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Remodeling of the conducting airway epithelium is a
common finding in the chronically injured lung and
has been associated with increased risk for develop-
ing lung cancer. Pulmonary neuroendocrine cells and
clusters of these cells termed neuroepithelial bodies
(NEBs) play a central role in each of these processes.
We previously developed an adult mouse model of
airway injury and repair in which epithelial regener-
ation after naphthalene-induced Clara cell ablation
occurred preferentially at airway branch points and
gave rise to nascent Clara cells. Continued repair was
accompanied by NEB hyperplasia. We now provide
the following evidence that the NEB microenviron-
ment serves as a source of airway progenitor cells that
contribute to focal regeneration of the airway epithe-
lium: 1) nascent Clara cells and NEBs localize to the
same spatial domain; 2) within NEB, both Clara cell
secretory protein- and calcitonin gene-related pep-
tide-immunopositive cells are proliferative; 3) the
NEB microenvironment of both the steady-state and
repairing lung includes cells that are dually immu-
nopositive for Clara cell secretory protein and calci-
tonin gene-related peptide, which were previously
identified only within the embryonic lung; and 4)
NEBs harbor variant Clara cells deficient in cyto-
chrome P450 2F2-immunoreactive protein. These
data suggest that the NEB microenvironment is a res-
ervoir of pollutant-resistant progenitor cells respon-
sive to depletion of an abundant airway progenitor
such as the Clara cell. (Am J Pathol 2000,
156:269–278)

Conducting airways of the lung are lined by a variety of
specialized epithelial cells that fulfill critical functions
necessary for the viability of air-breathing organisms.
These functions include clearance and, in some cases,
metabolism of inhaled environmental agents, regulation
of lung fluid balance, and renewal of the epithelium after

injury.1 Altered airway epithelial cell composition that is
associated with acute or chronic lung injury has the po-
tential to significantly impact these functions.2,3 Among
the many agents that cause lung injury, pneumotoxic
environmental pollutants contribute significantly to mor-
bidity and mortality in a significant fraction of the human
population.4,5 Mechanisms by which these pollutants ex-
ert their effects involve cellular injury leading to dysregu-
lation of growth and/or differentiation of epithelial cells.
Associated changes in airway epithelial cell composition
often involve transient or persistent hyperplasias such as
squamous cell, neuroendocrine cell, basal cell, and se-
cretory cell hyperplasia. These changes to the conduct-
ing airway epithelium increase the risk of developing
either small-cell or non-small-cell lung cancers in smok-
ers6–11 and in nonsmokers.12,13

Both pulmonary neuroendocrine (PNE) cells and Clara
cells have been proposed as progenitors for the genesis
of small-cell and non-small-cell lung cancers. Clara cells
represent the most abundant secretory cell type of distal
airways in the human lung and of both proximal and distal
airways in the lungs of rodents and rabbits.14 In addition
to their secretory function, Clara cells are a major site for
cytochrome P450-mediated oxidation of both endoge-
nous and xenobiotic lipophilic compounds in the
lung,15,16 and they serve as the principal source of pro-
genitor cells for repopulation of airways after injury by
inhaled oxidant pollutants.17 A morphological derivative
of the Clara cell, referred to as a type-A cell, enters the
cell cycle after oxidant-induced airway injury.18 Type-A
cells lack the differentiated ultrastructural features, such
as smooth endoplasmic reticulum and secretory gran-
ules, that are characteristic of mature Clara cells.17,18

Cells with Clara-like characteristics but reduced secre-
tory protein expression have been identified in associa-
tion with preneoplastic lesions and represent a subpopu-
lation of non-small-cell lung cancers.19–21
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The progenitor role of Clara cells makes them a likely
target for deregulated growth control and neoplastic pro-
gression. In contrast, PNE cells are not considered to be
a progenitor population in the adult lung and are gener-
ally thought to be terminally differentiated and mitotically
inert.22 In the absence of demonstrable PNE proliferation,
it has been suggested that maintenance of PNE cells in
the normal lung23 and PNE cell hyperplasia during re-
pair24,25 result from proliferation and differentiation of a
progenitor population with multipotent differentiation ca-
pacity. However, this notion has been challenged by the
finding that repair from airway injury is associated with
PNE cell hyperplasia and that proliferation contributes to
this hyperplastic response.23,26,27 It is clear that addi-
tional studies are necessary to characterize the pro-
genitor for the PNE cell lineage and to determine whether
PNE hyperplasia contributes productively to airway
repair.

The suggestion that pulmonary epithelial cells of the
developing lung coexpress genes normally expressed by
epithelial cells that are considered to be of distinct lin-
eages raises the possibility that PNE cells may serve as a
pluripotent progenitor cell.28,29 In addition, studies inves-
tigating the contribution of PNE cell-derived neuropep-
tides in lung development suggest a role for PNE cells in
regulation of epithelial cell renewal through elaboration of
paracrine regulatory factors.30 This possibility is sup-
ported by studies in developing pulmonary airways that
show an inverse relationship between epithelial mitotic
index and distance from clusters of PNE cells, termed
neuroepithelial bodies (NEBs)31 and the observation that
neuropeptides such as gastrin-releasing peptide (GRP)
have been shown to function as potent epithelial cell
mitogens and contribute to lung branching.32–34

We and others have shown that parenteral administra-
tion of naphthalene to mice results in acute Clara cell
toxicity.35–37 Naphthalene is metabolized by cytochrome
P450–2F2 (CYP-2F2) and -2B2 isoenzymes, expressed
principally within Clara cells of the mouse lung, resulting
in the production of the highly toxic naphthalene 1R, 2S
epoxide.38 Renewal of the injured airway involves focal-
cell proliferation that leads to restoration of Clara cell
secretory protein (CCSP)-expressing cells and hyperpla-
sia of calcitonin gene-related peptide (CGRP)-immu-
nopositive (IP) PNE cells.27,35 The goal of the current
study was to investigate the relationship between Clara
cells and PNE cells in repairing airways of adult naphtha-
lene-exposed mice. These studies test the hypothesis
that the NEB microenvironment is critical for the mainte-
nance of a “reserve” progenitor-cell population in the
mature lung that participates in airway repair after acute
airway injury involving an abundant progenitor cell (the
Clara cell). We demonstrate that both Clara cells and
PNE cells proliferate during airway repair and that both
populations colocalize to the neuroepithelial body. More-
over, we demonstrate that the NEB microenvironment of
the normal and injured lung supports the maintenance of
at least two epithelial cell variants, one with a phenotype
intermediate between Clara and PNE cells, and a Clara
cell variant with little or no immunoreactive CYP-2F2 pro-
tein. These studies suggest a novel role for NEB in main-

tenance of multiple progenitor-cell populations in the ma-
ture airway.

Materials and Methods

Animals and Treatments

Wild-type male FVB/n mice (2–4 months old) used in this
study were maintained as a specific pathogen-free in-
house colony. They were allowed food and water ad
libitum and maintained on a 12-hour/day light-dark cycle.
Representative animals from the colony were screened
quarterly using a comprehensive 16-agent serological
panel, and for the absence of ecto- and endoparasites
(Microbiological Associates, Rockville, MD). Naphtha-
lene was obtained from Sigma Chemical Co. (St. Louis,
MO). Naphthalene was dissolved in Mazola corn oil at a
concentration of 30 mg/ml and administered intraperito-
neally at 10 ml/kg body weight. One hour before sacrifice,
animals were injected intraperitoneally with 2.5 mCi [3H]-
thymidine/kg. Groups of three mice were exposed to 1.0
part per million (ppm) O3 for 48 or 72 hours as previously
described.39 Control mice for naphthalene and ozone
exposures received either 10 ml of corn oil/kg body
weight or were exposed to filtered room air, respectively.

Tissue Collection

Mice were sacrificed by intraperitoneal injection of 100
mg/kg sodium pentobarbital and were exsanguinated.
Lungs were inflation fixed through a tracheal cannula at
10 cm water pressure with neutral buffered formalin for 10
minutes and immersion fixed in the same fixative over-
night, followed by 24 hours in phosphate-buffered saline
(PBS). The infracardiac lobe was dehydrated and em-
bedded in paraffin. Adjacent serial 5 mm sections were cut
to reveal the major axial pathway, three to five minor daugh-
ter airways, and numerous terminal bronchioles.

Immunohistochemistry

Sections were baked at 60°C overnight, cleared with
three changes of xylene, and hydrated in a graded eth-
anol series to water. Endogenous peroxidase activity was
quenched with 3% aqueous hydrogen peroxide for 10
minutes, and the tissue was blocked with PBS/0.5% bo-
vine serum albumin (BSA)/5% normal goat serum for 30
minutes. Rabbit anti-CCSP was obtained from G. Singh
(University of Pittsburgh, Pittsburgh, PA) and used at a
dilution of 1:12,000. CCSP is abundant, is expressed in
both immature and mature Clara cells, and serves as a
reliable immunohistochemical marker for this cell type (28
and references therein). Previous in situ hybridization
analysis has demonstrated that nascent Clara cells of the
regenerating naphthalene-exposed airway express
CCSP mRNA.35 Rabbit anti-CGRP was purchased from
Sigma and used at a dilution of 1:5000. CGRP is a neu-
ropeptide found in pulmonary nerves and specifically
expressed in PNE cells and NEBs of the airway epi-
thelium. It is the most commonly used and ubiquitous
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immunohistochemical marker for cells of the PNE lin-
eage.24,28,40,41 Rabbit anti-CYP-2F2 was generated by
Biosynthesis (Louisville, TX), using a synthetic peptide for
amino acids 397–407. This polyclonal antibody was af-
finity purified using a peptide affinity column generated
by the manufacture’s directions (Pierce, Rockville, IL)
and preadsorbed with spleen lysate. The affinity purified/
preadsorbed CYP-2F2 antibody detects a single 53-kd
protein on Western blots of both lung and liver lysates,
two tissues known to express abundant CYP-2F2. No
bands were detected on heart or spleen lysates (data not
shown). This antibody was used at a dilution of 1:7000 for
immunohistochemistry. Primary antibodies were diluted
in PBS/0.5% BSA/5% normal goat serum. After an over-
night incubation, the tissue was washed with PBS and in-
cubated for 30 minutes at room temperature with biotinyl-
ated goat anti-rabbit secondary antibody (Sigma) diluted
1:2000 in PBS/0.5% BSA/5% normal goat serum. Tissue
was washed with PBS and incubated at room temperature
for 30 minutes with streptavidin-HRP (Zymed, South San
Francisco, CA) diluted 1:250 in PBS. Antigen-antibody com-
plexes were detected with diaminobenzidine (DAB). Anal-
ysis was carried out on an Olympus Provis AX70 micro-
scope equipped with a Sony 9000 CCD video capture
system linked to a Pentium processor PC running Image-
Pro Plus (Media Cybernetics, Silver Spring, MD). Images
from CGRP- and CCSP-immunostained tissue were ac-
quired using similar microscope and camera settings.

The specificity of the rabbit and goat anti-CCSP pri-
mary antibody42,43 was verified by immunohistochemical
analysis of lung tissue from CCSP-null mice.44,45 The
absence of immunoreactivity on this tissue indicated that
the rabbit and goat anti-CCSP antibodies are specific to
CCSP and that there are no antigens within neuroepithe-
lial cells that cross-react with this antibody. The rabbit
anti-CGRP primary antibodies detect rare clusters of cells
located primarily at branch points and walls opposite
bifurcations and scattered single cells in untreated lung
tissue. No reaction was observed on Clara cells or cili-
ated cells identified by morphology and position. Immu-
noreactivity was not observed in the absence of primary
antibody.

For dual immunohistochemistry, NEBs were identified
by staining the middle of three adjacent serial sections for
the PNE-specific antigen CGRP. Flanking sections were
stained for the Clara cell marker CYP-2F2. Methods were
as detailed above except that antibodies were diluted in
PBS/3% BSA and amine-ethyl carbizol was used as the
chromagen. Digital images of CGRP-stained NEB and
NEB-associated CYP-2F2-positive cells were captured.
The chromagen was removed with ethanol, and all sec-
tions were restained for the Clara cell marker CCSP as
detailed above, using a goat anti-CCSP antibody
(1:5000; G. Singh, University of Pittsburgh). Images of the
same regions were overlaid by using Adobe Photoshop.

Autoradiography

Adjacent serial sections analyzed for proliferation were
stained for CCSP or CGRP as detailed above. After im-

munohistochemistry, slides were washed overnight in
PBS and dehydrated through ethanol. Dried slides were
dipped in NTB-2 emulsion (Kodak; Rochester, NY),
redried, and stored at 4°C for 1 week. Slides were devel-
oped by the manufacture’s directions and counterstained
with hematoxylin.

Proliferative Index

Proliferative cells were defined as those containing five or
more grains over the nucleus. All airway epithelial cells
with a nuclear profile were counted for determination of
the labeling index. Various labeling indices were calcu-
lated as follows: epithelial labeling index, 100 (number
labeled cells/number airway epithelial cells); PNE label-
ing index, 100 (number labeled PNE/number PNE cells);
% PNE, 100 (number PNE/number airway epithelial cells);
PNE proliferative fraction, 100 (number labeled PNE/
number labeled airway epithelial cells); and Clara cell
proliferative fraction, 100 (number labeled Clara cells/
number labeled airway epithelial cells).

Dual-Labeling Confocal Microscopy

Paraffin sections were stained by the double indirect
immunofluorescence method, using a combination of
goat anti-CCSP and rabbit anti-CGRP. Sections were
cleared with xylene, blocked with 20% normal horse se-
rum in Tris-buffered saline for 45 minutes, and incubated
overnight with primary antibody diluted 1:1000 in Tris-
buffered saline/1% normal horse serum. Antigen anti-
body complexes were detected with Cy2-conjugated
donkey anti-goat immunoglobulin (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA) and Cy5-
conjugated donkey anti-rabbit immunoglobulin (Jackson
ImmunoResearch) diluted 1:100 in Tris-buffered sa-
line/1% normal horse serum and incubated for 3 hours.
All secondary antibodies are affinity purified and pread-
sorbed to minimize interspecies cross-reactivity. Sec-
tions were mounted in buffered glycerol and examined
immediately using a Bethesda Research Laboratories
(Bethesda, MD) confocal microscope equipped with ar-
gon and HeNe laser sources. Negative controls included
incubation of sections with the inappropriate secondary
antibody and omission of one or both primary antibodies
from the staining protocol. The green and red images
were overlaid with Adobe Photoshop.

Results

Neuroepithelial Bodies and Nascent Clara Cells
Localize to the Same Spatial Domain

To define the spatial relationship between regenerating
Clara cells and hyperplastic PNE cells, each population
was localized in lung tissue of naphthalene-exposed
mice by immunostaining adjacent serial tissue sections
for CGRP and CCSP, respectively. Seventy-two hours
after acute naphthalene exposure, there was a striking
colocalization of CGRP- and CCSP-immunopositive (IP)
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cells, regardless of their anatomical location but includ-
ing terminal bronchiole (Figure 1, A and B) and branch
point (Figure 1, C–F) locations. Morphometric analysis
indicated that 87% of CGRP-IP regions were associated
with CCSP-IP cells. In all sections analyzed, CGRP do-
mains represented a subset of CCSP-IP regions. NEBs,
defined by clusters of CGRP-IP cells, were of consistent
size throughout conducting airways of the repairing lung,
with each NEB generally including 10–20 CGRP-IP cells
that were in the plane of the section being analyzed. In
contrast, the extent of the CCSP-positive region varied
both in cell number and staining intensity (compare Fig-

ure 1, B and F, with D). Spatial colocalization of CGRP-IP
and CCSP-IP cells indicates an intimate association be-
tween neuroepithelial bodies and nascent Clara cells and
defines the branch point as a unique microenvironment
for regeneration of the airway epithelium.

Two Mitotic-Cell Populations Are Localized to
NEBs

A combination of immunostaining and autoradiographic
detection of incorporated [3H]-thymidine was used to

Figure 2. Two mitotic cell populations are localized to branchpoints. Adjacent serial sections from animals 72 hours postnaphthalene treatment were stained for
CCSP (A) or for CGRP (B), using standard immunohistochemical techniques and DAB detection of the antigen-antibody complexes. Slides were then dipped in
emulsion, and grains (black dots over nuclei) developed after 1 week. Original magnification, 31000. C: The percent of all mitotic airway cells expressing either
CGRP or CCSP was 16.06 6 5.53 or 81.47 6 3.00%, respectively.

Figure 1. NEBs and nascent Clara cells localize to the same spatial domain. Adjacent serial sections (A and B, C and D, E and F) from animals 72 hours
postnaphthalene treatment were stained for the neuroepithelial cell marker CGRP (A, C, E) or CCSP (B, D, F), using standard immunohistochemical techniques
and DAB detection of the antigen-antibody complexes. A terminal bronchiole is represented in A and B, whereas C–F represent two different branch points. The
frequency of NEBs associated with CCSP-IP cells was determined to be 87%. Original magnification, 3400.
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define progenitor-cell populations participating in repair
of the naphthalene-injured airway epithelium at the 72-
hour postexposure time point. Greater than 95% of la-
beled cells occurred within areas of clustered CGRP-IP
cells (indicative of NEBs) that were associated with
CCSP-IP cells. Within these regions, both CCSP- and
CGRP-IP cell populations were proliferative, as evi-
denced by colocalization of immunostaining (CCSP or
CGRP) and [3H]-thymidine incorporation (Figure 2, A and
B, respectively). These data indicate that normally quies-
cent PNE cells contained within a NEB enter the cell cycle
after naphthalene treatment, and the data also suggest
that PNE cell proliferation contributes to the development
of NEB hyperplasia. Furthermore, these findings define
the PNE cell as a second proliferative population at sites
of airway regeneration after naphthalene injury. The rel-
ative contribution of CGRP- and CCSP-IP cells to the total
epithelial proliferative index is quantified in Figure 2C.
CGRP-IP cells compose 16.06% 6 5.53% of all prolifer-
ating epithelial cells whereas CCSP-IP cells are 81.47%
6 3.00% of all proliferating epithelial cells. Thus, two
epithelial cell populations proliferate in response to abla-
tion of Clara cells by naphthalene.

PNE and Clara Cells Exhibit a Hierarchical
Contribution to the Repair Process

The data presented above indicate that PNE cells are a
major contributor to the mitotic cell population after naph-
thalene injury of mature Clara cells. To determine whether
the signals leading to PNE cell proliferation after naph-
thalene injury are unique to regeneration of the Clara
cell-depleted airway, we have compared the proportion
of labeled cells expressing CGRP after either acute naph-
thalene or ozone exposure. The epithelial labeling index
at 72 hours postnaphthalene exposure is 3.51% 6
0.54%, whereas the labeling index of CGRP-IP cells (PNE
labeling index) is 10.13% 6 1.82% (Table 1). Thus, in the
naphthalene-injured lung, PNE cells are three times more
likely to proliferate than epithelial cells in general. The
frequency of PNE cells at 72 hours postnaphthalene
treatment is 4.92% 6 0.91%, whereas their frequency in
the mitotic population (as mentioned above) is 16.06% 6
5.53%. These data indicate that PNE cells contribute

preferentially to the proliferative population after naphtha-
lene injury.

Exposure of mice to 1.0 ppm ozone for 48 or 72 hours
results in oxidative damage, with ciliated cells represent-
ing the principal target in a distal-to-proximal gradient
(data not shown). The overall epithelial labeling index
after ozone exposure is 1.91% 6 0.63% (Table 1). Simi-
larly, the labeling index of CGRP-IP cells is 1.37% 6
0.67% after ozone exposure. These data indicate that the
proliferative response of PNE cells is similar to that of all
epithelial cells after exposure to ozone. To determine
whether PNE cells contribute preferentially to the mitotic
cell pool after ozone injury, the frequency of CGRP-IP
cells in the airway epithelium was compared with the
labeling index for CGRP-IP cells. The fraction of epithelial
cells that express CGRP does not vary significantly be-
tween control and exposed groups and is 1.28 6 0.32%
and 1.55 6 0.29%, respectively (Table 1). The represen-
tation of PNE cells within both the epithelium (1.55 6
0.29%) and among mitotic cells (1.42 6 0.5%) is also
constant after ozone exposure. These data suggest that
the contribution of PNE cells to the mitotic pool is reflec-
tive of their frequency in the epithelium and support the
conclusion that PNE cells do not preferentially contribute
to the mitotic cell population after ozone injury. Previously
published results indicate that Clara cells function as the
predominant stem cell population for repair of the ozone-
injured airway epithelium.18 The current data indicate that
repair from ozone-induced airway injury requires minimal
PNE cell participation. In contrast with oxidative injury,
PNE cells compose one sixth of all mitotic cells in the
repairing naphthalene-injured lung. We suggest that se-
vere injury to the preferred progenitor cell of the mature
conducting airway, the Clara cell, results in recruitment of
a novel progenitor cell, the PNE cell, to participate in the
repair process.

CGRP- and CCSP-IP Cells Are Distinct
Populations

To determine whether CGRP-IP and CCSP-IP cells in-
cluded an overlapping subset of intermediate cells, the

Table 1. Labeling Index of Airway Epithelial Cells Exposed to Naphthalene or Ozone

Exposure Epithelial labeling index* PNE labeling index† % PNE‡ PNE proliferative fraction§

Control 0.06 6 0.02 0.00 6 0.00 1.28
6 0.32

0.00 6 0.00

Naphthalene 3.51 6 0.54 10.13 6 1.82 4.92
6 0.91

16.06 6 5.53

Ozone 1.91 6 0.63 1.37 6 0.67 1.55
6 0.29

1.42 6 0.50

Four mice were injected with 300 mg/kg naphthalene in coin oil intraperitoneally and with 2.5 mCi [3H]-TdR/kg 1 hour before sacrifice. Three mice
were exposed to either room air or 1.0 ppm ozone for 48 or 72 hours and injected with 2.5 mCi [3H]-TdR 1 hour before sacrifice. Lung tissue was
processed by standard techniques. PNE were identified by CGRP immunohistochemistry and proliferating cells by sequential autoradiography.

*Epithelial labeling index 5 100 (labeled cells/airway epithelial cells).
†PNE labeling index 5 100 (labeled PNE/PNE).
‡% PNE 5 100 (PNE/airway epithelial cells).
§PNE proliferative fraction 5 100 (labeled PNE/labeled airway epithelial cells).
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two antigens were colocalized in lung tissue recovered
from mice 72 hours postnaphthalene exposure, using
dual immunofluorescence and LASER scanning confocal
microscopy. Figure 3, A-C, shows the same airway loca-
tion in which CCSP and CGRP immunoreactivity is indi-
cated by green or red fluorescence, respectively. Over-
lay of CCSP immunofluorescence (Figure 3A) and CGRP
immunofluorescence (Figure 3C) demonstrates that the
majority of cells in this section express either CCSP or
CGRP (arrows), a pattern that is representative of the
majority of NEBs studied. In contrast with NEB of the
normal or dysplastic lung, where Clara cells are restricted
to the apical portion of the NEB,46 CCSP- and CGRP-
expressing cells intermingle within the NEBs of the re-
pairing adult airway. These data indicate that distinct
CGRP- and CCSP-immunopositive cell populations are

localized to NEBs 72 hours after acute naphthalene ex-
posure.

A Rare Population of Dual-Positive Cells Is
Localized to NEBs

The faint yellow fluorescence observed in Figure 3B (ar-
rowhead) suggests a small population of cells that ex-
press both CGRP and CCSP. An additional example of
such dual-expressing cells is shown in Figure 4, A-C.
Approximately 10% of cells associated with NEBs ex-
press both CGRP and CCSP. Interestingly, the normal
basal distribution of CGRP and the apical enrichment of
CCSP were maintained in the coexpressing cells, sug-
gesting that both of these antigens are produced within

Figure 3. CCSP- and CGRP-IP cells are distinct populations. Dual immunofluorescence and laser scanning confocal microscopy were used to detect CCSP-IP cells
(A, Cy2-green epifluorescence) and CGRP-IP cells (C, Cy5-red epifluorescence) in the same region of the same section. B: Image generated by merging A and
C. The majority of cells in this section expressed either CCSP or CGRP (arrows). This pattern is representative of the majority of NEBs studied. The arrowhead
indicates cells that may express both lineage markers simultaneously. Original magnification, 3630.
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the dual-expressing cell. Similar dual immunopositive
cells were also detected in NEBs of the normal lung.
Figure 5A depicts a CGRP-IP NEB (arrows and arrow-
heads). Sequential staining of this region for CCSP is
illustrated in Figure 5B. Numerous CCSP-IP cells are
found adjacent to the NEBs, whereas rare CCSP-IP cells
are localized to the basal portion of the NEBs (arrow-
heads). Overlay of these images (Figure 5C) demon-
strates a population of CCSP/CGRP dual immunopositive
cells (arrowheads). In both normal and repairing epithe-
lium, dual-immunopositive cells were preferentially lo-
cated in the basal region of the NEBs.

Variant Clara Cell Subpopulations Are
Associated with NEBs in the Normal Lung

To test the hypothesis that NEBs provide an environment
for the maintenance of naphthalene-resistant CCSP-im-
munopositive cells (variant Clara cells) in the normal air-
way, we used dual immunohistochemistry to determine

the cellular colocalization of CCSP and CYP-2F2 antigens
in the NEB microenvironment. Figure 5, D–F, demon-
strates the existence of cells that expresses the pan Clara
cell marker CCSP but lack detectable levels of the phase
I metabolizing enzyme CYP-2F2. CYP-2F2-IP cells were
found adjacent to but not within NEBs (Figure 5, D and F,
arrowheads). In contrast, CCSP-IP cells are located both
adjacent to and within the NEB microenvironment (Figure
5E, arrowheads and arrows).

Discussion

The NEB Microenvironment Serves as a
Reservoir for Airway Progenitor Cells

Our previous studies investigating mechanisms of repair
after acute naphthalene-induced injury demonstrated
that focal groups of pollutant-resistant progenitor cells
localizing primarily to airway bifurcations served an im-

Figure 4. A rare population of dual-positive cells is localized to NEBs. Dual immunofluorescence and laser scanning confocal microscopy were used to detect
CCSP-IP cells (A, Cy2-green epifluorescence) and CGRP-IP cells (C, Cy5-red epifluorescence) in the same region of the same section. B: Image generated by
merging A and C. Three cells (*) that express both antigens are located within this branch point NEB. Original magnification, 3630.

Figure 5. Two variant Clara cell subpopulations are associated with NEBs in the normal lung. Sequential immunohistochemistry (Materials and Methods) was used
to detect CGRP (A) and CCSP (B) on the same section. Amine-ethyl carbizol (pink-red) was used to detect CGRP, and DAB (gray) was used to detect CCSP
immunocomplexes. C: Image generated by overlaying A and B. Long arrows in A–C indicate CGRP-IP/CCSP-immunonegative cells, whereas short arrows mark
cells expressing both CGRP and CCSP. Similar methods were used to detect the Clara cell markers P450–2F2 (D, amine-ethyl carbizol detection) and CCSP (E,
DAB detection) on the same section. F: Image generated by overlaying D and E. Short arrows in D–F indicate P450–2F2-IP/CCSP-IP cells, and long arrows
mark P450–2F2 immunonegative/CCSP-IP cells. Original magnification, 31000.
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portant role in epithelial regeneration.35 In this model,
repair of the Clara cell-depleted airway epithelium is as-
sociated with hyperplasia of NEBs (27). Whole-mount
immunohistochemical analysis presented in our compan-
ion paper demonstrated that NEBs located at both
branch points and segmental locations throughout the
major axial pathway exhibit altered morphology charac-
terized by a loss of corpuscular structure and intermin-
gling of cuboidal CGRP-IP and squamous CGRP-immu-
nonegative cells.47 The current study was undertaken to
investigate the hypothesis that PNE cells play a central
role in airway regeneration after acute injury to an abun-
dant airway epithelial progenitor-cell population. We
demonstrate that regenerating Clara (CCSP-IP) cells co-
localize to the same airway microenvironment as clusters
of PNE (CGRP-IP) cells in the repairing lung. Both Clara
and PNE cells proliferate in the repairing lung, indicating
that they both serve as progenitor cell populations after
Clara cell injury. Spatial colocalization of these cell types
suggests that the NEB represents a unique microenviron-
ment that harbors progenitor cells capable of restoring
the injured airway epithelium after injury of pollutant-sen-
sitive airway progenitor cells.

The Mitotic Activity of PNE Cells Is Modulated
by Environmental Factors

The finding that the NEB microenvironment of repairing
airways includes two mitotic populations 72 hours post-
naphthalene injury can be explained by the existence of
one or more naphthalene-resistant progenitor cells within
this domain at the time of injury. A logical candidate
based on these findings is the PNE cell. However, it has
previously been demonstrated that PNE cells have a very
low mitotic index in the normal lung and that, in certain
model systems, their proliferation is not increased by
agents known to cause PNE cell hyperplasia.24,48,49 This
has led to speculation that the PNE cell cannot function
as a progenitor cell and that maintenance of PNE cells in
the normal lung and PNE cell hyperplasia that accompa-
nies certain types of lung pathology are accomplished
through proliferation of a non-PNE progenitor cell that
subsequently differentiates into a PNE cell (reviewed in
22). The observed increases in the PNE proliferative frac-
tion during repair from naphthalene-induced Clara cell
injury demonstrate that PNE cells do possess the capac-
ity to proliferate and suggest that their mitotic activity can
be modulated to various degrees by environmental fac-
tors. This is further supported by the demonstration of
differences in progenitor-cell use that were dependent on
the type of pollutant and target cells for injury. Qualita-
tively, the same proliferating-cell populations, CCSP-IP
Clara and CGRP-IP PNE cells, were observed in repairing
airways after either naphthalene- or ozone-induced in-
jury, despite differences between these pollutants in their
target cell selectivity. However, the PNE proliferative frac-
tion after ozone-induced airway injury was only 8% of that
observed during repair from naphthalene exposure. We
show that the proliferative fraction of PNE cells increases
as a result of compromised repair that is secondary to

ablation of a principal progenitor-cell population. These
data suggest that the NEB-associated regenerative cell
population is distinct from previously identified airway
progenitors. The demonstration of PNE cell hyperplasia in
response to naphthalene-induced Clara cell injury, but
not in response to ozone-induced ciliated cell injury, re-
veals an important mechanism in the pathogenesis of this
airway anomaly that is common to many types of chronic
human lung disease.50–57

Origin of Regenerating CCSP-Positive Cells

As mentioned above, the finding that regenerating Clara
cells colocalize with NEB-associated PNE cells in the
repairing lung suggests that a naphthalene-resistant pro-
genitor with the capacity to differentiate into a Clara cell
must exist in the NEB microenvironment. If so, there are
two possible explanations for this finding: 1) PNE cells
serve as a pluripotent stem cell population capable of
regenerating Clara cell progenitors, or 2) a naphthalene-
resistant progenitor cell population, distinct from PNE
cells, must exist in the NEB microenvironment. Our find-
ing of intermediate Clara/PNE cells within the NEB sup-
port the first hypothesis. These cells may represent a
pluripotent stem cell similar to that described in the de-
veloping lung epithelium.28 These data are also consis-
tent with the known plasticity of tumor phenotypes ob-
served between small-cell (neuroendocrine-derived) and
non-small-cell (Clara/type-II cell-derived) lung cancers.19

However, an argument can also be made that a non-PNE
progenitor cell may be responsible for regeneration of
Clara cells postnaphthalene injury. Two candidates for a
naphthalene-resistant non-PNE progenitor are basal cells
and modified Clara cells. Exclusion of basal cells from the
NEB microenvironment58,59 and preferential distribution
of these cells to the trachea and the most proximal re-
gions of the airway14,60 diminish the possibility that basal
cells function as progenitor cells for repopulation of the
airway after acute naphthalene exposure. In contrast,
studies investigating ultrastructural characteristics of
cells with the NEB have revealed the existence of non-
ciliated epithelial cells termed “modified Clara cells” that
are closely associated with PNE cells in a number of
mammalian species.58,59 Modified Clara cells are noncili-
ated epithelial cells that lack features typically associated
with Clara, serous, or goblet cells of conducting airway
epithelia. It is therefore possible that modified Clara cells
that are associated with NEBs represent a morphologi-
cally variant nonciliated cell population that is resistant to
naphthalene toxicity. In support of this hypothesis we
demonstrate the existence of variant CCSP-immunoposi-
tive cell populations that localize to the same spatial
domain as PNE cells. Variant Clara cells were distin-
guished from typical Clara cells by their lack of detect-
able CYP-2F2. We propose that variant Clara cells defi-
cient in CYP-2F2 would be unable to metabolize
naphthalene to the highly cytotoxic 1R, 2S-naphthalene
epoxide and would therefore be resistant to the direct
cytotoxicity of parenterally administered naphthalene.
Therefore, it is possible that variant Clara cells function as
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a naphthalene-resistant progenitor population, a property
that accounts for the abundance of regenerating Clara
cells in close proximity to NEBs. A similar deficiency in
phase-I metabolism has been proposed to afford selec-
tive protection of hepatic oval cells from pollutant inju-
ry.61,62 Mechanisms involved in maintenance and activa-
tion of airway progenitor cells are currently unknown but
represent a focus for future studies.
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