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Cellular mechanisms contributing to renewal of ter-
minal bronchioles remain poorly defined. Our previ-
ous studies identified pollutant-resistant Clara cell se-
cretory protein (CCSP)-expressing stem cells that
localize to the neuroepithelial body (NEB) and con-
tribute to renewal of the proximal bronchiolar epi-
thelium. However, activation of NEB-associated stem
cells is unlikely to contribute to renewal of terminal
bronchiolar epithelium because of the paucity of
NEBs at this location. Goals of this study were to
determine the location and properties of cells con-
tributing to renewal of terminal bronchioles after
Clara cell depletion. Pollutant-resistant CCSP-express-
ing cells were identified that localized to the bron-
choalveolar duct junction (BADJ) and contribute to
restoration of a phenotypically diverse epithelium.
CCSP-expressing cells comprise the predominant
proliferative population in initial terminal bronchio-
lar repair and include a population of label-retaining
cells suggesting that they maintain characteristics of a
stem cell population. Furthermore, immunohisto-
chemical co-localization studies involving CCSP and
the NEB-specific marker calcitonin gene-related pep-
tide indicate that BADJ-associated CCSP-expressing
stem cells function independently of NEB microenvi-
ronments. These studies identify a BADJ-associated,
NEB-independent, CCSP-expressing stem cell popula-
tion in terminal bronchioles and support the notion
that regiospecific stem cell niches function to main-
tain epithelial diversity after injury. (Am J Pathol
2002, 161:173–182)

Dramatic differences in the cellular composition of con-
ducting airway epithelia exist in a continuum between the
trachea and terminal bronchioles; a feature that contrib-
utes to functional heterogeneity essential for normal air-
way homeostasis.1–8 Although many studies have fo-
cused on regeneration of this tissue after injury, only

recently have the intricacies of renewing such a complex
epithelium begun to be elucidated. Injury models that
target terminally differentiated cell populations identify
the importance of the transit-amplifying (TA) subset of
progenitor cells in the regeneration process. Proliferation
and differentiation of TA cells results in rapid restoration
of a normal epithelium. In contrast, selective depletion of
an abundant TA cell pool results in activation of rare stem
cell populations.9–15 To date, stem cells have been iden-
tified that are restricted to the trachea, submucosal gland
ducts, and neuroepithelial bodies (NEBs) of the bronchio-
lar epithelium.16–20 Even though cells that contribute to
the renewal of terminal bronchioles have also been
shown to exist using a model of lung progenitor cell
depletion, the precise location and characteristics of pu-
tative stem cells have not been described.

The terminal bronchiole is a particularly resilient region
of the airway that exhibits rapid epithelial renewal in
response to depletion of either terminally differentiated
(ciliated) or TA cell populations. Clara cells function as
the sole TA cell that participates in maintenance of both
secretory and ciliated cell types after oxidant-mediated
damage.21 Importantly, depletion of this TA cell popula-
tion through administration of the Clara cell-specific cy-
totoxicant naphthalene fails to diminish the regenerative
potential of terminal bronchioles.20,22,23 After Clara cell
depletion, residual cells of terminal bronchioles are fully
capable of epithelial renewal and restoration of differen-
tiated cell phenotypes appropriate for this region.22,23

These data support the notion that a population of pollut-
ant-resistant stem cells participate in regeneration of the
surrounding terminal bronchiolar epithelium after TA cell
depletion.

Even though the molecular and phenotypic character-
istics of stem cell populations vary according to the tissue
in which they reside, a number of unifying properties are
used to distinguish this category of regenerative cells
from their TA counterparts.13 Characteristics of stem cells
include a relatively undifferentiated phenotype, pluripo-
tent differentiation potential, a low rate of steady-state
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proliferation, an extended life span, and localization to a
specific microenvironment commonly referred to as a
stem cell niche.10,13,24,25 Using these criteria, we have
previously demonstrated the existence of a Clara cell
secretory protein (CCSP)-expressing (CE) cell population
within NEB microenvironments of the bronchiolar epithe-
lium that functions as an airway stem cell.20 CE stem cells
and TA cell populations within the airway epithelium have
been distinguished primarily by differences in pollutant
susceptibility, proliferative and differentiation potential,
and spatial localization. Depletion of both of these pop-
ulations via transgene-mediated ablation of all CCSP-
positive cells results in an overall failure of bronchiolar
epithelial renewal.19,26 These results indicate the impor-
tance of CE cells in bronchiolar regeneration and led us
to hypothesize that phenotypically similar populations of
stem cells may regulate epithelial renewal in both the
proximal and terminal bronchioles.19,20 Goals of the
present study were to investigate this hypothesis through
defining the molecular phenotype of cells contributing to
repair of terminal bronchioles, their localization, and their
rate of proliferation in the steady-state and after injury.
Results indicate that regeneration of the terminal bron-
chiole after injury is mediated by CE stem cells with
characteristics similar to those located within NEB micro-
environment, but that this stem cell functions within a
unique NEB-independent niche located at the bronchoal-
veolar duct junction (BADJ).

Materials and Methods

Animal Housing

Adult male FVB/n wild-type mice (2 to 4 months of age)
were housed under specific pathogen-free conditions
and tested quarterly using a 16-agent serological senti-
nel-screening program. Animals were maintained under
a 12-hour light/dark cycle, and allowed access to both
food and water ad libitum.

Naphthalene Exposures

Naphthalene (Sigma, St. Louis, MO) was dissolved in
Mazola corn oil and administered to mice via intraperito-
neal injection before 10:00 a.m. Animals were briefly
anesthetized with aerosolized halothane before exposure
to facilitate weighing and injections. Mice received 275
mg of naphthalene/kg body weight; control animals re-
ceived a comparable volume (10 ml/kg body weight) of
corn oil alone.

Pulse and Continuous Labeling

[3H]-Thymidine (2.5 mCi/kg) was injected intraperitone-
ally to mice 1 hour before sacrifice for pulse labeling. For
continuous labeling studies, [3H]-thymidine (1.0 mCi/ml)
was administered throughout a 7-day period via a sub-
cutaneous miniosmotic pump (Alzet model 2002, 0.5 �l/
hour). Alzet pumps were implanted 6 hours after naph-

thalene administration and removed after the labeling
period.

Immunohistochemistry and
Immunofluorescence

Paraffin-embedded lung tissue was sectioned at 5 �m to
reveal the major axial pathway and adhered to glass
slides. Slides were blocked with 0.5% bovine serum al-
bumin (Sigma)/5% normal goat serum (Vector Laborato-
ries, Burlingame, CA) in phosphate-buffered saline (PBS)
(blocking solution) for 30 minutes. Adjacent serial sec-
tions were incubated with polyclonal rabbit anti-CCSP
(1:30,000)26 or rabbit anti-calcitonin gene-related pep-
tide (CGRP) (l:16,000, Sigma)26 overnight at 4°C in block-
ing solution. Slides were washed three times in PBS, and
incubated with biotinylated goat anti-rabbit Ig (1:4000 in
blocking solution, Sigma). Slides were washed and
streptavidin-horseradish peroxidase (Sigma) was added
at a 1:4000 dilution in PBS. Antigen-antibody complexes
were detected using a diaminobenzidine substrate de-
tection kit (Vector Laboratories). For detection of incor-
porated [3H]-thymidine, immunostained slides were
washed overnight in PBS, dehydrated, and dried. Slides
were coated with NTB-2 emulsion (Kodak, Rochester,
NY), dried, stored at 4°C for 2 weeks, and developed
according to the manufacturer’s instructions. All slides
are counterstained with Mayer’s hematoxylin to identify
nuclei.

Standard immunofluorescence methods were used to
simultaneously detect CGRP and CCSP on 5-�m tissue
sections.19 Rabbit anti-CGRP (1:4000) and goat-anti-
CCSP (1:10,000) were diluted in 3% bovine serum albu-
min/PBS. After a 24-hour incubation at 4°C, slides were
incubated simultaneously with Alexa 488-conjugated
donkey anti-goat Ig and Alexa 594-conjugated donkey
anti-rabbit Ig (1:125 dilution; Molecular Probes, Eugene,
OR) overnight at 4°C in the dark. All slides were mounted
with 2 �g/ml of 4,6-diamidino-2-phenylindole (Sigma) in
Fluoromount-G (Southern Biotechnology Associates, Bir-
mingham, AL) and visualized with an AX70 microscope
equipped with a 4,6-diamidino-2-phenylindole/Texas
Red dual optical excitation filter cube and a fluorescein
isothiocyanate optical excitation filter cube (Olympus,
Melville, NY).

In Situ Hybridization

CCSP mRNA was detected on 5-�m paraffin sections of
lung tissue using [35S] anti-sense riboprobes. Conditions
for hybridization were essentially as described.27 Slides
were washed under high stringency conditions, coated
with Kodak NTB2 emulsion, exposed for 16 hours, and
developed according to the manufacturer’s instructions.

Morphometric Analysis and Labeling Index

Terminal bronchioles were defined by the presence of
an intact BADJ, at least 200 �m of conducting airway
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epithelium, and a visible alveolar duct. All cells within
200 �m of the BADJ exhibiting a nuclear profile and
clear attachment to the basement membrane were in-
cluded in cell density analyses. Previous studies have
used a similar methodology for analysis of neuroepi-
thelial body (NEB) microenvironments.20 For prolifera-
tion analysis, cells were defined as “labeled” if they
contained at least five grains localized over a visible
nucleus. “Label retaining cells” were defined as those
containing �15 grains/nucleus. Mean values for cellu-
lar density, percent Clara cells, and proliferative index
were compared to control values using the Student’s
t-test. Statistical significance for all comparisons was
accepted at P � 0.05.

Results

Pollutant-Resistant CCSP-Expressing Cells
Occupy Multiple Distinct Microenvironments
within the Conducting Airway Epithelium

The terminal bronchiolar epithelium of mice is a particu-
larly sensitive site for naphthalene toxicity, exposure
to which results in rapid and extensive depletion of Clara
cells.22,28 Although Clara cells are the principal progen-
itor for this region of the conducting airway,21 repair
of terminal bronchioles is rapidly induced and virtually
complete 2 weeks after administration of 200 mg/kg
of naphthalene.22,28–31 Even though NEB-associated
CCSP-expressing (CE) cells have been identified as a
naphthalene-resistant stem cell pool that contributes to
renewal of proximal bronchiolar epithelium, there is still
debate over the identity and properties of cells contrib-
uting to renewal of terminal bronchiolar (TB) epithelium.
To identify regions of the TB epithelium that maintained
naphthalene-resistant cells, mice were exposed to 275
mg/kg of naphthalene, recovered 24 hours, and the phe-
notype of pollutant-resistant cells assessed by dual-color
fluorescence immunostaining for the Clara cell-specific
marker (CCSP, green immunofluorescence) or the pul-
monary neuroendocrine cell (PNEC)-specific marker cal-
citonin gene-related peptide (CGRP, red immunofluores-
cence). In the distal airway of untreated animals, CE cells
accounted for 60 to 90% of epithelial cells whereas
PNECs comprise only a small percentage of this popu-
lation (Figure 1A). Naphthalene exposure resulted in ex-
tensive exfoliation of CE cells within 24 hours (Figure 1B).
Clusters of pollutant-resistant CE cells that have been
previously shown to serve as regenerative foci are main-
tained adjacent to NEBs of bronchi (Figure 1B, aster-
isk).19,20 Interestingly, a second population of pollutant-
resistant CE cells that did not appear to co-localize with
CGRP-immunoreactive PNECs was located within TBs
adjacent to the BADJ. (Figure 1B, arrow). This observa-
tion suggested that the BADJ may represent a second
distinct regenerative microenvironment within bronchi-
oles in addition to the previously characterized NEB mi-
croenvironment.

Cells within Terminal Bronchioles Support
Regeneration of Airways of Appropriate Cellular
Diversity

To determine whether NEB-independent pollutant-
resistant cells of terminal bronchioles are capable of
appropriate epithelial renewal, airways of mice were
compared 45 days after administration of 275 mg/kg of
naphthalene or vehicle (corn oil). Efficacy of epithelial
renewal within terminal bronchioles was determined by
comparison of epithelial cell density and the represen-
tation of CCSP-immunoreactive cells in untreated and
treated animals. No qualitative differences in the abun-
dance of CCSP within immunoreactive cells of corn oil
and naphthalene-exposed groups were observed (Fig-
ure 2, A and B, respectively). A small yet significant
reduction in terminal bronchiolar cell density was ob-
served in treated animals (Figure 2C). This decrease in
cell density was not associated with a shift in the
representation of CE cells at this location (Figure 2D).
These data demonstrate that terminal bronchioles con-
tain a regenerative cell population capable of restoring
an airway of appropriate cellular diversity after deple-
tion of the TA (Clara) cell population.

Pollutant-Resistant CCSP-Expressing Cells
Represent the Initial Proliferative Population in
Terminal Bronchioles

To investigate the kinetics of Clara cell ablation within
terminal bronchioles and to identify the location and
cell type responsible for initial epithelial renewal, mice
were exposed to either corn oil or 275 mg/kg of naph-
thalene, recovered for 6, 12, 24, or 36 hours, and
injected with 2.5 mCi/kg [3H]-thymidine (TdR) 1 hour
before sacrifice. Clara cells were identified by immu-
nohistochemistry for CCSP and proliferating cells were
identified by autoradiographic detection of incorpo-
rated [3H]-TdR (Figure 3). Six hours after naphthalene
exposure Clara cells exhibited a loss of apical projec-
tions without significant alterations in overall cell den-
sity as determined by CCSP immunoreactivity (Figure
3, compare A and B). Exfoliating CCSP-immunoreac-
tive cells were evident beginning at the 12-hour time
point (Figure 3C). This change was associated with a
reduction in both the overall cell density and percent-
age of Clara cells within the epithelial population.
Within 24 hours, maximal CE cell ablation was
achieved as determined by the absence of exfoliating
cell bodies (Figure 3D). The previously identified pop-
ulation of pollutant-resistant CE cells (Figure 1B) was
identifiable directly adjacent to the BADJ at this time
point (Figure 3D). Although no epithelial proliferation
was observed in any terminal bronchiolar cell popula-
tions at this early recovery time point, proliferating
fibroblasts that serve as a control for appropriate [3H]-
TdR incorporation and detection were identified at this
and all other time points analyzed (Figure 3, B, E
arrowheads). Proliferative epithelial cells were first ob-
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served 36 hours after naphthalene administration and
exhibited a rounded morphology (Figure 3E). At this
time point 0.6 � 0.1 proliferative cells were detected
per 100 �m (approximately one labeled cell per ter-
minal bronchiole), of which CE pollutant-resistant cells
represent 90 � 15%. These data suggest a critical
role for these cells in renewal of the distal conducting
airway.

Pollutant-Resistant BADJ-Associated Cells
Maintain CCSP mRNA Expression

A caveat to identification of BADJ-associated CCSP-pos-
itive cells as CE cells is the relatively long half-life of
CCSP that may result in immunoreactivity in cells that

Figure 1. Pollutant-resistant CE cells occupy multiple distinct microenviron-
ments within the conducting airway epithelium. CCSP (green)- and CGRP
(red)-immunopositive cells were detected by dual-color immunofluorescent
staining of lung tissue sections from either untreated control mice (A) or mice
treated with 275 mg/kg of naphthalene and recovered for 24 hours (B).
Primary antibodies against CCSP and CGRP were omitted from untreated
lung samples as a control for antibody specificity (C). Nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (blue fluorescence, A–C). Immu-
nofluorescent cellular debris (lacking nuclei) in the alveolar space (B) is an
artifact of inflation fixation. Analysis revealed a significant decrease in the
number of CCSP-positive cells in both the bronchiole (Br) and terminal
bronchiolar (TB) airways of naphthalene-treated mice (B). Rare populations
of naphthalene-resistant CCSP-immunoreactive cells were located directly
adjacent to CGRP-positive NEBs (A and B, asterisks), or at the BADJ (A and
B, arrows). Original magnifications, �100.

Figure 2. Cells within terminal bronchioles support regeneration of airways
of appropriate cellular diversity. CCSP-immunopositive cells in terminal
bronchioles were detected by immunohistochemistry 45 days after intraperi-
toneal injection of vehicle (A) or 275 mg/kg of naphthalene (B). Nuclei were
counterstained with hematoxylin; arrows indicate the BADJ (A and B).
Morphometric analyses of cell density (total cells/100 �m basement mem-
brane, C), and representation of Clara cells (percent Clara cells/total epithe-
lial cells, D) were performed as described in Materials and Methods. Eight to
16 terminal bronchioles were analyzed per lung (n � lungs from three mice).
Significant changes in overall cell density (C, ✽ , P � 0.005) but not percent-
age of Clara cells (D) indicates an appropriate differentiation potential of
epithelial cells within terminal bronchioles after naphthalene-induced injury.
Original magnifications, �400.
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have undergone a de- or trans-differentiative pro-
cess.32,33 To ascertain whether pollutant-resistant, BADJ-
associated, CCSP-immunopositive cells actively tran-
scribe CCSP, as well as to more fully characterize their
molecular phenotype, the distribution of CCSP mRNA in
TBs of control and naphthalene-exposed mice was de-
termined by in situ hybridization (Figure 4, A and B). CE
cells present 24 hours after exposure were analyzed as

these cells represent a residual, resistant population
rather than nascent cells that may be the product of
epithelial regeneration. Nonspecific hybridization signal
was minimal as determined by anti-sense [35S]-labeled
CCSP probe hybridization to tissue from CCSP�/� mice
(Figure 4C). CCSP mRNA was detected throughout the
terminal bronchiole of untreated wild-type mice (Figure
4A). In contrast, terminal bronchioles from naphthalene-
treated mice maintained a subset of CCSP mRNA-posi-
tive cells directly adjacent to the BADJ (Figure 4B). The
levels of CCSP mRNA in this region were reduced com-
pared with those of control, yet they are significantly
greater than background levels. Although the cellular
specificity of this transcript cannot be determined using
[35S]-labeled probes, the proximity of CCSP mRNA-pos-
itive cells to the BADJ correlates with immunohistochem-
ical data (Figures 1 and 3). These data support the notion
that pollutant-resistant cells of the BADJ are indeed a CE
population.

Regenerative CCSP-Expressing Cells Are
Preferentially Associated with the BADJ of
Terminal Bronchioles

The phenotype, frequency, and spatial distribution of the
initial cohort of proliferating cells within the TBs were
determined 36 hours after naphthalene exposure using
the BADJ as a reference point. CE cells were identified by

Figure 3. CE cells adjacent to the BADJ are pollutant-resistant and represent
the initial proliferative epithelial population. Mice were exposed to 275
mg/kg of naphthalene and recovered for 0, 6, 12, 24, and 36 hours (A to E,
respectively). Proliferating mitotic cells were labeled with 2.5 mCi of [3H]-
TdR/kg body weight 1 hour before sacrifice. CE cells were detected by
immunohistochemistry using diaminobenzidine detection (brown) and sites
of [3H]-TdR incorporation identified by autoradiography (black grains). Nu-
clei were counterstained with hematoxylin. Naphthalene-resistant CE cells
are detectable adjacent to the BADJ at all time points (A–E, arrows), and are
the initial proliferative epithelial cell type 36 hours after naphthalene admin-
istration (E, black grains). Arrowheads in B and E indicate underlying
proliferative fibroblasts. Original magnifications, �400.

Figure 4. BADJ-associated pollutant-resistant cells maintain CCSP gene ex-
pression. CCSP gene expression in untreated control (A) and during the
period of maximum injury 24 hours after 275 mg/kg of naphthalene treat-
ment (B) was determined by in situ hybridization using an anti-sense [35S]-
labeled CCSP riboprobe. Untreated, CCSP�/� tissue was used as a negative
control (C). Hybridization was detected by autoradiography (black grains),
and indicates a population of pollutant-resistant CCSP mRNA-positive cells
immediately adjacent to the BADJ (A–C, arrows). Panels are representative
of terminal bronchioles of three animals per exposure group. Original mag-
nifications, �400.
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immunohistochemical detection of CCSP and proliferat-
ing cells were identified by autoradiography. At this time
point, 57% of labeled CE cells were located within 40 �m
(approximately six cell diameters) of the BADJ and �75%
of proliferating CE cells were located within 80 �m of the
BADJ ( �11 cells; Figure 5, black bars). As noted previ-
ously, CE cells accounted for 90 � 15% proliferative cells
within the TBs. A small number of labeled CE cells were

randomly distributed throughout the TBs and were most
likely rare CGRP-immunoreactive PNECs similar to those
previously identified within regenerative domains of more
proximal airways (Figure 5, white bars). Based on these
results, we conclude that the predominant proliferative
population during the initial phase of epithelial regenera-
tion within TBs are naphthalene-resistant CE cells and
that these cells are spatially restricted to the BADJ mi-
croenvironment.

Two Distinct Microenvironments Support
Regeneration of the Terminal Bronchiolar
Epithelium

Previous studies have demonstrated that NEBs serve as
microenvironments for proliferation and the maintenance
of bronchial stem cells.19,20,34,35 Studies by Peake and
co-workers36 determined that the abundance of CGRP-
immunoreactive cells per unit airway surface area does
not change substantially along the proximal/distal axis of
the airway. As such, the number of CGRP-immunoposi-
tive cells within an airway segment decreases in direct
proportion to airway surface area, raising the possibility
that not all terminal bronchioles contain a NEB microen-
vironment. To determine whether NEBs have a role in
either maintenance or activation of BADJ-associated CE
cells, mice were exposed to 275 mg/kg of naphthalene,
recovered for 36 hours, and treated with [3H]-TdR 1 hour
before sacrifice to identify proliferating cells. Adjacent
serial sections were stained for either CCSP or CGRP and
proliferating cells were visualized by autoradiography

Figure 5. Proliferative CE cells are preferentially associated with the BADJ.
Distribution of [3H]-TdR-labeled cells was determined within the terminal
bronchiole 36 hours after 275 mg/kg of naphthalene exposure. Terminal
bronchioles were divided into 20-�m segments originating from the BADJ
and the number of labeled CE) (black bars) or CCSP-negative (white bars)
cells in each segment enumerated. Fifty-seven percent of labeled CE cells
were found within 40 �m (6 cell diameters) of the BADJ. In contrast,
CCSP-negative cells contribute only slightly to this initial proliferative popu-
lation and were not spatially restricted within the terminal bronchiole. Data
represent the summation of 8 to 10 terminal bronchioles/section (n � 3
animals) � SEM.

Figure 6. Proliferative CE cell populations function independently of PNECs/NEBs in the terminal bronchiole. Adjacent serial section immunostaining for CCSP
(A and C) and CGRP (B and D) was coupled with autoradiography (black grains) to determine whether terminal bronchiolar proliferation was preferentially
associated with CGRP-immunopositive PNECs/NEBs. The majority (75%) of terminal bronchioles contain numerous mitotic CE cells adjacent to the BADJ (A) yet
lack any CGRP-positive PNECs/NEBs in the adjacent serial section (B) 36 hours after 275 mg/kg of naphthalene. A minority of terminal bronchioles (25%) appear
to contain both CCSP (C)- and CGRP (D)-positive mitotic cells by adjacent serial section analysis. Interestingly, the occurrence of NEBs (C and D, asterisks)
appeared to relax the requirement for BADJ association among proliferating CE cells of the terminal bronchiole (black grains; A and B versus C and D).
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(Figure 6). Analysis of 23 terminal bronchioles containing
at least one labeled cell (n � 5 animals) demonstrated
that 75% of regenerating terminal bronchioles lack
CGRP-immunopositive cells in an adjacent serial section,
suggesting that the BADJ-microenvironment is distinct
from that defined by NEBs (Figure 6, A and B). The
remaining 25% of regenerating terminal bronchioles an-
alyzed by this method contained CGRP-immunoreactive
cells (Figure 6, C and D). These data indicate that TBs
contain two microenvironments that harbor regenerative
pollutant-resistant CE cells, the BADJ and the NEB.

The Majority of Terminal Bronchioles Lack
CGRP-Immunoreactive Pulmonary
Neuroendocrine Cells after Pollutant Injury

To determine whether subpopulations of TBs can be
distinguished by the presence or absence of a NEB
microenvironment, the incidence of CGRP- and CCSP-
immunoreactive cells was assessed by dual-color immu-
nofluorescent analysis of 20 adjacent 5-�m serial sec-
tions through 32 TBs (n � 5 animals) from mice exposed
to 275 mg/kg of naphthalene and recovered 24 hours.
Terminal bronchioles containing a visible BADJ were
scored for the presence of CCSP and CGRP in at least 1
of the 20 adjacent serial sections. Results of this analysis
indicate that all terminal bronchioles contain several
CCSP-immunoreactive cells closely associated with the
BADJ. Thirty-eight percent of terminal bronchioles con-
tain at least one detectable CGRP-positive cell. These
PNEC were located some distance from the BADJ and
did not appear to co-localize with BADJ-associated CE
cell populations. In contrast, 62 percent of TBs lacked

detectable NEBs or individual CGRP-immunoreactive
cells (Figure 7). These data indicate that the majority of
TBs lack a NEB and support the notion that the BADJ
functions as a distinct microenvironment for maintenance
of pollutant-resistant regenerative cells.

BADJ-Associated CCSP-Expressing Cells Are
an Infrequently Cycling (Label Retaining)
Population

In addition to a relatively undifferentiated phenotype, a
low steady-state rate of proliferation is a commonly cited
property of stem cells. To assess the mitotic rate of cells
in the terminal bronchiole after exposure to 275 mg/kg of
naphthalene, cells proliferating during the first 7 days of
recovery were continuously labeled with [3H]-TdR via a
subcutaneous miniosmotic pump and the animals al-
lowed to recover a total of 45 days. As the period of
[3H]-thymidine incorporation was followed by a signifi-
cant recovery time, a negative correlation between num-
ber of silver grains and the number of rounds of prolifer-
ation after initial recovery is observed.10,19 Numerous
fibroblast-like cells bore a large number of silver grains
45 days after naphthalene exposure indicating the effi-
cacy of the labeling and chase protocol used in this
experiment (Figure 8, arrowheads). Two distinct popula-
tions of [3H]-thymidine-labeled cells were distinguished
by their number of grains/nucleus: label-retaining cells

Figure 7. The majority of terminal bronchioles lack PNECs/NEBs after naph-
thalene injury. Dual-color immunofluorescent staining for CCSP and CGRP
proteins was used to co-localize CE and PNEC populations within terminal
bronchioles 24 hours after exposure to 275 mg/kg of naphthalene. Twenty
consecutive 5-�m-adjacent serial lung sections were stained for the presence
of CCSP and CGRP and all terminal bronchioles containing a visible BADJ
were analyzed (minimum of five terminal bronchioles/animal; n � 5 ani-
mals). Although all terminal bronchioles analyzed contained detectable
CCSP-immunoreactive cells at or near the BADJ, 62 � 5% lacked any CGRP-
positive PNECs/NEBs at any location within the terminal bronchiole. Error
bars represent SEM.

Figure 8. BADJ-associated CE cells represent an infrequently cycling (label-
retaining) cell population. Mice were exposed to 275 mg/kg of naphthalene
and [3H]-TdR was administered continuously for the subsequent 7 day period
via a miniosmotic pump. Recovering mice were sacrificed 45 days after
naphthalene exposure, at which time CCSP protein expression and label
retention was visualized by immunohistochemistry and autoradiography of
lung tissue sections. The majority of labeled cells contained an average of 5
to 10 grains/nuclei, and were composed of both CCSP-immunopositive
(circled 2) and -immunonegative cells (not evident in field). A rare popu-
lation of CE cells located near the BADJ (arrow) were more heavily labeled
with an average of �15 grains/nuclei (circled 1). Fibroblasts, identified by
location and nuclear morphology, also contained large numbers of grains/
nuclei (arrowheads). Original magnification, �1000.
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that contained �15 grains/nucleus (Figure 8, circled 1)
and labeled cells that contained 5 to 10 grains/nucleus
(Figure 8, circled 2). Infrequently cycling cells (label-
retaining) comprise 12% of all labeled cells observed (21
cells total versus 198 total cells, n � 4 animals). This
finding suggests that two mitotic cell populations that
differ in their proliferation rate are found within terminal
bronchioles after acute naphthalene exposure.

To determine the molecular phenotype of the labeled
or label-retaining cells and whether these populations
were restricted to a particular region of the terminal bron-
chiole, sections were stained for CCSP and the distribu-
tion of each cell type evaluated using the BADJ as a
reference point (Figures 8, arrow, and 9). CE label-retain-
ing cells exhibited a nonrandom distribution within TBs
(Figure 9, solid black bars). Greater than 60% of label-
retaining CCSP-immunopositive cells were specifically
localized in the 20-�m region (three cell diameters) ad-
jacent to the BADJ. CCSP-negative label-retaining, as
well as CCSP-positive-labeled, and CCSP-negative-la-
beled cells were randomly distributed throughout the
terminal bronchiole (Figure 9, hatched, gray and white
bars, respectively). Spatial restriction of label-retaining
CE cells to the BADJ microenvironment supports the
notion that these cells represent a stem cell pool impor-
tant for terminal bronchiolar renewal.

Discussion

Results of this study identify a novel stem cell compart-
ment that contributes to renewal of the terminal bronchio-
lar epithelium after acute progenitor (Clara) cell deple-
tion. Rare, pollutant-resistant, CE cells were identified in

numerous terminal bronchioles both by immunohisto-
chemistry and in situ hybridization, and were present at all
time points after naphthalene administration. Interest-
ingly, these pollutant-resistant CE cells were spatially
restricted to the most distal conducting airway epithelium
immediately adjacent to the BADJ. After depletion of
naphthalene-sensitive Clara cells, BADJ-associated CE
cells account for all proliferative cells within terminal
bronchioles. At later time points, progeny of BADJ-asso-
ciated cells appear to migrate proximally and contribute
to the restoration of a terminal bronchiolar epithelium of
appropriate cellular composition. In addition to rapidly
proliferating cells, a subset of BADJ-associated CE cells
rapidly enters a quiescent state and remains spatially
restricted to this region of the airway. These BADJ-asso-
ciated cells function independently of NEBs, and thus
define a novel regenerative microenvironment. We con-
clude that epithelial CE cells that are enriched within the
BADJ microenvironment of terminal bronchioles repre-
sent a pollutant-resistant, infrequently cycling population
with multipotent differentiation potential. Based on these
findings we suggest that BADJ-associated CE cells rep-
resent a stem cell pool.

Although this study is the first to define a specific stem
cell of terminal bronchioles, the kinetics of injury and
repair within the terminal bronchiolar epithelium have
been extensively characterized. The time course and
magnitude of Clara cell ablation noted in the present
study are similar to previously published findings.28,37,38

Despite differences in the dose of naphthalene, the tem-
poral relationship between initial injury and the subse-
quent onset of repair were quite similar for each model.
However, the present findings are not fully consistent with
previous suggestions regarding the identity of cells that
actively contribute to the proliferative fraction of the re-
newing epithelium. Studies by Van Winkle and co-work-
ers22 demonstrate the existence of squamated cells,
some of which possess cilia, within the residual terminal
bronchiolar epithelium of naphthalene-exposed mice.
The rapid pace of epithelial renewal, coupled with a lack
of cells exhibiting morphological characteristics of Clara
cells, led this group to suggest that residual ciliated cells
represented the most likely progenitor pool for renewal of
naphthalene-injured terminal bronchioles.22,39 In the
present study we demonstrate that residual squamated
epithelial cells that resist naphthalene-induced injury in-
clude a CE subset and that this population of pollutant-
resistant CE cells proliferate to effect renewal of terminal
bronchioles. This finding is consistent with our previous
studies in which systemic delivery of gancyclovir was
used to achieve conditional ablation of CE cells in trans-
genic mice (CCSP-HSVtk) expressing the protoxin gene
Herpes simplex virus thymidine kinase under the regula-
tory control of the mouse CCSP promoter.19,26 Ablation of
all CE cell populations in those studies was accompanied
by proliferation of PNECs of the bronchial and bronchiolar
epithelium, but was not associated with renewal of the
injured epithelium. Importantly, neither proliferative epi-
thelial cells nor airway regeneration was observed within
CE cell-depleted terminal bronchioles of CCSP-HSVtk
transgenic mice during recovery from acute gancyclovir

Figure 9. CE label-retaining cells are preferentially located at the BADJ. The
distribution of [3H]-TdR-labeled (5 to 10 grains/nuclei) and label-retaining
(�15 grains/nuclei) cells in terminal bronchioles of animals exposed to 275
mg/kg of naphthalene and recovered for 45 days were assessed by morpho-
metric analysis. The percentage of each thymidine-labeled cell population
was plotted independently as a function of distance in 20-�m increments
originating from the BADJ. A correlation was observed between proximity to
the BADJ and the abundance of CE, label-retaining cell populations (black
bars). Very few CCSP-negative cells label-retaining cells (hatched white
bars) were identified within terminal bronchioles, and these cells were not
associated with the BADJ. Both CCSP-immunopositive (gray bars) and
-negative (white bars) labeled (5 to 10 grains/nuclei) cell populations were
distributed randomly throughout the terminal bronchiole. Data are the sum-
mation of 23 terminal bronchioles (n � 4 mice).
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exposure,19 indicating the loss of a critical stem cell
population. Therefore, CE cell populations within NEB
and terminal bronchioles represent an essential compo-
nent of epithelial renewal after injury.

Our current and previous findings identify pollutant
resistance and CCSP expression as criteria that are
unique properties of stem cell pools within both terminal
and proximal bronchiolar epithelium. Mechanisms that
might contribute to resistance of the stem cell pool from
pneumotoxic compounds such as naphthalene may ei-
ther be intrinsic to the cell, such as differences in pollut-
ant metabolizing enzymes, or as a result of its physical
sequestration. A precedent exists for each model. A
growing consensus is that stem cells exhibit a relatively
undifferentiated phenotype that may confer protection
from the potentially genotoxic consequences of metabo-
lizing xenobiotic compounds.13,14,40 CE cells localizing
to the NEB microenvironment of proximal bronchioles
included a subset showing no detectable immunoreac-
tive CYP2F2 protein, the cytochrome P450 isoenzyme
primarily responsible for metabolism of naphthalene to a
cytotoxic epoxide.20 Alternatively, the fact that stem cells
of regenerative epithelia are generally sequestered within
secluded microenvironments, as is the case for stem
cells found in the limbus of the cornea and crypts of the
small intestine,41,42 also raises the possibility that stem
cells may be physically isolated from toxic pollutants. The
relative contribution of intrinsic pollutant resistance ver-
sus anatomical sequestration cannot be easily discerned
for stem cells of the NEB microenvironment and both
mechanisms may in fact contribute to their resistance
from naphthalene-induced injury. However, BADJ-asso-
ciated stem cells described herein are localized to a
region of the conducting airway that is most sensitive to
the effects of parenterally administered naphthalene.
Even though the expression of CYP2F2 and other pollut-
ant-metabolizing enzymes were not measured within this
population of stem cells, their exposed location at the
BADJ suggests that intrinsic resistance to xenobiotic
agents is an important determinant contributing to their
maintenance after naphthalene exposure.

Other insights into the molecular phenotype of regen-
erative cells contributing to renewal of naphthalene-in-
jured airways have come from studies investigating ex-
pression of the growth factors epidermal growth factor
and transforming growth factor-�, and the epidermal
growth factor receptor, during airway repair.23 Elevated
expression of epidermal growth factor receptor was ob-
served among a population of squamated epithelial cells
located within terminal bronchioles during repair from
naphthalene exposure. Moreover, cells with abundant
epidermal growth factor receptor also incorporated the
nucleoside analogue bromodeoxyuridine, suggesting a
role for epidermal growth factor in regulation of progen-
itor cell proliferation.23 Findings of Van Winkle and co-
workers investigating the kinetics, distribution and mor-
phology of cells expressing epidermal growth factor
receptor early in the response to naphthalene exposure
show a close correlation with the distribution and prolif-
erative kinetics of CE cells described in the present study
that exhibit properties of stem cells. Clearly, microenvi-

ronmental cues are involved in both regulation of stem
cell phenotype, stem cell maintenance, and their activa-
tion after progenitor cell depletion.

Microenvironments that support the maintenance of
adult stem cells have recently been identified within both
the surface and glandular epithelium of pulmonary air-
ways. The best characterized stem cell microenviron-
ments include those of the submucosal gland in proximal
airways,16 the NEB microenvironment,20 and the BADJ
microenvironment identified in the present study. How-
ever, very little is known at present of the molecular and
cellular mechanisms that account for stem cell mainte-
nance within these lung microenvironments. The compo-
sition of airway epithelia at each location differs quite
dramatically, a feature that raises the question of whether
intrinsic or extrinsic factors influence stem cell mainte-
nance and the fate of daughter cells. In this regard, it
is interesting to note that basic features of stem cells
located within BADJ and NEB microenvironments are
similar despite clear differences in the cellular milieu at
these locations. More thorough analysis of the molecular
phenotype of stem cells located within these disparate
microenvironments is needed and may, in turn, shed
light on molecular mechanisms contributing to their
maintenance.
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