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Abstract

Epidermal growth factor (EGF) along with several related pep-
tide growth factors has been shown both in vivo and in vitro to
accelerate events associated with epidermal wound repair. EGF
and transforming growth factor alpha act by binding to a com-
monEGFreceptor tyrosine kinase thereby initiating a series of
events which ultimately regulate cell proliferation. This study
examined the immunohistochemical localization of EGFrecep-
tor (EGF-R) in burn wound margins, adjacent proliferating epi-
thelium, and closely associated sweat ducts, sebaceous glands,
and hair follicles. Tissue specimens removed during surgical
debridement were obtained from full and partial thickness burn
wounds in 32 patients with total body surface area burns rang-
ing from 2 to 88%. In the early postburn period (days 24),
prominent staining for EGF-R was found in undifferentiated,
marginal keratinocytes, adjacent proliferating, hypertrophic ep-
ithelium, and both marginal and nonmarginal hair follicles,
sweat ducts, and sebaceous glands. During the late postburn
period (days 5-16), EGF-Rwas depleted along leading epithe-
lial margins; however, immunoreactive EGF-R remained in-
tensely positive in the hypertrophic epithelium and all skin ap-
pendages. Increased detection of immunoreactive EGF-R and
the presence of 112511EGF binding in the hypertrophic epithe-
lium correlated positively with proliferating cell nuclear anti-
gen distributions. Thus, the presence of EGF-R in the appro-
priate keratinocyte populations suggests a functional role for
this receptor during wound repair. Dynamic modulation in EGF
receptor distribution during the temporal sequence of repair
provides further evidence that an EGF/ transforming growth
factor alpha/EGF-R-mediated pathway is activated during
human wound repair. (J. Clin. Invest. 1992. 90:2392-2401.)
Key words: epidermal growth factor receptor * proliferating cell
nuclear antigen * epidermis * growth factors * burns

Introduction

Numerous peptide growth factors such as epidermal growth
factor (EGF)' ( 1, 2), platelet-derived growth factor (3-5), ba-
sic fibroblast growth factor (6, 7), transforming growth factor (3
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(TGFI3), (8-1 1 ), and TGFa ( 12, 13) have been shown to stim-
ulate various aspects of wound healing. Indirect evidence sug-
gests that several of these growth factors may exert their effects
through modulation or binding to the EGFreceptor ( 14-16).
To date, the EGFreceptor has been associated with key events
connected with wound repair. In cultured cells, at least two
basic reparative functions, cell motility and proliferation, are
enhanced by the addition of EGF receptor ligands (TGFa,
EGF) to cultured cells ( 17, 18). In vivo, several studies using
exogenous EGFand TGFahave proven effective for the accel-
eration of epithelialization in porcine and human wounds (2,
12, 19). Since partial thickness burn wounds resurface by a
process of epithelialization from both migrating and proliferat-
ing keratinocytes at wound margins and from viable hair folli-
cles and sweat glands at the wound base, it has long been as-
sumed (but not proven) that EGFreceptors must be present
during normal cellular proliferation which is an integral char-
acteristic of healing wounds.

Epidermal growth factor and numerous related peptide
growth factors such as TGFa (20), amphiregulin (21 ), macro-
phage-derived EGF-like peptide (22), tenascin (23), vaccinia
virus growth factor (24) act by binding to a specific receptor
known as the EGFreceptor (EGF-R) (25). Experiments using
cultured cells have shown that binding to the EGF receptor
tyrosine kinase triggers a cascade of events which ultimately
regulate cellular growth (26). The receptor for EGF-TGFahas
previously been identified in normal human skin, primarily in
basal keratinocytes of the epidermis and epidermal appendages
such as hair follicles, sweat glands, and sebaceous glands (27,
28). The presence and distribution of EGF-R has been charac-
terized under normal conditions of rapid proliferation which
occur during fetal skin development (29). Likewise, increased
EGFreceptors have been linked with benign hyperproliferative
epidermal diseases including psoriasis (30), seborrheic kera-
toses (31), as well as malignant neoplasia such as squamous
cell carcinoma (32) and melanoma (33).

To begin to define endogenous mechanisms of growth fac-
tor-mediated repair, the presence ofthe EGFreceptor was eval-
uated in healing wounds removed from burn patients. The
temporal sequence and distribution for immunoreactive EGF-
Rwas assessed in margins of partial thickness and full thickness
burn wounds during the first 16 d of wound repair. The identi-
fication of the EGFreceptor during the appropriate stages of
wound repair suggests a direct mechanism involving this recep-
tor and other known mediators of this receptor such as TGFO,
platelet-derived growth factor, and protein kinase Cwhich may
modulate EGFreceptor expression or activity.

Methods

Sample collection
Human skin samples were collected from a total of 32 patients with
either partial thickness or full thickness burns who underwent routine
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burn excision and autografting procedures at the Vanderbilt University
Hospital Burn Center. The patients, 25 male and 7 female, ranged from
8 moto 77 yr of age with total body surface area (TBSA) burns 2-88%
as shown in Tables I and II. Tissue specimens were harvested from
various body locations and were excised with a scalpel to subcutaneous
fat or removed with a Zimmer dermatome where minimal specimen
depth was 0.020-inch in thickness. Specimens included a contiguous
area of partial or full thickness burn wound and its adjacent healing
epithelial margin. Specimens were immediately fixed in 4% parafor-
maldehyde for 24 h and embedded in paraffin.

Reagents
An anti-EGF-R serum was produced in rabbits from purified A-43 1
human epithelioid carcinoma cells as previously described (34, 35).
The EGF-R antiserum has been previously shown to immunoprecipi-
tate native, occupied, some precursor, and degradation forms of EGF-
R. Nonspecific sera from rabbits served as negative controls and nor-
mal epidermis and epidermal appendages in adjacent nonburned
regions served as internal, positive controls. The three-step peroxidase-
antiperoxidase procedure was performed with immunochemicals from
a PAP kit purchased from DAKO, Inc. (Santa Barbara, CA). The
3,3-diaminobenzidine was supplied from Sigma Chemical Co. (St.
Louis, MO). EGF was purchased from Collaborative Research
(Waltham, MA) and [ '251 ] EGFwas obtained from NewEngland Nu-
clear (Boston, MA). The autoradiography emulsion (NTB-2) was ob-
tained from Eastman Kodak (Rochester, NY). Bovine serum and
DMEMwere purchased from Gibco Laboratories (Grand Island, NY).
A monoclonal antibody to proliferating cell nuclear antigen (PCNA/
Cyclin) was purchased from Boehringer Mannheim Corp. (Indianapo-
lis, IN). All other reagents were purchased from commonsuppliers and
were of reagent grade.

Localization of immunoreactive EGFreceptor molecules
Previously described immunohistochemical staining procedures for
the identification of EGF-R were used for this study (27, 30, 31, 36-
39). Paraffin-embedded tissues in 5-Atm sections were placed onto gel-
coated slides. Sections were deparaffinized through xylene, rehydrated
through a graded series of ethanols, and preincubated in normal 3%
porcine serum for 20 min to saturate nonspecific tissue binding sites of
serum components. Preimmune serum was blotted from the slides and
the specimens were then incubated in either anti-EGF receptor serum
(No. 451 ) or normal rabbit serum (No. 180). Both sera were diluted
1:200 in PBScontaining 3%porcine serum and glycine ( 1 mg/ml). All
primary antibody incubations were performed overnight at 4°C in a
humidified chamber. After incubation in the primary antibody, tissues
were rinsed in PBSfor 10 min and further incubated with the three-step
immunoperoxidase procedure. Immunoreactive EGF-R was visual-
ized using 3,3-diaminobenzidine (DAB) for the chromogen. The DAB
was prepared using 0.05% DAB in 0.05 Tris buffer at pH 7.6 with
0.01% H202 added before the reaction initiation. Sections were then
rinsed in water, dehydrated, coverslipped, and photographed using an
Olympus AH Vanox Light Microscope. Serial sections from all pa-
tients were stained with hematoxylin and eosin and histologically as-
sessed for burn depth and tissue viability. Corresponding regions from
burn wound and migrating epithelial margins from these serially sec-
tioned hematoxylin and eosin slides were matched and photographed
along with their immunostained companion slides. The intensity of
immunoprecipitate in keratinocytes was scored by two independent
observers using the following scale: +, receptors detectable with weak
staining, ++, receptors moderately stained, +++, receptors intensely
stained.

The most proximal, undifferentiated keratinocytes advancing
under the nonviable scab have previously been characterized as the
migrating population (40-45). In our study, the presumed "migrat-
ing" tip where keratinocytes were undifferentiated and nonstratified
was 200-500 Amin length with an average length equal to 316 gAmfrom
the edge of the burn wound. The proliferative cell population was de-
fined as the stratified, keratinized epidermis containing PCNA-labeled

nuclei directly adjacent to the migrating cell population which did not
contain PCNA-labeled nuclei.

Control incubations
Previously characterized positive specimens for immunoreactive EGF-
R were included in our immunohistochemical staining batches. Nega-
tive control specimens incubated with preimmune serum or purified
IgG fractions all produced minimal levels of background staining. In all
cases where regions of negative immunoreactivity were found on sec-
tions, adjacent areas of eccrine sweat ducts revealed positive immunore-
activity and thus served as internal semi-quantitative controls. In every
case where negative immunoreactivity was detected in migrating epi-
dermal edges, the immunohistochemical procedure was repeated on
two separate occasions to ensure that the section was fully covered with
antisera. These additional checks were also done to assess the reproduc-
ibility of the EGF-R distribution and to evaluate the relative staining
intensities among different specimens.

Localization of [ `2II] EGFbinding by autoradiography
Experimental method. The localization of [ '25I ] EGFby autoradiogra-
phy in human skin sections was performed as previously described (27,
30, 36). Skin samples were incubated for 90 min at 250C with shaking
in a medium consisting of 0.5 ml HBSScontaining 1 mg/ml BSA, 20
mMHepes at pH 7.4, and 10 ng/ml ['25I]EGF. Unbound EGFwas
removed by repeated washes in the binding buffer at 250C. Reversibil-
ity testing was performed by first incubating some samples for 90 min
in medium containing excess unlabeled EGF(2 ,g/ml) after incuba-
tion with [ 1251I EGF. In control incubations, a 200-fold excess of unla-
beled EGFwas included simultaneously with ['25IIEGF to identify
nonspecific radioactivity. All skin samples were fixed for 4 h in 10%
neutral buffered formalin and processed for light microscopy in paraf-
fin. Sections (6-7 gm) were then dipped in an NTB-2 emulsion and
exposed at 4VC for 8-10 wk. After development of the emulsion, the
sections were lightly stained with hematoxylin and eosin. Photographs
were then taken in both bright-field and dark-field illumination.

Proliferating cell nuclear antigen immunohistochemistry
Paraffin embedded human skin sections (5 ,um) were placed at 37°C
overnight prior to deparaffinization in xylene and rehydration in eth-
anol and PBS (three times for 5 min each). Sections were then incu-
bated with anti-PCNA (1:200) or normal (nonimmune) horse serum
at 37°C for 60 min (46). After incubation with the primary antibody
(anti-PCNA), tissues were rinsed with PBS for 15 min and then incu-
bated with secondary antibody for 30 min. After completion of the
immunoperoxidase procedure, immunoreactive PCNAwas visualized
using DAB, rinsed in PBS, and stained with 1%nuclear fast red. Serial
sections were then rinsed in water, coverslipped, and photographed in
the same regions as the EGF-R immunostaining.

Results

EGFreceptors in the early postburn period
Days 2-4. Epithelial margins surrounding partial and full
thickness burn wounds were examined for the presence of the
EGF receptor. A characterization of the patient population
which was used for our evaluations during the early stages of
wound repair is summarized in Table I and individually corre-
lated with immunoreactive EGF-R in burn wound margins.
Representative micrographs from the earliest phases of wound
repair examined are displayed in Fig. 1, A-H.

On postburn day 2, EGFreceptors were uniformly present
in keratinocytes at the presumed migrating edge of epithelium
in each of the three patients which were available at this early
phase of healing. In contrast to the proximal, flattened, single
cell layer of undifferentiated keratinocytes under the burn es-
char, the epithelial cell population located more distal from the
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Figure 1. Early postburn period (days 2-4). Specimens were fixed in 4% paraformaldehyde and serial sections were stained with either hema-
toxylin and eosin (A, C, E, G) or the EGF-R antiserum (B, D, F, H) as described in Methods. Size bar = 100 ,gm. Arrows denote the migrating
epithelial tip beneath burn eschar (E). (A and B) Onpostburn day 2 in a 17-yr-old patient with a 2%TBSAburn (Pt I), strong immunoreactivity
for EGF-R is identified in the migrating epithelial tip (arrow) as well as in all cells of the nonburned hair follicle. No EGF-R immunoreactivity
is present in the dermis. Keratinocytes in all layers of the proliferating epithelium adjacent to the burn wound stain uniformly positive for
EGF-R. (C and D) On postburn day 2 in a 17-yr-old patient with a 2%TBSAburn (Pt 1), viable keratinocytes from hair follicles in the deep
dermis underneath the wound show EGF-R immunoreactivity as well as epithelial budding towards the surface. Immunostaining for EGF-R
is also present in the double cuboidal epithelium of eccrine sweat ducts but not in dermal fibroblasts. (E and F) On postburn day 3 in a 72-yr-old
patient with a 25%TBSAburn (Pt 9), immunoreactive EGF-R are present in the migrating epithelial tip (arrows) advancing under burn eschar
(e). Keratinoytes from a hair follicle and its associated sebaceous gland show weak yet positive EGF-R immunoreactivity. Adjacent hypertrophic
epithelium shows EGF-R localization in the outer stratum spinosum and granulosum layers. (G and H) Onpostburn day 4 in a 30-yr-old patient
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Table I. Early Postburn Period

Migrating
Margin

Patient Age Sex TBSA Etiology Site EGF-R

yr %

PBD2
(1) 17 M 2 Flame Hand (dorsum) ++
(2) 20 M 9 Tar Thigh +++
(3) 32 M 25 Flame Chest +++

PBD3
(4) 25 F I Grease Forearm ++
(5) 30 M 18 Flame Forearm NA
(6) 34 M 9 Flame Leg +++
(7)* 50 M 34 Flame Thigh +
(8) 52 F 20 Grease Thigh ++

(9)* 72 F 25 Flame Back +++
(10) 73 M 21 Flame Thigh +
( 11) 47 M 1 5 Flame Thigh +++

PBD4
(12) 1 4 M 11 Flame Forearm +
(13) 30 F 23 Flame Forearm ++$
(14) 49 M 23 Flame Forearm ++
(15) 73 F 10 Flame Forearm ++

* Repeat skin samples from same patient.
Patchy distribution of immunoreactive EGF-R.

NA, not available.
EGF-R Staining: weak, +; moderate, ++; intense, +++.

burn, contains numerous mitotic figures and consists of a well
stratified epidermis. As early as 2 d after injury, this epidermis
consisted of 10-15 cell layers, was beginning to become hyper-
trophic, and showed a distribution of EGFreceptors through-
out all layers (Fig. 1, A and B) in the present study. Thus, our
evaluations from the specimens from postburn day 2 suggest
that EGFreceptors were present in all epithelial cell layers both
in the undifferentiated edge (Table I) and the hypertrophic
surface epithelium.

Prominent immunoreactivity for EGF receptors was also
detected on postburn day 2 in active hair follicles below the
level of burn injury in partial thickness burn (Fig. 1, Cand D).
Such marginal hair follicles are known to grow upward and
contribute to the resurfacing of partial thickness burn wounds
(Fig. 1, B and D) (47). Definitive immunostaining for EGF
receptors was identified in both the external and internal root
sheath cells of hair follicles (Fig. 1 B) and in their upward
outgrowths (Fig. 1 D). The stratified, cuboidal epithelium of
the viable portions of dermal sweat ducts showed marked im-
munostaining in the dermis beneath burn regions (data not
shown) and in the adjacent nonburned dermis (Fig. 1 D). EGF
receptor immunostaining was not detected in the cellular com-
ponents of the dermis underneath partial thickness burn inju-
ries or at the peripheral margin of full thickness burn wounds at
any time post injury (Fig. 1, B, D, F, and H).

On postburn day 3 in specimens from four patients (Table
I), a slight decrease in immunostaining for EGFreceptors was
noted in migrating epidermal margins (Fig. 1 F). Decreased
immunoreactivity was observed in marginal hair follicles and
sebaceous gland keratinocytes which when in a proliferative
stage result in epidermal resurfacing (Fig. 1, E and F). Burn
eschar showed minimal background staining for EGFreceptors
(Fig. 1, F and H) and was not considered to be positive when
compared to negative control sections stained with normal rab-
bit serum. The weakest staining for EGFreceptors in the lead-
ing epithelial tip was found in patients 7 and 10. Patient 7 was
50 yr old with a 34%TBSAburn and an inhalation injury while
patient 10 was 73 yr old, hypoalbuminemic, and debilitated
with a significant proportion of full thickness burn injury (Ta-
ble I). In all six patients evaluated on postburn day 3, the basal
epidermis adjacent to the migrating epithelial tip showed di-
minished immunoreactivity for EGF-R. In this location, immu-
noreactivity for EGFreceptors was comparatively higher in the
stratum granulosum layers although weak immunoreactivity
was within detectable levels in the stratum germinativum (Fig.
1, E and F).

EGFreceptors within migrating epithelial tips appeared to
be slightly decreased on postburn day 4 (Fig. 1 H) in three
patients (Table I). Significantly decreased immunoreactivity
for EGF-R was noted in a 14-yr-old patient (Pt 12) with a
superficial 11% TBSA burn. Sweat ducts in all four patients
showed strong EGF-R immunoreactivity. This intense staining
for EGF-R in eccrine sweat ducts was a constant feature
throughout all phases of wound healing and served as a conve-
nient semi-quantitative positive control. In contrast, hair folli-
cles showed moderate EGF-R immunoreactivity in patients
13-15 and weak immunoreactivity in patient 12 (data not
shown) and were variably stained throughout wound healing.

EGFreceptors in late postburn period
Days 5-16. Immunohistochemical data for EGF receptors is
presented for the late postburn period in Fig. 2, A-H. A charac-
terization of the patient population from this later stage of
wound repair is summarized in Table II. On postburn day 5,
staining for EGF receptors was decreased in the undifferen-
tiated, marginal keratinocytes in five out of eight patients (Fig.
2 B). In three of these eight patients, EGF receptor staining
appeared patchy with focal areas of both weakly stained and
intensely positive keratinocytes within the same migrating epi-
thelial region (Table II); nevertheless, in these three patients,
EGFreceptor immunoreactivity remained intensely positive in
eccrine sweat glands and dermal ducts adjacent to the burn
wound margin (data not shown).

On postburn days 7, 8, 9, 10, 12, and 16 (Table II), EGF
receptors remained diminished in 12 patients with minimal
positive staining in the epithelial tip (Fig. 2, Cand D, Eand F,
G and H). Only one exception to this staining pattern was
noted (Pt 37) on postburn day 16 where immunoreactivity for
EGF-Rwas strongly positive in the migrating epithelial tip (Ta-
ble II). As the process of reepithelialization continued during
the late postburn period, the majority of marginal and nonmar-

Epidermal Growth Factor Receptor in Burn Wounds 2395

with a 23%TBSAburn (Pt 13), a diminished immunoreactivity for EGF-R is present in migrating epithelial cells (arrows). Basal keratinocytes
in the proximal hypertrophic, proliferating epidermis still show prominent EGF-R staining. Faint immunoreactivity for EGF-R is also present
in some dermal cells.
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Figure 2. The later postburn period (days 5-10). Size bar = 100 gin. Arrows denote the migrating epithelial tip beneath burn eschar (E). (A and
B) At postburn day 5 in a 30-yr-old patient with a 15%TBSAburn (Pt 18), the epithelial sheet migrating (arrows) under burn eschar (e) reveals
a patchy staining pattern for EGF-R. Adjacent hypertrophic epithelium which contributes to the migrating sheet stains strongly positive for
EGF-R in the outer stratum granulosum but somewhat less in the basal epidermis. (C and D) At postburn day 7 in a 77-yr-old patient with a

9%TBSAburn (Pt 26), diminished EGF-R staining is present in many of the keratinocytes in epithelial sheet migrating (arrows) under the
eschar (e). In contrast, prominent immunoreactivity is present in the adjacent epidermis and an eccrine sweat duct. (E and F) At postburn day
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Table II. Late Postburn Period

Migrating
margin

Patient Age Sex TBSA Etiology Site EGF-R

yr %

PBD5
(16) 5 M 2 Flame Leg ++*
(17) 26 M 35 Flame Leg ++
(18) 30 F 15 Flame Forearm ++
(19) 35 M 16 Flame Back +++*
(20) 54 M 39 Flame Forearm ++$
(21)t 56 M 55 Flame Thigh ++
(22) 60 M 4 Flame Hand (dorsum) ++
(23)$ 64 M 32 Flame Arm ++

PBD7
(24) 31 M 28 Flame Back +
(25) 38 M 43 Flame Leg +

(26) 77 M 9 Flame Chest ++
(27)t 64 M 47 Flame Thigh ++

PBD8
(28) <1 M 23 Grease Back NA
(29) 3 M 17 Flame Chest ++
(30)t 32 M 88 Flame Chest ++
(3l)t 50 M 34 Flame Back +
(32) 62 M 8 Flame Thigh +

PBD9
(33)t 72 F 25 Flame Forearm +
(34) 2 F 19 Scald Thigh ++

PBD 10
(35)t 32 M 88 Flame Thigh ++

PBD 12
(36) 31 M 17 Flame Chest ++

PBD 16
(37) 31 M 16 Scald Chest +++

* Patchy distribution of immunoreactive EGF-R.
Repeat skin samples from same patient.

NA, not available.
EGF-R Staining: weak, +; moderate, ++; intense, +++.

ginal eccrine sweat glands, ducts, and hair follicles exhibited
moderately positive staining for EGFreceptors in 19 out of 22
patients. Exceptions were noted in patients 24, 25, and 36 (Ta-
ble II) where EGF receptors were diminished in sweat ducts
which were directly contributing to the marginal epithelial
cells. Similarly, hair follicles beneath proliferating epithelium
showed decreased EGF receptors in these same patients. No
immunostaining for EGF-Rwas detected in the fibroblast pop-
ulation at either the margin or in the underlying viable dermis
of partial thickness burn wounds during days 5-16 in the 22
patients studied.

Hypertrophic epithelium adjacent to burn wounds
Morphologically, epithelium became visibly hypertrophic ad-
jacent to migrating epithelial margins as early as postburn day
2. Such proliferative or "activated" epidermis consisted of 25-
30 layers of keratinocytes with an expanded basal cell layer,
prominent nucleoli and well developed rete ridges (Fig. 3). In
hypertrophic epithelium on postburn days 2-5, the EGFrecep-
tors were distributed in all nucleated cell layers with the most
intense immunoreactivity for EGF-R in the spinous and gran-
ulosum cells (Fig. 3 C). This distribution of EGFreceptors was
characteristic for 18 patients during the early and late postburn
periods. Three exceptions were noted on postburn days 4 (Pt
12), day 5 (Pt 22), and day 7 (Pt 25) (Tables I and II). In these
specimens, EGFreceptors were restricted to the basal and spi-
nous cell layers resembling the previously reported basal distri-
bution for EGF-R in normal adult human skin (27). Patient
12 was 14 yr old with a superficial partial thickness 1 1%TBSA
burn and Pt 22 was 60 yr old with a 4% superficial partial
thickness wound (Fig. 3, A and B).

Wewere able to examine sequential EGF-R immunoreac-
tivity during both the early and late postburn periods in a few
patients who required surgical excision on separate occasions.
An interesting phenomenon was observed in patient 21. This
56-yr-old patient was an alcoholic with severe liver dysfunction
who sustained a 55 %TBSA full thickness burn. Due to delayed
wound healing and the need for multiple skin grafts, EGF-R
immunoreactivity was studied on postburn days 5 (Table II)
and 34 (Fig. 3 D). On postburn day 34, EGFreceptors in the
hypertrophic epithelium over granulation tissue (neodermis)
were distributed throughout the entire epidermis with moder-
ate staining for EGF-R (Fig. 3 D).

[ 2sI] EGFbinding in epidermis
To confirm the functional status of the EGFreceptor using a
different technique, the binding of [25I] EGF in healing burn
wound margins was evaluated on postburn day 5. The density
of silver grain deposition, indicating the location of unoccu-
pied, available EGFreceptor, was highest over the basal kera-
tinocytes in the hypertrophic epithelium (Fig. 4 D). There was
a progressive decrease in silver grain deposition over the stra-
tum spinosum and granulosum with only background labeling
in the stratum corneum. Moderate silver grain deposition was
identified in the two to three cell layers of the flattened, undif-
ferentiated epidermis immediately adjacent to the nonviable
burn eschar (Fig. 4 B). In experimental samples, low amounts
of silver grains were seen in the dermis. However, in these same
skin sections, extensive labeling for [ '25I ] EGFwas identified in
the pilosebaceous glands and in the sweat glands and ducts
(data not shown). Most intense labeling in the hair follicle was
localized to the outer root sheath cells (Fig. 4 B). Control incu-
bations were performed using a 200-fold excess of unlabeled
EGFbefore or after incubation with [ '25I] EGFto displace spe-
cifically bound ['25I] EGF. The silver grain density remaining

7 in a 38-yr-old patient with a 43% TBSAbum (Pt 25), EGF-R immunoreactivity is noticeably absent in the migrating tip (arrows) and re-
stricted to basal keratinocytes in the adjacent nonhypertrophic epithelium. Some nonspecific background staining is present in the burn eschar
(e) and stratum corneum in this specimen. (G and H) At postbum day 10 in a 32-yr-old patient with an 88% TBSA burn (Pt 35), EGF-R
staining is minimal in the migrating epithelial tip (arrows). In the adjacent epidermis, the most prominent immunostaining for EGF-R is present
in the stratum granulosum.
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CFigure 3. Hypertrophic epidermis adjacent to burn wounds. Size bar = 100 Mm. (A) At postburn day 5 in a 60-yr-old patient with a 4%TBSA
burn (Pt 22), the EGF-R distribution is restricted to basal and spinous keratinocytes in the epidermis. (B) At postburn day 7 in a 38-yr-old
patient with a 43% TBSA burn (Pt 25), the EGF-R are restricted to the basal and spinous cell layers in the later postburn period, but some
nonspecific staining is noted in the stratum corneum. (C) At postburn day 4 in a 49-yr-old patient with a 23% TBSAburn (Pt 14), intense
EGF-R immunoreactivity is uniformly expressed in all layers of this epidermis bordering the injury during the early postburn period. Faint
staining for EGF-R is present in fibroblasts in the dermis. (D) At postburn day 34 in a 56-yr-old patient with a 55%TBSAburn (Pt 21), moderate
staining for EGF-R is displayed throughout the epidermis, but no immunoreactivity is present in the underlying dermis.

during these conditions was considered background radioactiv-
ity and remained negligible compared to experimental sec-
tions.

Identification of proliferative epithelium by proliferating
cell nuclear antigen
Immunohistochemical localization of anti-PCNA was used to
identify the proliferative cell population in epithelial margins
and hypertrophic epithelium adjacent to partial and full thick-
ness burn wounds. The density of anti-PCNA labeled nuclei
was highest in the hypertrophic epithelium with intense local-
ization in the basal keratinocyte nuclei with some labeling seen
in the spinous cells. This density was significantly higher than
anti-PCNA labeled nuclei observed in normal adult skin sam-
ples distant from the burn wound. As shown in Fig. 5 B, anti-
PCNAlabeled nuclei were increased compared to "normopro-
liferative" epidermis in the hypertrophic epithelium at post-
burn day 2 which represents the earliest time studied after
injury. A high density of anti-PCNA labeled cells was present in
all samples from all hypertrophic epidermis removed during
the late postburn period. Anti-PCNA labeled nuclei were iden-
tified in the basal keratinocytes at the wound margin; however,
undifferentiated, flattened keratinocytes advancing beneath
burn eschar did not display the anti-PCNA marker as shown in
Fig. 5 B and were therefore presumed to be the migrating popu-
lation.

Discussion

Identification of EGFreceptors in repairing burn wound epithe-
lial margins suggests that EGF, TGFa or related peptides may

play vital roles in wound repair after burn injury. Our results
indicate that immunoreactive EGFreceptors can be detected
as early as 2 d after burn injury. During this early phase of
wound repair, EGFreceptors are concentrated in both the pre-

sumed migrating keratinocytes as well as in the proliferating
basal keratinocytes of hypertrophic epithelium near neighbor-
ing wound margins. Since epidermal wound resurfacing in par-
tial thickness burns depends heavily on epithelial cell prolifera-
tion and migration from viable skin appendages within the
deep dermis, high concentrations of EGF-R which were uni-
formly present in epidermal appendages in regions adjacent to
burn wounds further suggest that the availability of EGF-R
may serve as a key regulatory factor during the initial period of
epidermal repair.

The proliferative phase of wound repair commences, by
definition, at the termination of tissue destruction 12-24 hours
after burn injury (48). The development of hypertrophic epi-
dermis adjacent to the migrating epithelial margin is visible
evidence of the dramatic responses from uninjured epidermis.
Intense localization of EGF-R in the basal, spinous, and granu-
losum layers of the hypertrophic epidermis especially in the
early postburn period suggests that the requisite receptors for
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Figure 4. Autoradiograph of marginal epithelium and hair follicle (A and B) and hypertrophic epithelium (C and D) adjacent to burn wound on
postburn day 5. Tissues were incubated with [1251I] EGFas described in Methods and exposed for 6 wk. (A) Light-field view of [ 125I ] EGFbinding.
Size bar = 100 Mm. (B) Corresponding dark-field view of [12511 ]EGF binding shows a high concentration of silver grains over the outer root
sheath cells of the hair follicle and the basal epidermis. Reduced cell labeling is noted over the stratum granulosum and stratum corneum. E,
epidermis. (C) Light-field view of hypertrophic epidermis. Size bar = 100 Ium. (D) Corresponding dark-field view of [ 12511 ] EGFbinding shows
increased deposition of silver grains in the basal and spinous cells of the hypertrophic epidermis. Decreased silver grains are noted in the stratum
granulosum and in the overlying burn eschar (B).

EGFand its related ligands are expressed in this proliferative
cell population. Thus, the present study offers additional evi-
dence of a direct EGF/TGFa/EGF-R pathway in human
wound repair most probably responsive to endogenous ligands
( 13, 49-51 ) and/or transmodulation by other growth factors
( 14-16). Furthermore, the presence of EGF receptors at the
appropriate phases of wound repair suggests that these recep-
tors may be accessible and available for binding by exogenous
ligands. Indeed, in vivo studies in a variety of wound healing
situations including human trials have previously provided in-
direct evidence that application of exogenous EGFcan acceler-
ate wound resurfacing ( 19).

In the present study, the initial increase in EGFreceptors in
epidermal repair in the early postburn period is followed in the
later stage of healing by an expected moderation in immunore-
active EGF-R in both the presumed migrating tip and the more
distal hypertrophic epidermis. During the later phases of
wound repair, the dynamic equilibrium of EGFreceptors ap-
pears to shift toward downregulation as has been reported in
cultured cells (52). The stimulus for this shift in the EGF-R
equilibrium remains unknown; however, this declining avail-
ability of receptors may serve as a natural mechanism to limit
growth factor mediated proliferation.

The decline of EGFreceptors in burn wounds detected by
immunolocalization of the receptor may represent transloca-
tion of the extracellular portion of the receptor occurring dur-

ing different stages of wound repair. These findings are similar
to previous clinical findings for the EGF receptor in various
hyperproliferative epidermal skin disorders, where EGFrecep-
tors are markedly elevated in active lesions (30-33), but re-
sume a restricted basal distribution as the disease process
abates. This is the case in regressing lesions of seborrheic kera-
tosis (31), acanthosis nigricans, and skin tags (33 ) as well as
psoriasis vulgaris (30, 53).

As expected in any clinical study, exceptions were detected
in both the localization of EGF receptors and their temporal
sequence. Webelieve that these exceptions provide additional
credence to the theory that EGF-R play an integral role in
wound repair. Within our series of burn patients, three speci-
mens were notable because they illustrate patients at opposite
ends of the burn injury spectrum. The localization of EGF-R in
basal/ spinous keratinocytes in a 14-yr-old patient with an 1 1%
total body surface burn on postburn day 4 and in another 38-
yr-old patient with a very superficial 43% total body surface
area burn on postburn day 7 suggests that downregulation of
EGF-R may be accelerated in either young patients or in those
with minor burn injuries. At the opposite end of the spectrum
was an older, severely burned, nutritionally compromised pa-
tient who was still struggling to heal on day 34. Although
wound healing was extremely delayed in this case and still re-
mained in the proliferative phase, EGFreceptors were still de-
tected within those slowly healing wounds.
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suggests that the EGFreceptor may have a multifunctional role
in the regulation of epithelial wound repair.

These data suggest that the presence of the EGFreceptor is
a common denominator in the wound healing process after
burn injury. Whencoupled with the clinical evidence of acceler-
ation of reepithelialization following exogenous application of
EGF( 19), our findings suggest an endogenous growth factor-
mediated pathway during wound repair that may be amenable
to exogenous manipulation.

Acknowledgments

We are grateful for the expert technical assistance of Jesse Britton,
Fannie Burton, Nancy Cardwell, and Lise McLean.

I This work was supported by funds from the Plastic Surgery Depart-
ment (B. A. Wenczak), National Institutes of Health GM40437 (L. B.
Nanney), and the Department of Veterans' Affairs (L. B. Nanney).

Figure 5. Comparison of EGF-R immunoreactivity and proliferating
cell nuclear antigen in repairing epidermis. Arrows denote the mi-
grating epithelial tip beneath burn eschar (E). (A) On postburn day
3 in a 47-yr-old patient with a 15% TBSAburn (Pt 11 ), EGF-R im-
munoreactivity is intense in all layers of the marginal epithelium as
well as in the epithelial tip (arrow). Nonspecific staining was also
noted in the adjacent nonviable dermis (ND). Viable dermal fibro-
blasts showed no staining for EGF-R. (B) Corresponding marginal
epithelium showing nuclei labeled with proliferating cell nuclear an-

tigen. A predominance of labeled nuclei is localized to the basal cell
layer and occasional labeled nuclei are seen in the spinous cell layer.
PCNA-labeled nuclei are not observed in the marginal epithelial tip
cells. Section counterstained with nuclear fast red to identify all nuclei
in the basal cell layer. Size bar = 100 Mum.

In this study, we have localized multiple forms of the EGF
receptor in repairing burn wound margins. Detection of avail-
able EGF-R by extensive binding activity at postburn day 5
suggests that a significant portion of the EGFreceptor is avail-
able on the extracellular surface of epithelial cells and free to
reversibly bind circulating or exogenous EGF. Increased bind-
ing activity in the basal keratinocytes in the hypertrophic epi-
thelium adjacent to repairing burn wound margins correlates
well with the earlier identification of both ['25I] EGFbinding
and immunoreactive EGF-R in the proliferative basal cell layer
of normal adult human skin (27, 30). Additional characteriza-
tion of PCNA-labeled nuclei in the hypertrophic epithelium
has further confirmed active cell proliferation in the basal cells
and occasionally some spinous cells during early and late
phases of wound repair. Likewise, a depletion of EGF-R and
the absence of identifiable proliferative capacity in the few un-

differentiated epithelial cells at the most distal epithelial tip
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