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Intravital microscopy (IVM) is a unique imaging method providing insights in cellular

functions and interactions in real-time, without the need for tissue extraction from the

body. IVM of the lungs has specific challenges such as restricted organ accessibility,

respiratory movements, and limited penetration depth. Various surgical approaches

and microscopic setups have been adapted in order to overcome these challenges.

Among others, these include the development of suction stabilized lung windows and

the use of more advanced optical techniques. Consequently, lung IVM has uncovered

mechanisms of leukocyte recruitment and function in several models of pulmonary

inflammation and infection. This review focuses on bacterial pneumonia, aspiration

pneumonia, sepsis-induced acute lung Injury, and cystic fibrosis, as examples of lung

inflammation and infection. In addition, critical details of intravital imaging techniques of

the lungs are discussed.
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INTRODUCTION

The application of microscopy to live tissues (syn.: intravital microscopy, IVM), allows imaging of
cellular processes at high resolution in real-time. This technology provides unique information
in addition to ex vivo/in vitro methods without the need for removing the tissue from the
physiological environment, processing sections, fixation, or staining (Wells et al., 2018). Various
experimental IVM models have been successfully established to demonstrate time-sequential
cellular changes in several organs under different physiological and pathophysiological conditions,
e.g., in liver, brain, or skeletal muscle (Kuhnle et al., 1993; Kramer et al., 2000; McCormack
et al., 2000; Mempel et al., 2003; Khandoga et al., 2005; Kuebler et al., 2007; Lindert et al.,
2007; Tabuchi et al., 2008; Ochi et al., 2019). Yet, one of the most difficult organs for intravital
imaging is the lung due to limited accessibility based on its enclosed position within the
body, its respiratory movements, and the physical impact of the heart beat (Tabuchi et al.,
2008). Although there are different imaging strategies to study cell populations—both, in vitro
such as histology, immunohistochemistry, and in vivo such as MRI, and CT–any of these
methods is not able to visualize dynamic cellular behavior and mechanisms during physiological
and pathophysiological condition. For instance, clinical modalities such as positron emission
tomography (PET), magnetic resonance imaging (MRI), and computed tomography (CT)
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can provide non-invasive images of the lungs. However, they
lack the resolution necessary to study cellular mechanisms.
Classical fluorescence techniques using ultraviolet (UV) light
marked the beginning of lung IVM and are still used by
the scientific community (Entenberg et al., 2015; Fiole and
Tournier, 2016). Confocal microscopy andmodern fluorescence-
based technologies, such as multiphoton excitation microscopy
have revealed more complex as well as deeper pulmonary
structures (Krahl, 1963; Looney et al., 2011; Presson et al., 2011;
Entenberg et al., 2015). Ultimately, all these achievements largely
contributed to the establishment of intravital imaging as a gold
standard in cellular lung research (Fiole and Tournier, 2016;
Rodriguez-Tirado et al., 2016). In this review, we first describe
the technical aspects of lung IVM. In the second part, we review
experimental lung inflammation and infection models utilizing
lung IVM.

SETUP

Lung IVM can be performed by using different microscopic
techniques. Historically, fluorescence microscopy was used
first to study pulmonary inflammation and infection. Newer
technologies include laser scanning confocal microscopy, single-
photonmicroscopy, and two/multiphotonmicroscopy (Fiole and
Tournier, 2016; Wang, 2016).

Fluorescence Microscopy
Fluorescence microscopy is a technique in which a sample
stained with fluorescent dye is visualized using a halogen
lamp such as xenon, mercury, or tungsten as a light source
(Lindon et al., 2016). The objective lens focuses the excitation
light, allowing maximal collection of emitted fluorescence and
magnification for the observation of fine details (Herman, 1998).
The fluorescent dye in the sample is excited with a relatively
short wavelength, usually blue or ultraviolet light, that matches
the fluorophore excitation wavelength. The emitted fluorescence
has longer wavelength and less energy in comparison to the
absorbed excitation light, which is blocked by the emission filter.
A beam splitter is required to separate the excitation light from
emission fluorescence and prevent overlap in their light paths.
The dichroic mirror reflects the shorter wavelength excitation
light and transmits the longer wavelength of emitted fluorescence
through the barrier filter (Lichtman and Conchello, 2005).
Emitted fluorescence from the specimen that is collected by the
objective passes through the dichroic mirror and the barrier
filter to the eyepieces or detector (Sanderson et al., 2014). The
selectivity for specific wavelengths facilitates the visualization of
different fluorescent objects as a bright structure against a dark
background (Lichtman and Conchello, 2005; Lindon et al., 2016).
Although fluorescence microscopy has been widely used to study
tissues in vivo (Lindon et al., 2016), its application in lung IVM
is limited to superficial layers and low resolution (Witte, 1992;
Presson et al., 2011; Lefrançais et al., 2017).

Confocal Microscopy
Confocal microscopes differ from conventional fluorescence
microscopes in that they use a laser light source and

improve image resolution due to reduced detection of out
of focus light (Norman, 2005). According to the principle of
confocal microscopy, light is collected through narrow apertures
(pinholes) that exclude out of focus light. The elimination of
out of focus light results in an improvement in lateral and
axial resolution. Both laser scanning and spinning disk confocal
microscopes pass a single beam of laser light through the
pinhole. It should be noted that while confocal laser scanning
microscopy focuses the light through one small pinhole in order
to sequentially scan the sample point by point, confocal spinning
disk microscopy exploits multiple pinholes for simultaneous
confocal illumination (Masedunskas et al., 2012; Sanderson
et al., 2014; Lefrançais et al., 2017). Therefore, either X–Y-
deflection of the laser or a spinning disk with a spatial array
of pinholes and automated-focus (z-axis) control enables the
visualization of sequential optical sections of the specimen
and three-dimensional images. Several factors determine the
resolution of confocal microscopy, including the diameter of the
pinhole, the light wavelength and the numerical aperture of the
objective (Tauer, 2002; Norman, 2005). Confocal microscopy has
been used to visualize capillary and alveolar networks in the
lung. Although confocal microscopy provides superior spatial
resolution, live imaging with this microscope results in a large
proportion of emitted light being blocked due to the small
size of the pinhole. In addition, penetration depth in confocal
laser scanning microscopy is limited to about 50–100µm which
precludes imaging of deeper tissues. Moreover, imaging with
confocal microscopy requires a bright sample in order to negate
the need for a strong excitation signal which may otherwise cause
photodamage and photobleaching. In this regard, spinning disk
confocal microscopy is superior as its high acquisition speed
helps to restrict photobleaching (Croix et al., 2006; Masedunskas
et al., 2012; Lefrançais et al., 2017).

Multiphoton Microscopy
Multiphotonmicroscopy involves application of an infrared laser
light source and subsequent absorption of lower energy photons
by a fluorophore inside the tissue (Tauer, 2002; Norman, 2005;
Presson et al., 2011; Lefrançais et al., 2017). This method uses
long-wavelength photons to penetrate farther into tissues and
allow for imaging of thicker sections (Lefrançais et al., 2017).
Using multiphoton microscopy, lungs have been imaged to
a depth of ∼500µm (Croix et al., 2006). Hence, application
of multiphoton microscopy is superior in intravital studies
(Norman, 2005). However, multiphoton microscopy also has
some drawbacks. Although the likelihood of phototoxicity is
decreased in comparison to conventional fluorescence and
confocal microscopy, photodamage is still considered as a
disadvantage for multiphoton microscopy when compared to
single-photon microscopy, at least in the focal plane (Tauer,
2002; Croix et al., 2006; Presson et al., 2011). Additionally,
increased penetration depth leads to significant decrease in
spatial resolution (Niesner et al., 2007). Since excitation only
occurs at the focal point and multiphoton excitation efficiency
of fluorophores are very low in comparison to single photon,
longer acquisition times are required. This has the effect of
restricting observation of dynamic processes which possess high
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temporal resolution (Niesner et al., 2007; Presson et al., 2011).
Despite these drawbacks, multiphoton microscopy is nonetheless
advantageous for IVM studies because the infrared excitation
light is less prone to scatter, which allows for deeper penetration
into the tissue (Croix et al., 2006; Lefrançais et al., 2017).

Surgery
The surgical preparation needed for intravital lung imaging
requires that the animals are anesthetized, usually by
intraperitoneal injection or inhalation of an anesthetic drug.
Animals will be intubated or tracheotomized to facilitate
mechanical ventilation (Fiole and Tournier, 2016). The following
steps include techniques to create a thoracic window and
mechanically stabilize the lung in order to perform IVM.
Several techniques have been developed in recent decades. In
1926, Wearn et al. (1926) described for the first time a surgical
procedure in dogs, where the thoracic wall was resected to
the pleural layer. A second opening was made through the
diaphragm down to the pleura for illumination (Rodriguez-
Tirado et al., 2016). Other authors studied the physiological
movement of the canine lung via an implanted lung window
over a relatively stationary region (Wagner, 1965), or utilized
a vacuum during the surgical window preparation to stabilize
the tissue (Wagner, 1969). In general, two alternative lung
stabilization methods for imaging in mice are used today, namely
gluing of the parenchyma onto a glass coverslip (Kreisel et al.,
2010) or the utilization of a suction system to stabilize the lung
under a glass window (Looney et al., 2011). Other techniques
have their own merits and pitfalls, and no one has excelled in
comparison to another (Fiole and Tournier, 2016). For example,
bronchus clamping, and sequential apnea impact the normal
gas exchange in the lung and may cause atelectasis, which refers
to impaired gas exchange resulting from reversible collapse of
small airways (Grott and Dunlap, 2020). Gated imaging and
oversampled acquisition do not have these disadvantages but
require high-speed or specialized imaging equipment, which is
not widely accessible. Neither gluing of the lung or utilization of
the suction window cause the above-mentioned drawbacks, but
either may result in shear force induced injury. In recent years,
the suction window has been miniaturized and adapted for use in
mice (Rodriguez-Tirado et al., 2016). Confocal and multiphoton
microscopy have been used (Funakoshi et al., 2000; Looney et al.,
2011; Presson et al., 2011) to obtain excellent high-resolution
imaging (Entenberg et al., 2015). At the end of the experiment,
mice are always euthanized in accordance with international
animal care guidelines (Fiole and Tournier, 2016).

Cell Labeling
With recent advances of fluorescent probes, fluorescent proteins
and exogenous fluorophores, IVM allows the detection of
molecular events with subcellular resolution in real time in the
intact animal (Presson et al., 2011). Tracking the movement,
morphology and behavior of leukocytes and blood vessels in the
lung requires labeling methods such as the use of fluorescent
dyes, transgenic mice, or fluorescently stained antibodies (Kim
et al., 2019). Moreover, knockout mice can be used to study the

cellular mechanisms involved in pulmonary pathophysiological
conditions (Aird, 2003; Gill et al., 2015) (Table 1).

Fluorescent dyes such as Alexa Fluor 488, FITC,
phycoerythrin, and Rhodamine 6G allow for visualization
of separate cells (Chiang et al., 2007). In addition, genetically
different mouse strains have been utilized to visualize a specific
cell subset. For instance, Lysozyme M-green fluorescent protein
(LysM-GFP) mice are used for visualization of neutrophils
because Lysozyme M, encoded by the Lyz2 gene, is expressed
mainly in neutrophils and partly in macrophages (Faust et al.,
2000; Orthgiess et al., 2016). Kreisel et al. (2010) examined
leukocyte trafficking in LysM-GFP mice (Faust et al., 2000)
in which endogenous neutrophils are brightly labeled and
monocytes and macrophages are labeled to a lesser extent
(Chtanova et al., 2008). Another transgenic mouse line,
CX3Cr1-GFP, is used for fluorescent imaging of monocytes
and macrophages (CX3C chemokine receptor 1 (CX3Cr1) is a
marker for macrophages and monocytes) (Medina-Contreras
et al., 2011; Garcia et al., 2013).

Another method for imaging of leukocyte subsets, besides
the use of fluorescent dyes or transgenic mouse lines, is the
application of fluorescently stained antibodies capable of binding
to specific antigens. For instance, one of the cell surface proteins
that is highly expressed in murine neutrophils is Ly6G (Lee
et al., 2013), whereas Ly6C and F4/80 are highly expressed in
macrophages or monocytes (Wynn et al., 2013). Kuebler et al.
fluorescently labeled leukocytes in vivo with Rhodamine 6G
and imaged the subpleural microcirculation in rabbits (Kuebler
et al., 1994). Lien et al. labeled neutrophils in vitro and
used fluorescence videomicroscopy in dogs to image neutrophil
in pulmonary arteries (Lien et al., 1987). These two studies
demonstrated that although rolling leukocytes were observed in
arteries, venules, and capillaries, the anatomical site of neutrophil
margination is in the pulmonary capillaries (Lien et al., 1987;
Kuebler et al., 1994). This differs from murine systemic
circulation, where rolling leukocytes are predominately observed
in postcapillary venules and rarely in arterioles (Broide et al.,
1998). To visualize the pulmonary vasculature and determine
whether neutrophils were extravascular, Kreisel et al. injected
quantum-dots, and reported that neutrophils were sequestered
in the pulmonary microcirculation (Lien et al., 1987; Kreisel
et al., 2010). Additionally, to study cellular mechanisms for
neutrophil recruitments in lung after induction of experimental
sepsis, CD11b−/−,,TLR4−/−, Myd88−/−mice (Yipp et al., 2017)
and iNOS−/− mice were used (Razavi et al., 2004).

Changes in microvessel diameter and blood flow under
various physiological and pathophysiological conditions is
widely visualized via intravenous administration of fluorophore-
conjugated dextran or albumin (Kim et al., 2019). Higher
molecular weight dextran (70 kDa) is particularly useful for
visualization of microvessels because extravasation through the
intact endothelium is minimal. Tabuchi et al. demonstrated
changes in pulmonary vessel diameters by injection of FITC-
dextran into the jugular vein of mice (Tabuchi et al., 2008).
Another study involved administration of intravenous FITC-
albumin to enable measurement of microvascular leakage in rat
mesentery through visualization of blood vessels (Alves et al.,
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TABLE 1 | Cell labeling strategies that have been used for lung IVM.

Florescent probes/dye Florescent antibodies Florescent reporter mice Knockout Mice

Leukocytes

• Rhodamine 6G (Razavi et al.,

2004; Kreisel et al., 2010; Roller

et al., 2013; Brown et al., 2014;

Gill et al., 2014, 2015)

Microvessels

• Fluorescein isothiocyanate

(FITC)-dextran (Tabuchi et al.,

2008; Brown et al., 2014)

• FITC-albumin (Noda et al., 2014)

• Texas Red dextran (Alves et al.,

2018)

Cell death

• Propidium iodide (PI) (Gill et al.,

2014, 2015)

Neutrophil

• Ly6G (Lien et al., 1987; Kuebler et al.,

1994; Lee et al., 2013)

• Anti-CD45 (Naumenko et al., 2018)

Monocyte/macrophages

• Ly6C/F4/80 (Wynn et al., 2013)

Neutrophil Elastase (NE)

• Anti-neutrophil elastase (NE)-AF647

(Carestia et al., 2019)

Vascular endothelium

• Anti-CD31 (Yipp et al., 2017)

Neutrophils

• Lysozyme M-green fluorescent protein

(LysM-GFP) mice (Faust et al., 2000;

Orthgiess et al., 2016)

• LysM-GFP mice (Kreisel et al., 2010)

Monocyte/macrophages

• CX3CR1-GFP mice

(Medina-Contreras et al., 2011; Garcia

et al., 2013)

iNOS−/− mice (Razavi et al., 2004)

CD11b−/− mice (Yipp et al., 2017)

TLR4−/− mice (Yipp et al., 2017)

Myd88−/− mice (Yipp et al., 2017)

2018)In mice with GFP-labeled immune cell populations, blood
vessels have been marked with Texas Red dextran for better
contrast (Noda et al., 2014). Visualization of blood vessels and
immune cells can be improved through application of novel
labeling materials, proper combination of inflammation models,
superior surgical methods, and advances in microscopic imaging.

INFECTION AND INFLAMMATION MODELS

Bacterial Pneumonia
Two common nosocomial pathogens that lead to bacterial
infection of the respiratory tract are Pseudomonas aeruginosa
and Staphylococcus aureus. Pseudomonas aeruginosa is a Gram-
negative opportunistic bacterium that can cause lung infection
in patients with impaired immunity and is the main cause of
morbidity andmortality in cystic fibrosis (CF) patients (Moradali
et al., 2017). Wild type (PAO1) and human-derived (PA14,
LESB58) strains are often used in animal infection models.
It should be noted that while PAO1 and PA14 are localized
in alveolar regions 7 days post infection, LESB58 has been
shown to persist in the bronchial lumen (Kukavica-Ibrulj et al.,
2008). Staphylococcus aureus spp. are Gram-positive bacteria and
their most studied pathogenicity factors recognized by immune
cells are lipoteichoic acid and peptidoglycan (Fournier and
Philpott, 2005). In this context, antibiotic-resistant strains (e.g.,
methicillin-resistant S. aureus, MRSA), are commonly used for
animal infection studies (Kim et al., 2014). Lung IVM can be
utilized to visualize pathogen recognition and bacterial clearance
by immune cells (Fournier and Philpott, 2005; Lavoie et al., 2011).
In addition, dynamic immune cell responses such as formation
of neutrophil clusters and neutrophil extracellular traps (NETs)
are often observed in the lungs in response to bacterial infection
(Lien et al., 1987; Looney and Bhattacharya, 2014; Lefrançais
et al., 2018).

Lefrançais et al. utilized multiphoton microscopy for
visualization of neutrophil recruitment and NET formation
in experimental MRSA-induced pneumonia (Lefrançais et al.,
2018). The left lung of the mice was exposed surgically and
stabilized via a flanged thoracic window with a coverslip

and vacuum suction. Infection with MRSA rapidly induced
neutrophil recruitment and sequestration in the lung beginning
2 h post infection. In addition, after PAO1 challenge, neutrophil
swarming and formation of neutrophils clusters around the
bacteria were observed (Figure 1).

Kreisel et al. exposed the left rodent lung by thoracotomy
and attach it to the cover glass using tissue glue. Non-targeted
Q-dots were injected intravenously to image blood vessels, and
LysM-GFP mice were used for visualization of neutrophils by
means of multiphoton microscopy. Diluted Escherichia coli (K-
12 strain) Bioparticles conjugated with tetramethylrhodamine
or L. monocytogenes in PBS were administered intratracheally
prior to imaging. Ten minutes following administration, a
dramatic influx of cells from the circulation and a significant
increase in resident neutrophil motility was observed in
lung tissue. However, neutrophil recruitment to the lung,
specifically at the transendothelial migration step, was inhibited
after the depletion of blood monocytes, which suggests
interaction of monocytes and neutrophils in lung inflammation
(Kreisel et al., 2010).

In another study, Fiole et al. performed lung IVM via
multiphoton microscopy to examine early steps of pulmonary
infection by Bacillus anthracis, the causative agent of anthrax that
impacts livestock and humans. The authors observed interactions
among macrophages, DCs and spores which was considered
to result in an exchange of information including exchange of
pathogen-derived particles or exosomes containing pathogen-
derived antigens released by macrophages directed to DCs.
Results from this study indicates that infection induced by B.
anthracis spores significantly increases long-duration (> 30min)
contact between macrophages and CX3CR1-DCs (Fiole et al.,
2014). Alveolar macrophages, the most efficient phagocytes in
the lung, capture spores within minutes in a first step. After
30min, spores are transported to lymph nodes following capture
by DCs (Cleret et al., 2007). However, mean cell velocity
in both macrophages and CX3CR1 cells did not significantly
increase correlated to increased contact ratio at 5 h post-infection
(Fiole et al., 2014). Fiole et al. observed the last phase of
spore transfer from macrophage to CX3CR1 cell in situ and
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FIGURE 1 | Lung 2-photon intravital microscopy. (A) LysM-GFP mice (green neutrophils) were challenged with MRSA (2 × 107 CFU, i.t.), injected with Texas

Red–dextran i.v. to stain the vasculature, and observed from 3 to 5 h after infection. (B,C) MRP8-mTmG mice (red vasculature, blue neutrophils) were challenged with

PAO1 (5 × 106 CFU, i.t.) and observed from 3 to 5 h after the infection. Extracellular DNA was stained with SYTOX Green (Lefrançais et al., 2018).

FIGURE 2 | Effect of cigarette smoke extract (CSE) on the lung microcirculation captured in real time in the pulmonary microvasculature of a living wild-type (WT) (A);

and cystic fibrosis transmembrane conductance regulator (CFTR)–deficient (B) mouse. Three-dimensional reconstruction of fluorescein isothiocyanate– labeled

vessels (green) surrounding alveoli (dark regions) and Rho-G6-labeled neutrophils (orange) imaged via intravital 2-photon microscopy before (AI and BI) and after (A

and BII–IV) intravenous administration of CSE (100 µL of 20% CSE). Nuclei were stained with intravenous Hoechst (blue). Note increasing neutrophil trafficking and

plasma extravasation (asterisks) into airspaces after CSE administration in the CFTR-deficient (B) but not WT (A) mouse and compared to a CFTR-deficient mouse

not receiving CSE (C) (Brown et al., 2014).
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in vivo, a mechanism previously only demonstrated in vitro
(Blank et al., 2011).

Administration of lipopolysaccharide (LPS), a cell wall
component of Gram-negative bacteria, induces an inflammatory
response by activation of immune cells through Toll-like
receptor (TLR)-4 (Aderem and Ulevitch, 2000; Opal, 2010;
Kim et al., 2019). Following LPS administration as well as
bacterial infection, neutrophils are the first group of leukocytes
that respond to inflammation. This response involves adhesion
and migration across the endothelium from bloodstream into
inflammatory tissues. Carestia et al. studied in LPS induced
inflammation the establishment of intravascular neutrophil
extracellular traps (NETs) and immunothrombi by intravital
microscopy. In this study, the left side of the chest was
opened to access the lung in tracheotomized mice. The lung
was gently immobilized with a thoracic suction attached to
the manipulator on the microscope stage. The authors studied
platelet aggregates, neutrophil numbers, bacterial capture by
each cell type, and the number of stationary (≥30s in the
same location) bacteria in contact with platelet aggregates. They
visualized neutrophils through labeling with anti-Ly6G-BV42.
Anti-neutrophil elastase (NE)-AF647 antibodies, which bind to
extracellular neutrophil elastase were injected via tail vein, prior
to IVM imaging. The authors found that platelet aggregation,
neutrophil recruitment, and NET release were induced 4 h
following intraperitoneal injection of LPS (Carestia et al., 2019).
Pulmonary inflammation induced by inhalation of LPS from
Salmonella enteritis (Reutershan et al., 2005) was confirmed by
lung IVM with application of a mild vacuum to hold the lung
under the window of a custom-built fixation device. Fluorescein
isothiocyanate (FITC)- dextran (150 kDa) was used to assess the
glycocalyx. The results from this study indicated that glycocalyx
thickness in the lung was significantly reduced after 8 and 24 h
following LPS inhalation, thus resulting in increased vascular
permeability (Margraf et al., 2018).

Viral Infections
In addition to bacterial infections, also viral infection can
be studied by IVM. In particular, influenza has been studied
widely in lungs using IVM. In a study from Paul Kubes
group in Calgary, anesthetised, thoracotomized mice were given
anti-Ly6G/GR1 and anti-CD31 to identify neutrophils and
vasculature, respectively, and studied using confocal intravital
microscopy. The IVM images demonstrated that after 30min and
even 2 h post infection AMs actively detected and crawled toward
inhaled P. aeruginosa via chemotaxis. AMs crawling behavior
was defected during infection with Influenza A compared to
control and after infection with P. aeruginosa or S. aureus, fewer
AMs from flu-infected mice captured the inhaled P. aeruginosa
and S. aureus. These findings suggest that Influenza A impairs
the ability of AMs to crawl and capture the inhaled bacteria
and increase neutrophil infiltration (Neupane et al., 2020). In
another study with similar microscopic and surgical preparation,
confocal microscopy of the lung demonstrated interactions
between leukocytes which were visualized using anti-CD45 and
oncolytic vesicular stomatitis virus (VSV) which was identified
by Alexa Fluor 647 staining. Occasional capture of virions by

leukocytes within the lung vasculature was observed 10min after
i.v. injection of VSV-AF647 (Naumenko et al., 2018).

Cystic Fibrosis
Cystic Fibrosis (CF), an autosomal-recessive genetic disorder,
causes chronic changes including inflammation of the lungs
and other organs due to the defect in the cystic fibrosis
transmembrane conductance regulator (CFTR). CF patients have
a high incidence of lung infections limiting their quality of
life. In this regard, there is only one study using intravital
microscopy in CFTR mice thus far. Brown et al. studied the role
of CFTR in preserving the lung endothelial barrier through the
use of multiphoton microscopy. Thoracotomy was performed
on the left chest wall to create a window for lung IVM.
FITC-dextran (for labeling the circulating plasma), Hoechst
33258 (for labeling the nuclei), and Rhodamine-6G (for labeling
of leukocyte mitochondria) were injected intravenously. Lung
imaging in CFTR-deficient mice demonstrated a significant
increase in neutrophil trafficking and plasma extravasation
into airspaces following administration of cigarette smoke (CS)
extracts compared to wild type mice exposed to similar level of
CS extracts (see Figure 2). These results suggested that CFTR
functionmight be required for lung endothelial barrier, including
adherence junction stability. Loss of CFTR function, especially
concomitant to CS exposure, might promote lung inflammation
by increasing endothelial cell permeability. The results from
in vitro experiments in this study also indicated that dose-
dependent treatment with CFTR inhibitors such as GlyH-101
or CFTRinh172 was associated primarily with the redistribution
of the junctional protein ß-catenin and its internalization from
cell periphery. CS had inhibitory effects on CFTR function. It
caused sphingosine-1 phosphate (S1P)/ceremide imbalance in
which the enhanced level of ceremide leads to lung inflammation
and increased susceptibility to P. aeruginosa infection. This
imbalance and subsequent susceptibility to infection are also
typical in clinical CF. S1P supplementation was able to reverse
endothelial cell barrier dysfunction induced by CFTR inhibition
or CS exposure (Brown et al., 2014). Furthermore, in ex vivo
lung preparations, Lindert et al. studied alveoli from the pleural
aspect down to a depth of up to 40µm, using multiphoton
microscopy to examine alveolar wall liquid (AWL). They found
that AWLwas absent in CFTR −/− mice, and it was blocked when
chloride was depleted from the perfusate of WT mice, suggesting
that CFTR-dependent chloride secretion causes AWL formation
(Lindert et al., 2007).

Sepsis Induced Acute Lung Injury
According to the third international consensus definitions for
sepsis and septic shock (Sepsis-3), sepsis is a dysregulated host
systemic responses to infection, that can cause life-threatening
organ dysfunction (Singer et al., 2016). Sepsis affects more
than 30 million people every year worldwide, and is one of
the major causes of death (Vincent, 2012; Fleischmann et al.,
2016). Therefore, understanding the pathogenesis of sepsis is a
critical step in early diagnosis and treatment of sepsis which can
limit onset of organ dysfunction and reduce mortality (Kim and
Choi, 2020). The various aspects of sepsis pathogenesis include
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immune dysfunction, endothelial activation, cardiopulmonary
pathology, increased microvascular permeability, edema
formation, and disseminated intravascular coagulation (DIC)
(Aird, 2003; Gotts and Matthay, 2016). Infection sites in septic
patients include the abdomen, bloodstream, lung, central
nervous system, and renal or genitourinary tract (Gotts and
Matthay, 2016). Alternatively, sepsis also has the potential to
induce acute lung injury (ALI) without primary lung infection.
Lung IVM represents a useful method for studying pulmonary
microcirculation changes in sepsis-induced ALI. The following
paragraphs summarize various studies on sepsis-induced ALI
and describe application of lung IVM in septic mice models.

Yipp et al. assessed the roles of CD11b, TLR4, and Myd88
in pulmonary neutrophil host defense during sepsis through
the use of knockout mice. Researchers applied a vacuum
chamber on the exposed left lung to facilitate pulmonary
imaging by means of either spinning disk or resonant
scanning confocal microscopy. Ten minutes prior to imaging,
fluorescence-conjugated anti-Ly6G antibody and anti-CD31
antibody were administered intravenously in order to visualize
neutrophils and the vascular endothelium. Three behavioral
phenotypes of neutrophils were directly visualized within the
pulmonary microvasculature during sepsis: tethering, crawling,
and adhering. Results indicated no significant changes in the
number of crawling neutrophils within pulmonary capillaries
following administration of intravenous LPS in CD11b-,
TLR4-, and Myd88-knockout mice, thereby confirming the
role of these molecules in pulmonary neutrophil host defense
(Yipp et al., 2017).

To demonstrate apoptosis of pulmonary microvascular
endothelial cells (PMVEC) in sepsis-induced ALI, Gill et al.
conducted lung IVM (Gill et al., 2014, 2015) in anesthetized,
tracheotomized, mechanically ventilated mice. A transparent
window on the right thoracic wall allowed visualization
of the pulmonary microcirculation with an epi-fluorescence
microscope (Razavi et al., 2004). A bolus of Rhodamine 6G
was injected into the penile vein 3.5 h after sham or CLP
surgery to label pulmonary microvascular PMN sequestration
(Gill et al., 2014). Propidium iodide (PI), a fluorescent marker
of cell death used to label non-viable PMVEC (Gill et al., 2014,
2015), was intravenously injected into septic mice immediately
before IVM. Quantification of the number of PI positive cells
and Rhodamine 6G labeled PMN sequestrated in recorded
images indicated a significant increase in PMN sequestrated in
pulmonary microvasculature. However, it is unclear whether the
authors employed PI and Rhodamine 6G in separate experiments
or in the same animals, which would raise the issue of separating
fluorophores with such close emission wavelengths. Nonetheless,
the authors’ findings are consistent with results from other
studies (Razavi et al., 2004; Roller et al., 2013) and with increased
PMVEC death following CLP-induced sepsis at 2 and 4 h after
CLP-sepsis compared to sham (Gill et al., 2014, 2015).

Razavi et al. quantified pulmonary microvascular neutrophil
sequestration by IVM with intravenous injection of dihydro-
rhodamine-6G. Results indicated that pulmonary microvascular
leukocyte sequestration was significantly increased in iNOS+/+
(wild-type) mice and in iNOS−/− mice from 1 to 18 h after

FIGURE 3 | Intravital fluorescence microscopy of adherent leukocytes (arrows)

in pulmonary arterioles. Note, that CLP enhanced the number of firmly

adherent leukocytes in arterioles by two-fold (B, arrows) compared to

sham-treated animals (A, arrows). Immunoneutralization of PSGL-1 reduced

CLP-induced leukocyte adhesion in pulmonary arterioles by almost 50 %

(C,D). Green-light epi-illumination with direct staining of leukocytes by

rhodamine 6G. Scale bars 35 lm (Roller et al., 2013).

CLP, although significantly fewer sequestered leukocytes were
observed in iNOS−/− vs. iNOS+/+ mice at all time points
(Razavi et al., 2004). Therefore, neutrophil iNOS appears to be
an important contributor to pulmonary neutrophil infiltration.

Rahman et al. used a micromanipulator to fix the coverslip
to the right lung surface during surgical preparation. After
retrobulbar injection of rhodamine 6G and FITC dextran,
fluorescence microscopy was performed. Results indicated
that the matrix metalloproteinase (MMP) inhibitor, GM6001,
administered prior to CLP induction reduced CLP-induced
leukocyte adhesion in pulmonary venules, which suggests the
role of metalloproteinases in infiltration of neutrophils in septic
lung injury (Rahman et al., 2012). Another study from this
group (Roller et al., 2013) with the equal intravital microscopic
setup demonstrated significant increases in the number of rolling
and adhering leukocytes in arterioles and venules, as well as
in leukocytes trapped in capillaries, 4 h after CLP induction
(see Figure 3). IVM indicated that CLP induction markedly
decreased flow velocity and shear rate in pulmonary venules and
arterioles and also decreased functional capillary density in lung
microcirculation (Roller et al., 2013).

Lung IVM was also used to show that immunoneutralization
of PSGL-1 significantly reduces not only the number of rolling
leukocytes in arterioles and venules but also the number of
adherent leukocytes in arterioles and trapped leukocytes in
capillaries. In one particular study, PSGL-1 antibody was shown
not to affect the number of firm leukocytes in pulmonary venules,
thus suggesting that leukocyte rolling is not a prerequisite for
pulmonary venular leukocytes adhesion in sepsis. In addition,
capillary trapping of leukocytes and enhanced sticky leukocytes
in arterioles is dependent on PSGL-1 function (Roller et al., 2013).
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Moreover, several studies have shown that targeting
CD11a/CD18 or CD11b/CD18 reduces infiltration of leukocytes
in the lung in models of endotoxemia (Basit et al., 2006) and
sepsis (Asaduzzaman et al., 2008). To confirm this theory with
in vivo imaging, Wang et al. performed lung IVM 4h after CLP
induction. Results indicated that intravenous pretreatment with
CD11a or CD11b antibodies immediately prior to CLP abolished
CLP-induced arteriolar and venular leukocyte adhesion in
lung tissue and reduced leukocyte sequestration in pulmonary
capillaries. It also restored diameter, flow velocity, and shear
rate in lung arterioles and venules in CLP mice. Their findings
showed that CD11a and CD11b mediate leukocyte adhesion in
both arterioles and venules as well as trapping in capillaries in
the lung. In addition, the data demonstrates that CD11a, but
not CD11b, supports leukocyte rolling in pulmonary arterioles
(Wang et al., 2013).

Aspiration Pneumonia
Intratracheal instillation of hydrochloric acid is an experimental
mouse model that mimics human aspiration of gastric contents,
which can cause acute ALI (Kobayashi et al., 2016). Aspiration
is classified under the non-infectious group of ALI etiology
(Zarbock and Ley, 2009). Acid aspiration causes direct injury to
lung epithelial and endothelial cells, leading to tissue edema and
neutrophil accumulation in the lung (Kobayashi et al., 2016).

Grommes et al. performed lung IVM in mice after acid
aspiration. Microspheres coupled to polyclonal antibodies to
CXCL4 or CCL5 were injected intravenously 15min prior to
intravital imaging using a multiphoton system in single-beam
mode. The authors showed the deposition of CCL5 and CXCL4
on microvascular lung endothelium and reported that platelets
in LPS-, acid-, and sepsis-induced ALI release the CCL5-
CXCL4 heterodimer. This heterodimer is involved in neutrophil
recruitment, and its disruption prevents acid- and sepsis induced
ALI (Grommes et al., 2012). Additionally, it has been shown
that thromboxane A2 (TXA2), which is actively involved in the
inflammatory response, is produced by lung epithelial cells in
aggregation with platelets and neutrophils (Zarbock and Ley,
2009) and is detectable in bronchoalveolar fluids (BALF) in acid
aspiration-induced ALI (Kobayashi et al., 2016). TXA2 binding
to its receptor on the epithelial cells promotes upregulation
of intracellular adhesion molecule-1 (ICAM-1) and may be
indirectly involved in neutrophil recruitment (Rossaint and
Zarbock, 2013).

Mertens et al. implemented Tabuchi et al. method (Tabuchi
et al., 2008) for thoracic window implantation to analyze
dynamics of alveolar clusters at different time points and
applied pressures after HCl aspiration. Mice were ventilated
at 60 breaths/ min and images were captured at 0 cm H2O
ventilation pressure in end-expiration and at 6, 12, 18, 24 cm
H2O in end-inspiration. Subpleural alveoli were visualized using
an upright microscope and darkfield illumination, 30min after
lung stabilization. Delimited aerated structures discernible on
the lung surface were defined as individual alveolar clusters.
For each pressure step, in each area of interest (AOI), the
number of alveolar clusters was counted and the boundaries
of the subpleural projection of each cluster were traced, and

the respective area was measured. Alveolar compliance was
calculated as the fold increase in alveolar area between images
taken at 0 and 24 cmH2O ventilation pressure. The total number
of visualized alveolar cluster per AOI, after acid aspiration, did
not change between 0 and 24 cm H2O. Dark-field illumination
also demonstrated that density of light-refracting structures in
the acid aspiration group increased. In the NaCl instillation
(control) group, these structures disappeared with increasing
ventilatory pressure, while in the HCl instillation group, they
no longer disappeared with alveolar expansion. Additionally,
alveolar distensibility was primarily reduced in small alveoli
in acid-induced ALI. Optical Coherence Tomography (OCT)
imaging also showed increased heterogeneous density in acid-
injured lungs to confirm the IVM results (Mertens et al.,
2009). In healthy lungs, cyclic changes in alveolar size are in
synchrony with the ventilatory cycle, whereas asynchronous
alveolar dynamics occurs in 10min after ALI induced by acid
instillation (Tabuchi et al., 2016). Altered alveolar dynamics
in ALI cause impaired respiratory mechanics and alveolar gas
exchange. Hence, requiring high distending pressures between
and within alveoli results in the progression and aggravation of
lung disease (Mertens et al., 2009; Tabuchi et al., 2016; Mandler
et al., 2018).

LIMITATIONS

Although lung IVM provides unique insights into pulmonary
microvascular responses, cell-cell-interactions as well as alveolar
mechanics in real time, it also carries some limitations due to
the enclosed position of the lung in the body and restricted
accessibility of the organ, thus necessitating the implementation
of a surgical window for imaging. In some studies, part of the
thoracic wall was removed to provide access for lung in vivo
imaging without providing any protection for the parenchyma.
However, this area of observation is prone to drying and is
exposed to environmental pathogens and/or artificial surfaces
(including cover slips) in these approaches. Moreover, cyclic lung
movement during respiration and the heartbeat’s effect on the
lung both impact lung imaging due to motion artifacts. Some
lung windows, for example, employ a thoracic suction window
fitted with a vacuum chamber, and are implanted to stabilize
the lung surface for improved imaging with reduced motion
artifacts (Looney et al., 2011). While this technique has proven
highly efficient for immunology studies, it does disrupt certain
physiological phenomena such as ventilation-dependent effects
on lung perfusion and alveolar dynamics. Some lung windows
employ glued coverslips (Kreisel et al., 2010) or transparent
polyvinylidene membranes (Tabuchi et al., 2008) instead of
suction and allow physiological movement of the lung, but do
not provide high resolution imaging.

Another factor that should be taken into consideration is
the physiologically negative pressure in the thoracic cavity. This
necessitates the use of great caution during the surgery as
well as application of ventilatory support to keep the animal
alive. Therefore, imaging must be performed under positive
pressure ventilation instead of spontaneous breathing (Looney
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et al., 2011). However, the effects of artificial ventilation on lung
physiology must be acknowledged (Poobalasingam et al., 2017).
Manipulations inmechanics of the thoracic wall and the interplay
between intrapleural and transpulmonary pressures impact both
alveolar dynamics and microvascular perfusion (Tabuchi et al.,
2020). Therefore, although mechanical ventilation is essential for
survival of the animal, it can cause permanent damage to the lung
as ventilator induced lung injury (VILI) or ventilator-associated
lung injury (VALI) (Amato et al., 1998).

Furthermore, application of IVM in longitudinal studies has
been faced with limitations as most implanted lung windows are
too invasive to allow long term imaging. Since lung IVM is a
terminal method used for short term imaging, multiple animals
are needed for longer studies (Masterson et al., 2019). However,
it has been reported that certain lung windows may allow for
long-term observations in dogs, rabbits (De Alva and Rainer,
1963), rats (Fingar et al., 1994) or mice (Kimura et al., 2010),
without stabilization and at low spatial resolution. Entenberg
et al. recently developed a permanent lung window which may
present a promising method for long-term imaging (Entenberg
et al., 2018; Tabuchi et al., 2020).

There are some limitations that apply to all models and
methods of lung IVM in mice regardless of different adaptions
based on the subject of study. First, the small size of mice
means that miniature equipment is required for IVM, thus
making intubation or tracheotomy challenging. A typical mouse
lung window is ∼10mm in diameter and provides a very
small observational area during imaging (Masterson et al.,
2019). Stabilizing the lung via thoracic chamber implantation
is also a challenge in mice as a result of their smaller size
and higher respiratory rate in comparison to larger animals
(Frevert et al., 2014). Second, although classical fluorescence
IVM provides adequate spatial resolution, its two-dimensional
imaging provides little information about three-dimensional
alveolar dynamics such as alveolar walls and alveolar diameter
during different physiological and pathophysiological conditions
(Tabuchi et al., 2020). Third, limited penetration depth of
current microscopes allows only for superficial imaging of
the lung. Penetration depth in lung tissue for conventional
fluorescence microscopy is ∼30–50µm, compared to 100–
150µm for confocal microscopy, and 500µm for multiphoton
microscopy. This restricted penetration depth is caused by
the lung’s complex structure and the light-scattering properties
of the abundant air-liquid interfaces in the alveolo-capillary
units. Therefore, lung IVM is currently restricted to superficial
layers of the lung including subpleural alveoli and surface-
level microvascular networks, neither of which are representative
of internal alveoli and vessels. In contrast to deeper lung

regions in which all sides of a given alveolus are surrounded
by other alveoli, subpleural alveoli are attached to the visceral
pleura on one side. Consequently, alveolar dynamics differ
between subpleural alveoli and deeper lung regions. In addition,
subpleural pulmonarymicrovasculature is less dense and consists
of larger capillaries compared to the interior pulmonary
microvascular network (Tabuchi et al., 2008, 2020; Kuebler, 2011;
Looney et al., 2011; Looney and Bhattacharya, 2014; Masterson
et al., 2019). Fourth, creating a window to access the lung
involves a surgical procedure which can cause baseline leukocyte
activation. However, these alterations in leukocyte behavior are
not comparable to inflammatory situations such as response
to bacterial infection. Hence, exercising extreme care during
surgery and comparing in vivo images with histological figures
could lessen this issue (Hickey and Westhorpe, 2013). Fifth, lung
observation by means of IVM is limited to a specific location
that is not typically representative of the whole lung, usually
the anterior part of the murine lung and a specific number of
alveoli and microvessels within this area. It should be noted that
ventilation and perfusion vary between different regions of the
lung. Furthermore, any IVM–not only of the lungs–has to be
performed at physiological body temperature, which in the case
of mice is 37◦C, by use of a homeothermic system (Park et al.,
2018), warmed lung window chambers (Kreisel et al., 2010), or
water immersion microscopy and continuous superfusion of the
windowwith a pre-warmed solution (Kuhnle et al., 1993; Kuebler
et al., 1994). IVM cannot be applied in clinical studies as it is
an invasive and terminal method. Although some labels used in
intravital imaging are non-toxic, do not alter cell morphology
or phenotype, and have a sensitivity at micron range, they
likely compromise either the administered cell’s function or the
host itself.

CONCLUSION

Despite the aforementioned limitations, lung IVM is the
gold standard for studying lung immune cell interactions in
real time in living animals. This technique can be applied
in different inflammatory models, including bacterial
and viral infections, sepsis-induced ALI, aspiration, and
cystic fibrosis in order to reveal dynamic alterations in
physiological parameters and cellular behavior in comparison to
non-inflammatory conditions.
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