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Abstract
Observing cells in their original niche is a key link between the information gleaned from planar
culture and in vivo physiology and pathology. A new approach combining the transparency of the
cornea, Hoffman modulation optics, and digital imaging allowed movements of individual corneal
cells to be viewed directly in situ. 3-Dimensional time-lapse movies imaging unstained cells
within the stratified corneal epithelium during wound healing were made. Tracking cell
movements dynamically provided a definitive answer to the long-standing question: does a
stratified epithelium heal by “sliding” of cell sheets as a coherent unit or do individual cells “leap
frog” each other at the wound margin? A wound in the corneal epithelium healed primarily by
sliding of the whole epithelium, with ~95% of cells moving with similar speed and trajectories and
with little change in their relative position. Only 5% of cells changed layers, with equal
proportions moving up or down. Epithelial healing in situ occurred in three phases: a latency,
migration, and reconstruction phase. This model provides a unique system to study the behaviors
of individual cells in their original niche. It shows that cells slide into a wound as a unified unit to
heal a stratified epithelium.
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CELL CULTURE IN planar dishes has provided important understanding of both the phenomena and
mechanisms underpinning cell behaviors such as migration and division. However, when
removed from their original surroundings, cells may behave differently (1). Visualizing cell
movements in three dimensions within living tissues therefore is a key but neglected link
between cell behavioral information available from planar (2-dimensional) culture and in
vivo physiology and pathology. Most information about cell migration comes from studies
of cultured cells migrating on planar substrates. However, the mix of soluble factors, matrix
components, and cell–cell interactions in the culture environment differs from that in vivo.
The emergence of techniques for in vivo imaging promises to improve our understanding of
the dynamics of the process (2). Fluorescent dye and GFP labeling have provided new
insights into cell migration in chick and zebra fish embryos, in vivo (1, 3–5).

Cornea is a highly specialized tissue with active epithelial turnover and new cells provided
from a peripheral limbal stem cell population, from which cells differentiate and migrate
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centripetally. Efficient cellular responses after injury are vital to maintain corneal integrity
and restore the corneal surface. A better understanding of corneal cell behavior and response
to injury thus has great clinical significance. Cell and organ cultures have produced much
information on cell migration, and significant insights have been gained by studying corneal
wound healing in vivo. The use of confocal microscopy in imaging cornea in vivo has
provided an excellent way of identifying normal corneal cells and various corneal
pathologies (6–8). Nevertheless, prolonged recording of detailed structures with high
temporal and spatial resolution is still not satisfactory. To characterize cell behavior in situ,
we have established a novel preparation that combines the transparency of the cornea with
Hoffman modulation microscopy and digital imaging techniques. This allows individual
cells in the normal and wounded cornea to be viewed directly and with high spatial and
temporal resolution. This produces morphological, structural, and dynamic details of corneal
cells maintained in organ culture for days and therefore provides a bridge between cell
behavior in dissociated culture and in vivo physiology and pathology.

The mechanisms used by a stratified epithelium, such as the cornea and skin, to heal a
wound (re-epithelialization) are speculative, with two models proposed: a “sliding” model
and a “leap frog” model (9, 10). In the sliding model, the epithelium remaining around the
wound migrates into the wound as a coherent sheet with little change of relative position
between cells (11–15). In the leap frog model, individual cells repeatedly crawl over each
other (leap-frog) at the tip of the healing epithelium to access the wound bed (16–21).
Without definitive visualization of cell dynamics, these models remain speculative. Two
recent elegant studies, one using tissue engineered and reconstructed skin (22) and the other
using leading cell viral transfection (23), provided significant hints toward resolving this
long-standing question. Our new technical approach, by providing directly visualized
dynamics of individual cell movements, settles this question. The stratified corneal
epithelium heals mainly using sliding movements and <3% of cells were seen to leap frog
others.

MATERIALS AND METHODS
Human eyes were obtained from the eye bank, Netherlands Ophthalmic Research Institute
(Amsterdam, Netherlands), within 2 to 6 days of death. Bovine eyes were obtained from a
local abattoir within 6 h of death. Mouse, rat, and rabbit eyes were obtained from the
Biological Services Unit of Aberdeen University.

Hank’s balanced salt solution (HBSS), MEM with 25 mm HEPES, fetal bovine serum, L-
glutamine, trypsin, dispase, antibiotic and antimycotic were obtained from GibcoBRL
(Paisley, UK). Fibrinogen, aprotinin and thrombin were from Sigma (Dorset, UK) and tissue
culture dishes from Falcon (Cheshire, UK).

In situ wound healing analysis
All eyes were rinsed with sterilized PBS, then washed thoroughly with HBSS solution with
1% antibiotic and antimycotic. An area of corneal epithelium was scraped gently with a
sterile surgical blade leaving the limbal epithelium intact. The width of the lesioned area
ranged from 500 μm to 1 mm. The whole cornea with a 1–2 mm rim of sclera was removed
and cut to a suitable size for incubation and observation. The tissues were then embedded
into a fibrinogen/aprotinin/thrombin gel or held by a stainless steel ring on a tissue culture
dish. MEM with 25 mM HEPES, 10% fetal bovine serum, and 1% L-glutamine was used as
culture medium. For corneas cultured in gel, a mixture of 2 mg/mL fibrinogen, 250 STV
aprotinin, and 0.625 U/mL thrombin in MEM/25 mM HEPES was used to embed the tissue.
The wounded corneas were allowed to heal at room temperature.
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Live cells in situ were observed with a Zeiss Axiovert 100 or Nikon 300 microscope with
Hoffman modulation condenser and objective lenses (10×, 20×, 40×). 3-Dimensional time-
lapse experiments were performed using a MetaMorph 4.5 imaging system with a motorized
X, Y, Z stage (Universal Imaging Corporation, Downingtown, PA, USA). Z series scans
from the top of the epithelium to the base of the endothelium were made with a step size of 1
μm. Time-lapse experiments were performed with intervals between 3 and 20 min for up to
2 days. In the horizontal plane, the first 1 mm back from the corneal wound edge was
separated into three zones: 0–250 μm, 250–500 μm, and 500 μm–1 mm. In the vertical
plane, top, middle, and bottom layers of epithelial cells were chosen for statistical analysis
(Z distance range from 3 to 4 μm). Cell migration in these nine zones was tracked
simultaneously with 3-dimensional time-lapse recording. The 2- and 3-dimensional time-
lapse images were reconstructed, and the migration speed of the leading edge of the wound,
as well as the trajectory and displacement speed of single cells, was analyzed using object
tracking software (MetaMorph). The trajectory speed is the total length traveled by the cells
divided by time; displacement speed is the straight-line distance between the start and end
positions of a cell divided by time. Migration efficiency is the ratio of displacement speed
and trajectory speed, which indicates how persistent a cell moves in one direction at a given
time.

In vivo wound healing analysis
Sprague-Dawley rats (27–30 days old, male or female) were anesthetized with intramuscular
Hypnorm (0.3 mL/kg) and intraperitoneal Diazepam (0.5 mL/kg). A 3.5 mm diameter
central incision in the cornea was made with a trephine to the depth of the epithelial
basement membrane, leaving the stroma intact. Lesioned corneal epithelium was removed
by lamellar dissection with a fine scalpel and forceps viewed under a Zeiss Ophthalmic
Operating Microscope. Sterile conditions were maintained throughout. Postsurgical recovery
was uneventful and corneal wound healing proceeded without infection. Wound healing was
assessed at 0, 10, 20, and 30 h. Animals were anesthetized and the circular lesioned area
labeled with fluorescein and photographed. Lesion radius was measured from a minimum of
four experiments with each treatment.

In vitro monolayer wound healing analysis
Culture of primary bovine corneal epithelial cells has been described in detail elsewhere
(24). Corneal epithelial cells from fresh bovine eyes were seeded in a specially made culture
chamber formed by two parallel strips of glass cover-slip (2.2 cm long) adhering to the base
of a tissue culture plastic dish. Cells were cultured in MEM supplemented with 10% fetal
calf serum. Epithelial monolayers formed 16–20 h after seeding and incubation in a 5% CO2
incubator. Wounds were made by scratching monolayers under a dissecting microscope.
Cell migration was recorded every 3 min and analyzed using MetaMorph software. The
temperature was maintained at 37°C during the experiments by using a microscope stage
incubator.

Statistical analysis
Data were analyzed using Student’s t test for significant differences between conditions
(P<0.05).

RESULTS
Morphology of live corneal cells in situ

Individual cells in different layers of cornea were visualized, including epithelial cells,
keratinocytes, and endothelial cells from bovine (Fig. 1), rat (Fig. 2A–H), human (Fig. 2I–
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Q), rabbit, and mouse (images not shown). Epithelial cells had a compact cobblestone
appearance, with larger diameter squamous superficial cells and smaller wing cells and basal
cells. The superficial squamous cells had less distinct cell perimeters (Fig. 1A, B, Fig. 2A,
I), which became clearer in deeper optical sections (Fig. 1C, Fig. 2B, J. videos 01, 02).
Cuboidal and columnar basal cells were well defined (Fig. 1D, E, Fig. 2C, J). The average
en face diameter of cells decreased gradually from surface to basal layers. Diameters of
bovine corneal epithelial cells measured from optical sections corresponding to Fig. 1A–E
were 14 ± 2, 10 ± 3, 9 ± 3, 9 ± 2, 8 ± 2 μm, respectively (n=15–50 cells). The same pattern
was seen in rat and human cornea. Average cell diameters corresponding to optical sections
of Fig. 2A–D (rat) and Fig. 2I–K (human) were 15 ± 5, 10 ± 2, 9 ± 2, 7 ± 1, and 10 ± 2, 8 ±
1, 8 ± 1 (n=15–50 cells) μm, respectively. In culture, dissociated epithelial cells are ~20 μm
in diameter. They were smaller therefore in situ. This is different from muscle precursor
cells, which were compact and smaller after they migrated out from an in situ embryonic
slice (1).

The acellular epithelial basement membrane could be recognized (Fig. 1G). Keratocytes
with spider-like long, thin processes were present (Fig. 1I–M, Fig. 2F, G, M, N). Their
average cell body diameter was 13 ± 4, 10 ± 3, 10 ± 2 μm for bovine, rat, and human,
respectively. Although the stroma of fresh bovine and rat cornea showed no clear fibrous
structure (Fig. 1H–L, Fig. 2F, G), a web of fibrous structures was seen in the stroma of
corneas from older human donors (age 74–81) (Fig. 2P, Q). Most endothelial cells were
roughly hexagonal (Fig. 1N, Fig. 2H, O), with “diameters” of 11 ± 1, 8 ± 2 and 8 ± 1 μm for
bovine, rat, and human, respectively. The human corneas we used had been in the eye bank
for 2 to 6 days and were not suitable for transplantation. Only sparse endothelial cells
remained (Fig. 2O).

Mouse and rat corneas were thinner than bovine and the central cornea was thinner than
peripheral areas, although the cell morphologies were the same.

Corneal epithelial wound healing in situ
Wounding the epithelium induced extensive ruffling lamellipodia at the leading edge (Fig.
3D, video 03), similar to that in cultured monolayer wound healing models. However, not all
the cells at the leading edge were actively ruffling, some may have been dead, or covered by
dead cells or debris. The wound edges moved forward at the same speed, irrespective of the
presence or absence of actively ruffling cells.

Three phase healing—A small epithelial wound in bovine cornea healed in three phases
over 2 days: a latent phase, when the wound edge showed no obvious movement, a
migratory phase, when the healing epithelium moved forward closing the wound (Fig. 4A–
D) and a reconstruction phase after closure, when cells mostly changed shape without much
movement (Fig. 4E, F). During the migration phase, epithelial cells moved as a synchronous
unit surging forward to cover the wound bed (Fig. 4, video 4). Although the epithelium
moved as a unit, two distinct cell morphologies were present: oval shaped cells in the first
eight or so rows back from the leading cells and, behind these, cells with a more flattened
appearance. During migration, individual cells ~eight rows from the leading edge moved
into the wound edge in a directed manner, and at similar rates. Reconstruction started after
the wound edges had met with leading cells, gradually losing their morphological
characteristics and becoming flattened. During reconstruction, directed cell movement was
replaced with much slower, nondirected, meandering of cells (Fig. 4A′, C′, E′, video 04).
The speed with which the wound edge as a whole moved forward was similar to that of most
individual leading edge cells (Table 1). During the migratory phase, leading cells of bovine
corneal epithelial wounds moved with average trajectory speed of 7.8 ± 0.4 μm/h and
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displacement speed of 6.8 ± 0.4 μm/h. The displacement speed/trajectory speed ratio of 0.89
(migration efficiency) indicates a high degree of migration persistence toward the wound
center. Very similar migration efficiency was seen in en bloc epithelial healing from all
species tested (Table 1), although there were significant differences between species in the
speed of wound closure.

During the reconstruction phase of en bloc bovine wound healing, the trajectory speed of
cells at the collided wound edges dropped significantly to 1 ± 0.04 μm/h, with a
displacement speed 0.3 ± 0.04 μm/h. This gives a migration efficiency of 0.20 ± 0.03,
significantly lower than during the migratory phase. Similar meandering movements of cells
during the reconstruction phase occurred in an embryo slice preparation (1).

In focal regions of wounded human and bovine cornea, groups of epithelial cells suddenly
surged forward with markedly increased speed (video 04). We observed these bursts of
migration on three occasions, with the wound edge stopping for ~4 h, surging forward, then
stopping again. The healing epithelium gave the appearance of pulling on the basement
membrane on which it was migrating, thus drawing the migrating edges together as cells
moved across the wound.

A stratified epithelium migrates into a wound as a coherent sheet
Do cells at the leading edge, further back, or from different apical to basal layers move at the
same speed during wound healing? Dynamic 3-dimensional recording (simultaneous time-
lapse recording of serial Z optical sections) of healing in situ provides direct visualization
and answers (Fig. 5). We tracked individual epithelial cells from different layers (bottom,
middle, and top layers) simultaneously and from the leading edge, 500 μm and 1 mm away
from the slit wounds (Fig. 6A). From the wound edge to 1 mm back, all epithelial cells in
different layers moved at similar trajectory and displacement speeds (Fig. 6B, C). The
closeness of trajectory speed and displacement speed shows a high degree of directional
persistence. The stratified corneal epithelium therefore migrated as a unified mass to heal a
wound with very similar trajectory, speed, and very little change in their relative position.
Although occasional cell shuffling was seen with cells moving from one layer to the other
(Fig. 5), 95% of cells maintained their relative position during movement of the entire
epithelium into the slit wound.

Sliding vs. leap frog mechanisms
The above observation and measurement showed that the healing epithelium migrated into
the slit wound primarily by sliding as a coherent sheet. To confirm this, we tracked the
leading edge cells to determine whether they remained at the leading edge until they met the
opposite wound edge, as occurs in wound healing of monolayer cultures, or whether leading
edge cells were actively replaced, as suggested by leading edge viral transfection
experiments (23). Figure 4 and the accompanying video, show that most leading edge cells
remained at the wound edge, certainly during the migratory phase, and that only a very few
cells (<5–10%) moved out of the tracking plane. As a wound became smaller, some leading
edge cells lost their leading position and were integrated into rows behind (Fig. 4 and
supplemental video). The wounds we observed were slit wounds, in which the perimeter
decreased much less than in a circular wound (23). However, leading cells stayed at the edge
even when slit wounds were close to closure and had become semicircular (Fig. 4 and
supplemental video).

In time-lapse 3-dimensional videos as shown in Fig. 5 (also associated videos), 185 cells
were tracked in the migration and reconstruction phases in order to identify whether they
move forward by sliding or leap frogging or shuffling between layers. During the migration
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phase, only 2.7% of the suprabasal cells at the leading edge moved down while moving
forward to integrate into the leading edge or basal layers behind (Fig. 5 and supplemental
videos). The same percentage (2.7%) of basal layer cells moved upward into suprabasal
layers while migrating toward the wound center. By contrast with the migration phase, cells
shifted layers more frequently once the wound edges met. 13.5% of basal cells moved
apically, with some moving backward, away from the wound, and 8.1% of suprabasal cells
moved down into the basal layer at the same time.

To compare in situ healing with in vivo wound healing and with healing of wounds in
monolayer cultures, rat in vivo corneal epithelial wound and bovine epithelial monolayer
wounds were measured. The edge of a wound in rat corneal epithelium migrated inward at a
speed of 23 ± 3 μm/h. In the bovine monolayer wound model, the leading edge moved at 15
± 1 μm/h with all leading edge cells actively ruffling. In the monolayer, leading cells
migrated with trajectory and displacement speed of 21 ± 2 and 19 ± 2 μm/h, respectively,
giving a migration efficiency or persistence of 0.91, exactly the same as that for healing in
the en bloc model. In the monolayer slit wound healing model, 100% of the leading edge
cells remained at the leading edge until wound closure.

Stromal cells movement in situ
Keratocytes and endothelial cells did not move or change shape over days of recording.
Deep in the stroma, some active cells (presumably dendritic cells) moved within and
between focal planes. These cells moved rapidly, extending and retracting protrusions
actively. This is in marked contrast to the almost static keratocytes with long thin processes
from their cell bodies (Fig. 7A–M, and supplemental video). These cells moved at an
average trajectory speed of 50 ± 8 μm/h, ~4.5-fold faster than the healing epithelial cells
during migration. Their displacement speed was 11 ± 2 μm/h, giving a migration efficiency
(directional persistence) of 0.23, much lower than for epithelial cells during migration (0.89)
but close to that of epithelial cells during reconstruction (0.20). Three cells tracked in situ in
the stroma are shown in Fig. 7M. To compare the behaviors of these fast migrating cells
with those of isolated cultures of bone marrow dendritic cells, their migration in planar
culture (on flat plastic dish) was recorded (Fig. 7N–R). Although bone marrow dendritic
cells migrated much faster, the cell behaviors were similar to those in situ, except they were
more persistent (persistence 0.57 vs. 0.23) in isolated planar culture than in situ. In planar
culture, bone marrow dendritic cells moved with very high trajectory and displacement
speeds of 447 ± 66 and 257 ± 51 μm/h.

DISCUSSION
Corneal epithelial cell migration has been studied widely during in vivo and in vitro wound
healing (13, 15, 25–30). Most work has measured changes in wound size in fixed tissues
(13, 15, 26, 27, 29) or in wounds in monolayer cultures (25, 30, 31). By combining Hoffman
modulation microscopy and digital imaging techniques with the transparency of the whole
cornea in organ culture, we have imaged single cells dynamically, in their original niches,
without staining and with high spatial and temporal resolution. This includes stellate stromal
keratocytes with long thin processes and epithelial and endothelial cells with morphologies
similar to those of fixed and stained corneal tissue. The dynamic in situ imaging showed the
following. 1) Not all leading edge epithelial cells showed active ruffles; nevertheless all
cells migrated as a unit into the wound. 2) Corneal epithelial cells from different layers and
from up to 1 mm back from the edge migrated with very similar speeds, as a unified mass.
3) Focal regions at the leading edge showed bursts of migration, surging forward with
increased speed. 4) A very small percentage of healing epithelial cells (~5%) moved
between different layers, for example those from suprabasal layers could integrate into the
basal layer, either into or behind the leading edge. 5) Stromal keratocytes did not move or
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change shape at or away from the wound site in this in situ wound healing model. 6) Some
types of cells, presumably leukocytic dendritic cells, moved rapidly in the stroma in three
dimensions. 7) A reconstruction phase of epithelial healing was observed with changes of
cell morphology, but little cell movement.

The optical accessibility of the cornea
Hoffman modulation contrast microscopy (32) is designed to combat the interference caused
by plastic dishes in DIC (differential interference contrast) images and reveals better focused
surface images of cells in thick samples. Because modulation contrast microscopy has a very
short depth of field, it allows so-called “optical sectioning”, which focuses on a single thin
plane of the specimen without interference from above or below the plane of focus (33).
Detailed structures of individual cells in epithelial layers, stroma, and endothelium were
seen clearly using Hoffman modulation optics and live excised cornea (Figs. 1, 7; and
supplemental videos). We observed bovine (Fig. 1), human (Fig. 2), rabbit, rat (Fig. 2), and
mouse cornea. The Hoffman optics revealed individual cells in the stroma, where single
cells were present in a well-organized ECM. Individual, tightly compacted epithelial cells
were clearly visible (Fig. 1A–E). The cornea can be kept in organ culture for days or weeks,
with cellular structures and responses to injury or drugs followed in detail (Figs. 2, 4, 5, 7
and supplemental videos).

Cellular morphology of live cornea cells in situ
The basic morphology of corneal epithelial and endothelial cells was as described with
conventional microscopy of stained cells or confocal microscopy in vivo. Lesioning the
epithelium of an acutely excised cornea from bovine, rabbit, rat, or mouse caused
morphological changes of the leading edge and cells 8 rows back, which became more
refractive ~0.5~1 h later (Fig. 4, compare with Figs. 1, 2). Ruffling lamellipodia were seen
at the leading edge (Fig. 3D); although the edge migrated as a unit into the wound, not all
cells displayed ruffling. This differs from monolayer wound healing in culture, where all
leading cells ruffle vigorously (31 and our unpublished observation).

Three phases of epithelial healing
A lag phase that occurs before healing commences has been described in vivo (5.5 h) and in
monolayer corneal wound healing (0.5 h) (29, 31). In our experiments, monolayer and in
situ wound healing models showed a lag phase (0.5~1 h). (we did not follow in vivo healing
in rat to determine the lag time). Surprisingly, the length of lag phase varied even in the
same tissue block, with localized regions starting to move earlier than others. This may be
due to local differences in cell viability, cell death, or debris, or variations in ECM or
soluble chemicals. The relatively short lag phase might be due to the presence of serum.

In general, the migration speed of the en bloc wound edge and the in vivo wound were low
(Table 1). In bovine cornea, the wound edge migrated at 7 ± 0.4 μm/h, which is about half
that reported previously (34). It is lower than the in vivo healing rate of 60–70 μm/h (13).
For ease of microscopy and because the avascular corneal surface is exposed and not at body
temperature, we chose to experiment at room temperature. Others have used 37°C and this
probably explains our slower migration rates. Other factors contributing to slower rates may
include substratum coating, long linear lesions, as opposed to a circular lesion and
differences in culture or bathing media. An important factor missing in our model at present
is the tear fluid, which is a source of growth factors and provisional matrix materials such as
fibronectin (35, 36). As both growth factors and provisional matrix materials play important
roles in modulating proliferation and migration of cornea epithelial cells in wound repair
(24, 37–42), the absence of tear fluid may have potential effects on healing rates and the
method of healing. This may have contributed to the lower healing rates. We are currently
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using different growth factors and other components of tear fluids to speed up the healing
rate, although we do not expect these to alter the ways cells move to heal a wound.

Our novel technical approach showed a distinct reconstruction phase. During the
reconstruction phase, cell morphology changed but there was little cell movement. This has
not been described before. These morphological changes probably represent differentiation,
with both structural and functional reconstruction occurring, and could be studied using this
model. Another phenomenon, previously unreported, is the focal surge forward of leading
edge cells during healing. This is similar to the bursts of migration shown by embryonic
muscle cells in slice cultures from chick (1) and both were followed by around 4 h of
meandering, protrusive activity.

Another contrasting result between in situ healing of a stratified epithelium and monolayer
wound healing is that the cells from different layers at least up to 1 mm away from the
wound edge moved uniformly into the wound, at the same speed (Figs. 4, 6). In monolayer
wound healing of rabbit corneal epithelial cells, the leading cells moved fastest and trailing
cells were slower, in proportion to the distance from the wound margin. Cell movements had
almost stopped 500–1000 μm away from the wound edge (31). In this in situ model, cells up
to 1 mm away from the wound edge in top, middle, and basal layers all moved at the same
speed as the leading cells. Wound closure rates varied between species (Table 1), with
human cornea, which had been kept in the eye bank for several days, healing the fastest.

The directional persistence of epithelial cells migrating precisely toward the wound edge
was extremely high in situ. Wounding the cornea establishes an instantaneous dc electrical
field (43). This is because the internally positive transcorneal potential difference which
arises from pumping Na+ inward and Cl− outward, collapses at the lesion, but is maintained
500 μm–1 mm back from the wound edge. A steady, laterally directed electrical field
therefore develops with the current sink at the lesion acting as a cathode (44). Migration and
division of single corneal cells, corneal monolayers, and a wound edge in rat cornea in vivo
are all regulated by such physiological electrical fields (24, 34, 41, 42, 45–48). The extent to
which this in situ model generates a wound-induced electrical field is unclear. At the wound,
the normal electrical field will arise. However, since the cut edges of the excised block will
generate wound-induced electrical signals, the final pattern of the dc electrical field at the
central wound may be more complex than in vivo. Regardless, the high values of directed
cell migration toward the wound edges in situ are consistent with this being controlled, in
part, electrically. The dramatic drop-off in directional persistence of cell migration as soon
as the wound edges meet could arise because re-epithelialization removes the wound-
induced electrical field. Tight junctions reform during the reconstitution phase and this will
re-establish apical-basal polarity and the transcorneal potential difference.

Sliding or leap frog of healing epithelial cells?
Directly viewing individual cells offers a unique opportunity to test how a stratified
epithelium heals: whether cells “slide” into wounds as a sheet (12, 13, 49) or show leap frog
type of movements (15, 17, 18, 21). 95% of the leading cells remained at the leading edge
during 15 h of tracking and 120 μm of movement (Fig. 4). In their delicate transfection
experiments, Danjo and Gipson (23) showed that viral transfected leading edge cells did not
keep their leading position and were replaced. Those leading cells moved apically to the
superficial layer. We did not observe movement of leading edge cells backward from the
wound. This difference might be due to changes in the migration behavior of leading cells
after viral infection (23). Other factors, such as the size and shape of the wound (2.5 mm
circular wound vs. our 1 mm slit wound) and a possible contribution from blinking, might
contribute to their observation.
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A recent study using tissue-engineered reconstructed skin (22) suggested that sliding and
leap frog were two complementary mechanisms of re-epithelialization used by stratified
epithelium. Our direct visualization of the dynamics of corneal epithelial healing showed
that the various strata of corneal epithelium heal predominantly as a well-coordinated unit,
with little change in relative positioning of cells.

This technique highlights the feasibility and importance of studying cells in their in situ
environment and offers a link between cell behavioral information available from planar
culture and that from in vivo physiology and pathology.
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Figure 1.
Hoffman optical sections through whole excised live bovine cornea. Individual epithelial
cells (mosaic-like structures in panels A–E), an acellular layer (G), fibro-blasts in the stroma
(arrow in panels H–M), and a possible dendritic cell (arrow in panel M), and endothelial
cells (N) can be seen directly. Bar = 10 μm. Video 01 at http://www.fasebj.org/cgi/content/
full/17/3/397/F1/DC1.
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Figure 2.
Hoffman optical sections through whole excised live rat (A–H) and human (I–Q) cornea.
Live epithelial cells (mosaic-like structures in panels A–E, I–K), fibroblasts in the stroma
(arrow in panels M, N, P, Q), and endothelial cells (H, O) can be seen directly. In cornea
from old donors, webs of fibrous structure can be seen (P, Q). Bar = 10 μm. Video 02 at
http://www.fasebj.org/cgi/content/full/17/3/397/F2/DC1.
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Figure 3.
Cellular structure at the epithelial wound edge can be seen through optical sections (A–D)
from surface to stroma. Lamellipodia can be seen (D, E, arrowheads). Bar = 10 μm All these
sections were obtained manually. Video 03 at http://www.fasebj.org/cgi/content/full/
17/3/397/F3/DC1.
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Figure 4.
Dynamics of cell behavior during wound healing in situ can be observed directly. Stratified
corneal epithelium healing in whole organ culture. Epithelial movements during healing (A–
D), wound fronts meet (D), epithelial reconstruction (E, F). A′, C′, E′) show paths of single
cells. Arrows indicate trajectories of individual cells tracked by computer. Video 04, http://
www.fasebj.org/cgi/content/full/17/3/397/F4/DC1. Note: these images were recorded with
low magnification, thus low resolution, to show healing of a whole wound.
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Figure 5.
Epithelial wound healing in human cornea en bloc culture. Cells moving between layers
(vertically along basal-apical direction). Time sequence of two optical sections showing the
healing at different optical level with XY direction (B, C) and XZ direction (A). B, C = 3
μm apart. Panel C is close to the wound bed level, as shown by two dead cells on the wound
bed (black arrows). Panel B is further up from the wound bed and at this focal plane, the two
dead cells are out of focus. Panel A is the XZ projection at the vertical direction of the tissue
block with 15 μm scanning depth slightly above the wound bed level. One cell at panel B
(highlighted with dashed line and white arrowhead) at the beginning of healing (0–40 min)
moved down to panel C (40–80 min), then moved further toward the basal side and
presumably integrated into the basal layer. This is seen clearly in the XZ projection view;
the same cell indicated in panels B, C moved toward the wound (X direction) and the basal
layer (Z direction) simultaneously, until it disappeared from the 15 μm scanning area and
integrated into the basal layer underneath. bar = 10 μm. Video 05 at http://www.fasebj.org/
cgi/content/full/17/3/397/F5/DC1. Video 06 at http://www.fasebj.org/cgi/content/full/
17/3/397/F5/DC2. Video 07 at http://www.fasebj.org/cgi/content/full/17/3/397/F5/DC3.
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Figure 6.
Epithelial cells from different layers and at different distances from the wound edge moved
into the wound at the same speed. A) Schematic diagram showing 9 regions from which cell
migrations were tracked. The wound site is at the left and corneal epithelial cells migrated to
the left to heal the wound. In the horizontal direction, the first 1 mm from the wound edge
was separated into 3 zones; 0–250 μm, 250–500 μm, and 500 μm–1 mm. In the vertical
direction, the whole corneal epithelium was divided into 3 zones: top, middle, and bottom;
one layer of cells was selected from each zone for statistical analysis (Z distance range from
3 to 4 μm). Cell migrations in the 9 different zones were tracked simultaneously in 3-
dimensional time-lapse recordings. B, C) Trajectory and displacement migration speed of
corneal epithelial cells. Although migration speed was slightly different among different
layers of the cornea in some experiments (for example, human cornea top layer compared
with other layers), statistically the migration speed was not significantly different among
different layers in most experiments. Cells in different zones in the horizontal plane had
similar migration speeds (cf. 0–250 μm, 250–500 μm, and 500 μm–1 mm area). Significant
differences in migration speed were found between species.
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Figure 7.
Cell movements in the stroma. Spatial sequence (A–D, optical sections of the stroma) shows
the focal planes above (A, B) and below (D) focal plane C (video 06). Time sequence of
optical section C (E–L) and trajectories of migratory cells superimposed with the focal plane
C (M) (video 07). Migratory cells (presumably dendritic cells, arrow a, b, c) and the rest
spiny stationary cells can be readily distinguished. Note that the migratory cells b, c are
moving in and out of the focal plane, therefore they can appear as dark shadows, while cell a
remains in the focal plane throughout the sequence, moves toward and contacts a
keratinocyte (K), then moves away (L). Movie and M shows their paths. Cell b moves into
the field at 18 min, then rapidly moves out of the focal plane, with a shadow visible at 26
and 38 min frames and fades away in 79 min frame. The keratinocytes remained static and
did not show any obvious movement during the recording period. See online movie, video
08 showing A–D, video 09 showing E–L). N–R) A dendritic cell in isolated culture moves
with similar morphology, but 10-fold faster. Supplemental video 08 at http://
www.fasebj.org/cgi/content/full/17/3/397/F7/DC1; video 09 at http://www.fasebj.org/cgi/
content/full/17/3/397/F7/DC2; video 10 at http://www.fasebj.org/cgi/content/full/17/3/397/
F7/DC3.
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TABLE 1

In situ migration rate of wound edge and cells at the leading edge (μm/h) in migration phase

Leading edge cell

Wound edge Trajectory speed Displacement speed

Human 12.1 ± 0.8 14.2 ± 1.3 12.5 ± 1.1

Rabbit 14.2 ± 1.0 17.9 ± 1.2 15.8 ± 0.9

Bovine 6.7 ± 0.4 7.8 ± 0.4 6.8 ± 0.4

Rat 2.5 ± 0.2 4.1 ± 0.4 3.5 ± 0.3

Mouse 2.0 ± 0.2 2.9 ± 0.4 2.8 ± 0.2
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