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Tracheal brush cells (BCs) are specialized epithelial chemosensors
that use the canonical taste transduction cascade to detect irritants.
To test whether BCs are replaced at the same rate as other cells in
the surrounding epithelium of adult mice, we used 5-bromo-29-
deoxyuridine (BrdU) to label dividing cells. Although scattered BrdU-
labeled epithelial cells are present 5–20 days after BrdU, no BCs are
labeled. These data indicate that BCs comprise a relatively static
population. To determine how BCs are generated during develop-
ment, we injected 5-day-old mice with BrdU and found labeled BCs
and non-BC epithelial cells 5 days after BrdU. During the next
60 days, the percentage of labeled BCs increased, whereas the per-
centage of other labeled cell types decreased. These data suggest
that BCs are generated from non-BC progenitor cells during post-
natal tracheal growth. To test whether the adult epithelium retains
the capacity togenerateBCs, tracheal epithelial cellswere recovered
from adult mice and grown in an air–liquid interface (ALI) culture.
After transition to differentiation conditions, BCs are detected, and
comprise 1% of the total cell population by Day 14. BrdU added to
cultures before the differentiation of BCs was chased into BCs, indi-
cating that the increase in BC density is attributable to the prolifer-
ationof anon-BCprogenitor.Weconclude that: (1)BCsarenormally
a static population in adult mice; (2) BC progenitors proliferate and
differentiate during neonatal development; and (3) BCs can be regen-
erated from a proliferative population resident in adult epithelium.
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The tracheal epithelium is a complex tissue containing diverse
cell types, which include ciliated cells, club (Clara)–like cells,
and basal cells. These cells are slowly replaced in the adult, but
can be regenerated rapidly in the case of cell death or overt
epithelial injury (1–6). Relatively less studied are brush cells
(BCs), which are specialized epithelial chemosensors. BCs are
relatively rare compared with other epithelial cell types, and are
distributed throughout the tracheal epithelium (7). Whether
these specialized chemosensors are replaced at the same rate
as other cells in the adult trachea remains unknown (8).

Although BCs were long speculated to be sensory elements
(9), only recently has this chemosensory function been con-
firmed (7). In responding to many noxious substances, BCs
use the canonical taste transduction pathway of Type 2 taste
receptors (T2Rs), Ga-gustducin, phospholipase Cb2 (PLCb2),
inositol 1,4,5-trisphosphate receptor, type 3 (IP3R3), and tran-
sient receptor potential melastatin 5 (TRPM5) (10–13). TRPM5
is a nonspecific cation channel, which has been used as a marker
for several taste cell–like airway chemosensors (11, 12, 14, 15).
BCs respond to “bitter-tasting” irritants by releasing acetylcho-
line, which activates nearby vagal nerve fibers to elicit protec-
tive respiratory reflexes (7). The tracheal BCs are molecularly
similar to nasal solitary chemosensory cells (SCCs), which also
use the canonical taste transduction cascade (12, 16).

In other chemosensory systems (e.g.,main andaccessoryolfactory
epithelia, taste buds, and nasal solitary chemosensory cells), the sen-
sory cells are replaced at a rate similar to that of surrounding epithe-
lium (17–19) (e.g., during the span of a few weeks). The lifespan of
ciliated and club (Clara)–like cells in the tracheal epithelium is
longer than in nasal and lingual epithelia (1, 3, 20, 21), but the
lifespan of BCs has yet to be determined. We predicted that BC
renewal and generation would occur at the same rate as that of
the surrounding epithelium, and we tested this with 5-bromo-29-
deoxyuridine (BrdU) labeling. Surprisingly, BCs show no evidence
of turnover in the adult epithelium. This finding led us to examine
the initial generation of BCs during development and the capacity
to generate BCs in an in vitro injury model of the adult epithelium.

MATERIALS AND METHODS

Mice

The mice used in these experiments included C57Bl/6, TRPM5-GFP
(22), and choline acetyltransferase (ChAT)–green fluorescent protein
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CLINICAL RELEVANCE

In 2005, a working group of the National Heart, Lung, and
Blood Institute on the brush cell concluded that an un-
derstanding of basic brush-cell biology could be impor-
tant to developing new therapeutic strategies. However, this
group also concluded that the major obstacle to brush-cell
research was the absence of reliable cellular markers (Reid
and colleagues, Am J Respir Crit Care Med 2005;172:136–
139). Recent reports have finally established markers for
the mysterious brush cell (Krasteva and colleagues, Proc
Natl Acad Sci USA 2011;108:9478–9483; Tizzano and col-
leagues, BMC Pulm Med 2011;11:3). Our experiments are
the first to take advantage of this development to deter-
mine the lifespan of the brush cell.
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(GFP) (23) lines for in vivo experiments, and A/J and TRPM5-GFP
mice for trachea epithelial cultures (see the online supplement for
details). All experimental procedures were approved by the Institu-
tional Animal Care and Use Committees at the University of Colorado
Anschutz Medical Campus and National Jewish Health.

Immunohistochemistry

Immunohistochemistry was performed using standard methods, as de-
scribed in the online supplement. For the adult BrdU experiments,
3-month-old mice received three intraperitoneal injections of 150 mg/kg
BrdU evenly spaced during 12 hours. Because tracheal epithelial cells
proliferate infrequently (1), a multiple injection protocol was used to
increase the likelihood that BrdU would be bioavailable when BC
progenitors were replicating DNA. For the perinatal BrdU experi-
ments, 5-day-old mice received a single intraperitoneal injection of
100 mg/kg BrdU. Slides were evaluated with an epifluorescence micro-
scope, and imaged with either a scanning laser or spinning disk confo-
cal microscope.

Cell Culture

The production and maintenance of mouse trachea epithelial air–liquid
interface (ALI) cultures are fully described in the online supplement.
For BrdU labeling experiments, 10 mmol/L of BrdU were added to the
culture medium for a 12-hour period.

RESULTS

Identification of Chemosensory Brush Cells

BCs are readily identifiable as a unique cell type within the tra-
cheal epithelium. They are elongated, and typically have an api-
cal process that reaches the lumen, as well as one or more basal
processes (Figures 1A–1G). Consistent with previous reports (7,
11), BCs are present at every level of the trachea from the
larynx to the bronchi, and coexpress TRPM5, ChAT, and Ga-
gustducin (Figures 1B and 1C, and Figure E2 in the online
supplement). BCs are not, however, immunoreactive for the
ciliated cell marker, acetylated tubulin (ACT; Figure 1D) or
the club (Clara)–like cell marker, club (Clara) cell secretory
protein (CSSP; Figure 1E). Although morphologically similar
to neuroendocrine cells of the trachea, BCs are not immunore-
active for protein gene product 9.5 (PGP9.5, also known as
ubiquitin carboxyl terminal hydrolase-1; Figures 1A and
E2C), calcitonin gene related peptide (CGRP; Figure 1F), or
5-hydroxytryptamine (5HT; Figure 1G), three markers of neu-
roendocrine cells. BCs are present throughout the tracheal ep-
ithelium, and occur both as solitary cells (Figures 1A, 1B, 1D,
1E, and 1G) and in clusters (Figures 1C and 1F). Cells that are
similar to BCs occasionally occur in submucosal glands, as in-
dicated by Ga-gustducin immunoreactivity (Figure 1B, arrow).
A similar distribution of BCs is demonstrated by GFP positivity
in transgenic mice that harbor transgenes regulated by the
ChAT or TRPM5 promoters (Figures 1A–1C).

Chemosensory Brush Cells Do Not Turn over in Adult Mice

In adult mice, BrdU immunoreactive nuclei were present through-
out the tracheal epithelium, 5, 10, 15, and 20 days after BrdU in-
jection (Figure 2A and Figure E1A in the online supplement).
BrdU1 nuclei were more common near the basement mem-
brane at shorter time intervals. Five days after BrdU injection,
2.37% 6 0.03% of tracheal epithelial cells were labeled (Figure
2B). The frequency of BrdU1 cells decreased to 1.86% 6 0.05%
on Day 10, 1.07% 6 0.03% on Day 15, and 0.92% 6 0.07% on
Day 20. The extrapolation of these values predicts that the
epithelial-cell lifespan is greater than 211 days, consistent with
findings reported by others (1, 21). In the 16 mice used in this

experiment, 2,849 BCs were examined. No BrdU-positive BCs
were detected at any time (Figure 2B). Thus, BrdU labeling
revealed no evidence for the replacement of BCs in adult epi-
thelium. We conclude that BC replacement, if it occurs at all in
healthy adult mice, is significantly slower than that in the sur-
rounding epithelium (Figure 2B; P , 0.001, according to x2

test).

Perinatal Generation of Chemosensory Brush Cells

Because BCs are a relatively stable population in adults, we in-
vestigated the origin of BCs during development. The trachea
lengthens and enlarges during postnatal development (24),
resulting in a substantial increase of epithelial surface area (Fig-
ures E2A and E2B). If BCs comprise a static population estab-
lished before birth, the density of BCs in the trachea should
decrease as the trachea enlarges. Conversely, if the density of
BCs is constant during this period of expansion, then new BCs
must be added over time. To evaluate this question, we imaged
whole-mounted tracheas from TRPM5-GFP mice. The density

Figure 1. Brush cells (BCs) comprise a distinct cell type in the tracheal

epithelium. (A) Triple-labeled, whole-mount tracheal epithelium shows

transient receptor potential melastatin 5 (TRPM5)–green fluorescent
protein (GFP; green), protein gene product 9.5 (PGP9.5; blue), and

acetylated tubulin (ACT; red). BCs appear green. Nerve fibers (magenta)

are immunoreactive for both PGP9.5 and acetylated tubulin. Neuroen-
docrine cells are immunoreactive for PGP9.5 (blue), whereas cilia

appear red, and are immunoreactive for ACT. (B) BCs coexpress Ga-

gustducin (Gust; red) and choline acetyltransferase (ChAT; green), and

occur within the tracheal epithelium (arrowheads) and in submucosal
glands (arrow). (C) Most BCs are immunoreactive for both Ga-gustducin

(red) and TRPM5 (green), and have multiple processes. (D) Ga-gustducin

(green) immunoreactive BCs are not immunoreactive for ACT (magenta),

a marker for ciliated cells. (E) Ga-gustducin (green) immunoreactive BCs
are not immunoreactive for club (Clara)–cell secretory protein (CCSP)

(red), a marker for club (Clara)–like cells. (F and G) TRPM5 (green)–

expressing BCs appear morphologically similar to neuroendocrine cells,
but are not immunoreactive for the known neuroendocrine cell

markers (E) calcitonin gene related peptide (CGRP; red) and (F) 5-hy-

droxytryptamine (5HT; red). (B–G) Counterstains with DRAQ5 are

shown in cyan. Photographs are of tissues from mice that ranged in
age from 90–180 days. Scale bars ¼ 10 mm.
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of BCs did not change significantly from postnatal Day (p) 5 to
p30, implying that significant cell addition occurs during this
period (Figure E2C; 43.20 6 4.92 BCs/mm2 on p5, 38.40 6
4.26 BCs/mm2 on p10, 42.80 6 6.95 BCs/mm2 on p15, and
57.20 6 6.09 BCs/mm2 on p30, one-way ANOVA, F(3,16) ¼
2.09, P ¼ 0.14).

To test whether BCs themselves are mitotic during postnatal
growth, we stained the tracheas for the proliferation marker
Ki67, which is present during all phases of the cell cycle except
G0 (25). Numerous epithelial cells, but no Ga-gustducin immu-
noreactive BCs, were immunoreactive for Ki67. The mitotic

index (percent cells immunoreactive for Ki67) within the tra-
cheal epithelium decreased significantly as mice aged from p10
to p65 (Figure 2D; one-way ANOVA, F(3,8) ¼ 23.80, P , 0.001;
p10, 5.75% 6 0.06%; p20, 4.11% 6 0.11%; p35, 2.66% 6
0.05%; p65, 2.57% 6 0.05%). Among the 12 mice used in this
experiment, 415 BCs and 3,767 Ki67-positive nuclei were exam-
ined. At no time were Ki67 and Ga-gustducin double-positive
cells detected (Figures 2C and 2D).

To test whether BCs are added from a proliferative popula-
tion during early development, we injected mice with BrdU on
p5, and examined their tracheas for labeled BCs at 5 hours, and
at 5, 15, 30, and 60 days after injection (Figure E1B). In tracheas
examined 5 hours after BrdU injection, the majority of BrdU-
labeled cells expressed cytokeratin 14, or were adjacent to cyto-
keratin 14–expressing basal cells (Figure E2D). No BCs were
BrdU-labeled at this time. This finding is consistent with previ-
ous reports that the main tracheal progenitor is a basal cell that
expresses cytokeratin 14 (3, 26, 27). As early as 5 days after
injection (chase Day 5 ¼ p10), BCs with BrdU-labeled nuclei
(Figure 2E) were detected along with BrdU-labeled non-BC
epithelial cells. Apparently, these labeled BCs arise from the
proliferative basal cells labeled shortly after the BrdU injection.

The fraction of BCs labeled with BrdU increased with time
after injection, suggesting a slow addition of new BCs from
the proliferative basal cell pool. In contrast, the fraction of
BrdU-labeled non-BC epithelial cells decreased (Figure 2F).
On chase Day 5, the proportion of BrdU-labeled to total BCs
was significantly lower than the proportion of labeled to total
non-BC epithelial cells (0.38% 6 0.38% of BCs compared with
4.16% 6 0.29% of non-BC epithelial cells, n ¼ 4, x2 analysis,
P , 0.01). By chase Day 30, the proportion of BrdU-labeled to
total BCs (2.46% 6 0.93%) was not significantly different from
the proportion of BrdU-labeled to total non-BC epithelial cells
(2.12% 6 0.32%). On chase Day 60, the proportion of BrdU-
labeled BCs was significantly higher than the proportion of non-
BC epithelial cells labeled by BrdU (7.71% 6 0.12% of BCs
compared with 1.44% 6 0.03% of other epithelial cells, n ¼ 4,
x2 analysis, P, 0.001). The BC progenitor was labeled by BrdU
on p5, but BC progeny were not detected for 5 days. Taken
together, these findings indicate that the BC progenitor is pro-
liferative on p5, but that the differentiation of BCs occurs over
a period of weeks.

New Chemosensory Brush Cells Can Be Generated from Adult

Tracheal Epithelial Progenitors

To test whether the adult tracheal epithelium retains the capacity
to generate new BCs, we used ALI cultures (Figure E1C). ALI
cultures are produced by seeding dissociated tracheal epithelial
cells at low density to model epithelial regeneration after injury
(26, 28–30). These epithelial cells are grown to confluence on
a porous polycarbonate membrane, and differentiate into an
epithelial layer that recapitulates the anatomy and gene expres-
sion of the native mouse trachea (26, 28, 30). This model can be
used to determine the cell types generated by adult tracheal
facultative progenitor cells (26, 28), and was adapted to evalu-
ate tissue stem-cell differentiation (27).

Immediately after the transition to differentiation conditions,
rare Ga-gustducin immunoreactive cells were evident (Figure
3A), but constituted only 0.01% 6 0.01% of the total popula-
tion (Figure 3G). In culture, as in vivo, BCs express both
Ga-gustducin and TRPM5 (Figure 3B), and are not immunore-
active for acetylated tubulin (Figure 3C). In vitro, BCs were
multipolar, with two to three processes of various lengths (Fig-
ures 3A–3C), similar to their appearance in vivo in adult trachea.
Doublet BCs (i.e., pairs of adjacent Ga-gustducin–positive BCs)

Figure 2. BCs comprise a static population in the adult trachea, but are

generated by a population of proliferative progenitor cells during peri-

natal development. (A) Double-labeled image with Nomarski overlay
shows 5-bromo-29-deoxyuridine (BrdU; red)–labeled epithelial cell nu-

clei near an unlabeled Ga-gustducin (green) immunoreactive BC in an

adult mouse, 20 days after BrdU treatment. (B) Percentages of tracheal

epithelial cells and BCs labeled with BrdU at 5–20 days after BrdU
treatment of adult mice. Bars depict the mean 6 SEM (n ¼ 4) for each

point. (C) Double-labeled image shows Ki67 (red)–labeled epithelial

cell nuclei near a Ga-gustducin (green) immunoreactive BC in a trachea

from a 35-day-old mouse. (D) Percentages of perinatal tracheal epithe-
lial cells and BCs immunoreactive for the mitotic marker Ki67. Bars

depict the mean 6 SEM (n ¼ 3) for each time. (E) Double-labeled

image with Nomarski overlay shows a BrdU (red)–labeled, Ga-gustducin
(green) immunoreactive BC in a 35-day-old mouse, 30 days after BrdU

treatment. (F) Percentages of perinatal tracheal epithelial cells and BCs

labeled with BrdU at different times after the injection of 5-day-old

mice. Bars depict the mean 6 SEM (n ¼ 4) for each time point.
**P , 0.01 and ***P , 0.001, according to x2 test. Scale bars ¼ 10 mm.
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were common (Figures 3E and 3F). Closely spaced BCs are also
present in vivo, but are not as intimately associated as those in
culture (Figures 1C, 3E, and 3F).

The overall cell density within the cultures is stable after
the switch to differentiation conditions (Figure 3G), but the
proportion of BCs increases significantly (one-way ANOVA,
F(4,85) ¼ 62.71, P , 0.001) to 0.38% 6 0.09% on ALI Day 3,
0.93% 6 0.22% at ALI Day 7, and 1.12% 6 0.18% by ALI Day
14 (Figure 3G). To test the possibility that this increase in BC
density was attributable to cell division, BrdU was added to the
cultures on proliferation Day 3 (2 d before the switch to ALI) or
on ALI Day 0. No BrdU-labeled BCs were present in cultures
fixed immediately after the 12-hour BrdU pulse, indicating that
differentiated BCs are not proliferative. BrdU-labeled BCs are,
however, present on ALI Day 14 (chase Day 16 or 14; Figure
3D), indicating that BCs differentiate from a proliferative

population labeled in culture some days prior during cell divi-
sion. Proliferative cells may undergo asymmetric divisions, so
that one daughter cell remains proliferative, whereas the other
assumes a differentiated cell fate, potentially becoming one of
a variety of cell types, including ciliated, club (Clara)–like, or
BC. The determination of exact lineage relationships within the
epithelial population will require further study.

Significantly more BCs were labeled when BrdU was added
on ALI Day 0 (Figure 3H; t test, P , 0.001) than when BrdU
was added on proliferation Day 3, suggesting that progenitor cells
that proliferate on proliferation Day 3 are biased toward popu-
lation expansion. In contrast, progenitors that proliferate after
the transition to ALI have the potential to generate differenti-
ated BCs. Continued cell divisions between proliferation Day 3
and the onset of ALI would likely dilute the BrdU label in the
proliferative population, resulting in no detectable label in later-
forming BCs. Thus, the present study faithfully evaluates early
BC generation, but may not detect BCs that are generated as
a consequence of multiple rounds of progenitor proliferation.
Taken together, the in vitro results indicate that the adult tracheal
epithelium has the capacity to generate new BCs, although few
are generated under normal healthy conditions.

DISCUSSION

Respiratory epithelia, including the tracheal epithelium, are at
risk of damage by inhaled particulates, toxins, and pathogens.
In the normal healthy trachea, ciliated cells and club (Clara)–
like cells receive the most exposure to the airway lumen, and in
mice are replaced approximately every 6–9 months. In contrast,
the tracheal BC population is essentially static after being pro-
duced during the perinatal period of tracheal growth. Moreover,
the lifespan of BCs and consequently their turnover rate are
distinct from those of other tracheal epithelial cell types in
healthy adult mice. However, our in vitro experiments demon-
strate that BCs can be regenerated if they are lost because of
tracheal damage. These data raise interesting questions regard-
ing the mechanisms that determine BC longevity and replace-
ment.

Reliable Markers for Chemosensory Brush Cells

The lack of reliable markers for BCs has presented a significant
impediment to elucidating details of their biology (8). Initial
speculations that BCs were chemosensory were based solely
on ultrastructural analyses of tracheal epithelia (9). These
observations were not confirmed until 40 years later (7, 10),
largely because BCs could not be identified among the more
common cell types in the epithelium (8).

In the present study, we used Ga-gustducin, a component of
the bitter-taste transduction cascade, as a marker for BCs be-
cause this protein was detectable even after applying the harsh
antigen-retrieval methods required to detect BrdU. Ga-gustducin
has been used extensively as a marker for bitter-sensitive,
sweet-sensitive, and umami-sensitive Type II taste receptor cells,
including several BrdU dating studies (31, 32). Similarly, Ga-
gustducin is a reliable marker for nasal solitary chemosensory
cells (19).

The majority of BCs are immunoreactive for Ga-gustducin,
but a small fraction can lack this or other taste-related markers
(11, 33). In the auditory tube, 3% of ChAT-expressing BCs are
not immunoreactive for Ga-gustducin (33). Likewise, the occa-
sional tracheal BC that does not express all of the phenotypic
markers has also been observed (7). In the taste system, sub-
populations of receptor cells use different downstream trans-
duction elements (34). Thus, in BCs as in taste receptor cells,
different second messengers could be used by different

Figure 3. New BCs can be generated from adult tracheal epithelium
in vitro. (A) Ga-gustducin (red) immunoreactive BCs in tracheal epithe-

lial cell culture on air–liquid interface (ALI) Day 7. Cultured BCs have

multiple processes like their in vivo counterparts. (B) BCs in cultures

produced from TRPM5-GFP (green) transgenic mice were immunore-
active for Ga-gustducin (red) and expressed GFP on ALI Day 7. (C) Ga-

gustducin (green) immunoreactive BCs were negative for the ciliated

cell marker acetylated tubulin (ACT,magenta) on ALI Day 7. (D) A double-
labeled cell with a BrdU (green) and Ga-gustducin (red) double-

immunoreactive BC (arrow). BrdU also labeled other cells in culture

(ALI Day 14). (E) Several doublet Ga-gustducin (red) immunoreactive

BCs, suggestive of daughter cells, were observed culture on ALI Day 1.
(F) Double-labeled image shows a Ga-gustducin (red) immunoreactive

doublet, where both nuclei are labeled with BrdU (green), on ALI Day

14. Counterstains with 496-diamidino-2-phenylindole are shown in

blue. Scale bars ¼ 10 mm. (G) Tracheal epithelial cell density (red line)
and the fraction of BCs (green line) over time in ALI cultures. Points

depict the mean 6 SEM (n ¼ 3) for each time. (H) Fraction of cultured

BCs labeled when dosed with BrdU, either during the proliferation
period (Pro 3) or on ALI Day 0. *P , 0.001, according to t test. Bars

depict the mean 6 SEM (n ¼ 3) for each point.
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subpopulations. Alternately, these “atypical” non–Ga-gustducin
BCs could be immature cells that have yet to express the full
complement of chemosensory transduction proteins.

A previous study reported that ciliated cells of cultured human
respiratory epithelia were immunoreactive for Ga-gustducin (35),
although others noted the absence of Ga-gustducin in ciliated
cells from the respiratory epithelia of rats (36). Likewise, we
never observed cilia or ciliated cells immunoreactive for Ga-
gustducin in our in vivo (Figure 1D) or in vitro (Figure 3C) prep-
arations of mouse tissue. This disparity may represent differences
in species-specific expression patterns. The distinct morphology of
ciliated cells and BCs is sufficient to ensure that no ciliated cells
were counted as BCs in the present study (Figures 1D and 3C).

Tracheal Brush Cells Are Generated Perinatally but Comprise

a Stable Population in Adults

The lack of BC turnover in the trachea is unusual for chemosen-
sory epithelia. Most chemosensory cells (e.g., taste buds, olfac-
tory receptor cells, and even solitary chemosensory cells of the
nasal epithelium) are replaced every 2–4 weeks (17–19, 37–39).
However, other chemosensors, including those of the carotid
body, are stable (40). Carotid body cells are internal chemo-
sensors (41), and their lack of turnover may reflect their pro-
tected intravascular position. Similarly, other types of sensory
cells in protected end organs, such as photoreceptors (42), au-
ditory hair cells (43), and Merkel cells (44), are not replaced in
a normal healthy individual.

The stability of murine tracheal BCs may also reflect the rel-
atively protected environment in which they reside. The rodent
nose provides an efficient filtering mechanism, leaving the tra-
chea relatively free of inhaled toxins. In contrast, the human nose
is not as effective at this protective function (45). Thus, the
human tracheobronchial BC population is likely to be more
susceptible to damage, and therefore less stable than its murine
counterpart. Following a similar line of logic, SCCs in the nasal
cavity of adult mice are likely to be exposed to a higher con-
centration of inhaled toxins than are tracheal BCs. Thus, the
finding that nasal SCCs turn over every few weeks (19), whereas
BCs are stable, may reflect cell locations rather than cell-
intrinsic differences in maximal lifespan.

During the perinatal growth period, the surface area of the
trachea increases, and new epithelial cells are added. The density
of ciliated and club (Clara)–like cells remains constant even as
new cells are generated (24). Likewise, new BCs form during
this period (Figures 2E and 2F), resulting in a constant propor-
tion of BCs (Figure E3). The constant density of BCs, ciliated
cells, and club (Clara)–like cells suggests a regulated generation
of different cell types, likely reflecting intraepithelial signaling
to maintain the proportionate generation of different cell types.

Does Injury Result in the Production of New Brush Cells?

The airway epithelium is a remarkably resilient tissue, capable of
reconstituting diverse cell types from a small reservoir of progen-
itor cells (21, 46). Although the mitotic index for adult epithe-
lium is low, the rate at which new epithelial cells are produced
after injury increases substantially (5, 6, 47). This new cell ad-
dition results in the regeneration of all major tracheal cell types.

We used the ALI culture system to test the ability of tracheal
facultative progenitor cells to reconstitute BCs along with other
elements of the tracheal epithelium after disruption (26, 28). Our
results demonstrate that BCs, like ciliated and club (Clara)–like
cells, can be regenerated after damage (Figures 3D, 3G, and
3H). Although ALI cultures mimic many aspects of the naph-
thalene injury model (26), in vitro models may not always

faithfully recapitulate in vivo circumstances, and thus these data
must be viewed with that caveat in mind. However, the idea that
tracheal progenitor cells are capable of regenerating BCs is
completely consistent with current models of airway plasticity.

BC activity may itself play a role in regulating the plasticity of
the surrounding epithelium. BCs respond to irritants, including
bacteria metabolites, by releasing the neurotransmitter acetylcho-
line (7, 10) (Figures 1B and E2B). However, the acetylcholine
released by BCs lying close to mitotic basal cells (Figure 2C) may
act in a paracrine fashion on basal-cell nicotinic acetylcholine
receptors to modulate the proliferation and differentiation of
the mitotic population (48). This model provides a mechanism
by which BC activation could result in changes in the prolifera-
tion and differentiation of tracheal progenitor cells.

What Is the Progenitor of the Chemosensory Brush Cell?

The main progenitor of neonatal and adult tracheal epithelial
cells is a cytokeratin (K) 5–expressing and K14–expressing basal
cell (3, 26, 27, 49). In the adult tracheal epithelium, basal cells
self-renew (3) while also producing CCSP1 club (Clara)–like
secretory cells (27). Club (Clara)–like cells, under normal con-
ditions, are capable of producing ciliated cells (27), or can un-
dergo injury-induced metaplasia to become mucus-secreting
cells (3). Ciliated cells and mucus-secreting cells appear to be
terminally differentiated, whereas club (Clara)–like cells are
capable of both self-renewal and transdifferentiation (3).

Our data indicate that BCs, like ciliated cells, are terminally
differentiated cells, likely generated from a K141 basal cell.
In both adult and perinatal animals, no cells expressing BC
markers underwent cell division, as assessed by the mitotic
marker Ki67 (Figures 2C and 2D). Furthermore, in our perina-
tal BrdU experiments, we found that nearly all BrdU-labeled
cells expressed K14 or were adjacent to K141 basal cells within
5 hours of injection (Figure E2D), suggesting that K141 cells
represent the proliferative pool at this time. Although BrdU1

BCs appeared with longer chase times, BC progenitors are
likely a subset of the K141 basal cells labeled by BrdU in these
short-chase experiments. Moreover, in our ALI experiments,
adult epithelial progenitor cells retained the ability to generate
new BCs in vitro (Figures 3D and 3F–3H). Other experiments
have implicated the K5-expressing and K14-expressing basal
cells (26, 27) as the progenitors responsible for the recovery
of the epithelium in ALI cultures. Taken together with these
previous results, our data suggests that BCs are generated by
K5-expressing and K14-expressing basal cells as part of the ep-
ithelial repair response.

These results represent the first attempt to place BCs within
the tracheal epithelial cell linage. The lack of reliable BC
markers and their scarcity (1% of total epithelial cells) have
hindered previous examinations of lineage relationships (8).
Although our results suggest that the K14-expressing and K5-
expressing basal cell gives rise to BCs, lineage-tracing in vivo
will be needed to establish a lineage relationship. Likewise, our
observation of doublets BCs in vitro is suggestive of daughter
cells (Figures 3E and 3F), and may indicate that a symmetric
terminal division is the final step in the generation of BCs.

Conclusions

Our results indicate that BCs comprise a static population in the
healthy adult trachea. These cells show no evidence of the turn-
over typical of surrounding epithelial cells, a trait unusual for ep-
ithelial chemoreceptor cells. The majority of BCs present in the
healthy adult mouse are generated perinatally while the trachea
is expanding. Despite the lack of turnover in adult epithelium,
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BCs can be regenerated from proliferative epithelial cells after
tracheal damage, allowing for a full reconstitution of the tracheal
epithelium.
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