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To assess the effects of radiation on bronchial epithelium,
BEAS 2B cells cultured as monolayers and human bronchial
epithelium cultured as organ cultures were exposed to single
doses of 0, 10 and 30 Gy. The lactate dehydrogenase in the
supernatant of the BEAS 2B cells increased markedly 24 h
after irradiation, whereas in the organ cultures only a minor
increase was found after 48 h. The nucleosomes in the super-
natant of the BEAS 2B cells showed a massive increase in
response to irradiation, whereas in the organ cultures no
change could be seen. The number of BEAS 2B cells was dra-
matically diminished after 96 h, whereas in the organ cultures
a smaller decrease was observed no earlier than 21 days after
irradiation. To assess the effects of brachytherapy in bron-
chial epithelium in vivo, brachytherapy with 30 Gy was per-
formed in Goettinger minipigs, and histological sections of the
bronchi were analyzed for morphological alterations and cell
numbers. After 2 weeks, only slight cell damage was observ-
able, and after 3 weeks, moderate morphological changes and
decreased cell numbers were found. However, after 8 weeks,
the epithelium had nearly regained its normal structure. We
conclude that the bronchial epithelium has a remarkably high
radioresistance and that organ cultures, but not monolayers
of BEAS 2B cells, reflect the effects of radiation in vivo.
q 2003 by Radiation Research Society

INTRODUCTION

In patients with inoperable lung cancer, brachytherapy is
an effective and well-established palliative treatment (1–3).
In single-application regimens, doses up to 40 Gy are used
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medinn.med.uni-muenchen.de.

(4), while in fractionated regimens, two to four irradiations
of 15–20 Gy each are performed (3, 5). Common side ef-
fects include hemoptysis and cough after irradiation (2, 5).
Although the dose decreases substantially with distance
from the radiation source, irradiation of normal tissue is not
entirely avoided. Because of the anatomical structure of the
airways, the bronchial epithelium—being close to the ra-
diation source—suffers a high dose during brachytherapy.
Surprisingly, the effects of radiation on the bronchial epi-
thelium have been sparsely investigated. In a previous
study, our group investigated the acute effects of radiation
on organ cultures of human bronchial epithelium and found
a remarkably high tolerance of the tissue up to a single
dose of 75 Gy (6). The present study was aimed at inves-
tigating the effects of radiation on bronchial epithelium by
comparing three different experimental models. Cells of the
immortalized human cell line BEAS 2B represented mono-
layer cultures, human bronchial epithelium was grown as
organ cultures, and Goettinger minipigs served as an in vivo
model.

To grow organ cultures of human bronchial epithelium,
biopsies of large airways or mucosa harvested from surgi-
cally removed lungs are cultured on agar-coated dishes im-
mersed in medium. The organ cultures are coated by a dif-
ferentiated epithelium on a basement membrane consisting
of secretory, ciliated and basal cells, and they maintain their
structural integrity, including beating cilia, for at least 3
weeks (7–9). Organ cultures have been used by our group
to study the effects of radiation on normal epithelium (6)
and to create a co-culture system of bronchial epithelium
and cells of lung cancer cell lines to study the kinetics of
tumor invasion (10) and 5-aminolevulinic acid-induced
fluorescence (11). Studies of the bronchial epithelium are
frequently performed using cell lines like BEAS 2B. The
morphology of these cell lines is unlike the morphology
found in vivo, lacking beating cilia, three-dimensional
structure, and hierarchical organization. Data obtained with
these cells therefore may not reflect the situation in vivo,
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since cell–cell contact has been found to decrease radio-
sensitivity in microcolonies (12, 13) and multicellular
spheroids (14). To assess in vivo effects, we performed
brachytherapy in Goettinger minipigs, mimicking the pro-
cedure used to treat humans. With this approach, we aimed
at investigating whether BEAS 2B cells as monolayer cul-
tures and organ cultures as three-dimensional systems are
similar in their acute radiation response and which model
more closely reflects the in vivo situation as assessed in
minipigs.

Lactate dehydrogenase (LDH) is a stable cytoplasmic en-
zyme that is released rapidly into the cell culture superna-
tant upon damage of the plasma membrane and has been
used widely to quantify cell damage (15–17). The advan-
tage of using LDH as a marker for cell injury is that it can
be quantified repeatedly in the supernatant over time with-
out disturbing the cell culture itself.

In eukaryotic cells, DNA forms complexes with several
proteins known as nucleosomes (for review, see ref. 18).
During cell death, nucleosomes that have been cleaved by
endonucleases are released into the serum of patients with
benign and malignant diseases (19–25), and they can be
detected using ELISA test systems (26). In patients with
malignant diseases, the initiation of radiotherapy resulted
in an initial increase in serum nucleosomes that subsequent-
ly decreased again. Low levels of nucleosomes in the
course of treatment correlated with good clinical outcome
(23). To test whether this parameter can be used to quantify
cell death in vitro, we measured the levels of nucleosomes
in the supernatants of BEAS 2B cells and organ cultures
after irradiation.

In this paper, we present data confirming that the bron-
chial epithelium is remarkably resistant to single-dose ir-
radiation. Organ cultures resemble the in vivo radioresis-
tance observed in minipigs very closely, whereas BEAS 2B
cells have a significantly different radiation response, being
more radiosensitive and showing an earlier onset of dam-
age. Furthermore, we demonstrate that the quantification of
nucleosomes in the supernatant of normal tissue is a useful
tool to assess radiation damage in vitro.

METHODS

Culture Techniques

Cells of the BEAS 2B cell line were kindly provided by Prof. D. A.
Gillissen, Pneumology, Rheinische Friedrich-Wilhelms-Universität, Bonn,
Germany. The cells were grown in multiwell dishes (Falcon, Lincoln Park,
NJ) until they were confluent using RPMI 1640 culture medium (Seromed,
Heidelberg, Germany) supplemented with 10% newborn calf serum, 2 mM
L-glutamine and antibiotics (all Life Technologies, Eggenstein, Germany)
in a humidified 95% air/5% CO2 atmosphere.

To harvest tissue for the organ cultures, human bronchial rings were
isolated after lung or lobe resection performed in the Asclepios-Fachkli-
nik for Pneumology and Thoracic Surgery, Gauting, Munich. All proce-
dures using human subjects had been approved by the Ethics Committee
of the Ludwig-Maximilians-University, Munich. The mucosa was re-
moved from the bronchial rings and cut into pieces ;1–2 mm in diameter.
The pieces were placed onto multiwell dishes base-coated with 0.75%

agar noble (Difco Laboratories, Detroit, MI) to prevent them from stick-
ing to the dish surface. The agar was dissolved in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% newborn calf serum,
nonessential amino acids and antibiotics (all Life Technologies, Eggen-
stein, Germany). Supplemented bronchial epithelium cell medium
(BEGM, PromoCell, Heidelberg, Germany) was added to each well, and
the organ cultures were cultured by floating them in the medium for 14
days to ensure the development of a differentiated epithelium covering
the whole surface of the organ culture (7).

Irradiation of BEAS 2B and Organ Cultures

Confluent BEAS 2B cells and 14- to 21-day-old organ cultures were
irradiated with 0, 10 or 30 Gy in the Department of Radiotherapy, Lud-
wig-Maximilians-University, Munich, using the linear accelerator Sli 15
(Elekta, Hamburg, Germany) at a high dose rate of 4 Gy/min. The sham-
irradiated group (0 Gy) was subjected to the same procedure without
irradiation. A total of 18 BEAS 2B cultures and 140 organ cultures were
used in the experiments.

Measurement of Lactate Dehydrogenase (LDH)

Immediately before and at 24-h intervals up to 96 h after irradiation,
the supernatant of the BEAS 2B cultures and the organ cultures was
withdrawn and transferred to the central laboratory of the Medizinische
Klinik-Innenstadt, Ludwig-Maximilians-University, Munich. The concen-
tration of LDH was measured using a Hitachi 917 photometer (Roche
Diagnostics, Mannheim, Germany).

Measurement of Nucleosomes

For measuring the concentration of nucleosomes, 200 ml of the super-
natant was frozen at 2208C and transferred to the Institute of Clinical
Chemistry, Ludwig-Maximilians-University, Munich. The concentration
of the nucleosomes was measured using the modified Cell Death
DetectionPlus-ELISA [Boehringer, Mannheim, Germany; for details see
ref. (26)].

Measurement of Cell Number

To obtain a single-cell suspension from the organ cultures, the cells
were separated enzymatically with 1 mg/ml collagenase and 1.5 mg/ml
protease (both Sigma, Deisenhofen, Germany) dissolved in BEGM. Vi-
able cells were identified using trypan blue staining and counted in a
Neubauer counting chamber.

Irradiation of Goettinger Minipigs

Nine Goettinger minipigs weighing 45–55 kg and aged 4 to 6 years
were used. All procedures were performed in accordance with current
animal welfare legislation (Bayerische Tierschutzgesetz) and had been
approved by the local regulatory agency (Regierung von Oberbayern).
The minipigs were given 0.1 mg/kg Atropin intramuscularly 10 min prior
to the intravenous application of 10–20 ml Etomidate (Hypnomidat, Jans-
sen, Neuss, Germany). Inhalation anesthesia was performed using 50–
80% N2O and 1–5% halothane. Brachytherapy was performed using an
afterloading technique (Gamma Med II, Sauerwein, Haan, Germany) sim-
ilar to the clinical protocol used in human oncology with an iridium-192
radiation source. Iridium-192 provided radiation at a high dose rate, al-
though the actual dose rate depended on the age of the radiation source,
varying at a distance of 1 cm from the source between 8 Gy/min initially
and 4 Gy/min after 72 days. At this time, the iridium-192 had reached
its half-life age and was replaced. A single dose of 30 Gy was given to
the left and the right main bronchus, and the animals were killed hu-
manely 2 to 8 weeks after irradiation using 10 to 20 ml T61 (Hoechst,
Unterschleißheim, Germany). In five animals, bronchoscopy was per-
formed four times each at intervals of 1 to 2 weeks. During bronchos-
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FIG. 1. LDH in the supernatant of organ cultures and BEAS 2B cells after irradiation with 0, 10 and 30 Gy.
Panel a: In organ cultures, the LDH increased significantly 48 h after irradiation with 30 Gy (P , 0.05). Forty-eight
hours after irradiation with 10 Gy, a slight increase in LDH was seen, but it did not reach statistical significance.
No increase was found in the sham-irradiated group. Panel b: In BEAS 2B cells, the LDH increased earlier (after
24 h) and more strongly in a dose-dependent manner (P , 0.01). In the group that had been exposed to 10 Gy, the
LDH decreased after 48 h and increased again after 72 h. In all groups, the LDH had nearly returned to baseline
levels after 96 h.

copy, the appearance of the mucosa in the irradiated area of the main
bronchi was documented.

Histology

After the minipigs were killed humanely, the lungs were removed and
the main bronchi isolated. Bronchial rings 8 mm thick were fixed in 70%
ethanol and embedded in paraffin. The paraffin blocks were cut into sec-
tions 3 mm thick, and the sections were stained with hematoxylin and
eosin (H&E).

Assessment of Cell Number in the Histological Sections

To quantify the cell number in the H&E-stained sections, the circum-
ference of each bronchus was divided into 12 identical segments. In each
segment, the number of cells in a sector of the circumference with a
length of 60 mm was counted. With this procedure, a representative as-
sessment of the total cell number in each bronchus was accomplished.

Statistics

Values are expressed as means 6 SEM except for data on nucleosomes,
where, due to a high variability, values are represented as medians 6 SD.
To analyze the effects of radiation with time, a one-way repeated-mea-
surements analysis of variance (combined with the all pairwise multiple
comparison procedure, i.e. Student-Newman-Keuls method) was used. To
compare experimental groups, the t test or one-way analysis of variance
(combined with the Student-Newman-Keuls method) was applied. A P
, 0.05 was considered statistically significant.

RESULTS

LDH in the Supernatant of BEAS 2B and Organ Cultures
after Irradiation

The LDH in the supernatant of BEAS 2B cells and organ
cultures was quantified every 24 h up to 96 h after exposure
to 0, 10 or 30 Gy. In organ cultures, LDH increased sig-
nificantly 48 h after irradiation with 30 Gy (27.7 6 0.7 U/
liter 5 100% before irradiation compared to 132 6 15%
48 h after irradiation, mean 6 SEM, n 5 20, P , 0.05,
Fig. 1a) and subsequently decreased. A similar result was

observed after irradiation of organ cultures with 10 Gy, but
it did not reach statistical significance (29.2 6 1.2 U/liter
5 100% before irradiation compared to 111 6 10% 48 h
after irradiation, n 5 20). No increase was found in the
sham-irradiated group. In contrast, the concentration of
LDH in the supernatant of BEAS 2B cells showed a dif-
ferent pattern in terms of both the magnitude of the increase
and its time course (Fig. 1b). Here an increase in LDH was
already seen 24 h after irradiation with 10 and 30 Gy.
Twenty-four hours after irradiation with 30 Gy, the LDH
in BEAS 2B cells increased to 224 6 11% of the value
before treatment (49.8 6 1.1 U/liter 5 100%, P , 0.01, n
5 6). Twenty-four hours after irradiation with 10 Gy, the
LDH was found to be 180 6 4% of the starting value (P
, 0.01 compared to starting value and 30 Gy, n 5 6), but
it decreased after 48 h only to increase again after 72 h.
No increase was found in the sham-irradiated group.

Number of BEAS 2B Cells and Cells in Organ Cultures
after Irradiation

Ninety-six hours after irradiation with 0, 10 or 30 Gy,
the numbers of cells in BEAS 2B cultures and organ cul-
tures were determined. In organ cultures, no differences
could be detected (39.7 6 5.8 3 104 cells/organ culture 5
100% for 0 Gy, 102 6 24% for 10 Gy, and 102 6 17%
for 30 Gy, mean 6 SEM, n 5 20, Fig. 2a). In BEAS 2B
cells, the cell number decreased substantially regardless of
the radiation dose (50.9 6 0.5 3 105 cells/culture 5 100%
for 0 Gy, 1.4 6 0.1% for 10 Gy, and 2.6 6 0.9% for 30
Gy, n 5 6, P , 0.001). To test for a delayed effect of the
radiation in organ cultures, the cell number was also deter-
mined after 21 days. After this time, the organ cultures that
had been irradiated with 30 Gy showed a decreased cell
number compared to the 10-Gy and the sham-irradiated
groups (17.4 6 4.5 3 104 cells/organ culture 5 100% for



650 BERGNER ET AL.

FIG. 2. Cell number in BEAS 2B cultures and organ cultures after irradiation. Panel a: Ninety-six hours after irradiation, the BEAS 2B cells and
cells in organ cultures were harvested and the number of cells in each culture was determined. In organ cultures, no differences could be detected
between the groups (gray columns, n 5 20). In BEAS 2B cells, the number of cells decreased dramatically after irradiation (black columns, n 5 6,
*P , 0.001 compared to 0 Gy). Panel b: To test for a delayed effect of radiation in organ cultures, the cell number was determined 21 days after
irradiation. After this time, the group that had been irradiated with 30 Gy showed a decreased cell number compared to the 10-Gy- and the sham-
irradiated groups (n 5 20, *P , 0.05 compared to 10 Gy and 0 Gy).

FIG. 3. Nucleosomes in the supernatant of organ cultures and BEAS 2B cells after irradiation. The nucleosomes in the supernatant of BEAS 2B cells
and organ cultures were quantified up to 96 h after irradiation with 0, 10 and 30 Gy. Panel a: In organ cultures, no differences between the groups could
be detected. Panel b: In the supernatant of BEAS 2B cells that had been irradiated with 30 Gy, the nucleosomes increased considerably after 24 h and 48
h and subsequently decreased to almost the starting levels (P , 0.001). Changes after 10 Gy were less pronounced compared to 30 Gy.

0 Gy, 34 6 13% for 10 Gy and 25 6 15% for 30 Gy, n
5 20, P , 0.05 compared to 10 Gy and 0 Gy, Fig. 2b).

Nucleosomes in the Supernatant of BEAS 2B Cells and
Organ Cultures after Irradiation

The supernatant of BEAS 2B cells and organ cultures
was changed every 24 h, and the concentration of nucleo-
somes was measured up to 96 h after irradiation. In organ
cultures, no differences between the groups that had been
irradiated with 0, 10 or 30 Gy could be detected [starting
values 65 6 53 arbitrary units (AU) for 0 Gy, 79 6 47
AU for 10 Gy, and 77 6 68 AU for 30 Gy, median 6 SD,
n 5 20, Fig. 3a]. In contrast, the nucleosomes in the su-
pernatant of BEAS 2B cells increased dramatically after
irradiation with 30 Gy (287 6 989 AU 5 100% immedi-
ately before irradiation compared to 2532 6 730% 24 h
and 3869 6 1601% 48 h after irradiation, n 5 6, P ,
0.001, Fig. 3b) and then decreased to almost the starting
level after 96 h. After irradiation with 10 Gy, the nucleo-
somes increased slowly to a maximum after 72 h, although
this maximum was less pronounced compared to that seen

after 30 Gy (244 6 1561 AU 5 100% immediately before
irradiation compared to 793 6 773% after 72 h).

Bronchoscopy in Minipigs after Irradiation

After brachytherapy with a single dose of 30 Gy, bron-
choscopy was performed in five minipigs four times each
at intervals of 1 to 2 weeks. Two weeks after irradiation,
the mucosa in the area where the main bronchi had been
irradiated showed only minor local irritations. After 3–4
weeks, the mucosa displayed noticeable changes consisting
of marked reddening, edematous swelling, and clearly ob-
servable blood vessels showing a circular arrangement. Six
to 8 weeks after irradiation, the mucosa had returned to a
nearly normal appearance.

Morphology of the Bronchial Epithelium in Minipigs after
Irradiation with 30 Gy

After the minipigs were killed, the main bronchi were
isolated and sections 3 mm thick were sliced and stained
with H&E. Without irradiation, the bronchial mucosa of the
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FIG. 4. Appearance of the normal bronchial epithelium of Goettinger
minipigs. The main bronchi of minipigs were isolated and sections 3 mm
thick were sliced and stained with H&E. The bronchial mucosa consisted
of a ciliated pseudostratified columnar epithelium containing basal (B),
ciliated (C) and goblet cells (G). Original magnification: 21603.

minipigs consisted of a ciliated pseudostratified columnar
epithelium containing basal, ciliated and goblet cells (Figs.
4 and 5a). Two weeks after irradiation with 30 Gy, only
subtle changes such as incipient cell depletion and a slight
irregularity in the basal layer were observed (Fig. 5b). After
3 weeks, the cell density was noticeably diminished, and
cytomorphological abnormalities such as nuclear and cy-
toplasmic enlargement developed in the basal layer (Fig.
5c). Four to 5 weeks after irradiation, the cell density in
the epithelium appeared to be minimal and the basal layer
consisted of mono- and polynuclear giant cells (Fig. 5d).
Beginning with week 6, regeneration of the epithelium was
noticeable, and regrowth of normal-appearing basal cells
could be seen (Fig. 5e). At week 8, the epithelium had
regained a nearly normal architecture with a cell density
that was indistinguishable from that of nonirradiated bron-
chi (Fig. 5f).

Number of Cells in the Bronchial Epithelium in Minipigs
after Irradiation

After irradiation with 30 Gy, the number of cells in the
bronchial epithelium in the H&E-stained sections was de-
termined with respect to time. After irradiation, the cell
number declined and reached a minimum after 4 weeks
with ;60% of the cell number seen in nonirradiated bron-
chi (Fig. 6). Subsequently, the cell number increased again
and reached a value after 8 weeks that was similar to that
before irradiation (547 6 16 cells/mm epithelium in non-
irradiated bronchi 5 100%, 65 6 4% at 3 weeks and 93
6 3% at 8 weeks after irradiation, n 5 1–4).

DISCUSSION

In the present study, we investigated the acute effects of
single-dose radiation on bronchial epithelium using three
different experimental models. For in vitro experiments,

BEAS 2B cells as a monolayer system and organ cultures
as a three-dimensional culture system were used, while
Goettinger minipigs served as an in vivo model. Irradiating
BEAS 2B cells with 10 or 30 Gy resulted in extensive
damage, since the cell number 96 h after irradiation was
decreased to ;2% of the control value. The cells were ir-
radiated when they were confluent, and thus cell–cell con-
tact occurred during the experiments. In organ cultures,
where the three-dimensional and hierarchical structure of
the epithelium is preserved (7–9), a remarkable radioresis-
tance was found even after irradiation with 30 Gy. No effect
on the cell number was observed after 96 h, and a decrease
in cell number was seen only after 21 days. Using nucle-
osomes as a marker for cell death, no effect was found in
organ cultures regardless of radiation dose, but nucleo-
somes increased dramatically for monolayers of BEAS 2B
cells after irradiation with 10 and 30 Gy. Similarly, the
effects on LDH seen for BEAS 2B cells were clearly stron-
ger than those for organ cultures. Furthermore, the time
course of the increase in LDH was different. Twenty-four
hours after irradiation of BEAS 2B cell monolayers, but
only 48 h after irradiation of organ cultures, an increase in
LDH was observed. These data clearly indicate that BEAS
2B cells in monolayers differ considerably in their acute
radiation response from three-dimensional organ cultures.
From these observations we conclude that data obtained in
monolayer cultures may not properly reflect the situation in
vivo and that interpretation of their significance in relation
to three-dimensional, hierarchically structured tissues can
be complex.

In a previous study (6), we demonstrated that the mor-
phology of histological sections of organ cultures was un-
changed 18 days after irradiation up to 75 Gy. This is con-
sistent with the findings in this study, since both bronchos-
copy and the morphology of the histological sections re-
vealed substantial alterations of the airways in minipigs no
earlier than 3 to 4 weeks after irradiation. Similarly, the cell
number in the bronchial epithelium of minipigs decreased
very slowly to reach a minimum 4 weeks after irradiation;
this resembled the slow decline in the cell number in organ
cultures. In contrast, the number of BEAS 2B cells was
dramatically reduced 96 h after irradiation. We therefore
conclude that not only are organ cultures much more ra-
dioresistant than BEAS 2B cells, but this higher radioresis-
tance also reflects the in vivo situation very closely. Con-
sequently, we believe that, for investigating effects of ra-
diotherapy in vitro, the significance of organ cultures has
been underestimated.

The bystander effect describes the ability of cells to af-
fect the radiosensitivity of other cells not directly hit by
radiation or not necessarily susceptible to it [for reviews,
see refs. (27–29)]. This may be caused by a diffusible factor
released into the supernatant by the irradiated cells or may
be mediated via gap junctions requiring close cell–cell con-
tact. Increased and decreased radiosensitivity has been re-
ported, but the mechanisms involved are largely unknown.
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FIG. 5. Morphology of the bronchial epithelium in minipigs after irradiation with 30 Gy. After isolation of the main bronchi, sections 3 mm thick
were sliced and stained with H&E. The time after irradiation is indicated under each panel. Original magnification: 8603. Panel a: Normal appearance
of the bronchial epithelium without irradiation. Panel b: Two weeks after irradiation, slight irregularities in the basal layer were observable. Panel c:
After 3 weeks, the cell density was noticeably diminished, and cytomorphological abnormalities such as nuclear and cytoplasmic enlargement developed
in the basal layer (arrows). Panel d: Five weeks after irradiation, the basal layer constituted of mono- and polynuclear giant cells (arrows). Panel e:
After 6 weeks, regeneration of the epithelium began and regrowth of normal-appearing basal cells could be seen. Panel f: Eight weeks after irradiation,
the epithelium had regained a nearly normal architecture.

Ballarini and colleagues pointed out that if the contact is
poor, factors released into the culture medium appear to be
important, whereas if the cells are in close contact, gap
junctions appear to play a major role (27). Chandna et al.
found that human glioma cells irradiated as microcolonies
with doses up to 2 Gy showed increased radioresistance
compared to single cells (12). Similarly, Moussa and co-
workers reported that irradiation of cells of head and neck
carcinoma cell lines grown as microcolonies also resulted

in enhanced radioresistance (13). Using cells of the human
squamous carcinoma cell line CaSki, Kwok and Sutherland
found that the cells were more radioresistant when they
were grown in multicellular spheroids 30 to 70 mm in di-
ameter than in monolayer cultures (14). In our study, the
BEAS 2B cells were confluent when they were irradiated,
and therefore cell–cell contact was present, but in organ
cultures the three-dimensional structure of the bronchial ep-
ithelium was preserved. Mothersill states that very few pri-
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FIG. 6. Cell number in the bronchial epithelium in minipigs after ir-
radiation. In H&E-stained sections of the main bronchi, the number of
cells in the epithelium was determined with respect to time. After irra-
diation, the cell number slowly declined to reach a minimum of ;60%
after 4 weeks. Subsequently, the number increased, and after 8 weeks it
was similar to that in nonirradiated bronchi (n 5 1–4).

mary culture techniques have been applied in radiobiology
(30), and Djordjevic points out in a comprehensive review
that we do not have adequate systems to study cellular in-
teractions in an in situ-like environment (28). We believe
that organ cultures constitute a culture system that pre-
serves the properties of the situation in vivo, and in the
present study we have shown that the effects of radiation
on organ cultures very closely resemble those seen in vivo.

Cell–cell contact could influence radiosensitivity by gap
junctional reciprocity, cell shape-mediated changes in re-
pair-related gene expression, and alterations in chromatin
packing [for review, see ref. (31)]. However, an evaluation
of the mechanisms underlying the phenomenon was beyond
the scope of the present study and will be addressed in
future investigations.

The importance of the hierarchical structure of the epi-
thelium is underlined by the fact that changes in cell mor-
phology caused by the radiation occurred primarily in the
basal layer of the bronchial epithelium of the minipigs.
Damage in the stem cell compartment, which is most sus-
ceptible to radiation (32), will lead to a decreased cell num-
ber after a time when the lack of compensation for losses
of mature differentiated cells becomes manifest. This pro-
cess most likely contributed to the delayed responses in
organ cultures and in the bronchial epithelium of the min-
ipigs, whereas in BEAS 2B cells no hierarchical structure
existed.

Twenty-four hours after irradiation with 10 Gy, the LDH
increased in BEAS 2B cells before returning to the starting
level after 48 h. After 72 h the LDH increased again. In
the group that had been irradiated with 30 Gy, the LDH
stayed elevated but then decreased slowly after 96 h. A
possible explanation for this phenomenon would be that
irradiation with 10 Gy induced apoptosis in radiosensitive
cells within the first 24 h followed by a wave of mitotic
cell death, which led to a second LDH peak after 72 h (32).

Irradiation with 30 Gy could have caused more severe dam-
age that led to a continuous elevation in LDH. However,
the significance of this phenomenon is still somewhat un-
clear, and in future studies further experiments to address
this point will be performed.

In the blood of patients with malignant tumors, acute
inflammation or autoimmune diseases, nucleosomes appear
in elevated concentrations; this has been attributed to in-
creased rates of cell death (19–25). In patients with malig-
nant diseases who are undergoing radiotherapy, the initia-
tion of therapy caused an increase in serum nucleosomes
that subsequently decreased to or below starting levels.
Low levels of nucleosomes in the course of treatment cor-
related with good clinical outcome (23). In the present
study, we measured the levels of nucleosomes in the su-
pernatant of BEAS 2B cells and organ cultures after irra-
diation to test whether this parameter can be used to quan-
tify cell death in vitro in non-malignant tissue. In BEAS
2B cells, we found that the levels of the nucleosomes in
the supernatant increased dramatically to ;3800% of the
starting level 48 h after irradiation with 30 Gy. In organ
cultures, no difference between the experimental groups
could be seen, and this difference in radiosensitivity cor-
related with the results obtained for cell number and LDH.
We therefore conclude that nucleosomes can be used to
assess radiation-induced cell death in vitro. Future studies
are planned to validate this promising approach.

In summary, we have shown that the bronchial epithe-
lium is remarkably resistant to radiation doses that are rou-
tinely used in clinical brachytherapy. Organ cultures resem-
ble the acute in vivo radioresponsiveness very closely,
whereas BEAS 2B cells cultured as monolayers show a
radiosensitivity that does not reflect the situation in vivo.
Furthermore, we have demonstrated that the quantification
of nucleosomes in the supernatant of tissue cultures may
be useful to assess radiation damage in vitro.
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