Arch Dermatol Res (2004) 295:312-317
DOI 10.1007/s00403-003-0438-z

ORIGINAL PAPER

Jacqueline Bride - Celine Viennet - Annie Lucarz-Bietry
Philippe Humbert

Indication of fibroblast apoptosis during the maturation
of disc-shaped mechanically stressed collagen lattices

Received: 4 June 2003 / Revised: 22 July 2003 / Accepted: 25 October 2003 / Published online: 3 December 2003

© Springer-Verlag 2003

Abstract Human dermal fibroblasts seeded in tense disc-
shaped collagen gels organized gradually into a tissue
composed of three distinct superimposed layers of cells:
a basal layer of aligned myofibroblasts, a middle layer of
unoriented fibroblasts, and an upper layer of myofibro-
blasts oriented orthogonally to the basal myofibroblasts.
Confocal observation of oi-smooth muscle actin (-SMA)
immunolabelling as a marker of myofibroblasts showed
that the upper myofibroblasts disappeared during matura-
tion of the lattices. Observation of morphological modifi-
cations of cells, typical chromatin condensation identified
by Hoechst 33258 staining, and detection of ssDNA after
formamide-induced denaturation suggested the involve-
ment of apoptosis in myofibroblast disappearance. It is sug-
gested that the model of disc-shaped stressed collagen lat-
tice is thus able to mimic conditions in wound repair: on
the one hand, wound contraction during which fibroblasts
undergo mechanical stress and, on the other, apoptotic
disappearance of cells at the end of tissue retraction.

Keywords Disc-shaped tense collagen lattice - Human
dermal fibroblast - Cellular orientation - Myofibroblast
apoptosis

Introduction

The three-dimensional collagen lattice in which fibroblasts
are embedded within hydrated type I collagen was devel-
oped as an in vitro culture model considered as a dermal
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equivalent [4]. Collagen lattices have proven to be a valu-
able model for studying several cellular functions under
conditions that resemble the in vivo situation and to test
the effect of various drugs [1, 4, 8]. Two different collagen
gel systems, contractile and anchored collagen lattices,
have been developed and have shown considerable differ-
ences in their cell proliferation, gene expression, cell phe-
notype and mechanical features (for review, see reference
20). In contracting free-floating collagen lattices, the ten-
sion is distributed isotropically and the extracellular ma-
trix remains mechanically relaxed during contraction of
the gel which results in a decrease in surface and an in-
crease in thickness [15]. There is a marked decline in cel-
lular DNA synthesis and the fibroblasts become quiescent
within 1-2 days [26, 33, 38]. During the final stage of con-
traction, fibroblasts and collagen fibres are oriented per-
pendicular to the surface of the lattice [28].

In disc-shaped anchored collagen gels, contraction is
prevented by attachment of the matrix either to the bottom
of the culture dish [3, 41] or to a ring lining the inner edge
of the dish made of stainless steel wire [26], glass mi-
crofibre filter [28] or nylon filtration mesh [27, 29]. The
initial surface is preserved and the dermal equivalent con-
tracts only in thickness. Contraction becomes isometric as
the matrix resists the pull of the cells. Fibroblasts in the
mechanically loaded matrix resemble proliferative cells of
granulation tissue during later stages of remodelling [20]
and the isometric tension is equivalent to that found in
skin wounds [13, 25]. The cells continue to synthesize
DNA and several matrix molecules, including type I, III
and VI collagens, fibronectin, elastin and actin, increase
[26]. The developed load results in a polarized cell mor-
phology and formation of prominent actin stress fibres
[21, 41]. Histological and ultrastructural studies have dem-
onstrated that fibroblasts spread with a bipolar morphol-
ogy in stratified planes parallel to the surface of the gel [25,
28, 29, 31, 411].

In disc-shaped tense lattices, no clear orientation of the
cells is seen, in contrast to rectangular tense lattices an-
chored at only the two opposite short sides, in which the
elongated bipolar fibroblasts become oriented in the direc-



tion of the main vectorial force, on the long axis of the gel
[11, 14]. Recently, in confocal microscopic studies [5] us-
ing oi-smooth muscle actin (0.-SMA) labelling as a marker
of myofibroblasts [9], we have observed that, under our
culture conditions, successive morphogenetic phases dur-
ing disc-shaped tense lattice structure formation result in a
tissue composed of three superimposed layers of cells. Dur-
ing the first 5 days of culture, fibroblasts organize gradu-
ally into a basal layer where they differentiate into myofi-
broblasts aligned unidirectionally. Then, spindle-shaped
fibroblasts located on the upper surface of the lattice dif-
ferentiate into myofibroblasts which become oriented or-
thogonally to the basal myofibroblasts in 11-day-old lat-
tices. In the middle layer of the lattice, the spindle-shaped
fibroblasts remain randomly arranged. This process re-
sembles the orthogonal multilayering that occurs in fibro-
blast hyperconfluent cultures in the presence of accumu-
lated collagen [16, 17].

The study reported here dealt with cellular changes dur-
ing maturation of disc-shaped lattices maintained in cul-
ture for a longer period than 11 days, up to 26 days. Con-
focal microscopic observation of a-SMA labelling sug-
gested that some cells disappeared. The question arose as
to the process that was responsible for myofibroblast dis-
appearance. As mechanically stressed collagen gels re-
semble wound granulation tissue during later stages of re-
modelling [20], we wanted to determine if apoptosis, that
has been implicated in regression of myofibroblasts in
granulation tissue in vivo [12], might also account for the
disappearance of myofibroblasts in disc-shaped tense col-
lagen lattices. We tested this hypothesis by means of mor-
phological indications of apoptosis at the light micro-
scopic level. Apoptosis is a controlled cell death process
[42] involving specific distinct morphological, biochemi-
cal and molecular alterations including DNA fragmenta-
tion

Material and methods
Cells

Fibroblast cultures were obtained from cell outgrowth from ex-
plants of abdominal dermis collected during plastic surgery on five
women (30-51 years of age). Fibroblast monolayer cultures were
maintained using a routine technique in Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco, Cergy-Pontoise, France) supple-
mented with 10% fetal calf serum (FCS, Gibco) and gentamicin
(10 mg/ml). For seeding into collagen lattices, cells from subcul-
tures 14—19 were used. As fibroblasts from different donors behaved
in the same way, we report the morphological events in only one
series of lattices populated with fibroblasts from a 30-year-old
woman.

Preparation of disc-shaped tense collagen lattices

Just before reaching confluency, fibroblasts were detached from
the culture flasks by trypsin-EDTA, collected by centrifugation for
10 min at 800 g and suspended in DMEM. Each lattice was pre-
pared by mixing fibroblasts and a rat tail collagen type I solution
(Bioetica Institut J. Boy, Reims, France) in a sterile Erlenmeyer
flask at 4°C, so that the final collagen concentration was 0.6 mg/ml
and the cell concentration was 8x10%ml. Each lattice was prepared
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by mixing, in the following order: 3ml of 1.28x concentrated
DMEM containing 0.5% NaHCO;, 0.083 N NaOH, 10 mg/ml gen-
tamicin and 15% FCS, with 1.5ml of a 2 mg/ml rat tail collagen
type I solution in 0.1% acetic acid, and then with 0.5 ml of fibro-
blast suspension. The viscous mixture was then quickly poured into
50-mm bacteriological dishes (Falcon) containing a 7-mm O-ring
of sterilized nylon filtration mesh (Scrynel, NY 150 HC; Polylabo,
Strasbourg, France) with an inner diameter of 35 mm. After poly-
merization of the gel in an incubator at 37°C under an atmosphere
comprising 95% air/5% CO,, 3 ml of culture medium were added
to the culture dish and changed every 48 h. The disc-shaped lattice
became attached to the ring of nylon mesh and the whole system
was floating in the culture medium.

Confocal laser microscopic observations

The depth of the lattices varied from about 20 to 40 um. They
could therefore be examined easily as a series of horizontal optical
sections to localize the cells containing at-SMA. As primary anti-
body we used a mouse monoclonal antibody against o-SMA
(A 2547, clone A4; Sigma) diluted 1/100. Antigen-antibody com-
plexes were visualized by a goat anti-mouse IgG antibody conju-
gated to fluorescein (F 2012, Sigma) diluted 1/40. The antibodies
were diluted in phosphate-buffered saline (PBS) containing 1%
bovine serum albumin (BSA) and 0.1% Triton X100. Two lattices
per day of culture were fixed under tension in the culture dish in
3% paraformaldehyde (PFA) in PBS (pH 7.4) for 1 h. After rinsing
with PBS, square pieces about 3x3 mm were punched out of the
lattice in the area around the centre. The fibroblasts in the lattice
were permeabilized by treatment with acetone for 5 min at —20°C
followed by three changes of PBS. Nonspecific binding sites were
blocked at room temperature by a 10-min incubation in 1% glycine
in PBS followed by a 1-h incubation in 3% BSA solution in PBS
containing 10% normal goat serum and 0.1% Triton X100.

The samples were then incubated overnight at room tempera-
ture in a moist chamber with primary antibody. As a control, a
piece removed from the lattice was incubated in PBS instead of the
primary antibody. Excess antibody was removed in three changes,
each of 10 min, of PBS + 1% BSA + 0.1% Triton X100. The fluo-
rescein-conjugated secondary antibody was applied for 1 h at room
temperature in a moist chamber. After washing in three changes of
PBS for a minimum of 1 h, the tissue was gently carried onto a his-
tological slide and coverslipped without pressure with Vectashield
mounting medium (Biosys, Compiegne, France). The coverglasses
were sealed with nail polish for viewing with a laser scanning con-
focal Leica microscope (Centre de Microscopie, University of Be-
sancon, France). The images were obtained in red artificial colour.

Morphological and histological assessment of fibroblast apoptosis

To identify the cellular changes characteristic of apoptosis, the col-
lagen lattices were examined using an Olympus IX 5D inverted
microscope. Cells showing morphological changes consistent with
apoptosis were identified using criteria including cellular rounding,
cytoplasmic condensation and budding of the plasma membrane
[42]. Condensed and fragmented nuclei typical of apoptotic cells
were identified by staining with bisbenzimide. Fragments removed
from the central area of the fixed collagen lattices were incubated
with 2.5 ug/ml Hoechst 33258 (Sigma) in PBS for 10 min in the
dark at room temperature. After extensive washing in PBS, the lat-
tice fragments were mounted on histological slides with Vectashield
mounting medium and visualized microscopically under UV illu-
mination. The blue fluorescent Hoechst 33258 stained the condensed
chromatin of apoptotic cells more brightly than the less-dense chro-
matin of normal cells. Condensed and fragmented nuclei were
counted per microscopic field (x40 objective) to calculate the mean
number of apoptotic cells per 0.228 mm? field. At least, ten con-
tiguous fields per lattice were examined in two lattices per stage.
Statistical analysis was performed using Student-Newman-Keul’s
multiple comparisons test. Each bar represents the mean (£SD)
apoptotic density per microscopic field in one lattice.
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To further confirm the presence of apoptosis, we used an assay
to determine ssDNA, which has been shown to be a specific method
for detection of apoptotic cells [19]. The procedure was adapted
from the protocol accompanying the antibody to ssDNA (Alexis
Biochemicals). Briefly, fragments removed from PFA-fixed lattices
were incubated in a methanol/PBS (6/1) solution for 30 min. They
were then mounted on Superfrost/plus slides in a drop of distilled
water and heated in an oven at 56—60°C for 1-2 h. They were stored
dry at room temperature. Slides were incubated in 0.2 mg/ml saponin
in PBS for 20 min, rinsed with PBS, incubated in 20 pg/ml pro-
teinase K in PBS for 20 min, and rinsed with three changes of dis-
tilled water. The slides were then incubated for 20 min in 50%
formamide (v/v, distilled water) preheated in a water bath to 56°C.
The slides were transferred into ice-cold PBS for 5 min. Then 40 ul
3% nonfat dried milk in PBS was added to the lattice fragments for
30 min to block nonspecific antibody binding. After elimination of
milk solution, anti-ssDNA monoclonal antibody (mouse IgM) di-
luted in 1% nonfat dried milk in PBS was applied for 30 min at
room temperature and then rinsed with three changes of PBS.
FITC-conjugated goat anti-mouse IgM diluted 1/100 was applied
for 30 min. After rinsing with PBS, the coverslips were mounted
with Vectashield.

Results

Confocal observations of o-SM actin staining
in 11-day to 26-day cultures

In 11-day cultures, the structure of the lattice had attained
a stable vertical stratification comprising:

— A basal cell layer composed of elongated unidirection-
ally oriented myofibroblasts accommodated in large
winding parallel arrays (Fig. Icl)

— A middle thick layer (about 12 um) populated with fili-
form cells having few cell contacts and oriented in all
directions (Fig. 1bl)

— An upper cell layer whose morphology and myofibro-
blast differentiation were similar to those observed in
the basal layer except that the orientation of the parallel
arrays of cells was perpendicular to the orientation of
cells in the basal layer (Fig. 1al).

In 14-day-old lattices, the upper cells had a tendency to
rounding and the o-SMA labelling intensity decreased (not
shown). In 19-day and 26-day cultured lattices, staining of
oriented upper cells was no longer observed (Fig. 1a2),
whereas oriented myofibroblasts persisted in the basal
layer (Fig. 1¢c2).

Morphological and histological assessment of apoptosis

Using an inverted microscope, we observed obvious mor-
phological modifications consistent with apoptosis at the
upper surface of lattices from the 14th day of culture. The
upper oriented myofibroblasts showed loss of their elon-
gated shape and cell-cell contacts. Cytoplasm contraction
resulted in cell rounding. At 19 days of culture, numerous
refringent globular bodies appeared at the upper surface
of the lattices (Fig. 2). Then they floated in the culture me-
dium. Their impermeability to trypan blue indicated that
their plasma membrane remained intact as in apoptotic bod-
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Fig.1la—c Comparison of confocal observation of o-SMA stain-
ing in 11-day (a/, b/, ¢/) and 26-day (a2, b2, ¢2) cultured lattices.
al, bl, ¢/ Three of 12 consecutive optical sections within a 29-um
Z-series starting at the upper surface from an 11-day cultured lat-
tice. The distance between each image is 4.8 um. At the base of the
gel (c/), closely packed fibroblasts are oriented in one direction
whereas the cells located in the middle layer are unoriented (b/).
Elongated fibroblasts at the surface (a/) of the gel are clearly ori-
ented orthogonally to the basal layer. a-SMA staining is faint in
the middle layer (b/) as compared to cells in the basal (¢/) and up-
per (al) layers of the lattice. a2, b2, ¢2 Three of 12 consecutive
optical sections within a 30-um Z-series starting at the upper surface
from a 26-day cultured collagen lattice. The distance between each
image is 7.5 um. Orientation of elongated fibroblasts persists in the
basal layer (c2) of the lattice. Compared to a/, b/, ¢/, the oriented
upper o.-SMA-stained fibroblasts have disappeared. Unoriented fi-
broblasts (a2, b2) remain in the middle layer where a-SMA stain-
ing appears less intense than in the basal fibroblasts (c2)

50 um

Fig.2 Upper surface of a disc-shaped tense collagen lattice cul-
tured for 26 days visualized with an inverted microscope. Note the
cell rounding, shrinkage and formation of refringent bodies

ies. Globular bodies were not visible with confocal micros-
copy because they were not immunostained for o.-SMA.
Visualization of Hoechst 33258 fluorescence demonstrated
typical chromatin condensation and margination in some
cells (Fig.3). ssDNA-immunopositive cells were found
(Fig. 4) after formamide-induced DNA denaturation [19]
confirming that fibroblasts underwent apoptosis in matur-
ing mechanically stressed lattices. Quantitation of apopto-
sis (Fig.5) showed that in cultures up to 10days there
were a very few positively stained apoptotic nuclei which
coexisted with dividing nuclei. There was then a gradual
increase in apoptotic cells until the highest density was ev-
ident in cultures at 26 days, at the end of the experiment.



Fig.3 Hoechst 33258 fluorescence photomicrograph. In a 26-day
cultured disc-shaped tense lattice, numerous cells exhibit con-
densed and fragmented nuclei typical of apoptosis

Fig.4a, b Detection of ssDNA in fibroblasts from a 26-day cul-
tured lattice. Fibroblasts were stained using a monoclonal antibody
against ssDNA followed by a FITC-conjugated anti-mouse sec-

ondary antibody (a). As a negative control (b), PBS was substi-
tuted for the anti-ssDNA antibody
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Fig.5 Graphical representation of apoptotic cell density during
maturation of disc-shaped tense lattices. Hoechst-stained apoptotic
nuclei were counted per microscopic field in two lattices per stage
of culture. Student-Newman-Keul’s test indicated that the density
of apoptotic cells increased significantly from the 19th day of cul-
ture. Each bar represented the mean (£SD) density in each lattice
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No significant difference in apoptotic density was observed
until the 14th day in spite of a 5-fold increase in mean
density (mean of two lattices per stage of culture) in 11-day
and 14-day lattices compared with 8-day lattices and a
3.5-fold increase compared with 10-day lattices. In 19-day
cultured lattices, there were significant increases in mean
apoptotic density compared with 8-day and 10-day lat-
tices of, respectively, 8.4-fold and 5.9-fold, but there were
no significant differences compared with 11-day and 14-day
lattices. In 26-day cultured lattices, the mean apoptotic
density was significantly higher than in all younger lat-
tices: 8 days (20-fold), 10days (13-fold), 11 and 14 days
(4-fold), 19 days (2.3-fold).

Discussion

The observations demonstrate dynamic changes in cells that
are contained within tethered fibroblast-populated collagen
lattices. Human dermal fibroblasts in disc-shaped tense
collagen lattices developed three distinct cell layers. Myo-
fibroblasts were found in the top and bottom layer of the
lattice, whereas fibroblasts in the middle layer were con-
sistent with the non-aligned in vivo dermal fibroblasts
[34]. As lattices matured the myofibroblasts disappeared
and underwent apoptosis. It is proposed that fibroblasts
under mechanical stress produce a highly oriented myofi-
broblast population which undergoes apoptosis.

Mechanical tension is crucial for differentiation and
maintenance of the myofibroblast phenotype character-
ized by development of contractile features such as stress
fibre formation and o-SMA expression in vivo [22] and in
vitro in high or low lattice contraction [3, 20, 21, 41]. In
disc-shaped collagen gels under high contraction, it is rea-
sonable to suggest that the contractile activity of preco-
cious differentiated myofibroblasts in the basal layer may
participate in generating an isometric tension responsible
for stretching the extracellular matrix. As it is known that
an altered mechanical load on the matrix stimulates fibro-
blasts to adjust their contractile activity to maintain ten-
sional homeostasis by reacting in the opposite direction to
the perceived changes in mechanical loading [7], it can be
suggested that the tension induced in the basal layer may
be responsible for phenotypic modulation of fibroblasts
into orthogonally oriented myofibroblasts in the upper layer
of lattices. This could explain why the fibroblasts in the
upper layer of disc-shaped lattices aligned orthogonally to
the direction of cellular orientation in the lower layer. The
reason why a layer of myofibroblasts appeared first at the
basal surface and not at the upper one is not known.

The process of orthogonal layering of myofibroblasts
is consistent with previous findings in other fibroblasts
grown beyond confluence [2, 16], where the basal layer
persists after destruction of upper cell layers [17]. Hetero-
geneity of the cellular phenotype has also been found by
confocal microscopy in tense lattices obtained on the bot-
tom of the culture dish by self-production of extracellular
matrix [23]. In these lattices, elongated large polygonal fi-
broblasts in the basal layer are aligned unidirectionally
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whereas cells in the upper layer exhibit a spindle shape
and are oriented in all directions.

Our observation in disc-shaped tense lattices of myofi-
broblast differentiation and disappearance suggest some
analogies with in vivo evolution of granulation tissue. It is
known that fibroblasts in the mechanically loaded matrix
resemble proliferating cells of granulation tissue [20], where
fibroblasts differentiated in oriented contractile myofibro-
blasts promote closure of the wound [39] by a coordinated
cellular contraction [37] and disappear at the end of wound
healing [9].

The disappearance of upper myofibroblasts in matur-
ing disc-shaped lattices by apoptosis may be a process
similar to that occurring in the in vivo decrease in tissue
granulation cellularity including disappearance of typical
myofibroblasts as the wound closes [9, 12]. Evidence that
apoptosis is the mechanism responsible for downregula-
tion of granulation tissue fibroblasts in rodents has been
reported [9, 10, 12, 30]. In humans, the data are contra-
dictory regarding the kind of scar. Apoptosis of myofi-
broblasts has been reported to occur from granulation tis-
sue through hypertrophic scarring [24] whereas apoptosis
does not appear to be a significant mechanism for fibro-
blasts downregulation in normally healing granulation tis-
sue [35]. In disc-shaped tense collagen lattices, morpho-
logical assessment of apoptosis detected myofibroblast
apoptosis after 10 days of culture. The gradual increase in
apoptotic cells appeared to start after the disc-shaped col-
lagen lattices had been submitted to mechanical forces by
establishment of orthogonal layers of contractile myofi-
broblasts. This is in line with the gradual resorption of
granulation tissue after wound closure at the end of wound
contraction [12].

Up to 10 days of culture, the absence of apoptosis is in
agreement with the findings of others in dermal equiva-
lents anchored on the bottom of culture dish, under low
lattice contraction conditions, in contrast to free contractile
collagen gel in which fibroblast apoptosis has clearly been
demonstrated [18]. In these mechanically relaxed matri-
ces, disturbance by cytochalasin D of cytoskeletal integrity
and thereby the cells’ ability to build up contraction forces
abrogates apoptosis, suggesting a dependence of apopto-
sis on mechanical forces and/or cell shape. It has been
suggested that o2-integrin is responsible for transducing
an apoptosis-promoting signal [32]. In anchored lattices
under low contraction condition, release of mechanical
tension by removing matrices from the underlying culture
dish triggers an apoptotic response which reaches a plateau
by 24 h [21]. This appears to suggest that mechanical ten-
sion prevents fibroblast apoptosis.

Studies on the mechanism regulating apoptosis caused
by release of mechanical tension have established that the
apoptosis does not require differentiation of cells into myo-
fibroblasts but is governed by a combination of mechani-
cal tension and growth factors in the matrix [21]. In con-
trast to our observations, we note that apoptotic events
were not investigated beyond 10 days of culture, either in
contractile gels or in anchored gels under low contraction.
Furthermore, contractile mechanically relaxed collagen gels

and anchored lattices under low contraction are known as
in vitro models of the very early stage of wound healing
[3, 20, 32], whereas the high mechanically stressed disc-
shaped collagen lattices tensed on a nylon ring resemble
granulation tissue in the later stages of wound healing [20].

Our results show discrepancies with the observations
reported by others using the same model of tense lattice
for 14 days of culture [27]. The authors demonstrated a
significant decrease in cell number, an increase in annexin
V labelling which could imply apoptosis and alterations in
the cytoplasm without the classical morphology of apop-
tosis such as chromatin condensation, nuclear fragmenta-
tion and apoptotic bodies [6]. They suggested that a new
form of programmed cell death, paraptosis [40], is involved
in disappearance of mechanically stressed fibroblasts. We
have also observed such cytoplasmic alterations in ultra-
structural studies of MRCS5 fibroblast-populated lattices
[29]. The absence of typical chromatin condensation
might correlate with discrepancies compared with our con-
ditions such as the width of the nylon ring which could af-
fect the degree of stress, the heterogeneity of the fibro-
blast type and age, and the quality of the collagen.

Our observations in disc-shaped tense collagen lattices
appear to be in line with the suggestion that the process of
myofibroblast differentiation in granulation tissue ends with
the death of these cells which could be considered termi-
nally differentiated fibroblasts [12].

This study indicates that tense collagen lattices which
retain the same diameter, and which are known to closely
resemble the dermal wound in which fibroblasts organize
repair against the mechanical resistance of the wound mar-
gins [36], appear to offer a valuable in vitro model to in-
vestigate factors involved in myofibroblast differentiation
and disappearance that occur in wound healing.
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