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ISOLATION AND CHARACTERIZATION OF RAT PRIMARY LUNG CELLS!
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SUMMARY

Lung cell culture may be useful as an in vitro alternative to study the susceptibility of the lung to various toxic agents.
Lungs from female Wistar rats were enzymatically digested by recirculating perfusion through the pulmonary artery with a
sequence of solutions containing deoxyribonuclease, chymopapain, pronase, collagenase, and elastase. Lung tissue was
microdissected and resuspended and the cells obtained were washed by centrifugation. By this isolation method, 2 X 108
cells per rat lung were obtained with an average viability of 97%. Lung cells cultured in medium containing antibiotics
and serum maintained a viability of > 70% for 5 d. Rat primary lung cells were exposed to various toxic agents and their
viability was assessed by formazan production capacity after 18 h of incubation. Compared to rat and mouse hepatocyte
cultures (EC;, = 5.8 mM), rat primary lung cells were much more susceptible to hydrogen peroxide (EC5, = 0.6 mM).
All cell types were equally sensitive to the more potent toxicant tert-butylhydroperoxide (EC5, = 0.1 mM). Paraquat was
more toxic to lung cells (EC;, = 0.03 mM) than to rat (EC;, = 2.8 mM) and mouse (EC;, = 0.2 mM) hepatocytes. In
contrast, rat lung cells were less sensitive to sodium nitroprusside (EC;, = 2.6 mM) compared to rat (ECy, = 0.2 mM)
and mouse (EC,, = 0.03 mM) hepatocytes. Nitrofurantoin and menadione (at ECy, = 0.04 mM and 0.006 mM, respectively)
were more toxic to rat lung and liver cells than to murine hepatocytes (EC,, = 0.2 mM and 0.04 mM, respectively). Our

findings demonstrate the applicability of this rat primary lung cell culture for studying the effects of lung toxicants.

Key words: lung digestion; primary lung cells; primary hepatocytes; toxicity studies.

INTRODUCTION

The cellular consequences of endogenous or exogenous influences
on pulmonary metabolism are of prime diagnostic and therapeutic
interest. As an alternative to the use of experimental animals, cell
cultures greatly facilitate studies on these issues. In culture, exper-
imental conditions can be easily controlled and specific cell types
as well as cell—cell interactions can be studied. Commonly, immor-
talized cell lines or primary cells obtained by either bronchoalveolar
lavage or digestion of pulmonary tissue provide the material for cul-
turing pulmonary cells. These approaches have limitations, in that
immortalized cell lines may not represent the original tissue cell type
and mainly alveolar macrophages are isolated by bronchoalveolar
lavage. As an alternative method, enzymatic digestion of whole lung
tissue allows harvest of pulmonary cell types that may retain many
properties of the original cell type during culture.

Several different techniques have been used to isolate the various
types of lung cells from rat or other mammalian species. These in-
clude mechanical disaggregation of lung tissue by mincing (Van Ov-
erveld et al., 1987; Lavnikova et al., 1993) or mashing (Lavnikova
et al., 1993) and enzymatic digestion by instillation and/or immersion
using trypsin (Kikkawa and Yoneda, 1974; Brown and Longmore,
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1986), elastase (Dobbs and Mason, 1979; Sikpi et al., 1986; Mangum
et al., 1990), collagenase (Hinz and Syverton, 1959; Douglas and
Kaighn, 1974), or combinations of these and other enzymes [i.e.,
deoxyribonuclease, pronase, catalase (Gould et al., 1972; Phillips,
1972; Finkelstein et al., 1983; Van Overveld et al., 1987; Berk et
al., 1991; Jassal et al., 1991)]. Efforts to isolate lung cells from rats
have been directed mainly towards obtaining cells of a single cell
type [i.e., type II pneumocytes (Kikkawa and Yoneda, 1974; Douglas
and Teel, 1976; Mason et al., 1977; Dobbs and Mason, 1979; Good-
man et al., 1983; Post et al., 1984; Brown and Longmore, 1986;
Dobbs et al., 1986; Batenburg et al., 1988; Ma et al., 1989), inter-
stitial macrophages (Lavnikova et al., 1993; Berk et al., 1991), or
mast cells (Van Overveld et al., 1987)].

All previously reported methods for preparation of pneumocyte
cultures were based on digestion of minced pulmonary tissue, suit-
able for preparation of only a limited number of cell types. However,
because lung tissue consists of a heterogeneous population of about
40 different cell types (Sorokin, 1970), and no single cell type seems
to predominate in the organ, we were interested in a primary lung
cell culture maintaining cellular heterogeneity. In order to achieve
this goal, in lung tissue digestive enzymes must reach a large surface
area. One solution is to perfuse digestive enzymes through the pul-
monary artery rather than to digest mechanically minced lung tissue.

The objective of this study was to prepare primary rat lung cell
culture containing the major pulmonary cell populations and to study
their functional response to various toxic agents in comparison to
rodent hepatocytes.
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MATERIALS AND METHODS
Animals

Male, specific pathogen-free BALB/c mice (25 g; from the internal breed-
ing house, University of Konstanz, Germany) and female, specific pathogen-
free Wistar rats (200-250 g; Zentralinstitut fiir Versuchstiere, Hannover,
Germany) were kept under controlled conditions (22° C, 55% humidity, 12
h day/night rhythm) on a standard laboratory chow (Altromin 1313/Altromin
1314). Animals received humane care in adherence to the NIH guidelines,
as well as to legal requirements in Germany.

Isolation of Rat Lung Cells

Method I: Instillation and immersion. Female wistar rats were anesthetized
by intraperitoneal injection of 60 mg/kg Nembutal® (Sanofi Winthrop, Miin-
chen, Germany) and were exsanguinated. The lungs were perfused through
the pulmonary artery with 100 ml of warm (38° C) RPMI 1640 (Biochrom,
Berlin, Germany) containing 2% albumin (Sigma, Miinchen, Germany), 100
1U/ml penicillin and 100 pg/ml streptomyecin (Biochrom). When the lungs
were completely free of blood, the entire organs were excised and enzyme
solution I [0.5 mg/ml deoxyribonuclease I (E.C. 3.1.21.1; Sigma, Miinchen,
Germany), 0.5 mg/ml chymopapain (E.C. 3.4.22.6; Sigma), and 2 mg/ml pron-
ase (Boehringer Mannheim, Mannheim, Germany) in Tyrode’s buffer (Van
Overveld et al., 1987)] was instilled via the trachea. After ligation of the
trachea, the lung was immersed in enzyme solution I and incubated for 18
min in a warm (37° C) shaking water bath (130 rpm), followed by removal of
the trachea and major bronchi and microdissection of the lungs (on ice) into
~ 500 pm slices. The tissue slices were incubated twice in enzyme solution
1I [0.5 mg/ml deoxyribonuclease I, 1 mg/ml collagenase H (E.C. 3.4.24.3;
Boehringer Mannheim) and 0.1 U/ml elastase (E.C. 3.4.21.36; Sigma) in Ty-
rode’s buffer] for 18 min in a shaking water bath (130 rpm, 37° C). Cells
released at each stage were separated from the tissue by filtration (100 pm/
60 um mesh filters) and were pooled. After the cells had been washed twice
in RPMI 1640 (370 g, 4° C, 10 min), cell yield and viability of isolated cells
were determined.

Method II: Recirculating perfusion. After anesthesia (60 mg/kg Nembutal®)
of female Wistar rats, and subsequent tracheotomy and heparin injection (500
1U into the right ventricle), the lungs were excised and perfused with 100 ml
of warm (38° C) RPMI 1640 containing 2% albumin and antibiotics. Then,
the lungs were perfused with 100 ml enzyme solution III (0.5 mg/ml deoxy-
ribonuclease, 0.5 mg/ml chymopapain, and 2 mg/ml pronase in RPMI 1640
containing 2% albumin and antibiotics) followed by perfusion with 100 ml
of enzyme solution IV (0.5 mg/ml deoxyribonuclease I, 1 mg/ml collagenase
H, and 0.1 U/ml elastase in RPMI 1640 coniaining 2% albumin and anti-
biotics). During surgery and perfusion, lungs were ventilated by positive pres-
sure (respiratory rate: 80 breaths/min, tidal volume: 1.5 ml) to improve the
viability of lung cells and the removal of blood and to accelerate the digestion.
The perfusates from perfusion with enzyme solution III and IV were col-
lected. Subsequently, both perfusates were pooled and used for recirculat-
ing perfusion of the lung until the organ was completely edematous and the
lung tissue was digested. After removal of heart and trachea, the lungs were
divided into five lobes that were cut into ~ 500 pum slices. In order to
release cells from the tissue matrix, these tissue slices were resuspended
(20-30 times, soaking and blowing out) with 10-ml plastic pipettes. Free
cells released at this stage were separated from the tissue by filtration (100
pm/60 pm mesh filters) and were pooled. After washing of cells in RPMI
1640 (370 g, 4° C, 10 min), cell yield and viability of isolated cells were
determined.

Isolation of Hepatocytes

Murine hepatocytes. Hepatocytes from male BALB/c mice were prepared
by the two-step collagenase perfusion method of Seglen (1976) as modified
by Klaunig et al. (1981a; 1981b). The cell preparation contained mainly
hepatocytes and about 5% Kupffer cells as determined by unspecific esterase
staining and phagocytosis of fluorescein-labeled latex (@ 0.75 pm; Polysci-
ence Inc., Eppelheim, Germany).

Rat hepatocytes. Hepatocytes from female Wistar rats were isolated ac-
cording to the method of Seglen (1976) as modified by Hartung and Wendel
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(1991). After several washing steps and differential centrifugation, hepatocyte
preparations contained ~ 3% Kupffer cells as determined by unspecific es-
terase staining and phagocytosis of fluorescein-labeled latex.

Primary Culture of Lung Cells and Hepatocytes

All cells were incubated at 37° C and 5% CO,.

Lung cell culture. For determination of viability at various time points after
isolation, 1.25 X 107 lung cells were plated in 250 pl RPMI 1640 containing
10% fetal bovine serum (FBS) and antibiotics in 24-well plates. Viability of
lung cells was determined by LDH (lactate dehydrogenase; E.C. 1.1.1.27)
release into supernatants or by trypan blue exclusion at the time points in-
dicated above. For the later time points, medium was changed every 48 h.

In order to adapt the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium-bromide] assay for rat lung cells, different cell numbers (0.5, 1, 2, 4
X 10° cells/ml), MTT concentrations (0.5, 1 mg/ml), incubation periods with
MTT (0.5, 1, 2, 3, 4 h), sizes of culture plates (6-, 24-, 96-well plates; Greiner,
Frickenhausen, Germany), and different volumes of cell suspension/well
(100, 150, 200 pl/well) were tested. The following conditions were found to
be optimum: 4 X 105 lung cells were plated in 200 pl RPMI with serum and
antibiotics in 96-well plates. Cells were incubated with 1 mg/ml MTT for 4
h at 37° C and lysed with 30 pl HCI/SDS (3 mM/3% final concentration) for
16 h at 37° C.

For toxicity studies, 4 X 10° lung cells were plated in 200 ul RPMI 1640
supplemented with 10% FBS and antibiotics in 96-well plates and were left
to equilibrate for 2 h. Cells were centrifuged within the microtiter plate (480
g, 4° C, 10 min) before medium was changed to RPMI 1640 without serum.
After a further incubation period of 30 min to allow the lung cells to adjust
to pH and temperature, cell toxicants were dissolved in RPMI 1640 [hydrogen
peroxide (H,0,), teri-butylhydroperoxide (t-BuOOH), sodium nitroprusside
(SNP)], or dimethylsulfoxide (paraquat, nitrofurantoin, menadione) and were
added in a volume of 1 pl [dimethylsulfoxide (DMSO)} or 10 ul RPMI 1640.
Incubation was continued for 18 h. Solvent alone was used as a control in-
cubation and DMSO at a concentration of < 1% showed no cytotoxicity.
Cytotoxicity was determined by LDH release or the MTT reduction capacity
of lung cells.

Hepatocyte culture. 3.3 X 10* or 8 X 10* rat or murine hepatocytes,
respectively, were plated in 200 pl RPMI 1640 with 10% newborn calf serum
(NCS) and antibiotics in 96-well or 24-well plates, respectively. The cells
were allowed to adhere for 4 h before the medium was changed to RPMI
1640 without serum. A preincubation period of 30 min allowed the cells to
adjust to pH and temperature. Afterwards, hepatocytes were incubated with
different toxic agents (dissolved in RPMI 1640 or DMSO) for 18 h, followed
by assessment of cytotoxicity by the MTT reduction assay.

Viability and Cytotoxicity Assays

Viability of freshly isolated lung cells and hepatocytes was assessed by
trypan blue exclusion (Phillips, 1973} and the viability of cells in culture was
determined by LDH release or by the MTT assay as detailed below.

LDH was determined (Bergmeyer, 1984) in culture supernatants (S), and
in the remaining cells (C) after lysis with Triton X-100. The percentage of
LDH release was calculated as S/(S+C). Alternatively, the capacity to pro-
duce formazan from MTT was measured essentially according to Mosmann
(1983). Briefly, at the end of the incubation period with the toxicants, murine
or rat hepatocytes were incubated with 0.4 or 0.7 mg/ml MTT, respectively,
for 30 min. After removal of medium, reduced MTT was measured spectro-
photometrically in an ELISA-reader at 560/690 nm after lysis of cells (con-
taining formazan crystals) with 200 pl (murine hepatocytes) or 100 pl (rat
hepatocytes) i-propanol/formic acid:95/5. To determine the formazan forma-
tion by murine hepatocytes, 100 ] of the solution containing lysed murine
hepatocytes (cultured in 24-well plates) were transferred to 96-well microtiter
plates. Similarly, rat lung cells were incubated with 1 mg/ml MTT for 4 h
and were lysed by addition of 30 ul HC/SDS (3 mM/3% final concentration).
The maximum formazan production capacity of lung cells and hepatocytes
immediately afier plating or after several hours in culture (controls) was de-
fined as 100% viability equivalent to a basal toxicity of 0%.
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F1c.1. Comparison of lung cell yields produced by instillation/immersion
or recirculating perfusion of rat lungs. Bars show cell yields of lung cells
after isolation by instillation/immersion (open bar; Method I) or by recircu-
lating perfusion (closed bar; Method II). Viability of lung cells immediately
after isolation was 70% (Method I) or 97% (Method 1I) as determined by
trypan blue exclusion. Data represent means of 13 (Method I) or 17 (Method
II) independent experiments £ SD. *Different from Method I by unpaired
two-sided t-test, P < 0.05.

Cytochemistry

For cytochemical identification, cell smears were prepared on microscope
slides and stained with May-Griinwald/Giemsa (Romeis, 1968), Papanicolaou
(with and without acid alcohol) (Street, 1952), the myeloperoxidase method
(Kaplow, 1965), or the periodic acid Schiff reaction (Hennemann, 1991). For
determination of nonspecific esterase positive cells (Horwitz et al., 1977),
staining of lung cells in suspension was followed by preparation of cell smears
on microscope slides and microscopy.
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F16. 2. Viability of lung cells various times after isolation. After isolation
of lung cells by instillation and immersion (Method I) or by recirculating
perfusion (Method II), 1.25 X 10° cells/well were plated in 250 pl medium
onto 24-well plates (t = 0 h). Viability of lung cells was determined by LDH
in supernatants at the times indicated. Medium was changed every 48 h. Data
represent means of four (Method I) or three (Method II} independent exper-
iments £ SD. *Different from previous time point by Repeated Measurement
Anova, P < 0.05. *Different from Method I, P < 0.05.

Statistics

Data are expressed as means * standard deviation (SD). All experiments
were repeated at least three times. Normality and homoscedacity were ana-
lyzed using the Shapiro-Wilk test and the Bartlett test, respectively. Statis-
tical significances were determined by an unpaired two-sided t-test if appli-
cable, or with the unpaired Welch test (inhomogeneous variances). Time
series were tested by Repeated Measurement Anova (GLM/REPEATED/
PROFILE in SAS; Cary, NC). P < 0.05 was considered to be significant.

EC,, values were calculated from the concentration response curves using
the program ALLFIT (De Lean et al., 1978). For comparison of the ECj,
values of different toxic agents in the toxicity studies, the following groups
were formed: H,0, and t-BuOOH; paraquat, nitrofurantoin, and menadione;
SNP. Concentration response curves of substances in one group were ana-
lyzed simultaneously, assuming that the maximum toxicity was 100% and the
minimum toxicity was 0%. Identity of EC, values and slopes was tested for
by comparing the sum of squares from the constrained and the unconstrained
model (F-test, P < 0.05). Therefore, if within one group different EC, values

are given (Table 1), they were significantly different from each other (P <
0.05).

REsuLts
Isolation and Culture of Rat Lung Cells

The first step of this study was to compare variants of a published
procedure for isolating lung cells (Method I) with the method of en-
zymatic digestion by perfusion (Method II). Isolation by recirculating
perfusion with different enzyme solutions (Method IT) produced a cell
yield of 2.0 = 0.5 X 108 cells per rat lung (i.e., more than twice as
many cells as via isolation by instillation and immersion) (Fig. 1).
Cells obtained by Method II were characterized by a superior via-
bility (97%) compared to those obtained by Method I (70%; Fig. 2).
The time course of viability of cultured lung cells was assessed by
determination of LDH release (Fig. 2) or by trypan blue exclusion
(data not shown, similar results). According to Method II and 72 h
after isolation, the proportion of viable lung cells incubated in the
presence of antibiotics and 10% FBS was > 75% compared to a
viability of << 25% after 16 h for cells prepared according to Method
I (Fig. 2). Beating of ciliated epithelial cells may be considered an
alternative indicator of the quality of isolation and of the condition
of lung cells in culture. Beating of ciliated cells isolated by Method
II was observed for up to 5 d of cultivation, in contrast to cells
isolated by instillation and immersion, where beating was noted only
within the first 2 h after isolation. Two to four days after isolation,
most of the lung cells were spread out and organized in a monolayer.
Furthermore, from Day 4 in culture, proliferation of fibroblastlike
cells was observed. According to these findings, it seemed appropri-
ate to perform all further studies with cells isolated by Method II.

Heterogeneity of Rat Lung Cells Isolated by Recirculating Perfu-
sion

Because the lung consists of many different cell types, heteroge-
neity becomes an important criterion for a representative lung cell
culture. By light microscopy, many different cells with various cell
sizes and cell shapes were seen suggesting a great variety of the
isolated rat lung cells. In order to characterize some of these different
cell types, cytochemical investigations were carried out. First, cells
were stained with May-Griinwald/Giemsa and were identified by cell
size, cell shape, nucleus shape, and nucleus/cytoplasm ratio. By this
method, polymorphonuclear neutrophils, monocytes (with an irreg-
ular, indented nucleus), lymphocytes (with a large, circular nucleus),



and ciliated epithelial cells were identified. Furthermore, the large
alveolar macrophages (cell diameter: ~ 15 pm determined by mor-
phometry) with a circular nucleus and the smaller interstitial mac-
rophages (cell diameter: ~ 8 um) with an indented kidney-shaped
nucleus were demonstrated. In conirast to alveolar macrophages that
were esterase positive staining, interstitial macrophages stained neg-
ative or were only weakly esterase positive. Additionally, mucous
and serous cells were demonstrated. Type Il pneumocytes were iden-
tified by a modified Papanicolaou staining method. We then assessed
the proportions of some of the identified cell populations in our lung
cell culture. The percentage of alveolar macrophages was 4.9 =
2.1% as determined by esterase staining. A percentage of 1.9% poly-
morphonuclear neutrophils as identified by myeloperoxidase staining
was found in our cultures of isolated rat lung cells. By a modified
Papanicolaou staining method a percentage of 19.5 = 3.1% type II
pneumocytes was detected. The classical Papanicolaou method failed
to stain the type II cells in our lung culture system.

In addition, ciliated epithelial cells were identified as described
above. Isolated pneumocytes were viable throughout an observation
period of 5 d. In the first 2 d of cultivation, most of the cells began
to adhere and to spread. However, from Day 4 on, a monolayer of
various adherent lung cells and fibroblastlike cells was noted in our
cultures.

Formazan Production Capacity of Lung Cells

Reduction of MTT has been shown to be a quick, simple, and
sensitive method for assessment of viability (Mosmann, 1983). First,
conditions for this test in our rat lung cell culture were optimized
(see “Materials and Methods”). A linear dependency between the
formazan production capacity and the cell number was obtained in
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FiG. 3. Linearity of formazan reduction by isolated rat lung cells. After
isolation and plating of cells in 200 ul medium onto 96-well plates, they were
incubated for @ 0.5 h, B 1 h, A 2 h and 4 4 h with 1 mg/m]l MTT. After
lysis, absorbance at 560/690 nm was determined. Data represent means of
three independent experiments. All coefficients of variance were < 8.6%.
The regression coefficient was > 0.98 for all curves shown. Inset: Correlation
of MTT reduction and LDH release. After isolation, 4 X 10° cells/well were
plated in 200 pl medium onto 96-well plates. 18 h after addition of H,0,
toxicity was assessed by measurement of LDH release and MTT reduction.
Data represent means of triplicate samples from one experiment. The Pearson
correlation coefficient was 0.91 with P < 0.001.
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experiments where lung cells were incubated with 1 mg/ml MTT for
various times (Fig. 3). In order to explore the correlation between the
MTT reduction assay and LDH release, lung cells were incubated
18 h with various concentrations of hydrogen peroxide (H,0,) and
toxicity was determined by both LDH release and MTT assay. A
linear correlation of the two parameters (Pearson correlation coeffi-
cient: > 0.91, P < 0.001; Fig. 3, Inset) was obtained. Similar com-
parative studies were performed with rat and mouse hepatocytes [cor-
relation coefficients: > 0.95 (this study) and > 0.97 (Leist, 1993),
respectively]. Under the conditions studied, H,0, did not affect the
reduction of MTT. The difference in basal cytotoxicity, when meas-
ured by LDH release compared to formazan formation, was due to
different definitions of the time point zero (t = 0 h). Whereas in the
case of LDH enzyme release into the medium before and during
plating accounted for the basal toxicity, in the case of MTT only
viable cells after plating contributed to reduction of the dye.

Toxicity Studies in Lung Cell and Hepatocyte Cultures

In order to evaluate the practical application of this lung cell sys-
tem for in vitro testing, primary lung cell cultures were compared to
conventional hepatocyte cultures from rais and mice with respect to
the toxicity of various agents. For standardization, a specific lung cell
isolation was accepted for toxicity studies when a viability of > 90%
was reached and beating of cilia of ciliated epithelial cells was ob-
served. Cells were incubated with the toxicants for 18 h and cyto-
toxicity was assessed by formazan production.

Fig. 4 shows that lung cells were about 10 times more susceptible
to oxidative damage by H,0, than hepatocytes from both rats and
mice. The ECy, values for the oxidant H,0, in different cell cultures
were 0.61 mM for rat lung cells and 5.8 mM for rat and murine
hepatocytes (Table 1). In contrast to H,0,-induced cytotoxicity, no
significant differences in the toxicity of teri-butylhydroperoxide (t-
BuOOH) on pulmonary compared to hepatic cells were observed (Fig.
4 and Table 1). The EC;, value for t-BuOOH in any cell culture was
100 pM. All cell types were more sensitive to t-BuOOH than to H,0,
(Table 1).

Paraquat, a well-known lung toxicant in vivo (Clark et al., 1966),
showed a biphasic toxic effect in lung cell cultures (Fig. 5).
Whereas about 70% of the lung cells were noted to be very sensitive
towards paraquat with an ECg, of 0.03 mM, the remaining 30%
were much less susceptible towards this lung toxicant (ECy, > 10
mM). In murine or rat hepatocytes paraquat-induced cytotoxicity
showed a conventional concentration dependency with larger ECg,
values compared to the more sensitive lung cell population. Para-
quat was more toxic for murine hepatocytes (EC;, = 0.18 mM) than
for rat hepatocytes (EC5, = 2.76 mM; Fig. 5 and Table 1).

The results obtained with the redox cyclers menadione and nitro-
furantoin are given in Table 1. Menadione was the most cytotoxic
compound tested in our studies with ECg, values in the micromolar
range in lung cells and rat hepatocytes. A similar profile of cytotox-
icity was obtained with nitrofurantoin with an ECy, of an order of
magnitude greater than the one of menadione. Murine hepatocytes
were less sensitive towards either redox cyeler (Table 1).

Sodium nitroprusside (SNP) was not toxic for lung cells up to
concentrations of 1 mM (Fig. 6). Toxicity of SNP showed a steep
concentiration response curve between 1 mM and 20 mM (EC,, =
2.62 mM; Table 1). Rat or murine hepatocytes were 15 or 87 times,
respectively, more susceptible to this NO donor than lung cells. The
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FI1G. 4. Concentration dependency of hydrogen peroxide (H,0,) and tert-
butylhydroperoxide (:-BuOOH) toxicity in rat lung cell cultures and hepato-
cyte cultures from rats and mice. After isolation of rat lung cells and hepa-
tocytes from rats and mice, cells were incubated with various concentrations
of H,0, or t-BuOOH. The toxicity at 18 h was assessed by the MTT assay.
Data represent means of triplicate samples from one representative experi-
ment = SD. @ (solid line): rat lung cells; Ml (dashed line): rat hepatocytes;
@ (dotted line): murine hepatocytes.

EC,, values were 0.03 mM or 0.17 mM for murine or rat hepatocytes,
respectively. These observations suggest that hepatocytes are essen-
tially more sensitive to NO-releasing compounds than lung cells.

DiscussioN

Primary cell cultures are considered to be useful models for study-
ing mechanistic aspects of pharmacology and toxicology at a cellular

level. In contrast to major advances in the understanding of hepatic
processes derived from studies with hepatocyte cultures, isolated
pneumocytes have received little attention, with the notable excep-
tion of alveolar macrophages and type II pneumocytes. The isolation
of mixed lung cells from rat lungs has only rarely been described
(Devereux and Fouts, 1989; Dobbs, 1990; Lavnikova et al., 1993).
These procedures of isolation were based on instillation, immersion,
and digestion of dissected lungs. In our hands, this method for iso-
lating rat lung cells (Method I), resulted in low cell yields with mod-
erate cell viability. Variations of enzyme composition, activity, or
incubation times failed to increase either cell yield or viability in our
experiments (data not shown). Therefore, we adapted and opiimized
the standard technique for isolating hepatocytes (i.e., perfusion with
proteolytic enzymes) (Seglen, 1976) for the isolation of pneumocytes
(Method II).

Isolation of lung cells by perfusion with digestion enzymes signif-
icantly increased cell yield and viability. The improvements made
with Method IT may be explained by the exposure of a greater surface
area to proteolytic enzyme activity when perfused through the pul-
monary artery. The enzyme concentrations were well tolerated by
lung cells as judged by the high viability and the continued beating
of cilia of epithelial brush border cells. Thus, this isolation method
might also be suitable for studies where high numbers of cells are
required, such as for elutriation of certain cell populations.

One of the reasons that mixed isolated pneumocytes have received
little attention in the past is that lungs contain more than 40 different
cell types (Sorokin, 1970). An optimal isolation procedure should
guarantee survival of all cells. Therefore, in addition to cell yield
and viability, heterogeneity of isolated lung cells is an important
criterion. This cellular heterogeneity of the lung cell culture ap-
peared to be largely conserved by our method as demonstrated by
staining with May-Griinwald/Giemsa and by specific stains for dif-
ferent major lung cell types. There were cell types that could not be
discriminated with the available staining techniques. The propor-
tions of the identified lung cells, ~20% type II pneumocytes, ~5%
alveolar macrophages, and ~2% polymorphonuclear neutrophils in
our system, compare well to previous observations of about 12-14%
type II cells (Crapo et al., 1980; Pinkerton et al., 1982), 3-4% al-
veolar macrophages (Crapo et al., 1980; Pinkerton et al., 1982), and

TABLE 1

EC,, VALUES OF VARIOUS TOXIC AGENTS IN LUNG CELL
CULTURES FROM RATS AND HEPATOCYTE CULTURES
FROM RATS AND MICE

ECs [mM] ECso [mM] ECy, [mM)]
Rat Lung Rat Mouse
Toxicant® Cells Hepatocytes Hepatocytes

H,0, 0.61 5.80 5.80
t-BuOOH 0.11 0.11 0.11
Menadione 0.006 0.006 0.04
Nitrofurantoin 0.04 0.04 0.18
Paraquat? 0.03/>10 2.76 0.18
SNP 2.62 0.17 0.03

For comparison of the EC;, values of different toxic agents, the following
groups were formed: H,0, and t-BuOOH; paraquat, menadione, and
nitrofurantoin; SNP.

*Due to the biphasic toxic effect in the lung cell culture, two EC;, values
for paraquat are given.




100 L

80

60 |

40 |

toxicity [%)]

log concentration [mM]

FiG. 5. Concentration dependency of paraquat toxicity in rat lung cell
cultures and hepatocyte cultures from rats and mice. After isolation of rat
lung cells and hepatocytes from rats and mice, cells were incubated with
various concentrations of paraquat. The toxicity at 18 h was assessed by the
MTT assay. Data represent means of triplicate samples from one represen-
tative experiment + SD. # (solid line): rat lung cells; IR (dashed line): rat
hepatocytes; @ (dotted line): murine hepatocytes.

~8% polymorphonuclear neutrophils (Lehnert et al., 1985) in rat
lungs.

Furthermore, granula (lamellar bodies) of type II cells were noted
up to Day 4 in culture. In agreement with published data (Evans et
al., 1973; Adamson and Bowden, 1974; Kikkawa and Yoneda, 1974;
Diglio and Kikkawa, 1977; Paine et al., 1990), no granula were de-
tected on Day 5. Several groups have reported that type II cells
cultured for 5 d differentiate to type I pneumocytes [medium with
serum (Paine et al., 1990)] accompanied by loss of lamellar bodies
(rat: Evans et al., 1973; Kikkawa and Yoneda, 1974; Adamson and
Bowden, 1975; rabbit: Diglio and Kikkawa, 1977; mouse: Adamson
and Bowden, 1974). These results indicate that proliferation and
changes in morphology of cultured rat lung cells isolated by recir-
culating perfusion are similar to those of cells isolated by other meth-
ods.

When we adopted the method of MTT reduction for toxicity as-
sessment in our lung cell system we noted, during microscopic in-
spection, that the dye reduction capacity of different lung cell types
was different in intensity and duration. Because the contribution of
MTT reduction capacity of single lung cell types could not be de-
termined, the MTT signal has to be taken as an average measurement
of pulmonary cytotoxicity. The steep and uniform concentration re-
sponse curves obtained for most toxicants suggest that the different
lung cell types react similarly to the exposure to these agents, with
the notable exception of paraquat.

Menadione, paraquat, nitrofurantoin, t-BuOOH, and H,0, were
toxic for rat lung cells in concentrations < 0.1 mM. Although H,0,
was the least toxic oxidant for lung cells, it was 10 times more toxic
for isolated pneumocytes than for isolated rat and murine hepato-
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cytes. This indicates that lung cells have less antioxidant activity
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FiG. 6. Concentration dependency of sodium nitroprusside (SNP) toxicity
in rat lung cell cultures and hepatocyte cultures from rats and mice. After
isolation of rat lung cells and hepatocytes from rats and mice, cells were
incubated with various concentrations of SNP. The toxicity at 18 h was as-
sessed by the MTT assay. Data represent means of triplicate samples from
one representative experiment * SD. ¢ (solid line): rat lung cells; Ml (dashed
line): rat hepatocytes; @ (dotted line): murine hepatocytes.

than hepatocytes. Indeed, low catalase values in rat lungs compared
to lungs from man, baboon, or hamster have been reported (Bryan
and Jenkinson, 1987). Toxicity of t-BuOOH was similar for hepato-
cytes and pneumocytes. Both cell types were more sensitive to t-
BuOOH than to H,0,, which suggests similar mechanisms of t-
BuOOH toxicity in lung and liver cells. The large catalase/glutathi-
one peroxidase ratio in hepatocytes (Ito et al., 1992) and lung cells
(Bryan and Jenkinson, 1987) might be responsible for the relatively
low toxicity of H,0, compared to t-BuOOH.

From previous studies with nitrofurantoin, it was concluded that
the in vivo toxicity of this compound in rat lungs impairs detoxifi-
cation of reactive oxygen species by decreasing catalase and gluta-
thione reductase activity and hence inducing oxidative stress and
lipid peroxidation (Suntres and Shek, 1992). Similar results were
obtained in freshly isolated rat hepatocyte cultures, where nitrofuran-
toin caused oxygen activation as a result of redox cycling followed
by complete GSH depletion and cell death (Silva et al., 1991, 1993).
In hepatocytes, menadione was shown to react with GSH forming an
adduct that was released into the medium (Di Monte et al., 1984)
and can still undergo redox cycling (Takahashi et al., 1987) (i.e.,
form superoxide and induce lipid peroxidation, enzyme inactivation,
GSH depletion, and DNA damage) (Kappus, 1986). It seems possible
that mechanisms similar to those described for hepatocytes are re-
sponsible for the toxicity of menadione in pneumocytes. Our obser-
vations that the toxicity of menadione as well as of nitrofurantoin was
clearly higher in rat cells compared to murine cells may be related
to low catalase concentrations in rat organs compared to organs from
other species (Bryan and Jenkinson, 1987).
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In contrast to the higher susceptibility of lung cells generally ob-
served in our study, we also noted one radical generating toxicant
that was more toxic towards hepatocytes than towards pneumocytes
(i.e., SNP). The NO donor SNP is known to induce apoptotic pro-
cesses in macrophages (MePmer and Briine, 1994) and ADP ribo-
sylation in pancreatic cells (Dimmeler et al., 1993). In agreement
with a recent study showing that hepatocytes were more sensitive to
SNP toxicity than various other cell lines (Kroncke et al., 1993), we
also observed that hepatocytes were more sensitive to this compound
than primary lung cells. Furthermore, ECg, values of SNP in rat and
murine hepatocyte cultures obtained in this study agreed with data
from literature [rat: EC5, = 300 uM (Kréncke et al., 1993); mouse:
ECs, = 32 pM (Leist, 1993)].

The sensitivity of lungs to paraquat in vivo is primarily due to the
pharmacokinetic properties of this compound. Paraquat is actively
taken up by alveolar cells by a diamine/polyamine transport system
where it undergoes NADPH-dependent one-electron reduction to
form free radicals capable of reacting with molecular oxygen (Smith,
1987). The uptake of high concentrations of paraquat has also been
demonstrated in lung tissue slices (Rose et al., 1976). In our study,
we observed that 70% of the isolated pneumocytes were very sen-
sitive to paraquat, whereas 30% were only as sensitive as hepatocytes
from rats and mice (Fig. 5). These results demonstrate that the organ
specific toxicity of paraquat is conserved in primary pneumocyte cul-
ture and that a selectivity of this toxicity for a certain cell population
exists. As yet, the sensitive pneumocyte population(s) remain(s) to
be identified.

In summary, the high viability of the isolated lung cells, together
with their heterogeneity, differential, and characteristic sensitivity to
toxicants and the fact that they could be maintained in culture for
several days, would suggest that the culture system described here
is suitable for studying lung toxicology and pharmacology.
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