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SUMMARY

Previous studies have indicated that both cytodifferentiation of
Clara cells and the onset of puimonary cytochrome P450 activity
are postnatal events. However, the relationship between these
two events during lung development remains poorly understood.
To determine how these events interrelate, we examined rabbit
Clara cells during postnatal differentiation, with the following
goals in mind: 1) to identify the patterns of intracellular expression
of cytochrome P450 monooxygenase isozymes 2B and 4B and
cytochrome P450 reductase, 2) to describe the biogenesis of
the organelles with which these isozymes are associated, namely
smooth and rough endoplasmic reticulum, and 3) to compare the
patterns of expression with cytochrome P450 activity in the
whole lung over the same period. Lungs of rabbits ranging in
age from 24 days gestational age (DGA) to 25 weeks postnatally
were studied. Uitrastructural morphometry showed that smooth
endoplasmic reticulum averaged <56% of the Clara cell volume
in late gestational (24-30 DGA) and neonatal rabbits [0-7 days
postnatally (DPN)], grew to 20-30% of the cell volume in 14-21-
DPN animals, and approximated adult levels (>40%) in 28-DPN
rabbits. In contrast, rough endoplasmic reticulum decreased from
>10% of the cell volume at 27 DGA to <5% in adults. All
postnatal animals showed considerable heterogeneity in the
abundance of smooth endoplasmic reticulum among individual

cells. Immunohistochemistry revealed that cytochrome P450 re-
ductase appeared in Clara cells earlier (28 DGA) than did either
isozyme 2B or 4B (1 DPN). Each antigen was detected first in
the apical borders of the cells, then throughout the cytoplasm in
a few cells by 7 DPN, and finally in adult abundance by 28 DPN.
Sodium dodecy! sulfate-polyacrylamide gel electrophoresis and
Western blotting showed that cytochrome P450 protein concen-
trations increased postnatally. Cytochrome P450 heme protein
was not detected spectrophotometrically in the lungs of animals
younger than 3 DPN but increased to approximately 70% of
adult levels by 28 DPN. Likewise, cytochrome P450 activity
(measured as ethoxy- and pentoxyresorufin O-dealkylation) was
not detected in animals younger than 2 DPN but increased to
approximately 75% of adult levels by 28 DPN. We conclude that,
in rabbits, 1) pulmonary cytochrome P450 monooxygenase ac-
tivity begins in the perinatal period and attains adult levels after
28 DPN, 2) cytochrome P450 protein expression appears and
differentiates postnatally in Clara cells, 3) the appearance of
smooth endoplasmic reticulum and the expression of cytochrome
P450 protein do not occur uniformly in differentiating Clara cells
even in the same bronchiole, and 4) the biogenesis of endo-
plasmic reticulum precedes the expression of cytochrome P450
protein in differentiating Clara cells.

The adult mammalian lung is a major target for bioactivated
environmental toxicants and carcinogens. Of the >40 cell types
within the lung, the nonciliated bronchiolar (Clara) cell is
susceptible to injury from the widest range of compounds,
including furans (1, 2), polycyclic aromatic hydrocarbons (3),
and chlorinated hydrocarbons (4). This susceptibility is thought
to result from the abundance of P450 monooxygenases in Clara
cells (5-7) and the activity of these monooxygenases for a wide
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range of substrates (8, 9). Indeed, recent studies have demon-
strated a close correlation between the susceptibility of Clara
cells to injury and the pulmonary activity of substrate-specific
P450 isozymes (3, 10). What is not known, however, is how
these findings relate to the susceptibility of immature animals
during pre- and postnatal development. Existing information
about the P450 monooxygenase system indicates that the pres-
ence of P450 protein (or mRNAs for P450 proteins) does not
necessarily ensure that the system is active. For example,
significant P450 monooxygenase activity has not been detected
in the lungs of fetuses or newborns (11-16) even though the
lungs have been found to contain P450 mRNAs (17-19) and

ABBREVIATIONS: P450, cytochrome P450; SER, smooth endoplasmic reticulum; RER, rough endoplasmic reticulum; DPN, day(s) postnatakly)

DGA, day(s) gestational age.
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P450 proteins (14, 20). Furthermore, P450 proteins reach adult
levels within Clara cells almost immediately after birth (20),
whereas both P450 activity and Clara cell differentiation occur
only after a significant period of time postnatally (21). Despite
these important findings, little information exists about the
development of the P450 system in relation to morphological
changes associated with Clara cell maturation. In addition,
much of the previous work has been performed in different
species. For these reasons, we have undertaken a systematic
study to define the temporal relationship between Clara cell
maturation, the expression of P450 protein, and the onset of
pulmonary monooxygenase activity in a single species, the
rabbit.

Materials and Methods

Animals and lung preparation. Male New Zealand White rabbits,
free of chronic respiratory disease as judged by gross examination and
histopathology, were used in this study. Postnatal animals were ob-
tained from respiratory disease-free colonies maintained by the Uni-
versity of California, Davis, or by Dutchland Laboratories (Denver,
PA). Animals were anesthetized with pentobarbital sodium (1 mg/kg),
tracheotomized, and killed by exsanguination. For ultrastructural mor-
phometry, the thorax was opened and the lungs were infused with
glutaraldehyde/paraformaldehyde in cacodylate buffer (22) (adjusted
to pH 7.4 and 330 mOsm), at 30 cm of water pressure, via a tracheal
cannula. After 2-3 hr, the fixed lungs and trachea were removed from
the chest and stored in the same fixative until processing. For immu-
nohistochemistry, lungs were fixed for 1 hr with 1% paraformaldehyde
in 0.1 M phosphate buffer, via a tracheal cannula. The lungs were
removed, sliced, and stored in phosphate buffer before embedding in
paraffin. For gel electrophoresis, immunoblotting, and P450 activity
assays, lungs were collapsed after thoracotomy, the pulmonary arterial
trunk was catheterized, the lungs were expanded with air, and blood
was flushed from the lungs through the pulmonary arteries with phos-
phate-buffered saline. Lungs were considered free of blood when they
appeared white on the pleural surfaces and blood was no longer present
in the fluid leaving the heart through an incision in the left atrium.

Prenatal animals were obtained by laparotomy from time-mated
pregnant rabbits anesthetized with acepromazine (1 mg/kg), Rompun
(5 mg/kg), and ketamine (50 mg/kg). As each fetus was removed, it
was injected with pentobarbital sodium (1 mg/kg), the trachea was
cannulated, and the thorax was opened. The fetal lungs were prepared
for each assessment as described above. Gonads from all animals 14
DPN or younger were examined histologically, to determine sex. Only
males were included in this study.

Ultrastructural morphometry was performed on lungs from at least
three animals at each of the following ages: 24, 27, and 30 DGA; 1-2,
7, 14, 21, and 28 DPN; and adult (12-25 weeks postnatally) (Table 1).
Immunohistochemistry and Western blot analysis were performed with
three to nine animals at each of the following ages: 28 DGA; 1-2, 7, 14,
and 28 DPN; and adult (12-25 weeks postnatally). P450 monooxygen-

TABLE 1

Rabbit ages, number of animals, number of terminal bronchioles,
and number of Clara cells evaluated by morphometry

Age No.ofanmas  NO.OHTMEL g ofcets
24 DGA 4 8 120
27 DGA 3 6 104
30 DGA 3 16 93
1-2 DPN 3 15 115
7 DPN 3 13 94
14 DPN 3 13 88
28 DPN 3 13 102
12-25 weeks 17 56 170

ase activities were assayed in three to five pools of lungs from two to
five animals or four to six individual animals at the following ages: 28
DGA and 1, 2, 3, and 7 DPN. P450 monooxygenase activities were
assayed in lungs of six to 10 animals at 14 and 28 DPN and adults (12-
25 weeks postnatally).

Transmission electron microscopy and morphometry. Fixed
right caudal lobes were sliced into 2-4 mm-thick pieces and examined
under a Wild M-8 dissecting microscope. Slices containing terminal
bronchioles were postfixed for 2 hr in 1% osmium tetroxide and
embedded in Araldite-502 following a process that allows selection of
specific areas from large tissue faces (22). One-micron-thick sections
were cut with glass knives on a Sorval JB4 microtome and were stained
with toluidine blue. Areas of the block faces containing terminal
bronchiole/alveolar duct junctions were excised, remounted, and thin-
sectioned (30-50 nm) with diamond knives on a Sorval MT5000 ultra
microtome. The sections were then stained with uranyl acetate/lead
citrate and examined with a Zeiss EM10 transmission electron micro-
scope at 60 kV. Morphometric data were collected from transmission
electron micrographs (magnification, 15,750%) of Clara cells whose
profiles included the basal lamina, nucleus, and luminal apex. Every
cell that met these criteria was evaluated. Table 1 summarizes the
number of terminal bronchioles examined per group and the number
of cells counted per age group. At least two terminal bronchioles were
sampled and a minimum of 30 cells were evaluated from each animal.
The volume densities of SER and RER were estimated by point-count
stereology using the method of Weibel (23). A Weibel 168-point mul-
tipurpose test grid was laid over each micrograph; all points falling on
cell cytoplasm, SER, or RER (cisterna and membrane) were counted.
The volume density of the nucleus was also determined by point
counting. Volume densities of SER and RER were calculated as a
percentage of cell volume. Estimates were calculated on a per-animal
basis and summarized as mean + 1 SD. We then determined the
population distribution of SER within each age group by arranging the
cells into six classes based on their volume percentages of SER. All the
cells from each age were then summed, and the percentage of cells
falling into each class was determined.

Immunohistochemistry. Fixed lungs were sliced into 1-4-mm-
thick slices and stored in phosphate buffer before embedding. Slices
containing terminal bronchioles and/or lobar bronchi were embedded
in paraffin and stained for components of the P450 monooxygenase
system using antibodies produced against purified rabbit pulmonary
P450 isozymes 2B and 4B and P450 reductase. The antibodies were
produced in goats and have been characterized previously (24). The
avidin-biotin peroxidase reagents used to detect the location of com-
ponents of the P450 monooxygenase system were obtained in kit form
from Vector Laboratories (Burlingame, CA). Hydrated sections were
treated with 3% H,0, to block endogenous peroxidase and were then
incubated for 24 hr at 10° with antibodies to the P450 monooxygenase
proteins. Dilutions of these antibodies ranged from 1/500 to 1/5000.
The avidin-biotin procedure followed the dilutions outlined by the
supplier of the reagents. Controls included the substitution of primary
antibody with sera from nonimmunized goats or with phosphate-
buffered saline. Various other reagents were deleted to examine the
tissues for endogenase peroxidase activity and other nonspecific reac-
tivity.

Gel electrophoresis and immunoblotting. Fresh lungs were ho-
mogenized in Tris-buffered saline and centrifuged at 9000 X g. Super-
natant proteins (25 ug/lane) were electrophoresed on 7.5% polyacryl-
amide gels in the presence of sodium dodecyl sulfate, transferred to
nitrocellulose, and immunoblotted with the anti-P450 isozyme antibod-
ies described above. Binding of the primary antibody was revealed using
rabbit anti-goat peroxidase-antiperoxidase, as described previously
(25). Immunoreactivity of blots from 9000 X g supernatant fractions
prepared from fetal and postnatal animals was compared with that of
microsomal fractions obtained from adult lung homogenates by cen-
trifugation at 100,000 X g.

Assessment of P450 monooxygenase activity. P450 monooxy-
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Fig. 1. Uitrastructural comparisons of changes in
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abundance in Clara cells of terminal bronchioles of pre- and postnatal rabbits. A, 27

DGA. The majority of the cell cytoplasm is filled with glycogen (GLY). The nucleus (NU) is centrally located and the few organelles present are found
predominantly at the apical edges of the cytoplasm. B, 1 DPN. In perinatal animals, SER proliferates in the apical portion of the cytoplasm and

appears to displace cytoplasmic glycogen. C, 14 DPN. SER and other organeties fill the majority of the apical cytoplasm; small amounts of glycogen
are present. D, Aduit. in animals older than 28 DPN, SER fills a significant portion of the cytoplasm on the apical and lateral portions of the nucleus.

Glycogen occupies a significantly smaller portion of the cell cytoplasm.

genase activity was measured in lung microsomes prepared by differ-
ential ultracentrifugation. Microsomal pellets were washed once. P450
was assayed in dithionite-reduced microsomal suspensions bubbled
with CO. An extinction coefficient of 105 mM™ cm™ was used for the
calculations (26). Protein was measured according to the method of
Bradford (27).

The dealkylation of ethoxy- and pentoxyresorufin was measured in
microsomal incubations containing an NADPH-generating system,
microsomal protein (125 ug), and substrate (1 uM), in a total volume
of 1 ml. Preliminary studies demonstrated that under these conditions
activity was linear with respect to time and microsomal protein con-
centration. Incubations were conducted for 6 min at 37° and reactions
were quenched with 2 volumes of ice-cold methanol. Protein was
removed by centrifugation and aliquots of the supernatant were injected
onto a C,s Novapak column (0.8 X 10 cm). Resorufin, eluting at 13-15

min, was measured by fluorescence (\,,, 535 nm; A¢m, 585 nm). Standard
curves, prepared by adding resorufin to hepatic microsomal protein,
were linear from 2 to 200 pmol/incubation.

Results

Cellular abundance of endoplasmic reticulum. As
shown in Fig. 1A, glycogen was the principal cytoplasmic con-
stituent in fetal nonciliated bronchiolar cells. In 24-DGA fe-
tuses, the nucleus occupied a prominent place in the center of
these cells and little SER could be detected (Fig. 2). About 7%
of the cell volume was composed of RER, most of which was
located in the apex. By 27 DGA, nonciliated cell apices con-
tained small profiles of SER, which were continuous with RER.
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l Fig. 2. Morphometric comparison of the abundance of SER

and RER in nonciliated bronchiolar epithelial (Clara) cells of
terminal bronchioles of rabbits. In fetal animals (24-30
DGA), SER averages <5% of cell volume. The percentage
of SER increases from birth to adulthood. In contrast, the
percentage of RER decreases with age. All values are
mean + 1 SD.

1

24DGA 27DGA 30DGA 1DPN
Age

The average proportion of cell volume occupied by SER at this
age was 0.2% (Fig. 2). In all of the cells counted at 24 and 27
DGA, SER occupied <10% of cell volume (Fig. 3A), whereas
RER occupied about 10% of cell volume at 27 DGA (Fig. 2).

Nonciliated cells in perinatal animals (30 DGA, 1 DPN, and
7 DPN) contained similar amounts of SER (Fig. 1B). SER was
restricted to the apical portions of the cytoplasm and averaged
<5% of cell volume (Fig. 2), although the amount of SER
present varied substantially within the cell population (Fig. 3,
B and C). In this age range, SER occupied <10% of cell volume
in >80% of the cells counted. Less than 10% of the cells
contained between 20% and 30% SER. In 1-DPN and 7-DPN
animals, a small percentage of the cells (<5%) contained SER
in an abundance similar to that observed in adults (>30% of
cell volume) (Fig. 3F). RER was observed in the cytoplasm
lateral to the nucleus and averaged <10% of cell volume.

In 14-21-DPN animals, the proportion of the cell volume
occupied by SER nearly doubled (Fig. 2) and the percentage of
the cell population in which SER occupied >20% of cell volume
increased markedly (Fig. 3D). Furthermore, the abundance of
SER in the nonciliated cell population was more heterogeneous
(compare Fig. 3, C and D). The ultrastructural features of
individual cells also differed from those observed in animals
younger than 7 DPN (Fig. 1C).

In animals 28 DPN and older, the predominant cytoplasmic
organelle was SER (Fig. 1D). SER averaged 28% (28 DPN) or
more (40% in adult) of cell volume (Fig. 2). In >70% of the
cells, SER occupied >30% of cytoplasmic volume (Fig. 3, E and
F). In a small portion of the cell population (<10%) SER
occupied <10% of cytoplasmic volume.

Distribution of immunoreactive P450 protein. In late
gestational age fetuses (28 DGA), P450 protein for isozymes
2B and 4B could not be detected by immunohistochemistry in
bronchiolar cells located at the junction of the terminal bron-
chiole and the alveolar duct (Fig. 4, A and G). There was
reaction product in the endothelial cells of capillaries in adja-
cent interalveolar septa. Immunoreactive P450 reductase was
detected in the apices of some bronchiolar epithelial cells in
28-DGA fetuses (Fig. 4M). The reactions, although not strong,

14DPN 21DPN 28 DPN  Adult

were more intense than those observed in substitution controls
(Fig. 4S). In contrast, epithelial cells of the lobar bronchi in
the same lungs contained abundant amounts of reductase an-
tigen and antigen for isozymes 2B and 4B (Fig. 5, A, G, and
M).

In the terminal bronchioles of 1-2-DPN animals, protein for
P450 isozyme 2B was detected in the epithelial cells lining
terminal bronchioles (Fig. 4B). Reaction product was present
only in the apices of some nonciliated cells. On serial sections
from the same bronchiole, isozyme 4B was detected in most
nonciliated cells (Fig. 4H). In some cells reaction product
appeared throughout the cytoplasm surrounding the nucleus;
in others it was restricted to the apex. By comparison, more
cells at this age contained antigen for reductase (Fig. 4N),
which was detected in the cytoplasm of most nonciliated cells.
All three components of the P450 system were detected in
abundance in epithelial cells of the lobar bronchus (Fig. 5, B,
H, and N).

Late postnatal animals (7-14 DPN) showed an increase in
the abundance and distribution of P450 protein within noncil-
iated bronchiolar cells in terminal bronchioles. The reaction
product was strongest for isozyme 4B (Fig. 4, I and J) and
reductase (Fig. 4, O and P). Fewer cells contained reaction
product for isozyme 2B (Fig. 4, C and D). Animals at 14 DPN
showed more positive cells and heavier labeling than did the
younger 7-DPN animals. All three components of the P450
system were present in abundance in epithelial cells of the lobar
bronchus at 7 DPN (Fig. 5, C, I, and O) and were little changed
at 14 DPN (Fig. 5, D, J, and P).

In animals 28 DPN and older, virtually all nonciliated cells
contained reaction product for isozymes 2B and 4B and reduc-
tase. The product was distributed in the cell apices and on the
lateral portions of the nucleus. The primary difference between
28-DPN animals (Fig. 4, E, K, and Q) and adults (Fig. 4, F, L,
and R) was the size of the nonciliated cells. In all animals 28
DPN and older, reaction product in the lobar bronchi resembled
that in adults for all three isozymes (Fig. 5, E-F and K-R).

Immunoreactive P450 protein in lung homogenates.
Reductase was barely detectable by Western blotting in 9000
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Fig. 3. Moprhometric comparison of the differing abundance of SER among Clara cells in pre- and postnatal rabbit
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Fig. 4. Immunohistochemical comparison of expression of proteins for P450 monooxygenase isozymes 2B and 4B and reductase in terminal
bronchiole epithelium. A-F, Distribution of P450 isozyme 2B. G-L, Distribution of P450 isozyme 4B. M-R, Distribution of reductase. A, G, and M, 28
DGA. Line, boundary between terminal bronchiole (78) and alveolar duct (AD). B, H, and N, 2 DPN. Arrow in B, apical distribution of P450 2B;
arrows in H and N, cells with P450 distribution in both apical and lateral portions of the cells. C, |, and O, 7 DPN. D, J, and P, 14 DPN. E, K, and Q,
28 DPN. F, L, and R, adult. S, Substitution control from 14-DPN animal.
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munohistochemical distribution of P450 monooxygenase isozymes 2B and 4B and reductase in the lobar bronchus of animals illustrated
. A-F, Distribution of P450 isozyme 2B. G-L, Distribution of P450 isozyme 4B. M-R, Distribution of reductase. S, Deletion control. A, G, and
DGA.B, H,and N, 2DPN. C, |,and O, 7 DPN. D, J, and P, 14 DPN. E, K, and Q, 28 DPN. F, L, and R, Aduit.
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a-2B

a-4B

a-RED

28 DGA 2DPN 7 DPN 14 DPN 28 DPN

X g supernatant from the 28-DGA animals (Fig. 6). It was
clearly present in lungs of 2-DPN animals and reached a
density comparable to that in adults by 28 DPN. Isozyme 4B
was detectable at 2 DPN, whereas isozyme 2B was undetectable
in lungs of animals younger than 7 DPN; both reached adult
density by 28 DPN.

P450 monooxygenase in lung homogenates. P450 heme
protein was not detected spectrophotometrically in lung micro-
somes from 28-DGA fetuses or neonates (1 and 2 DPN) (Fig.
7A); however, it was detected in animals 3 DPN and older. The
abundance of P450 was still below adult levels at 28 DPN.
Ethoxyresorufin O-dealkylation activity was not detected in
prenatal or 1-DPN animals (Fig. 7B). In animals 14 DPN and
younger, activity was <20% of that observed in adults. At 28
DPN, activity doubled and was closer to adult levels. Pentox-
yresorufin O-dealkylation activity was not detected in the lungs
of animals 1 DPN and younger (Fig. 7C). In 14-DPN animals,
activity was approximately one third of adult levels. By 28
DPN, activity had doubled but was still less than that observed
in adults. For both ethoxy- and pentoxyresorufin O-dealkyla-
tion, activity was higher in lungs of 3-DPN animals than in 7-
DPN animals.

Discussion

Our study defines cytodifferentiation of the nonciliated bron-
chiolar epithelial, or Clara, cell in terms of expression of the
P450 monooxygenase system. The changes are summarized in
Table 2. We have shown, in rabbit lung, that Clara cell cyto-
differentiation and the expression of the P450 system are
entirely postnatal events. Biogenesis of SER, the principal
organellar site of the P450 system, is initiated in the apex of
the cell immediately before birth, with most of the biogenesis
occurring in the first 4 weeks of life. We also noted significant
heterogeneity in the abundance of SER among Clara cells even

Fig. 6. Detection of immunoreactive protein for compo-
nents of the P450 monooxygenase system in 9000 X g
supematants derived from whole-lung homogenates, by
sodium dodecyl sulfate-polyacrylamide gel

sis/Western blots. P450 isozyme 2B was not detected in
Western blots before 7 DPN. Isozyme 4B was detectable
at 2 DPN and reached adult density at 28 DPN. Reduc-
tase (RED) was detected at 28 DGA and reached adult
intensity at approximately 28 DPN. Twenty-five micro-
grams of protein were run in each lane.

ADULT

in adult animals. This heterogeneity implies that the biogenesis
of SER is not uniform even for nonciliated cells sharing the
same basal lamina. Protein components for the P450 system
(isozymes 2B and 4B and reductase) first appear in Clara cells
of perinatal animals. These three enzymes are expressed at
different times during development, with reductase appearing
first, followed by isozyme 4B and then isozyme 2B. The heter-
ogeneity in cellular distribution of the endoplasmic reticulum
is also reflected in the distribution of antigenic protein during
Clara cell differentiation. Clearly, there are subpopulations of
Clara cells sharing the same basal lamina that differentiate
more rapidly than their neighbors, in terms of protein expres-
sion and SER biogenesis. The antigenic protein within Clara
cells reaches the adult configuration at approximately the same
time (4 weeks) as does the endoplasmic reticulum. P450 mon-
ooxygenase activity is not detectable in lung homogenates until
several days after the proteins are detectable in bronchiolar
epithelial cells. The specific activity of the protein is very low
in young postnatal animals and increases with age. This pattern
suggests that the endoplasmic reticulum synthesized early in
Clara cell cytodifferentiation has a much lower density of P450
proteins than does the endoplasmic reticulum present in adults.
We found a close correlation between the postnatal biogenesis
of endoplasmic reticulum, the expression of P450 proteins, and
the activity of these proteins during the postnatal cytodiffer-
entiation of Clara cells in rabbit lung.

The pattern in which these changes occur clearly indicates
that there are a variety of different processes involved in the
cytodifferentiation of this particular system in Clara cells. One
process is the increase in the density of P450 proteins in
endoplasmic reticulum and the increasing functionality of these
proteins as Clara cells differentiate. Molecular studies meas-
uring gene products for polycyclic aromatic hydrocarbon-in-
ducible forms of the P450 system in rat lung also indicate that
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Fig. 7. Changes in pulmonary P450 activity for ethoxyresorufin O-
dealkylase and pentoxyresorufin during postnatal lung de-
velopment in rabbits. All values are mean + 1 SD. ND, not detected. A,
P450 heme protein could not be detected by spectrophotometry in
animals younger than 3 DPN. The specific density (n mol/mg of micro-
somal protein) increased with age. B, Activity for ethoxyresorufin O-
dealkylase was not detected before 2 DPN and remained at very low
levels for the first 2 weeks of postnatal life. Activity more than doubled
between 14 and 28 DPN and doubled again in adults. C, Pentoxyresorufin
O-dealkylase activity was not detected before 2 DPN and remained at
low levels between 2 and 14 DPN. Activity doubled between 14 and 28
DPN and increased again in adult animals.

gene expression is a perinatal phenomenon (19). Another study,
also in rats (14), indicates that both protein and gene expression
for certain isozymes of the P450 system appear well after birth.
An additional study in rats showed detectable levels of P450
mRNAs prenatally, which dropped at birth and increased to
adult amounts by 30 DPN (18); however, this observation could
not be confirmed using the polymerase chain reaction (17).
Unfortunately, a study of P450 gene expression in rabbit lung
during development is not available.

The results from this work and our previous studies on Clara
cell differentiation in rabbits, together with studies in other
species, indicate that the pattern and timing of Clara cell
cytodifferentiation is species specific. Alterations in the cellular
composition of SER, as measured by ultrastructural character-
istics, occur postnatally in rabbit Clara cells. Qualitative studies
in hamsters (20) indicate that this process occurs primarily
prenatally. In rats, RER and secretory granules, cellular con-
stituents that are characteristic of biosynthesis and secretion
of uterglobin-like protein, differentiate very rapidly (28).
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Whether this is the case for SER has not been studied (28, 29).
In adult rats, SER occupies 30-40% of the cell cytoplasmic
volume, as it does in rabbits (29). There are species, such as
nonhuman primates, in which the nonciliated bronchiolar cells
in adults have minimal amounts of SER but substantial
amounts of RER (30, 31). Cells in this population undergo
cytodifferentiation both pre- and postnatally (32). The rela-
tionship between the appearance of SER and cell-specific
expression of P450 proteins has been evaluated in only one
other species, the hamster (20). Our study shows that when
SER is undergoing rapid biogenesis there is a small lag before
the appearance of immunochemically detectable P450 protein.
The apical distribution of protein in the early developmental
stages matches the distribution of endoplasmic reticulum at
those stages. In hamsters, there appears to be a 2-day lag before
the appearance of immunodetectable protein (20). As in rabbits,
Clara cells in adult hamsters have approximately 40% of their
cytoplasm filled with SER (30). Quantitative data on Clara cell
differentiation in hamsters are not available.

In rabbits, there is a substantial increase in SER before
P450s are detected in bronchiolar Clara cells. The assumption
from our study is that the cells in which more protein is detected
are the ones in which endoplasmic reticulum is expressed in
larger amounts. The delay between formation of endoplasmic
reticulum and the detection of protein within cells could be the
result of at least two factors. The first of these is that the
abundance of proteins is too low to be immunologically detect-
able when the endoplasmic reticulum is <10% of cell volume.
However, the apical distribution of endoplasmic reticulum
matches the distribution of immunoreactive product in those
cells, suggesting that this is not the case. The second factor is
that the endoplasmic reticulum formed initially does not con-
tain P450s. This pattern was not reported for hamsters (20).

Our study shows a clear distinction in the expression of
different proteins that make up the P450 monooxygenase sys-
tem in rabbits. Reductase appears in more cells earlier than
does either isozyme 2B or 4B. This difference in appearance is
also detectable by Western blot in whole-lung microsomes. The
timing of expression in hamsters differs from that in rabbits,
with reductase and isozyme 2B appearing at the same time
prenatally and isozyme 4B appearing 1 day later (20).

The development of P450 monooxygenase activity in rabbit
lung closely matches the pattern of appearance of immunore-
active protein within Clara cells. Previous developmental stud-
ies of the activities of pulmonary P450s are not extensive. Our
finding that P450 activity increases with postnatal age agrees
with results from a previous study in rabbits, using different
substrates (15), which demonstrated a 3-fold increase in the
specific activity of the protein during the first 12 weeks after
birth. Our study extends this observation into both the prenatal
and the immediate postnatal periods and shows that P450
protein is not detectable by spectrophotometric assay earlier
than 3 DPN. Further, the specific activity of isozyme 2B,
measured by the O-dealkylation of pentoxyresorufin, is very
low during the first week of life and is not detectable immedi-
ately pre- or postnatally. Previous studies showed no detectable
isozyme 2B activity before 14 DPN (15), which may be due to
differences in the relative rates of substrate turnover in the two
studies or to a lack of sensitivity of the analytical methods used
to detect product.

One of the most surprising findings from our study was the
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TABLE 2
Development of SER, P450 reductase, and monooxygenase enzymes in rabbit lung
Amount or acbvvty i
Assay
27-28 DGA 1-2DPN 7DPN 14 DPN 28 DPN Adult
% of adult value
SER** 0.2 8.2 8.2 30.1 64.5 100
P450 reductase Immunohistochemistry®:¢ + + ++ ++ ++++ ++++
Western blot + + ++ ++ ++++ ++++
P450 isozyme 2B Immunohistochemistry® 0 + + ++ ++++ ++++
Western blot 0 0 + + ++++ ++++
P450 isozyme 4B Immunohistochemistry® 0 + ++ ++ ++++ ++++
Western blot 0 + + ++ +++ ++++
Microsomal P450¢ 0 0 209 445 56.0 100
P450 activity Ethoxyresorufin® 0 10.8 17 14.9 59.3 100
Pentoxyresorufin’ 0 6.5 8.1 29.9 51.8 100
* Average adult cell volume for SER is 43.9 + 3.5%.
® Bronchiolar epithelium.

¢ Symbols indicate staining intensities in relation to adult (++++).

9 Average adult level of microsomal P450 is 0.575 + 0.238 nmol/mg of microsomal protein.
¢ Average adult ethoxyresorufin O-dealkylase activity is 47.99 + 14.69 pmol/mg of protein/min.
! Average adult pentoxyresorufin O-dealkylase activity is 64.07 + 64.51 pmol/mg of protein/min.

lack of uniform differentiation between individual cells, even
in the same bronchiole. Our previous immunocytochemical
study in rabbits (5) and others in adult rats (33) suggested that
there is a small population of cells that lack large amounts of
SER and immunoreactive P450. Our cell-by-cell evaluation of
the proportion of Clara cells containing SER substantiates that
there is indeed a portion (approximately 10%) of the population
in adults that has virtually no SER. Applying this analytical
approach to developmental studies illustrates how heteroge-
neous the differentiation process actually is and provides some
perspective on the rate at which Clara cells differentiate. As
the animals age, there is a substantial increase in Clara cells in
which SER occupies a large (>30%) portion of the cytoplasm.
This increase suggests that the biogenesis of SER in the Clara
cells takes as long as 4 weeks to reach adult configuration. This
pattern is also true for protein expression within the cells. The
nature of the heterogeneity is not understood. Whether it
reflects different rates or stages of differentiation or different
parts of the cell cycle within a population of cells with the same
potential for phenotypic expression is an unanswered question.
The distribution and abundance of protein on a cell-by-cell
basis become much more homogeneous as animals reach adult-
hood. The variability in P450 content among Clara cells in
adults may be the basis for the intercellular differences in
susceptibility of Clara cells to P450-mediated toxicants. We
have observed differences in susceptibility to injury by naph-
thalene in Clara cells of adult mice (3). It is not known how
this heterogeneity and lack of P450 monooxygenase activity
affect fetal and postnatal animals, but our findings indicate
that there could be altered susceptibility to cytotoxicants in
peri- and postnatal animals.

In conclusion, as summarized in Table 2, quantitative as-
sessment of endoplasmic reticulum, in conjunction with a def-
inition of the cellular distribution of P450 protein and meas-
urements of P450 activity, reveals that the differentiation of
the P450 monooxygenase system in Clara cells lags behind the
rate at which SER is generated. Specifically, biogenesis of
endoplasmic reticulum precedes the expression of P450 pro-
teins. Our results also indicate that endoplasmic reticulum
formed early in development lacks the same density of P450
proteins as that in adults and that the specific activity of these

proteins is well below the levels found in the endoplasmic
reticulum of adults.
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