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Bioluminescence refers to the process of visible light emission in
living organisms. Bioluminescence imaging is a powerful methodol-
ogy that has been developed over the last decade as a tool for
molecular imaging of small laboratory animals, enabling the study
of ongoing biological processes in vivo. This form of optical imaging
is low cost and noninvasive and facilitates real-time analysis of dis-
ease processes at the molecular level in living organisms. In this
article, we provide a brief introduction to bioluminescence imaging
technology and discuss its applications in mouse models of lung
inflammation/injury, bacterial pneumonia, and tumor growth and
metastasis.
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Molecular imaging offers many unique opportunities to study
biological processes in intact organisms. Bioluminescence im-
aging (BLI) is based on the sensitive detection of visible light
produced during enzyme (luciferase)-mediated oxidation of a
molecular substrate when the enzyme is expressed in vivo as a
molecular reporter. Bioluminescence at the emission wavelength
firefly luciferase (560 nm) can be imaged as deep as several
centimeters within tissue, which allows at least organ-level reso-
lution. This technology has been applied in studies to monitor
transgene expression, progression of infection, tumor growth
and metastasis, transplantation, toxicology, viral infections, and
gene therapy (1–21).

BLI is simple to execute and enables monitoring throughout
the course of disease, allowing localization and serial quantifica-
tion of biological processes without killing the experimental ani-
mal. This powerful technique can reduce the number of animals
required for experimentation because multiple measurements
can be made in the same animal over time, minimizing the effects
of biological variation.

BIOLUMINESCENCE AND BLI SYSTEMS

Bioluminescence is appealing as an approach for in vivo optical
imaging in mammalian tissues because these tissues have low
intrinsic bioluminescence; therefore, images can be generated
with remarkably high signal-to-noise ratios. A variety of different
bioluminescent systems have been identified in nature, each re-
quiring a specific enzyme and substrate. Although the most com-
monly used bioluminescent reporter for research purposes has
been luciferase from the North American firefly (Photinus pyralis;
FLuc), useful luciferases have also been cloned from jellyfish
(Aequorea), sea pansy (Renilla; RLuc), corals (Tenilla), click
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beetle (Pyrophorus plagiophthalamus), and several bacterial
species (Vibrio fischeri, V. harveyi) (22).

Firefly luciferase was cloned in 1985 (23). Three years later,
an assay to measure luciferase in mammalian cell lysates was
developed (24) that enabled the luciferase gene to become a
useful tool for in vivo studies of gene regulation. Luciferase is
an excellent marker for gene expression because of its lack of
post-translational modifications and an in vivo t1/2 of approxi-
mately 3 h (25). Firefly luciferase produces photons in a reaction
that requires ATP, magnesium, and a benzothiazoyl–thiazole
luciferin (26). Light emission from the firefly luciferase-catalyzed
luciferin reaction is broad-band (530–640 nm) and peaks at
562 nm (27). This emission spectrum, coupled with the optical
properties of biological tissue, allows light (especially with spec-
tral content above 600 nm) to penetrate through several centime-
ters of tissue. Therefore, it is possible to detect light emitted
from internal organs in mice that express luciferase as a reporter
gene.

The sensitivity of detecting internal light sources is dependent
on several factors, including the level of luciferase expression,
the depth of labeled cells within the body (the distance that the
photons must travel through tissue), and the sensitivity of the
detection system (26). Key advances in detector technology have
led to substantial improvement in sensitivity and image quality.
Photons are detected by specialized charge coupled device (CCD)
cameras that convert photons into electrons after striking silicon
wafers. CCD cameras spatially encode the intensity of incident
photons into electrical charge patterns to generate an image. For
BLI, the noise of the systems is reduced by super-cooling the
CCD camera and mounting the camera in a light-tight box. These
cameras are run by a computer for image acquisition and analysis.
Second-generation cameras that are much smaller and can be
accommodated on bench tops make the technology feasible and
practical for day-to-day experimentation.

Although BLI has been used successfully in a variety of appli-
cations to obtain semiquantitative information regarding biologi-
cal processes in vivo, several issues must be considered when
applying this technology. Simple quantification of light emission
may not provide a true representation of the biological effect
studied. The luciferase reaction is a complex interaction of a
variety of molecules, including ATP, oxygen, and luciferin (sub-
strate). If ATP, oxygen, or exogenously administered luciferin
is not abundantly present, light emission may not be a true
representation of luciferase activity (26, 27). Another issue with
BLI is the limited and wavelength-dependent transmission of
light through animal tissues. As a general rule, there is an approx-
imate 10-fold loss of photon intensity for each centimeter of
tissue depth. Also, images are surface weighted, meaning that
light sources closer to the surface of the animal appear brighter
compared with deeper sources because of tissue attenuation
properties (28). In addition, dynamic changes may occur in ge-
ometry (e.g., growing tumor, scar tissue) and/or the optical prop-
erties of tissues that affect light scatter or absorption and de-
tected bioluminescence. Thus, although BLI provides a unique
and powerful methodology, quantitative analysis must be ap-
proached with caution, and validation for each specific applica-
tion is necessary.



538 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 2 2005

APPLICATIONS OF BLI MODALITIES FOR
LUNG DISEASES

Detection of Nuclear Factor-�B Activation in Reporter Mice

Nuclear factor-�B (NF-�B) is a ubiquitous transcription factor
that plays an important role in innate immunity in the lungs by
regulating lung inflammation through transcriptional regulation
of a variety of proinflammatory mediators, including cytokines,
chemokines, adhesion molecules, and enzymes (29). To develop
a convenient method for examining NF-�B activation in vivo,
we have engineered a line of transgenic mice (referred to as
HLL [HIV-LTR/Luciferase] mice) that carries the proximal
5� HIV-1 long terminal repeat (LTR), driving the expression of
Photinus luciferase complementary DNA (30). The proximal
HIV-LTR is a well-characterized, NF-�B–responsive promoter,
containing a TATA box, an enhancer region between nucleotides
82 and 103 with two NF-�B motifs, and three Sp1 boxes from
nucleotides 46–78. In primary cell culture, NF-�B activation is
required for transcriptional activity of the proximal HIV-LTR
(31, 32). We have shown that luciferase activity in cells and tissues
from these transgenic mice reflects NF-�B activation over time
(30). Other investigators have generated transgenic reporter mice
to study lung and systemic NF-�B–dependent inflammatory re-
sponses (13, 33, 34). In addition to HLL mice, we have generated
reporter mice containing a synthetic NF-�B–responsive promoter
with eight NF-�B binding sites and a minimal herpesvirus thymi-
dine kinase promoter driving a green fluorescent protein/luciferase
fusion protein reporter (35). These transgenic mouse models have
proven to be valuable for measuring activation of NF-�B in real
time and have helped overcome the limitation of other methods
of detecting NF-�B activation, such as electrophoretic mobility
shift assay and Western blot analysis. In several different studies,
we have shown an excellent correlation between tissue luciferase
activity and bioluminescent detection of luciferase activity in
HLL mice (2, 5, 36–38). BLI of luciferase activity has allowed
us to measure the timing, distribution, and intensity of NF-�B
activation in a variety of lung disease models involving inflam-
mation, infection, or tumor metastasis. In addition, we have used
this methodology to study the effects of gene therapy targeting
the NF-�B pathway (36).

Bioluminescence Detection of NF-�B Activation in Models of
Lung Inflammation and Injury

We have used HLL NF-�B reporter mice to investigate the role
of NF-�B in regulating lung inflammation and injury induced
by local and systemic stimuli. Inciting stimuli have included local
and systemic administration of Escherichia coli LPS and systemic
inflammation induced by direct hepatic injury and pancreatitis
(5, 39). To investigate whether parameters of NF-�B activation
in vivo correlate with extent of lung injury, we used a model
that results in transient lung inflammation without significant
injury (a single intraperitoneal injection of LPS [2 �g/g]) com-
pared with a model that results in sustained inflammation and
progressive lung injury (delivery of LPS by intraperitoneal implan-
tation of an ALZET osmotic pump (DuRECT Corp., Cupertino,
CA) delivering LPS over 24 h at 8 �g/h). The LPS osmotic pump
model causes an extensive and sustained lung inflammatory re-
sponse with neutrophilic influx, hemorrhage, and edema by 48 h
(Everhart and coworkers, submitted for publication). Duration
and intensity of NF-�B activity determine the severity of endo-
toxin-induced acute lung injury). We used BLI to detect lucifer-
ase activity as a marker of NF-�B activation over time in both
these models (Figure 1 [p. 511]). Mice were imaged at baseline
and at 4, 8, 24, 48 h after LPS. Images were obtained 30 min
after repeated doses of intraperitoneal luciferin (3 mg). Both
groups had significantly increased bioluminescence over the

chest by 4 h after LPS; however, the group treated with LPS
via osmotic pumps showed higher photon emission at every time
point measured. The group treated with a single intraperitoneal
injection of LPS returned to near baseline bioluminescence val-
ues by 48 h, whereas the group treated with LPS pumps showed
continually elevated photon emission at 48 h, consistent with
the prolonged, severe lung inflammation observed in this model.
These findings demonstrate the utility of BLI for tracking the
progression and resolution of biological processes in vivo.

Using another NF-�B luciferase reporter mouse model, Carlsen
and colleagues (33) showed that intravenous injection of LPS,
tumor necrosis factor �, or interleukin 1� stimulated increased
luciferase activity in the lungs and other organs as assessed by
bioluminescence and tissue luciferase assays. In this study, the
authors showed that increased bioluminescence could be identi-
fied by imaging organs ex vivo and that this measurement corre-
lated well with luciferase assays in most organs. We have found
a similar pattern of activation of NF-�B ex vivo after intraperito-
neal and aerosolized LPS in a recent study (38).

BLI can be used to assess responses to antiinflammatory ther-
apies. Carlsen and colleagues (33) pretreated mice with dexa-
methasone before intravenous injection of LPS. They found
that administration of dexamethasone suppressed LPS-induced
whole-mouse bioluminescence (33). In contrast to this study,
when we pretreated mice with dexamethasone at 0.3, 1, or
10 mg/kg given in divided doses 24 and 1 h before to aerosolized
LPS (2), we found that the lower doses of dexamethasone did
not inhibit bioluminescence from the lungs of HLL mice. At the
highest dose of dexamethasone, there was an increase in NF-�B
activation and neutrophil influx in the lungs. These studies indicate
that BLI can be used to follow NF-�B activity in reporter mice
in the lungs in a variety of models of lung inflammation and injury.

Bioluminescence Detection of NF-�B Activation in
Pseudomonas aeruginosa Pneumonia

To investigate the role of the NF-�B pathway in host defense,
we established a model of Pseudomonas aeruginosa pneumonia
in HLL mice. After intratracheal administration of bacteria,
we found a dose-dependent increase in chest bioluminescence
(Figure 2 [p. 512]) that correlated with tissue luciferase activity and
neutrophilic alveolitis at 24 h (37). To examine the role of reactive
oxygen intermediates in NF-�B activation and host defense and
in this model, we cross-bred HLL reporter mice with mice deficient
in the p47phox component of NADPH oxidase (37). After
P. aeruginosa infection, p47phox�/� HLL mice showed diminished
NF-�B activation in the lungs as assessed by BLI (and other param-
eters) and impaired bacterial clearance compared with HLL control
mice. These findings showed that inflammatory signaling was inhib-
ited by a failure to generate reactive oxygen intermediates despite
an increase in bacterial burden. This study implies that production
of reactive oxygen species is necessary to generate an adequate
host inflammatory response through the NF-�B pathway.

In related studies, we evaluated bacterial clearance using
P. aeruginosa expressing the lux operon from the bacterium
Photorhabdus luminescens, which was obtained from Xenogen
(Alemeda, CA). By bioluminescent detection of bacterial load
(which does not require exogenous luciferin injection), we
confirmed that significantly more bacteria were present in the
lungs of p47phox�/� mice compared with wild-type mice after
P. aeruginosa infection. A variety of other studies have been
performed that used bacteria expressing luciferase to investigate
the pathogenesis of infections caused by Staphylococcus,
Mycobacterium, E. coli, and Salmonella (8–12, 40). These studies
have shown that the labeled bacteria can be used to track infec-
tion and may be useful to follow therapeutic interventions.
Future investigations using BLI to track the bacterial burden
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and the host response to infection could lead to new insights
into the pathogenesis of pneumonia or other infections.

Bioluminescence Imaging to Monitor Lung Tumor Growth
and Metastasis

BLI has also been used in cancer research to track metastasis
and measure tumor burden by using luciferase-expressing tumor
cells. Injection of HeLa cells labeled with luciferase into the
tail veins of severe combined immunodeficient mice allowed
visualization of lung metastasis (15). Similarly, other studies have
demonstrated that the tracking of luciferase expressing tumor
cells is a powerful methodology to track and understand the
pathogenesis of metastasis in vivo (16, 17). Detection of tumor
cells from internal organs by BLI has been shown to have sensi-
tivity at least as good as positron emission tomography (41).

We have recently used Lewis lung cancer (LLC) cells labeled
with a green fluorescent protein/luciferase reporter to study a
model of lung cancer metastasis after intravenous LLC cell injec-
tion. In this model, bioluminescence emission from the chest
increased linearly from 24 h after LLC injection until harvest
(Day 14), and total chest bioluminescence at the time of harvest
correlated directly with number of metastases measured by lung
surface tumor counts (42). We have also used BLI to investigate
a novel mouse model of malignant pleural effusion after direct
injection of labeled LLC cells into the pleural space of syngeneic
C57B/6 mice (43). The NF-�B pathway affects tumor progression
in a mouse model of malignant pleural effusion.) In this model,
luciferase activity in the pleura measured by BLI increased over
time and correlated with pleural effusion volume and pleural
tumor number at the time of harvest. These findings illustrate
the utility of BLI as a noninvasive indicator of tumor burden in
experimental models of tumor progression and metastasis.

CONCLUSIONS

Using reporter gene strategies, we and others have shown that
BLI of small animals represents a powerful new methodology
to detect the magnitude, spatial distribution, and timing of trans-
gene expression in disease models. BLI has also been used to
study the spatiotemporal patterns of bacterial infections using
genetically engineered bioluminescent pathogens and to track
tumor growth and metastasis. Bioluminescence provides a nonin-
vasive method to monitor gene expression in vivo with an enor-
mous potential to elucidate pathobiology of lung diseases in
intact animal models.

Molecular imaging techniques represent a potentially revolu-
tionary advance in our ability to study structural and functional
relationships in biology by combining the disciplines of molecu-
lar and cellular biology and imaging technology. With BLI, the
ability to track light-emitting cells in small laboratory animals
has opened up a wide range of applications in biomedical re-
search. The current combinations of reporter genes and probes
should be considered “first generation” systems. Improvements
can be anticipated, including multimodality imaging, that en-
hance the utility of available imaging systems.
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