocyte cell growth in monolayer cul-
ture, it is difficult to know what role, if any, each one may
play in vivo.

In recent studies, certain conditions have been identi-
fied that allow the preservation of human skin in organ
culture [4–8]. It has been shown [4, 5] that normal histo-
logical structure and biochemical function can be main-
tained for 12–20 days under serum-free, growth factor-free
conditions as long as the extracellular Ca2+ concentration
is kept at a level which would support dermal fibroblast
viability (above 1 mM [9]). Since structure and function
can be maintained in the absence of exogenous growth
factors, we presumed that organ-cultured skin is capable
of producing whatever growth factors are required which
act as autocrine or paracrine regulators. This is true for in-
sulin-like growth factor-1 (IGF-1), which is produced by
keratinocytes of the stratum granulosum and by dermal fi-
broblasts and activates its receptor on keratinocytes [8], as
well as for heparin-binding epidermal growth factor-like
growth factor and amphiregulin, which are produced by
epidermal keratinocytes and activate the epidermal growth
factor (EGF) receptor (EGF-R) [10]. Therefore, antibodies
to these growth factors or their receptors would be expected
to cause alterations in tissue homeostasis, which may be
mitigated by growth factor addition. The present study
was carried out in an effort to identify the role of IGF-1 re-
ceptor (IGF-1R) and of EGF-R. Our findings suggest that
factors which function through the IGF-1R are important
for preservation of human skin in organ culture. A role for
factors which act through the EGF-R is also suggested.

Materials and methods

IGF-1, EGF, anti-IGF-1R antibodies and anti-EGF-R antibodies

Human recombinant IGF-1 and human recombinant EGF were ob-
tained from Genzyme (Cambridge, Mass.). A mouse monoclonal
anti-IGF-1R IgG antibody (designated as αlR-3) was obtained from
Oncogene Sciences (Cambridge, Mass.). A mouse monoclonal an-
tibody to the EGF-R (mAb 225) was kindly provided by Dr. John
Mendelsohn (Sloan-Kettering Memorial Cancer Center). Normal
mouse IgG was used as a control.

Organ culture protocol

Full-thickness punch biopsies (2 × 2 mm) were obtained from the
hips of healthy adult volunteers (normally eight biopsies per vol-
unteer) and were immediately placed into the wells of a 24-well dish
containing 0.5 ml of keratinocyte basal medium (KBM; Clonetics,
San Diego, Calif.). The Ca2+ concentration of KBM is 0.15 mM. One
well was left without further treatment while in the duplicate well,
calcium chloride was added to bring the final Ca2+ concentration to
1.4 mM. Growth factors and antibodies to growth factor receptors
were included in the culture medium as indicated. The organ cul-
tures were then incubated at 37°C in an atmosphere containing 5%
CO2 for 8–10 days with fresh culture medium and treatments pro-
vided at 2-day intervals.

Histological evaluation of organ-cultured skin

At the end of the experiment, the organ cultures were fixed in 10%
phosphate-buffered formalin and embedded in paraffin. Sections

were then cut at a thickness of 5 µm and were stained with hema-
toxylin/eosin. Representative sections of each biopsy were selected
for histological evaluation by examining for epidermal integrity, via-
bility and structural preservation. Specifically, we searched for the
presence of healthy, polarized cells in the basal layer. Numbers of
non-pyknotic basal epithelial cells per unit length of basement mem-
brane were counted at 200× magnification using a microscope with
a calibrated grid in the eyepiece. In addition, the epithelium was
examined for the presence of pyknotic nuclei (i.e. dark-stained,
shrunken nuclei without evidence of chromatin structure) and for
separation of the basal cells from the underlying basement mem-
brane as indicators of necrosis. Finally, the epidermis was exam-
ined for the presence of the various stages of epithelial differentia-
tion.

Evaluation of the dermis consisted of examining for the pres-
ence of healthy non-pyknotic interstitial cell nuclei as indicators of
viability and for evidence of connective tissue degeneration. Evi-
dence of dermal necrosis included: (1) interstitial nuclear pyknosis,
(2) a bundled or granular appearance of the connective tissue ele-
ments instead of the normal fibrillar pattern, (3) extensive dermal
edema, and (4) denudation of the endothelial cells from the dermal
capillaries.

Preparation of cells from skin

Human epidermal keratinocytes were obtained as described previ-
ously [11] and maintained in keratinocyte growth medium (KGM;
Clonetics). KGM consists of KBM supplemented with 0.1 ng/ml hu-
man recombinant EGF, 5 µg/ml insulin, 0.5 µg/ml hydrocortisone
and 0.4% (w/v) pituitary extract. The Ca2+ concentration of KGM
is 0.15 mM. This culture medium has proven satisfactory for the
long-term cultivation and maintenance of human keratinocytes in
an undifferentiated state. Fibroblasts were isolated from human
skin [12] and maintained in minimal essential Eagle’s medium with
Earle’s salts supplemented with non-essential amino acids, 10% fe-
tal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin.
Human foreskin melanocytes were also used in certain experiments.
These were obtained from the same cultures used to start keratino-
cytes as described previously [13] and maintained in melanocyte
growth medium supplemented with basic fibroblast growth factor
and phorbol myristate acetate (Clonetics). Human umbilical vein
endothelial cells were obtained from cords and cultured in M199
medium supplemented with 20% fetal bovine serum, 25 µg/ml en-
dothelial cell growth supplement and 90 µg/ml heparin [14].

In addition to these cells which were routinely cultured in vitro,
we also obtained small numbers of skin-infiltrating T cells and
Langerhans cells. T cells were isolated from a small piece of ker-
atomed, adult epidermis from an untreated psoriatic plaque as pre-
viously described [15]. Langerhans cells were affinity-purified from
keratinocyte cultures by first coating cells with mouse anti-CDla
antibody (OKT6, Ortho, Raritan, N.J.) followed by incubation with
goat anti-mouse IgG-coated magnetic beads (Dynabeads, Dynal,
Norway) as described previously [16]. Finally, fresh keratome biop-
sies of human skin and human liver from autopsy tissue were used.

Preparation of RNA and mRNA phenotyping 
by reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was prepared from skin and liver and from keratino-
cytes, fibroblasts, melanocytes and human umbilical vein endothe-
lial cells as described previously [17]. Langerhans cells and skin-
infiltrating T cells were obtained from skin biopsies and total RNA
was prepared using the RNAzol RNA extraction kit (Cinna/
Biotech, Houston, Tex.) following the manufacturer’s instructions.

RT-PCR was carried out in a Perkin Elmer Thermocycler (Cetus,
Emeryville, Calif.) using 2.5 µg of total RNA from tissues or cells.
Total RNA was reverse transcribed to cDNA using random hexa-
mers (2.5 µM) and M-MLV reverse transcriptase (200 U; GIBCO-
BRL, Gaithersburg, Md.) in a total volume of 30 µl at 37°C for 1 h
and 75°C for 10 min. The cDNA (1 µl) was then amplified for 
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30 cycles with 0.4 µM gene-specific PCR primers and 5 U Taq
DNA polymerase (GIBCO-BRL) [18]. The reaction was initiated
at 94°C for 2 min; each amplification cycle consisted of 60 s at 
92°C, 90 s at 55°C and 90 s at 72°C. The final extension was for
10 min. The tubes were cooled rapidly to 4 °C and 40-µl aliquots
were analyzed on 1.2% agarose gels. Gels were stained with ethidium
bromide to visualize DNA bands and photographed. The oligonu-
cleotide primers were based on the published nucleotide sequence
of the α-chain of human IGF-1R nucleotides 1147–1167 and 2057–
2077 [19], human IGF-1 nucleotides 150–170 and 419–439 [20]
and human CDla nucleotides 1559–1579 and 1883–1903 [21]. The
identity of the PCR products was confirmed by enzyme restriction
mapping and DNA blot hybridization with 32P-labeled specific
cDNA probes as described previously [22]. All oligonucleotides
were synthesized to specification by the University of Michigan
DNA and Protein Core Facility.

Semiquantitative RT-PCR

To quantify IGF-1R gene expression semiquantitative RT-PCR of
small amounts of total RNA (0.7 µg) from individual samples (n = 4)
was performed as previously described [23]. A total of 35 PCR cy-
cles with the IGF-1R-specific primers were carried out, followed
by gel electrophoresis, Southern blotting and hybridization against
a specific 32P-cDNA probe for IGF-1R DNA.

Monolayer culture assays

Growth assays were carried out with keratinocytes in monolayer cul-
ture as follows. Cells were seeded into 24-well dishes at 4 × 104 cells
per well in KGM and allowed to attach. The culture medium was
then removed and the cells washed twice in KBM. Fresh KBM
with or without growth factors and antibodies to growth factor re-
ceptors were added as indicated. The cells were then incubated for
2 days at 37°C in an atmosphere containing 5% CO2. At the end of
the incubation period, the cells were harvested and counted.

Immunohistochemical localization of IGF-1R

Punch biopsies (4 mm) were embedded in Tissue Tek optimal cut-
ting temperature medium (Miles, Elkhart, Ind.), snap-frozen in liq-
uid nitrogen and stored at –70°C until use. Cryostat sections were

cut at 5 µm onto welled glass slides and were air dried. After fixation
in cold acetone, the sections were incubated with the anti-IGF-1R
monoclonal antibody. Staining was performed using the immuno-
peroxidase technique (ABC Kit, Vector, Burlington, Calif.). The
chromogen used was 3-amino-9-ethyl-carbazole and the counter-
stain was 1% hematoxylin. Stained sections were examined by light
microscopy.

Affinity cross-linking of 125I-labeled IGF-1 to its receptor

Cross-linking experiments were performed as previously described
[17]. Briefly, keratinocytes grown to 60–80% confluency in KGM
were rinsed in a pH 7.4 KRP buffer (120 mM NaCl, 5 mM KCl, 
1 mM CaCl2, 1.2 mM MgSO4, 10 mM Na3PO4) and binding was car-
ried out at 4 °C for 6 h in KRP buffer containing 1% bovine serum
albumin and 10 ng/ml 125I-human IGF-1 (Amersham, Arlington
Heights, Ill.). After washing in cold KRP buffer containing 1%
bovine serum albumin, cross-linking was performed in 1 mM dis-
uccinimidyl suberate (Pierce, Rockford, Ill.), freshly prepared in
dimethyl sulfoxide and KRP buffer for 15 min at 4 °C. Cell lysates
were then prepared and analyzed by gel electrophoresis and au-
toradiography.

Results

Effects of IGF-1, EGF, anti-IGF-1R antibody 
and anti-EGF-R antibody on keratinocyte growth 
in monolayer culture

Keratinocytes proliferated in the absence of either growth
factor and both factors stimulated additional growth after
2 days. Antibody to the IGF-1R did not inhibit growth un-
der basal conditions but suppressed growth induced by 
10 ng/ml IGF-1 (50% inhibition at 10 µg/ml antibody). In
contrast, antibody to the EGF-R completely inhibited ke-
ratinocyte growth in basal medium in a concentration-de-
pendent manner (> 90% inhibition at 10 µg/ml antibody;
Fig.1).
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Fig.1 Keratinocyte prolifera-
tion in monolayer cultures un-
der the influence of IGF-1,
EGF, anti-IGF-1R antibody
and anti-EGF-R antibody for 
2 days (control keratinocytes
maintained in KBM in the ab-
sence of either growth factor)



Effects of IGF-1, EGF, anti-IGF-1R antibody and 
anti-EGF-R antibody on skin in organ culture

Histological features of control organ-cultured skin main-
tained in KBM alone (0.l5 mM Ca2+) or in KBM supple-
mented with Ca2+ to a final concentration of 1.4 mM are
shown in Fig.2A,B. Tissue structure was not preserved
when the cultures were incubated in KBM alone. The 
epidermis separated from the dermis and there was com-
plete necrosis in both epidermis and dermis. A time-
course study showed that necrosis could be seen within 2
days of incubation in low-Ca2+ medium and was virtually
complete by 5–8 days. In contrast, tissue maintained in
KBM supplemented with 1.4 mM Ca2+ (final concentra-
tion) demonstrated a normal architecture after incubation
for 9 days. In the epidermis, there was a basal layer of 
polarized epithelial cells with the normal stages of differ-
entiation in the layers above. In the dermis, the connective
tissue structures remained intact and most of the intersti-
tial cell nuclei were lightly stained, plump and oblong.

The capillaries were lined with endothelial cells. Essen-
tially, the features observed in the organ-cultured skin 
resembled features seen in fresh biopsy material. The ma-
jor difference was a thinning of the epidermis as a func-
tion of time in culture. The number of polarized, non-py-
knotic epithelial cells per unit length of basement mem-
brane are shown in Table 1. There were few polarized,
non-pyknotic epithelial cells in the tissue that had been
incubated in low-Ca2+ KBM alone (5 ± 3). In contrast, 
58 ± 5 cells were counted per unit length of basement
membrane in the tissue incubated in Ca2+-supplemented
KBM. This compares with 72 ± 13 cells counted per unit
length of basement membrane in fresh biopsy specimens
(n = 7, ns).

Experiments with IGF-1 or EGF added at various con-
centrations were performed in the low-Ca2+ medium. Fig-
ure 2C,D shows the histological features of tissues incu-
bated for 9 days in low-Ca2+ (0.15 mM) KBM supplemented
with either IGF-1 (2 ng/ml) or EGF (10 ng/ml). Neither
growth factor prevented degeneration of the tissue as re-
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Fig.2 A–F Histological fea-
tures of human skin after incu-
bation in organ culture for 
9 days (A KBM alone, 
B KBM with 1.4 mM Ca2+, 
C KBM + 2 ng/ml IGF-1, 
D KBM + 10 ng/ml EGF, 
E KBM with 1.4 mM Ca2+ and
10 µg/ml anti-IGF-1R anti-
body, F KBM with 1.4 mM
Ca2+ and 10 µg/ml anti-EGF-R
antibody). H&E, all × 66



flected in the histological appearance of the growth factor-
treated tissue and in the quantitative data (Table 1). IGF-1
concentrations as high as 20 ng/ml and EGF concentrations
as high as 50 ng/ml were used with identical results. The
growth factor-rich KGM also completely failed to prevent
tissue degeneration.

Experiments with antibodies to the IGF-1R and the
EGF-R (10 µg/ml) were performed in the high-Ca2+ me-
dium. Figure 2E,F shows the effects of antibodies to the

IGF-1R and the EGF-R added to the cultures in KBM
supplemented with 1.4 mM Ca2+ (final concentration) and
incubated for 9 days. Organ-cultured tissue incubated with
antibody to the IGF-1R underwent complete degeneration
within 9 days. There was essentially complete necrosis in
both epidermal and dermal compartments and the epider-
mis partially separated from the dermis. In contrast, anti-
body to the EGF-R used under the same conditions did
not produce such striking histological changes. There were
no detectable abnormalities in the dermis. The epidermis
also remained intact with a well-defined basal epithelial
layer and the normal stages of differentiation above. Inter-
estingly, although there were no gross abnormalities de-
tected in the anti-EGF-R-treated organ cultures, there were
focal areas of necrosis throughout the basal layer of ep-
ithelial cells. These histological changes seen in the pres-
ence of the antibodies to the two receptors are reflected 
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Table 1 Quantification of polarized, non-pyknotic basal keratino-
cytes in organ-cultured skin maintained under various conditions.
Cultures of 2-mm punch biopsies of human skin were maintained
for 10 days in organ culture and treated as indicated. At the end of
the incubation period, the tissues were prepared for histology and
examined. Polarized, non-pyknotic basal keratinocyte numbers were
assessed as described in the Materials and methods. The values
shown are means and standard deviations based on duplicate sections
from three to seven separate specimens per treatment group. Sta-
tistical significance was determined by ANOVA (NS P > 0.05 vs
the control value)

Treatment Polarized, non-pyknotic basal
keratinocytes (cells/linear mm
at 200× magnification)

KBM (0.15 mM Ca2+) 5 ± 3
+ IGF-1 (2 ng/ml) 2 ± 2 (NS)
+ EGF (10 ng/ml) 3 ± 2 (NS)

KBM (1.4 mM Ca2+) 58 ± 5
+ normal mouse IgG 57 ± 5 (NS)

(10 µg/ml)
+ anti-IGF-1R antibody 1 ± 1 (P < 0.01)

(10 µg/ml)
+ anti-EGF-R antibody 50 ± 11 (NS)

(10 µg/ml)

Fresh biopsy specimens 72 ± 13 (NS, vs KBM with 
1.4 mM Ca2+)

A

Fig.3 Detection of IGF-1R
mRNA by RT-PCR in organ-
cultured skin under high- and
low-Ca2+ conditions. A Lane 1
DNA marker ladder; lanes 2
and 3 pooled (n = 4) punch skin
biopsies maintained in organ
culture for 4 days under low-
Ca2+ and high-Ca2+ conditions,
respectively; lane 4 intact skin;
lane 5 negative control, no
RNA; lane 6 IGF-1R plasmid.
B Phosphorimager analysis of
four individual samples after
Southern blotting and hybrid-
ization against a 32P-cDNA
probe for IGF-1R DNA (lanes
1, 3, 5 and 7 individual sam-
ples maintained under low-
Ca2+; lanes 2, 4, 6 and 8 indi-
vidual samples maintained un-
der high-Ca2+; lane 9 keratino-
cyte RNA; lane 10 DNA tem-
plate; lane 11 negative control)

B



in the epithelial cell numbers shown in Table 1. Normal
mouse IgG had no effect on epidermal or dermal struc-
ture.

IGF-1R mRNA and IGF-1 mRNA expression 
in human skin and skin cells

IGF-1R gene expression could be detected by RT-PCR in
fresh biopsy skin (Fig.3). mRNA expression was detected
in human skin organ cultures after incubation for 4 days
under conditions of low or high extracellular Ca2+, with a
stronger signal intensity under high-Ca2+ conditions (pooled
samples, n = 4; Fig.3A). The overall higher IGF-1R gene
expression under elevated Ca2+ conditions was consistent
with semiquantitative RT-PCR analysis of individual skin
samples (run in duplicate). In the first skin sample, IGF-
1R transcript was detected in tissue that had been main-
tained under high-Ca2+ conditions but not in tissue main-
tained under low-Ca2+ conditions. In the second sample,
IGF-1R transcript was detected in tissue that had been
maintained under either condition, but was expressed more
strongly in the tissue that had been maintained under high-
Ca2+ conditions. In the last two samples, no IGF-1R-spe-
cific transcripts could be detected under any condition
(Fig.3B).

IGF-1 gene expression could also be detected by RT-
PCR in fresh biopsy skin and in the same samples of organ-
cultured skin (Fig.4). IGF-1-specific mRNA was found in
specimens maintained for 4 days in KBM containing ei-
ther low or high extracellular Ca2+. There was no detectable
difference in mRNA expression between the two condi-
tions. Cultured skin cells were additionally examined for
IGF-1 gene expression (Fig.5). IGF-1-specific mRNA was
detected in endothelial cells, dermal fibroblasts, melano-

cytes, skin-infiltrating T cells and affinity-purified Langer-
hans cells. The purity of the affinity-separated epidermal
Langerhans cells used in RT-PCR experiments was deter-
mined through demonstration of CD1a mRNA in the
affinity-purified Langerhans cell fraction but not in the cell
suspension that had been depleted of Langerhans cells. In
contrast to the results obtained with these various skin cell
types, we were unable to detect IGF-1-specific mRNA in
cultured keratinocytes using the same technique.

IGF-1R expression and cross-linking studies

Extensive IGF-1R staining was observed in the basal layer
of normal skin by immunohistochemistry (Fig.6). There
was virtually no staining in suprabasal layers. Staining of
single dermal cells was also observed.

To confirm IGF-1R expression in proliferating keratino-
cytes, keratinocytes maintained in an actively proliferat-
ing condition in vitro were used in cross-linking experi-
ments (Fig.7). 125I-IGF-1 was cross-linked predominantly
to proteins with an apparent Mr of 130,000, which is con-
sistent with the reported molecular weight of the α-chain
of IGF-1R [19]. Cross-linking was markedly inhibited by
excess unlabeled IGF-1 (10 ng) indicating the specificity
of binding.
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Fig.4 Detection of IGF-1 mRNA by RT-PCR in organ-cultured
skin under high- and low-Ca2+ conditions (lane 1 DNA marker lad-
der; lanes 2 and 3 pooled (n = 4) punch skin biopsies maintained
in organ culture for 4 days under low-Ca2+ and high-Ca2+ conditions,
respectively; lane 4 intact skin; lane 5 negative control, no RNA;
lane 6 IGF-1 plasmid)

Fig.5 A, B Detection of IGF-1 mRNA by RT-PCR in cultured
skin cells. A Lane 1 endothelial cells; lane 2 dermal fibroblasts;
lane 3 melanocytes; lane 4 skin-infiltrating T lymphocytes; lanes 5
and 6 Langerhans cells; lane 7 cell fraction depleted of Langerhans
cells; lane 8 DNA marker ladder. B Lane 1 IGF-1 plasmid; lanes 2
and 3 two different keratinocyte preparations; lanes 4 and 5 intact
skin samples; lane 6 DNA marker ladder)

A

B



Discussion

Various lines of evidence suggest that the contribution of
the dermis is critical to preservation of the epidermis as
well as the dermis itself in organ-cultured skin. Incubation
of the tissue under conditions that are optimal for kera-
tinocyte growth in monolayer culture (i.e. in medium con-
taining 0.15 mM Ca2+) does not preserve tissue structure
or function [24–26] while incubation of the tissue under
conditions that maintain fibroblast viability in monolayer
culture (i.e. in medium containing 1.4 mM Ca2+) [9, 27]

results in the maintenance of normal tissue architecture
[4]. Further, a number of keratinocyte growth factors in-
cluding IGF-1 [7, 28] and EGF [4, 5, 7, 29] do not pre-
serve tissue maintained in low-Ca2+ medium while all-trans
retinoic acid, which allows fibroblast survival and growth
under low-Ca2+ conditions in monolayer culture [30], main-
tains the epidermis and dermis of organ-cultured skin in
low-Ca2+ medium [4, 5, 31]. Histological changes are as-
sociated with a cessation of basal epithelial cell prolifera-
tion and with a virtual shutdown of overall protein syn-
thesis [4, 5, 31]. Taken together, these reports suggest that
maintenance of the epidermis as well as the dermis of skin
in organ culture is dependent on dermal function. How this
is brought about at the molecular level is not yet fully un-
derstood, and a number of different autocrine or paracrine
growth factor loops may be involved.

Our findings suggest that IGF-1/IGF-1R constitutes
one such loop. We were able to confirm that IGF-1R is
present in the skin and that it is expressed on proliferating
(basal) keratinocytes [8, 17, 29]. Likewise, IGF-1 itself
appears to be present in the skin. Past studies have shown
that IGF-1 is expressed by dermal fibroblasts [8, 17, 32]
and we demonstrated here using a RT-PCR technique that
various cells in the skin (though not keratinocytes) express
IGF-1 mRNA. mRNA for both receptor and ligand could
be detected in whole skin cultured in vitro under conditions
in which the structure and function of the skin were main-
tained. Further, IGF-1R mRNA was found to be expressed
at lower levels under conditions that did not preserve tissue
structure. Finally, and most importantly, it was observed
that incubation with a monoclonal antibody to IGF-1R pro-
duced significant damage to the organ-cultured skin. Based
on these observations, we suggest that the IGF-l/IGF-1R
loop is critically important for maintaining structural in-
tegrity of human skin in organ culture [8].

How IGF-1 and its receptor help to maintain structural
and functional integrity in skin is not fully understood and
the mechanism is likely to be complex. The simplest hy-
pothesis is that IGF-1 is a critical mitogen for keratino-
cytes [7] and that cells in the skin other than basal kera-
tinocytes produce sufficient IGF-1 to facilitate basal ep-
ithelial cell proliferation. This would explain the severe
degeneration seen in the epidermis following incubation
of the organ-cultured skin in the presence of the anti-IGF-
1R antibody. The data are also compatible with the appar-
ent inability of keratinocytes to synthesize IGF-1 (present
report and personal communication from Dr. James Krueger,
Rockefeller University; [17]). The demonstration of IGF-1
production by epidermal keratinocytes of the stratum gran-
ulosum [8] is not contradictory to our results, since IGF-1
may also be an autocrine regulator of epidermal differen-
tiation. This may explain the lack of IGF-1 expression in
cultured keratinocytes growing under laboratory condi-
tions designed to promote proliferation versus differentia-
tion. Finally, there is compatibility with the data in mono-
layer culture presented here, showing that IGF-1 is capa-
ble of stimulating keratinocyte growth and that a mono-
clonal antibody to IGF-1R inhibits IGF-1-induced kera-
tinocyte proliferation but has no effect on keratinocyte
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Fig.6 Immunoperoxidase staining of frozen sections of human
skin with an anti-IGF-1R antibody (α1R-3). Basal keratinocytes
and single dermal cells are positively labeled (arrows). (Ep epider-
mis, De dermis; × 130)

Fig.7 Cross-linking of 125I-IGF-1 on the surface of proliferating
cultured keratinocytes (KC). Lane 1 125I-IGF-1 affinity cross-link-
ing to surface proteins of intact keratinocytes with an apparent Mr
of 130,000; lane 2 complete inhibition of 125I-IGF-1 cross-linking
by prior incubation of keratinocytes with a 100-fold excess unla-
beled IGF-1



growth in the absence of IGF-1. Although this hypothesis
is enticing, IGF-1 may act in some manner to preserve fi-
broblast viability and thus maintain the epithelium intact
through an indirect mechanism, since IGF-1 is also a mi-
togen for fibroblasts [33].

While these data strongly indicate an important role for
IGF-1/IGF-1R in the maintenance of organ-cultured skin
in a viable condition, it is clear that this growth factor re-
ceptor loop is, by itself, insufficient. Addition of exogenous
IGF-1 did not prevent the degeneration in either the epi-
dermis or the dermis which occurred in low-Ca2+ culture
medium. Perhaps a physiological Ca2+ level is required for
optimal IGF-1R expression and function in keratinocytes
and/or fibroblasts in organ culture. If the decreased IGF-
1R mRNA expression seen in (low-Ca2+) KBM alone is a
direct consequence of low-Ca2+ incubation rather than a late
consequence of tissue necrosis, then no amount of IGF-1
is likely to overcome this defect. Another possibility is that
a number of growth factor loops must be concomitantly
engaged to preserve dermal and epidermal integrity [2]. If
this turns out to be the case, addition of no single growth
factor will likely prevent degeneration.

Although most of the work described in this report dealt
with IGF-1 and the IGF-1R, parallel experiments were
conducted with an antibody to the EGF-R, which is also
expressed in basal epidermal keratinocytes [34]. Unlike
the anti-IGF-1R antibody, the antibody to the EGF-R did
not induce widespread tissue degeneration. The overall ap-
pearance of the organ-cultured skin in the presence of the
anti-EGF-R antibody was rather similar to that seen in the
absence of the antibody or in the presence of a control
mouse IgG. Interestingly, however, there were focal areas
throughout the epidermis (possibly 10 to 15 cells across)
where basal epithelial necrosis was evident. These areas
of focal necrosis were present in an antibody concentra-
tion-dependent pattern and were not seen in the presence
of normal mouse IgG. In addition, the antibody against
EGF-R inhibited keratinocyte growth in vitro. These find-
ings confirm recent findings of an inhibitory effect of anti-
EGF-R antibody on proliferation of basal keratinocytes
without, however, induction of a toxic effect [10]. Based
on this, we suggest that factors that function through the
EGF-R also contribute to the maintenance of epidermal
structure in organ culture, probably through inhibition of
keratinocyte growth. EGF-R, in this context, may not play
a critical role in the dermis, however, since the dermis ap-
peared to be intact in the presence of the anti-EGF-R anti-
body.

In summary, the results presented here suggest the in-
volvement of IGF-l/IGF-1R as well as factors that act
through the EGF-R in preservation of skin in organ cul-
ture. While it is difficult to extrapolate the entire findings
from in vitro studies to the situation in intact skin, our data
make it reasonable to suggest the involvement of similar
growth factor loops in vivo.
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