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The doxycycline-inducible, gene regulatory system allows tight con-
trol of transgene expression for the study of organ development
and disease pathogenesis. Multiple recent reports have employed
this model to investigate various lung diseases including emphy-
sema. For our study, we used this transgenic system to test whether
prolonged, lung-specific, overexpression of the serine protease uro-
kinase plasminogen activator (uPA) would result in alveolar wall
destruction. Double transgenic mice were generated that pos-
sessed: (1) the rat Clara cell secretory protein promoter controlling
the reverse tetracycline transactivator gene (CCSP:rtTA) and (2 )
the tetracycline operator controlling the murine uPA cDNA (tet-
[O]:muPA). Mice were treated with doxycycline beginning at age
6 wk to initiate uPA overexpression. Single transgenic and wild-type
animals served as controls. A second group of double transgenic and
control animals were maintained off of doxycycline. At ages 10, 18,
and 30 wk, the mice underwent measurements of alveolar size,
lung compliance, and total lung capacity. We found that, although
the uPA overexpressing mice demonstrated an emphysema pheno-
type, similar abnormalities occurred in the CCSP-rtTA control ani-
mals. These CCSP-rtTA–related alterations occurred even without
doxycycline exposure. Evaluation of a second transgenic line pos-
sessing the human surfactant protein C promoter controlling rtTA
expression also exhibited lung abnormalities consistent with em-
physema. These findings indicate that pulmonary epithelial expres-
sion of rtTA alone causes an emphysema phenotype in mice. There-
fore, when using this system to study emphysema pathogenesis,
the inclusion of proper controls is essential for accurate data
interpretation.
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The doxycycline-inducible, gene regulatory system has been de-
veloped to allow tight control of gene expression during different
stages of organ development and disease pathogenesis (1). The
primary constituents of this system include the tetracycline trans-
activator (tTA) driven by a promoter of choice and the polymeric
tetracycline operator-cytomegalovirus (CMV) minimal pro-
moter (tet[O]) driving expression of the desired transgene. tTA
is a fusion protein consisting of the Escherichia coli–derived
repressor of the Tn10 TC-resistance operon and the c-terminal
portion of the herpes simplex virion protein 16 (1, 2). This mole-
cule binds, in the absence of tetracycline or doxycycline, to the
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tetracycline operator sequence and suppresses gene expression.
When the fusion protein interacts with doxycycline, it undergoes
a conformational change and releases from its DNA recognition
sequence, allowing gene transcription to proceed. tTA has been
mutated to generate a promoter molecule, designated the reverse
tetracycline transactivator (rtTA), that binds to the tet(O) se-
quence and induces gene expression when doxycycline is present.
This doxycycline-inducible transgenic system can regulate organ-
specific gene expression by driving the production of tTA or
rtTA off of a tissue-specific promoter (1). In the lung, the rat
Clara cell 10-kD secretory protein promoter (CCSP) and the
human surfactant protein C promoter (SPC) have been em-
ployed, and multiple investigators have demonstrated a tight
regulation of gene expression after doxycycline administration
using this approach (3). In mice, the rat CCSP promoter has
activity in type II pneumocytes as well as in epithelial cells within
the trachea, bronchi, and larger bronchioles. The human SPC
promoter, on the other hand, induces expression in epithelial
cells within the small bronchiolar airways in addition to type II
pneumocytes (3, 4).

Doxycycline-inducible gene regulation has been used to drive
lung-specific overexpression of a growing number of cytokines
and growth factors including IL-11, IFN-�, IL-13, FGF-7, TGF-�,
TGF-�, TNF-�, and most recently, IL-1� to investigate their
roles in lung development and disease pathogenesis (3, 5–11).
The induced expression of a subset of cytokines and growth
factors including IL-11, TGF-�, and TGF-� has been shown to
disrupt alveolar development, resulting in significant alveolar
enlargement (5, 8, 9). Interestingly, within the fully developed
lung, the prolonged overexpression of a number of cytokines
and growth factor genes including IFN-�, IL-13, TGF-�, TNF-�,
and IL-1� causes the histopathologic appearance of marked
alveolar enlargement, a hallmark feature of emphysema (6, 7,
11–15). The increased production of IFN-�, IL-13, TNF-�, and
IL-1� has also been found to induce physiologic features of
emphysema including abnormalities in lung volume and, in some
cases, lung compliance (6, 7, 10, 11).

Emphysema is the end product of alveolar wall destruction.
This disorder is believed to occur in large part from an imbalance
between proteases and their inhibitors (16). This is most evident
in patients with �1-antitrypsin deficiency who have inadequate
levels of a serine protease inhibitor and, as a result, experience
unopposed neutrophil elastase–mediated proteolysis of their al-
veolar walls. Because this genetic deficiency accounts for � 1%
of the clinical cases of emphysema, investigators have sought
other protease/antiprotease imbalances that might contribute to
the pathogenesis of this disease and that might help explain
individual variation in susceptibility to tobacco smoke (12, 17–
19). Accordingly, we set out to investigate whether overexpres-
sion of the serine protease, urokinase plasminogen activator
(uPA), would generate emphysema in adult mice. We employed
the doxycycline-inducible gene regulatory system to generate
increased uPA levels specifically in the lung. We report here
that, although uPA overexpression was associated with an
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emphysema phenotype, a similar increase in lung compliance,
total lung capacity, and alveolar size occurred in control mice
possessing only the rtTA construct. These rtTA-related alter-
ations in lung physiology and histology occurred in the presence
or absence of doxycycline exposure.

MATERIALS AND METHODS

Generation of Transgenic Mice

uPA-overexpressing mice were generated as previously described (20).
Briefly, the muPA cDNA was cloned into a tetracycline operator ex-
pression cassette. This expression cassette consisted of seven tetracy-
cline operator (tetO) repeats, a CMV minimal promoter, and a bovine
growth hormone polyadenylation sequence (a gift from Dr. J. Whitsett
and Dr. J. Tichelaar, Cincinnati, OH). The resultant muPA-containing
expression cassette was then excised from its plasmid backbone and
microinjected into (C57BL/6 � SJL) F2 mouse eggs. These eggs were
implanted into pseudo-pregnant mothers, and the resultant offspring
that possessed the transgenic construct (founders) were bred with 6-
to 8-wk-old C57BL/6 partners. The transgene-positive mice (F1) from
this cross were then bred with either a transgenic line containing the
2.3-kb rat CCSP promoter, the 1.0-kb rtTA coding sequence, and a
2.0-kb fragment from the human growth hormone containing introns
and a polyadenylation sequence or a transgenic line possessing the
3.7-kb human SPC promoter, the 1.0-kb rtTA coding sequence, and
the 0.45-kb SV40 polyadenylation signal (both rtTA lines were a gift
from Dr. J. Whitsett and Dr. J Tichelaar). Transgenic offspring, which
possessed both the tetO-muPA and CCSP-rtTA (or the tetO-muPA
and SPC-rtTA) transgenes, were then backcrossed to C57BL/6 mice
for 7–9 generations. The littermates generated from this backcross
possessed one of four possible genotypes: tetO-muPA:CCSP-rtTA (or
tetO-muPA:SPC-rtTA) double transgenic, tetO-muPA single trans-
genic, CCSP-rtTA (or SPC-rtTA) single transgenic, and nontransgenic
wild-type (WT). Groups of female mice with each of the four genotypes
were included in the subsequent experiments. The measurements were
restricted to the female littermates to avoid the confounding effect sex
might have on lung volume and compliance.

Assessment of Mouse Genotypes

The genotypes of offspring from the various crossings were identified at
the time of weaning as previously described (20). Briefly, DNA was isolated
from tail biopsies. To determine if the tetO-muPA construct was present
in the genomic DNA of an individual mouse, a PCR reaction was
performed with primers that distinguished this transgene from the native
uPA gene. The tetO-muPA primer had the following sequences: 5� primer,
5�-CTCTGCAACAGAGTCGTCAAATGGAGG-3�; 3� primer, 5�-CG
GGGGAGGGGCAAACAACAGATGGCTGGC-3� (product size
324 bp). To determine if the CCSP-rtTA construct was present in the
genomic DNA of an individual mouse, a PCR reaction was performed
with the following primers: 5� primer, 5�-ACTGCCCATTGCCCAAA
CAC-3�; 3� primer, 5�-AAAATCTTGCCAGCTTTCCCC-3� (product
size 525 bp). To determine if the SPC-rtTA construct was present in
the genomic DNA of an individual mouse, a PCR reaction was per-
formed with the following primers: 5� primer, 5�-GACACATATAA
GACCCTGGTCA-3�; 3� primer, 5�-AAAATCTTGCCAGCTTTC
CCC-3� (product size 300 bp). The PCR conditions were the same for
each of the primer pairs: 90�C for 1 min, followed by annealing at 62�C
for 2 min, followed by elongation at 72�C for 2 min. This temperature
sequence was repeated for 30 cycles. The genotype of each experimental
animal was confirmed by isolating DNA from a second tail biopsy
performed immediately before the pulmonary function testing.

Doxycycline Administration

tetO-muPA:CCSP-rtTA, tetO-muPA, CCSP-rtTA, and WT female off-
spring were generated from a cross between tetO-muPA:CCSP-rtTA
and C57BL/6 parents. These mice were maintained on regular drinking
water until they reached 6 wk of age. At this time, a minimum of five
animals from each genotype underwent lung volume, compliance, and
morphometric analyses to establish baseline values. Separate groups of
animals from each genotype were randomly assigned to continue on
regular drinking water or to receive doxycycline-treated water for 4,

12, or 24 wk. The doxycycline-treated water was generated by adding
the antibiotic (Sigma Chemical, St. Louis, MO) to the animals’ drinking
water at a concentration of 0.5 mg/ml in 1% ethanol. The solution was
kept in amber bottles to prevent light exposure and was changed every
Monday, Wednesday, and Friday.

In a separate experiment, female rtTA-positive offspring (i.e., pos-
sessing the tetO-muPA:SPC-rtTA and SPC-rtTA genotypes) and fe-
male rtTA-negative mice (i.e., possessing the tetO-muPA and WT geno-
types) were generated from a cross between tetO-muPA:SPC-rtTA and
C57BL/6 parents. These mice were maintained on regular drinking
water until they were 6 wk of age. At this time, separate groups of
rtTA-positive and rtTA-negative animals were continued on regular
drinking water or were given doxycycline-treated water for an addi-
tional 24 wk. The antibiotic water was generated and handled in identi-
cal manner as detailed above.

Plasminogen Activator Activity Assay

Double transgenic (tetO-muPA:rtTA-CCSP) mice were exposed to
doxycycline for 12 h, 24 h, 48 h, 72 h, and 1 wk. An additional group
of double transgenic (tetO-muPA:rtTA-CCSP) mice received no doxy-
cycline to evaluate for non–doxycycline-induced “leaky” gene expres-
sion. Bronchoalveolar lavage (BAL) fluid was collected by instilling 1.0
ml of sterile PBS intratracheally, aspirating the fluid after 10 s, and
then centrifuging the samples for 10 min at 1,500 � g at 4�C. The
supernatant was collected and then stored at 	70�C until further analy-
sis. Plasminogen activator (PA) activity in the BAL fluid samples was
assessed with casein zymography according to the method of Powell-
Jones with modifications as described previously (21). Samples were
separated by SDS-PAGE on 10% gels containing �-casein (7 mg/ml)
and human glu-plasminogen (20 
g/ml). After electrophoretic separa-
tion, the gels were washed in 1% Tween 80 for 1 h at 37�C and then
incubated in PBS containing 0.1% Tween 80 overnight at room temper-
ature. Finally, the gels were stained with Coomassie blue dye and then
destained in a solution of 10% acetic acid and 50% methanol. The
molecular weights of the lytic bands were calculated by comparison to
human uPA and human tPA standards.

Lung Volume and Lung Compliance Measurements

The lung volume and compliance of each animal was measured with a
whole body plethysmograph as part of the Pulmonary Maneuvers Sys-
tem (Buxco Electronics, Wilmington, NC). The mice were initially anes-
thetized with an intraperitoneal injection of ketamine/xylazine. A tra-
cheostomy was then performed, and a 19-gauge metal tracheostomy
tube was inserted and secured with a nylon suture. The mouse was
attached via the tracheostomy tube to a mechanical ventilator in a sealed
plethysmograph. Functional residual capacity (FRC) was determined by
occluding the airway while the mouse attempted to breathe. The pres-
sure that the animal exerted and the change in the animal’s thoracic
volume were measured and these values permitted the calculation of
FRC using Boyle’s law. From the FRC, the animal’s total lung capacity
(TLC) was calculated. Next, a quasi-static pressure/volume maneuver
was used to measure the lung compliance. For this measurement, the
ventilator delivered a breath to TLC (30 mm H2O) and then maintained
the pressure for a short period of time before allowing slow expiration
to residual volume (RV). Pressure and volume were recorded during
this slow exhalation. Compliance is reported as the Cchord, which
represents the slope of the compliance curve between 0 and 10 cm H2O
pressure. Data for all maneuvers were analyzed using Biosystem
XA software (Buxco Electronics, Inc., Wilmington, NC). The total time
of mechanical ventilation was less than 10 min.

Morphometry

After the pulmonary function measurements, each animal was killed
with an intraperitoneal injection of pentobarbital sodium. Each animal’s
lungs were then inflated to 25 cm H2O static pressure with an intratra-
cheal instillation of 10% formalin in PBS. The lungs were then stored
in 10% formalin in PBS for 24 h. Thereafter, the left lung was removed
and sectioned into 3-mm slices along the long axis. A random number
was generated to determine which two sections were chosen for mor-
phometric analysis. These sections were then placed into a cassette,
embedded in paraffin, and processed. Six-micron sections were fixed
to glass slides and stained with hematoxylin and eosin. Morphometry
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was then performed by a modification of methods previously reported
(22). Computer Assisted Stereology Toolbox (C.A.S.T; Olympus, Mel-
ville, NY) software was used to impose a line grid onto video images of
the histologic samples for the purpose of making efficient and unbiased
estimates of alveolar intercepts. Lines that were superimposed on air-
ways and blood vessels were excluded from the measurement. The data
generated from the morphometric analysis was then used to calculate
the mean linear intercept.

Statistical Analysis and Data Presentation

Values are expressed as means � SEM. Groups were compared using
a two-way ANOVA with Bonferroni post-test comparisons using Prism
software for Microsoft unless otherwise specified.

RESULTS

uPA Expression after Doxycycline Treatment

We have previously demonstrated that the tetO-muPA:CCSP-
rtTA mice generate increased levels of uPA in their lung after
7 and 14 d of doxycycline treatment (20). To ensure the fidelity
of this transgenic system to regulate uPA expression after 7–9
generations of backcrossing into a C57BL/6 background, we
treated a group of tetO-muPA:CCSP-rtTA with doxycycline for
12 h, 24 h, 48 h, 72 h, and 7 d. At each time point, the BAL
fluids from two mice were collected for uPA activity analysis
using casein zymography. A separate group of tetO-muPA:
CCSP-rtTA mice were maintained on regular drinking water
and served as a time 0 control. As demonstrated in Figure 1A,
the BAL fluid from the double transgenic mice contained uPA
activity as early as 12 h after the initiation of antibiotic treatment.
The level of uPA expression increased through 48 h and then
remained significantly elevated at 72 h and 7 d. The tetO-
muPA:CCSP-rtTA animals that were maintained on regular
drinking water had undetectable uPA activity on casein zymog-
raphy (Figure 1A). Prior studies have demonstrated that uPA
is normally present in the alveolar space of wild-type mice. Under
the conditions used for these zymographic experiments, the
amount of uPA in the BAL fluid of wild-type animals was below
the level of detection (data not shown).

We determined the rate at which the induced lung plasmino-
gen activator activity would disappear from the lung after stop-
ping doxycycline by treating a group of tetO-muPA:CCSP-rtTA
mice for 7 d with antibiotic. Thereafter, the animals were re-
turned to normal drinking water. Lung lavage fluids were then
collected at 12, 24, 48, and 72 h after the cessation of doxycycline
from two double transgenic mice. As demonstrated in Figure
1B, the level of uPA activity appeared to diminish 12 h after

Figure 1. Kinetics of doxycycline-
induced uPA expression. TetO-
muPA:CCSP-rtTA mice were main-
tained on regular drinking water until
6–8 wk of age and then switched to
doxycycline treatment (time 0). After
the indicated time intervals, BAL fluid
was collected and uPA activity was as-
sessed using casein zymography, as
shown in A. In B, tetO-muPA:CCSP-
rtTA mice were maintained on regular
drinking water until 6–8 wk of age and
then switched to doxycycline treat-
ment for 7 d. Thereafter the mice were
returned to regular drinking water and
BAL fluid was collected for casein zy-
mography from two animals after the
indicated time intervals.

antibiotic cessation and was significantly decreased by 24 h.
Within 48 h of stopping the doxycycline treatment, the level of
uPA activity in the lavage fluid had returned to baseline.

TLC and Compliance after Doxycycline Treatment

Emphysema is associated with an increase in both lung compli-
ance and lung volume. To determine if prolonged uPA overex-
pression would recapitulate these abnormalities of lung physiol-
ogy, female tetO-muPA:CCSP-rtTA mice were started on
doxycycline treatment at 6 wk of age. To serve as controls,
female tetO-muPA, CCSP-rtTA, and WT littermates were also
initiated on antibiotic treatment when they reached 6 wk of age.
After 4, 12, and 24 wk of doxycycline exposure, a subset of mice
from each of the four genotypes underwent measurements of
TLC and lung compliance. In addition, baseline TLC and compli-
ance were obtained on a subset of 6-wk-old animals before the
initiation of antibiotic treatment. To our surprise, both the uPA-
overexpressing, tetO-muPA:CCSP-rtTA mice as well as the sin-
gle transgenic CCSP-rtTA animals had significant increases in
their total lung capacity compared with the tetO-muPA and
WT groups (Figure 2A). The increase in TLC of the CCSP-rtTA
animals was not statistically different from the uPA-overexpressing
(tetO-muPA:CCSP-rtTA) mice at baseline or at any time point
after the initiation of doxycycline treatment. At 30 wk of age,
after 24 wk of doxycycline exposure, the TLC of the tetO-
muPA:CCSP-rtTA group was increased by 52% and 31% com-
pared with the tetO-muPA and WT control mice, respectively.

The lung compliance curves of the four different genotypes
mirrored the changes in TLC (Figure 2B). Again, both the tetO-
muPA:CCSP-rtTA and the CCSP-rtTA mice demonstrated
marked increases in this physiologic parameter as compared with
the tetO-muPA and WT animals. After 24 wk of doxycycline
treatment, the increase in compliance of the tetO-muPA:CCSP-
rtTA mice was 68% and 46% greater than the tetO-muPA and
WT groups, respectively. As was the case for TLC, the tetO-
muPA:CCSP-rtTA and CCSP-rtTA mice were not different with
respect to their lung compliance at any time point of the study.
The lack of difference in TLC and compliance between these
two groups of mice indicates that the emphysema phenotype
is a manifestation of the CCSP-rtTA transgene and not the
prolonged overexpression of uPA.

TLC and Compliance of Untreated Mice

To determine if the presence of the CCSP-rtTA construct would
result in an emphysema phenotype even in the absence of antibiotic
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Figure 2. The effect of uPA overexpression on
lung compliance and TLC. Double transgenic
tetO-muPA:CCSP-rtTA, single transgenic tetO-
muPA and CCSP-rtTA, and nontransgenic wild-
type (WT) mice were maintained on regular
water until 6 wk of age. They were then given
doxycycline-treated drinking water for various
time intervals. Upon completion of the antibi-
otic treatment, TLC (A ) and compliance mea-
surements (B ) were measured using a whole
body plethysmograph. The data are presented
as means � SEM (n � 3–8 mice/genotype/
time point).

treatment, we maintained groups of female tetO-muPA:CCSP-
rtTA, tetO-muPA, CCSP-rtTA, and WT on regular water from
birth. We then performed pulmonary function measurements at
6, 10, 18, and 30 wk of age. At these latter three time points,
the mice were identical in age to the animals that had received
doxycycline for 4, 12, and 24 wk, respectively. As demonstrated
in Figure 3A, the tetO-muPA:CCSP-rtTA and CCSP-rtTA mice
had a significant increase in their TLC compared with the other
groups, even in the absence of antibiotic exposure. The tetO-
muPA:CCSP-rtTA group had a 19% increase in their TLC com-
pared with the tetO-muPA and WT controls, respectively.

The presence of the CCSP-rtTA transgene, in the absence
of doxycycline, also caused an increase in lung compliance
(Figure 3B). The difference in compliance between the CCSP-
rtTA–positive and the CCSP-rtTA-negative groups was evident
at 6 wk of age and was similarly increased over the entire time
course of the study. At 30 wk of age, the compliance of the
tetO-muPA:CCSP-rtTA group was 33% and 39% greater than
that of the tetO-muPA and WT mice, respectively.

Effect of Doxycycline on TLC and Compliance of
tetO-muPA:CCSP-rtTA and CCSP-rtTA Mice

The aforementioned results demonstrate that mice possessing
the CCSP-rtTA transgene develop physiologic abnormalities
consistent with emphysema in the presence or absence of doxycy-
cline treatment. To determine if doxycycline exposure worsened
the emphysematous changes, we compared the TLC and lung
compliance of the tetO-muPA:CCSP-rtTA group at age 10, 18,
and 30 wk on and off antibiotic treatment. By recombining the
data that comprise Figures 2 and 3, we found antibiotic exposure
resulted in minor increases in both the mean lung volume and
lung compliance measurements of the double transgenic animals
(Figures 4A and 4B). Only the change in TLC reached statistical
significance (P � 0.05).

We also assessed whether antibiotic treatment had an effect
on the lung physiology of the CCSP-rtTA mice. Again we com-
pared the TLC and lung compliance of this group at age 10, 18,
and 30 wk on and off doxycycline treatment. As was true for
the tetO-muPA:CCSP-rtTA group, antibiotic exposure had only
a small additional effect on the emphysema phenotype in this
group of mice that was evident at the 10 and 18 wk time points
but disappeared at 30 wk (Figures 4C and 4D).

To determine if antibiotic exposure had an influence on the
TLC and compliance of rtTA-negative groups, we compared
these parameters in WT and tetO-muPA mice on and off doxycy-
cline therapy at age 10, 18, and 30 wk. In these genotypes,
doxycycline treatment had no effect on lung physiology at any
time point (data not shown).

Effect of Genotype on Animal Weight

Our results demonstrate that animals possessing the CCSP-rtTA
transgenic construct develop lung physiologic abnormalities that
are consistent with emphysema. To ensure that these alterations
in TLC and compliance were not simply the result of differences
in animal size, we measured the body weights of the tetO-
muPA:CCSP-rtTA, tetO-muPA, CCSP-rtTA, and wild-type mice
at 6, 10, 18, and 30 wk of age, just before the performance of
pulmonary function measurements. We found that the animals
from each genotype gained weight throughout the study, and the
rate of increase was greatest between 6 and 18 wk (data not shown).
We also determined that there was no difference in the weights
of the four groups of mice at any time point of the experiment.
This was the case whether the mice were treated with antibiotic
or whether they were maintained on regular drinking water.

Mean Linear Intercept Values with and without
Doxycycline Treatment

Distal airspace enlargement on histopathologic examination is
a hallmark feature of emphysema. To determine if the presence
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Figure 3. The effect of CCSP:rtTA on lung compli-
ance and TLC in the absence of doxycycline treat-
ment. CCSP-rtTA–positive and CCSP-rtTA–negative
mice were maintained on regular water throughout
the course of the study. At the indicated times, the
animals underwent measurement of TLC and compli-
ance using a whole body plethysmograph. The data
are presented as means � SEM (n � 3–14 mice/
genotype/time point).

of the CCSP-rtTA construct was associated not only with a
change in lung physiology, but also with an increase in alveolar
size, we generated H&E-stained histologic sections from 30-
wk-old, tetO-muPA:CCSP-rtTA, tetO-muPA, CCSP-rtTA, and
wild-type mice after 24 wk of doxycycline treatment. These speci-
mens were produced from the same animals that had undergone
the pulmonary function measurements detailed above. On visual
inspection of the tissue sections, the lungs from the mouse groups

Figure 4. The effect of doxycycline on lung compli-
ance and TLC of CCSP-rtTA–positive mice. At 6 wk
of age, subgroups of animals were maintained
on regular drinking water or were switched to
doxycycline-containing water. The TLC (A and C )
and lung compliance (B and D ) of the tetO-
muPA:CCSP-rtTA and CCSP-rtTA groups were
measured at various time intervals. The data are
presented as means � SEM (n � 3–14 mice/
genotype/time point).

that possessed the rtTA gene had obvious enlargement of the
distal airspaces (Figure 5). To quantify alveolar size, we used
these histologic samples to measure the mean linear intercept.
As demonstrated in Figure 6A, the tetO-muPA:CCSP-rtTA and
CCSP-rtTA groups were not significantly different with regard
to this parameter. On the other hand, as was the case for TLC
and lung compliance measurements, the tetO-muPA:CCSP-
rtTA and CCSP-rtTA mice had significantly larger mean linear
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Figure 5. The effect of the CCSP-rtTA transgene and
doxycycline treatment on alveolar histology. Double
transgenic tetO-muPA:CCSP-rtTA, single transgenic
CCSP-rtTA, and nontransgenic wild-type mice were
maintained on regular water until 6 wk of age. Thereaf-
ter, the mice were placed on doxycycline treatment for
24 wk. At 30 wk of age, the lungs were removed, infla-
tion fixed at 25 cm H2O pressure, sectioned, stained
with hematoxylin and eosin, and photographed at �40
magnification. Representative photomicrographs from
each genotype have been included.

intercepts than the other two genotypes after 24 wk of doxycy-
cline exposure. Together, the CCSP-rtTA–positive mice had an
18% increase in their mean linear intercept value compared with
the CCSP-rtTA–negative controls.

To determine if doxycycline was required for the develop-
ment of distal airspaces enlargement, we compared the mean
linear intercepts of 30-wk-old mice from the four genotypes in
the absence of antibiotic exposure. The mice possessing the
CCSP-rtTA construct again had enlarged alveoli as compared
with the other two genotypes (Figure 5B).

TLC and Compliance of SPC-rtTA–Positive and
SPC-rtTA–Negative Mice

To assess whether the emphysematous changes seen in the
CCSP-rtTA–positive mice were specific to this particular trans-
genic line, we assessed whether a different rtTA-expressing
mouse would also demonstrate alterations in lung volume and
compliance. To accomplish this, mice that contained the rtTA
transgene driven by the human surfactant protein C promoter
(SPC-rtTA) were compared with littermates that were negative
for this construct. Female pups comprising the two genotypes
were given regular water from birth until they reached 6 wk of
age. Thereafter, the two groups were maintained on doxycycline-
treated water for 24 wk. At 30 wk of age, the mice underwent
measurements of TLC and compliance. As was true for the
CCSP-rtTA–positive animals, the mice that contained the SPC-
rtTA transgenic construct demonstrated enlargements in both
their lung volume and compliance measurements (Figure 7). The
degree of abnormality in these parameters was less severe than
occurred in the CCSP-rtTA–positive mice. Specifically, com-
pared with the SPC-rtTA–negative group, the SPC-rtTA–
positive mice had a 13% increase in their TLC (P � 0.05) and
a 14% increase in their lung compliance (P � 0.13).

DISCUSSION

In this report, we employed the doxycycline-inducible, lung-
specific gene regulatory system to explore whether the prolonged

overexpression of the serine protease uPA would lead to the
development of emphysema in mice. In this transgenic model,
only doxycycline-treated mice that possess both the tetO-muPA
and the CCSP-rtTA constructs generate increased levels of uPA
in their lungs. Therefore, if uPA overexpression is capable of
facilitating alveolar wall destruction, only the double transgenic
(tetO-muPA:CCSP-rtTA) mice should be at risk for developing
emphysema after antibiotic exposure. To our surprise, our results
demonstrate that the presence of the CCSP:rtTA transgene (or
the SPC:rtTA construct) was the critical determinant in the gen-
eration of an emphysema phenotype and not the increase in
lung-specific uPA expression. Specifically, CCSP:rtTA-positive
mice manifested an increase in their lung compliance, an increase
in their total lung capacity and an enlargement of their distal
airspaces compared with the control groups. These CCSP:rtTA-
induced alterations in lung histopathology and physiology oc-
curred in the presence or absence of antibiotic exposure, and
uPA overexpression contributed little additional effect.

The doxycycline-inducible gene regulatory system has been
used to study the role of a variety of cytokines and growth factors
including IFN-�, IL-11, IL-13, TGF-�, TNF-�, and most recently
IL-1� in the pathogenesis of emphysema (5–7, 10, 11, 15). Inter-
estingly, in several of these reports, the non–antibiotic-exposed
rtTA-positive transgenic animals have demonstrated airspace
enlargement and compliance changes similar to what we have
observed (6, 7, 10). For example, the mean compliance and chord
length values of IL-13– and IFN-�–overexpressing mice were
increased compared with the control group even in the absence
of doxycycline exposure (6, 7). In addition, the average mean
linear intercept measurement of the untreated TNF-� transgenic
animals was increased compared with the wild-type group (10).
Although these baseline abnormalities in lung physiology and
histopathology have been attributed to low levels of “leaky”
cytokine production, as was suggested in the case of the TNF-�
overexpressors, our results provide an additional or an alterna-
tive explanation that the tetracycline gene regulatory system can
directly contribute to the emphysema phenotype. This is further
supported by our observation that a second transgenic line with
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Figure 6. The effect of the CCSP-rtTA transgene and doxycycline treat-
ment on mean linear intercept. Double transgenic tetO-muPA:CCSP-
rtTA, single transgenic tetO-muPA and CCSP-rtTA, and nontransgenic
wild-type mice were maintained on regular water until 6 wk of age.
Thereafter, a group of mice from each genotype were placed on doxycy-
cline treatment while the remaining animals continued on regular water.
At 30 wk of age, the lungs were removed, inflation fixed at 25 cm H2O
pressure, sectioned, and stained with hematoxylin and eosin. The mean
linear intercept was calculated from the analysis of 15–20 random �40
microscopic fields. A represents the mean linear intercept of 30-wk-old
animals that had received 24 wk of antibiotic treatment. B represents
the mean linear intercept of 30-wk-old animals in received no antibiotic
treatement. The values recorded are means 
 SEM (n � 5–8 mice/
genotype).

rtTA expression driven by the human SPC promoter also demon-
strates physiologic changes consistent with emphysema. In addi-
tion, a similar effect of the CCSP-rtTA transgene on alveolar
enlargement has been noted by Dr. Jeffery Whitsett in more
than one of his founder lines (personal communication).

In our study, we found that the degree of physiologic alter-
ation in the CCSP-rtTA and the SPC-rtTA mice differed. In
two other reports that employed the doxycycline-inducible trans-
genic system to overexpress either IL-11 or IL-1�, the adult
rtTA-positive mice demonstrated no abnormalities in lung vol-
ume or compliance without antibiotic treatment (5, 10). It re-
mains unclear why the rtTA construct may induce varying de-
grees of emphysema-like changes that range from substantial to
mild to minimal. We speculate that the copy number of the
transgene or the level of rtTA expression might influence the
resultant phenotype. It is also possible that genetic background

Figure 7. The effect of SPC:rtTA on lung compliance and TLC after
doxycycline treatment. SPC-rtTA–positive and SPC-rtTA–negative mice
were maintained on regular water until 6 wk of age. They were then
placed on doxycycline treatment for 24 wk. Upon completion of the
antibiotic treatment, total lung capacity (A ) and compliance measure-
ments (B ) were measured using a whole body plethysmograph. The
data are presented as means � SEM (n � 6–8 mice/genotype).

of the mice influences the phenotypic expression of the rtTA
construct.

A direct comparison of alveolar size, lung volume, and com-
pliance between our study and others using the rtTA system is
difficult because different techniques were employed to measure
these parameters. However, the severity of abnormalities in our
CCSP-rtTA mice appears to be milder than what has been re-
ported when this transgenic system is used to drive the overex-
pression of a proinflammatory cytokine such as IL-11, IFN-�,
IL-13, or IL-1� (5–7, 11). Of note, the extent of emphysema in
our studies is similar to what Hautamaki and colleagues reported
in mice after 6 mo of cigarette smoke inhalation (17). Based on
the observation that a growing number of diverse cytokines have
been associated with an emphysema phenotype in this transgenic
model, we are concerned that expression of rtTA might sensitize
the lung to develop emphysema in the setting of specific stimuli
that otherwise might not cause disease pathogenesis if present
in isolation.
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Based on our current results, the mechanism by which the
rtTA transgene causes increases in alveolar size, lung volume,
and lung compliance remains unclear. It is possible that the
construct impacts the development, maintenance, or destruction
of the alveolar septae. Both mice and humans are born with
premature lungs that consist of large alveolar saccules (23). In
mice, during the first 2 wk of life septation leads to lung matura-
tion, with changes in alveolar size and number that are character-
istic of adult lungs (24, 25). Our observation that the CCSP:rtTA-
positive groups have alterations in their lung physiology as early
as 6 wk of age suggest that the transgene has an early effect and
could potentially interfere with the alveolarization process. In
the non–doxycycline-treated CCSP:rtTA-positive and CCSP:rtTA-
negative mice, there is a strikingly parallel increases in lung
volume and compliance beyond 6 wk of age. This observation
further implies that CCSP:rtTA exerts its influence on lung struc-
ture and function before the animals reach full maturity. This
is similar to what has been reported for TNF-� transgenic mice,
where no further increases in mean linear intercept occurred
beyond the initial measurement at 3–4 mo of age despite contin-
ued antibiotic exposure (10). If the alveolar enlargement were
due to destruction of previously formed septae, as occurs in
emphysema, one might expect the measurements of lung physiol-
ogy and morphometry in the CCSP:rtTA-positive and
CCSP:rtTA-negative groups to diverge over time. On the other
hand, it is possible that the influence of CCSP:rtTA on alveolar
enlargement after 6 wk of age is counterbalanced by simultane-
ous reparative processes. The observation that TGF-�1–
overexpressing mice have no histologic abnormalities in their
lungs in the absence of doxycycline at age 14 d indicates, at least
in this transgenic line, that the rtTA construct does not always
impede normal alveolarization (9).

How the CCSP:rtTA construct might alter alveolar develop-
ment, maintenance, or destruction requires further study. Based
on current information, several potential mechanisms are plausi-
ble. First, rtTA is a fusion protein consisting of the mutated,
E. coli–derived, repressor of the Tn10 TC-resistance operon and
the c-terminal portion of the herpes simplex virion protein 16.
Although this promoter molecule should specifically bind only
to the tet-operon and not to eukaryotic promoter sequences, it
is possible that rtTA induces or suppresses the expression of a
murine gene (or genes) such as cytokines or matrix metallopro-
teinases that, in turn, interferes with alveolar development or
accelerates alveolar destruction. Second, the expression of rtTA
may result in injury to the alveolar epithelium either directly
or by stimulating lung inflammation. Damage to the alveolar
epithelium could then impair alveolar septation or promote alve-
olar loss. Finally, the rtTA transgenic construct, as the result of
its site of integration into the murine genome, may alter the
expression of a gene that is critical to the formation of alveoli or
may contribute to emphysema pathogenesis. Of these proposed
mechanisms, this latter explanation appears to be the least plausi-
ble. We have found that a different rtTA-positive transgenic
line (i.e., SPC-rtTA) also demonstrates physiologic features of
emphysema. Furthermore, as mentioned above, Dr. Jeffrey
Whitsett has informed us that he too has seen rtTA-dependent
alveolar enlargement in several different CCSP:rtTA founder
lines (personal communication). These postulated mechanisms
for induction of emphysema by rtTA may also sensitize the lung
to further damage by stimuli that would have milder or absent
effects by themselves.

In this study, we originally set out to determine whether
prolonged uPA expression in the lung would induce emphysema.
Although we found the CCSP-rtTA transgene to have the domi-
nant effect on the physiologic alterations, we also detected a
minor but statistically significant effect of uPA overproduction

on the total lung capacity. The mean lung compliance of the 30-
wk-old tetO-muPA:CCSP-rtTA was also increased compared
with the other groups after antibiotic exposure, although this
difference did not reach statistical significance. On the other
hand, when we examined the effect of prolonged uPA overex-
pression on alveolar size, we found that the tetO-muPA:CCSP-
rtTA mice were not different from the CCSP-rtTA control
group. In light of the fact that the morphometric analysis does
not corroborate the uPA-associated changes in physiology, addi-
tional studies are required to confirm the participation of the
plasminogen system in the development of emphysema.

In summary, we have found that the CCSP-rtTA construct
commonly used in the doxycycline-inducible, lung-specific gene
regulatory system is associated with abnormalities in lung physi-
ology and morphometry. Specifically, the CCSP-rtTA transgene
induced increases in lung compliance, lung volume, and alveolar
size—perturbations that are typical features of emphysema. In
addition, the SPC-rtTA transgene produced abnormalities in
lung physiology that were similar to, although less severe than,
the CCSP-rtTA construct. Based on these observations, we con-
clude that the influence of rtTA on alveolar structure and func-
tion needs to be accounted for when designing and interpreting
studies using this transgenic system to probe the effects of differ-
ent transgenes on lung development and disease pathogenesis.
Furthermore, our results indicate the importance of incorporat-
ing proper controls into the experimental design when this trans-
genic system is used to study emphysema. Without appropriate
controls, it is difficult to assess what contribution rtTA alone is
having on the disease pathogenesis.
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