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Abstract The study of function and regulation of the
phenotype of alveolar type I (AT I) epithelial cells is
limited by the rareness of suitable cell lines or primary
cultures of this cell type. We describe in the present study
the type I-like rat epithelial cell line R3/1. This cell line
displays in vitro a phenotype with several characteristic
features of AT I cells. R3/1 cells were analysed for
mRNA and protein content of markers related to the AT I
cell type (T1a, ICAM-1, connexin-43, caveolins-1 and -2)
and AT II phenotypes [surfactant proteins (SPs) A, B, C
and D]. The mRNAs for SPs were found to be at a low
level. Moderate protein levels for SP-A and SP-B were
found, and SP-C and SP-D proteins were not detectable.
R3/1 cells are positive for CD44s, E-cadherin, cytokera-
tin, vimentin and RAGE, and bind the lectins BPA and

SBA. For demonstration of the suitability of R3/1 cells for
in vitro studies on epithelial injury, the cells were treated
with bleomycin. As shown by real-time RT-PCR and
immunoblotting, bleomycin-treatment of R3/1 cells re-
sulted in a decrease in mRNA and protein for both
caveolin-1 and caveolin-2 in comparison with controls.
The AT I-like cell line R3/1 may serve as a promising tool
for the study of lung cell biology.

Keywords Type I epithelial cell · Characterisation · In
vitro study · Bleomycin · Caveolin

Introduction

Alveolar epithelial damage is a major event of many se-
vere pulmonary diseases such as acute respiratory distress
syndrome (ARDS), chronic pulmonary inflammation and
pulmonary fibrosis. The alveolar epithelium in normal
adult lungs is populated by two major epithelial cell
types: type I cells (AT I) and type II cells (AT II). AT I
cells are large flat cells that cover more than 95% of the
alveolar surface and are considered to be terminally dif-
ferentiated. AT I cells contain transport proteins such as
Na+-K+-ATPases, epithelial sodium channels and aqua-
porin (Aqp) water channels and, therefore, play an active
role in regulation of lung fluid homeostasis (Johnson et al.
2002; Matthay et al. 2002). These cells also might be
involved in the transport of macromolecules because of
the abundance of microvesicles (caveolae; Gumbleton et
al. 2003).

AT II cells, covering 2–5% of the lungs’ surface area,
produce, secrete and recycle pulmonary surfactant (for
review see Fehrenbach et al. 1998). They are generally
considered to serve as the progenitors of AT I cells
(Adamson and Bowden 1975).

Our knowledge of the general functions of AT I cells,
as distinct from gas exchange, is still limited. For inves-
tigation of these functions, the correct identification of
this cell type in lung tissue obtained from either animals
or human lung samples, in isolated-perfused lungs or in
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lung explants, is necessary. The elimination of potential
influences of other cell types or of extracellular matrix
components on AT I cells requires the isolation and in-
vestigation of these cells in in vitro systems.

It is technically difficult to isolate and culture alveolar
epithelial AT I cells. Therefore, many investigators have
exploited the transformation of isolated AT II cells to
AT I-like cells in vitro. In general, culturing cells on
plastic in the absence of an air-liquid interface, in the
absence of exogenous matrix proteins, growth factors or
mechanical distension, favours the morphologic trans-
formation of AT II cells to flattened, attenuated cells
which do not contain lamellar bodies (Borok et al.
1998a, b; Campbell et al. 1999; Christensen et al. 1993;
Dobbs et al. 1988; Gutierrez et al. 1998; Shannon et al.
1992). These cells express AT I cell phenotypic markers,
such as ICAM-1, RTI40/T1a, caveolin-1, -2, (Cav-1, -2)
and Aqp-5, but have lost phenotypic markers associated
with AT II cells (for example, surfactant proteins). It has
also been observed that cultured epithelial cells may
coexpress both type I and type II phenotypic markers
(Borok et al. 1998b; Campbell et al. 1999; Christensen et
al. 1993; Dobbs et al. 1988). Currently, immortal epi-
thelial lung cells with predominant properties of type I
pneumocytes are not known, except the mouse cell line
E10 which, however, also expresses some AT II cell
antigens (Cao and Williams 2002; Williams 2003). The
rat cell line R3/1 used in the present study was estab-
lished from cells obtained from bronchopulmonary tissue
of fetal Wistar rats at day 20 of gestation (Knebel et al.
1994).

The aim of the present study was the characterisation
of the rat lung cell line R3/1 to demonstrate the expres-
sion of AT I and/or AT II cell-specific proteins under
normal conditions and during bleomycin-induced injury.
Bleomycin, a chemotherapeutic agent known to cause
lung fibrosis as a side effect of its cytostatic action, is
commonly used for in vitro and in vivo studies of epi-
thelial damage in lungs (Kasper et al. 1995; Koslowski et
al. 1998; Kuwano et al. 2000; Wang et al. 2000). Bleo-
mycin-induced epithelial damage was shown to initiate a
loss of specific membrane proteins from AT I cells in rat
lung, for example, ICAM-1 (Kasper et al. 1995) or RTI40
(Koslowski et al. 1998).

Caveolae are small flask-shaped microvesicles found
in AT I cells, but not in AT II cells (for review see Razani
et al. 2001). Caveolae may be involved in the adsorption
of macromolecules from the alveolar air spaces. Caveolin
comprises a family of at least four proteins: Cav-1a, Cav-
1b, Cav-2 and Cav-3. Cav-1, which is the major scaf-
folding protein of caveolae, is expressed in AT I cells, in
addition to Cav-2 (Parton 1996). This protein is the most
widely investigated caveolar protein and influences the
structural properties of caveolae. It is involved in cell
migration, lipid transport, membrane traffic and signal
transduction (Liu et al. 2002; Parton 1996; Razani and
Lisanti 2001).

In lung disease, for example following X-ray irradia-
tion of animals with subsequent initiation of lung fibrosis,

we noted a dramatic loss of caveolin expression in the
alveolar epithelium, but an increase in expression of
caveolin in the pulmonary capillary endothelium (Kasper
et al. 1998). Caveolin expression seems to be a sensitive
marker of acute and chronic lung injury (Kasper et al.
2004).

In the present study, therefore, we investigated the
expression of the caveolae-specific proteins Cav-1 and
Cav-2 in bleomycin-exposed R3/1 cells with focus on the
examination of the suitability of this cell line for in vitro
experiments to reproduce processes involved in lung in-
jury.

Material and methods

Cell isolation, culture and bleomycin treatment

The rat cell line R3/1 was established from pulmonary tissue of
male fetuses of Han-Wistar rats on day 20 of gestation by explant-
replica techniques, as described by Knebel and co-workers (1994),
without immortalisation procedures. The outgrown undifferentiated
cells were expanded by Emura and co-workers (1990) using me-
dium with low Ca2+ concentrations in combination with cis-4-hy-
droxy-l-proline to inhibit differentiation and proliferation of fi-
broblasts. Cells were passaged 12 times, cloned as described by
Reid (1979) and stocked frozen at passage numbers 17–23 for
morphological characterisation and further experiments.

R3/1 cells were plated into culture dishes at a density of
5�103 cells/cm2 and grown in RPMI 1640 medium supplemented
with 10% fetal calf serum (FCS), 50 IU penicillin/ml and 50 mg
streptomycin/ml (medium and supplements from Biochrom, Berlin,
Germany). Cells were passaged routinely and the media were
changed every 3 days.

For determination of growth properties of R3/1 cells on perfo-
rated membranes, cells were plated at a density of 3.75�105/cm2

into transwell inserts (Millicell-PCF, 0.4 mm; Millipore, Eschborn,
Germany) and grown in RPMI 1640 medium (supplements as de-
scribed above) for at least 4 days.

For bleomycin treatment, R3/1 cells were grown as described
above in culture dishes to subconfluent cultures. For estimation of
an appropriate bleomycin concentration, R3/1 cells were cultured in
the presence of 10, 50, 100, 200 and 500 mU bleomycin/ml (Mack,
Illertissen, Germany) for 48 and 96 h. The cells were harvested,
counted and the percentage of dead cells was determined using the
Trypan blue exclusion test. At 100 mU bleomycin/ml cell growth
was inhibited remarkably to 63% of that of untreated controls
whereas the viability was at 81% after 96 h exposure to this ble-
omycin concentration. Above 100 mU bleomycin/ml, no cell
growth was detected and the viability was reduced to 48% and to
5% at 200 and 500 mU bleomycin/ml, respectively. As a conse-
quence, 100 mU bleomycin/ml were used for experiments. The
medium was changed and the drug was added to the cultures for
48 h.

Determination of cell viability

The colorimetric MTT (3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyl
tetrazolium bromide) survival assay that measures the mitochon-
drial conversion of the tetrazolium salt to a blue formazan salt was
used as previously described (Slack et al. 1996). Viability was
expressed as light absorption at 570 nm with a reference wave-
length of 655 nm.

Furthermore, bleomycin-treated and paraffin-embedded cells
were tested for the apoptotic markers active caspase-3 (polyclonal
rabbit anti-cleaved caspase-3; New England Biolabs, Frankfurt,
Germany; dilution 1:50) and caspase-9 cleavage product of vi-
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mentin (rabbit anti-capase-9 vimentin split product V1, dilution
1:1,000; Nakanishi et al. 2001) by immunocytochemistry (details
see below). As positive control for both caspase activities, paraffin
sections from previous studies either of embedded human epithelial
L132 cells which were treated with glyoxal for induction of ap-
optosis (Roehlecke et al. 2000) or of rat lung slices after treatment
with CdCl2 (Kasper et al. 2004) were used.

Immunocytochemistry

Immunofluorescence labelling was performed on acetone–metha-
nol-fixed (1:1; �20�C, 10 min) cells. After washing with phosphate-
buffered saline, pH 7.4 (PBS), polyclonal or monoclonal antibodies
(see Table 1) were added for 1 h at 25�C, followed by specific anti-
rabbit, anti-goat or anti-mouse secondary antibodies conjugated to
fluorescein isothiocyanate (diluted 1:80; Dianova, Hamburg, Ger-
many) for 30 min at 25�C. As embedding medium, glycerol-PBS
(9:1) supplemented with 2.5% DABCO (1,4-diazobicyclo[2,2,2]-
octane; Janssen, Beerse, Belgium) was used. For controls, primary
antibodies were replaced by non-specific immunoglobulins. No
immunostaining of controls was detected. Immunostaining was
examined with a BX60 fluorescent microscope (Olympus, Ham-
burg, Germany).

Immunoperoxidase staining was performed on sections of cul-
tured cells. The culture medium was removed, cells were washed
with PBS, scraped off and collected by centrifugation. Cells were
carefully mixed with fibrin glue (Tissuecol Duo S; Immuno, Hei-
delberg, Germany) and fibrin was coagulated with thrombin solu-
tion (Immuno). After fixation with neutral-buffered formaldehyde
(1 h, 4�C) and washing (three times) with PBS for 30 min, cells
were embedded in paraffin. Sections of 5 mm were mounted on
silane-coated slides. The sections were dewaxed, dried overnight
and irradiated with microwaves in 0.01 mol/l sodium citrate buffer
(pH 6.0) for 2�5 min at 850 W. After washing with PBS, the
sections were treated with 0.3% hydrogen peroxide for 30 min,
incubated with respective normal sera and then incubated for 1 h at
37�C with primary antibodies (Table 1). Binding of the antibodies
was detected by incubation with biotinylated secondary antibodies

followed by a streptavidin-biotin-peroxidase complex (Vecstatin
Elite; Vector, Burlingame, CA, USA). The peroxidase activity was
visualised with 3,30-diaminobenzidine. As positive control, sections
of a normal rat lung routinely fixed in 4% buffered formaldehyde
solution and embedded in paraffin were used.

Lectin cytochemistry

For demonstration of lectin binding, biotinylated BPA (Bauhinia
purpurea agglutinin), LEA (Lycopersicon esculentum agglutinin)
and SBA (soybean agglutinin) lectins were employed. Their spec-
ificity has been tested in blocking experiments with the corre-
sponding sugar (Kasper et al. 1993a). Paraffin sections of cells and
control lungs were incubated with normal horse serum and the
endogenous peroxidase was blocked for 30 min by incubation in
methanol/H2O2 (0.3%). The sections were then incubated with the
lectins (see Table 1). For detection, the ABC complex (Vector) was
used as described (Kasper et al. 1993a).

Transmission electron microscopy

For routine electron microscopy, cells were grown on plastic
dishes, harvested with a cell scraper and washed with PBS. Cells
were collected by centrifugation and fixed in a solution of 4%
glutaraldehyde and 2% p-formaldehyde in 0.1 mol/l cacodylate
buffer (pH 7.3) for 2 h. After postfixation in 1% osmium tetroxide
for 1 h at 4�C and dehydration by ethanol, the cells were embedded
in epoxy resin (Epon 812). For flat embedding, R3/1 cells were
grown on plastic tissue culture dishes, processed without scraping
and embedded in Epon 812. Ultrathin sections were cut at 50 nm on
an ultramicrotome Ultracut (Leica, Nussloch, Germany), mounted
on copper grids and contrast-stained with uranyl acetate and lead
citrate. The sections were examined with a Zeiss EM 10 electron
microscope.

Table 1 Primary antibodies
and lectins for immunocyto-
chemistry

Antibody (clone) Origin Dilution Source

Cytoskeletal proteins
Z 622 Rabbit polyclonal 1:50 Dako, Glostrup, Danmark
CK 7 (C35) Mouse monoclonal Undiluted Dr. B. Lane, Dundee, UK
CK 8 (LE41) Mouse monoclonal Undiluted Dr. B. Lane
CK 18 (LE61) Mouse monoclonal Undiluted Dr. B. Lane
CK 19 (BA16) Mouse monoclonal Undiluted Dr. B. Lane
Vimentin (V9) Mouse monoclonal 1:100 Roche Diagnostics, Mannheim, Germany

Type I cell antigens
Caveolin-1 (2297) Mouse monoclonal 1:20 BD Biosciences, Heidelberg, Germany
Caveolin-2 (65) Mouse monoclonal 1:20 BD Biosciences
T1a(E11) Mouse monoclonal 1:20 Dr. A. Wetterwald, Bern, Switzerland
T1a(MEP-1) Mouse monoclonal 1:100 Dr. M. Takeya, Kumamoto, Japan
RAGE Goat polyclonal 1:400 Merck & Dhome, Essex, UK
ICAM-1 (1A29) Mouse monoclonal 1:10 Pharmingen, Heidelberg, Germany

Type II cell antigens
SP-A Rabbit polyclonal 1:20 Dr. S. Hawgood, San Francisco, USA
SP-B Rabbit polyclonal 1:10 Dr. S. Hawgood
SP-C Rabbit polyclonal 1:100 Chemicon, Hofheim, Germany
SP-D (IIE11) Mouse monoclonal 1:10 Dr. M. Kasper, Dresden, Germany

Adhesion molecules/
junctional proteins

Connexin-43 Rabbit polyclonal 1:10 Zytomed, Berlin, Germany
E-Cadherin (36) Mouse monoclonal 1:100 BD Biosciences
CD44s (Ox49) Mouse monoclonal 1:20 Pharmingen

Lectins
LEA 1:80 Vector Laboratories, Gr�nberg, Germany
BPL 1:40 Vector Laboratories
SBA 1:40 Vector Laboratories
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Reverse transcription-PCR (RT-PCR)

For RT-PCR, total RNA was isolated from cell lysates (RNeasy
Mini kit; Qiagen, Hilden, Germany). One microgram of total RNA
each was reverse transcribed using AMV-reverse transcriptase
(Roche, Mannheim, Germany) with oligo-p(dT)15 primers follow-
ing the manufacturer’s protocol in a final volume of 20 ml. The PCR
was performed by using Taq-polymerase (Master Mix kit; Eppen-
dorf, Hamburg, Germany) and gene-specific primers (Table 2)
synthesised according to published cDNA sequences of Cav-1a,
Cav-2, ICAM-1, T1a, RAGE, GAPDH and the surfactant proteins
SP-A, SP-B, SP-C and SP-D [GenBank accession numbers:
AF439778 (Cav-1a), NM131914 (Cav-2), NM012967 (ICAM-1),
RNU07797 (T1a), NM017008 (GAPDH), primers for SP-A, SP-B,
SP-C and SP-D according to Pan and co-workers (2001)]. Ampli-
fied PCR products were visualised after electrophoresis in 1.5%
agarose gels containing ethidium bromide. Reactions were run on a
PCR cycler under the following cycling conditions: 94�C for 4 min
followed by amplification. Each cycle of amplification included
30 s denaturation at 95�C, 30 s annealing at 58�C and 45 s synthesis
at 72�C. Every PCR was run with 25, 30, 35 and 40 amplification
cycles for optimisation of the procedure. After optimisation, 35–
40 cycles of amplification were chosen. Unspecific amplification
products were not detected in any of the PCR runs. For determi-
nation of RAGE-specific mRNA, the PCR conditions were modi-
fied: after 30 s denaturation at 95�C, PCR was run for 5 cycles with
annealing at 45�C (30 s) followed by 30 cycles with annealing at
52�C (30 s).

Quantification of mRNA levels by real-time PCR

For real-time PCR, we used the QuantiTect SYBR Green PCR kit
(Qiagen) according to the manufacturer’s instructions. The PCR

primer sequences are shown in Table 3. The gene of the eukaryotic
translation elongation factor (EF-2) was used as the housekeeping
gene. PCR was performed with cDNA synthesised from 50 ng of
sample RNA. Reactions were run on an iCycler iQ (Biorad, Her-
cules, CA, USA) under the following cycling conditions: 95�C for
13 min followed by 50 cycles of amplification for Cav-1, Cav-2 and
EF-2 cDNAs. Each cycle included 20 s denaturation at 95�C, 30 s
annealing at 55�C and 30 s synthesis at 72�C. PCR efficiency was
above 75% and linearity of the assay was proved by serial dilution
of the standard.

Immunoblotting

Cells were homogenised in PBS, pH 7.4, containing 10 mmol/l E-64
(trans-epoxysuccinyl-l-leucylamido-(4-guanidino)butane),
20 mmol/l PMSF, 1 mmol/l EDTA, 100 mmol/l pepstatin A and
1 mmol/l leupeptin by sonication (all proteinase inhibitors from
Sigma, Deisenhofen, Germany). Samples were centrifuged at
8,000 g at 4�C for 30 min. Protein concentrations were determined
according to Bradford (1976). Proteins (25 mg/lane) were separated
by SDS gel electrophoresis (5–15%) under reducing conditions and
blotted onto nitrocellulose. After blocking in 20 mmol/l TRIS/HCl,
pH 7.6, containing 140 mmol/l NaCl and 5% non-fat milk pow-
der (Biorad) at 25�C for 2 h, specific proteins were detected using
monoclonal mouse anti-Cav-1 and anti-Cav-2 antibodies (both:
dilution 1:500; BD Biosciences, Heidelberg, Germany). Horse-
radish peroxidase-conjugated anti-mouse immunoglobulin (New
England Biolabs) was used as secondary antibody. Protein bands
were visualised by enhanced chemiluminescence (New England
Biolabs) and analysed with a Genegnom chemiluminescence de-
tection system (Synoptics, UK).

Table 2 RT-PCR primer se-
quences

Primer Sequence (50!30) Size of PCR product (bp)

r-SP-A-s CGGATCCAGTCCTCAGCTTGCAAGGATC 145
r-SP-A-as GGAATTCCGTTCTCCTCAGGAGTCCTCG
r-SP-B-s CGGATCCGAGCAGTTTGTGGAACAGCAC 175
r-SP-B-as GGAATTCTGGTCCTTTGGTACAGGTTGC
r-SP-C-s CGGATCCCATACTGAGATGGTCCTTGAG 199
r-SP-C-as GGAATTCTCTGGAGCCATCTTCATGATG
r-SP-D-s CGGATCCCGGAAGAGCCTTTTGAGGATG 244
r-SP-D-as GGAATTCACAGTTCTCTGCCCCTCCATTG
r-Cav-1-s GGACATCTCTACACTGTTCC 335
r-Cav-1-as AGGATGGCAAAGTAGATGC
r-Cav-2-s GACCGAGAAGGCCGACGTGC 363
r-Cav-2-as GACCACGAGGCAGGTCTTCAC
r-ICAM-1-s AGACTAACTGGATGAAAGACGAAC 330
r-ICAM-1-as GAATGTGATCTCCTTGGGGTCC
r-RAGE-s CCTTCCCCGGCGCAGACCC 213
r-RAGE-as GGTGCCCTCATCCGCGTGCCC
r-T1a-s TACCTCACAGAGGCACGGGT 301
r-T1a-as TCCTCAACTTGGGCTTTCCA
r-Cx43-s TTGGGGAAGCTTCTGGACAA 414
r-Cx43-as CTTGCCGTGCTCTTCAATCC
r-GAPDH-s ATGATTCTACCCACGGCAAG 989
r-GAPDH-as GGATGGAATTGTGAGGGAGA

Table 3 Primer sequences for
real-time RT-PCR

Primer Sequence (50!30) Size of PCR product (bp)

Cav-1-s CAGATGCCGTCGAAACTGTG 282
Cav-1-as ATGGCAGACGAGGTGAATGAG
Cav-2-s GACCGAGAAGGCCGACGTGC 363
Cav-2-as GACCACGAGGCAGGTCTTCAC
EF-2-s ATCCTCACCGACATCACCAAG 282
EF-2-as CTGCTCTGGACACTGGATCTC
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Statistical analysis

Statistical analysis was performed by analysis of variance with
ANOVA.

Results

Growth properties of R3/1 cells in cell culture

Growth properties of R3/1 cells were determined for
culture on plastic tissue culture dishes and on perforated
PCF membranes of transwell inserts. R3/1 cells plated on
plastic dishes adhere within 1 h and grow with a median
population doubling time of about 38 h in RPMI 1640
medium supplemented with 10% FCS. The image of the
cells is shown in Fig. 1A. The R3/1 cells cultured on
plastic dishes showed a flattened morphology. Figure 1B
and C demonstrate R3/1 cells grown for 4 days on per-
forated PCF membranes and forming a confluent mono-
layer.

Phenotype of alveolar epithelial R3/1 cells

The immunohistochemical study is aimed at the charac-
terisation of the cell line R3/1 by means of various marker
proteins such as cytoskeletal proteins, specific lung cell
antigens, adhesion molecules and further structural and
secretory proteins (listed in Table 1). The data of paral-
lel immunostaining (immunofluorescence and ABC tech-
nique as well) and lectin histochemistry were summarised
as follows. In formalin-fixed (paraffin sections) as well as
in acetone–methanol-fixed R3/1 cells there was a strong
positive staining for epithelial-type keratins numbers 7, 8,
18 and 19 as well as for vimentin (not shown). In addi-
tion, the pan-keratin antibody exhibited positive immu-
nostaining. The proteins CD44s (not shown), connexin-43
(Cx43; Fig. 2C) and E-cadherin (Fig. 2D) were constitu-
tively expressed by R3/1 cells. The analysis of lectin
binding of embedded as well as acetone–methanol-fixed
cells revealed that lectins BPA and SBA, but not LEA,
which are characteristic for AT I cells in normal rat lung
(Bankston et al. 1991; Kasper et al. 1993a, 1994), were
bound to R3/1 cells. The binding of BPA lectin to R3/1
cells is illustrated in Fig. 2A. The expression of the AT I
cell-specific protein ICAM-1 in R3/1 cells was also de-
tected by the immunofluorescence technique (Fig. 2B).

R3/1 cells expressed the AT I cell-related antigens T1a
(Fig. 3B), Cav-1 (Fig. 3D) and Cav-2 (not shown). The
expression was compared with that of T1a and Cav-1
proteins in normal rat lung (Fig. 3A, C). Figure 3B
demonstrates that about 50% of R3/1 cells were positive
for T1a protein with an estimated portion of 12–15% that
were stained very strongly. The intensity of expression
differed remarkably. Nearly 100% of R3/1 cells were
found to be strongly positive for Cav-1 (Fig. 3D).

To test potential AT II cell properties of R3/1 cells, the
expression of the surfactant proteins SP-A, SP-B, SP-C
and SP-D in R3/1 cells was investigated and compared

Fig. 1 A Phase-contrast image of a subconfluent culture of R3/1
cells on a tissue culture dish. R3/1 cells were cultured for 4 days in
plastic tissue culture dishes. The cells showed a flattened mor-
phology. B, C Sections of paraffin-embedded perforated mem-
branes covered by R3/1 cells. The cells were plated into Millicell-
PCF transwell inserts and grown for at least 4 days. R3/1 cells
formed monolayers on perforated membranes. B H/E staining. C
Detection of RAGE by immunoperoxidase technique. �300

Fig. 2A–D Proof of binding of BPA lectin to R3/1 cells (A) and
detection of surface expression of ICAM-1 (B), connexin-43
(Cx43; C) and E-cadherin (D) in R3/1 cells by immunofluorescence
after acetone–methanol fixation. �300
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with that in normal rat lung tissue (Fig. 4). In normal rat
lung tissue (left column of panels) and embedded R3/1
cells (right column of panels), SP-A (Fig. 4A, B), SP-B
(Fig. 4C, D), SP-C (Fig. 4E, F) and SP-D (Fig. 4G, H)
were detected using immunoperoxidase staining. AT II
cells in lung tissue showed a strong immunostaining for
all surfactant proteins (Fig. 4A, C, E, G). For SP-A and
SP-B a moderate staining of R3/1 cells was observed
(Fig. 4B, D). SP-C and SP-D were not found in R3/1 cells
(Fig. 4F, H).

Ultrastructural characteristics

Ultrastructural investigation of flat embedded cells re-
vealed a morphology similar to AT I pneumocytes, for
example, presence of caveolae, which sometimes detach
from the apical cell surface, a few clathrin-coated vesicles
and an abundance of filaments (Fig. 5A).

R3/1 cells grown on plastic culture dishes and har-
vested with a cell scraper showed polymorph nuclei,
strongly enlarged cisternae of endoplasmic reticulum and
numerous vesicles (Fig. 5B). Lamellar inclusions resem-
bling abnormal lamellar bodies of AT II cells (Fig. 5C)
were found in about 1–10% of cells.

mRNA expression pattern

The expression of the AT I and AT II pneumocyte-related
marker genes was determined by RT-PCR based on ex-
pressed mRNA levels in R3/1 cells (Fig. 6). The expres-
sion of the housekeeping gene GAPDH was determined in
parallel as a control. Figure 6A shows that the specific
AT I pneumocyte-related marker genes Cav-1, Cav-2,
Cx43, ICAM-1 and T1a were expressed. The expression
of the RAGE-encoding gene was also detected (data not
shown). The AT II-specific marker genes SP-A, SP-B,

SP-C and SP-D were expressed at different levels
(Fig. 6B).

Cav-1 and Cav-2 expression
in bleomycin-exposed R3/1 cells

Bleomycin treatment of R3/1 cells was performed to in-
vestigate the expression of Cav-1 and Cav-2 under con-
ditions known to induce epithelial injury in the lung. R3/1
cells were treated with 100 mU bleomycin/ml for 48 h. For
examination of the viability of the cells in the course of
bleomycin exposition, an MTT cell survival assay was
performed (Table 4). This viability test reveals that the
mitochondria of the bleomycin-treated R3/1 cells at all
time points investigated produced lower levels of the
formazan salt product of MTT compared to the untreated
controls. At 48 h after bleomycin administration to the
cultures, the level of this signal for the bleomycin-exposed
cells was at about 85% of that of controls (Table 4). The
difference between the levels of light absorption at 570 nm
for bleomycin-treated cells and controls was found to be
statistically significant at any time point studied (two-
factorial ANOVA, P<0.05). However, this difference did
not change significantly with time (P=0.102). For further
confirmation of the viability data, bleomycin-treated and
paraffin-embedded cells were tested for apoptotic markers
by immunohistochemistry. No staining for the apoptotic
markers active caspase-3 and caspase-9 cleavage product
of vimentin was observed (data not shown).

For determination of the expression of Cav-1 and -2,
total RNA from cell homogenates was prepared and
subjected to real-time RT-PCR. The results, as shown in
Table 5, demonstrate that bleomycin treatment leads to a
decrease of the mRNA expression level for Cav-1 and
Cav-2 to about 50% of the controls. In the case of Cav-2,
the decrease of the mRNA expression level was found to
be significant (Table 5).

Fig. 3A–D Expression of the
marker proteins T1a and cave-
olin-1 (cav-1) in normal rat lung
tissue (A, C) and in embedded
R3/1 cells (B, D). T1a (A, B)
and cav-1 (C, D) were detected
using the immunoperoxidase
technique. About 50% of R3/1
cells were found to be positive
for the AT I-specific protein
T1a protein (B) whereas nearly
100% of the cells showed in-
tense staining for cav-1 (D).
�300
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For confirmation of the real-time PCR data, the
amount of Cav-1 and Cav-2 proteins in R3/1 cells in re-
sponse to bleomycin treatment was determined by im-
munoblotting. The time scale was extended to 72 and 96 h
for reasons of time-consuming regulation at the protein
level. Figure 7 shows the levels of Cav-1 and Cav-2
proteins in R3/1 cells exposed to bleomycin in compari-
son to untreated controls. The level of Cav-1 was slightly
increased after 72 and 96 h (Fig. 7A, B). In bleomycin-
treated R3/1 cells, a decrease of Cav-1 was detected at 72
and 96 h. For Cav-2, an increase in the amount of the
protein was detected in control cells and a slight decrease
in bleomycin-exposed R3/1 cells (Fig. 7C, D). The effects
of bleomycin on the amounts of Cav-1 and Cav-2 were
statistically significant at 72 and 96 h for Cav-1 and at
72 h for Cav-2. Furthermore, two-factorial ANOVA using

the control value at 48 h as covariate revealed an average
difference of the values spread over all three time points
with P=0.005 for Cav-1 and P=0.003 for Cav-2.

Discussion

The cell line R3/1 derived from fetal rat lung as presented
here is a new suitable tool for the in vitro study of type I
cell biology. R3/1 cells are displaying a variety of pro-
teins, which are characteristic but not exclusive for the
type I cell phenotype, such as T1a, ICAM-1, Cav-1 and
Cav-2 (reviewed in Williams 2003). Furthermore, two of
three lectins known to bind to the surface of AT I cells
displayed a positive reaction with R3/1 cells. The ex-
pression or absence of cell surface and structural antigens

Fig. 4A–H Expression of sur-
factant proteins (SPs) in normal
rat lung tissue (A, C, E, G) and
in embedded R3/1cells (B, D, F,
H). Paraffin sections of lung
tissue and of R3/1 cells were
immunostained for SP-A (A,
B), SP-B (C, D), SP-C (E, F),
SP-D (G, H). �300
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of cultured R3/1 cells correlated well with that seen in
normal rat lung tissue. In contrast, expression of markers
of the AT II phenotype in R3/1 cells was reduced: SP-C
and SP-D proteins were not detectable, and SP-A and
SP-B protein were at a moderate level. We detected the
mRNAs specific for the surfactant proteins SP-A, SP-B,
SP-C and SP-D with SP-B message at the highest level
thus indicating some disturbance in the processing of
surfactant proteins in R3/1 cells. We cannot exclude that
R3/1 cells obtained from fetal tissue show, in part, phe-
notypic features of poorly differentiated cells not match-
ing the adult AT I phenotype.

Cytokeratins of the simple epithelial type numbers 7,
8, 18 and 19, which are characteristic for rat alveolar

epithelial cells in vitro and in vivo (Kasper and Singh
1995; Kasper et al. 1993b; Paine et al. 1988), were found
in R3/1 cells. In addition, vimentin, the intermediate fil-
ament protein of mesenchymal cells, was detected. Vi-
mentin is often coexpressed in epithelial cells in vitro
(Ramaekers et al. 1983).

Cx43 has been detected in alveolar epithelial cells in
vitro and in vivo (Abraham et al. 1999; Kasper et al.

Fig. 5A–C Electron micrographs of R3/1 cells. A Transmission
electron micrograph of flat embedded cells for the ultrastructural
localisation of caveolae (arrowheads) and a clathrin-coated vesicle
(arrow). Note some detached caveolae (asterisks) and newly
forming caveolae at the apical site (thick arrowhead). Scale bar
100 nm. B Ultrastructural appearance of R3/1 cells cultured on
plastic surfaces. Scale bar 5 mm. C Higher magnification shows
numerous vesicles, enlarged endoplasmic reticulum cisternae and
abnormal lamellar bodies (arrowheads). Scale bar 1 mm

Fig. 6A, B RT-PCR products separated by agarose gel electro-
phoresis. DNA fragments were synthesised by RT-PCR with pri-
mers for: A AT I pneumocyte-specific genes Cav-1 (lane 2), Cav-2
(lane 3), ICAM-1 (lane 4), Cx43 (lane 5), T1a (lane 6) and
GAPDH (lane 7); B AT II pneumocyte-specific genes SP-A
(lane 2), SP-B (lane 3), SP-C (lane 4), SP-D (lane 5) and GAPDH
(lane 6) with total RNA of R3/1 cells as template. Lane 1 in A and
B shows DNA fragment molecular weight standards

Table 4 Viability of R3/1 cells treated with 100 mU bleomycin/ml
determined by a colorimetric MTT survival assay. Mean € SD, n=4

Absorption 570 nm/655 nm

Time
of treatment

12 h 24 h 48 h

Control 0.584€0.001 0.608€0.003 0.619€0.003
Bleomycin 0.519€0.002* 0.52€0.028* 0.52€0.014*

*P<0.05

Table 5 mRNA expression level for Cav-1 and Cav-2 in R3/1 cells exposed to 100 mU bleomycin/ml. Real-time RT-PCR data; n=3

Treatment Relative expression of Cav-1 mRNA in R3/1 cells Relative expression of Cav-2 mRNA in R3/1 cells

Control 1 1
Bleomycin 0.567 (95% CI: �0.009; 1.143) 0.520 (95% CI: 0.134; 0.906)
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1996; Lee et al. 1997). Alveolar epithelial cells show,
however, great variability in the expression of connexins
as a function of cell phenotype and cell state (Koval
2002). Under certain culture conditions, Cx43 was phe-
notype-specific for AT I cells (Isakson et al. 2001).

For the expression of RAGE in lung epithelial cells
conflicting data exist. Katsuoka and co-workers (1997)
have demonstrated the mRNA for RAGE in isolated AT II
cells and by in situ hybridisation in mouse lungs. In
contrast, RAGE has been selectively detected in AT I
cells of human and rat lung by immunohistochemistry
(Fehrenbach et al. 1998; Shirasawa et al. 2004). These
data were confirmed by immunohistochemistry on par-
affin sections of mouse lungs, whereas the immunoreac-
tivity was abolished in RAGE-knockout animals (Lilien-
siek et al. 2004).

The R3/1 cell layer was examined after histological
processing of the PCF membrane of transwell inserts.
Ultrastructural analysis was carried out by transmission
electron microscopy. Morphological studies showed pure
and homogeneous cell cultures. The morphology of the
cells growing on PCF membranes becomes reminiscent
of AT I cells in that the cells were characterised by the

presence of caveolae and clathrin-coated vesicles, the oc-
currence of very few abnormal lamellar bodies, an ab-
sence of apical microvilli and the development of highly
attenuated cytoplasmic extensions. Therefore, the cells
should prove a useful tool for initial studies of transepi-
thelial transport mechanisms as well as paracellular per-
meability of the alveolar epithelium.

Permanent cell lines with properties of AT I pneu-
mocytes are rare. Currently, most experiments dealing
with the function of the alveolar epithelium employ pri-
mary cultures of AT II pneumocytes, immortalised lung
cell lines and tumour cell lines. Primary cultures of AT I-
like cells are available after isolation of AT II cells and
culture on plastic surfaces (Dobbs et al. 1988). However,
it is known that AT II cells in culture frequently display
an intermediate AT II–I cell type, which has properties of
both cell types (Campbell et al. 1999; Clegg et al. 2003;
Cunningham et al. 1994; Paine et al. 1994). During cul-
ture of primary AT II cells, factors such as keratinocyte
growth factor (KGF), culture conditions that facilitate
maintenance of cuboidal morphology, and homologous
serum support the AT II phenotype, whereas flattened
shape and heterologous serum support the AT I cell phe-
notype (Williams 2003). The isolation of primary AT I
cells has been described (Dobbs et al. 1998). Experiments
investigating specific functions of AT I cells, however,
have some limitations resulting from the fragility of the
cells and from the limited life span of primary cultures of
the terminally differentiated AT I cells.

Bleomycin exposure of R3/1 cells resulted in a de-
crease in mRNA levels for Cav-1 and -2 to about 50% of
control values as shown by real-time RT-PCR. Immuno-
histochemistry and immunoblotting confirmed the loss of
caveolins at the protein level. This is the first report of
downregulation of caveolin expression by treatment of
alveolar epithelial cells with bleomycin in vitro. The
specific function of caveolins in the pulmonary epitheli-
um is, so far, undefined (Gumbleton et al. 2003). Only
sparse data exist on a modulation of caveolins in the lung
in vivo. In pulmonary fibrosis induced in different ex-
perimental models, we noted a strong reduction of cave-
olin expression in the alveolar epithelium (Kasper 2003;
Kasper et al. 1998). Mice with a null mutation in the
Cav-1 gene (Drab et al. 2001; Razani and Lisanti 2001;
Razani et al. 2001) and the Cav-2 gene (Razani et al.
2002) highlight the importance of caveolins in the lung,
although phenotypes of the animals do not clarify the
specific functions of either caveolin or caveolae. The
Cav-1-knockout animals lacking caveolae are viable, fer-
tile, do not develop lung tumours and have no embryonic
lethality. In both knockout lines, the major pathology is in
lung, manifest as thickened alveolar septae, abnormal cell
proliferation and thickened basement membranes.

The unsolved problem is whether the loss of caveolin
in bleomycin-treated R3/1 cells is related to apoptosis or
not. Caveolin has been shown to be involved in the reg-
ulation of apoptosis of fibroblasts and epithelial cells via
activation of caspase-3 (Liu et al. 2001) and caspase-in-
dependent in macrophages (Gargalovic and Dory 2003).

Fig. 7A–D Western blot analysis of R3/1 proteins for Cav-1 (A, B)
and Cav-2 (C, D). R3/1 cells were treated with 100 mU bleomycin/
ml and cell proteins were analysed at given times. B and D show
representative blots for detection of Cav-1 and Cav-2, respectively,
and A and C show the results of the densitometric evaluation of the
blots (mean € SD, n=4). Statistical analysis was performed by two-
way ANOVA with two between-subject factors (treatment, time).
P values for the comparison of bleomycin-treated and control cells
at each time point are shown in A and C
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Bleomycin is known to induce apoptosis in different cell
types (Hamilton et al. 1995; Kuwano et al. 2000; Wang et
al. 2000). Under the present experimental conditions, no
signs of apoptosis were detected in the bleomycin-treated
R3/1 cells. This is consistent with the fact that, to the
best of our knowledge, necrotic but not apoptotic type I
pneumocytes were observed in experimental models of
bleomycin-induced injury. Detailed studies comparing the
caveolin expression, the structural integrity and the ex-
pression of apoptosis-related proteins are necessary to
determine the role of caveolins in vivo and in vitro.

Taken together, the new AT I pneumocyte-like cell
line R3/1, with sustained morphological and physiological
properties of AT I cells, is a promising tool for lung cell
biologists. Further studies will be required to more pre-
cisely document these properties or whether this cell line
remains an alveolar epithelial intermediate with proper-
ties of both alveolar epithelial cell types.
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