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ABSTRACT

Epidermal repair during wound healing is under investigation at both the light and elec-
tron microscopic' levels. Suction-induced subepidermal blisters have been employed to
‘produce two complementary model wound héaling systems. These two model systems are:
(a) intact subepidermal blisters, and (b) opened subepidermal blisters (the blister roof was
removed immediately after induction, leaving an open wound). From these studies a
pattern of movement for epidermal cells in wound healing is proposed. This pattern of
movement is the same for both model systems. Epidermal cells appear to move by rolling
or sliding over one another. Fine fibers oriented in the cortical cytoplasm may play an
important role in the movement of these epidermal cells. Also instrumental in mediating
this movement are intercellular junctions (desmosomes) and a firm attachment to a sub-
strate through hemidesmosomes. In the intact subepidermal blisters hemidesmosomal
attachment is made to a continuous and homogeneous substrate, the retained basal lamina.
In the opened subepidermal blisters contact of epidermal cells is made to a discontinuous

substrate composed of sporadic areas of fibrin and underlying mesenchymal cells.

INTRODUCTION

During the healing of cutaneous wounds, epi-
dermal repair is manifested by the progressive ex-
tension of a “tongue” or stratified sheet of epi-
dermal cells from the peripheral epidermis across
the wound (2, 5, 6, 10, 25). Two important phe-
nomena instrumental in this extension are migra-
tion and mitosis of epidermal cells. Mitotic ac-
tivity, however, is not observed at or close to the
leading margin of the epidermal sheet but in cells
distal to this area (2, 5, 10, 22). It would appear,
then, that cellular migration plays a very im-
portant role in restoring epidermal continuity.
Winter (38) has suggested that epidermal repair
in wound healing is eflected by the movement of
epidermal cells over each other upon the surface of
the wound. From in vitro studies, however,
Vaughan and Trinkaus (33) have reported that
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the migration of epithelial cells occurs as a mono-
layered sheet. Observations by Lash (20), during
the in vitro repair of wounded amphibian skin,
indicate a cessation of movement for migrating
epidermal cells upon mutual contact. Also,
Abercrombie and Heaysman (1) have observed
that fibroblasts moving toward each other from
opposite directions on a cover slip ceased their
movement once they contacted each other. Move-
ment of one fibroblast over a continguous fibroblast
was not observed.

In an attempt to better understand the mecha-
nism of epidermal cell migration in wound healing
and to clarify the aforementioned divergent find-
ings on cell movement, two complementary model
wound healing systems have been developed.
These model systems permit sequential observa-
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tions of epidermal repair during the healing of
intact and opened subepidermal blisters. The light
and electron microscopic studies reported here
show that normal epidermal cells do pass over one
another during epidermal repair of wound healing.
Furthermore, while the environment of the epi-
dermal cells differs in both model systems, the
pattern of movement appears the same. From the
representative observations presented, a suggested
pattern of movement for epidermal cells during
wound healing is advanced.

METHODS

Wounding

By the use of a variation of a technique first re-
ported by Kiistala and Mustakallio (18) the epider-
mis was detached from the dermis with suction. The
following device has been developed for these studies
and provides a quick and uncomplicated way of
inducing subepidermal blisters. A 4 cm portion from
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Blister Remains Intoct

|
'

biopsy

the tip of a Pasteur pipette is connected via a length
of polyethylene tubing to an evacuated test tube
(Vacutainer, Becton, Dickinson and Co., Rutherford,
N.J.). This suction device and the techniques em-
ployed to obtain the two model wound healing
systems are diagrammatically depicted in Fig. 1.

2-day old mice of the Webster strain (Department
of Infectious Diseases Animal Farm, Harvard Medical
School) were subjected to the aforementioned suction
device until a clear elevation at the point of suction
was observed. The device was applied for about 3-5
min and removed immediately after the blister was
formed. Blisters were induced in the dorsal thoracic
skin and averaged 1.0-1.5 mm in diameter. Imme-
diately after subepidermal blister induction, animals
were handled in one of two ways: (a) the blisters were
allowed to remain intact, or () the blister roof was
removed, leaving an open wound. All animals were
biopsied at sequential periods of time after wound-
ing.

The terms ‘““intact” blister (blister roof left on)
and “opened” blister (blister roof removed) will be

open wound
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-
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Freure 1 Diagrammatic illustration of techniques employed to obtain the two model wound healing

systems described in the text.
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used throughout the text of this paper to distinguish
the two wound healing systems used in these studies.

Tissue Preparation

Biopsies of intact blisters were obtained immedi-
ately after wounding or at 12, 18, and 24 hr there-
after. Biopsies of opened blisters were obtained
immediately after blister roof removal or at 1, 4, 12,
18, and 24 hr thereafter. Biopsies of intact or opened
blisters were placed in one of the following fixative
solutions: (a) 2% redistilled glutaraldehyde (7, 8)
containing 50 mM monosodium phosphate buffer,
pH 7.3 at 4°C for 1 hr. After a buffer wash, the tissue
was secondarily fixed in 1%, OsO4 containing the
same buffer for 1 hr at 4°C; (5) 4% formaldehyde
(generated from the cyclic trimer trioxymethylene,
Fisher Scientific Company, Pittsburgh, Pa.) con-
taining 0.1 M monosodium phosphate buffer for 2
hr at room temperature. This tissue was postfixed for
2 hr at room temperature with 1.5% OsO, contain-
ing the same buffer; (¢) a diluted version of Kar-
novsky’s fixative (15) (i.e., 29 newly generated
formaldehyde plus 2.5%, redistilled glutaraldehyde)
in 0.1 M monosodium phosphate buffer for 1 hr at
room temperature. These tissues were postfixed at
4°C for 1 hr in 0.1 M monosodium phosphate-buf-
fered 19, OsO, . After secondary fixation all tissue
specimens were treated en bloc with 0.59, uranyl
acetate (9), rapidly dehydrated, and embedded in
Epon (21).

Thick sections (1.0-1.5 u) were cut on a Porter-
Blum MT-1 ultramicrotome with glass knives and
stained with borate-buffered toluidine blue for light
microscopic study. Thin sections were cut on a
Porter-Blum MT-2 ultramicrotome with a diamond
knife and mounted on formvar-coated grids. These
sections were doubly stained with aqueous uranyl
acetate and lead citrate (34). Observations were
made with a Zeiss EM9A electron microscope.

RESULTS
Normal Mouse Skin

Normal mouse skin (Fig. 2) at 2 days after birth
has a cornified epidermis two to three cells thick.
Cells of the basal layer are cuboidal in shape,
while those of the upper layers have a flattened
appearance. The dermo-epidermal junction ap-
pears relatively smooth and flat, except in areas
where epidermal cells are continguous with cells of
the hair follicle root sheath. Blood vessels, fibro-
blasts, hair follicles, nerves, and occasionally leuko-
cytes can be seen in the dermis.
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Intact Subepidermal Blisters

A biopsy specimen removed immediately after
blister formation (Fig. 3) shows detachment of the
epidermis from the dermis at the dermo-epidermal
junction, resulting in the formation of a subepi-
dermal blister. Ultrastructurally (Fig. 4), the
dermis immediately beneath the newly formed
blister shows no gross disruption of architecture.
Additionally, the basal lamina has remained with
the dermis and forms the uppermost dermal

Ficure 2 Control biopsy of 2 day old mouse skin
processed for electron microscopy and embedded in
Epon. The epidermis is two to three cells thick and
cornified. Hair follicles in cross-section, fibroblasts,
and blood vessels can be observed in the dermis.
Borate-buffered toluidine blue stain. Formaldehyde/
030y fixative. X 400.

Fiaure 3 Epon-embedded biopsy specimen of an in-
tact blister removed immediately after induction. The
epidermis has been completely lifted away from the
dermis, producing a subepidermal blister. Borate-
buffered toluidine blue stain. Formaldehyde/OsO4
fixation. X 160.
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Ficure 4 An ultrastructural view of the blister base from an intact subepidermal blister biopsied im-
mediately after induction. The dermal architecture (D) does not appear adversely affected by the ap-
plication of the suction device. Blister cavity (BC). Formaldehyde-glutaraldehyde/OsO4 fixation. Scale
line, 1 u. X 4760.

Ficure 5 A biopsy obtained immediately after subepidermal blister induction shows that the basal
lamina (BL) forms the uppermost boundary of the dermis. Projecting from the dermal side are fibers
(arrows) usually assocated with a cutaneous basal lamina. Mesenchymal cell (MC). Formaldehyde-
glutaraldehyde /OsO4 fixation. Scale line, 0.50 u. X 55,800. .
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Ficure 6 Biopsy of an intact subepidermal blister removed 12 hr after induction. Epidermal cell move-
ment proceeds from the epithelial root sheath (ES) of the hair follicle over the denuded dermis. Fibrin
and portions of degenerating epidermal cells from the blister roof have settled out from the blister cavity
(BC), forming a layer of debris (D) upon the epidermal cells and the denuded dermal surface. Formal-
dehyde-glutaraldehyde/OsOy fixation. Scale line, 1 u. X 5075. Inset: Light micrograph of an Epon-
embedded section from an intact subepidermal blister removed 12 hr after induction. The blister roof
(BR) remains intact at this time. Epidermal (E) cell movement appears as a wedge-shaped projection
from the epithelial roof sheath of the hair follicle (HF) out over the denuded dermal (D) surface. Borate-
buffered toluidine blue stain. Formaldehyde OsOy4 fixation. X 400.
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boundary (Fig. 5). The basal lamina is easily
recognized by its characteristic appearance and
the fibers which project from its dermal side (26).

Primary movement of epidermal cells proceeds
from the epithelial root sheath of the hair follicles
(Fig. 6 and inset). At 12 hr after wounding, this
movement manifests itself as a wedge-like projec-
tion from the follicle sheath over the denuded
dermal surface. This wedge-shaped group of epi-
dermal cells is two to three cells deep nearest the
follicle and tapers to one elongated cell at the free
epidermal margin. Fibrin from the blister fluid
and portions of degenerating epidermal cells from
the blister roof form a layer of debris on the
epidermal cells and the denuded dermal surface.
The blister roof is intact, but epidermal cells of
the blister roof appear to be degenerating.

The most advanced epidermal cell extends a
long narrow process out over the denuded dermal
surface (Figs. 7 and 7 a). This cellular extension is
in close proximity to the basal lamina, the upper-
most boundary of the dermis. At selected points
along the basal plasma membrane of this foremost
epidermal cell, hemidesmosome formation is ob-
served (Fig. 8). This same cell exhibits a cortically
oriented band of fine fibers extending from the
main part of the cell out into the narrow cellular
process. Occasionally, at the free epidermal edge,
the foremost extension of one epidermal cell can
be observed overlapping the extended process of
another epidermal cell (Figs. 7 2 and 9).

18 hr after wounding, basally positioned epi-
dermal cells back from the free edge (asterisk) have
changed shape from low and elongated to an oval
or round form (Fig. 10). These basal epidermal
cells also display a greater interdigitation with the
basal lamina as compared with cells at the free

epidermal margin, Epidermal cells positioned
superior to these basal cells have a flattened and
elongated appearance. The cortical band of fine
fibers can still be seen in superiorly oriented cells
but this cortical band is not observed in the oval
or round basal cells.

At 24 hr after wounding (Fig. 11), the original
blister roof is still intact but the:dcrmis is now
completely covered by a noncornified epidermis
three to four cells thick.

Opened Subepidermal Blisters

When the blister roof is removed the denuded
dermal surface is exposed. A biopsy at this time
(0 hr) reveals that no epidermal cells have re-
mained (Fig. 12), and that the superior border of
the dermis is formed by the basal lamina (Fig. 13).
1 hr after blister roof removal the exposed dermis
appears to be degenerating as a result of dessica-
tion (Fig. 14). The basal lamina is not evident 1 hr
after the removal of the blister roof, and the
superior border of the dermis has an amorphous
appearance (Fig. 15). A 24 hr biopsy (Fig. 16)
shows that a coagulum composed of degenerating
leukocytes and mesenchymal cells covers the
wound area. Extending from the peripheral epi-
dermis beneath this coagulum is a stratified sheet
of epidermal cells (arrows). This sheet of cells is
three to four cells deep at the peripheral epidermis
and tapers to one or two epidermal cells at the free
epidermal margin. The foremost cell of this strati-
fied sheet is touching strands of fibrin (arrows, Fig.
17) and other cells of the dermis. Since a basal
lamina is not present, areas of the basal plasma
membrane are exposed to the dermal milieu.
Located within the cytoplasm of this cell are
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Ficure 7 The leading edge of an epidermal cell at the free epidermal margin, 12 hr after blister induc-
tion, is depicted (arrow). This cell process extends out upon the ““old”” basal lamina (BL) which still forms
the upper boundary of the denuded dermis. Dermis (D). Formaldehyde glutaraldehyde/0sO4 fixation.
Scale line, 1 p. X 16,800.

Ficure 7 @ A more complete view of the epidermal cell in Fig. 7 is shown. The foremost portion of the
cell (EC2) closely approximates the basal lamina (BL) and overlaps another epidermal cell (ECy). The
direction of epidermal cell movement is indicated by the arrow. Dermis (D). Formaldehyde glutaraldehyde/
0s0y fixation. Scale line, 1 g. X 16,800.

F1GURE 8 An area on a foremost epidermal cell farther back from the free epidermal margin shows hemi-
desmosomal (HD) attachment of the epidermal cell to the old basal lamina (BL). In the cytoplasm,
adjacent to the upper plasma membrane of the cell, a cortical band (CB) of fine fibers extend from the
body of the cell out into the cellular extension. Formaldehyde-glutaraldehyde/OsOy fixation. Scale line,
0.50 u. X 41,400.
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Figure 9 The narrow elongated processes of two advancing epidermal cells at the free epidermal margin
are depicted. Epidermal cell (EC5) is farther advanced and its foremost cytoplasmic extension overlaps
the extended process of another epidermal cell (EC;). Movement is in the direction of the arrow. Dermis
(D); basal lamina (BL). Formaldehyde-glutaraldehyde/OsQ; fixation. Scale line, 1 . X 16,800.

Ficure 10 Biopsy of an intact subepidermal blister removed 18 hr after induction. A basally positioned
cell (*) appears rounder or more oval in shape than superiorly positioned epidermal cells. The basal
epidermal cells also have a greater interdigitation with the dermis (D) as compared with the epidermal
pseudopod at the free margin. The cells above the basal layer still have a low and elongated profile.
Movement is in the direction of the arrow. Formaldehyde-glutaraldehyde/OsO4 fixation. Scale line,

1 p. X 4025.

Figure 11 Light micrograph of an Epon-embedded
intact subepidermal blister biopsied 24 hr after in-
duction. The dermis (D) is now completed covered by
a noncornified epidermis (E). Borate-buffered toluidine
blue stain. Formaldehyde/0sO, fixation. X 400.
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vacuoles (V; and V,) containing an amorphous
electron-opaque material similar in appearance to
the extracellular fibrin. Such deposits probably
represent fibrin that has been phagocytized by the
epidermal cells. Similar observations have been
made by other investigators (11, 25). Along the
dermal aspect of the epidermal sheet, close prox-
imity of more than one epidermal cell to strands of
fibrin is not uncommon (Fig. 18). The inset for
Fig. 18 shows fibers having a banding periodicity
of approximately 240 A, equivalent to that of
fibrin.

Although not depicted, a cortical band of fine
fibers is also seen in epidermal cells at the free
margin of the stratified sheet.

Hemidesmosome formation suggests attachment
of the basally positioned epidermal cells to areas of
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Ficure 12 Light micrograph of an Epon-embedded opened blister. Biopsy obtained immediately after
subepidermal blister induction and removal of the blister roof. Dermis (D). Borate-buffered toluidine
blue stain. Formaldehyde-glutaraldehyde/Os0, fixation. X 300.

Figure 13 Corresponding electron micrograph of an areashown in Fig. 12. The basal lamina (BL) forms
the upper boundary of the dermis (D). A portion of a mesenchymal cell and collagen fibers are de-
picted. Formaldehyde-glutaraldehyde/OsQ4 fixation. Scale line, 1 x. X 15,600.

Ficure 14 Light micrograph of an Epon-embedded opened blister. Biopsy obtained 1 hr after sub-
epidermal blister induction and removal of the blister roof. The upper dermal boundary is a coagulum
(C) composed of decomposed dermal elements. Borate-buffered toluidine blue stain. X 190.

Freure 15 Corresponding electron micrograph of area shown in Fig. 14. The upper dermal boundary
(UDB) has an amorphous appearance and fine cellular detail is missing (arrows). No basal lamina is evi-
dent. Formaldehyde-glutaraldehyde/Os0;4 fixation. Scale line, 0.5 u. X 47,000.
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fibrin or newly formed basal lamina (arrows, Fig.  portions of the cell membrane along this aspect of
19). Many areas opposite the basal plasma mem-  the cell show a close approximation of the epi-
brane of these cells are devoid of either fibrin or  dermal cell to subjacent macrophages or other
basal lamina (single arrows, Fig. 21). Selected mesenchymal cells (double arrows, Fig. 20).

Fiaure 16 24 hr biopsy of an opened blister. The coagulum (C) composed of degenerating leukocytes
and mesenchymal cells covers the wound area. A stratifield sheet of epidermal cells (arrows) extends
from the peripheral intact epidermis beneath the coagulum. Borate-buffered toluidine blue stain. Formalde-
hyde/glutaraldehyde/0s04 fixation. X 300.

Ficure 17 Biopsy specimen of an opened subepidermal blister removed 24 hr after wounding. Along
its basal plasma membrane the foremost epidermal cell (EC) shows areas of close contact with strands of
fibrin (arrows). A basal lamina is not present. Within the cytoplasm, vacuoles (V1 and V3) can be ob-
served partially or completely filled with electron-opaque material, similar in consistency and appear-
ance to extracellular fibrin (F). Formaldehyde-glutaraldehyde/0sQ4 fixation. Scale line, 1 g. X 13,500.
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Figure 18  Three epidermal cells (ECy, ECy, and EC3) are depicted in close proximity to a sheet of fibrin
(F). Scale line, 1 y1. X 20,700. Inset: Higher magnification of extracellular fibrin containing fibers that
show a banding of approximately 240 A. Fixation of both areas, glutaraldehyde/Os0;. X 40,800.
Ficure 19 Along the basal plasma membranes of two epidermal cells (EC; and EC3) hemidesmosomes
(arrows) can be observed opposite areas of fibrin (f), or newly formed basal lamina. Glutaraldehyde/OsO4
fixation. Scale line, 1 u. X 21,300.

Figure 20 The close proximity of an epidermal cell (EC) with a dermally oriented macrophage (M) is
depicted. Some areas along the basal plasma membrane of the epidermal cell (single arrows) are com-
pletely devoid of either fibrin, basal lamina, or other cells. At other points close approximation of the
epidermal cell’s basal plasma membrane to the subjacent macrophage is evident (double arrows). Glutar-
aldehyde/0sOy; fixation. Scale line, 1 u. X 20,400.

Wavter S. Krawczyk Pattern of Epidermal Cell Migraiton
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Fioure 21 Basal epidermal cells (EC; and EC,) farther back from the advancing edge of the stratified
sheet appear more oval or round in shape as compared with epidermal cells more superiorly positioned.
Close contact with fibrin (f) by one epidermal cell (EC)) is evident. Pseudopodial extensions from EC;
toward an erythrocyte (er) are also evident. Coagulum (coag). Glutaraldehyde/0OsO; fixation. Scale line,
1 u. X 4950.

Basally positioned epidermal cells (EC; and
EC,, Fig. 21) farther back from the advancing
edge have a more oval or cuboidal appearance.
Cells superior to these still have a low and extended
profile.

Speed of Epidermal Repair

Epidermal repair takes place sooner in the in-
tact subepidermal blisters than in the opened
subepidermal blisters. At 24 hr after wounding, for
example, the dermis of the intact subepidermal
blisters is completely covered by a noncornified
epidermis three to four cells thick, whereas at 24
hr after wounding in the opened subepidermal
blisters, initiation of epidermal repair is observed
at the lateral border of the wound. This appears as
the extension of a stratified sheet of epidermal cells
from the peripheral epidermis beneath the coagu-
lum.

DISCUSSION
Cellular Migration and Mitosis

Restoration of normal epidermal architecture
during wound healing results from both mitosis
and migration of epidermal cells. Cellular migra-
tion, though, appears to be a primary event and
the major factor in closing the epidermal hiatus
(2, 5, 10, 22). Increased mitotic activity of epi-

258

dermal cells is not usually observed until 1-2 days
after restoration of epidermal continuity (22, 23,
35).

Interrupting mitotic activity by the administra-
tion of colchicine or vinblastine sulfate, immedi-
ately after subepidermal blister induction, pro-
duces no diflerence in epidermal cell migration in
intact subepidermal blisters at 12, 18, or 24 hr
after wounding. However, increasing numbers of
epithelial root sheath cells arrested in the meta-
phase stage of mitosis are observed in animals
receiving these stathmokinetic agents.}

Pattern of Epidermal Cell Movement

From the representative observations presented
in this paper the following suggested pattern of
epidermal cell migration during epidermal repair
of intact and opened subepidermal blisters is
diagrammatically depicted in Figs. 22 and 23.

In the intact subepidermal blisters, the foremost
epidermal cell extends a narrow pseudopod and
through de novo formation of hemidesmosomes at-
taches to the basal lamina. The trailing portion of
this cell then moves forward with epidermal cells
positioned above and behind it. Subsequently, an
elongated extension of an overlying epidermal cell
rolls or slides over the basal cell below, contacts

1 Krawczyk, W. S. Unpublished observations.
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blister cavity

S B—

basal lamina

Ficure 22 Diagrammatic representation of epidermal
cell movement in intact subepidermal blisters. Rela-
tive progression of cells indicated by letters 4, B, C,
D. Explanation in text.

the basal lamina, and eventually attaches itself by
hemidesmosomes to it.

In the opened subepidermal blisters, epidermal
cell movements appear as the progressive extension
of a stratified sheet of epidermal cells from the
peripheral epidermis beneath a coagulum. One or

Warrer S. Krawczyk Pattern of Epidermal Cell Migration

two flattened epidermal cells form the advancing
margin while the epidermis behind is two to four
cells deep. As advancing cells contact fibrin or
subjacent mesenchymal cells, they assume an oval
or cuboidal shape while superiorly positioned cells
remain low and elongated. Superiorly positioned
cells move forward by sliding or rolling over
basally positioned epidermal cells.

The pattern of movement for epidermal cells
eflecting restoration of epidermal continuity in
both model systems seems to be the same. Epi-
dermal cells appear to move by rolling or sliding
over one another. Instrumental in mediating epi-
dermal cell movement are the intercellular junc-
tions (desmosomes) and an attachment to a sub-
stratum through the hemidesmosomes.

Rate of Epidermal Wound Healing

The diflerence in epidermal repair between the
two model systems is striking. Restoration of epi-
dermal continuity occurs faster in the intact system
as compared to the opened system. A number of
factors could influence this rate differential.

First, epidermal cells in the intact blister system
contact a continuous substratum, the basal lamina.
The phenomenon of “contact guidance” as pro-
posed by Weiss (36, 37) may be contributing to
the movement of these cells on the basal lamina.
In the opened blister system there is no similar
predetermined path along which the migrating
epidermal cells can travel.

Secondly, the rapid repair in the intact system
may partially result from the absence of any gross
impediment in movement. Cellular debris and
fibrinous deposits that have settled on the basal
lamina appear to be deflected away. This may be
due to a ruffling of the advancing cell membrane.
Ruffling activity of this sort has been observed
during the in vitro movement of epithelial cell
sheets (33). The area around migrating epidermal
cells in the opened system appeared quite con-
gested with fibrin and cellular fragments and, as a
result of this, forward progress is probably slower.

Thirdly, phagocytosis may slow cellular move-
ment in the opened system. Inclusions containing
deposits similar in appearance to extracellular
fibrin are more commonly observed in epidermal
cells of the open system than those of the intact
system. Fibrin, cellular debris (13, 25, 28), and
tracers like thorotrast (11) are phagocytized by
epidermal cells in wounds like the opened subepi-
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Fieure 23 Diagrammatic representation of epidermal cell movement in opened subepidermal blisters.
Relative progression of cells indicated by letters 4, B, C, D, E, F. Explanation in text.



dermal blisters. This debridement by epidermal
cells may consume energy needed for migration,
thus resulting in a slower repair rate for this
system.

Fourthly, the blister fluid of the intact wounds
provides a constant physiologic milieu for the
epidermal cells. The opened system, however,
initially undergoes dehydration which results in
destruction and degeneration of cells in the upper
portion of the dermis. In studies on covered (with
polythene film) and exposed wounds, only 419, of
the exposed wound surface was covered by new
epidermis 3 days after wounding. However, the
covered wounds showed complete reformation of
the epidermis after the same period of time (39).
It has been calculated that in moist, covered
wounds the migration rate of new epidermis is
double that of exposed scab-covered wounds (38).
The work reported here on intact and opened
subepidermal blisters confirms these earlier studies.

Cell Organelles and Movement

It is generally believed that hemidesmosomes
have a major role in mediating the attachment of
the epidermis to the connective tissue (4, 16, 17,
24). From our observations, we have no doubt that
de novo formation of hemidesmosomes occurs along
the basal plasma membrane of the foremost epi-
dermal cell in the intact system, and it would
appear that formation of hemidesmosomes in this
model wound healing system is an important
factor in mediating the movement of epidermal
cells. What we cannot tell is whether these com-
plexes are stationary or transient junctions. How-
ever, the correlated observations of an increasing
interdigitation of the cell with the substrate (e.g.,
the basal lamina, Figs. 9 and 10) and a change in
cell shape may indicate that these junctions are
stationary. In healing wounds similar to the
opened subepidermal blisters, Tarin and Croft
(30) have observed close contact between epi-
dermal cells and mesenchymal cells at the time
when it was thought that epidermal invasion had
ceased. It is their belief that this close contact of
mesenchymal cells with epidermal cells may be
important in reestablishing epidermal differentia-
tion.

The nature of the intracytoplasmic forces that
are instrumental in cell migration still remains
obscure. Suggestions have been advanced that a
fibrillar contracting mechanism may be eflective in
cytoplasmic movement (14, 40). The association of
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fine filaments with morphogenesis and cell form
has been demonstrated in epithelial (29, 41) and
other tissues (3, 12). Other fine filaments in the
form of microtubules have been shown to be in-
volved in axopodial extension (32) and main-
tenance of cell form (31). Cytoplasmic flow in
migrating cells appears to have the greatest veloc-
ity near the cortical cytoplasm (14, 27, 40). The
cortical band of fine fibers that we have con-
sistently observed in both the intact and opened
subepidermal blisters may have a significant role
in the mechanisms of epidermal cell movement.
These fibers do not appear to be tonofilaments,
which are usually sparse in these advancing epi-
dermal cells. A more detailed report on these fine
fibers and their involvement during epidermal
repair is in preparation.

The author wishes to express his gratitude to Dr.
George F. Wilgram for his advice, continued support,
and the liberal use of his laboratory. The author
would also like to thank Mr. Joseph E. Connolly
and Mrs. Cynthia Zacest for their technical assist-
ance, and Mrs. Peg Campbell and Mrs. Karin
Gunn for typing the manuscript.

Part of this paper was presented at the 9th Annual
Meeting of the American Society for Cell Biology,
1969 (19).

These studies were supported by Public Health
Service Research Grants DE 02974, CA 10364, and
Special Research Fellowship DE 42, 812.

Received for publication 9 July 1970, and in revised form
28 December 1970.

BIBLIOGRAPHY

1. ABercroMBIE, M., and J. E. M. HeavsMan.
1954. Observations on the social behavior of
cells in tissue culture. II. “Monolayering™ of
fibroblasts. Exp. Cell Res. 6:293.

2. Arey, L. B. 1936. Wound healing. Physiol. Rev.
16:327.

3. Baker, P. C., and T. E. ScuHroEDEr. 1967.
Cytoplasmic filaments and morphogenetic
movement in amphibian neural tube. Develop.
Biol. 15:432.

4. Bropy, I. 1968. An electron microscopic study
of the junctional and regular desmosomes in
normal human epidermis. Acta Dermato-
Vernerol. 48:290.

5. BurLoucH, W. 8. 1969. Epithelial repair. In
Repair and Regeneration, the Scientific
Basis for Surgical Practice. J. E. Dunphy and
W. Van Winkle, editors. Blakiston Division of
the McGraw-Hill Book Co., Inc., New York.
35.

261



11.

12,

14.

16.

17.

18.

19.

20.

21.

262

. GiacoMeTTI, L.,

. IDpE-Rozas, A.

. Crort, C. B., and D. Tarin. 1970. Ultrastruc-

tural studies of wound healing in mouse skin.
I. Epithelial behavior. J. Anat. 106:63.

. Fammar, H. D., and P. Drocumans. 1965. Essais

de standardisation de la fixation au glutaral-
déhyde. I. Purification et determination de la
concentration du glutaraldéhyde. J. AMicrosc.
4:725,

. Fauma, H. D.; and P. DrocumANs. 1965. Essais de

standardisation dela fixation au glataraldéhyde.
Influence des concentrations en aldéhyde et
de Posmolalité, J. Microsc. 4:737.

. Fargunar, M. G., and G. E. Parape. 1965.

Cell junctions in amphibian skin. J. Cell Biol.

26:263.

and W. MonTagNA. 1969,
Healing of skin wounds in primates. [z Repair
and Regeneration, the Scientific Basis for
Surgical Practice. J. E. Dunphy and W. Van
Winkle, editors. Blakiston Division of the
McGraw-Hill Book Co., Inc., New York. 47.

GisBiNs, J. R. 1968. Migration of stratified
squamous epithelium in vivo. The development
of phagocytotic ability. Amer. J. Pathol. 53:929.

GorpMman, R. D., and E. A. C. ForLETT. 1969.
The structure of the major cell processes of
isolated BHK21 fibroblasts. Exp. Cell Res.
57:263.

1936. Die cytologischen ver-
haltnisse bei der regeneration von Xaul-
guappenextremitaten. drch. Entwmech. 135:552.

Jaun, T. L., and E. C. Bovee. 1969. Proto-
plasmic movements within cells. Physiol. Res.
49:793.

. KarnNovsky, M. J. 1965. A formaldehyde-glu-

taraldehyde fixative of high osmolality for use
in electron microscopy. J. Cell Biol. 27:49 a.

KeLLy, D. E. 1966. Fine structure of desmosomes,
hemidesmosomes, and an adepidermal globu-
lar layer in developing Newt epidermis. J.
Cell Biol. 28:51.

Kerry, D. E., and J. H. LurT. 1966. Fine struc-
ture, development, and classification of des-
mosomes and related attachment mechanisms.
In  Electron Microscopy. Proceedings 6th
International Congress Electron Microscopy,
Kyoto, Japan. R. Uyeda, editor. Maruzea
Co., Ltd., Tokyo. 401.

Kustara, U, and K. K. MusTagaLro. 1967.
Dermo-epidermal separation with suction. J.
Invest. Dermatol. 48:466.

Krawczyk, W. S., and G. F. WiLgram. 1969.
Epidermal cell migration in vive. J. Cell. Biol.
43:73 a.

Lasa, J. W. 1955, Studies on wound closure in
Urodeles. J. Exp. Zool. 128:13.

Lurrt, J. H. 196]. Improvements in epoxy resin

TrE JourNaL oF CeLL BioLogy - VoLuMmE 49, 1971

22.

23.

24.

25,

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

embedding methods. Biochem.
Cytol. 9:400.

Mann, I. 1944. A study of epithelial regenera-
tion in the living eye. Brit. J. Opthalmol.
28:26.

MartoLtsy, A. G., and C. B. Viziam. 1970.
Further observations on epithelization of
small wounds. An autoradiographic study on
incorporation and distribution of H® thymi-
dine in the epithelium covering skin wounds.
J. Invest. Dermatol. 55:20.

Obranp, G. 1958. The fine structure of the
interrelationship of cells in the human epider-
mis. J. Biophys. Biochem. Cytol. 4:529.

ObLaND, G., and R. Ross. 1968. Human wound
repair. I. Epidermal regeneration. J. Cell
Biol. 39:135.

Pavape, G. E., and M. G. FarQuHar. 1965. A
special fibril of the dermis. J. Cell Biol. 27:
215.

PorTER, K. R. 1966. Cytoplasmic microtubules
and their functions. Ciba Found. Symp. Principles
Biomol. Organ. 308.

ScueuriNg, M. R., and M. Swvger. 1957. The
effects of microquantities of beryllium ion on
the regenerating forelimb of the adult newt,
Triturus. J. Exp. Zool. 136:301.

SpoonNer, B. S., and N. K. Wesserrs. 1970.
Effects of cytochalasin B upon microfilaments
involved in morphogenesis of salivary epi-
thelium. Proc. Nat. Acad. Sci. U.S.A. 66:360.

TarwN, D., and C. B. Crorr. 1970. Ultrastruc-
tural studies of wound healing in mouse skin.
II. Dermo-epidermal interrelationships. J.
Anat. 106:79.

Twwey, L. G., and J. R. GiBeins. 1969. Micro-
tubules in the formation and development of
the primary mesenchyme in Arbacia punctulata.
II. An experimental analysis of their role in
development and maintenance of cell shape.
J. Cell Biol. 41:227.

Tiney, L. G., and K. R. PorTeR. 1967. Studies
on the microtubules in Helioza. II. The effects
of low temperature on these structures in the
formation and maintenance of the Axopodia.
J. Cell Biol. 34:327.

VaucHAN, R. B., and J. P. Trinkaus. 1966.
Movements of epithelial cell sheets in vitro. J.
Cell. Sci. 1:407.

VENABLE, J. H., and R. A. CocGEsHALL. 1965. A
simplified lead citrate stain for use in electron
microscopy. J. Cell Biol. 25:407.

WEINSIEDER, A., and H. Rotastemv. 1970. Epi-
thelial cell response to injury in cultured and
In Situ frog lenses. J. Cell Biol, 47:223 a.

Weiss, P. 1958. Cell contact. Ini. Rev. Cytol.
7:391.

Waesiss, P. 1961. Guiding principles in cell locomo-

J.  Biophys.



tion and cell aggregation. Exp. Cell Res. Suppl.
8:260.

38. WiNTER, G. D. 1963. Movement of epidermal
cells over the wound surface. In Advances in
Biology of the Skin, Vol. 5, Wound Healing.
Proceedings Brown University Symposium on
Biology of Skin. W. Montagna and R. E.
Billingham, editors. The MacMillan Com-
pany, New York. 113.

39. WinTER, G. D. 1964. Regeneration of epidermis.

In Progress in the Biological Sciences in Rela-
tion to Dermatology-2. A. Book and R. H.
Champion, editors. The Syndics of the Cam-
bridge University Press, London.

40. WonLFARTH-BoTTERMAN, K. E. 1964, Cell struc-
tures and their significance for ameboid move-
ment. Int. Rev. Cytol. 16:61.

41. WrenN, J. T., and N. K. WesserLts. 1969. An
ultrastructural study of lens invagination in the
mouse. J. Exp. Zool. 171:359.

Warter 8. Krawezyk  Pattern of Epidermal Cell Migration 263



