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Cardiovascular disease is recognized as an important 
clinical problem in radiotherapy and radiation protec-
tion. However, only few radiobiological models relevant 
for assessment of cardiotoxic effects of ionizing radiation 
are available. Here we describe the isolation of mouse 
primary cardiac endothelial cells, a possible target for 
cardiotoxic effects of radiation. Cells isolated from hearts 
of juvenile mice were cultured and irradiated in vitro. In 
addition, cells isolated from hearts of locally irradiated 
adult animals (up to 6 days after irradiation) were test-
ed. A dose-dependent formation of histone γH2A.X foci 
was observed after in vitro irradiation of cultured cells. 
However, such cells were resistant to radiation-induced 
apoptosis. Increased levels of actin stress fibres were ob-
served in the cytoplasm of cardiac endothelial cells irra-
diated in vitro or isolated from irradiated animals. A high 
dose of 16 Gy did not increase permeability to Dextran 
in monolayers formed by endothelial cells. Up-regulat-
ed expression of Vcam1, Sele and Hsp70i genes was de-
tected after irradiation in vitro and in cells isolated few 
days after irradiation in vivo. The increased level of actin 
stress fibres and enhanced expression of stress-response 
genes in irradiated endothelial cells are potentially in-
volved in cardiotoxic effects of ionizing radiation.
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INTRODUCTION

High radio-tolerance of the heart was for a long time 
a general paradigm of radiobiology and radio-oncology. 
The tolerance dose of the heart in clinical radiotherapy 
has been estimated to about 40 Gy in whole organ ir-
radiation (review in: Schultz-Hector & Trott, 2007). 
However, an increased rate of heart failure observed in 
several groups of oncological patients treated with ra-
diotherapy, such as Hodgkin’s disease or breast cancer 
patients, initiated re-evaluation of the potential risk re-
lated to heart irradiation (Hancock et al., 1993; Senkus-
Konefka & Jassem, 2007; Hendry et al., 2008). The risk 
of cardiovascular disease associated with radiotherapy is 
now recognized as an important clinical problem, of-
ten manifesting decades after the initial exposure (Little 
et al., 2008; Darby et al., 2010). Moderate to low doses 
delivered to the heart may also pose a long term risk 
as recently established by a large epidemiological study 

on atomic bomb survivors who received 0.5 to 2 Gy to-
tal body irradiation (Shimizu et al., 2010). Unfortunately, 
very few relevant radiobiological models are available at 
present for the assessment of heart radio-toxicity that 
consider the complex and long-term nature of radiother-
apy-related damage involved in heart failure.

Among different heart structures critical for radiation-
induced damage the heart microvasculature is an obvious 
candidate even though endothelial cells comprise only a 
minor fraction of cardiac cells. The endothelium forms 
a continuous monolayer of cells with barrier properties, 
which regulate the passage of plasma proteins, macro-
molecules and circulating cells between the blood and 
the interstitial tissues and is essential for vascular home-
ostasis (review in: Petty & Pearson, 1989; Celermajer, 
1997). Several studies have demonstrated that high doses 
of ionizing radiation induce immediate cellular damage 
to the vascular endothelium, resulting in the exposure 
of basal lamina and leakage of plasma proteins into the 
interstitial space. A rise in vascular permeability after ex-
posure to radiation is generally considered as a crucial 
element in the development of radiotherapy-associated 
complications of edema and subsequent fibrosis (Hins-
bergh, 1997; Gabrys et al., 2007). The exposure of en-
dothelial cells to ionizing radiation in vitro affected the 
structure of the cytoskeleton, organization of actin mi-
crofilaments and intercellular junctions; however, the 
observed effects were dose- and cell origin-dependent 
(Kantak et al., 1993; Waters et al., 1996; Gabrys et al., 
2007). We previously analyzed changes induced in vitro 
by ionizing radiation in the actin cytoskeleton of primary 
endothelial cells delivered from human dermal microvas-
culature (DMEC) and large vessels (HUVEC), and found 
that DMEC but not HUVEC cells respond to radiation 
by a rapid and dose-dependent formation of so called 
stress fibres (Gabrys et al., 2007). Endothelial cells are 
indeed very heterogeneous and display distinct and spe-
cialized properties in the vasculature of different organs. 
Large and small vessels respond differently to irradiation, 
and radiation-induced damage could be more severe in 
cells from the microvasculature (Gabrys et al., 2007). For 
*e-mail: widlak@io.gliwice.pl
Abbreviations: CEC, cardiac endothelial cells; DAPI, 4‘,6-diamidi-
no-2-phenylindole; DMEC, dermal microvascular endothelial cells; 
DMEM, Dulbecco’s Modified Eagle’s Medium; DSB, DNA double-
strand break; Sel-E, E-selectin cell adhesion protein; FBS, fetal bovi-
ne serum; FITC, fluorescein isothiocyanate; Hsp, heat shock protein; 
HUVEC, human umbilical vein endothelial cells; Pecam-1, platelet 
endothelial cell adhesion molecule 1 (also termed CD31, endothe-
lial-specific cell surface antigen); SA β-Gal, senescence-associated 
β-galactosidase; Vcam-1, vascular cell adhesion protein 1

Vol. 58, No 3/2011
397–404

on-line at: www.actabp.pl



398           2011 K. Jelonek and others

these reasons the commonly used endothelial cells iso-
lated from aorta, umbilical vein or lymph nodes are not 
the most relevant models to study radiation-induced mal-
function of the heart microvasculature. 

Here we aimed to optimize primary endothelial cell 
isolation form hearts of mice, either control or previ-
ously irradiated in vivo, and used these isolated cells for 
further culturing and assessment of stress responses to 
ionizing radiation. 

MATERIALS AND METHODS

Animals and irradiation. Male C57/BL6 mice were 
used for experiments. Eight-week old animals were ir-
radiated with 6 MeV photons under Avertin anaesthesia 
using a linear accelerator (Clinac 600) with 2 or 8 Gy 
doses delivered to the whole heart volume, and then sac-
rificed at different times after irradiation (from 12 hours 
to 6 days). Overall, for each experimental point cells 
were purified from hearts of 4–6 animals irradiated in 
vivo. All procedures involving animals and their care were 
conducted in conformity with institutional guidelines in 
compliance with national and international laws and poli-
cies; the study was approved by the appropriate Ethical 
Committee.

Isolation of cardiac endothelial cells (CEC). CEC 
were isolated from C57/BL6 mice. Collected hearts 
(proportions indicated below were standardized for iso-
lation from two hearts of adult mice or four hearts of 
juvenile mice) were rinsed intensively with phosphate-
buffered saline (PBS) to remove blood and then minced 
into small pieces with a sterile scalpel blade. The tissue 
fragments were transferred to 10 ml of solution that 
consisted of DMEM containing 10  % FBS, 0.16 mg/
ml gentamycin, 4 mM l-glutamine and 0.3 units/ml of 
collagenase A (Roche; cat. no. 10.103.586.001), and in-
cubated at 37 °C for 45–60 minutes with continuous 
shaking. Any remaining clumps of cells were dispersed 
by forcing through a sterile 18 G needle 20 times. The 
resulting mixture was filtered through 30-μm pore-size 
pre-separation filter (MACS Miltenyi Biotec) and the 
single-cell suspension was washed twice in DMEM with 
centrifugation at 400 × g for 6 minutes after which col-
lected cells were counted. The final cell pellet consist-
ing of about 40–50 million cells was re-suspended in 6 
ml of DMEM. A suspension of 8 µl of sheep anti-rat 
Dynabeads (Invitrogen; cat. no. 110.35), which were pre-
coated with rat anti-mouse CD31 (also termed Pecam-1) 
antibody (Pharmingen; cat. no. 553370) according to 
manufacturer’s instructions, was added to the cell sus-
pension; this corresponded to approximately one Dyna-
bead particle per 20 cells. The mixture was incubated 
for 20 minutes at room temperature in a non-adhering 
15 ml tube with gentle agitation. The unbound cells 
were removed from the mixture after Dynabead-bound 
cells were immobilized on the tube wall using a magnet 
(DynaMag-15, Invitrogen). Bound cells were washed 5 
times with 6 ml DMEM using the same magnet device 
(each time cells were vortexed for 5 seconds after add-
ing fresh medium). Immuno-selected CD31-positive cells 
were counted and plated on Petri dishes or Permanox 
Lab-Tek 4-well chamber slides with cover lids (Nunc) 
in EBM-2 basal endothelial cell medium (Lonza; cat. 
no. CC3156) supplemented with EGM-2 growth factor 
mixture (Lonza; cat. no. CC4176); initial concentration 
of cells was approximately 2.5 × 104 per cm2. Cells were 
cultured in standard conditions (37 °C, 5  % CO2). Next 

day, the cultures were washed gently with the same me-
dium to remove unattached cells (which were counted to 
estimate proportion of adherent and non-adherent cells) 
and excess of Dynabeads; thereafter the medium was 
changed every two days. Cells were counted again once 
they reached confluence around 5–9 days after the initial 
isolation depending on the age of heart donors. CECs 
were considered to be confluent after covering at least 
80 % of the well area. For some experiments, cells were 
irradiated in vitro at this point. 

Staining for endothelial cell surface markers, ac-
tin cytoskeleton and β-galactosidase. Confluent cul-
tures were fixed for 15 minutes in 10 % formaldehyde. 
Cell surface marker CD31 was detected using purified 
rat anti-mouse CD31 antibody (Pharmingen; at a 1 : 100 
dilution). Cells were incubated with the primary antibody 
diluted in 2 % BSA and 5 % normal horse serum in PBS 
at 4 °C overnight, and then with a fluorescein-conjugat-
ed anti-rat Ig antibody (Vector; at a 1 : 100 dilution) for 
1 hour at room temperature. Actin structures were la-
belled with Texas-Red-conjugated phalloidin (Molecular 
Probes; at a 1 : 200 dilution); incubation was performed 
in 10 mM Hepes, pH 7.5 for 2 h at room temperature 
in the dark. To visualize nuclei, slides were stained with 
DAPI-containing Vectashield mounting medium (Vector 
Laboratories). Fluorescence images were captured with 
a Nikon Eclipse 80i inverted microscope. For each ex-
perimental point (with 4 technical repeats) actin fibres 
were evaluated in 50 randomly chosen cells; cells were 
divided into three groups differing in the number of vis-
ible actin stress fibres classified as 0, 1–10 and >10. For 
β-galactosidase staining PBS-washed cells were fixed for 
3 minutes in 3 % formaldehyde, washed and incubated 
for 6 hours at 37 °C in freshly prepared staining solution 
containing 0.1 % X-Gal in 40 mM citric acid/sodium 
phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM 
potassium ferricyanide, 150 mM NaCl and 2 mM MgCl2.

Detection of γH2A.X foci and TUNEL assay. 
CECs cultured in Permanox Lab-Tek 4-well chamber 
slides were washed twice for 2 minutes with PBS and 
then fixed for 30 minutes with 10 % formaldehyde; re-
peated washes with PBS were applied after each further 
step of the procedure. Fixed cells were incubated for 4 
minutes with 0.1 % Triton in 0.1 × SSC for membrane 
permeabilization, and then for 30 minutes with 3 % BSA 
in PBS for non-specific blocking. Cells were incubated 
for one hour at room temperature with mouse anti-
phospho-histone H2A.X monoclonal antibody (Millipore; 
cat. no. 05–636) in 3 % BSA/PBS (at a 1 : 250 dilution), 
and then for one hour at room temperature with anti-
mouse IgG biotinylated antibody (Vector; cat. no. BA-
1400) in 3 % BSA/PBS (at a 1 : 250 dilution). To visual-
ize the gH2A.X foci cells were incubated in the dark for 
40 minutes at room temperature with Texas-Red-conju-
gated streptavidin (Vector; cat. no. SA-5006) in 10 mM 
Hepes pH 7.5 (at a 1:250 dilution). To visualize nuclei 
cells were incubated in the dark for 10 minutes at room 
temperature with 300 nM DAPI, and then fluorescence 
images were captured with a Nikon Eclipse 80i inverted 
microscope. The number of  gH2A.X foci per nucleus 
was counted for at least one hundred randomly selected 
cells. To assess for apoptosis using the TUNEL assay, 
cells were fixed with 4 % formaldehyde for 30 minutes 
at room temperature, washed with PBS and permeabi-
lized with 0.1 % Trion X-100 in 0.1 % sodium citrate for 
4 minutes on ice. After washing with PBS 50 µl of the 
TUNEL reaction mixture (Fluorescein In Situ Cell Death 
Detection Kit, Roche) was added, then samples were 
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covered with parafilm and incubated in a humidified at-
mosphere for 90 minutes at 37 °C in the dark. Samples 
were then washed, counterstained with DAPI and ana-
lyzed under a fluorescence microscope.

Measurement of endothelial permeability. Cells 
were plated on 6-mm diameter 0.3 μm pore-size filters 
(Falcon) pre-coated with 10 μg/ml fibronectin (Invitro-
gen). A total of 105 cells were plated per filter and set 
into a 24-well companion plate, and then 200 μl of the 
growth factor-supplemented EBM-2 medium in the in-
sert/upper chamber and 700 μl of medium in the lower 
chamber was used (medium was changed every other 
day after the plating). The integrity of the cell monol-
ayer was confirmed by staining of additional filters with 
Texas-Red-conjugated phalloidin and DAPI. Cells in the 
monolayer were irradiated on filters with a 16 Gy dose, 
and then 3 or 24 hours after irradiation the medium in 
the upper chamber was replaced with medium supple-
mented with 0.8 mg/ml of FITC-Dextran, MW 40 000 
(Sigma). After one hour of incubation 100 μl of medium 
was collected from the lower compartment (for measure-
ment the sample was diluted 10-fold with water). The 
fluorescence was measured using a Fluorolog 3-12 fluo-
rimeter (Jobin von Spex) at 488 nm excitation and 525 
nm emission wavelengths. Cultures pre-incubated for 3 
hours with 5 mM EGTA, which disrupted integrity of 
inter-cellular junctions (Ponnuchamy & Khalil, 2008), 
were used as positive controls of the assay.

Gene expression analysis. Collected cells (either di-
rectly after immuno-selection or cultured and harvested 
from culture dishes) were washed in PBS, dissolved in 
Trizol, and then stored  at –70 °C. Total RNA was ex-
tracted from frozen material using a Total RNA Isola-
tion Kit (A&A Biotechnology) according to the manu-
facturer’s protocol. The cDNA synthesis was performed 
using a Revertaid First Strand cDNA Synthesis Kit 
(Fermentas) according to the manufacturer’s protocol 
using 1 µg of RNA templates. PCR reaction mixtures 
contained 25 ng of cDNA, 25 pmoles of each starter, 
1 U of Taq polymerase, 2 mM of each dNTP, 25 mM 
MgCl2, 500 mM KCl and 100 mM Tris/HCl, pH 8.3 
in a total volume of 10 µl. Products specific for differ-
ent transcripts were analyzed and the temperature for 
primer annealing was optimized for each reaction. Prim-
ers used in the analysis specifically amplified transcripts 
of the following genes: Vcam1 (GenBank accession no. 
NM_011693.3; 288 bp fragment from position 1037 to 
1324), Sele (NM_011345.2; 266 bp fragment from po-
sition 387 to 652), Bnip3 (NM_009760.3; 156 bp frag-
ment from position 359 to 514), Glut1 (NM_011400.2; 
210 bp fragment from position 1248 to 1457), HspA1A/
HspA1B (hereafter referred to as Hsp70i) (NM_010479.2; 
699 bp fragment from position 38 to 736), Gapdh 
(XR_033802.1; 298 bp fragment from position 300 to 
597). PCR products were separated electrophoretically 
on 1.5 % agarose gels and visualized after staining with 
ethidium bromide. Three independent experiments were 
performed with cells irradiated in vitro and three techni-
cal repeats of assays with pooled cells isolated from 3 
animals irradiated in vivo were performed, and then gels 
were analyzed by densitometry for quantification (Fig. 5 
shows typical electrophorograms). 

Statistical analysis. For each experimental point cells 
were purified from hearts of 2–4 animals, and then 3–5 
technical repeats of the assay were performed. For some 
assays experiments were performed using 2–3 indepen-
dent pools of cells (each with 3–5 technical replicas). 
Statistical analyses were performed assuming normal 

distribution of experimental data (which was verified us-
ing Kolmogorov–Smirnov and Shapiro–Wilk tests) us-
ing Statistica 9.1 software. Statistical significance was as-
sessed using the unpaired two sample Student’s t-test; p-
value lower than 0.05 was considered as the significance 
cut-off level. 

RESULTS

Characterization of endothelial cells isolated from 
murine hearts

To isolate primary endothelial cells from the heart we 
took advantage of the positive immunoselection strat-
egy using endothelium-specific cell-surface antigens. To 
optimize conditions of the isolation procedure different 
types of cell separation/tissue dispersion methods (in-
cluding collagenase and/or trypsin treatment), endothe-
lial cell-specific antigens (CD31, CD102, CD105), mag-
netic beads and devices (Dynabeads vs. MACS System), 
and culture media were tested. Eventually, a procedure 
using collagenese treatment of the tissue followed by 
CD31 (Pecam-1)-based positive cell selection using the 
Invitrogen Dynabeads system allowed us to reach a high 
yield of pure endothelial cells from hearts of C57/BL6 

Figure 1. Morphology of isolated cardiac endothelial cells 
(A) A single CEC directly after immunoselection; magnetic beads 
attached to the cell are visible. (B) Confluent culture of CECs iso-
lated from a 20-week-old animal one week after immunoselection. 
(C) CECs isolated from a juvenile animal were stained for senes-
cence-associated β-galactosidase after one week or one month in 
culture; cells were observed in phase contrast without counter-
staining. (D) CECs immuno-stained with anti-CD31 antibody (with 
DAPI counterstaining); shown are confluent cells isolated from 
3-day-old and 28-week-old mice.
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mice. Figure 1 (panel A and B) shows microphotographs 
of isolated cardiac endothelial cells (CECs) immunose-
lected with anti-CD31-coated Dynabeads.

Cardiac endothelial cells were isolated from hearts of 
mice of different age, juvenile (1–5 days) or adult (up to 
88 months) animals, to compare yield and the ability of 
CECs to grow in culture. Table 1 shows the number of 
endothelial cells counted directly after immunoselection 
and the number of adherent cells that grew on a gela-
tin-coated plastic surface one week after isolation. More 
cells were isolated from older animals, which likely cor-
responds to the larger size of their heart. However, the 
number of adherent cells growing in culture was higher 
for younger animals than for older ones. Importantly, 
substantial proliferation of endothelial cells in culture was 
found only for cells from juvenile hearts, whose number 
doubled during the first week of culture. This correlated 
with the ability of such cells to persist in culture for at 
least 5–6 weeks (3–4 passages) while cells isolated from 
adult animals (5–6 months old) could be cultured only 
for 2–3 weeks. Notably, endothelial cells isolated from 
hearts of elderly mice (about 11 months and older) have 
totally lost their ability to adhere and grow on the sur-
face of a culture dish. Most importantly, when endothe-
lial cells were isolated from hearts of irradiated mice 20 
weeks after exposure to up to 8 Gy the number of cells 
and their ability to grow in vitro were similar to those 
of cells isolated from unirradiated mice of the same age 
(not shown). To search for a cause of the lost viability 
in culture, isolated CECs were tested for the activity of 

senescence-associated β-galactosidase (SA-β-Gal), a gen-
erally accepted marker of cells undergoing senescence 
(Dimri et al., 1995). CECs isolated from hearts of juve-
nile mice were stained for SA-β-Gal after one week or 
one month in culture. No cells stained after one week in 
culture while almost all cells became SA-β-Gal-positive 
after one month in culture (Fig. 1C), which indicated 
induction of senescence in those cells. The morphology 
of cultured endothelial cells isolated from juvenile and 
adult animals was also compared. After one week in cul-
ture the cells were fixed and stained using anti-CD31 
antibody (with DAPI counterstaining) to visualize their 
shape, boundaries and cell-to-cell contacts (Fig. 1D). We 
found that only cells isolated from juvenile animals could 
grow to form a monolayer and develop complete cell-to-
cell contacts. We concluded that endothelial cells isolated 
from hearts of juvenile mice were the best option for 
medium-term in vitro experiments which included irradia-
tion of cells in culture.

Radiation-induced DNA breaks and apoptosis

DNA lesions are among the primary damage induced 
in cells exposed to ionizing radiation. DNA double-
strand breaks (DSBs) are generally considered to be the 
most toxic effects of radiation, and thus are commonly 
used in radiosensitivity tests (review in: Ward, 1988). 
We used immunocytochemistry-based assessment of nu-
clear foci of phosphorylated histone H2A.X, so called 
gH2A.X foci. Such foci form at sites of DSBs, which 
allows quantitative analysis of radiation-induced dam-

age and its repair (Rogakou et 
al., 1998). Endothelial cells iso-
lated from juvenile animals were 
irradiated in vitro with doses of 
up to 16 Gy. One hour after 
the exposure the cells were fixed 
and stained, and the number of 
gH2A.X foci per nucleus was 
determined. Figure 2A shows 
percentage of cells with differ-
ent levels of DSBs induced after 
exposure to increasing doses of 
ionizing radiation (from 0.2 to 16 
Gy). The vast majority of control 
(non-irradiated) CECs contained 
no DSB/gH2A.X foci while irra-
diation with the lowest dose (0.2 
Gy) induced some DSB in the 
majority of cells. After irradia-
tion with higher doses (≥2 Gy) 
DSBs were detected in all cells; 
increasing doses led to increas-
ing numbers of foci per nucleus. 
We concluded that, in respect 
to the formation of radiation-
induced DSBs, isolated CECs 
showed a clear dose-dependent 
response after direct irradiation 
in vitro. To assess for radiation-
induced apoptosis, CECs isolated 
from juvenile animals were irradi-
ated in vitro with 2 or 8 Gy doses 
and then TUNEL-positive cells 
with apoptotic chromatin frag-
mentation were detected 6, 24 
and 48 hours after the exposure 
(Fig. 2B). We found that irradia-
tion caused only a minor increase 

Figure 2. Radiation-induced DNA damage and apoptosis of cardiac endothelial cells
(A) Radiation-induced DNA double strand breaks detected as gH2A.X foci in nuclei of CECs. 
Cells isolated from juvenile mice were exposed in vitro to ionizing radiation at doses from 
0.2 to 16 Gy, and then proportion of cells with different number of gH2A.X foci was assessed 
60 minutes after the exposure. Shown are mean values from 3 repeats of assay. Micrograph 
on the right shows an example of foci-negative and foci-positive nuclei (gH2A.X foci visible 
as red dots). (B) Assessment of cells with apoptotic chromatin fragmentation. Cells isolated 
from juvenile mice were exposed to 2 Gy or 8 Gy, and then proportion of TUNEL-positive 
cells was determined 6, 24 and 48 hours after exposure (non-irradiated cells treated with 
DNase I were used as a positive control). Shown are mean values from 3 repeats of assay 
(± S.D.). Micrograph on the right shows an example of TUNEL-positive (green) and TUNEL-
negative (blue) cells.
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of the number of TUNEL-positive cells; a statistically 
significant increase (about 20 % of positive cells) was 
only observed 6 hours after irradiation with 8 Gy (how-
ever, this could reflect residual radiation-induced DSBs). 
We concluded that isolated CECs showed apparent re-
sistance to radiation-induced apoptosis in in vitro culture 
conditions.

Radiation-induced actin stress fibres

We previously analyzed radiation-related changes in-
duced in vitro in the actin cytoskeleton of established hu-
man endothelial cell lines DMEC and HUVEC (Gabrys 
et al., 2007). Here we applied staining with fluorescently-
labelled phalloidin to detect radiation-induced changes 
in the structure of actin filaments in primary cardiac 
endothelial cells. CECs isolated from juvenile animals 
were irradiated in vitro with 2 or 8 Gy, and then fixed 
and stained with phalloidin 6, 24 and 48 hours after ir-
radiation. Cells that stained diffusely with phalloidin and 
cells that contained different numbers of contractile 
stress fibres could be distinguished. Figure 3A shows ex-
amples of cells differing in the number of such stress 
fibres. Figure 3B shows that about half of non-irradiated 
CECs contained no stress fibres, while about 20 % con-
tained a high number of such fibres. Irradiation in vitro 

with 2 Gy resulted in some decrease in the proportion 
of fibre-free cells and an increase of those with a high 
content of stress fibres, yet those changes were only 
minor. Significant changes were observed in CECs irra-
diated in vitro with 8 Gy. The fraction of cells with no 
stress fibres dropped to 30–35 % while that of cells with 
numerous fibres increased twofold (to about 40 %). In a 
second experiment we tested for radiation-induced stress 
fibres in cells irradiated in vivo. Mice were irradiated with 
2 or 8 Gy, and at 12 hours, 36 hours and 6 days af-
ter irradiation CECs were extracted. Isolated cells were 
cultured for an additional 48 hours to adhere, and then 
actin cytoskeletal structures were stained with phalloidin. 
Figure 3C shows that about half of CECs isolated from 
8 weeks old control mice did not contain stress fibres, 
while only one fourth contained a high number of such 
fibres. Irradiation with 2 Gy increased the number of 
cells with a high number of stress fibres (to about 40 %) 
and reduced the number of stress fibre-free cells; such 
changes persisted for 6 days after the exposure. Irradia-
tion with the higher dose (8 Gy) resulted in a highly sig-
nificant increase in the abundance of stress fibres (more 
than 60 % of cells contained numerous fibres 12 hours 
after irradiation; some reduction of the abundance of 
stress fibres could be observed at later times). We con-
cluded that radiation induced dose-dependent changes in 
the actin cytoskeleton (i.e., formation of stress fibres) in 
cardiac endothelial cells irradiated in vivo or in vitro (nota-
bly, these effects appeared more significant in CECs ir-
radiated in vivo in the context of a heart tissue). 

Radiation-induced changes in permeability of cell 
monolayer

We showed previously that high doses of ionizing 
radiation (20 Gy) increased the permeability of DMEC 
monolayers to FITC-labelled dextran (Gabrys et al., 
2007). Here we used the same methodology to test the 
effect of ionizing radiation on the permeability of mon-
olayers formed by primary CECs isolated from juvenile 

Figure 3. Radiation-induced stress fibers in cardiac endothelial 
cells
(A) Cells with different numbers of actin stress fibers (marked with 
arrowheads); nuclei stained with DAPI, scale bar — 1 mm. (B) CECs 
isolated from juvenile mice were exposed in vitro to 2 or 8 Gy, and 
then actin cytoskeleton was visualized using fluorescence-labelled 
phalloidin 6, 24 and 48 hours after irradiation; diagram shows per-
centage of cells with different numbers of stress fibers. (C) CECs 
were isolated from 8-week-old mice 12 and 36 hours, and 6 days 
after animal irradiation with 2 or 8 Gy, cells were cultured for ad-
ditional 48 hours to adhere, and then actin cytoskeleton was visu-
alized. Shown are mean values from 3 repeats of assay (± S.D.).

Figure 4. Effect of radiation on permeability of monolayer of 
cardiac endothelial cells
CECs isolated from juvenile mice were grown to form a mon-
olayer, irradiated with 16 Gy, incubated for additional 3 or 24 
hours, and then permeability to FITC-dextran was assessed. Cells 
pre-incubated with 5 mM EGTA were used as a positive control. 
Shown are relative values with average permeability of untreated 
controls set at 100 % (mean values ± S.D. from 3 independent ex-
periments).
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mice. Figure 4 shows that irradiation in vitro with 16 Gy 
did not increase the permeability of monolayers formed 
by CECs to dextran 3 or 24 hours after exposure (al-
though a significant increase in the number of stress fi-
bres was observed in such cells; not shown). We con-
cluded that even high doses of radiation failed to induce 
significant increase in the permeability of CEC’s monol-
ayer, suggesting resistance of the cell junctions formed 
between cells isolated from juvenile animals.

Radiation-induced changes in gene expression

Finally, to characterize the response of cardiac en-
dothelial cells to ionizing radiation, changes in expres-
sion of selected genes were analyzed. CECs isolated 
from juvenile mice were irradiated in vitro with 2 or 8 
Gy, and then 24 hours after the exposure RNA was pu-
rified. In addition, animals were irradiated in vivo with 2 
or 8 Gy, CECs were isolated 12 or 36 hours or 6 days 
after the exposure, and then RNA was purified directly 
after the cell isolation. Figure 5 presents the results of 
semi-quantitative RT-PCR analyses of the expression lev-
els of Vcam1 and Sele, two endothelium-specific inflam-
mation-related genes previously reported to be affected 
by ionizing radiation (Heckmann et al., 1998; Nubel at al. 
2004), Bnip3 and Glut1, two genes regulated by hypoxia 
(Guo et al., 2001; Airley et al., 2001), and Hsp70i, the ma-
jor stress-inducible HSP gene (review in: Daugaard et al., 
2007); Gapdh was used as a control housekeeping gene. 

We observed up-regulation of Vcam1 gene in CECs ir-
radiated in vitro at the higher dose. In addition, up-regu-
lation of this gene was detected in CECs isolated 1.5 or 
6 days after the exposure of animals to 8 Gy. Similarly, 
expression of Sele gene was up-regulated in CECs irradi-
ated in vitro with 8 Gy. Increased expression of this gene 
was also observed in CECs isolated 0.5, 1.5 or 6 days af-
ter the exposure of animals to the higher dose of radia-
tion. Notably, we did not observe significant changes in 
the expression of several other genes putatively involved 
in response of endothelium to ionizing radiation: Cdh5, 
Igfbp3, Jun, Mmp9, Pai1 (not shown). Similarly, expression 
of the hypoxia-related Bnip and Glut1 genes was not af-
fected in CECs exposed to ionizing radiation in vitro or in 
vivo. However, radiation caused up-regulation of Hsp70i, 
the major stress-inducible HSP, which was visible in a 
dose-dependent manner within 24 hours after irradiation 
in vitro. Interestingly, some up-regulation of Hsp70i could 
also be detected in CECs isolated from irradiated ani-
mals 6 days after the exposure. We concluded that ex-
posure of CECs to ionizing radiation in vitro or in vivo 
resulted in up-regulation of certain stress-related genes. 

DISCUSSION

We described a procedure of immunoselection of cells 
optimized for isolation of mouse cardiac endothelial cells 
(mostly of microvascular origin). The procedure was 
used to purify cells from donors at a wide range of age 
(from newborns to elderly animals). We found that pri-
mary CECs isolated from newborn/juvenile mice were 
the most vital and could be cultured in vitro for at least 
5–6 weeks, hence such cells seem the best option for 
medium-term in vitro experiments with cells irradiated 
in culture. This conclusion was consistent with previous 
reports, where endothelial cells isolated exclusively from 
juvenile mice were used for in vitro studies (Lim et al., 
2003). In addition we found that CECs could be isolated 
from adult donors (up to 6–7 months of age), and that 
such cells could be cultured for 2–3 weeks being suit-
able for different types of in vitro experiments (e.g., for 
investigation of the structure of the cytoskeleton). Nota-
bly, this is the first time when isolation of viable CECs 
from adult 6 months old mice was described. Earlier 
papers reported isolation and culture of endothelial cells 
obtained from mice not older than 6–10 weeks (Dong et 
al., 1997; Marelli-Berg et al., 2000; Lim et al., 2003). Im-
portantly, CECs could be isolated from hearts of adult 
animals after their irradiation in vivo, and thus our model 
becomes a new option for studying long-term effects of 
ionizing radiation. Moreover, CECs obtained from older 

Table 1. Efficiency of isolation and culturing of cardiac endothelial cells isolated from hearts of mice of different age 
Number of total adherent cells: 1refers to number of cells after the end of first passage (one week after selection; this number also re-
flects the rate of proliferation). Number of total non-adherent cells: 2refers to combined number of cells washed out during three medium 
changes before the end of first passage. Shown are average values from 2–3 experiments with independent preparations of cells. 

Age of mice
Average numbers of CECs per one heart:

Minimal persistence of viable CECs in culture 
(weeks)directly after selection total adherent1 total non-adherent2 

1–3 days 120 000 190 000 40 000 5

10 weeks 270 000 130 000 190 000 3

20 weeks 260 000 65 000 220 000 2

28 weeks 210 000 60 000 180 000 2

48 weeks 240 000 0 ~240 000 –

88 weeks 300 000 0 ~300 000 –

Figure 5. Radiation-induced changes in expression of selected 
genes
(A) CECs isolated from juvenile mice were irradiated in vitro with 2 
or 8 Gy, and RNA was isolated 24 hours after exposure. (B) Eight-
week-old mice were irradiated in vivo with 2 or 8 Gy, and CECs 
were isolated 12 and 36 hours, and 6 days after the exposure; 
RNA was purified directly after isolation of the cells. 
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mice (10 months and older) have lost their ability to ad-
here and grow in vitro in the culture dish; however, such 
cells could be used for experiments immediately after 
their purification (e.g., for gene expression studies).

Endothelial cells from cardiac vasculature are a po-
tential target for radiation-induced changes involved in 
cardiovascular disease (Fajardo & Stewart, 1971). Here 
we used endothelial cells isolated from hearts of irradi-
ated animals, as well as cultured cells exposed to radia-
tion in vitro, as models for testing parameters potentially 
involved in the development of cardiovascular system 
malfunctions. These parameters included radiation-in-
duced changes in the structure of the cytoskeleton and 
cell junctions, and in gene expression. The integrity of 
the endothelium is controlled by the stability of cellular 
junctions and tensile forces maintained by the actin cy-
toskeleton (Kantak et al., 1993; Waters et al., 1996). We 
described previously that endothelial cells from skin mi-
crovasculature (but not from a large vessel) responded to 
radiation in vitro by a rapid and dose-dependent forma-
tion of so called actin stress fibres (Gabrys et al., 2007). 
Here we found that irradiation of cardiac endothelial 
cells also resulted in the formation of actin stress fibres. 
Interestingly, the observed changes seemed more evident 
in cells irradiated in vivo, in the context of intact tissue. 
Formation of stress fibres affects cell motility, contrac-
tile responses and cell-to-cell junctions, thus could be in-
volved in changes of the endothelial barrier functioning 
in irradiated animals. Radiation-induced changes in the 
structure of the cytoskeleton and cell junctions could re-
sult in the formation of gaps and increased permeability 
of monolayers formed by endothelial cells (Onoda et al., 
1999). We already showed that high doses of ionizing ra-
diation (20 Gy) increased the permeability of DMEC but 
not HUVEC monolayers (Gabrys et al., 2007). We found 
here that high doses of radiation (16 Gy) failed to induce 
a significant increase in the permeability of a monolayer 
formed in vitro by cardiac endothelial cells isolated from 
juvenile animals. However, the effects of ionizing radia-
tion on the barrier function of the endothelium in the 
irradiated heart remain to be established. Several studies 
reported that endothelial cells responded to irradiation 
by elevated expression of pro-inflammatory molecules, 
which enhanced adhesion of leukocytes and their migra-
tion through the endothelium (Hallahan et al., 1996; Tsu-
jino et al., 1999). We found increased expression of two 
such adhesion molecules, Vcam1 and Sel-E, in irradiated 
cardiac endothelial cells. In addition, an increased ex-
pression of the major stress-inducible heat shock protein 
Hsp70i was detected in such cells. The changes observed 
in irradiated cells, i.e., increased formation of actin stress 
fibres and increased expression of stress-response genes, 
yet their possible resistance to apoptosis, suggest cyto-
static effects of radiation upon cardiac endothelial cells 
with a potential contribution to systemic cardiotoxicity.
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