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Abstract Polyploidization is a process present in cells of
many different human tissues. Since it is also prominent
in human wound healing in vivo and in vitro, we focused
on the influence of hypoxia on the cells’ proliferation
and polyploidization response. The proliferation re-
sponse of two major cell types, involved in human
wound healing, human dermal microvascular endothe-
lial cells (HDMEC) and normal human dermal fibro-
blasts (NHDF) was quite similar in the in vitro setup:
proliferation significantly decreased under the influence
of 18 h of hypoxia and was reinitiated after 72 h of
reoxygenation. The cells’ response concerning their
tendency towards the development of polyploidy was
different: NHDF did not generate any polyploid cells,
which stands in contrast to former in vitro studies with
human wound-derived fibroblasts, but HDMEC were
characterized by the presence of both mononuclear and
binuclear tetraploid cells. The number of tetraploids was
downregulated during hypoxia and increased during
reoxygenation, accompanied by proliferation onset. The
immunomicroscopic survey of HDMEC opened up a
cell cycle model, which might be useful in the future to
evaluate cell cycle modulations leading to polyploidy
without the need to apply any additional cell cycle
inhibitors.
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Introduction

Polyploidy and at its lowest level tetraploidy, which
means an accurate duplication of the whole 2n chro-
mosome-set, occurs in several cell types of the human
body. At present, it is rather controversially discussed, if
tetra- and polyploidization are beneficial for a stressed
tissue or not and if they are causal for malignant
development due to subsequent aneuploidization
(Storchova and Pellman 2004). In recent studies in the
yeast system, it has become clear that the state of ploidy
indeed affects gene-expression (Galitski et al. 1999).

Besides several other tissues, the human wound
granulation tissue also was identified to contain elevated
numbers of tetraploid cells in vivo and in vitro. An in-
creased occurrence of tetraploidization among wound
fibroblasts was linked with a better healing prognosis
(Ermis et al. 1998; Oberringer et al. 1999). At the cell
cycle level, tetraploidization in the wound is supposed to
be generated by mitotic slippage and it might be
accompanied by a cell cycle stop in G0 of the following
cell cycle under control of the tetraploidy checkpoint
(Hanselmann and Oberringer 2001; Margolis et al.
2003).

Studies concerning teraploidization in the human
wound still remain descriptive and a mechanism which
forms the basis of tetraploidization at the level of cell
cycle is not available so far. Furthermore, it is not evi-
dent which physiological factor out of the huge spectrum
occurring during wound healing and tissue regeneration
in other organs might be able to trigger this process.
Besides the acute inflammation leading to an enhanced
secretion of mediators and cytokines especially tissue,
hypoxia is a characteristic condition during wound
healing. Hypoxia is immediately established after a
traumatic incident, due to blood vessel damage or col-
lapse. Subsequently, tissue oxygen concentration reaches
a minimum. As a consequence necrosis and apoptosis
occur, but other cells succeed in surviving and getting
established in this environment. The O2 gradient, which
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is formed between the edge and the centre of an open
wound, additionally serves as a key stimulus for the
direction of cell migration (Davis et al. 1988). Not only
endothelial cells, but also subcutaneous fibroblasts,
which are the most important cell types involved in
wound healing, are influenced by hypoxia (Dawes et al.
1994).

Here, we present an in vitro approach, which serves
to verify the influence of hypoxia and subsequent reox-
ygenation on proliferation, cell cycle regulation and
polyploidization of the wound healing protagonists,
human dermal microvascular endothelial cells
(HDMEC) and normal human dermal fibroblasts
(NHDF). The study also investigates whether hypoxia
alone or in combination with reoxygenation triggers
tetraploidization in these cell types; until now, this has
been demonstrated solely for tumor cell lines (Loffler
1987; Rofstad et al. 1996).

Materials and methods

Cells and cell culture

Normal human dermal fibroblasts (PromoCell, Heidel-
berg, Germany) were grown in Quantum333 medium
(PAA-laboratories, Pasching, Austria). Media were
changed every 2–3 days and cells were passaged after
trypsination (0.05% trypsin-EDTA; PAA-laboratories).
Cells from one batch were used in different passages (P)
for the experiments (single cultures in P5, P6, P7, P7, P8,
P9, P10, P11, P13, P15 and P17). No morphological
heterogeneity was detectable in different passages.
HDMEC (PromoCell) were grown in complete endo-
thelial cell growth medium (PromoCell). Cells were
passaged after trypsination and used for the experiments
in passages P5, P5, P6, P7, P8, P8, P9, P10, P11, P12,
P13. In total, three different batches of HDMEC were
used. In late passages factor VIII related antigen-
expression was still detectable by immunocytochemistry
in the majority of the cells. Cells were fixed at relevant
times by washing twice with phosphate buffered saline
(PBS), applying a 5-min incubation step in 0.05 M KCl
at 37�C and dehydrogenation in methanolabs. for 10 min
at �20�C.

Hypoxia

Cells from two 75-ml culture flasks were trypsinated and
split into seven similar fractions. Cells were subsequently
cultured on glass slides in quadriperm dishes (Greiner,
Frickenhausen, Germany) and used for the hypoxia
experiments if confluence was about 50%. One of the
seven slides was fixed before the experiment to determine
initial polyploidization and proliferation values. The
medium of the remaining six slides was changed before
the experiment: three of the remaining six slides were
cultured in normal medium under standard incubator

conditions, serving as controls. The other three slides
were used for hypoxia treatment. Therefore, culture
medium was made hypoxic (<5 mmHg) before medium
change. During hypoxia, cells were aerated with a gas
mixture containing 95% N2 and 5% CO2 (Messer,
Griesheim, Germany), in a humidified incubator. A
constant gas flow of 1 l/min assured a constant O2 sat-
uration of <5 mmHg over a period of 18 h, which was
monitored by a Lycox probe (Lycox, Kiel-Mielkendorf,
Germany). Immediately after 18 h of hypoxia (H), one
slide with hypoxic cells and one standard incubator
control slide were fixed at the same time. Hypoxic cells
on the remaining two slides were reoxygenated by
transferring to a standard incubator, which generates an
O2 saturation of 130 mmHg, and were cultured for an
additional 24 h (H/R1) and 72 h (H/R2) respectively.
After 24 h and 72 h, reoxygenated cells and cells from
the standard incubator control slide were fixed at the
same time.

Immunocytochemistry

Immunocytochemical staining was done prior to chro-
mosome staining by fluorescence in-situ hybridization
(FISH) according to the following standard procedures.
After storage, the specimen were washed 3·5 min in
PBS/Tween. The slides were incubated with 75 ll of the
first antibody (monoclonal mouse anti-human Ki67,
clone MIB-1, ready-to-use, DakoCytomation, Carpin-
teria, USA) in a humidified chamber at room tempera-
ture for 30 min. After three washing steps of 5 min each
in PBS/Tween, specimens were incubated for another
30 min with a Cy3-labeled antibody (goat anti mouse
Cy3, 1:400, Dianova, Hamburg, Germany). After that,
the slides were washed 3·5 min in PBS/Tween, then
fixed in 4% paraformaldehyde in PBS. After drying the
slides in alcohol (70–80–90%), they were stored for at
least 2 days at �20�C before they underwent FISH.

The staining procedure for centrosomal c-tubulin
(monoclonal anti-c-tubulin Cy3 conjugate, 1:200; Sig-
ma, St Louis, USA) was the same as that described for
MIB-1, only omitting the additional detection step.

Fluorescence in-situ hybridization

The method applied to determine the degree of ploidy by
using two centromere-specific probes simultaneously
was described earlier (Ermis et al. 1998). To identify
chromosome 2 and chromosome 8 copies in interphase
nuclei, a biotin labeled chromosome 2 a-satellite probe
(D2Z, Qbiogene, Heidelberg, Germany) and a digoxi-
genin-labeled chromosome 8 a-satellite probe (D8Z2,
Qbiogene) were used simultaneously. After hybridiza-
tion overnight, stringency washes were performed and
the detection of the probes by using streptavidin-FITC
(Fluorescein-streptavidin, 1:250, VectorLaboratories,
Burlingame, USA) and an anti-dig-Cy3 antibody (Cy3
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conjugated IgG fraction monoclonal mouse anti-digox-
in, 1:100, Dianova) was done. Then, nuclear DNA was
counterstained with DAPI (Vectashield, Vector Labo-
ratories).

Data acquisition

A minimum of 300 cells, which were distributed over ten
individual areas, were evaluated per microscopic slide.
MIB-positive and -negative cells were counted and ex-
pressed in percent of all cells counted. In addition, MIB-
stained cells were evaluated concerning their degree of
polyploidy. Therefore cells were classified in diploid,
tetraploid and higher polyploid populations, which were
also expressed in percent of all cells counted.

In addition the number of centrosomes, identified by
positive c-tubulin-staining, was counted in at least 200
cells, according to the classification proposed by Dic-
tenberg et al. (1998).

Statistics

We applied paired samples Student’s t-test to verify the
significance of the effects of hypoxia and hypoxia/
reoxygenation on cell proliferation and polyploidization
compared to standard incubator controls.

Results

Proliferation

We compared the total number of resting cells, which
was characterized by a missing expression of the Ki-67
antigen (Fig. 1), after hypoxia (H), after a 24-h (H/R1)
and after a 72-h reoxygenation period (H/R2) to the
reference cultures, which were cultured under standard
conditions (Gerdes et al. 1984).

HDMEC increased the number of cells in cell cycle
phase G0/early G1 during hypoxia (P=0.02; Fig. 2a,
blue bars). A turning point at passage 11 indicates that
HDMEC behave different in late passages: from passage
11 on, the number of cells in cell cycle phase G0/early
G1 decreased. Absolute proliferation values did not
differ between early and late passages. The behaviour of
NHDF after hypoxia was similar to that of HDMEC
(Fig. 2a, yellow bars): all cultures but one responded
with an increase of resting cells (P=0.02). Only one
culture, again the latest passage (P17), responded by a
decrease of resting cells.

The increase of cells in G0/early G1 was stable be-
yond the 1-day reoxygenation period (H/R1) among
both different cell types (Fig. 2b). All cultures were
characterized by an increase of cells in G0/early G1 with
the only exception of one culture in the groups of
HDMEC and NHDF. Statistics revealed P-values of
P=0.005 for HDMEC, P=0.05 for NHDF.

The cellular response after hypoxia and a 72-h reox-
ygenation period (H/R2) was different between both cell
types (Fig. 2c) and a statistically relevant tendency in
any group could not be observed. Seven out of eleven
NHDF cultures and six out of 11 HDMEC cultures
reduced the amount of cells in G0/early G1, when
compared to the cells under standard conditions, rep-
resenting the re-establishment of enhanced proliferation
activity in these cultures.

Additionally, we examined all culture slides micro-
scopically in reference to signs of apoptosis like cellular
or nuclear shrinking, chromatin condensation and the
presence of apoptotic bodies. Apoptosis occurred only
sporadically among both HDMEC and NHDF and
seemed not to be induced by either hypoxia or reoxy-
genation.

Tetraploidization and centrosome data

The acquired tetraploidization data were heterogeneous
among NHDF and HDMEC. Whereas NHDF did not
tend to develop binuclear cells, we could confirm that
this is a common feature in HDMEC cultures. Binuclear
cells had two diploid nuclei, resulting in a tetraploid cell
(Fig. 3b). In addition to binuclear cells, we detected cells
with one tetraploid nucleus.

Independent of hypoxia or reoxygenation, the overall
fraction of binuclear cells among all tetraploids was
stable and about 50%. We also detected octoploid cells,
with the majority having two tetraploid nuclei (Fig. 3c).
All different polyploid cells (binuclear, real tetraploids
and octoploids) showed MIB-expression in up to 65% of
all cells. This was again independent of hypoxia or
reoxygenation.

Fig. 1 Human dermal microvascular endothelial cells nuclei are
immunocytochemically stained with an anti-Ki67 antibody and an
anti-mouse-Cy3 antibody. Nuclei are counterstained with DAPI.
Arrowheads mark those cells with absent MIB-Ki67-expression
being in cell cycle phase G0/early G1. Scale bar 50 lm
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An enhanced development of tetraploid cells in
NHDF could not be induced by hypoxia or reoxygen-
ation. The data taken immediately after hypoxia (H) and

after the 24-h reoxygenation period (H/R1) and the 72-h
reoxygenation period (H/R2) respectively, were hetero-
geneous. The absolute tetraploidization values in
NHDF were low in general, ranging between 0% and
maximum 4.5%. Statistical testing did not show any
relevant effects of hypoxia and reoxygenation in the
treated cultures, when compared to the cultures under
standard atmosphere. Tetraploids were consistently
mononuclear. Binuclear tetraploids were never detected
among NHDF.

In contrast, HDMEC cultures showed a significant
response to hypoxia (H): the amount of tetraploid cells
was reduced (P=0.02). Figure 4 furthermore illustrates
the HDMEC response after the 24-h reoxygenation
period (H/R1) and the 72-h reoxygenation period (H/
R2). After H/R1 the heterogeneous response can be seen
when some cultures still remain in the status of reduced
tetraploidization at this time, while other cultures have
already re-established tetraploidization. Due to this
heterogeneous response, statistics did not reveal any
significance using acceptable P-values at H/R1. At H/
R2, all HDMEC cultures but one were characterized by
an increased number of tetraploid cells when compared
to control cultures (P=0.01), showing the collective re-
establishment of enhanced tetraploidization after 72 h of
reoxygenation. The only culture, not responding with
enhanced tetraploidization at H/R2 (asterisk) was
characterized by the strongest absolute decrease of tet-
raploid cells at H/R1. The fact that this culture did not
respond with an enhanced tetraploidization at H/R2 just
might be explained by a delayed response, which came
too late to be detected within the chosen time frame.

Considering both the proliferation and the tetraplo-
idization HDMEC data together led to the results that
(1) the inhibition of proliferation after hypoxia is
accompanied by a decrease of tetraploid cells and that
(2) proliferation onset during H/R2 is accompanied by
the re-establishment of tetraploidization. Since prolifer-
ation onset is not given in all HDMEC cultures after H/
R2 (Fig. 2c), but the re-establishment of tetraploidiza-
tion is good (Fig. 4) at this point in time, tetraploidi-
zation seems to be a very early response of HDMEC to
reoxygenation.

In order to investigate the cell cycle phase of binu-
clear and mononuclear tetraploid HDMEC, we deter-
mined the number of centrosomes per cell. As clarified in
Table 1, the centrosome was amplified in 75–92% of all
tetraploid cells, which were cultured in complete med-
ium under a standard incubator atmosphere. Mostly, the
centrosomes were duplicated to a number of exactly

Fig. 2 Development of the number of the cells being in G0/early
G1 after: a hypoxia (H), b hypoxia and 24-h reoxygenation period
(H/R1) and c hypoxia and 72-h reoxygenation period (H/R2)
compared to control (as the difference of percentages). NHDF
independent cultures of one batch in ascending passage order (P);
HDMEC independent cultures of three different batches in
ascending passage order (P)

b
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four. Amplified centrosomes were either completely
(Fig. 3b) or incompletely clustered (Fig. 3a).

Discussion

Polyploidy is found in numerous mammalian cells. The
existence of polyploid cells in the liver had been docu-
mented well and in recent years more and more tissues
were found to contain polyploid cells. They were found
in ventricular hypertrophy and especially smooth muscle
cells that often respond to stress with polyploidization,
i.e. in the uterus and the aorta (Owens and Schwarz
1982). In the placenta, in testis and in different glands,
there is also a high incidence of polyploidy cells (re-
viewed in Hanselmann and Oberringer 2001).

It seems evident that cells develop polyploidy espe-
cially in times of stress. It is likely that polyploid cells
then shift their efforts to an enhanced metabolic activity
instead of wasting energy for cell division (Gahan 1977;
Ravid et al. 2002). The absence of cell division is one of
the characteristic events during the development of
polyploidy. Any kind of endocycle, which is known to

occur during the sequence of polyploidization, is based
upon the absence of cell division. Besides endomitosis,
endoreduplication, amitosis and C-mitois acytokinetic
mitosis is especially relevant. Acytokinetic mitosis gen-
erates, in contrast to any of the aforementioned mech-
anisms, a binuclear cell (Oksala and Therman 1974;
Therman and Susman 1993; Ravid et al. 2002). Binu-
clear cells were frequently detected among HDMEC in
this study.

Since our group was able to show that the develop-
ment of polyploidy and especially tetraploidy is a fre-
quent event during the process of human wound healing
(Ermis et al. 1998; Oberringer et al. 1999), we focused on
the following questions:

1. Do different cell types in the wound respond differ-
ently to hypoxia and reoxygenation considering their
overall proliferation capability and polyploidization
activity?

2. Is the development of polyploid cells correlated to
enhanced proliferation (Only regularly healing
wounds were shown to contain a high number of
tetraploid cells)?

3. Is it possible to identify cell type specific cell cycle
events leading to the development of polyploidy?

In the following part of the discussion we try to give
some answers to the questions above under consider-
ation of the experimental results.

Cells involved in tissue damage and wound healing
are exposed to a variety of extraordinary circumstances
like a massive change in tissue pH and the modulation of

Fig. 3 a A tetraploid HDMEC nucleus showing four copies of
chromosome 2 (green) and chromosome 8 (red), counterstained
with DAPI. Amplified centrosomes, stained by an anti-c-tubulin-
Cy3 antibody, are divided in a single one (white arrowhead) and a
bundle of three (green arrowhead). b Tetraploid HDMEC with two
diploid nuclei. Amplified centrosomes are grouped as a bundle of
four (arrowhead). c Octoploid HDMEC with two tetraploid nuclei,
each showing four copies of chromosome 2 (green) and chromo-
some 8 (red). Scale bars 20 lm

Fig. 4 Development of the
number of tetraploid cells
among HDMEC after hypoxia
(H), a 24-h reoxygenation
period (H/R1) and a 72-h
reoxygenation period (H/R2)
compared to control (as the
difference of percentages).
HDMEC independent cultures
of three different batches in
ascending passage order (P)
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the cytokine composition. Wound cells are also affected
by reduced oxygen saturation (hypoxia). Hypoxia and
lactate concentration are discussed to trigger the healing
process by enhanced proliferation of the involved cells
(Hunt 1988; Trabold et al. 2003; Wagner et al. 2004).
The experimental induction of tetraploidization was
succesfully achieved by hypoxia and reoxygenation in
different tumor cell lines (Loffler 1987; Rofstad et al.
1996). It was thus reasonable to evaluate the potency of
hypoxia and reoxygenation to provoke polyploidization
among primary cultures of the wound healing protago-
nists HDMEC and NHDF.

Normal human dermal fibroblasts accumulated cells
in G0/early G1 after exposure to experimental hypoxia.
This indicates that the G1-checkpoint, which is able to
prevent the cells from entering the subsequent cell cycle
phase, is activated by hypoxia (Graeber et al. 1994;
Achison and Hupp 2003). If we consider the G1-
checkpoint to be controlled by hypoxia, the re-entry of
cells from G1 into the following cell cycle phases should
be detectable after reoxygenation. A reoxygenation
period of 24 h was not enough for the resting cells to re-
enter the cell cycle, but 72-h reoxygenation indeed
stimulated seven out of 11 cultures to get out of the G1
block, to re-enter the cell cycle and restart proliferation
activity. The remaining cultures might need longer
reoxygenation times, due to a possible hypoxia-induced
damage and a delayed response.

Evaluation of tetraploidization among NHDF did
not show any significant response to either hypoxia
alone or hypoxia and reoxygenation. It was difficult to
evaluate, because the basal tetraploidization rates were
low in NHDF. The possibility that tetraploid NHDF,
which potentially develop as a consequence of the re-
initiated proliferation during reoxygenation, are sorted
out by apoptosis, cannot be ruled out completely in our
setup. However, we did not notice increased apoptosis
among NHDF during reoxygenation.

The low tetraploidization rates were in strong con-
trast to the high rates of tetraploidization among in vitro
cultures of wound-derived fibroblasts (Ermis et al. 1998;
Oberringer et al. 1999) and were not expected. The dif-
ferent polyploidization tendency of wound-derived
fibroblasts and NHDF in vitro might be explained by
their different p53 status. P53 was shown to be sup-
pressed during wound healing in vivo (Antoniades et al.
1994) and p53 downregulation enables both enhanced

proliferation and polyploidization (Meek 2000). In
contrast to wound-derived fibroblasts, NHDF likely
have a normal p53 status. Another explanation for the
different behaviour of these cell types concerning tetra-
ploidization in vitro might be, that the wound-derived
fibroblasts, which are characterized as contractile myo-
fibroblasts in recent studies (Gabbiani 2003), have lost
normal fibroblast cell cycle control elements during their
differentiation, which is influenced by wound-specific
stimuli.

Endothelial cells are known to be quite resistant to-
wards a 1-day hypoxia period (Stempien-Otero et al.
1999). They obviously belong to those groups of cells,
like cardiac myocytes also, which are not very sensitive
to transient hypoxia alone, but are very sensitive to a
combination of hypoxia and reoxygenation (Webster
et al. 1999). However in our in vitro setup, HDMEC
already showed a significant response to hypoxia with-
out reoxygenation: the accumulation of cells in G0/early
G1. The behaviour of HDMEC was comparable to the
one of NHDF: HDMEC also were not able to re-enter
into the cell cycle during 24-h reoxygenation. However,
after 72-h reoxygenation, comparable to NHDF, six
from the 11 HDMEC-cultures were able to re-establish
proliferation. The remaining five cultures might need
longer reoxygenation times to re-establish proliferation
due to hypoxia-induced damage.

In contrast to NHDF, HDMEC showed relatively
high amounts of mononuclear and binuclear tetraploid
cells under standard incubation. This might be explained
by considering the assumption that optimized HDMEC
culture medium already leads to overstimulation. This
situation is then comparable to the in vivo situation in
the wound, which is characterized by enhanced cytokine
release. These conditions might be responsible for an
uncoupling of cell cycle and DNA cycle, finally leading
to endoreduplication and tetraploidization. Indeed, we
identified tetraploid binuclear cells, which is a hint that
tetraploidization is generated via karyokinesis and sub-
sequent acytokinesis. The number of tetraploid
HDMEC significantly decreased during hypoxia, which
was accompanied by a proliferation decrease. Hypoxia
was proven to separate out tetraploid HDMEC, which
seems to be achieved by preventing acytokinesis.
Apoptosis must be considered as a possible mechanism
to reduce the number of tetraploid cells, too. Apoptosis
is likely to occur in the case of tetraploidy checkpoint

Table 1 Centrosome number of tetraploid cells in different HDMEC cultures
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activation in G0/G1 as response to hypoxia. G0/G1-
checkpoint activation prevents tetraploid cells to enter
subsequent cell cycle phases (Borel et al. 2002). How-
ever, we did not observe enhanced apoptosis in our
setup. Once having reached a low level of tetraploidy
after hypoxia, the occurrence of tetraploids restarted
after 24-h reoxygenation and reached significant values
after 72-h reoxygenation. This increase was accompa-
nied by the reestablishment of proliferation activity.

Based on these results and under consideration of the
recent fundamental knowledge about cell cycle check-
points, we propose a model of HDMEC specific cell
cycle events (Fig. 5), which is similar to results recently
published for liver cells (Guidotti et al. 2003). As men-
tioned above, binuclear HDMEC develop via karyoki-
nesis with subsequent acytokinesis under normal culture
conditions. The mitotic spindle checkpoint, preventing
cells from completing mitosis when activated, does not
seem to be activated under these conditions: a great part
of the binuclear cells is MIB-positive, indicating that
these cells still proliferate and enter G1 of the sub-
sequent cell cycle. Only a minority of the binuclear cells
(8–24%) have the regular, not amplified number of
centrosomes (Table 1). This indicates that these cells are
resting in late mitosis or in G0/G1 of the subsequent cell
cycle, since centrosome duplication occurs in S-phase. A
rest in late mitosis is due to activation of the spindle
checkpoint, a rest in G0/G1 is due to activation of the
G1-tetraploidy checkpoint. If mitotic spindle checkpoint
inactivity, which is also called mitotic spindle checkpoint
adaptation, is achieved very quickly, the subsequent G1-
tetraploidy checkpoint will not function properly either
(Andreassen et al. 2003; Margolis et al. 2003). The
majority of binuclear HDMEC does not rest at the G1
tetraploidy checkpoint. This is supported by the fact
that these cells were MIB positive. Furthermore, their
G2-phase entry is shown by centrosome amplification,
which happened during S-phase and occurred in up to
92% of binuclear HDMEC (Fig. 3b). Cells in G2 have
duplicated the chromosomes in both the nuclei leading
to a binuclear octoploid cell (Fig. 3c). Another check-
point, which was recently shown to exist at G2 for
polyploid cells (Vogel et al. 2004), also seems not to be
active, since octoploid HDMEC are able to enter mito-
sis. Consequently, the chromosomes of both nuclei are
aligned all together in one metaphase plate resulting in
two tetraploid mononuclear cells (Fig. 3a). These tetra-
ploid cells contain a regular centrosome, because
amplified centrosomes were clustered during mitosis at
the poles of the cell and one cluster is present in each of
the daughter cells subsequent to cytokinesis. This special
kind of 8n chromosome segregation is described exactly
the same way for liver cells (Guidotti et al. 2003). That it
also holds true in the HDMEC system is supported by
the fact that nearly all mononuclear tetraploid HDMEC
were detected in clusters and seldom as single cells.

The above proposed HDMEC model is a very useful
system to investigate cell cycle relevant modulations
leading to polyploidy without the need to apply addi-

tional chemical spindle inhibitors. Polyploidization was
shown to occur under standard culture conditions and
could be limited by hypoxia, resulting in a strong de-
crease of the binuclear cell fraction. In addition binu-
clear HDMEC seem to be able to align an 8n
chromosome set in a single metaphase plate. Figure 6
outlines a possible scenario of a tetrapolar 8n chromo-
some segregation leading to four normal diploid
daughter cells. Please note that this sequence is com-
posed of different cell types, which were targets of our
long lasting microscopic survey and is not restricted to
the proposed HDMEC model.

Summarizing the results in the context of human
wound healing, we finally answer the questions that had
been posed in the very beginning of the Discussion
section:

Fig. 5 Schematic of HDMEC cell cycle events (detailed explana-
tion in the text). 2n diploid, 4n tetraploid, 8n octoploid chromo-
some set
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1. Do different cell types in the wound respond differ-
entially to hypoxia and reoxygenation considering
their overall proliferation capability and polyploidi-
zation activity? Proliferation characteristics of both
cell types as a consequence of hypoxia alone and
hypoxia/reoxygenation were similar: proliferation
drastically decreases under hypoxic conditions (Nii-
nikoski 1969) and is reestablished under standard
oxygenation conditions. In the context of wound
healing, this means that acute and transient hypoxic
conditions can be handled very well by both the cell
types. Saddiqui et al. (1996) showed this before on
cultured wound fibroblasts. Chronic hypoxia might
lead to a more serious cellular damage, but chronic
hypoxia has not been investigated in this setup yet.
HDMEC and NHDF showed a different polyploidi-
zation tendency. NHDF were characterized by low
polyploidization rates under normal conditions, hy-
poxia and hypoxia/reoxygenation, which stands in
strong contrast to the high polyploidization rates of
wound-derived fibroblasts in vitro (Ermis et al. 1998;
Oberringer et al. 1999). HDMEC were characterized
by extensive binuclear polyploidy. This might be
caused by cytokine overstimulation in the medium
used in this setup. Polyploidy was clearly shown to be
reduced by hypoxia and re-established during reox-
ygenation. This indicates that a combination of
cytokine overstimulation and reoxygenation in vivo
in the wound, which generally occur a few days post-
trauma, might lead to endothelial polyploidization
accompanying proliferation.

2. Is the development of polyploid cells correlated to
enhanced proliferation? Initiation of NHDF prolif-
eration during reoxygenation did not cause poly-
ploidy, but HDMEC responded in such a way that
proliferation inhibition during hypoxia was accom-
panied by a decrease of polyploid cells and that
reoxygenation caused both proliferation and poly-
ploidization enhancement. The strong correlation of
polyploidization and proliferation is known from a
variety of different human tissues like the liver or the
wound and was confirmed for the HDMEC cell type
in this in vitro setup.

3. Is it possible to identify cell type specific cell cycle
events leading to the development of polyploidy?
Cultured HDMEC seem to have a very special cell

cycle, which is outlined in Fig. 5 and which certainly
will serve in the future as a useful system to investi-
gate cell cycle relevant modulations leading to poly-
ploidy without the need to apply any additional cell
cycle inhibitors.
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