Airway-Specific Inducible Transgene Expression Using

Aerosolized Doxycycline

Purushothama Rao Tata', Ana Pardo-Saganta'’, Mythili Prabhu’, Vladimir Vinarsky'-2, Brandon M. Law’,
Benjamin A. Fontaine3, Andrew M. Tager3, and Jayaraj Rajagopal®-%4

'Center for Regenerative Medicine, and 2Pulmonary and Critical Care Unit, Department of Internal Medicine and Department of Pediatrics,
Massachusetts General Hospital, Boston, Massachusetts; *Pulmonary and Critical Care Unit and Center for Immunology and Inflammatory Diseases,
Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts; and “Harvard Stem Cell Institute, Cambridge, Massachusetts

Tissue-specific transgene expression using tetracycline (tet)-regulated
promoter/operator elements has been used to revolutionize our
understanding of cellular and molecular processes. However, because
most tet-regulated mouse strains use promoters of genes expressed in
multiple tissues, to achieve exclusive expression in an organ of interest
is often impossible. Indeed, in the extreme case, unwanted transgene
expression in other organ systems causes lethality and precludes the
study of the transgene in the actual organ of interest. Here, we describe
a novel approach to activating tet-inducible transgene expression
solely in the airway by administering aerosolized doxycycline. By
optimizing the dose and duration of aerosolized doxycycline expo-
sure in mice possessing a ubiquitously expressed Rosa26 promoter—
driven reverse tet-controlled transcriptional activator (rtTA) element,
we induce transgene expression exclusively in the airways. We detect
no changes in the cellular composition or proliferative behavior of
airway cells. We used this newly developed method to achieve airway
basal stem cell-specific transgene expression using a cytokeratin 5
(also known as keratin 5)-driven rtTA driver line to induce Notch path-
way activation. We observed a more robust mucous metaplasia phe-
notype than in mice receiving doxycycline systemically. In addition,
unwanted phenotypes outside of the lung that were evident when
doxycycline was received systemically were now absent. Thus, our
approach allows for rapid and efficient airway-specific transgene ex-
pression. After the careful strain by strain titration of the dose and
timing of doxycycline inhalation, a suite of preexisting transgenic
mice can now be used to study airway biology specifically in cases
where transient transgene expression is sufficient to induce aphenotype.
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The first tetracycline (tet)-controlled transcriptional activation
system was designed nearly a decade ago to control transgene ex-
pression temporally. The activation or suppression of a variety of
genes in vivo has provided invaluable insights into the function
and regulation of these genes in various tissues and cells (1-6). The
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CLINICAL RELEVANCE

This work advances the use of existing mouse models for
understanding different disease models.

original tet-controlled transcriptional activator (tTA) is a transcrip-
tional regulator with tight control of target gene expression and
a broad range of inducibility (7-13). In tTA-based systems, con-
stitutive gene expression occurs in untreated mice, but is sup-
pressed by the administration of doxycycline. Conversely, the
reverse tet-controlled transcriptional activator (rtTA) activates
transgene expression in the presence of doxycycline. New var-
iants of tet-based regulators with additional features are still
emerging (7-15).

The utility of a tet-inducible transgenic mouse is dependent
upon whether the transgenic line demonstrates the faithful acti-
vation or suppression of transgene expression in the presence or
absence of doxycycline. Doxycycline is generally administered
through intraperitoneal injection, drinking water, or animal
chow, and is systemically distributed to the entire body through
the circulation. Therefore, doxycycline is accessible to almost all
of the cell types in the body (3, 16-19). Because most of the
murine tTA and rtTA driver lines used to induce transgene
expression rely on promoters that drive the expression of genes
in multiple tissues, to achieve exclusive expression in an organ
of interest with systemic doxycycline administration is often
impossible. Furthermore, cell type—specific promoters are often
expressed in those particular types of cells in many different
organs (20). Thus, these promiscuous driver lines limit our in-
terpretation of the function of a gene in a particular organ when
doxycycline is administered systemically. For example, the cyto-
keratin 5 (CKS5)-rtTA driver mouse expresses rtTA in the basal
cells of the airway, skin, esophagus, epididymis, and mammary
glands (21). Therefore, to use the transgenic mice that bear the
CKS5-rtTA driver to perform organ-specific gene modulation is
difficult. Indeed, in the extreme case, unwanted transgene expres-
sion in other organ systems causes lethality that precludes the
study of the transgene in the actual organ of interest. Strategies
to achieve organ-specific transgene expression involve the use of
intersectional transgenic mouse models, in which two separate
driver lines are necessary to express a transgene specifically in
a particular tissue that can be uniquely identified by two marker
genes. However, the generation and maintenance of such mod-
els are time-consuming and often expensive (22, 23). In the case
of skin, existing transgenic mouse models have been repurposed
to create skin-specific transgenic models by using topical skin
applications of doxycycline. Thus, a whole suite of experiments
has become possible, using mice that were readily available (21,
24). Using a doxycycline-inducible but ubiquitously expressed
rtTA driver line, we describe a novel approach to activating
transgene expression exclusively in the airway. Moreover, we
activate gene expression in mouse basal cells of the proximal
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airway epithelium, the site that resembles the small airways of
the human lung that are affected by major airway diseases such
as asthma and chronic obstructive pulmonary disease. We admin-
istered aerosolized doxycycline by nebulizer to a mouse bearing
the ubiquitously expressed rtTA regulator, and observed airway
epithelium-specific transgene expression. Furthermore, this newly
developed method can achieve a more rapid and more robust
transgene-induced mucous metaplasia phenotype than is achieved
using doxycycline administrated in the drinking water.

MATERIALS AND METHODS

Mouse Models

Rosa26-rtTA, Collal-tet(O)H2BGFP, and CK5-rtTA mice were previ-
ously described (21, 25). The tet(O)H2BGFP, Tet(O)Cre, and R26-
LSL-NICD mice were purchased from Jackson Laboratory (Bar Harbor,
ME). All mice were maintained in a pathogen-free environment, and
received food and water ad libitum. These animal experiments were ap-
proved by the Subcommittee on Research Animal Care at Massachusetts
General Hospital, in accordance with National Institutes of Health guide-
lines. In each experiment, at least four mice were used, and each exper-
iment was repeated at least twice.

Doxycycline Administration

Mice were exposed to isoflurane and oxygen at a ratio of 1:1 for 2 minutes,
and placed into a 50-ml conical Falcon tube (REF 352070; BD Falcon,
Franklin Lakes, NJ) with a newly created 1-cm opening at the conical
end of the tube (designed to fit the snout of the mouse and allow the
mouse to breathe normally). Within 2 minutes, we observed the mice
moving inside the tube. The mouse in the Falcon tube is then placed into
a microisolator cage chamber that is connected to a nebulizer, as shown in
Figure 1. Doxycycline (1-50 mg/ml) is aerosolized into the microisolator
cage, using a nebulizer (De Villbis Ultraneb 90 nebulizer; DeVillbis
Healthcare, Heston, United Kingdom) driven by compressed air. For
intermittent doxycycline exposure, doxycycline was aerosolized for 20
minutes, and then shut off for 20 minutes in three cycles. The isolator
chamber lid was completely opened to room air during the off cycles.
Control mice were treated the same way, except that they received
aerosolized PBS alone. Doxycycline is less soluble in PBS at higher
concentrations. Therefore, rigorous vortexing (for 1 minute) of the doxy-
cycline solution was necessary just before nebulization. Mice were killed
for analyses of transgene expression 24 hours after the final inhalation in
all experiments, unless otherwise indicated. For systemic doxycycline
administration, doxycycline was dissolved in 2% sucrose water at a con-
centration of 1 mg/ml, and mice were allowed to drink ad libitum.

Figure 1. Schematic representation of the experimental setup for ad-
ministering aerosolized doxycycline. A nebulizer (7) is connected to
a doxycycline reservoir (3) by tubing (2). The doxycycline reservoir is
connected (4) to a microisolator chamber (5). The mouse is placed inside
a 50-ml Falcon tube (REF 352070; BD Falcon, Franklin Lakes, NJ), with its
snout snugly positioned through a 1-cm aperture in the tube (6).

Cell Dissociation and Flow Cytometry

Tracheal airway and non—airway cells were dissociated using a two-step
sequential enzymatic dissociation method. Airway epithelial cells were
liberated using papain dissociation, and non-airway cells were liber-
ated using trypsin-mediated cell dissociation. A detailed description of
the protocol is provided in the online supplement. Dissociated cells
were stained, and flow cytometric analysis was performed. Airway ep-
ithelial cells were first gated for epithelial cell adhesion molecule
(EpCAM), and then gated for green fluorescent protein (GFP). This
allowed us to quantify the percentage of GFP-expressing epithelial
cells in the inhaled doxycycline-treated mice, compared with mice trea-
ted with doxycycline in their drinking water.

Immunofluorescence and Cell Quantification

Immunofluorescence was performed as previously described (26), and
a complete protocol can be found in the online supplement.

Statistical Analysis

Percentages of each particular cell type were calculated by counting the
relative numbers of a specific cell type versus the total number of 4'6-
diamidino-2-phenylindole—positive cells. The standard deviation was
calculated from the average cell numbers of at least three independent
tracheal samples. Data were compared among groups using the Student
t test. A P value of less than 0.05 was considered significant.

RESULTS

Aerosolized Doxycycline Activates Tet-Inducible Transgene
Expression in the Airways

The conventional method of doxycycline administration for in-
ducible gene expression using rtTA or tTA transcriptional reg-
ulators involves intraperitoneal injection, drinking water, or
animal chow. Doxycycline administered through these methods
is distributed into the circulation, and thereby exerts a systemic
effect on any cell expressing both the rtTA and tet-inducible re-
sponse elements. Because many pharmaceutical agents delivered
by aerosolization directly to the respiratory tree escape unwanted
systemic side effects, we hypothesized that aerosolized doxycycline
could be similarly applied to activate tet-inducible transgene ex-
pression solely in the airways. To test this hypothesis, we generated
mice bearing both an rtTA transcriptional regulator under the
control of the ubiquitous Rosa26 promoter, and a tet-inducible
H2BGFP fusion transgene under the control of the ubiquitous
Collagen 1al (Collal) promoter (25). This R26-rtTA/Collal-tet
(O)H2BGFP mouse (hereafter referred to as R26-H2BGFP)
ubiquitously expresses rtTA, which then can bind to and acti-
vate a tet-operator in the presence of doxycycline, to activate the
expression of the H2BGFP reporter gene.

When free-roaming mice are exposed to aerosolized doxycy-
cline in a chamber, topical application of doxycycline to the skin
occurs. We devised a simple procedure to exclusively expose the
respiratory tree of a mouse to aerosolized doxycycline. Mice were
anesthetized and placed into a 50-ml conical Falcon tube. The con-
ical end of the tube was precut to form a 1-cm opening that allowed
the mouse snout to fit snugly through the aperture and breathe
normally. The mouse in the Falcon tube is then placed into a micro-
isolator cage chamber that is connected to a nebulizer (Figure 1).

In the first set of experiments, we aerosolized doxycycline (20
mg/ml) or PBS for 1 hour continuously. In this and all subsequent
experiments, mice were killed 24 hours after the final inhalation
(unless otherwise indicated) for the assessment of transgene ac-
tivation. Analyses of tissue sections from tracheas and lungs
showed H2BGFP expression in the majority of epithelial cells
of the airways (Figures 2A, 2B, 2D, and 2E). We also observed
H2BGFP expression in some EpCAM™ epithelial cells outside
of the airway, some platelet endothelial cell adhesion molecule



1050 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 49 2013

Aerosolized Doxycycline

Aerosolized PBS Figure 2. Aerosolized doxycy-

H-GFP/DAPI

©
Q
=
[*]
©
S
[

H-GFP/DAPI cline activates transgene ex-
pression in the airway. (A and
B) The expression of nuclear
H2BGFP (green) in the tracheal
epithelium of R26-H2BGFP mice
after aerosolized doxycycline ad-
ministration. Nuclei are stained with
4'6-diamidino-2-phenylindole
(DAPI), and DAPI/H2BGFP
merges are shown in the middle.
(D and E) H2BGFP expression in
the small airway epithelia and
alveoli. Of note, occasional
H2BGFP™ cells are evident in
the tracheal mesenchyme (A,
arrow) and lung parenchyma
(D, arrow) and in the endo-
thelial lining of blood vessels
(D, arrowhead). (G and H)
H2BGFP is not expressed in
the skin epidermis after the
administration of aerosolized

doxycycline. (C, F, and /) No H2BGFP expression is evident in the absence of doxycycline. Asterisks in H and [ represent the green background
signal seen in cross sections of the hair shaft. Scale bars, 20 pm. H-GFP, H2BGFP.

endothelial cells, and some smooth muscle cells (see Figure E1 in
the online supplement). Conversely, we observed little expression
in the skin of aerosolized doxycycline-treated mice (Figures 2G
and 2H), and no expression in aerosolized PBS-treated mice (Fig-
ures 2C, 2F, and 2I). In addition, we detected little expression in the
heart, liver, pancreas, or spleen (to be discussed). However, when
we exposed mice to aerosolized doxycycline at the same dose for
2 hours (Figure E2) and 6 hours (data not shown) continuously, we
detected H2BGFP expression in the heart, liver, skin, and spleen.
This suggests that prolonged inhalation causes the widespread dis-
tribution of doxycycline, compared with a 1-hour exposure. In ad-
dition, we note that mice treated with aerosolized doxycycline for
a continuous 6-hour exposure demonstrated no aberrant phenotype
after the inhalation, or at 1 month after the inhalation.

Titration of Aerosolized Doxycycline to Activate Tet-Inducible
Transgene Expression Exclusively in the Airway Epithelium

Although aerosolized doxycycline activates tet-inducible trans-
gene expression in the airway epithelium, we also observed
transgene expression in airway nonepithelial cells, such as sub-
epithelial mesenchymal cells and the lung parenchyma, at a dose
of 20 mg/ml for 1 hour (Figures 2 and E1). To activate the ex-
pression of a transgene exclusively in the airway epithelium, we
tested different doses of doxycycline at different durations of ex-
posure in R26-H2BGFP mice. Mice were exposed to various con-
centrations (10 mg/ml, 20 mg/ml, and 50 mg/ml) of doxycycline
either continuously or intermittently for 1 hour, and were killed 24
hours after the final inhalation. In parallel, we also compared the
efficiency of transgene expression in mice treated with doxycycline
in their drinking water. The quantification of GFP" cells in the
airway epithelium indicated that the 50 mg/ml concentration pro-
duced the most efficient transgene expression, compared with the
other concentrations tested (Figures 3A-3H). The quantification
of GFP" cells in the airways after a regimen of three intermittent
20-minute on—off exposure cycles of doxycycline revealed that
transgene expression is largely restricted to the airway epithelium
of the trachea and small airways (Figures 3A-3H). Conversely,
doxycycline administration through drinking water resulted in
widespread transgene expression when compared with inhaled
doxycycline in all of the various tissues tested (Figures E3A-E3J).

Of note, we demonstrated that 1-hour continuous inhalation led to
more GFP activation in nonepithelial cells of the lung and trachea,
compared with three intermittent 20-minute on—off cycles. With
our newly developed method of doxycycline administration by
inhalation (three 20-minute inhalations of 50 mg/ml doxycy-
cline, separated by 20-minute intervals), we observed trans-
gene expression as early as 30 minutes after inhalation (data
not shown). To ascertain how long GFP expression persists
after inhalation, we performed RT-PCR analysis from RNA
samples isolated from doxycycline-treated mice at 24, 72, and
120 hours after inhalation. We detected GFP transcripts up to
72 hours after exposure, but the expression ceased by 120
hours after inhalation (Figure E4).

Aerosolized Doxycycline Induced Transgene Expression in the
Airway More Efficiently and More Rapidly than Doxycycline
in the Drinking Water

To compare the two methods of doxycycline administration
quantitatively (inhalation versus drinking water), we again used
R26-H2BGFP transgenic mice. These transgenic mice were ex-
posed to aerosolized doxycycline, as already described, for 2 con-
secutive days. In parallel, we administered doxycycline by drinking
water continuously for 2 days. These mice were killed 24 hours af-
ter their final inhalation of doxycycline or 24 hours after their final
exposure to doxycycline in drinking water. We then analyzed the
expression of H2BGFP on frozen sections, and found that mice
treated with aerosolized doxycycline exhibited a greater percent-
age of airway epithelial cells labeled with GFP than did control
mice (Figures 3, 4A, and 4B). To quantify the number of GFP-
expressing epithelial cells versus GFP-expressing nonepithelial
cells, we used a two-step sequential enzymatic cell dissociation
protocol. We used papain digestion (27) to liberate epithelial cells,
followed by collagenase/trypsin~-EDTA dissociation to isolate the
remaining nonepithelial cells. We then performed flow-cytometric
analysis. We found that 70-80% of EpCAM-gated airway epithe-
lial cells expressed GFP in the aerosolized doxycycline—treated
mice, whereas only approximately 10-20% of the total epithelial
cells expressed GFP in mice that received doxycycline through
their drinking water (Figures 3, 4C, and 4D). In contrast, we
observed more transgene expression in nonepithelial cells in mice
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that received doxycycline through their drinking water, compared
with those receiving aerosolized doxycycline (Figures 3, 4E, and
4F). This is consistent with the nonspecific activation associated
with systemic doxycycline exposure.

Aerosolized Doxycycline Inhalation Does Not Alter Airway
Epithelial Cell Composition

Although we did not observe any obvious phenotype in mice af-
ter exposure to aerosolized doxycycline, we examined whether any
change was evident in airway epithelial cell composition. We per-
formed immunofluorescence staining for airway epithelial cell
markers on frozen sections from CK5-rtTA/tet(O)H2BGFP
(hereafter referred to as CK5-H2BGFP) mice treated with aero-
solized doxycycline, using a regimen of three 20-minute expo-
sures to 50 mg/ml of doxycycline, separated by 20-minute off
cycles. In this mouse model, rtTA is expressed specifically in
basal cells under the control of the CK5 promoter. Therefore,
aerosolized doxycycline administration causes H2BGFP trans-
gene expression only in airway basal cells, but not in superficial
club cells (Clara cells) or ciliated cells (Figure 5). In parallel, we
administered doxycycline through drinking water continuously
over 2 days to another set of mice. All mice were killed 24 hours

after their final exposure to doxycycline. GFP expression in the
large airway epithelium colocalized with cytokeratin-5-expressing
basal cells, demonstrating that inhaled doxycycline induces trans-
gene expression faithfully in the appropriate cell type. In addition,
we observed a greater number of GFP-expressing basal cells, as
marked by the coexpression of CK5 and GFP, in the mice that were
treated with inhaled doxycycline, compared with those treated with
doxycycline water (Figures SA and 5B).

We found no difference in the actual numbers of basal stem
cells of the airway epithelia in mice treated with inhaled doxy-
cycline or inhaled PBS, compared with mice that received doxy-
cycline by drinking water (Figure 5). Similarly, we did not observe
any significant difference in the numbers of ciliated cells as
marked by FoxJ1, a transcription factor that is specifically
expressed by ciliated cells (Figure 5), or in the number of Clara
cells (club cells), as marked by the Clara cell (club cell)-specific
protein (CC10) (Figure 5). To further assess whether any changes
in the proliferation of airway epithelial cells occurred, we admin-
istered bromodeoxyuridine (BrdU) in drinking water, and per-
formed immunostaining for BrdU. We found no changes in the
numbers of proliferating cells of the airway epithelium, compared
with control mice (Figure 5). We also compared the efficiency
of transgene expression in the trachea and esophagus between
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CK5-H2BGFP mice that received doxycycline in aerosolized
form (three cycles of 20-minute intermittent on—off exposure
cycles) and/or in their drinking water. We observed a much
greater percentage of GFP expression in the CK5" cells of the
trachea of mice treated with inhaled doxycycline, compared with
mice treated with doxycycline water. Notably, little transgene
expression was evident in the esophagi of mice treated with in-
haled doxycycline, as opposed to mice treated with doxycycline
water (Figures 5L and 5M).

Aerosolized Doxycycline Administration Causes Notch-
Induced Airway-Specific Mucous Metaplasia More Rapidly
and Efficiently than Systemically Administered Doxycycline,
and Avoids Off-Target Transgenic Phenotypes

Because we observed efficient and rapid transgene expression
using doxycycline inhalation, we wondered how well this system
would compare with the conventional systemic administration of
doxycycline in eliciting a specific cellular phenotype. To address
this, we used a triple transgenic mouse model that consists of rtTA
under the promoter of the CK5 basal-cell promoter (CK5-rtTA),
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tet-operator driven Cre-recombinase (tet(O)Cre), and the active
Notch intracellular domain, preceded by the LoxP-flanked tran-
scriptional STOP cassette (LSL-NICD). This transgenic mouse
model expresses rtTA under the promoter of CKS, which upon
binding to doxycycline activates the tet-operator and mediates
the transcription of Cre recombinase. The expressed Cre recombi-
nase then removes the STOP cassette in front of the notch in-
tracellular domain (NICD) transgene. NICD is transcribed and
translated in the CKS-expressing basal cells in a doxycycline-
dependent manner, thereby activating Notch signaling in basal cells.
Ectopic Notch signaling has previously been shown to induce mucus-
producing cells in the airway epithelium at 2 weeks after the sys-
temic administration of tamoxifen in a CK5-CreER mouse
model (28, 29). To test whether we could activate this triple
transgenic system using our newly formulated doxycycline ad-
ministration method, we exposed mice to aerosolized doxycy-
cline, using our optimized protocol for 2 consecutive days, and
killed the mice on Day 3 after the final inhalation. In parallel,
we administered doxycycline in drinking water continuously for
2 and 12 consecutive days, and killed the mice on Day 3 (after
the final doxycycline treatment) and Day 12, respectively. We
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then analyzed frozen sections from both groups of mice and
performed immunohistochemistry for Muc5AC, a marker of se-
cretory mucous cells. In accordance with previous reports, we did
not observe any mucous cells on Day 3 (Figure 6A), but observed
many Muc5AC-expressing cells on Day 12 in transgenic mice
treated with doxycycline in their drinking water (Figure 6B).
On the other hand, we observed Muc5SAC-expressing cells on
Day 3 in transgenic mice treated with aerosolized doxycycline
(Figure 6C). Moreover, mice that received doxycycline in their

drinking water showed hair loss by Day 12, consistent with a Notch
effect on epidermal tissue (30), a phenotype not observed in mice
treated by doxycycline inhalation (Figure 6D). We then won-
dered whether inflammatory responses were produced by the
inhalation of doxycycline in the airways. To check this, we ex-
posed C57Bl/6 and CD1 mice to aerosolized doxycycline or PBS
(three 20-min on and off cycles for 4 consecutive days) and
collected the bronchoalveolar lavage (BAL) on Day 1 and
Day 3 (72 h after inhalation). We then measured the numbers
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of total leukocytes, mononuclear cells, and granulocytes, as well
as the total protein concentration, in the BAL. We found no
significant differences in the numbers of different leukocytes or
the total protein concentration between the mice inhaling doxy-
cycline and those inhaling PBS (Figure ES). Therefore, we con-
clude that inhaled doxycycline by itself does not cause significant
inflammatory responses in the airways. Inhaled doxycycline is
therefore a very rapid and efficient method to activate trans-
genes specifically in the airway epithelium, and to avoid off-
target effects.

DISCUSSION

Here we describe a novel method to activate tet-inducible trans-
gene expression exclusively in the airways. This method not only
allows for organ and cell-type specificity, but it also provides
more efficient and robust transgene expression compared with
conventional methods. Our approach eliminates the necessity
to generate intersectional transgenic mouse models for airway
gene modulation (20, 22, 23). For example, one could generate
Nkx2-1-rtTA transgenic mice in combination with Rosa26-tet
(O)Cre—driven CK5-LSL-NICD to drive NICD in the cells that
express both Nkx2-1 and CKS5. However, approaches such as
this are often expensive, time-consuming, and impossible with
current driver lines.

Importantly, in addition to airway epithelial cell specificity,
we demonstrate that by using aerosolized doxycycline, one
can activate transgene expression as early as 30 minutes after in-
halation. This onset of transgenic expression is very rapid when
compared with that in mice treated with doxycycline water,
which requires at least 2 days for appreciable transgene expres-
sion. However, doxycycline administered via drinking water or
food has been reported to occur within 4 to 16 hours (14), high-
lighting the need to study transgene kinetics in any set of
experiments independently. We note, however, that doxycy-
cline administered systemically by intraperitoneal injection
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can activate transgene expression in 2 hours (14). We speculate
that the higher efficiency and rapid transgene expression by
aerosolized doxycycline may be attributable to the ability to gen-
erate a higher local doxycycline concentration in the airway, as
well as its more rapid distribution to its target cells when com-
pared with systemic administration. In addition, we also found
that some airway specificity was lost with a 1-hour continuous
inhalation, compared with three intermittent 20-minute on—off
cycles. We speculate that less airway specificity is evident after
a 1-hour continuous exposure than after three intermittent 20-
minute on-off cycles, because there is less time for the redistri-
bution of deposited doxycycline relative to the time of deposition
itself. Clearly, different kinetics in different strains may exert
a significant effect on the necessary doses and periods of doxy-
cycline administration by aerosolization.

The method of gene modulation by inhaled doxycycline
allows us the flexibility to activate transgene expression in a
dose-dependent manner. By fine-tuning the dose and duration
of the exposure, one could ectopically express transgenes at de-
sired levels. This has clear implications for studying the impor-
tance of transgene levels in affecting in vivo biology. In addition,
for many precisely timed biological effects, the rapid onset of
action in our protocol allows for the quantification of precisely
timed physiologic outcomes. Because knowing how much doxy-
cycline is actually consumed by a mouse in any given period is
difficult, oral doxycycline dose titration is much more difficult,
and the slow onset of action makes timing very difficult.

Accounting for possible phenotypes in other parts of the respi-
ratory or upper digestive tract is important when using aerosolized
doxycycline. Indeed, by using particulate forms of doxycycline,
delivering the drug to specific regions of the airway or alveoli based
upon particle size may be possible. We also note that a previous
report showed how the inhalation of doxycycline reduced
allergen-induced mucous metaplasia (31). Therefore, antimi-
crobial, anti-inflammatory, and other effects of inhaled doxy-
cycline must be carefully controlled in both the aerosolized and

Figure 6. Rapid and airway
epithelial-specific transgene ex-
pression by aerosolized doxycy-
cline. (A and B) Representative
images from sections obtained
from Ck5rtTA/tet(O)Cre/LSL-
NICD mice after receiving doxy-
cycline through their drinking
water on Day 3 (A) or Day 12
(B), or aerosolized doxycycline
on Day 3 (C). Mice receiving
aerosolized doxycycline devel-
oped Muc5AC-positive mucous
cells, whereas no Muc5AC-
positive cells were detected in
mice that received doxycycline
through drinking water at this
early time point. CK5-positive
cells represent the basal cells
of the large airway epithelium,
where notch intracellular do-
main (NICD) is ectopically ex-
pressed in transgenic mice upon
doxycycline treatment. (D)
Aerosolized doxycycline admi-
nistration (bottom) eliminated
a skin phenotype associated

with NICD expression in transgenic mice treated with systemic doxycycline. Mice treated with doxycycline through drinking water (top mouse)
showed hair loss, whereas mice treated with aerosolized doxycycline (bottom mouse) did not show a hair-loss phenotype on Day 12. Scale bars,
20 pm. Cre, Cre recombinase; LSL, LoxP-STOP-LoxP; rtTA, reverse tetracycline-controlled transcriptional activator (rtTA); tet, tetracycline.
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systemic administration of doxycycline. We also advise avoiding
continuous prolonged inhalation or more than four pulsed in-
termittent inhalations, because these may lead to leakage into
other tissues. Care must be taken in each new transgenic model
to validate the necessary doses and intervals necessary to ensure
airway specificity.

As a final caveat, we note that we tested the applicability of
aerosolized doxycycline in a limited number of tet-inducible
transgenic mice. Phenotypic outcomes may vary between differ-
ent strains and transgenes, and likely require optimization for
each experiment. For example, only one dose of aerosolized
doxycycline is required to detect H2ZBGFP expression using
the CK5-rtTA driver, whereas ectopic NICD expression was
detected after three doses of aerosolized doxycycline. We note
that doxycycline distribution and metabolism may vary with
strain, and that various transgenes respond in differing degrees
to doxycycline. In our experiments, we switched between using
R26-H2BGFP mice and CK5-H2BGFP mice to check the effi-
ciency of doxycycline inhalation in a different strain, because
the R26-rtTA mouse line is of a C57/bl6 background, and the
CKS5-1tTA mouse line is of a FVB/N background. Using these
two different lines, we found no difference in transgene activa-
tion efficiency after doxycycline inhalation. It is also important to
note that different transgenes may be activated more rapidly
than others, or may persist for longer than others. In this case,
repeated doxycycline inhalations may need to be used for some
strains but this may lead to an increase in unspecific systemic
gene activation. As a result, airway specificity may not be achiev-
able in strains that require higher exposures of doxycycline to
initiate transgene expression. In each new experimental cross,
investigators will need to ensure that repeated administrations
of doxycycline cause transgene effects that are limited to the
lung, and they will likely need to modify the doxycycline dosing.

Opverall, we believe that our novel method of airway epithelial
transgene activation will serve as a useful tool for the lung re-
search community. Although the methodology will require con-
trols and optimization for each individual set of transgenic
experiments, we hope that investigators studying lung biology
will save both the time and costs associated with the need for
the multiplicity of transgenic lines that would otherwise be nec-
essary to achieve airway-specific gene expression.
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