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Abstract-NADPH-cytochrome P450 reductase was localized by ultrastructural immunocytochemistry 
in the cytoplasm of Clara cells, ciliated cells and type II pneumocytes of young female Wistar rats and 
MFl mice. Immunogold labelling was particularly dense over the apical cytoplasm of Clara cells. 
CYPlA was only detected in lungs of animals treated with Aroclor 1254 or 3-methylcholanthrene; it 
was localized in the cytoplasm of Clara cells of rats and in the endothelial cells of both rats and mice. 
In rat lung the labelling of cytochrome P450 CYP2B was most intense in the apical cytoplasm of Clara 
cells, but it was also found in both the type I and type II cells of the alveolar epithelium. Similar 
immunoreactivity was found in the Clara and type II cells of mice, it was also found in the ciliated cells 
of this species. CYP4B was localized in the cytoplasm of Clara and type II cells of rats. The cell-specific 
concentration of these isoenzymes, particularly that of CYP2B in the cytoplasm of type I cells, probably 
contributes tc’ the particular susceptibility of these cells to pneumotoxins. 

Key words: immunocytochemistry; ultrastructure; pulmonary; bioactivation; CYPIA; CYP2B; CYP4B 

Metabolism by cytochrome P450 isoenzymes con- 
stitutes the first step in the detoxification of many 
harmful agents but certain compounds can be 
converted into highly reactive intermediate metab- 
elites by this enzyme system. Cells containing high 
concentrations of these isoenzymes are, therefore, 
particularly vulnerable to injury [l]. In lung, cell- 
specific injury follows the administration of 4- 
ipomeanol [2], butylated hydroxytoluene [3] or 
O,S,S-trimethylphorSphorodithioate [4]. These com- 
pounds are all reported to be activated by the 
pulmonary mixed-function oxygenase system [S, 61. 
The cytochrome P450 isoenzymes CYPl Al, CYP2Bl 
and CYP4Bl have been shown to be present in the 
lungs of rats [7] and NADPH-cytochrome P450 
reductase, which is essential for the activity of these 
isoenzymes, has been demonstrated in the alveoli 
and bronchioles of rats [8-lo]. 

CYPlAl has been localized in rat lung, by light 
microscopy [ll, 121. The low levels of activity, 
constitutively expressed in this tissue, can be 
increased, more than 30-fold, by treatment with 3- 
methylcholanthrene and other polycyclic hydro- 
carbons [ 131. This induction increases the metabolism 
of benzo(a)pyrene b:y isolated rat lung [14] but has 
a minima1 effect on the activation of various 
pneumotoxins [6, 151. 

In contrast, the predominant isoenzyme in rat 
lung, CYP2Bl[12, 16-181, Iikeitsmurineorthologue, 
has been shown to be critical in the activation of 
pneumotoxins which cause alveolar injury [6]. This 
injury is characterized by damage to the type I cells 
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even though CYP2B has only been localized in the 
Clara and type II cells of rats and mice [12, 19,201. 
Traces of CYP4B1, have been found in pulmonary 
microsomes from rats and mice [21] and this enzyme 
has been localized in the Clara cells of rabbits [22]. 
It has been shown to be involved, together with 
CYP2B, in the activation of 4-ipomeanol in the 
rabbit [23]. The administration of 4-ipomeanol 
results in the selective injury of Clara cells of several 
species but in the rat, unlike the rabbit, pulmonary 
bioactivation of this pneumotoxin is predominantly 
dependent on the activity of CYP4Bl [24]. 

The isoenzymes of cytochrome P450, particularly 
CYP2B and CYP4B, are clearly of critical importance 
in the development of cell-specific lung injury 
and we have, therefore, used ultrastructural 
immunocytochemistry to determine their precise 
cellular distribution in the lungs of rats and mice. 

MATERIALS AND METHODS 

Animafs. Outbred (MFl-aa) female mice (N = 
S), weighing 20-25g, and Porton-derived Wistar 
(LAC:P) female rats (N = 8), weighing 170-2OOg, 
were housed in an air-conditioned room at 20-23” 
(4060% relative humidity) with a 12 hr light/dark 
cycle. They were given free access to tap water and 
laboratory animal diet. Rats were kept in wire- 
bottomed cages and given Oxoid 41B diet (Labsure, 
K&K Greef Ltd, Croydon, U.K.). Mice were kept 
on shredded, pesticide-free maize stems and given 
Oxoid ‘Breeding Diet’ (Labsure, K&K Greef Ltd, 
Croydon, U.K.). Ali animals were anaesthetized 
with an i.p. injection of 7% chloral hydrate (400 mg/ 
kg), lungs excised and slices, 0.6 mm thick, were 
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prepared immediately, using a McIlwain tissue 
chopper. 

In a second series of experiments, slices of lung 
tissue were prepared from a female New Zealand 
white rabbit; two female LAC:P rats and two female 
MFl-aa mice, four days after an i.p. dose of Aroclor 
1254 (200mg/kg) in arachis oil, and also from two 
female MFl-aa mice, 24 hr after the last of three 
daily i.p. doses of 3-methylcholanthrene (20 mg/kg) 
in arachis oil. 

Chemicals. Aroclor 1254, electrical grade, was 
supplied by Monsanto (St Louis, MO, U.S.A.) and 
3-methylcholanthrene was purchased from Sigma 
(Poole, Dorset, U.K.). Materials for electron 
microscopy were purchased from Agar Scientific 
(Stansted, U.K.). All other chemicals were of reagent 
grade and purchased from Fisons (Loughborough, 
U.K.). Polyclonal antibodies were used for all 
primary incubations. A rabbit-derived antibody to 
rat CYPlAl was purchased from Oxygene Inc. 
(Dallas, TX, U.S.A.). Rabbit-derived antibodies to 
rat CYP2Bl and rat cytochrome P450 reductase 
were donated by Dr C. R. Wolf (ICRF Molecular 
Pharmacology Unit, University of Dundee, Ninewells 
Hospital, Dundee, U.K.) and Dr J. Hardwick (NE 
OhioCollege of Medicine, Rootstown, OH, U.S.A.), 
respectively. Goat-derived antibody to rabbit 
CYP4Bl was donated by Dr R. M. Philpot 
(Laboratory of Pharmacology, NIEHS, NC, 
U.S.A.). 

Immunogold (1 and 10 nm) and kits for silver 
enhancement were purchased from British Biocell 
International (Cardiff, U.K.). All solutions used for 
immunocytochemistry contained 1% (w/v) BSA 
(Sigma Chemical Co., Poole, Dorset, U.K.) and 
0.1% (w/v) fish gelatin (British Biocell International). 
Dulbecco ‘A’ PBS tablets were purchased from 
Oxoid (Unipath Ltd, Basingstoke, U.K.). 

Pre-embedding immunocytochemistry. Freshly 
prepared lung slices were fixed, for 15 min at 20” in 
either acetone, 4% formaldehyde (freshly prepared 
from paraformaldehyde) in Sorensen’s phosphate 
buffer (pH7.3), or 0.25% glutaraldehyde in PBS 
(pH 7.3) and washed overnight in PBS. Non-specific 
binding was minimized by treating slices with PBS 
containing 0.1% Tween 20 and 10% normal serum 
(obtained from the species used to provide the 
secondary antibody), before incubation with primary 
antibody. Rabbit-derived and goat-derived primary 
antibodies were localized with 1 nm colloidal gold 
conjugated to anti-rabbit and anti-goat IgG, 
respectively. Slices were incubated with primary 
antibody diluted 1: 250 in PBS, at room temperature 
for 6 hr, washed overnight and then incubated with 
the appropriate secondary antibody, diluted 1: 50 in 
PBS, for 2 hr. 

Control incubations were carried out in parallel 
and involved omission of the primary antibody or 
its replacement with normal serum. 

The slices were washed thoroughly, post-fixed in 
PBS containing 2% glutaraldehyde and rinsed 
overnight in PBS. The colloidal gold staining was 
amplified by silver enhancement prior to fixation in 
1% osmium tetroxide, and processing into Araldite 
resin [25]. 

Post-embeddingimmunocytochemistry. Slices,pre- 

pared as above, were tixed in 4% formaldehyde, 
freshly prepared from paraformaldehyde, in 0.1 M 
Sorensen’s phosphate buffer (pH 7.3) for 1 hr and 
then washed in three changes of buffer. Slices were 
infiltrated with ‘hard grade’ LR White resin (London 
Resin Company, U.K.) and polymerization was 
carried out, using UV radiation, for 7 hr at 4” [25]. 

Ultrathin sections were mounted on parlodion- 
coated nickel grids. Non-specific binding was 
minimized by treatment with PBS containing 10% 
normal serum and 0.1% Tween 20 before incubation. 
All sections were incubated with primary antibody, 
at dilutions of 1: 400 or 1: 800 in PBS, for 20 hr, 
washed in PBS and then incubated with the secondary 
antibody conjugated to 10 nm colloidal gold (diluted 
1:50 in PBS) for 2 hr. Control incubations were 
carried out in parallel and involved omission of the 
primary antibody or its replacement with normal 
serum. Sections were washed thoroughly in PBS, 
rinsed in distilled water, counterstained with 2% 
uranyl acetate (aqueous) for 30 min and examined 
using a Jeol 1OOCX electron microscope. 

RESULTS 

Fixation with glutaraldehyde provided excellent 
ultrastructural preservation of the lung tissue but 
abolished immunoreactivity 

used on resin sections. 

Cytochrome P450 reductase 

All preparations showed labelling, for cytochrome 
P450 reductase, in the cytoplasm of rat Clara cells 
with a sharp demarcation in the intensity of this 
labelling between these and the adjacent ciliated 
cells (Fig. la). Labelling was also found throughout 
the cytoplasm of the alveolar type II cells; the density 
of this labelling was intermediate between that over 
Clara and ciliated cells. The label was not, however, 
detected within the lamellar bodies of type II cells. 
This absence of label was observed after pre- 
embedding immunocytochemistry and also after 
post-embedding incubations of ultrathin sections, in 
which the lamellar bodies were poorly preserved 
(Fig. lb). A similar distribution of antigenicity was 
evident in the lungs of mice (Fig. lc) with low levels 
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Fig. 1. (a) Incubation with an antibody to NADPH cytochrome P450 reductase has intensely labelled 
the apical cytoplasm of rat Clara cells (arrowheads), in contrast to the adjacent ciliated cells (*) which 
are only lightly labelled. (b) The cytoplasm of the rat type II cell is also labelled by this antibody but 
mitochondria and the lamellar bodies (+), which are electron-lucent in this non-osmicated section, are 
unlabelled. The adjacent type I cell (arrow) is not labelled. (c) The apical cytoplasm (arrowheads) of 
murine Clara cells is labelled by this antibody but the nuclei (N) of these cells together with the 

cytoplasm (*) and nucleus of a ciliated cell are only lightly labelled. Bars-l pm. 

of label in the cilialted cells, compared with the 
intensely labelled apical cytoplasm of Clara cells 
(Fig. 2a). The nuclei of both Clara and ciliated cells 
were virtually devoid of immunogold particles. 

CYPlA 1 

This enzyme was not detected, by immuno- 
cytochemistry, in lung sections from any of the 
untreated animals. C-YPlAl was, however, localized 
in Clara cells (Fig. 2b) and, to a lesser extent, in 

endothelial cells (Fig. 2c) in the lungs of rats pre- 
treated with Aroclor 1254. After post-embedding 
immunocytochemistry the endothelial cells were 
often difficult to distinguish from type I cells, 
especially at high magnifications, and so blood 
capillaries were always identified at low mag- 
nifications. Label was found over endothelial cells 
of all Aroclor-treated rats. In contrast, this treatment 
did not result in detectable levels of CYPlAl in the 
Clara cells or endothelial cells of mouse lung. 
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Fig. 2. (a) The cytoplasm of Clara cells in murine lung is labelled with antibody to NADPH cytochrome 
P450 reductase but the intervening ciliated cell (*) IS only lightly labelled by this antibody. The nuclei 
of these cells (N) are virtually unlabelled. (b) The apical cytoplasm, but not the nucleus (N), of a Clara 
cell in an Aroclor 1254-treated rat is labelled (arrowhead) by an antibody raised against CYPlAl. The 
adjacent ciliated cell (*) is not labelled. (c) The cytoplasm of endothelial cells, in the alveolar septum 
of an Aroclor 1254-treated rat, is also labelled by this antibody (arrowheads) but the adjacent type I 

pneumocyte (arrow) is not labelled. Bars-l pm. 

Treatment with 3-methylcholanthrene did induce 
CYPlA in murine lung but immunogold was 
restricted to the cytoplasm of endothelial cells. There 
was no immunolabelling in murine Clara cells 
following either treatment. 

CYF2BI 

Pre-embedding immunocytochemistry resulted in 
labellingin the hmgs of both rats and mice. The highest 

density of immunogold was located in the cytoplasm 
of Clara cells but the adjacent ciliated cells were 
almost devoid of label (Fig. 3a). Labelling was also 
found in the cytoplasm of type I (Fig. 3b) and type II 
cells of both species but all nuclei were virtually devoid 
of gold particles. A lower density of label was evident 
after post-embedding immunocytochemistry but col- 
loidal gold was found over type I cells (Fig. 3c) and 
rather more intense labelling was present over type II 
cells and Clara cells (Fig. 4a). 
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Fig. 3. (a) The apical cytoplasm, but not the nucleus (N) of the rat Clara cell, has been labelled, before 
embedding, by an antibody raised against CYPZBl. The ultrafine (1 nm) immunogold, used in this 
procedure, has been enhanced with silver (short arrows). (b) Pre-embedding immunocytochemistry 
also labelled the cytoplasm of type I cells (short arrows), but not the adjacent endothelial cells (curved 
arrow). (c) Post-embedding immunocytochemistry, using antibody to CYP2B1, labelled the cytoplasm 

of type I pneumocytes (arrowheads). Bars-l pm. 

CYP4BI 

Pre-embedding immunocytochemistry, using anti- 
body to CYP4B1, showed cytoplasmic labelling of 
both Clara and type II cells (Figs 4b and c) but no 
other cells were labelled. Similar incubations of 
murine lung slices oiid not result in any labelling. 
This antibody did not result in any post-embedding 
labelling of sections from rats or mice but sections 
of rabbit lung, incubated in parallel, did show 
labelling of both Clara and type II cells. This 
labelling, like that observed in rats, was restricted 
to the cytoplasm. 

DISCUSSION 

Antibodies to NADPH-cytochrome P450 reduct- 
ase may be used to detect cells where one or more 
of the various isoenzymes of the cytochrome P450 
system are present [26]. This flavoprotein has been 
demonstrated, by Iight microscopy, in isolated 
murine Clara cells [lo] and also in the airway 
epithelium and alveolar lining cells of rat lung [8,9]. 
Ultrastructural cytochemical studies have been 
largely restricted to rabbit lung, where reductase is 
only ‘barely discernible in type II cells by immunogold 
labelling and TEM’ [27] despite the high levels of 
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Fig. 4. (a) The apical cytoplasm of a rat Clara cell has been labelled on a section incubated with an 
antibody raised against CYP2Bl. The nuclei (N) of these cells, together with the nuclei and cytoplasm 
(*) of adjacent ciliated cells are only lightly labelled. (b) The cytoplasm of a rat type II pneumocyte 
has been labelled, by pre-embedding immunocytochemistry, using an antibody raised against CYP4Bl 
but the lamellar bodies (+) are unlabelled. (c) The lateral and apical cytoplasm, but not the nucleus 
(N), of the Clara cell has also been labelled by this antibody (arrowheads) but the adjacent ciliated 

cell (*) is not labelled. Bars-l pm. 

activity detected in isolated cells [28]. Labelling of 
organelles, including the residues of lamellar bodies 
in type II cells, has been reported in rabbit lung [22] 
but our results show exclusion of label from the 
nucleus and cytoplasmic granules of labelled Clara 
and type II cells of both species, indicating the 
restriction of this enzyme to the cytoplasmic matrix. 
Antibodies to NADPH-cytochrome P450 reductase 
proved to be a poor predictor for the localization of 
CYP isoenzymes and similar results have been 

reported in rabbit lung [22]. The absence of labelling 
in the type I pneumocytes and endothelial cells may 
reflect fixation-induced changes in the antigenicity 
of cytochrome P450 reductase but it is more likely 
to result from the low ratio of this enzyme to the 
CYP isoenzymes [29]. 

CYPlAl has been reported, at low levels, in the 
Clara cells of untreated rats but treatment with /% 
naphthoflavone [ll] or 3-methylcholanthrene [12] 
greatly increased the intensity of labelling. The low 
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levels of EROD*, an indicator of CYPlAl activity 
present in rat lung, microsomes, are increased by 
treatment with /Snaphthoflavone, 3-methyl- 
cholanthrene or, even more strongly, with Aroclor 
1254 [30]. Aroclor 1254 treatment clearly increased 
the pulmonary concentration of CYPlAl protein, 
in our sections of rat lung, to detectable levels. This 
induction in Clara cells was similar to that observed 
after the treatment of rats with Pnaphthoflavone 
[ 111. The increase in labelling in vascular endothelial 
cells observed after Aroclor 1254 is similar to that 
reported after the treatment of rats with 3- 
methylcholanthrene [12]. 

CYPlAl was also induced, by 3-methyl- 
cholanthrene, in the endothelial cells of mice but, 
as reported by Forkert et al. [19], this induction did 
not extend to the Clara cells. In isolated lungs, 
induction of this enzyme has been shown to accelerate 
clearance of benzo(a)pyrene from the bloodstream 
[14], and thus may reflect a primary role in the 
modification of circulating compounds. This role 
would be consistent with the predominant localization 
of this enzyme in the endothelial lining of the 
pulmonary vasculature. In contrast, CYPlAl does 
not seem to have a significant role in the bioactivation 
of several pneumotoxins which have been shown to 
be activated by at least one CYP isoenzyme [6]. 
These toxins include butylated hydroxytoluene, 
O,O,S-trimethylphosphorothioate and methylcyclo- 
pentadienyl manganese tricarbonyl, which result in 
injury to the type I .slveolar cells, and 4-ipomeanol, 
which injures the Clara cells of the bronchioles [24]. 
The antibody used to localize CYPlAl does not 
modify the activation of these pneumotoxins by rat 
lung microsomes [6., 241 and treatment of rats with 
Aroclor 1254 or Pnaphthoflavone, which induce a 
>30-fold increase in the level of EROD activity, is 
similarly ineffective [6,24]. 

The antibody to C’YP2B1, used in this study, may 
cross react with other members of the CYP2B sub- 
family but CYP2BI is reported to be the major 
isoenzyme of cytochrome P450 in rat lung [12,16- 
18,281. This isoenzyme has been shown to be 
responsible for the bioactivation, in rats, of the 
pneumotoxins, O,lD,S-trimethylphosphorothioate 
and methylcyclopen,tadienyl manganese tricarbonyl 
[6]. In mice, the antibody to CYP2Bl probably 
labels the murine or1 hologue of CYP2B1, which has 
been shown to activate butylated hydroxytoluene 
[6,311. 

Pre-embedding incubations, which are particularly 
valuable for the detection of extracellular proteins 
[25], demonstrated I:he presence of CYP2B in the 
cytoplasm of Clara, ciliated, type I and type II cells. 
These results were confirmed by post-embedding 
incubations, which ensure uniform access of reagents 
to all subcellular compartments. The intense labelling 
observed in the apica. cytoplasm of Clara cells, from 
rat, mouse and rabbit, is consistent with an 
association with the abundant smooth endoplasmic 
reticulum present in this region. A similar localization 
has been reported in rabbit lung but in this species 
CYP2B has also been reported on microvilli, in the 

* Abbreviation: ER’OD, ethoxyresorufin O-dealkyl- 
ation. 
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Golgi region of ciliated cells and in endothelial cells 
[22,27]. The absence of such overall labelling, in 
our samples, may reflect interspecies differences but 
the presence of extracellular enzyme, reported by 
these authors, probably results from apocrine 
secretion by Clara cells. This process would account 
for the presence of CYP activity in bronchoalveolar 
lavages from rats [32]. Apocrine secretion by Clara 
cells has, however, been associated with lung 
irritation and injury [33]. The normal, merocrine 
secretory activity of these cells probably releases 
enzymes concentrated in secretory granules, e.g. 
glutathione S-transferases rather than those con- 
centrated in the endoplasmic reticulum [34]. The 
thin cytoplasmic processes of type I pneumocytes 
cannot be resolved by light microscopy but 
ultrastructural immunocytochemistry has enabled us 
to demonstrate the presence of CYP2B in these 
cells. The localization of this enzyme throughout the 
alveolar epithelium indicates that it is probably 
synthesized within mature type I cells, and is not 
merely a remnant from the progenitor type II cells. 

The antibody to CYP4B1, used in this study, was 
raised against the rabbit-derived protein and has 
been shown to react with CYP4Bl on immunoblots 
of lung microsomes from both rats and mice [21]. 
The absence of labelling in our samples of mouse 
lung may reflect strain and sex differences but the 
distribution of labelling, in the Clara and type II 
cells of rats, was similar to that observed in rabbit 
lung. The selective injury of Clara cells by 4- 
ipomeanol was first described in rabbit lung and was 
shown to be characterized by covalent binding of 
radiolabelled toxin in the target cells [2]. In this 
species, bioactivation of 4-ipomeanol probably 
involves the activity of both CYP2B and CYP4Bl 
[24]. In rats, the pulmonary bioactivation of 4- 
ipomeanol is predominantly dependent on the 
activity of CYP4B1, indeed the antibody used in this 
study prevented the covalent binding of the 
radiolabelled compound to lung microsomes [24]. 
Thus, the presence of CYP4Bl in rat Clara cells is 
consistent with the particular susceptibility of these 
cells to 4-ipomeanol. The localization of CYP4Bl in 
murine Clara cells, also reported by Chichester et 
al. [lo], and the susceptibility of these cells to 4- 
ipomeanol, indicates that a similar situation may 
exist in mice. The resistance of type II cells to 4- 
ipomeanol, in rabbits, rats and mice, despite the 
presence of CYP4B1, may reflect differences in 
detoxification mechanisms. The bioactivation of 
several pneumotoxins which cause injury to the type 
I cells of the alveoli, in rats and mice, has been 
shown to result from the activity of pulmonary 
CYP2B [30]. The particular vulnerability of type I 
cells has been attributed to their inability to 
deactivate the iesulting metabolites [25]. The present 
findings indicate that type I cells are, indeed, capable 
of bioactivating these pneumotoxins. 
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