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INTRODUCTION

CELLS FOR TISSUE-ENGINEERING APPLICATIONS are iso-
lated from (human) tissue and cultured in vitro.

There is significant variety between different batches of
these cultures, which makes it difficult to perform ex-
periments in a standardized way. In addition, it is diffi-
cult to evaluate the success of cell seeding and culturing
in three-dimensional porous scaffolds without quantita-
tive techniques to assess the growth behavior of these
cells. The balance between proliferation and apoptosis of

vascular cells is responsible for mediating profound
changes in vascular architecture in normal development
and disease1 and therefore important for the success of
tissue engineering. Events of both proliferation and apop-
tosis can be measured in vitro by several qualitative as
well as quantitative techniques. Most of the quantitative
methods used to study apoptosis in cell populations are
based on flow cytometry of cells in suspension.2–4 Flow
cytometry can also be performed with adherent cells af-
ter detachment of the cells from their support. However,
cell detachment induces apoptosis by itself.5 Therefore,
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flow cytometry is not an optimal quantitative technique
to measure apoptosis in adherent cells.6

A new approach is to analyze mRNA expression lev-
els of an apoptotic marker. Tissue transglutaminase
(tTG) is a multifunctional transamidating acyltransferase
that becomes activated during the latter phase of apop-
tosis and that plays a role in the formation of apoptotic
bodies. Activated tTG induces irreversible cross-links in
and between cytoplasmic proteins to produce a large,
stable, insoluble protein scaffold.7 This cross-linking of
proteins stabilizes cell and membrane structures of dis-
integrated cells and apoptotic bodies.8 Volokhina et al.9

showed that tTG mRNA expression could be used as a
trace marker for detection and quantification of apopto-
sis of both circulating and adherent cells. mRNA ex-
pression levels were measured by semiquantitative real-
time reverse transcriptase polymerase chain reaction
(RT-PCR).10 In the present study, we describe the opti-
mization of this RT-PCR technique to determine tTG
mRNA expression levels for analysis of apoptosis in vas-
cular smooth muscle cell (VSMC) cultures. A DNA frag-
mentation assay measuring the incorporation of propid-
ium iodide (PI) by flow cytometry,5,11 light microscopy,
and a time-resolved fluorometric assay using europium-
labeled annexin V12 were used as reference tests to mea-
sure apoptosis.

Because markers of both apoptosis and proliferation
must be taken into account when considering growth be-
havior,1 we measured mRNA expression levels of cy-
clin E as a marker of proliferation. Cyclin E regulates
the transition from the G1 to the S phase of the cell cy-
cle. A high level of cyclin E protein facilitates this tran-
sition, indicating enhanced proliferation.13,14 In this way,
events of both proliferation and apoptosis can be ana-
lyzed in a single assay. An additional advantage of this
method is that cells do not have to be detached from the
support because RNA can be directly isolated from ad-
herent cells. Therefore, this method is ideal for tissue-
engineering applications because RNA can be isolated
from cells cultured inside porous scaffolds. Effects of
different types of porous structures on the growth be-
havior of cells cultured inside the scaffolds can be ana-
lyzed in a quantitative way.

In the present article, culturing of VSMCs on gelatin-
coated tissue culture polystyrene (g-TCPS) was used as
a model to develop the methodology to analyze the bal-
ance between proliferation and apoptosis in vitro. To ver-
ify whether this method could be used for tissue-engi-
neering purposes, VSMCs were seeded and cultured in
three-dimensional porous scaffolds composed of insolu-
ble collagen and elastin for tissue engineering of small-
diameter blood vessels, as previously described.15 By an-
alyzing the tTG and cyclin E mRNA expression levels
of these cells, the influence of two scaffold cross-linking
procedures on VSMC growth behavior was investigated.
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MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM) 
was purchased from GIBCO-BRL (Breda, The Nether-
lands). Penicillin, streptomycin, fetal bovine serum, and
trypsin–ethylenediaminetetraacetic acid (EDTA) were
purchased from Biowhittaker (Verviers, Belgium).
Gelatin type B from bovine skin, tumor necrosis factor-
� (TNF-�), cycloheximide (CHX), bovine serum albu-
min (BSA), propidium iodide (PI), DNase-free RNase,
2-mercaptoethanol, N-(3-dimethylaminopropyl)-N�-eth-
ylcarbodiimide hydrochloride (EDC), N-hydroxysuccin-
imide (NHS), and poly(propylene glycol)-bis-(2-amino-
propyl ether) (J230) were obtained from Sigma-Aldrich
(St. Louis, MO). Mouse monoclonal antibodies (mAbs)
against human �-smooth muscle actin (�-SMA) and hu-
man vimentin and fluorescein isothiocyanate-labeled rab-
bit anti-mouse immunoglobulins (RAM–FITC) were 
purchased from DakoCytomation (Glostrup, Denmark).
Human serum was acquired by overnight coagulation of
blood (collected from healthy volunteers), subsequently
pooled, and stored at �80°C. A QIAmp RNA blood 
mini kit was from Qiagen (Hilden, Germany). Primers,
dithiothreitol (DTT), and Moloney murine leukemia virus
(M-MLV) reverse transcriptase were obtained from In-
vitrogen (Paisley, UK). dNTPs and enhancement solu-
tion were from Amersham Biosciences/GE Healthcare 
(Cambridge, UK). RNase inhibitor was from Roche
(Basel, Switzerland). N-(2-Hydroxyethyl) piperazine-N�-
(2-ethanesulfonic acid) (HEPES) was from Brunschwig
(Amsterdam, The Netherlands). Other buffer components
and salts were obtained from Merck (Darmstadt, Ger-
many). Insoluble collagen (type I from bovine Achilles
tendons) and insoluble elastin (from equine ligamentum
nuchae, purification as in Daamen et al.16) were kindly
donated by T.H. van Kuppevelt (Department of Bio-
chemistry, Katholieke Universiteit Nijmegen, Nijmegen,
The Netherlands). Annexin V was kindly donated by C.
Reutelingsperger (University of Maastricht, Maastricht,
The Netherlands).

Methods

Isolation and culturing of VSMCs on g-TCPS. VSMCs
were isolated from human umbilical veins according to
the method of Heimli et al.17 with some minor modifi-
cations as previously described.15 Cells were cultured on
gelatin-coated (0.5%, w/v) tissue culture polystyrene (g-
TCPS), using DMEM containing 10% (v/v) heat-inacti-
vated (30 min, 56°C) pooled human serum, 10% (v/v)
heat-inactivated (30 min, 56°C) fetal bovine serum, peni-
cillin (50 U/mL), and streptomycin (50 �g/mL) (standard
culture medium).17 Culture medium was refreshed every
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2–3 days. Cells were cultured in an incubator at 37°C in
a humidified atmosphere containing 5% CO2.18 When
subconfluent cultures were obtained, cells were detached
from the support with 0.125% (w/v) trypsin–0.05% (w/v)
EDTA and subcultured for several passages (maximum,
15; split ratio, 1:3).19 To analyze apoptosis and/or pro-
liferation, VSMCs were cultured to 80% of confluence
(time point 0) and subsequently cultured in standard cul-
ture medium (control cells) or in serum-free culture
medium to induce apoptosis in a natural (mild) way.20

To chemically induce apoptosis, cells were treated with
tumor necrosis factor-� (TNF-�) in combination with cy-
cloheximide (CHX) (3 nM and 50 �M in standard cul-
ture medium, respectively).

Identification of VSMCs. VSMCs were identified with
mAbs against human �-SMA and human vimentin.17,18

Fluorescence of the secondary antibody, RAM–FITC,
was examined by immunofluorescence microscopy and
by flow cytometry as described previously.15 Negative
controls were obtained by omitting primary antibodies
and by staining human umbilical vein endothelial cells
(HUVECs) and human dermal fibroblasts with the anti-
bodies used.

DNA fragmentation assay. DNA fragmentation in cell
cultures on g-TCPS was determined by flow cytometry,
using PI according to Nicoletti et al.11 After several cul-
ture time intervals, samples of cell culture medium were
collected and adherent cells were detached from their
support, using 0.125% trypsin–0.05% EDTA solution.
Detached cells and cells present in the culture medium
were washed and fixed in 70% ethanol. After another
wash, cells were stained with 15 �M PI for 30 min at
37°C2 and the PI fluorescence of individual cells was
measured with a Coulter EPICS XL flow cytometer
(Beckman Coulter, Fullerton, CA), using SYSTEM II
software with the XL-2 or DOS configuration. Excitation
was elicited at 488 nm with an argon laser and measured
with long-pass (�570 nm) filters. For each sample 10,000
events were measured and data were analyzed with the
Coulter program EXPO II.

Europium-labeled annexin V time-resolved fluoromet-
ric assay. For the time-resolved fluorometric assay, three
fractions of adherent cell cultures grown on g-TCPS were
prepared and analyzed as previously described.12 Frac-
tion 1 consisted of adherent cells; these cells were ana-
lyzed while growing on their support (without detach-
ment by trypsinization). Supernatants of the adherent cell
cultures were collected and two other fractions were iso-
lated: floating cells and apoptotic bodies. After centrifu-
gation of the supernatants (low speed [1000 � g], 3 min,
room temperature), apoptotic cells detached from their
support were obtained from the pellets (fraction 2, float-
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ing cells). Supernatants of these centrifuged samples were
collected and centrifuged (high speed [3500 � g], 15
min, room temperature). Apoptotic bodies derived from
the apoptotic cells as a result of a final stage of apopto-
sis were then obtained from the pellets (fraction 3). To
analyze apoptosis, the three fractions of the cell cultures
(adherent cells, floating cells, and apoptotic bodies) were
separately washed with a solution of 10 mM HEPES, sup-
plemented with 137 mM NaCl, 2.68 mM KCl, 1.7 mM
MgCl2, 25 mM glucose, and 2.5 mM CaCl2 � 2H2O at
pH 7.4 (HEPES buffer). Adherent cells (fraction 1) were
then incubated with europium-labeled annexin V (final
concentration, 0.4 mg/L in HEPES buffer) for 30 min at
room temperature. Pellets of floating cells (fraction 2)
and apoptotic bodies (fraction 3) were resuspended in eu-
ropium-labeled annexin V (final concentration, 0.4 mg/L)
in HEPES buffer for 30 min at room temperature. After
washing with HEPES buffer, the three fractions were in-
cubated with commercially available enhancement solu-
tion21 for 5 min at room temperature to convert the 
europium label into the highly fluorescent chelate. Time-
resolved fluorescence was measured in each sample on
a Wallac VICTOR fluorescence analyzer (PerkinElmer
Life Sciences, Turku, Finland). Excitation and emission
wavelengths were 340 and 615 nm, respectively. Fluo-
rescence was normalized relative to control cell cultures.
By analyzing apoptosis in three different cell fractions of
the adherent cell cultures, the occurrence of apoptosis/
anoikis could be measured without manipulation of the
cell cultures.12

Light microscopy. After cells were cultured to 80%
confluence, apoptosis/anoikis was induced by TNF-
�/CHX or by culturing the cells in serum-free culture
medium. Adherent cells still present on their culturing
support and apoptotic cells detached from their support
(floating cells) were analyzed. An aliquot of culture
medium containing floating cells was centrifuged on
glass slides at 700 rpm for 10 min with low acceleration,
using a Shandon Cytospin Cytocentrifuge (Thermo Elec-
tron, Waltham, MA). Adherent cells still present on their
culturing support and floating cells collected on the glass
slides were fixed with methanol and stained with May–
Grünwald–Giemsa, and their appearance was observed
by normal light microscopy.

CyQUANT cell proliferation assay. Numbers of
VSMCs were quantified by CyQUANT cell proliferation
assay according to the manufacturer’s instructions (Mo-
lecular Probes, Leiden, The Netherlands). Cells were
rinsed with phosphate-buffered saline (PBS), detached
from their support with 0.125% (w/v) trypsin–0.05%
(w/v) EDTA, and stored at �80°C. Various dilutions
were prepared with cell lysis buffer (Molecular Probes)
supplemented with 180 mM NaCl, 1 mM EDTA, and

1633



DNase-free RNase (1.35 Kunitz units/mL). Samples were
then incubated for 1 h at room temperature to remove the
RNA and single-stranded DNA. Finally, samples were
mixed with CyQUANT dye and, after 2 min, fluorescence
was measured in 96-well plates with a Wallac VICTOR
fluorescence analyzer (PerkinElmer Life Sciences). Ex-
citation and emission wavelengths were 480 and 520 nm,
respectively. The measured fluorescence intensities were
correlated to the amount of VSMCs by comparison with
a calibration curve made by means of dilutions with
known concentrations of VSMCs from a subconfluent
culture on g-TCPS. Cells were detached from the sup-
port with 0.125% (w/v) trypsin–0.05% (w/v) EDTA,
counted with a Bürker hemacytometer, and then analyzed
in the same way as described above to obtain a calibra-
tion curve.22

RNA isolation and real-time RT-PCR method. RNA
isolation was performed with a QIAamp RNA blood mini
kit (Qiagen) according to the manufacturer’s instructions.
Adherent VSMCs were washed with PBS and total RNA
content was harvested by disrupting the cell membranes
with 600 �L of cell lysis buffer (buffer RLT; Qiagen)
containing 1% (v/v) 2-mercaptoethanol, using a me-
chanical homogenizer. This procedure did not include
trypsinization of the adherent VSMCs. Standard cDNA
synthesis was performed as described by Volokhina et
al.9 and mRNA expression levels for tTG and cyclin E
were determined by a TaqMan-based, real-time RT-PCR
technique according to Heid et al.10 Fragments of the tTG
sequence were amplified with forward primer 5�-GC-
CACTTCATTTTGCTCTTCAA-3� and reverse primer
5�-TCCTCTTCCGAGTCCAGGTACA-3� at a final con-
centration of 300 nM and probe sequence 5�-CCTGGT-
GCCCAGCGGATGCT-3� at a final concentration of 200
nM.9 Fragments of the cyclin E sequence were amplified
with forward primer 5�-CTCCAGGAAGAGGAAGGC-
AA-3� and reverse primer 5�-TGAAGAAATGGCCAA-
AATCGA-3� at a final concentration of 300 nM and
probe sequence 5�-TTTTTGCAGGATCC-3� at a final
concentration of 200 nM.14 Probes were labeled at the 5�
end with reporter fluorophore FAM (carboxyfluorescein)
and at the 3� end with quencher fluorophore TAMRA
(tetramethylrhodamine), which served as a quencher.
Primer and probe concentrations were optimized accord-
ing to the guidelines of the provider. mRNA expression
levels of the two proteins were normalized to mRNA ex-
pression levels of porphobilinogen deaminase (PBGD) as
described by Volokhina et al.9 To investigate whether
mRNA expression levels of PBGD could be used to nor-
malize the cyclin E and tTG mRNA expression levels of
VSMCs, the influence of serum starvation and of TNF-
�/CHX treatment on the PBGD mRNA expression of
VSMCs was checked. After total RNA was isolated from
VSMCs cultured in standard culture medium, serum-free
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culture medium, or TNF-�/CHX-containing standard cul-
ture medium, the amount of RNA was determined by
measuring the absorbance at 260 nm (A260), using a spec-
trophotometer. The purity of the isolated RNA was ana-
lyzed by using the spectrophotometer to measure the
A260/A280 ratio. PBGD mRNA expression levels in 1 �g
of RNA were then analyzed. The number of cycles that
it takes for the amplification plot to reach the threshold
limit is called the threshold cycle (Ct value); this was
used for quantification. mRNA expression levels of tTG
and cyclin E in cells cultured on g-TCPS were compared
with levels at time point 0. mRNA expression levels in
cells cultured on cross-linked scaffolds were compared
with levels in cells cultured on non-cross-linked (native)
scaffolds.

Culturing VSMCs in three-dimensional porous scaf-
folds composed of collagen and elastin. Three-dimen-
sional (circular) porous scaffolds for tissue-engineering
applications (diameter, 16 mm; thickness, 2 mm; poros-
ity, 98%; pore size, about 200 �m15) were used to ex-
amine the interaction of VSMCs with the scaffolds. Scaf-
folds were composed of insoluble type I collagen (derived
from bovine Achilles tendons) and insoluble elastin (from
equine ligamentum nuchae), prepared by freeze-drying
and optimized in terms of pore size and cross-link den-
sity.15 Cross-linking of the scaffolds was performed ei-
ther with a water-soluble carbodiimide in combination
with a succinimide (EDC–NHS) or with a diamine (J230)
in the presence of EDC–NHS, to improve the physical
and mechanical properties.23 Scaffolds were sterilized
with 70% ethanol and washed three times with PBS be-
fore VSMC seeding. VSMCs were seeded in the scaf-
folds at a density of 200,000 cells/cm2, using filtration
seeding as described by Li et al.24, and subsequently cul-
tured in 24-well plates under static conditions for 14 days
in DMEM culture medium. Culture medium was re-
freshed every 2–3 days. Cell attachment and growth were
analyzed by histology, using a standard elastic von
Gieson staining procedure on transverse sections of the
tissue-engineered scaffolds (Laboratory of Pathology
Oost-Nederland, Enschede, The Netherlands).

Statistical analysis. Data represent means � standard
error of the mean (SEM) of 5 to 10 experiments per-
formed in duplicate. Statistical analyses of the influences
of serum-free medium and TNF-�/CHX compared with
control medium on VSMC cultures were performed by
Wilcoxon rank sum test with correction for multiple test-
ing (Holms testing). Statistical analyses of DNA frag-
mentation and tTG mRNA expression levels for up to
240 h were performed by analysis of variance (ANOVA)
and a post hoc Tukey’s honestly significant difference
(HSD) test. In both cases p � 0.05 was considered sta-
tistical significant.
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RESULTS

Identification of VSMCs

g-TCPS-cultured VSMCs, isolated from human um-
bilical veins, showed a characteristic morphology con-
sisting of a hill-and-valley pattern 5 days after reaching
confluence. Filaments of �-SMA (in 60% confluent cul-
tures) were visualized by immunofluorescence micro-
scopy. Human skin fibroblasts and HUVECs showed nei-
ther this characteristic hill-and-valley pattern nor this
pattern of fluorescence (data not shown). Quantitative
analyses of the presence of �-SMA filaments and vi-
mentin were done by flow cytometry. Using the mAb
against human �-SMA, 98% of the treated cells were pos-
itively stained, relative to 2% of the negative control,
from which the first antibody was omitted. With the mAb
against human vimentin, 81% of treated cells were pos-
itively stained, relative to 2% of the negative control cells,
indicating that cultured cells are of mesenchymal ori-
gin.18 Human skin fibroblasts and HUVECs were not
positively stained with the mAb against �-SMA (data not
shown).

DNA fragmentation assay

By means of flow cytometry of VSMCs cultured on
g-TCPS, diagrams of forward scatter (FSC) against side
scatter (SSC) were obtained. A change in scatter diagram
in the lower scatter regions could be observed when cells
were cultured in serum-free culture medium or when cells
were incubated with TNF-�/CHX compared with control
cells. Histograms of PI fluorescence of human VSMCs
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showed three distinct peaks, indicating three separate cell
populations: a G0/G1 region of normal diploid cells, a
G2/M region of dividing cells with a double amount of
DNA, and an A0 region of hypodiploid cells.2 The sub-
population of A0 cells showed reduced DNA stainabil-
ity, indicating apoptotic cells in which DNA fragments
appear and cell fragmentation has occurred.2,3 Percent-
ages of apoptotic cells compared with the total amount
of cells, and compared with percentages of apoptotic cells
at time point 0, were calculated. Percentages of apoptotic
cells were increasing over time for TNF-�/CHX-treated
cell cultures, whereas no increase over time of percent-
ages of apoptotic cells was observed for VSMCs cultured
in standard culture medium with and without serum for
up to 48 h, as can be seen in Fig. 1.

DNA fragmentation assay analysis of apoptosis in con-
trol cell cultures for up to 240 h showed an increase in
A0 cells (Fig. 2A).
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FIG. 1. Apoptotic cell death of VSMCs cultured on g-TCPS,
measured by a DNA fragmentation assay as a function of time.
Cells were cultured in serum-containing culture medium (con-
trol cells, solid diamonds) or in serum-free culture medium
(shaded squares) or were treated with 3 nM TNF-� and 50 �M
CHX in serum-containing culture medium (open diamonds) for
various amounts of time. DNA was stained with PI and fluo-
rescence was analyzed by flow cytometry. Percentages of apop-
totic cells compared with the total amount of cells and with per-
centages of apoptotic cells at time point 0, were calculated and
plotted against time.

A

B

FIG. 2. Apoptosis of VSMCs cultured on g-TCPS, measured
by analyzing DNA fragmentation and tTG mRNA expression
levels as a function of time. Cells were cultured in serum-con-
taining culture medium for various amounts of time. DNA was
stained with PI and fluorescence was analyzed by flow cytom-
etry. Percentages of apoptotic cells, compared with the total
amount of cells measured and compared with percentages of
apoptotic cells at time point 0, were calculated and plotted
against time (A). tTG mRNA expression levels were determined
by a semiquantitative real-time RT-PCR method. tTG mRNA
expression levels, compared with levels at time point 0 and nor-
malized to mRNA expression levels of PBGD, were calculated
and plotted against time (B).
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Light microscopy

Light microscopy revealed that treatment of VSMC
cultures with TNF-� and CHX, and culturing the cells in
serum-free culture medium, both induce detachment of
adherent VSMCs (anoikis). After 24 h, control cell cul-
tures had grown from 80% to approximately 90% con-
fluency (Fig. 3a), whereas after culturing the cells for 24
h in serum-free culture medium, approximately 70% con-
fluency was observed (Fig. 3b). TNF-�/CHX-treated cell
cultures showed a confluency of approximately 40% af-
ter 24 h (Fig. 3c). No morphological abnormalities were
observed in the attached cells. After treatment of the
VSMC cultures with TNF-� and CHX, or after culturing
the cells in serum-free culture medium, cells detached
from their culturing support were found in the culture
medium (floating cells). These floating cells showed cell
blebbing and apoptotic body formation (Fig. 3d).

Europium-labeled annexin V time-resolved
fluorometric assay

The europium-labeled annexin V time-resolved fluo-
rometric assay was performed to measure apoptosis in
cell cultures after 24 h of TNF-�/CHX treatment com-
pared with control cultures. A significant increase (2.7 �
0.04) in time-resolved fluorescence was found. In addi-
tion, after culturing the cells in culture medium without
serum, a slight but significant increase (1.3 � 0.03) in
time-resolved fluorescence was found compared with
control cultures, indicating increased apoptosis in the ad-
herent VSMCs.

tTG mRNA expression of VSMCs cultured 
on g-TCPS

At least 25 �g of total RNA was isolated from cell cul-
tures as determined by spectrophotometry. The A260/A280

ratio was between 1.7 and 1.9, indicating pure RNA.
PBGD mRNA expression levels in cultured VSMCs were
not influenced by serum starvation or TNF-�/CHX treat-
ment. This allowed us to use PBGD mRNA expression
levels to normalize tTG and cyclin E mRNA expression
levels for quantification. Analysis of tTG mRNA ex-
pression levels of control cell cultures on g-TCPS for up
to 216 h showed an increase in tTG mRNA expression,
using the semiquantitative real-time RT-PCR method
(Fig. 2B). This increase resembles the increase in A0 cells
measured by the DNA fragmentation assay (Fig. 2A). Re-
sults of analyses of tTG mRNA expression levels over
time of VSMCs cultured on g-TCPS in culture medium
with or without serum or treated with TNF-�/CHX in
standard culture medium are shown in Fig. 4A. After 24
h, an increase in tTG mRNA expression level was ob-
served for cells cultured in culture medium without serum
and for cells treated with TNF-�/CHX, whereas no in-
crease was observed for cells cultured in standard culture
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FIG. 3. Morphology of VSMC cultures. Cells were cultured to
80% confluence on gelatin-coated culture flasks and cultured for
24 h in standard culture medium with (a) or without (b) serum,
or were treated with 3 nM TNF-� and 50 �M CHX in serum-
containing culture medium (c). Adherent cells still present on the
surface of gelatin-coated culture flasks were stained according to
the May–Grünwald–Giemsa staining procedure (a–c). Apoptotic
VSMCs that had detached from their support as a result of an
early stage of apoptosis (floating cells) were centrifuged onto
glass slides and stained according to the May–Grünwald–Giemsa
staining procedure (d). Original magnification, �100.

medium. tTG mRNA expression levels of TNF-�/CHX-
treated cell cultures corresponded with results of the
DNA fragmentation assay (Fig. 1), the europium-labeled
annexin V time-resolved fluorometric assay, and light mi-
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croscopy (Fig. 3). tTG mRNA expression levels of cells
cultured in serum-free culture medium corresponded with
results of the europium-labeled annexin V time-resolved
fluorometric assay and light microscopy (Fig. 3). After
culturing the cells for 48 h in serum-free culture medium,
DNA fragmentation was still enhanced (Fig. 1), but tTG
mRNA expression levels were not enhanced (Fig. 4A),
compared with control cell cultures.

Cyclin E mRNA expression of VSMCs cultured on
g-TCPS

Cyclin E mRNA expression levels as a function of 
time in VSMCs cultured on g-TCPS in culture medium
with or without serum and in serum-containing culture
medium supplemented with TNF-� and CHX are shown
in Fig. 4B. After 6 and 12 h, the cyclin E mRNA ex-
pression level in cells cultured in serum-free culture
medium was reduced compared with that in cells cultured
in standard culture medium. After more than 24 h, no dif-
ferences were observed. No significant differences in cy-
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clin E mRNA expression levels were observed in cells
cultured in standard culture medium supplemented with
TNF-� and CHX. These data were confirmed by data ob-
tained with the CyQUANT cell proliferation assay.

Tissue-engineering application

VSMCs adhered to and grew in multilayers on top of
and inside three-dimensional porous structures composed
of collagen and elastin, as observed by histology.15

mRNA could be isolated from the tissue-engineered scaf-
folds. The expression levels of PBGD in these cultured
VSMCs were not influenced by scaffold properties. This
allowed us to use PBGD mRNA expression levels to nor-
malize tTG and cyclin E mRNA expression levels for
quantification. No significant changes were found in ei-
ther cyclin E or tTG mRNA expression levels of VSMCs
cultured in porous scaffolds, cross-linked either with
EDC–NHS or with J230 in the presence of EDC–NHS,
compared with native scaffolds, as can be seen in Fig. 5.
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FIG. 4. Apoptosis and proliferation of VSMCs cultured on g-
TCPS, measured by analyzing tTG (A) and cyclin E (B) mRNA
expression levels as a function of time. Cells were cultured in
serum-containing culture medium (control cells, solid diamonds)
or in serum-free culture medium (shaded squares) or were treated
with 3 nM TNF-� and 50 �M CHX in serum-containing cul-
ture medium (open diamonds) for various periods of time.
mRNA expression levels were determined by a semiquantitative
RT-PCR method. tTG mRNA expression levels compared with
levels at time point 0 and normalized to mRNA expression lev-
els of PBGD, were calculated and plotted against time.

FIG. 5. Apoptosis (A) and proliferation (B) of VSMCs cul-
tured for 14 days on tissue-engineered scaffolds were deter-
mined by analyzing tTG and cyclin E mRNA expression lev-
els, respectively. Scaffolds were composed of collagen and
elastin and cross-linked with either a carbodiimide in combi-
nation with a succinimide (EDC–NHS) or with a diamine (J230)
in the presence of EDC–NHS. mRNA expression levels of tTG
and cyclin E were determined by a semiquantitative real-time
RT-PCR method and mRNA expression levels of cells cultured
on cross-linked scaffolds were compared with mRNA expres-
sion levels of cells cultured on native (non-cross-linked) scaf-
folds.

A

B
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DISCUSSION

A pure VSMC culture of mesenchymal origin18 was
used in this study to analyze the balance between prolif-
eration and apoptosis. Cultured VSMCs on g-TCPS grew
in overlapping layers in a series of hills and valleys as
described in the literature.17 The appearance of this or-
ganization at confluence and the presence of �-smooth
muscle actin filaments distinguish these cultured cells
from endothelial cells, fibroblasts, and myofibro-
blasts.18,19 From the results of our reference DNA frag-
mentation assay using flow cytometry and the europium-
labeled annexin V time-resolved fluorometric assay to
measure apoptosis, it can be concluded that incubation
with TNF-� and CHX induces apoptosis in VSMCs cul-
tured on g-TCPS in a time-dependent manner.25 These
results were confirmed by light microscopy. In addition,
from the results of the europium-labeled annexin V time-
resolved fluorometric assay and light microscopy, it 
was shown that culturing VSMCs in serum-free culture
medium also induces apoptosis. This is in agreement with
other research that shows an apoptosis-inducing effect on
culturing VSMCs in serum-free culture medium.20,26

However, DNA fragmentation was not observed when
VSMCs were cultured in serum-free culture medium. We
suggest that, because of the elevated tTG protein level,
stable apoptotic bodies are formed by stabilization of cell
and membrane structures and that these apoptotic bodies
are washed away during the procedure for flow cyto-
metric analyses.12 Using the semiquantitative real-time
RT-PCR method described above, enhanced tTG mRNA
expression was shown in VSMCs cultured on g-TCPS
under several apoptosis-inducing conditions. When
VSMCs cultured on g-TCPS in standard culture medium
reach confluence (after 4–5 days) and the cells are treated
with TNF-� and CHX for 24 h, enhanced DNA frag-
mentation, detachment of adherent VSMCs from the sur-
face, annexin V exposure on the outer surface of the
plasma membrane, and enhanced tTG mRNA expression
occur, indicating that apoptosis is induced and that the
methods are correlated. After 24 h of TNF-�/CHX treat-
ment the tTG mRNA expression level of VSMCs is
highly enhanced, but after 48 h the tTG mRNA expres-
sion level falls back to the control level. This is in con-
trast with DNA fragmentation, which is highly enhanced
after 24 and 48 h of TNF-�/CHX treatment. This dis-
crepancy is due to the different specificities of the two
assays used. We have shown previously that in contrast
to DNA fragmentation, tTG mRNA expression levels can
distinguish between apoptotic and necrotic cell death.9

Accordingly, our observations indicate that after 48 h of
TNF-�/CHX treatment, cells are already in the late apop-
totic/necrotic stage of the apoptotic cascade.

When growth behavior is taken into consideration, 
neither apoptosis nor proliferation alone will give satis-
factory information; therefore markers of both biologi-
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cal events should be measured. With the described 
semiquantitative real-time RT-PCR method it is pos-
sible to measure both events in a single assay by analyz-
ing cyclin E and tTG mRNA expression levels in
VSMCs.9,13,14,27,28 PBGD mRNA expression levels can be
used for this purpose to normalize both tTG and cyclin E
mRNA expression levels to correct for differences in to-
tal RNA content. Cyclin E mRNA expression levels were
not significantly altered in VSMCs cultured on g-TCPS in
standard culture medium for up to 48 h. VSMCs cultured
in serum-free culture medium showed reduced cyclin E
mRNA expression levels after 6 and 12 h compared with
cells cultured in serum-containing medium, possibly be-
cause of the lack of growth factors present in normal
serum. But after 24 and 36 h we did not find significant
differences in cyclin E mRNA expression levels between
the two cultures, suggesting an adaptation of the cell cy-
cle.29 In addition, TNF-�/CHX treatment did not influence
cyclin E mRNA expression of the cells. Accurate and re-
producible analysis of both proliferation and apoptosis of
VSMCs within a single test is now possible, using the de-
scribed semiquantitative real-time RT-PCR method.

We showed that the method is suitable for tissue-en-
gineering applications by analyzing the cyclin E and tTG
mRNA expression levels of VSMCs cultured in three-di-
mensional porous structures composed of collagen and
elastin. These scaffolds are under investigation for tissue
engineering of small-diameter blood vessels.15 Cross-
linking of the scaffolds either with a carbodiimide
(EDC–NHS) or with a diamine (J230) in the presence of
the carbodiimide does not influence VSMC growth be-
havior as determined by analyzing the balance between
apoptosis and proliferation, using the RT-PCR method
described in this article. These quantitative findings con-
firm our qualitative observations using histology as pre-
viously described.15 We suggest that this method can be
used to characterize and compare the cell growth behav-
ior of different batches of cells. In addition, other mRNA
expression levels of the same samples can easily be an-
alyzed in a similar way, such as the mRNA expression
of extracellular matrix proteins of VSMCs as described
by Seliktar et al.30 With this approach it will be possible
to culture cells in a standardized way, not only to obtain
a tissue-engineered blood vessel but also for other tissue-
engineering purposes using a variety of cell types.
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