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Granulation tissue formation and contraction is
animportant step of second intention wound beal-
ing. Granulation tissue develops from the connec-
tive tissue surrounding the damaged or missing
area and its cellular components are mainly small
vessel and inflammatory cells as well as fibro-
blasts and myafibroblasts. As the wound closes
and evolves into a scar, there is an important de-
crease in cellularity; in particular myofibroblasts
disappear. The question arises as to which pro-
cess is responsible for this cellular loss. During a
previous investigation on the expression of
a-smooth muscle actin in myofibroblasts (Darby
I, Skalli O, Gabbiani G, Lab Invest, 1990, 63:21-
29), we bave observed that in late pbases of
wound bealing, many myofibroblasts show
changes compatible with apoptosis and sug-
gested that this type of cell death could be respon-
sible for the disappearance of myofibroblasts. We
bave now tested this bypotbesis by means of mor-
phometry at the electron microscopic level and by
in situ end labeling of fragmented DNA. Our re-
sults indicate that the number of myofibroblastic
and vascular cells undergoing apoptosis in-
creases as the wound closes and support the as-
sumption that this is the mechanism of granula-
tion tissue evolution into a scar. The regulation of
apoptotic phenomena during wound bealing may
be important in scar establisbment and develop-

ment of pathbological scarring. (Am J Pathol
1995, 146:56-66)

In higher vertebrates, the repair of an open wound (or
of an irreversible parenchymal lesion such as myo-

56

cardial cell death) terminates (with the exception of
some fetal situations™) with the establishment of a per-
manent scar consisting mainly of extracellular matrix
components such as collagen, fibroblasts, and small
vessels.?3 The scar evolves from granulation tissue
that is comparatively rich in cells. Granulation tissue
fibroblasts and small vessel cells derive from similar
pre-existing cells in the subcutaneous tissue.* During
granulation tissue formation, many fibroblasts ac-
quire morphological and biochemical features of con-
tractile cells;® they have been named myofibroblasts
and are considered responsible for granulation tissue
contraction® (for review see reference 4). As the
wound becomes epithelialized and the scar forms,
there is a striking decrease in cellularity, including dis-
appearance of typical myofibroblasts.” The question
arises as to what process is responsible for myofi-
broblast and small vessel cell disappearance. Ap-
optosis is a form of cell death that has several dis-
tinctive features.®° It is thought to involve the
expression of an endogenous endonuclease that
cleaves DNA.""-'% Typical morphological changes
are observed during this process, including conden-
sation and fragmentation of the nucleus and modifi-
cations of cytoplasmic organelles.® '© Apoptotic cells
are removed through phagocytosis either by mac-
rophages or by neighboring cells. Apoptosis has
been described in various physiological and patho-
logical conditions.®-2° During a previous investiga-
tion on the expression of a-smooth muscle (a-SM)
actin in myofibroblasts,” we have observed that in late
phases of wound healing many of these cells show
signs of apoptosis and suggested that this type of cell
death could be responsible for the disappearance of
myofibroblasts. In the present study, we have tested
this hypothesis by in situ end labeling of fragmented
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DNAZ2"22 gand by means of electron microscopy and
morphometric analysis. Our results show that the
number of apoptotic cells sharply increases as the
wound closes, suggesting that apoptosis is the
mechanism responsible for the evolution of granula-
tion tissue into a scar.

Materials and Methods

Experimental Procedures

A total of 65 8-week-old female Wistar rats were used
in this study. On day 0, rats were anesthetized with an
intraperitoneal injection of pentobarbital sodium so-
lution (Nembutal, Abbott Laboratories, North Chi-
cago, IL) and a 2- X 2-cm skin wound was made on
the mid-dorsal surface. Granulation tissue samples
were collected for DNA cleavage detection, electron
microscopy, and immunogold electron microscopy at
2,4,6,7,8, 10, 12, 16, 20, 25, 30, 35, and 60 days
after wounding from animals sacrificed by cervical
dislocation after pentobarbital anesthesia (n = 5 per
group).

In Situ End Labeling (ISEL) of
Fragmented DNA

The characteristic strand breaks seen in the apoptic
process can be detected by a modification of the nick
translation procedure, which allows in situ DNA la-
beling of active sites of transcription.2325 This
method relies on the use of a DNA polymerase that
acts on the naturally occurring strand breaks seen
during apoptosis, allowing the incorporation of a
nonisotopically labeled nuclectide.22

Normal skin and granulation tissue after 2, 4, 6, 7,
8,10, 12, 16, 20, 25, 30, and 60 days were tested for
ISEL of fragmented DNA. Briefly, tissues were fixed in
buffered 4% formaldehyde and embedded in paraf-
fin. After deparaffinization and rehydration, tissue
sections (4 p thick) were digested by incubation with
5 pg/ml proteinase K (Life Technologies, Basel, Swit-
zerland) for 15 minutes at room temperature to enable
the enzymatic incorporation of nucleotides. Sections
were rinsed and incubated in buffer containing 0.01
mmol/L dATP, dCTP, and dGTP (Promega Corp.,
Madison, WI), 0.01 mmol/L biotin-16-dUTP (Boeh-
ringer Mannheim, Rotkreuz, Switzerland) and 8 U/m
Escherichia coli DNA polymerase | (Klenow) large
fragment (BioConcept, Allschwill, Switzerland). Posi-
tive controls consisted of sections previously treated
with DNAse | to introduce DNA breaks in all nuclei.
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After blocking endogenous peroxidase by immersion
in distilled water containing 2% H,0,, sections were
washed, incubated with horseradish peroxidase-
conjugated streptavidin (DAKO A/S, Glostrup, Den-
mark), developed in diaminobenzidine-H,0,, and
counterstained with hematoxylin. To control the pro-
cedure, rat and human large intestine and involuting
rat prostate (2 days after castration), known to contain
apoptotic cells, were analyzed similarly to experimen-
tal specimens.

Electron Microscopy and Morphometry

Tissue samples taken from skin wounds were cut into
1-mm cubes and fixed for 5 hours at room tempera-
ture in 2% glutaraldehyde (Merck, Darmstadt, Ger-
many) in 0.1 mol/L cacodylate buffer. They were
stained en bloc in uranyl maleate for 1 hour, postfixed
in osmium tetroxide, dehydrated through graded eth-
anols, and embedded in Epon 812 (Fluka Chemie,
Buchs, Switzerland). Thin sections were cut with a
diamond knife, collected on copper grids, and double
stained with uranyl acetate and lead citrate before
examination in a Philips 400 electron microscope.

For morphometric analysis, thin sections were cut
from four blocks chosen at random from each animal
in each group. Grids were photographed at a mag-
nification X1100 with 35-mm positive reversal film
(Kodak, Rochester, NY). Fields were randomized by
systematically taking the same corner of each win-
dow inthe grid. Positives of these films were projected
onto a test system of points consisting of 168 points
on 84 2-cm lines.2® Data were stored and analyzed by
using the StepOne morphometry program.?” Total
cellularity of the granulation tissue was measured by
counting the points falling on any cellular structures;
this result is expressed as the mean number of points
falling on cells per field. Relative volumes of apoptotic
fibroblasts to fibroblasts (Va/Vf) and apoptotic fibro-
blasts to all cells (Va/Vc) were calculated by counting
points that fell on apoptotic fibroblasts, on normal fi-
broblasts, and on other cell types. Statistical analyses
were performed outside the StepOne program. Mean
+ SE was calculated for each group and Student's
t-test was used to evaluate significance of differences
between two groups.

Immunogold Electron Microscopy

Samples from wounds were cut into 1-mm cubes and
fixed for 5 hours at room temperature in 0.1 mol/L
phosphate buffer containing 2% paraformaldehyde
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(Merck) and 0.5% glutaraldehyde (Merck). After fixa-
tion, tissues were rinsed overnight in 0.1 mol/L phos-
phate buffer. Dehydration was carried out through
graded ethanols in a low temperature embedding de-
vice (LTE 020, Balzers Union, Liechtenstein). The final
dehydration step in 100% ethanol and the subse-
quent infiltration with resin were performed at —35 C.
Tissue was embedded in Lowicryl K4M resin (Che-
mische Werke Lowi, Waldkraiburg, Germany) and po-
lymerized for 24 hours in UV light at -35 C and an
additional 48 hours in UV light at room temperature.
Thin sections were cut with a diamond knife and col-
lected onto formvar-coated nickel grids onto which a
thin layer of carbon had been evaporated. All steps
were carried out in a solution consisting of 0.1 mol/L
phosphate buffer, 0.8% bovine serum albumin, and
0.1% gelatin. Grids were preincubated in this solution
containing 5% normal goat serum. The primary an-
tibody was a monoclonal antibody (anti-a-SM-1) spe-
cific for a-SM actin®® diluted 1:10 in buffer containing
1% normal goat serum. Grids were incubated in pri-
mary antibody for 2 hours, then washed three times
for 10 minutes in buffer. The secondary antibody was
a goat anti-mouse IgG conjugated to 1-nm gold par-
ticles (Aurion, Wageningen, The Netherlands). This
antibody was diluted 1:100 in buffer containing 1%
normal goat serum. Incubation in the secondary an-
tibody was for 2 hours. Grids were then washed in
buffer three times for 15 minutes, in phosphate-
buffered saline three times for 5 minutes, and finally
rinsed in distilled water. Silver enhancement of the
gold staining was performed by the method of Dan-
scher?® for 15 minutes or by the Aurion R-GENT sys-
tem (Aurion) for 5 minutes. Sections were counter-
stained for 7 minutes in uranyl acetate and 1 minute
in lead citrate before examination.

Results
ISEL of Fragmented DNA

After DNAse treatment, all cells were labeled in rat
and human large intestine, in involuting rat prostate,
and in rat normal skin.

As described previously,® apoptotic cells were
detected at the tips of the villi in rat and human large
intestine (Figure 1a). The staining was typically con-
fined to clusters of neighboring apical cells whereas
other areas of the mucosa remained unstained. In in-

voluting rat prostate, apoptosis was easily recog-
nized in the epithelial lining of prostate acini; 2 days
after castration, the fractions of apoptotic cells
labeled by ISEL of fragmented DNA (Figure 1b)
and those evaluated by morphological criteria were
similar.22

In normal rat skin, no apoptotic cells were generally
noted (Figure 1c). However, few cells present in the
uppermost layer of the stratified epithelium were
sometimes labeled by ISEL of fragmented DNA. Ap-
optotic cells were observed frequently between the
lower third and the upper two-thirds of the hair follicle.
The exact nature of these labeled cells remains to be
defined.

During the first days after wounding, many inflam-
matory cells in the scab appeared apoptotic. Starting
from 7 days after wounding, the scab was no longer
apparent. In our model,” the wound is practically
closed by 15 days.

In the wall of newly formed vessels in granulation
tissue, isolated apoptotic cells appeared at 8 days
and a maximum of labeled cells was observed be-
tween 16 and 25 days (Table 1). Apoptotic changes
were seen in both pericytes and endothelial cells.

Positive apoptotic staining in myofibroblasts ap-
peared, albeit exceptionally, at 12 days when a-SM
actin expression was maximal (Figure 1 and Table 1).
The frequency of apoptotic myofibroblasts and vas-
cular cells measured as a percentage of labeled cells
increased greatly by 16 days with a maximum at 20
days (Table 1 and Figure 1e, f). We then observed a
progressive decrease of labeled cells (Figure 1g, h)
and at 60 days, labeled cells were absent (Table 1).

Electron Microscopy and Morphometry

In granulation tissue after 2, 4, 6, 8, and 12 days,
apoptotic cells were only exceptionally present. In 12-
day-old and 16-day-old granulation tissue, typical
myofibroblasts containing prominent microfilament
bundles with dense bodies were observed. Apoptotic
cells became evident at 16, 20, 25, 30, and 35 days.
The main criteria used for the definition of apoptotic
cells were margination and condensation of chroma-
tin, enlargement of endoplasmic reticulum cisternae,
and convoluted cell surface. In 16-day-old granula-
tion tissue early morphological changes associated
with apoptosis such as margination of chromatin and
dilatation of endoplasmic reticulum cisternae were

Figure 1. Identification of apoptotic cells in rat tissues by ISEL of fragmented DNA. a: Large intestine. Apoptotic cells are detected at the tip of a
villus. b: Prostate 2 days after castration. Several apoptotic bodies are scattered within the epithelium. c: Normal skin. No apoptotic cells are de-
tected. d: 12-day-old wound tissue. €: 16-day-old wound tissue. f: 20-day-old wound tissue. §: 25-day-old wound tissue. h: 30-day-old wound tis-
sue. At 12 days, when a-SM actin expression is maximal, there is no positive staining for apoptotic cells, after which the number of labeled cells
increases with a maximum at 20 days (f) and decreases thereafter. Magnification, X 1000.
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Table 1. Evaluation of Cells Showing ISEL of

Fragmented DNA*
Days after Granulation tissue
wounding Fibroblasts Vascular cells
7 - -
8 - +/-
10 - +/-
12 +/- +
16 ++ ++
20 +++ ++
25 ++ ++
30 +/- +
60 - -

* The staining with ISEL method was observed blindly and inde-
pendently by two researchers and classified as: -, no staining;
+/-, staining in less than 3% of cells; +, staining in 3 to 6% of
cells; ++, staining in 6 to 9% of cells; +++, staining in 9 to 12%
of cells.

observed. These changes became more evident 20
and 25 days after wounding (Figure 2a, b) and were
accompanied by signs of later steps of apoptotic
death such as chromatin condensation and formation
of nuclear fragments surrounded or not by a double
membrane (Figure 2c). Progressive degeneration of
cytoplasmic organelles, such as mitochondria, with a
concentric (onion skin) pattern of membrane organi-
zation were observed (Figure 2c). Macrophages con-
taining phagolysosomes were seen near fibroblastic
apoptotic cells, suggesting that this is the major route
of removal of apoptotic bodies (Figure 2d). In addi-
tion, capillaries with endothelial cells undergoing ap-
optosis (Figure 3a) and sometimes containing platelet
thrombi (Figure 3b) were observed.

Morphometric analysis of granulation tissue was
done at 12, 20, 25, 35, and 60 days after wounding.
It showed a significant reduction in tissue cellularity
compared with the cellularity at 12 days, as indicated
by a decrease in the number of points that fall on cells.
At 12 days 46.8 + 2.58 points per field fell on cellular
structures, whereas at 20 days this figure was 32.38 +
5.9; at 25 days, 27.58 * 1.4; at 35 days, 25.12 + 1.6;
and at 60 days, 20.07 + 2.5 (see Figure 4a). The num-
ber of points falling on cells was significantly lower at
20(P<0.02),25(P<0.01),35(P<0.01), and 60 days
(P < 0.01) compared with 12 days.

Having verified the expected decrease in cellular-
ity and in view of the increased frequency of apoptotic
cells observed by ISEL of fragmented DNA at 16, 20,
and 25 days after wounding, we examined morpho-
metrically whether the relative volume of apoptotic fi-
broblasts was changing accordingly. The results of

morphometry are shown in Figure 4b and c. Va/Vf
(Figure 4b) showed anincrease from0.115 = 0.115%
at 12 days t0 4.93 *+ 0.67% at 20 days. At 25 days the
proportionwas 5.9 + 1.11%; at 35 days, 1.36 + 0.5%;
and at 60 days, 0.92 + 0.1%. Statistical analyses car-
ried out for each time point showed that there was a
significant difference between 12-day wound tissue
and 20-day (P < 0.01), 25-day (P < 0.01), and 35-day
(P < 0.1) wound tissues. The small difference ob-
served between 20 and 25 days was not significant
(P < 0.2), although the diminution after 25 days was
significant (25 days versus 35 days, P < 0.01; see
Figure 4b).

Morphometry was also used to measure Va/Vc to
give an indication of its frequency regardless of the
tissue cell composition (Figure 4¢). Once again at 12
days the volume of apoptotic cells present in the tis-
sue was very small. There was a significant increase
at 20 days (P < 0.01) and at 25 days (P < 0.05) com-
pared with 12-day tissue. At 35 days the volume of
apoptotic fibroblasts in the tissue was still significantly
different from that at 12 days (P < 0.05). However,
there was no significant difference between 20 and 35
days or 25 and 35 days.

Immunogold Electron Microscopy

The time course of a-SM actin appearance in wound
fibroblasts has been reported in detail elsewhere.”
Twelve days after wounding, a large proportion of fi-
broblasts in the wound tissue expressed a-SM actin.
These cells showed the typical morphology of myo-
fibroblasts with prominent microfilament bundies in
the cytoplasm. This positivity decreased with time
and at 20 and 25 days, only a few positive cells re-
mained.” Fibroblastic cells displaying both microfila-
ment bundles containing a-SM actin and apoptotic
features were frequently observed (Figure 5a—c).
These cells showed various degrees of degenerative
changes and clear staining with anti-aSM-1 at the pe-
riphery (Figure 5a). The proportion of apoptotic cells
was always higher compared with the proportion of
cells showing a-SM actin staining, suggesting that the
expression of a-SM actin decreases slightly before
appearance of apoptotic features. Cells with phagoly-
sosomes containing a-SM-actin-positive microfila-
ments were also observed (Figure 5d). Pericytes with

Figure 2. Transmission electron micrographs showing different features of apoptotic fibroblasts (a, b, ¢) and a macrophage (d) with numerous
phagolysosomes 20 and 25 days after wounding. In fibroblasts undergoing apoptosis, early (arrowbeads) and more advanced (arrows) degrees of
chromatin condensation are visible (a and b); cytoplasmic vacuoles and convoluted cell surface are also present. Note that in (3) the nucleus ap-
pears in part extruded from the cytoplasm (*). In (C) the chromatin is highly condensed and the nuclear membrane bas disappeared. Magnifica-

tion, X 10,000 (@), X4800 (b), X 9300 (¢), X 9000 (d).
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Figure 3. Transmission electron micrographs showing damaged small vessels of granulation tissue 20 days after wounding. In (@) the small vessel

(*) contains endothelial cells with initial apoptotic changes, such as chromatin co

within the lumen. Magnification, X 3900 (a), X 5800 (b).

both apoptotic features and a-SM actin expression as
well as apoptotic endothelial cells were also ob-
served.

Discussion

It is well established that the evolution of granulation
tissue into scar tissue implies a massive decrease in
cellularity, notably involving the disappearance of fi-
broblasts, endothelial cells, and pericytes.2® When
granulation tissue cells are not eliminated, there is
development of pathological scarring, ie, hypertro-
phic scar and keloid, which are distinct clinical3°-3"
and pathological®?-3® entities, both characterized by
a high degree of cellularity. Our results suggest that
the reduction in cell number observed under our ex-
perimental conditions is achieved to a great extent
through apoptosis. Whether apoptosis, or perhaps
the lack of apoptosis, plays a role in the establishment
of hypertrophic scar and keloid remains to be ex-
plored. Previous studies have detected apoptosis in
hormone-dependent cell lines after withdrawal of the
trophic hormone. These studies used gel electro-

A,

ion (arrowbeads); in (b) a platelet thrombus is present

phoresis to evaluate DNA degradation into charac-
teristic fragments.2° In these studies DNA degrada-
tion was detectable probably due to the high
proportion (up to 50%) of cells dying synchronously.
We were unable to consistently detect DNA degra-
dation by electrophoresis on agarose gels (data not
shown) probably due to the relatively small proportion
of dead or dying cells at any one time. Indeed we have
found a maximum of approximately 12% of apoptotic
cells at any one time by means of both ISEL of frag-
mented DNA and morphometric analysis of electron
micrographs. However, the techniques we have used
have the advantage of precisely localizing apoptotic
cells. Typical features of apoptosis, ie, condensation
of chromatin at the nuclear periphery, can be ob-
served without activation of endonuclease.3* Differ-
ent markers of fibroblastic cell death have been de-
scribed in the literature.35-3€ |t has been suggested
that clusterin (TRPM-2, SGP-2) is a marker of apop-
totic cells;3” however, in additional experiments, we
have detected clusterin expression only in hair fol-
licles (data not shown). We think, as suggested by
others,8-40 that clusterin is not exclusively a marker
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Figure 4. Morphometric evaluation of fibroblast apoptotic changes.
a: Tissue cellularity at different times after wounding. Columns rep-
resent the mean * SE of the number of points per field that fell on
cells. b: Va/Vf at various times after wounding. There is a significant
increase in the proportion of apoptotic fibroblasts at 20 and 25 days
after wounding. c. Va/Vc at various times after wounding. An in-
crease in the proportion of apoptotic cells in the wound at 20 and 25
days is evident.

of cell death. Furthermore, French et al*' have re-
cently shown that the expression of clusterin may be
associated with cell survival within tissues regressing
as a consequence of programmed cell death.

Our data indicate that apoptosis of granulation tis-
sue cells takes place essentially after wound closure
and affects target cells consecutively rather than pro-
ducing a single wave of cell disappearance. This ob-
servation is in line with the gradual resorption of
granulation tissue after wound closure and with the
observation that dead cells are digested by macro-
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phages and surrounding cells. It is well known that
covering granulation tissue with a thick skin transplant
or flap (including subcutaneous tissue) results in a
rapid (approximately 48 hours) resorption.*? It would
be of interest to determine whether this result is ob-
tained through a rapid and massive apoptosis of
granulation tissue cells.

During the healing of an open wound, fibroblasts
gradually acquire the expression of a-SM actin,” a
well accepted marker of SM cell differentiation.**
These modified fibroblasts or myofibroblasts are likely
to be involved in wound contraction and disappear
when the wound is closed.”#4 Our results show that
they disappear through apoptosis and suggest that
under normal conditions the process of myofibroblast
differentiation ends with the death of these cells.
Thus, myofibroblasts could be considered terminally
differentiated cells.

Cell death and particularly apoptosis plays a key
role in the control of normal and pathological tissue
growth.#5-47 Recently, Polunovsky et al*® have stud-
ied the role of mesenchymal cell death in lung re-
modeling after acute injury. During elimination of intra-
alveolar granulation tissue, the mode of endothelial
cell death is apoptosis. The mechanism of fibroblast
death is not only morphologically distinct from necro-
sis but also different from typical apoptosis.

The question that remains to be answered is what
the stimulus is that leads to apoptosis during wound
healing. Recently, gene products regulating cell
death have been identified.#®-54 In fibroblasts, the
c-Myc protein®® and interleukin-1p-converting en-
zyme, the mammalian homologue of the Caenorhab-
ditis elegans cell death gene ced-3,%¢ have been
shown to induce apoptosis. In turn, it has been shown
that Bcl-2 is capable of blocking apoptosis (for re-
view, see reference 57); however, fibroblasts lack
Bcl-2 expression as assessed by antibody staining
(58 and unpublished observation). A possible
mechanism for apoptosis induction could be via di-
rect action and/or withdrawal of cytokines or growth
factors.34.59-61 Several factors have been shown to
increase the rate of wound healing, including platelet-
derived growth factor,®? transforming growth factor-
B,83:64 transforming growth factor-«,*® and tumor ne-
crosis factor®® (for review see reference 67). These
factors may be presentin the normally healing wound,
released by platelets and inflammatory cells. It is
probable that as the wound resolves, there is a de-
crease in the levels of these factors. A possible ex-
planation for the death of at least a subpopulation of
myofibroblasts and vascular cells would be that these
are growth factor dependent. Alternatively, factors se-
lectively causing the death of fibroblastic and vas-
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Figure 5. Immunogold electron microscopy with anti-aSM-1 on granulation tissue cells 20 and 25 days after wounding. Myofibroblasts positive for
a-SM actin show dilated cisternae of rough endoplasmic reticulum () and various degrees of chromatin condensation (b, ). A pbagocytic cell
with an inclusion containing a-SM-actin-positive material is illustrated in d. Magnification, X 14,300 (a, b), X 18,700 (¢), X 17,000 (d).

cular cells could be liberated after epithelialization
has been completed. Additional work is necessary to
identify these hypothetical factors, but it appears that
apoptosis is the mechanism through which vascular
and fibroblastic cells are gradually eliminated from a

normally healing granulation tissue. Studies along
these lines will be useful for the understanding of nor-
mal and pathological wound healing and possibly for
modifying the evolution of keloid and hypertrophic
scar.
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