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Many human lung diseases, such as asthma, chronic obstructive pulmo-
nary disease, bronchiolitis obliterans, and cystic fibrosis, are character-
ized by changes in the cellular composition and architecture of the
airway epithelium. Intravital fluorescence microscopy has emerged as
a powerful approach in mechanistic studies of diseases, but it has been
difficult to apply this tool for in vivo respiratory cell biology in animals in
a minimally invasive manner. Here, we describe a novel miniature side-
view confocal probe capable of visualizing the epithelium in the mouse
trachea in vivo at a single-cell resolution. We performed serial real-time
endotracheal fluorescence microscopy in live transgenic reporter mice
to view the three major cell types of the large airways, namely, basal cells,
Clara cells, and ciliated cells. As a proof-of-concept demonstration, we
monitored the regeneration of Clara cells over 18 days after a sulfur
dioxide injury. Our results show that in vivo tracheal microscopy offers
a new approach in the study of altered, regenerating, or metaplastic
airways in animal models of lung diseases.
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The airway epithelium has the capacity to heal rapidly after epi-
thelial injury (1). With various tools for genetic manipulation
available, mice are an attractive model system to study the
mechanism of airway diseases and epithelial regeneration after
injury. The mouse trachea has a similar cellular organization as
the human conducting airways, the primary site of many airway
diseases. Basal cells, which have been identified as the stem cells
in the human airway epithelium, are present in the mouse trachea,
and have been shown to possess the same ability to self-renew and
generate transit-amplifying Clara cells and differentiated ciliated
cells (2). The traditional method of analyzing these cells in the
mouse trachea is by histology of fixed tissue. However, this static
method is inherently suboptimal for understanding dynamic cel-
lular processes in epithelial regeneration, which might be best
appreciated by direct visualization and time-lapse monitoring.
Although sophisticated in vitro culture systems (2, 3) allow in situ
imaging, these models cannot fully replicate the natural environ-
ment in vivo, because many elements that influence the behavior
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CLINICAL RELEVANCE

The work presented here represents an initial step towards
high-resolution live microscopy in respiratory cell biology,
which impacts basic research in genetically tractable model
organisms. Furthermore, mechanistic studies of airway re-
generation and metaplasias using these novel techniques can
influence our understanding of airway disease pathogenesis
of recovery from a smoke inhalation, chemical pneumonitis
from aspiration, and a variety of viral infections.

of cells, such as physical forces, complex cell-cell interactions,
innervation, and the immune system, are difficult to reproduce
reliably in vitro. By contrast, in vivo imaging of the epithelial
cells and their interactions in live mice has the potential to pro-
vide valuable information and insights that cannot be easily ob-
tained from in vitro assays and histological analysis of fixed tissue.

Several studies have reported in vivo imaging of the mouse
respiratory system. Kimura and colleagues (4) performed intravi-
tal fluorescence imaging of the proliferation of a cancer cell line in
the mouse lung using open chest surgery. Looney and colleagues
(5) demonstrated two-photon fluorescence microscopy of immune
cells in the mouse lung through a surgically implanted glass win-
dow. Cortez-Retamozo and colleagues (6) showed fluorescence
fiberoptic bronchoscopy for imaging the eosinophil-mediated
matrix metalloproteinase activity in the mouse lung in a model of
asthma. In addition, fiberoptic confocal reflectance and fluores-
cence microscopy have been used in humans to analyze normal
and pathologic mucosa of the airways (7). Despite these technical
advances, current studies of respiratory epithelial regeneration in
mouse models have been hampered by the difficulty of visualizing
the tracheal epithelium minimally invasively in vivo at a single-cell
resolution.

Here, we report on the first endotracheal confocal fluorescence
imaging of basal stem cells, Clara cells, and ciliated cells in live mice
A custom-made, small-diameter optical probe allowed us to
perform repeated in vivo endotracheal imaging experiments over
a period of 3 weeks. For proof of concept, we monitored the
changes in a number of these cells after a chemical injury and
during epithelial regeneration. The ability to monitor proliferative
and differentiating phases of airway regeneration after injury will
be useful for mouse models of asthma and cancer using fluorescent
epithelial reporters.

MATERIALS AND METHODS

Optical Probe and Imaging System

The imaging probe was fabricated using three graded-index (GRIN)
lenses (NSG America, Somerset, NJ): a proximal 0.4-numerical
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aperture (NA) coupling lens with 0.25 pitch (ILW-035-025), a 0.1-NA
relay lens, 60 mm in length (four pitches, SRL-035-400), and a distal 0.4-
NA focusing lens with 0.14-0.17 pitch (reduced from standard 0.25 pitch
by abrasive polishing). All of the lenses had an outside diameter (OD) of
350 wm. For side-view imaging, a micro-prism mirror was attached to the
distal end of the focusing lens. A stainless metal sheath (OD, 610 pm;
inside diameter [ID], 370 wm) was sleeved over the probe for mechanical
protection. The imaging probe was integrated into a laser-scanning con-
focal microscope using a rotational mount (Thorlabs, Newton, NJ) (8, 9).

In Vivo Endotracheal Imaging

Mice were anesthetized by intraperitoneal injection of ketamine (90 mg/
kg) and xylazine (9 mg/kg) and placed on the heated plate of a three-
dimensional translational stage (Sutter MP285 motorized micromanipu-
lator; Sutter, Novato, CA). An endotracheal intubation cannula with
a Y-adapter (OD, 1.0 mm; ID, 0.7 mm; Harvard Apparatus, Holliston,
MA) was inserted into the trachea. Once the cannula was in place, the
oxygen supply was connected, and the optical probe was inserted into
the tube through a paraffin film (Parafilm; Pechiney Plastic Packaging
Co., Chicago, IL) that had been applied to seal the tube. The mouse was
carefully positioned to ensure a smooth insertion of the probe. The venti-
lator was set at 250 breaths per minute at a tidal volume of 300 pl. Fluo-
rescence images were acquired at 15 to 30 frames per second and displayed
in real time on a computer screen at the video rate. Each frame consists
of 512 X 512 pixels, with a resolution of 2 pixels/wm (4 megapixels/mm?).
In postprocessing, frame averaging (typically 90-120 frames) was applied
to reduce the noise level of acquired frames, and an image registration
algorithm (10) was applied to compensate for the effects of respiration-
induced motion. At the completion of every imaging procedure (~40 min)
the optical probe and the cannula were gently removed from the trachea,
and the mouse was allowed to recover with spontaneous breathing.

Sulfur Dioxide Injury

To study airway regeneration, adult mice were placed in individual com-
partments of a custom-built polystyrene chamber (Lab Products, Inc.,
Seaford, DE) and exposed to 500 ppm sulfur dioxide (SO,) in air for
3.5 hours (11). After a single exposure to SO,, the mice were allowed to
recover in standard housing cages (2). The mice appeared mildly dehy-
drated on Day 1 after exposure, but recovered fully by the following
day, and did not require any additional treatment. The earliest in vivo
imaging experiments were performed 24 hours after SO, exposure. All
animal experiments were performed in compliance with institutional
guidelines and approved by the subcommittee on research animal care
at Massachusetts General Hospital (Boston, MA).

Mice, Immunohistochemistry, and Tracheal Epithelial
Cell Quantitation
Please see the online supplement for detailed descriptions of mouse

strains, the immunohistochemistry protocol, and the tracheal epithelial
cell quantitation used in the studies.

RESULTS

B1-Enhanced Green Fluorescent Protein Mouse Is a Tracheal
Clara Cell Reporter

To find a fluorescent reporter for the Clara cells (Figure 1A), we
examined the Bl-enhanced green fluorescent protein (EGFP)
mouse strain in which the expression of EGFP is driven by the
promoter of the B1 subunit of vacuolar H(+)-ATPase (V-ATPase).
It has been shown that this mouse strain expresses GFP in the
nonciliated cells of the small airways in the lung (12). How-
ever, the GFP expression pattern in the trachea has not been
reported. Immunohistochemistry of tracheal sections from adult
B1-EGFP mice showed that nearly all of the GFP-positive cells
colocalized with the Clara cell-specific protein (CCSP)—positive
Clara cells, but not with the acetylated tubulin—positive ciliated
cells or cytokeratin 5 (CK5)-positive basal stem cells (Figure 1B).
In fact, 486 of 522 (93.1%) GFP-positive cells were positive for
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Figure 1. Ex vivo characterization of GFP-expressing tracheal epithelial
cells. (A) Cartoon depictions of ciliated, basal and Clara cells, each
labeled by green fluorescence. (B-D) Immunofluorescence images of
tissue sections, labeled by GFP (green), nucleus-staining 4’-6-diamidino-
2-phenylindole (DAPI; blue), and other molecular markers, such as Clara
cell-specific protein (CCSP), acetylated tubulin (AcTub), and cytokeratin
5 (CKS5; red). (B) B1-enhanced green fluorescent protein (EGFP) mouse,
where only the Clara cells express GFP. (C) forkhead box protein J1
(FoxJ1)-EGFP mouse, where only the ciliated cells are GFP positive.
(D) CK5-nGFP mouse after administration of doxycycline in drinking
water for 10 days, where GFP is expressed in the nuclei of basal cells.
Scale bar, 20 pm.

CCSP, the cell type—defining marker of Clara Cells. Only 8 of 524
(1.5%) CK5-positive basal cells and 22 of 512 (4.3%) ciliated cells
were GFP positive. These results indicated that, in the B1-EGFP
mouse, the fluorescent reporter is both highly specific (93%) and
highly sensitive (97%) for Clara cells. In a BI-EGFP mouse
tracheal epithelium, there is a 96% positive predictive value that
a green signal seen by in vivo imaging is a CCSP-positive Clara cell.

Reporter Mice for Tracking Ciliated Cells and Basal
Stem Cells

Aside from the Clara cells described previously here, the other
two major cell types of the tracheal epithelium—ciliated cells
and basal stem cells—were also visualized by live fluorescent
cell type-specific GFP reporters. The ciliated cells are identified
by the transcription factor, forkhead box protein J1 (FoxJ1), and
by the cilia at the apical surface of the cell. The FoxJ1-EGFP
mouse strain was previously shown to express GFP in the
ciliated cells of an adult tracheal epithelium by immunohisto-
chemical detection of GFP and visualization of cilia (13). We
confirmed the published findings by immunofluorescence of
tracheal sections using the following antibody markers: CCSP
for Clara cells, CKS5 for basal cells, and acetylated tubulin for
ciliated cells (Figure 1C). In fact, 522 of 537 (97.2%) GFP-positive
cells colocalize with FoxJ1, 8 of 512 (1.5%) GFP-positive cells
colocalize with CKS5, and 14 of 507 (2.8% ) GFF-positive cells
colocalize with CCSP. As expected, the GFP signal in the FoxJ1-
EGFP mouse is both highly sensitive (99% ) and specific (98%)
for Ciliated cells in the mouse trachea, with a positive predictive
value of 97% that a GFP-positive cell is, in fact, a ciliated cell.
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The basal stem cells of the airway are characterized by the expres-
sion of several molecular markers, including CKS5 and the transcrip-
tion factor p63. We constructed a double-transgenic mouse strain
by mating a CK5-driven reverse tetracycline-controlled transactiva-
tor (CK5-rtTA) driver to a tet(O)H2BGFP reporter, in which the
expression of GFP in the nuclei of the CK5-expressing basal cells
canbe activated by administration of doxycycline in the drinking wa-
ter (“CK5-nGFP” mice). We found that, in the tissue sections of the
CK5-nGFP mice, after 2 weeks of doxycycline induction, 557 of 582
(95.7%) of the GFP-positive nuclei colocalized with the CKS5 antibody
stain (Figure 1D). The GFP expression was only found in 7 of 503
(1.4%) FoxJ1-positive cells and 16 of 515 (3.1%) CCSP-positive
cells, confirming that this strategy labels almost exclusively the basal
stem cells of the mouse trachea. Thus, the GFP signal in the CKS5-
nGFP mouse is both highly sensitive (94%) and specific (98%) for
basal cells, with a positive predictive value of 96% that a GFP-
positive nucleus seen by in vivo imaging is, in fact, a basal cell.

Development of an Endotracheal Imaging System

We have previously imaged dendritic cells in the upper trachea
using a side-view GRIN optical probe with a diameter of 1.25 mm
(8). However, the size of the probe necessitated tracheostomy
and precluded longitudinal time-lapse imaging. To solve this
problem, we fabricated a new probe with an OD of 0.61 mm,
using GRIN lenses with diameters of only 0.35 mm. This thin, 62-
mm-long, semirigid probe was inserted into the mouse trachea
through a standard intubation cannula (OD, 1.0 mm; ID, 0.7 mm)
without blocking the ventilated airflow (Figure 2A). The imaging
plane or focal plane of the optical probe was adjusted remotely by
moving the objective lens mounted on a microtranslational stage in
the confocal microscope (14) (Figure 2B). The field of view of the
optical probe was approximately90 wm in diameter. To visualize
different locations along the trachea, the mouse was moved parallel
to the tube using a translational stage. To scan along the circumfer-
ential axis, the probe was rotated using a rotational stage (Figure 2C).

Using this setup and procedure, we imaged the three strains of
mice described previously here and identified the Clara cells in
B1-EGFP mouse, the ciliated cells in FoxJ1-EGFP mouse, and
the basal cells in CK5-nGFP mouse after doxycycline treatment
(Figure 2D). The image resolution was sufficient to discern in-
dividual cells. The confinement of GFP in the nucleus of the basal
cells is appreciated by the size of each bright area. Real-time video-
rate imaging revealed significant tissue motion due to breathing
and heartbeat. For frame averaging (typically 90-120 frames; 3—
4s), a rigid registration (10) was used to align the movie frames to
minimize motion-induced artifacts. However, motion blur and
distortion are apparent in some of the images.

Longitudinal Imaging of Basal Cells via Airway
Transgene Activation

To demonstrate the possibility of longitudinal imaging, we per-
formed endotracheal imaging of a CK5-nGFP mouse multiple
times over the course of 10 days during a doxycycline treatment.
Before the administration of doxycycline (at Day 0), in vivo
imaging showed no GFP-positive cells (Figure 3A). Imaging at
Days 2, 7, and 10 in the same mouse showed an increasing num-
ber of GFP-expressing basal cells with time (Figure 3A). At Day
10, the number of detected cells reached ~4,000 basal cells per
1 mm? (Figure 3B). Histology on fixed tissue qualitatively vali-
dated our in vivo observations (Figure 3C).

In Vivo Imaging of Regenerated Clara Cells after Injury

SO, inhalation causes rapid sloughing of suprabasal epithelial
cells in the mouse trachea, and is a widely used model to study
epithelial regeneration (15). We applied our imaging technique
to visualizing the epithelial cells over the course of injury and
regeneration. In vivo imaging of a B1-EGFP mouse showed
the normal epithelium with a uniformly dense distribution of Clara
cells (Figure 4A). At 24 hours after the SO, inhalation injury, we
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Figure 2. In vivo endotracheal fluorescence microscopy. (A) lllustration of the assembly of a graded-index (GRIN) lens imaging probe and an
intubation tube. (B) Imaging setup. (C) lllustration of tracheal imaging. (D) Fluorescence images of the tracheal epithelium in vivo, showing Clara
cells in a B1-EGFP mouse, ciliated cells in a Fox|1-EGFP mouse, and basal cells in a CK5-nGFP mouse after doxycycline treatment. Scale bar, 20 pm.
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Figure 3. Time-lapse imaging of transgene activation in vivo. (A) Fluo-
rescence images of a CK5-nGFP mouse obtained at Days 0, 2, 7, and 10
during the induction by doxycycline. (B) The measured number of GFP-
expressing cells per unit area (1 mm?). Error bars, SD. (C) Immunofluo-
rescence images of tissue sections obtained at two different time points
with costaining for GFP (green), DAPI (blue), and CK5 (red). At Day 0, no
GFP-positive cells are detected; at Day 10, most CK5-positive cells
express GFP in their nuclei. Scale bars, 20 pm.

found that B1I-EGFP—positive Clara cells have been completely
depleted (Figure 4B). Immunofluorescence of tissue sections har-
vested at 24 hours after the injury confirmed the absence of Clara
cells and ciliated cells, whereas the basal stem cells remain intact
(Figure 4C) (16). In vivo images at 9 days showed the regeneration
of GFP-expressing Clara cells, and the population of Clara cells
increased at Day 18 (Figure 4D). We found some differences be-
tween animals (even among littermates) in terms of the speed of
regeneration of Clara cells (Figures 4E and 4F).

DISCUSSION

In vivo trachea imaging in genetically tractable organisms, such
as mice, offers a new and exciting window into the study of cell
biology of airway diseases. Such imaging studies require cell type—
specific fluorescent reporters. We used immunofluorescence to
establish the relationship of the GFP signal in relation to the three
major epithelial cell types in the mouse trachea (basal, Clara, and
ciliated cells) in three separate strains of reporter mice (CK5-
nGFP, B1-EGFP, and FoxJ1-EGFP). Although CK5rtTA and
FoxJ1-EGFP were known to express transgenes in basal and cil-
iated cells, respectively, our results establish the B1-EGFP mouse
as a novel fluorescent reporter strain for visualizing Clara cells
in vivo in the mouse trachea. It is also worth noting that basal cells
are known to give rise to Clara cells and ciliated cells based on the
established cellular lineage relationships of the mouse tracheal
epithelium (2). Therefore, in homeostasis, we expect to identify
a few nonbasal cells with GFP-positive nuclei in the CK5rtTA-
tet(O)H2BGFP mouse (CK5-nGFP). However, these nonbasal
cells represent a relatively small fraction of the GFP-positive
cells (as seen by the high specificity of the GFP signal for CK5-
positive cells in the CK5-nGFP mouse), indicating that the vast
majority of the GFP-positive nuclei in the CK5-nGFP mouse
visualized by in vivo imaging are in the basal cells.

After validating three tracheal epithelial cell type—specific fluo-
rescent reporters, we demonstrated the first visualization of three
different types of epithelial cells in the mouse trachea in vivo
and over time by minimally invasive endotracheal imaging.
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Figure 4. Longitudinal monitoring of Clara cells after sulfur dioxide (SO;)
injury. (A) A mosaic image of the normal epithelium in a B1-EGFP mouse.
(B) The same mouse at Day 1 after the exposure to SO,, revealing a com-
plete loss of Clara cells. (C) Immunofluorescence of a section obtained at
Day 1 after the injury with staining for GFP (green), DAPI (blue), and CK5
(red). (D) In vivo images taken at Days 9 and 18. Scale bars, 20 um. (E-F)
The density of Clara cells measured in two different mice.

The resolution of the sub-millimeter-diameter confocal imaging
probe made of GRIN lenses was sufficient to resolve individual
cells in the epithelium. The constant movement inherent to the
function of the respiratory system defines one of the challenges
of imaging a mouse airway at a single-cell resolution. However,
cellular-level imaging was made possible by the side-view design,
which results in a close proximity between the epithelium and the
imaging window of the probe for high resolution, as opposed to
the typical straight-view bronchoscopes (6, 7).

The imaging system, combined with the B1-EGFP mouse, en-
abled us to view the loss of Clara cells after epithelial injury and
their regeneration in a live mouse over time in a quantitative man-
ner. Although the measurement of cell population can also be done
ex vivo by killing animals at different stages of injury and regen-
eration, in vivo imaging offers a number of distinct advantages.
First, longitudinal monitoring can reduce the statistical sampling
errors originating from animal-to-animal variability. Second, it
generally requires a much smaller number of animals than histo-
logical analysis to achieve the same level of accuracy, especially
with respect to the variability of injury in different animal models
(15, 16), and rapidly and dynamically evolving processes, such as
epithelial regeneration. Third, more importantly, the ability to
comprehensively image the entire epithelium over a long seg-
ment of trachea, as well as for esophagus and descending colon (8),
can provide information about the spatial distribution and popula-
tion of cells and their proliferation and migration, the information
that is often difficult to appreciate in tissue sections.

Across many research fields, from immunology to neuroscience,
intravital imaging (17) has proven to be a powerful tool by visu-
alizing various biological processes at the cellular and molecular
level, such as gene expression, cell activation, trafficking, and
interactions between cells, in real time in the natural environ-
ment in vivo. The endotracheal intravital fluorescence microscopy
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presented here represents a synergy between the use of a novel,
high-resolution, live imaging technique and newly developed
transgenic mouse fluorescent epithelial cell type—specific reporters,
and paves the way for further in vivo imaging studies in the field of
respiratory cell biology.

Our work represents an initial step toward a myriad of appli-
cations of live microscopy in respiratory cell biology. Epithelial
regeneration in the airway is central to recovery from a smoke
inhalation, chemical pneumonitis from aspiration, and a variety
of respiratory viruses, such as influenza and respiratory syncytial
virus. Furthermore, failed epithelial regeneration may be central
to the pathogenesis of airway fibrosis. /n vivo imaging is ex-
pected to be useful for understanding the mechanisms of these
disorders, especially as more epithelial cell subtype—specific fluo-
rescent reporters become available and sophisticated animal mod-
els employing fluorescent tracers and reporters are developed. In
addition to epithelial regeneration, the imaging technique pre-
sented here should be applicable to animal models of various
airway problems, such as mucous metaplasia and squamous cell
cancer, as well as infectious diseases.

Author disclosures are available with the text of this article at www.atsjournals.org.
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