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Chapter 1
Methods to Study Lung Injury
and Repair: Introduction

Lynn M. Schnapp and Carol Feghali-Bostwick

ARDS Overview

The acute respiratory distress syndrome (ARDS), first described in 1967 by
Ashbaugh and colleagues [1], continues to have up to 40 % mortality, representing
over 10 % of intensive care unit (ICU) admissions worldwide [2, 3]. Furthermore,
the incidence is predicted to increase with the aging population [4]. Several clinical
disorders can initiate ARDS, including pneumonia, sepsis, gastric aspiration, and
trauma. The diagnostic criteria for ARDS have varied over time, which has led to
different reports of incidence, morbidity, and mortality. The 2013 “Berlin
Definition” was a consensus statement created by a task force of ARDS experts that
built upon the 1994 AECC American-European Consensus Conference’s definition
statement [5]. The “Berlin Definition” of ARDS includes acute onset (<1 week),
bilateral infiltrates on imaging, hypoxemia despite positive pressure ventilation and
absence of congestive heart failure (Fig. 1.1). The clinical term “Acute Lung Injury
(ALI)” has been replaced by mild, moderate or severe ARDS. This consensus
definition has improved the standardization of clinical research and trials; however,
it does not take into account the cause, or the mechanism of disease. Developing a
molecular classification of the disease is needed to improve diagnosis,
prognostication, and treatment.

L.M. Schnapp (&)
Division of Pulmonary, Crticial Care, Allergy and Sleep Medicine,
Medical University of South Carolina, Charleston, SC, USA
e-mail: schnapp@musc.edu

C. Feghali-Bostwick
Division of Rheumatology, Medical University of South
Carolina, Charleston, SC, USA
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ARDS Pathogenesis

ARDS is characterized as an acute diffuse, inflammatory lung injury, leading to
increased pulmonary vascular permeability, decreased lung compliance, and loss of
aerated lung tissue leading to severe perturbations in gas exchange. The classic
histological finding of ARDS is diffuse alveolar damage with edema, inflammation,
and hyaline membrane formation [6]. During the early, exudative stage (days 1–7),
the pathology is dominated by diffuse alveolar damage, epithelial injury and
apoptosis, with significant inflammatory infiltration, and disruption of the capillary
and epithelial barrier function with resultant interstitial and intraalveolar edema. In
the later fibroproliferative stage, fibroblast proliferation, activation and migration
dominate, with type II cell hyperplasia, and fibroproliferation. Interestingly, the
majority of patients have resolution of fibroproliferation and pulmonary function
improves over time. One of the unanswered questions in ARDS is what determines
whether lung injury resolves or progresses to end-stage fibrosis? Why does fibro-
proliferation in ARDS resolve, but not in other chronic fibrosing diseases such as
Idiopathic Pulmonary Fibrosis?

Therapeutic Options

The mainstay of treatment of ARDS remains supportive, including avoidance of
iatrogenic injury. The ARDS Network trials demonstrated improved outcomes with
low tidal volume mechanical ventilation [7], positive end-expiratory pressure [8],
and conservative fluid management [9]. However, despite the presence of acute
inflammation and role of inflammatory cells such as neutrophils [10], trials tar-
geting the inflammatory process have failed to show definitive clinical benefit [2].

Fig. 1.1 Typical ARDS
chest radiograph showing
bilateral, patchy infiltrates.
Courtesy of Dr. Andrew
Goodwin, MUSC
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Specific therapeutics tested in clinical trials include corticosteroids, prostaglandins,
nitric oxide, prostacyclin, surfactant, lisofylline, ketoconazole, N-acetylcysteine,
granulocyte macrophage colony-stimulating factor, procysteine, indomethacin,
simvastatin, pentoxyfilline, activated protein C and fish oil, none of which have
shown a statistically significant improvement in mortality, despite promising pre-
clinical trials in animal models [2]. Thus, new treatment options for ARDS remain a
major unmet need.

Summary

Despite intense research over the past 40 years, we still have an incomplete
understanding of the pathophysiology of the disease. Furthermore, treatment
remains largely supportive. Future progress will depend on developing novel
therapeutics that can facilitate and enhance lung repair. Because ARDS is a com-
plex syndrome with a broad clinical phenotype, it has been challenging to translate
the results of cell and animal studies to pharmacologic therapies that reduce mor-
tality in humans [11, 12]. Nevertheless, laboratory-based investigations have pro-
duced valuable insights into the mechanisms responsible for the pathogenesis and
resolution of lung injury, and preclinical studies paved the way for important
improvements in supportive care. Currently, the use of mesenchymal stem cells for
severe ARDS (NCT01775774) is being tested in a phase 2 clinical trial for ARDS,
based on promising animal studies, and in vitro and ex vivo data [13].
Understanding the appropriate uses of animal models and in vitro studies, as well as
defining the pathophysiologic subtypes of acute lung injury are necessary for the
field to move forward from the descriptive phase of ARDS.

The chapters in this book describe various methodologies that are of particular
utility in acute lung injury and repair research. They include descriptions of
genetically engineered and non-engineered rodent models of ARDS. Although
animal models of ARDS do not completely recapitulate all features of the human
disease, these ALI models offer a means of testing potential therapies and possible
initiating factors. Detailed protocols for establishing animal models and evaluation
of lung injury are described (chapters by Altemeier, Hung, Wilson, Huang,
Konigshoff ). Flow cytometry approaches and their application to lung research are
also detailed (chapter by D’Alessio). Novel approaches recently implemented in
ALI research such as genomic approaches (chapter by Yang), the detection of
miRNA (chapter by Goodwin), and imaging (chapter by Looney) are highlighted.
Technical approaches such as flow cytometry are also presented in sufficient detail
to facilitate adapting the protocols in laboratories less familiar with the methodol-
ogy. We hope this book will serve as a very useful resource for physicians and
scientists who are looking to develop strategies for insight into ARDS pathogenesis
and treatment.
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Chapter 2
Mouse Models of Acute Lung Injury

William A. Altemeier, Chi F. Hung and Gustavo Matute-Bello

Introduction

Acute Respiratory Distress Syndrome or ARDS is a diffuse inflammatory lung
process that frequently manifests in critically ill patients, with an estimated incidence
of 190,000 cases and 74,500 deaths per year in the United States alone [1].
Clinical ARDS is associated with specific risk factors that can be broadly divided into
intra-pulmonary conditions, including pneumonia, aspiration, and blunt trauma; and
extra-pulmonary risk factors, including extra-pulmonary sepsis, trauma, significant
blood product resuscitation, and pancreatitis [2]. Interestingly, ARDS frequently
develops up to 72 h after hospital presentation and frequently in the setting of
mechanical ventilation, suggesting that mechanical ventilation may play a role in the
initiation of lung injury [3, 4]. Clinically, ARDS is manifested by bilateral or diffuse
radiographic infiltrates, hypoxemia, decreased lung compliance, and increased
ventilatory dead space [5, 6]. The histological manifestation of ARDS is diffuse
alveolar damage as defined by epithelial injury, hyaline membrane formation and
alveolar flooding with proteinaceous fluid, formation of microthrombi and frequently
neutrophilic inflammation.

The animal model correlate to ARDS is acute lung injury (ALI). Models are
employed to test potential new therapeutic interventions and to investigate under-
lying mechanistic pathways that lead to diffuse lung injury. Animal models cannot
completely recapitulate all of the complex components of ARDS development and

W.A. Altemeier (&) � C.F. Hung � G. Matute-Bello
Division of Pulmonary and Critical Care Medicine, Department of Medicine,
Center for Lung Biology, University of Washington, Seattle, WA, USA
e-mail: billa@uw.edu
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G. Matute-Bello
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manifestation; however, an American Thoracic Society workshop concluded that
animal models of ALI should at a minimum manifest histological evidence of tissue
injury, alveolar capillary breakdown, inflammation, and physiological evidence of
dysfunction with the first two components being more important than the last two
[7]. The goals of this chapter are to discuss practical considerations when planning
to utilize mouse models of acute lung injury and review some of the primary issues
surrounding specific model systems.

Initial Considerations When Planning to Use Animal
Models of Acute Lung Injury

Choice of Species/Strain/Sex

No animal model of acute lung injury can completely recapitulate clinical ARDS;
therefore, when planning an experiment, the most important goal is determining
which model system is most appropriate to address the underlying hypothesis being
tested. The first consideration is choice of species. Mice have several well-defined
advantages and disadvantages. The primary benefits of mice include the availability
of genetic models to test specific mechanisms, the short reproductive cycle that
allows rapid expansion of well-defined mouse populations, a large number of
reagents available for mice, and lower cost as compared with other species. The
primary disadvantages of mice include small size, which significantly increases the
complexity of physiological monitoring and any surgical preparations, some
immune system differences from humans, notably the lack of IL-8, and a general
over-reliance on a limited number of inbred mouse strains when a specific genetic
background is not required for testing the experimental hypothesis. Because the
focus of this chapter is on mouse models of lung injury, the remainder of the
discussion will be focused on mice; however, investigators are advised to consider
larger animals, which allow more complete physiological monitoring and assess-
ment, if the unique advantages of mice are not required for the planned study.

Genetic background is an important determinant of host response to both
infectious lung injury [8, 9] and sterile lung injury [10–15]. Therefore, findings in a
specific strain of inbred mouse, e.g., C57BL/6 or BALB/c, may not be applicable to
other mouse strains much less other mammalian species. One common approach to
overcome the potential confounding effect of limited genetic variation in experi-
ments that do not require a specific genetic background (e.g., pharmacological or
toxicological studies) is to employ outbred mouse stocks, e.g., Swiss outbred mice
(stock refers to colonies of outbred mice; whereas, strains are used to define
colonies of inbred mice). However, a criticism of this approach is that the genetic
variability in these stocks can vary widely depending on the source and prior
breeding strategies and are not well-defined [16]. Additionally, genetic lability in
these populations may make it difficult to accurately estimate sample sizes based on
previously published experimental results. Therefore, experiments using outbred
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stock typically require significantly larger sample sizes, which need to be empiri-
cally determined in preliminary studies. An alternative approach to using outbred
stock is a factorial experimental design, which uses smaller sample sizes in multiple
inbred lines, allowing evaluation of the impact of genetic variability on the
measured variables [17].

Similar to genetic background, sex can have a significant impact on experimental
response to injury and, presumably, to any interventions. For example, sex likely
impacts response to prolonged hyperoxia. In our unpublished experience, female
C57BL/6 mice are more susceptible to hyperoxia-induce lung injury than male
mice. This is consistent with a recent publication, demonstrating a modest increase
in mortality with prolonged hyperoxia in female C57BL/6 mice and female mice
from the F1 cross of C57BL/6J mice (susceptible to hyperoxia) and 129X1/SvJ
mice (resistant to hyperoxia) [18]. In contrast, other groups have found greater
susceptibility to hyperoxia-induced lung injury in male mice [19, 20], suggesting
that sex effects are complex and may interact with multiple other factors, including
strain and environment. Another example of the effect of sex on lung injury models
is the finding that C57BL/6 male mice are reported to be more susceptible to
bleomycin-induced lung injury [21, 22], which is consistent with unpublished
findings from our lab. However, female Fisher rats are reported to be more sus-
ceptible to bleomycin-induced fibrosis than male rats [23]. The etiology of
sex-based differences in lung injury response is often attributed to sex hormones,
and several studies have evaluated this but yielded limited mechanistic insight.
Given these results, it is tempting to identify the more responsive sex for the
particular model of interest and then use only this sex in the experimental design to
reduce overall number of animals required. However, the NIH has recently
emphasized the importance of including both sexes in preclinical studies unless a
strong rationale can be provided for only studying one sex [24].

In summary, the primary advantages of using mice to model acute lung injury
are the ability to utilize genetic systems to isolate and evaluate specific mechanistic
hypotheses, the wide availability of reagents, and low cost. If a specific genetic
strain is not required for the experiments, there may be advantages to evaluating a
limited number of inbred mouse strains to both evaluate the potential impact of
genetics on the response to injury and to decrease the likelihood that a specific
genotype may be associated with hyporesponsiveness to any tested interventions.
Similarly, both sexes should be included in experimental design unless a com-
pelling reason exists to exclude one sex. However, data analysis should include
evaluating the potential of a sex model interaction.

Choice of Lung Injury Model

ARDS is associated with a variety of pre-disposing conditions, which can be cat-
egorized as either direct injury (e.g., pneumonia, aspiration, pulmonary contusion)
or indirect (sepsis, trauma, transfusion) or indirect injury. Accordingly, there are
models that utilize direct injury (e.g., bacterial, viral, lipopolysaccharide (LPS), or

2 Mouse Models of Acute Lung Injury 7



acid instillation) and models that utilize indirect injury (e.g., cecal ligation and
puncture (CLP), intraperitoneal LPS injection, transfusion associated lung injury).
However, generally models utilizing an extra-pulmonary trigger for lung injury
result in at most mild lung injury in the absence of a second insult such as
mechanical ventilation. For example, CLP, a model of severe sepsis that is asso-
ciated with significant mortality, results in minimal lung injury in mice [25]. In
contrast, models of lung injury that rely on a direct pulmonary insult cause
reproducible injury that can be readily titrated by exposure dose/duration. The
addition of mechanical ventilation increases lung injury to most if not all direct
models of lung injury, including instillation of LPS and other pathogen-associated
molecular patterns (PAMP) [26–28], bacterial pneumonia [29], acid instillation [30,
31], and hyperoxia [32]. Because the majority of lung injury models utilize a direct
exposure, the remainder of this chapter will review the more common model sys-
tems. The focus will be on practical issues necessary to initiate different model
systems in a lab. Individuals interested in further reading regarding mechanisms of
lung injury with different models are referred to a previously published review as a
starting reference [33].

Instillation of Pathogen-Associated Molecular Patterns

Instillation of natural or synthetic pathogen-associated molecular patterns (PAMPs),
which are recognized by specific germ-line encoded pattern recognition receptors
(e.g., Toll-like receptors or TLRs) causes reproducible sterile lung inflammation
and injury. The most common PAMP used is lipopolysaccharide (LPS), a com-
ponent of the cell walls of gram-negative bacteria. LPS binds to its cognate
receptor, TLR4 and the co-receptor, CD14. However, LPS is available in a variety
of preparations, which may contain varying contamination with other
pathogen-associated molecular patterns. Thus, ultra-pure LPS, available from select
companies (e.g., Invivogen or List Biological Laboratories), will not cause
inflammation in the absence of TLR4. In contrast, many sources of LPS will contain
impurities that signal via additional TLRs. In our experience, the potency in terms
of inflammation and injury is typically higher for lower purity preparations, pre-
sumably due to parallel signaling by multiple pattern recognition receptors. We
routinely use phenol-extracted LPS from Escherichia coli 0111:B4, purchased from
Sigma-Aldrich. We resuspend LPS at 5 mg/mL in sterile saline. Heating to 37 °C
and/or sonication can facilitate resuspension of LPS. Aliquots of stock solution can
then be stored at −20 °C indefinitely.

LPS is easily administered via oropharyngeal aspiration, and a detailed protocol
is provided below. The dose of LPS can be titrated to achieve the desired degree of
inflammation and injury. For phenol-extracted LPS from E. coli 0111:B4 purchased
from Sigma-Aldrich, a dose of 2.5–3.75 mg/kg results in moderate lung injury that
peaks in 48–72 h and resolves by 10 days (Fig. 2.1) [34, 35]. Other PAMPs, e.g.,
poly(I:C), a synthetic analog of dsRNA and TLR3 ligand, and Pam3CSK4 a
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synthetic triacetylated lipoprotein and TLR1/2 ligand, can be administered by
oropharyngeal aspiration to induce mild to moderate lung injury [28]. Similar to
LPS, dose titration and a time course are recommended in preliminary experiments
to define optimal experimental parameters.

Bacterial Pneumonia Models

Bacterial infection is a commonly used and clinically relevant model of lung injury.
In addition to modeling neutrophilic inflammation and alveolar capillary barrier
dysfunction, use of live bacteria allows assessment of additional relevant host
response questions, including bacterial clearance and bacterial dissemination. These
additional parameters are particularly important when assessing potential new
therapeutic interventions, given that pneumonia and sepsis are two of the most
common causes of ARDS. Mice have varying susceptibility to different bacteria.
C57BL/6 mice will clear Staphylococcus aureus and Pseudomonas aeruginosa
without antibiotics and will survive infections with relatively high bacterial loads of
106–107 [36]. In contrast mice are highly susceptible to Klebsiella pneumonia, and
intratracheal inoculation of 700 cfu in CBA/J mice results in *20 % mortality by
72 h [37].

Bacteria can be aerosolized and delivered via a whole body or nose-only
exposure system or given by oropharyngeal aspiration. The advantages of
aerosolization include dosing a large number of mice simultaneously and achieving
a uniform deposition in the lung, however, the cost for setting up an aerosolization
system can be significantly higher. We use the AeroMP aerosol management
platform combined with a whole body exposure chamber (Biaera Technologies,

Ai

Ai

Av
Av

V V

(a) (b)

Fig. 2.1 Hematoxylin and Eosin stained, formalin-fixed lung sections from mice exposed by
oropharyngeal aspiration 72 h previously to a phosphate-buffered saline or b 2.5 mg/kg of E. coli
serotype 0111:B4 LPS. Note damage to the airway wall, thickening of alveolar septae, and
inflammatory cell infilatrate, following LPS exposure. Ai—airway, Av—alveolus, V—vasculature.
Note the alveolar septal thickening, alveolar inflammatory infiltrate, and airway wall injury in the
LPS-exposed mouse lung
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Hagerstown, MD), but other systems, including non-commercial set-ups are also
effective. Additionally, when delivering bacteria by aerosol, preliminary experi-
ments, in which mice are euthanized immediately after exposure for quantitative
cultures of the lungs are necessary to define the relationship between aerosolization
parameters (concentration, duration) and deposition.

The primary advantage of oropharyngeal aspiration is the ability to quickly get
an infection model up and running without the need to optimize delivery parameters
to achieve the desired inoculation. Additionally, higher loads of bacteria can be
delivered by direct inoculation as opposed to aerosolization (Fig. 2.2). Finally, an
argument can be made that oropharyngeal aspiration, which results in heteroge-
neous infection, better models clinical pneumonia. An example protocol for
preparing S. aureus for infection is provided at the end of this chapter.

Hyperoxia-Induced Lung Injury

Prolonged exposure to high oxygen fractions causes lung injury in a strain- and
sex-dependent manner that is thought to be secondary to generation of reactive
oxygen species, leading to peroxidation of membrane lipids, proteins, and nucleic
acids and promotion of both necrotic and apoptotic cellular death [38]. In contrast
to bacterial or LPS-induced lung injury, hyperoxia is associated primarily with
disruption of the alveolar capillary barrier, and neutrophilic inflammation develops
late in moribund mice. Exposure of female C57BL/6 mice to an inspired oxygen

Fig. 2.2 Four mice imaged, using the IVIS in vivo imaging system 6 h after oropharyngeal
administration of bioluminescent P. aeruginosa (Xen 05, Perkin Elmer). Mice are anesthetized
with isoflurane and imaged in the supine posture. Note heterogeneous distribution typical of
oropharyngeal aspiration in mouse 3 and mouse 4
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fraction of � 0.95 results in measurable permeability changes by 36–48 h, neu-
trophilic emigration into the alveolar spaces by 72–84 h, and death by 96–120 h. In
contrast, approximately 80 % of female C57BL/6 mice will survive exposure to an
FiO2 of *0.8 [39]. Although hyperoxia exposure systems for mice are commer-
cially available, it is also relatively straightforward to fashion one. A non-airtight
Plexiglas box, sufficient to hold one or more micro-isolator mouse cages and with a
hinged end for access, is connected to an oxygen concentrator, capable of delivering
oxygen at 5 lpm. A vacuum line is also attached to the box with vacuum sufficient
to result in *3 lpm air flow. As long as the box is not airtight, oxygen delivery in
excess of the flow through the vacuum system will vent to the room and also result
in an elevated oxygen fraction in the chamber. However, in the event of failure of
the oxygen concentrator, the vacuum line will pull sufficient fresh ambient air
through the exposure chamber to prevent build-up of CO2. Fine tuning of the actual
oxygen concentration in the chamber can be achieved by adjusting the inspiratory
oxygen flow and/or the vacuum flow.

Bleomycin-Induced Lung Injury

Bleomycin is an anti-neoplastic drug isolated from Streptomyces verticillus [40].
Intratracheal administration of bleomycin is typically thought of as a model of
pulmonary fibrosis; however, in fact it causes injury that follows a well-defined
pattern of acute neutrophilic inflammation and disruption of the alveolar capillary
barrier that peaks by day 3–7 followed by resolution of inflammation and devel-
opment of a fibroproliferative phase that peaks around day 21–24, which then
resolves over time [41–43]. Dosing of bleomycin can be challenging; there is a
narrow dose range in which significant lung injury develops, but the majority of
animals recover. This is further complicated by a significant sex-dependent varia-
tion in susceptibility with female C57BL/6 mice being significantly more resistant
to bleomycin-induced lung injury than male mice. A prudent practice is to prepare
bleomycin in quantities sufficient to complete a series of experiments, aliquot and
store at −20 °C, and then perform an initial dose response experiment to determine
the optimal dose for that particular preparation. Additionally, because of the
potential concern for injury to the pharynx and larynx, most investigators will
intubate mice and administer bleomycin intratracheally as opposed to administra-
tion by oropharyngeal aspiration. Several different approaches to orally intubating
mice have been described [44–46].

Ventilator-Induced Lung Injury

Mechanical ventilation is commonly employed, clinically, to support patients with
ARDS. However, beginning in the 1990s, clinicians recognized that mechanical
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ventilation can also worsen injury in patients with ARDS, culminating in a large,
multi-center trial that demonstrated a large mortality benefit associated with reducing
tidal volumes in patients with ARDS [47]. Additionally, retrospective studies have
suggested that mechanical ventilation can increase the likelihood of ARDS devel-
oping in patients with ARDS risk factors [3, 4]. Similarly, mechanical ventilation in
mice will induce lung injury as measured by histological changes, neutrophilic
inflammation, and disruption of the alveolar capillary barrier. Mouse models of
mechanical ventilation have used large tidal volumes and low or absent positive
end-expiratory pressure (PEEP) in isolation to induce lung injury; however, this
approach is limited by several factors, including relative resistance of mice to lung
injury from ventilation alone, potential impact on hemodynamics, which are chal-
lenging to quantify and adjust in mice, and questions regarding the clinical relevance
of such models. In contrast, mechanical ventilation with moderate tidal volumes in
the range of 10–15 mL/kg synergistically increases lung injury when combined with
bacterial products [26, 28, 48], infections [29], hyperoxia [32], and acid instillation
[30]. The mechanisms by which mechanical ventilation interacts with other forms of
lung injury to amplify the injury response are unclear and remains an active area of
investigation. Mechanical ventilation, using parameters that do not result in overt
lung injury, results in transcriptional activation of pathways associated with
inflammation and may synergistically upregulate pro-inflammatory mediators
associated with lung injury and development of extra-pulmonary organ dysfunction
[29, 49–52]. Additionally, mechanical strain likely causes physical disruption of
cellular membranes, particularly in lung epithelial cells [53, 54], resulting in release
of damage-associated molecular patterns and inflammatory activation [28].
Mechanical ventilation in mice is technically challenging, particularly for periods
longer than 4 h. A number of pitfalls can significantly increase mortality. For
example, body temperature is difficult to regulate in a mouse that is anesthetized and
supine, and typical warming pads placed under the mice are insufficient.
Temperature regulation is better if the mouse is prone on a warming pad but limits
access to the mouse. We have found that a heat lamp with a rheostat is the most
effective method for maintaining body temperature of mechanically ventilated mice
in the supine posture. However, body temperature must be monitored via a rectal
thermistor or similar method to insure that it remains within an appropriate range.
A second important issue is control of mouse respiratory effort. In our experience,
total suppression of mouse respiratory effort is not feasible with anesthesia alone.
Given that mouse ventilators generally are simple volume adjustable syringe pistons
with a user set frequency, discordance between spontaneous respiratory effort and
the ventilator’s respiratory cycle are inevitable. This is easily observed as variation
in airway pressure over short intervals. To prevent spontaneous respiratory effort,
neuromuscular paralysis with a non-depolarizing paralytic agent, such as pancuro-
nium, vecuronium, or rocuronium is required. Such agents require a plan for mon-
itoring adequacy of anesthesia, which is challenging in a paralyzed mouse. Our
experience is that non-invasive blood pressure measurements are unreliable in
anesthetized, mechanically ventilated mice. Invasive monitoring of blood pressure
would be sufficient but is technically challenging and significantly increases
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preparation time and risk of unintended death. One option is to monitor heart rate via
EKG and develop an algorithm with the Institutional Animal Care and Use
Committee to identify parameters for anesthesia adjustment. For example, increases
in heart rate of 20 % or more could trigger an increase in inhaled isoflurane con-
centration by 0.5 % or an additional dose of systemic anesthetic at half the original
induction dose. Finally, monitoring for continued mouse viability is important. In
our experience, anesthetized, paralyzed, ventilated mice can die on the ventilator
without recognition by performing personnel. If airway pressure is monitored, then a
rapid, large increase in airway pressure typically signals death. However, mea-
surements that are more robust include monitoring exhaled CO2 or monitoring the
EKG. A general description of a mouse mechanical ventilation setup is included at
the end of this chapter.

Assessment of Lung Injury

A comprehensive workshop report by the American Thoracic Society has been
published outlining assessment of lung injury in animal models and should be
referred to for an in-depth discussion [7]. However, to summarize, the primary
features of experimental acute lung injury in animals were identified as histological
evidence of tissue injury, alteration of the alveolar capillary barrier, evidence of an
inflammatory response, and evidence of physiological dysfunction. Of these
parameters, quantitative assessment of alveolar capillary barrier and quantitative
assessment of inflammation are the most commonly employed and easiest to
measure. In our opinion, histological evidence of lung injury is most useful for a
qualitative demonstration of injury and to identify potential anatomical localizations
of specific processes, e.g., by IHC. This position paper proposed a semi-quantitative
histology system that has been commonly employed; however, without a systematic
sampling system such as designed-based stereology, the quantitative value of this
approach is questionable [55].

Multiple approaches can be used to assess alveolar capillary barrier integrity,
including assessment of extravascular fluid accumulation and permeability of the
lung to macromolecules. The most common measure of extravascular fluid accu-
mulation is wet lung weight at the time of necropsy, normalized either to the dry lung
weight, obtained by drying the lung in an oven until weight no longer changes, or to
pre-experiment total body weight. Disruption of the alveolar capillary barrier is
commonly measured by presence of serum proteins in the alveolar compartment. The
simplest, yet reliable, measure is to assay total protein in cell-free bronchoalveolar
lavage fluid by the bicinchoninic acid or BCA assay. A brief protocol for mouse
bronchoalveolar lavage is included at the end of this chapter. Another approach is to
quantify IgM in bronchoalveolar lavage fluid, using a commercially available ELISA
(e.g., Bethyl Laboratories). IgM exists in a pentameric form with a molecular weight
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of *900 kD. It is not normally present in the alveolar compartment, and elevated
levels imply frank disruption of the alveolar capillary barrier. Other techniques
include injecting mice with Evan’s Blue dye at a dose of 20 mg/kg. Evan’s Blue dye
labels albumin, in vivo, and translocates to the lung with albumin during lung injury.
Permeability is then measured by flushing the pulmonary vasculature via the right
ventricle, post-mortem, extracting the dye with formamide, quantifying by spec-
trophotometry [56]. An additional method is to intravenously inject mice with
100 µL of a 14.4 mM solution of a fluorescence-labeled 70 kD dextran
(ThermoFisher Scientific) 1–3 h prior to euthanasia. Injections are most consistently
accomplished via the retro orbital sinus in anesthetized mice. Degree of alveolar
capillary permeability can be assessed by measuring the specific fluorescent label in
bronchoalveolar fluid with a fluorimeter [28].

Assessment of cellular lung inflammation is easily assessed in bronchoalveolar
lavage fluid. Because the number of cells present in the alveolar compartment of
normal lungs are relatively low, counting can be facilitated by spinning out the cells
from the lavage fluid and then suspending them in a smaller volume (0.2–0.5 mL).
Total cell count is made using a hemocytometer, and percentage of neutrophils and
mononuclear cells can be assessed on a cytospin preparation of 30,000 cells, using a
modified Wright stain. Percentages of other cell types, such as lymphocytes and
eosinophils are also often made; however, reliably distinguishing these specific cell
types can be challenging and flow cytometry analysis should be considered. Release
of pro-inflammatory cytokines can also be assessed via standard ELISA or multi-
plex assays on cell-free bronchoalveolar lavage fluid as well as tissue homogenate.

Assessment of physiological dysfunction is the most challenging lung injury
parameter to obtain in mice. Measurement of gas exchange can be attempted with
trans-cutaneous oximeters; however, these devices are frequently unreliable in
anesthetized mice. We have found that the best reading is obtained on a mouse thigh
after removing hair by a depilatory. Arterial blood gas measurements can also be
attempted via left ventricular cardiac puncture. More recently, computer-controlled
mechanical ventilators have been developed (e.g., flexiVent, SciReq), which allow
application of defined forced oscillatory waveforms to mice. Measurement of pres-
sure fluctuations with changing volume allows estimation of lung mechanics,
including elastance and resistance [57]. These newer ventilators also allow mea-
surement ofmore traditional pressure–volume curves for estimating lung compliance.

Many of these measures can be done in the same animal and a general guideline
is that measuring lung injury by multiple different methods will increase confidence
in the overall conclusions of the study. We routinely combine measurements of
elastance over time, lung extravascular water as estimated by lung weight nor-
malized to body weight, alveolar capillary disruption by measurement of total
protein, IgM concentration, and extravasation of 70 kD fluorescence-labeled dex-
tran, leukocyte total and subset counts in the bronchoalveolar lavage fluid, and
assessment of pro-inflammatory cytokine release in bronchoalveolar lavage fluid.
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Example Protocols

Oropharyngeal Aspiration (Fig. 2.3)

Materials needed

• Stand for suspending a mouse via front incisors (available commercially but a
metal bookend, bent to a 75° angle with a rubber band stretched between two
bolts works well)

• Two small forceps
• 200 µL pipet
• Anesthesia.

Oropharyngeal aspiration is a straightforward and relatively quick method to
deliver material to the lungs. The primary limitation to this method is that distri-
bution of material to the lungs is heterogeneous with a tendency toward greater
delivery to the left lung. In a study comparing oropharyngeal aspiration to intra-
tracheal instillation and nose-only aerosol delivery, the fractional distribution of a
99mtechnetium-labled sulfur colloid to the lungs by oropharyngeal aspiration was
equivalent to that of intratracheal instillation and significantly higher than that
observed with aerosolization [58]. Importantly, the optimal volume for aspiration in
this study was identified as *50 µL.

For oropharyngeal instillation, prepare the instillate at a concentration for which
50 µL or 2 µL/g body weight of the mouse will result in the desired dose. Load
50 µL or 2 µL/g body weight into a P200 pipet. Anesthetize the mouse. Although
systemic anesthesia such as ketamine/xylazine will work, use of an inhaled anes-
thetic such as isoflurane in an exposure chamber provides adequate duration of
anesthesia for the procedure and results in more rapid recovery of the mouse. The
level of anesthesia should be sufficient that the mouse is unresponsive to handling,

Fig. 2.3 Setup for oropharyngeal aspiration. a Equipment needed from left to right include an
angled stand from which to suspend a mouse by its front incisors, a curved micro-forceps, a 200 ll
pipet with aersol-resistant tips. b Anesthetized mice are suspended by their front incisors. The
tongue is gently extended with the forceps, and 50 ll of instillate is introduced to the oropharynx.
The tongue must be kept extended until the liquid is completely aspirated (*20 respiratory cycles)
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and respiratory rate has decreased and is notably deeper. At this level of anesthesia,
the mouse is suspended by its front incisors from the stand. Using the two forceps,
the oral cavity is exposed and the tongue is fully extended. This is a critical step as
lack of tongue extension will result in swallowing of the instilled material as
opposed to aspiration. The pressure exerted with the forceps must be sufficient to
keep the tongue fully extended without causing significant tissue trauma, resulting
in edema and impairment of subsequent food and water intake. Once the tongue is
extended, the pipet tip is inserted into the posterior oropharynx and the liquid is
instilled. At this point, the tongue must be kept extended until the liquid is fully
aspirated as determined visually by clearance from the oropharyngeal cavity. Our
practice is to typically keep the tongue extended for 5 breaths following clearance
of the liquid from the oropharynx. Failure to keep the tongue extended during this
period will result in variable amounts of the instillate being ingested as opposed to
aspirated. Following instillation, the mouse is removed and recovered from
anesthesia.

Protocol for Preparing S. aureus

Materials needed

• S. aureus stock (commercial or clinical)
• Tryptic soy (TS) broth
• Sheep blood agar plates
• Sterile 50 % glycerol
• 100 mm Petri dishes
• 50 mL conical tubes
• sterile 250 mL Erlenmeyer flasks
• sterile 0.9 % saline
• sterile, distilled water
• spectrophotometer (optional).

To infect mice with S. aureus, first obtain bacteria from either a commercial or
clinical source. Bacteria are then streaked out on a sheep blood agar plate and allow
to grow until discrete colonies are present. Then, pick one colony with a loop or a
sterile toothpick and inoculate into 50 mL of TS broth. Culture overnight in a 37 °C
shaking incubator. The following morning, prepare S. aureus aliquots by adding
0.5 mL of bacterial suspension to 0.5 mL of sterile 40 % glycerol in a sterile
screw-top tube and vortex. Glycerol stocks can then be stored at −80 °C for years.
To prepare bacteria for experiments, thaw one aliquot and add 100 µl of S. aureus
stock into 10 mL of TS broth. Incubate for 6 h in a 37 °C shaking incubator. Take
500 µL of this culture and add to 50 mL of TS broth and incubate for 16 h in a 37 °C
shaking incubator.
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To prepare the expanded culture for infection in mice, divide into two 50 mL
conical tubes and add 25 mL of sterile 0.9 % saline to each tube, mixing thor-
oughly. Centrifuge at 3000 rpm for 15 min and remove supernatant. Re-suspend
pellet in each tube with 1 mL of sterile saline and mix thoroughly. Add sterile
saline up to 50 mL in each tube, and centrifuge at 3000 rpm for 15 min.
Re-suspend each pellet again in 1 mL of saline and combine. Bring up to 50 mL
with saline. Centrifuge at 3000 rpm for 15 min. Remove supernatant and
re-suspend in 1 mL of sterile water. This should result in a stock of *1011 cfu/mL
of S. aureus that is depleted of bacterial debris. However, to improve accuracy and
consistency of bacterial dosing across experiments, a reasonable initial step is to
prepare serial log dilutions of prepared stock in water. The turbidity is quickly
measured by the OD540 for each dilution (be careful not to let the bacteria settle,
which will affect the reading), and 100 µL of each dilution is added to bacterial
culture plates with LB agar. Allow cultures to grow and count colonies. A standard
curve can be prepared so that, with future experiments, the OD540 can be used to
give consistent bacterial doses to mice.

Protocol for Mouse Mechanical Ventilation

Materials needed

• Mouse mechanical ventilator capable of delivering desired tidal volumes (e.g.,
300 µL provides 12 ml/kg for a 25-g mouse). Typically, the syringe piston has a
volume of 1 mL. A number of models are commercially available, ranging from
simple volume cycled pistons with manually adjusted volumes and frequencies
(e.g., mouse ventilator, Ugo Basile) to computer-controlled models that can
apply various ventilator pertubations, allowing calculation of lung mechanics
(e.g., flexiVent, SciReq).

• Positive end-expiratory pressure (PEEP) water column—can be as simple as a
50 mL conical tube with cap and an inlet through which expiratory tubing is
passed into the water to the desired depth and an outlet (connected to a scav-
enging device if inhaled anesthetic used)

• Rectal thermistor probe for monitoring body temperature
• Electrodes and amplifier for monitoring EKG (may be included with

computer-controlled ventilator systems or purchased separately (e.g., PowerLab
system with Bio Amp, ADInstruments)

• Pressure transducer and amplifier for measuring pressure (may be included with
computer-controlled ventilators or purchased separately (e.g., Bridge Amplifier,
ADInstruments)

• Small animal isoflurane vaporizer (e.g., tabletop non-rebreathing anesthesia
machine, Harvard Apparatus) with appropriate scavenging system (F/AIR
canister or exhausted to fume hood)

• Anesthesia induction chamber
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• Anesthesia nose cone delivery system
• Isoflurane
• Vecuronium
• Heating lamp with rheostat
• Endotracheal tube—(e.g., 0.5″ 18–20-gauge blunt needle with Luer stub

adapter, VWR)
• Y connector and tubing to connect ventilator to endotracheal tube and endo-

tracheal tube to PEEP chamber
• Microtip forceps �2
• Microtip surgical scissors
• 4-0 silk suture.

Prior to intubation, mice are weighed to allow calculation of tidal volumes and
drug doses. Mechanical ventilators should be set up prior to mouse anesthesia
induction with appropriate ventilation parameters. In our system, we have found
that a tidal volume of 12 mL/kg and a respiratory rate of 150 yields a left ven-
tricular PCO2 of approximately 35–45 mmHg. However, this is dependent on the
dead space of the ventilator circuit and maintenance of a core body temperature
between 36 and 38 °C. Additionally, changing the tidal volume will obviously
require adjusting the rate. For any planned mechanical ventilation experiments,
preliminary studies with arterial blood gas determination from left ventricular
puncture is recommended to insure that appropriate ventilation is achieved.
Determination of desired PEEP and adjustment of depth of exhaled gas tubing in
the PEEP water column should also be done at this time. A typical value for mice
that limits progressive atelectasis is a PEEP of 3 cm H2O, requiring the tip of the
exhaled gas tubing to be inserted 3 cm into the water column.

For anesthesia induction and intubation, our lab typically exposes a mouse to
5 % isoflurane for *3–4 min or until it is immobile with visually apparent reduced
respiratory rate. The mouse is then removed to a nose cone exposure system, and
anesthesia is maintained at 3 % isoflurane. Mouse limbs are secured with tape to a
board, allowing full exposure of the ventral mouse. A midline skin incision is made
over the neck and the trachea is bluntly dissected free with forceps. 4-0 silk suture is
passed underneath the trachea. A T-shaped incision is made in the trachea, and the
endotracheal tube is inserted and secured by tying the suture around the trachea,
containing the endotracheal tube. The mouse is then quickly transferred to the
mechanical ventilator, and ventilation is initiated with inhaled isoflurane at 1.5 %.
Once in place, neuromuscular blockade is induced with vecuronium, 0.6 mg/kg, via
intraperitoneal injection. This process requires either multiple isoflurane vaporizers
or some planning and practice to switch the isoflurane flow from exposure chamber
to nose cone delivery system, to mechanical ventilator inlet port. An alternative to
this is to use a systemic anesthesia such as ketamine and xylazine for induction and
then transition to isoflurane to maintain anesthesia during mechanical ventilation.

Once the mouse is secured on the ventilator, monitoring probes should be placed,
including rectal thermistor probe and EKG leads. The initial body temperature will
likely be less than 36 °C because of anesthesia induction and supine positioning
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during intubation. Re-warming with a heat lamp should be initiated as soon as
possible and monitored closely to prevent over-warming. Initial heart rate with
isoflurane anesthesia will be in the 350–500 range. If ketamine and xylazine are
used, it will be in the 200–300 range due to negative chronotropic effects of xylazine.
Airway pressures are typically in the 12–16 cm H2O range. If they are significantly
higher, this likely represents placement of the endotracheal tube tip against the
airway wall, and careful repositioning of the mice may alleviate this issue.

For prolonged mechanical ventilation, airway pressures, heart rate, and body
temperature should be monitored and recorded at a minimum of every 15 min.
Continuous monitoring with audible alarms at set thresholds is safer. Body tem-
perature should be maintained between 36 and 38 °C. Increases in heart rate of
20 % or higher prompt an increase in isoflurane by 0.5 % or re-dosing of systemic
anesthesia at half the induction dose. Vecuronium or other neuromuscular blocking
agent should be redosed at 50 % of the original dose if ventilator dysnchrony is
observed—either visually by watching the mouse’s chest movement or by
observing breath to breath variation in peak and/or end-expiratory airway pressures.
For prolonged ventilation beyond 4 h, consideration of i.p. fluids, e.g., 0.2 mL of
sterile saline, can be considered to prevent hypovolemia and impaired perfusion.
For mechanical ventilation beyond 4 h, particularly with volume resuscitation, we
have noted the development of significantly reduced heart rate which can progress
to cardiac arrest. This appears to be associated with urinary retention and bladder
distension. If this is observed, the bladder can sometimes be palpated and
expressed, resulting in normalization of the heart rate. At the conclusion of the
planned ventilation period, mice are euthanized by anesthesia overdose followed by
confirmatory sternotomy.

Post-mortem Bronchoalveolar Lavage Protocol

Materials needed

• 0.5″ 20-gauge blunt needle with Luer stub adapter (VWR)
• Microtip forceps �2
• Microtip surgical scissors
• 4-0 silk suture
• 1 mL syringe
• Lavage fluid (e.g., PBS with 0.6 mM EDTA) warmed to 37 °C
• Eppendorf tubes
• Centrifuge.

After euthanasia, if the mouse is not already intubated, perform a midline
incision in the skin over the neck. Using the forceps, bluntly dissect free the trachea
and pass a piece of suture around it. Make a T incision, insert the 20-gauge blunt
needle, and secure in place with the suture. To lavage both right and left lungs,
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gently instill 1 mL of lavage fluid, leave in place for 10 s, and then slowly with-
draw until any resistance is met. Quantify the amount returned lavage fluid in the
syringe and place in a collecting tube on ice. Bronchoalveolar lavage may then be
repeated with pooling of returned fluid. Additional lavages increase the total
number of cells collected but decreases the concentration of any proteins which
may be of interest such as cytokines or IgM. A common practice is to perform
lavage two or three times. However, if the goal is to obtain alveolar cells for
subsequent analysis, then repeating lavage up to 5 times will increase yield.

Once all lavage samples are collected, place samples in a centrifuge at 4 °C and
spin at 400 � g for 5 min to pellet cells. The cell-free supernatant can then be
removed, aliquoted, and stored at −80 °C for future assays. The cells are then
suspended in 0.5 mL of PBS for counting and differential.
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Chapter 3
Transgenic Animal Models in Lung
Research

Chi F. Hung and William A. Altemeier

Introduction

Advances in molecular biology have enabled the use of genetically modified
mammalian vertebrates in human disease research. Due to their physiological
similarity to humans, relative cost-effectiveness, and ease of husbandry, rodents
have become the most widely used transgenic animals in modeling human disease.
The goal of this chapter is not to undertake an exhaustive review of the history of
transgenic animals, but rather to highlight recent advances in animal models used in
pulmonary research and to offer practical guidance in the use of these transgenic
animals. Over the past decade, the development of Cre-loxP technology has enabled
the development of sophisticated transgenic animal models to address complex
questions about development and function. While this technology is a powerful
tool, many considerations need to be made when using these transgenic models.
This chapter will give a brief overview of this technology as well as practical
considerations in the use of these transgenic animals.

Transgenic Mice in Lung Injury Studies

Ever since the ability to introduce genetic modifications into mammalian embryonic
stem cells was discovered in the 1980s, transgenic mice have assumed an integral
role in the laboratory study of human disease [1]. Manipulations that result in
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gain-of-function and loss-of-function animal models have been used extensively
over the last three decades to study biological pathways in lung pathogenesis.
Heritable gene knock-ins and knockouts have been traditionally used to model
human disease. Baron et al. [2] summarized genetically modified strains in their
review of transgenic animals in lung biology research. For example, genetic
knockouts of surfactant protein D and tissue inhibitor of metalloproteinases-3 lead
to spontaneous histological changes compatible with chronic obstructive pulmonary
disease [3, 4]. Models in which genetic manipulation does not lead to an overt
phenotype but confers susceptibility to or protection against an injurious agent have
also been widely used. For example, metalloproteinase-12 knockout mice have no
observable lung phenotype during embryogenesis or in adulthood, however they are
protected against emphysema with cigarette exposure [5]. These studies suggest
metalloproteinases play a complex but important biological role airway inflam-
mation, remodeling, and development of emphysematous changes.

Use of transgenic mice with global gene disruption has its limitations. Global
knockout or overexpression of a gene may disrupt development and lead to
embryonic or postnatal lethality. Conversely, biological pathways in pathogenesis
may differ between species. Genetic manipulation in mice may not adequately
recapitulate human disease. For example, attempts to generate a mouse model of
alpha-1 antitrypsin (A1T1) deficiency have been unsuccessful to date. Depending
on the mouse genetic background, serine protease expression in mice is controlled
by multiple genes in the serpin family (Serpina1) whereas in humans, A1T1
expression is limited to one gene. Attempts to generate a knockout in one of the
serine protease genes in mice (Serpina1a) have not been successful to date, with the
unexpected discovery that Serpina1a-/- leads to embryonic lethality [6]. While
human A1T1 expression is only controlled by one gene, Serpina1 null genotypes
have been reported in humans suggesting A1T1 is not essential in human
embryogenesis in contrast to mice. Given the important limitations seen in the
generation of global knockout transgenic animals, other genetic manipulation
strategies are required to study individual biological pathways in animal models.
Recent advances in technologies that allow temporal and spatial control of genomic
manipulation in mouse models are paving way to elegant transgenic models that
address some of the limitations encountered in global knockout models.

Cre recombinase

Genomic manipulation using site-specific recombinases has become increasingly
popular in transgenic mouse models. Recombinases are enzymes that serve a host
of vital biological function in viruses and yeast. They recognize specific DNA
sequences on the genome and mediate rearrangement of DNA with high efficiency,
enabling molecular phenomena such as viral genomic integration and excision. The
Cre recombinase derives from bacteriophage P1 and mediates recombination at
specific 34 base pair sequences termed loxP sites [7, 8]. Of the many recombinases
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known, Cre recombinase requires no additional accessory proteins or specific
substrate topology to mediate recombination efficiently at loxP sites [9, 10]. For
these reasons, the Cre-loxP system has been widely used in transgenic mouse
models to modify gene expression. Another well-studied recombinase with appli-
cations in transgenic animal studies includes the yeast recombinase Flp from
Saccharomyces cerevisiae [11]. Application of these recombinases has enabled a
host of novel studies in lung research including developmental studies, cell-fate
mapping, and spatial or temporal gene disruption duties.

The 34 bp loxP sequence is directional. When two loxP sites are inserted into the
host genome or linearized DNA in a head-to-tail fashion, Cre will mediate
recombination between the loxP sites leading to the excision of the DNA between
the loxP sites as a circular DNA plasmid [12]. In transgenic models, loxP sites may
be introduced into targeted coding sequences in a specific gene (called a “floxed”
gene). When crossed with a transgenic animal that expresses Cre recombinase
under the control of a specific gene promoter, the bitransgenic progeny will undergo
deletions of the floxed coding sequences where Cre recombinase is expressed. Such
deletions may result in frameshift mutations or truncations during mRNA tran-
scription, leading to null phenotypes.

Applications of Cre-loxP System in Animal Models

Studies in lung development and regeneration. The ability to manipulate the mouse
genome using Cre-loxP transgenes was first demonstrated by Lewandoski and
Martin [13] in 1997. The introduction of Cre-loxP technology in transgenic models
has enabled a number of exciting discoveries and refinements in our understanding
of cardiopulmonary development and regeneration. In these studies, transgenic
animals expressing Cre under the control of a developmental gene promoter are
crossed to transgenic animals carrying a reporter construct under the control of a
ubiquitous promoter such as Rosa26. These constructs contain a STOP codon
flanked by loxP sequences, and a chemical or fluorescent reporter downstream such
as LacZ or any one of the fluorescent proteins (e.g., green fluorescent protein,
tdTomato, yellow fluorescent protein) [14]. The result is constitutive silencing of
the reporter until the floxed STOP codon is excised in the presence of Cre
recombinase. In the presence of Cre recombinase, cells and their daughter cells
constitutively and heritably express the reporter construct. Bitransgenic animals
expressing Cre under a specific gene promoter (e.g., a gene of interest expressed
only during embryonic development in a specific progenitor cell type) and the
Rosa26-STOPflox/flox-reporter transgene allow investigators to map the fate of early
progenitor cells by visualizing labeled cells and their daughter cells in the devel-
oping lung. The ability to identify the temporal and spatial fate of lung progenitor
cells allows for more detailed examination of the pathways essential to the proper
differentiation of the many lung cell types and improved understanding of disease
states. Similarly, whereas the fully developed adult lung remains fairly quiescent,
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adult progenitor populations are present and may reenter cell cycle to repair and/or
regenerate damaged cells following experimental injury stimuli. While the com-
position of and pathways utilized by these putative adult progenitor cells remain
unclear, Cre-loxP technology has enabled a number of studies directed at identi-
fication of the pools of progenitor cells in the adult lung. For example, labeling of
differentiated type II alveolar epithelial cells has shown that they are capable of
acting as stem cells to repair damaged alveolar epithelium following lung injury
[15]. Furthermore, this technology has been used to identify the progenitors of lung
myofibroblasts following experimental lung injury and to expand on the field’s
understanding of the key cellular effectors in fibrosis and lung repair [16, 17].

Spatial deletions. Another powerful application of Cre-loxP technology is its use
in cell-specific deletion of genes. By carefully selecting cell type-specific promot-
ers, investigators are able to engineer transgenic mice with targeted gene deletions
in restricted populations of lung cells. These studies have led to a more refined
understanding of the functional heterogeneity of different cell types in lung injury
and repair. For example, an area of intense debate within the lung fibrosis field has
been whether bone-marrow-derived, circulating progenitor cells termed “fibro-
cytes” directly contribute to collagen I deposition in lung fibrosis. These cells are
CD45+ and display collagen IaI gene and protein expression. Furthermore, they
localized to areas of fibrosis in experimental models of lung injury by immunohis-
tochemistry [18] However, conflicting data have shown no evidence of CD45+ cells
in areas of fibrosis by lineage-tracing studies [16, 17], calling into question the
importance offibrocytes in lung fibrosis. Kleaveland et al. further elaborated on these
findings and examined collagen I production by fibrocytes in experimental lung
injury. In their study, transgenic mice expressing Cre under a hematopoietic cell
lineage promoter, Vav-Cre, crossed to a collagen IaI floxed transgenic animal were
used to disrupt collagen IaI expression specifically in fibrocytes, without affecting
fibrogenic cell types of non-hematopoietic lineages. Despite the inability offibrocytes
to transcribe the collagen IaI gene, collagen I deposition was unaffected in experi-
mentally induced lung fibrosis. Therefore, the authors concluded fibrocytes did not
functionally contribute to collagen I deposition [19]. Without the ability to restrict the
deletion of the collagen IaI gene infibrocytes, this type of studywould not be possible.
Another advantage of spatial deletion in gene disruption studies is that global
knockout of a gene of interest sometimes leads to an embryonic lethal phenotype,
rendering the model unsuitable for studies requiring adult animals.

Temporal Cre activation and deletions. A related application of the Cre-LoxP
system involves the conditional activation of Cre in a temporally controlled manner.
To achieve this, various constructs of Cre recombinase fused to ligand-binding
domains have been generated, resulting in Cre recombinase (tethered to a
ligand-binding domain) that is sequestered in the cytosolic compartment and unable
to mediate genomic recombination at target loxP sites. Upon ligand exposure and
binding to the ligand-binding domain (typically exogenously administered at the
desired time point), Cre recombinase translocates to the nucleus to mediate genomic
recombination. The most commonly used conditionally activated Cre recombinases
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involve mutated estrogen receptors and the administration of tamoxifen to liberate
the Cre recombinases. Various widely available constructs include CreER,
CreERT2, and MerCreMer. The ability to temporally control Cre activation enables
studies in which timed recombination of the target, floxed gene is desired. For
example, conditional knockout of a gene critical in development can be studied in
adults using the CreER technology by administering tamoxifen to adults, thus
bypassing the developmental stage where the gene’s function is vital.

Inducible Cre beyond tamoxifen. The doxycycline system was developed to
reversibly suppress or activate gene expression in transgenic mice. This transgenic
model consists of two transgenic lines bred to each other: (1) an activator line
expressing either the tetracycline activator (TA, or tet-off) or the reverse tetracycline
responsive transactivator (rtTA, or tet-on) and (2) an operator line with the desired
transgene under the control of the tetO operator. In bitransgenic animals containing
the activator and operator transgenes, doxycycline administration allows tetracy-
cline activator to bind to tetO, suppressing transgene expression downstream
(tet-off), or rtTA to bind to tetO, activating transgene expression (tet-on). This
model was developed separately from the Cre/lox model to study gene expression
in mouse models. Combining the Cre/lox system with tetO system has allowed for
sophisticated methodolgies in doxycycline-dependent, cre-mediated gene manipu-
lations. The generation of triple transgenic mice with rtTA expression under a
cell-specific promoter, TetO-Cre, and loxP sites flanking a gene of interest result in
animals that will have deletion of a gene of interest in a cell-specific manner when
they are exposed to a diet with doxycycline. Perl et al. used this strategy to generate
a triple transgenic animal combining rtTA expression under the SP-C promoter for
epithelial tissue specificity, tetO-Cre, and CMV-loxP-LacZ-loxP-AP (ZAP) or
CMV-loxP-LacZ-loxP-GFP (ZEG) reporter construct [20]. Following doxycycline
exposure, these mice demonstrated reporter expression (alkaline phosphatase or
GFP) in distal lung epithelial cells.

In addition to doxycycline, other inducers have been described. The use of a Cre
fused to a progesterone receptor ligand-binding domain was first described by
Kellendonk et al. [21]. In these transgenic mice, Cre activity is induced by the
administration of RU-486. However, transgenic mice using this fusion Cre showed
variable “leaky Cre” activity in which Cre activity was observed in unexposed
transgenic animals (i.e., no RU-486) [22, 23]. Partly due to the leaky Cre phe-
nomenon, inducible Cre transgenic lines using progesterone receptor ligand-binding
domain fusion are less widely available compared to the tamoxifen-inducible
CreER or CreERT2 counterparts.

Novel inducible Cre lines are under development to harness advances in phar-
macologic stabilization of destabilized proteins. This technology utilizes mutant
destabilizing proteins from humans or bacteria fused to a protein of interest. When
the protein of interest is fused to the destabilizing protein, the complex is usually
degraded by proteosomes. However, this degradation can be blocked by adminis-
tration of a pharmacologic stabilizing agent. For example, Cre recombinase has
been fused with the destabilizing dihydrofolate reductase (DHFR) from Escherichia
coli to generate an inducible Cre transgenic animal that targets genes specifically in
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neurons [24]. In this model, the administration of trimethoprim (TMX) stabilizes
the Cre-DHFR fusion protein driven by a neuron-specific promoter and leads to
efficient Cre-mediated recombination in neurons. The advantage of TMX-inducible
system includes ease of administration in animal models, high penetrance in most
tissues, and lack of endogenous targets in mammals. This may prove to be a highly
attractive model in lung research, but specific transgenic lines have yet to be
developed and characterized for lung biology.

Lung-specific Cre Mouse Models

Murine lung derives from the endoderm foregut and develops by branching mor-
phogenesis. Differentiation of various lung cell types appears during lung devel-
opment. A number of transgenic models using lung-specific and nonspecific
promoters to drive Cre expression have been developed to examine the fate and
function of various progenitors and differentiated lung cell populations. Lung bud
from the foregut appears around E9.5 in mice while the trachea and esophagus
separate from the foregut between E10.0 and E11.5. The choice of transgenic model
and timing of inducible Cre activity will influence the lung specificity of the model.

Lung epithelium. Models for epithelial progenitors, type II alveolar epithelial
cells (ATII), type I alveolar epithelial cells (ATI), Clara cells, basal cells, and
ciliated cells have been developed. The human surfactant associated protein C
(Sftpc) promoter has been used to generate transgenic strains that specifically target
the lung epithelium. In the developed, adult lung, Sftpc promoter expression is
restricted to ATII and some cuboidal bronchiolar cells. During embryogenesis,
however, the promoter is active once the endoderm is committed to lung devel-
opment and drives recombination throughout the lung epithelium [25]. Another
transgenic line Sftpc-CreERt2-rtTA has been developed that contains a knock-in of
the CreERt2 and rtTA cassettes in the endogenous mouse Sftpc promoter [26].
Expression of CreERt2 and rtTA in this line is restricted to ATII cells in the adult
lung and may present a very useful model to examine conditional gene disruption in
ATII cells.

Still other Cre transgenic mice are available to study lung epithelial cells though
they are not lung specific. Transgenic models that utilize promoters active in
epithelial precursor cells are active in the endoderm before lung bud formation, and
thus may drive expression in extrapulmonary tissues following embryogenesis.
Sonic hedgehog (Shh) knock-in Cre-GFP is active in the ventral foregut endoderm
by E9.5 before lung and trachea-esophagus separation. Islet1-Cre is a knock-in Cre
line with expression in pharyngeal endoderm by E9.5. While it labels the lung
epithelial precursor cells widely, it is not specific to the lung epithelium. Small
populations of mesenchyme are also labeled by this strain. The Id2-CreERt2 is a
CreERt2 knock-in mice that shows tamoxifen-dependent activity in distal epithelial
tips and a subset of mesenchymal cells. Nkx2-5 Cre is another knock-in transgenic
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line that has been used to disrupt lung epithelial genes, however Nkx2-5 is also
active throughout the foregut endoderm and the surrounding mesoderm before lung
budding, and thus has activity in other developing organs such as the myocardium
as well [27].

While transgenic mice using the Sftpc promoter to label ATII cells are fairly
specific to the lungs, promoters for ATI cells are less specific. Aquaporin 5 (Aqp5)
is expressed in ATI but not ATII cells in rats and humans. Mice express Aqp5
predominantly in ATI cells and in a small minority of ATII cells. Cre transgenic
mice using the Aqp5 promoter have been developed but extrapulmonary expression
(e.g., salivary glands and stomach) has also been observed [28]. To date, no
transgenic line exists with Cre activity exclusively in ATI cells.

Lung stromal cells. Stromal cells in the lung have traditionally been defined by
negatives: they are non-epithelial, non-endothelial, and non-immune. These inter-
stitial cells are histologically and functionally heterogeneous with potentially very
different roles in lung pathobiology. Contractile smooth muscles that surround
larger airways and arterioles constitute one type of stromal cell. Perivascular
stromal cells at the capillary level (also termed pericytes) constitute a histologically
and functionally distinct subtype of stromal cell. Finally, interstitial fibroblasts in
alveoli may constitute yet another functionally distinct group of stromal cells.
Within the group of fibroblasts, there are further functional and histological dis-
tinctions such as lipofibroblasts and matrix-producing fibroblasts. Classification of
stromal subpopulations remains controversial and there is no consensus on markers
that uniquely identify each of these stromal cell subtypes. Exactly how these cel-
lular subtypes contribute to lung repair remains under active investigation. For
example, recent studies using lineage-tracing mouse models have shown that
multiple stromal populations including resident fibroblasts and pericytes contribute
to scar-forming cells in experimental lung fibrosis [16, 17]. To understand the
function and lineages of the diverse populations of stromal cells, investigators have
developed transgenic Cre models that trace the lineage of various mesenchymal cell
types, though none of the models is specific to the lung. We have used a mouse
model originally developed to fate-trace pericyte progenitors in the kidney and
examined its suitability as a pericyte lineage-tracing model in the adult mouse lung
[29]. FoxD1 is a forkhead transcription factor expressed only during embryonic
development. We observed that FoxD1-derived cells are enriched for platelet-
derived growth factor receptor beta positive stromal cells in the adult mouse lung
and are histologically compatible with pericytes [16]. The FoxD1-Cre model thus
represents a useful tool for examining the function of pericytes in the lung. To study
smooth muscle cells, various transgenic Cre models utilizing promoters SM22a,
smooth muscle actin a (SMA), and smooth muscle myosin heavy chain (SMMHC)
have been developed [30]. Their utility in the adult mouse lung is limited by the fact
that Cre activity is not inducible in these lines. Inducible Cre lines using the SMA
and SMMHC promoters have been developed and these lines may prove to be
useful tools in studying smooth muscle and myofibroblast function in the adult
mouse lung [31, 32].
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Lung endothelial cells. To date, there is no lung-specific endothelial transgenic
mouse line. The most widely used endothelial lineage-tracing model utilizes the
murine Tek promoter (commonly referred to as Tie2) [33]. Tie2-Cre mice labels
endothelial cells in many organs and have been a useful tool in vascular biology
research. The utility of this model in lung biology is limited by its widespread
expression throughout the mouse vasculature and caution must be made when using
this line as nonspecific activity, presumably transmitted through germline activation
of Cre, has been reported [34]. Individuals with an interest in lung-specific Cre
transgenic lines are encouraged to read a comprehensive review on this topic by
Rawlins and Perl [35].

Protocols

Tamoxifen preparation. Numerous resources and protocols are available online for
the preparation of tamoxifen. Tamoxifen is a hydrophobic compound and thus
dissolves poorly in aqueous solutions. Most commonly, tamoxifen is supplied in
powder form and needs to be reconstituted fresh prior to each administration.
Tamoxifen is soluble in ethanol, methanol, 2-propanol, and propylene glycol.
Common preparations of injectable tamoxifen involve dissolving tamoxifen powder
(Sigma T5648) in ethanol (commonly to a final concentration of 50 mg/ml).
Preheating the ethanol to 37 °C aids in solubilizing the tamoxifen powder. Aliquots
of tamoxifen prepared in this manner may be stored in −20 °C for several months
but should be kept from light exposure. Prior to injection, aliquots are further
diluted in 4� volume of corn oil (Sigma C8267) and then injected into the peri-
toneum of animals. Concentrations of tamoxifen greater than 10–20 mg/ml in corn
oil may result in tamoxifen becoming insoluble and precipitating out of solution.
A typical preparation includes dissolving tamoxifen powder in 100 % ethanol to a
stock concentration of 50 mg/ml. Prior to injection, the stock solution is further
diluted in 4� volume of corn oil to a concentration of 10 mg/ml. Injection of
100 ll of tamoxifen in corn oil (10 mg/ml, or 1 mg per injection) may be adequate
to activate the recombinase. Users are advised to consult with IACUC at their
institutions to determine an appropriate injection schedule and the maximum
allowable dosage. One disadvantage we observed with this method is that mice
(C57bl6 background) may have poor absorption of the corn oil solution. At
necropsy 4–5 weeks beyond the last administration of tamoxifen, oil droplets may
continue to be present in the peritoneum. Furthermore, studding of the diaphragm
and peritoneum with white plaques has been observed by many investigators which
may represent insoluble tamoxifen deposits or from the corn oil. To address these
concerns, alternative vehicles to emulsify poorly water-soluble tamoxifen have been
tested. Kolliphor (previously Cremophor) is an amphiphilic polyethoxylated castor
oil derivative that is commonly used to solubilize poorly water-soluble pharma-
cologic agents. It has been used to solubilize tamoxifen for intraperitoneal as well as
intravenous injection of tamoxifen [36]:
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– Add prewarmed 100 % ethanol (37 °C) to dissolve tamoxifen powder (conc.
50 mg/ml)

– Vortex to dissolve tamoxifen completely (usually 5–10 min is adequate)
– Add equal volume of Kolliphor (Sigma C5135) to tamoxifen/ethanol mix

(tamoxifen conc. 25 mg/ml)
– Vortex and mix well. Aliquot and store in −20 °C protected from light
– To use: add 4� volume of PBS to Kolliphor/tamoxifen/ethanol mix and vortex

well to ensure complete emulsification (final tamoxifen conc. 5 mg/ml). For
1 mg tamoxifen administrations, use 200 ll.

Tamoxifen administration. Tamoxifen may be administered by various routes.
The most common route of administration is by intraperitoneal injection.
Commonly, injection schedules of one to five times once daily are performed
depending on the efficiency of Cre-mediated recombination. Intravenous adminis-
tration using the Kolliphor preparation emulsified in sterile saline has also been
reported [36].

For schedules that require multiple daily injections, the labor required presents a
major disadvantage. Moreover, multiple injections increase the stress experienced
by animals and the risk of organ injury during injections. A less labor-intensive
alternative that is equally effective is by feeding tamoxifen-impregnated pellet food.
A number of vendors have made these pellet feeds widely commercially available
but care must be taken to ensure the animals are accepting the pellet food when it is
first introduced. Various strategies to help the animals acclimate to the tamoxifen
chow exist and they include: addition of sucrose to the pellet (can be done by the
vendor), wetting the food in the initial stages, and introducing the tamoxifen chow
mixed with regular chow in the beginning. Consultation with veterinary services
responsible for care of animals at the research facility prior to initiation of
tamoxifen feed is essential to develop monitoring and action plans for the period
when mice are placed on special diet.

Special Considerations (Troubleshooting)

Tissue-dependent efficiency. The efficiencies of Cre recombinase expression as well
as Cre-mediated recombination at loxP sites are dependent on the promoter driving
the Cre expression, the level of Cre recombinase activity in the cell, the location and
distance of loxP sites, and the tissue in which recombination occurs [37–39].
A number of observations from published reports suggest Cre expression may not
be uniform between organs despite the use of a universal promoter. For instance,
the ubiquitous strain CAGGCreERTM has a widespread expression of CreER and
administration of tamoxifen to either pregnant dams or adult mice induces wide-
spread Cre-mediated recombination [40]. However, multiple observations show that
penetrance of Cre activity is dose dependent, and importantly, some organs show
incomplete Cre activity despite high doses of tamoxifen [40]. To ensure the proper
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expression of Cre, investigators must characterize the specificity of Cre activity in
the organ or cell type of interest with a reporter line before developing Cre/lox
animals in gene deletion studies.

Cre toxicity. The presence of Cre recombinase alone may lead to cellular toxi-
city. Observations in Cre transgenic animals have shown that Cre recombinase may
have various cytotoxic effects. First, sites that mimic loxP sequences exist in the
mammalian genome and they may serve as unintended targets of Cre recombinase
in transgenic animals even in the absence of loxP sites [41, 42]. Such off-target
activity may lead to unintended DNA damage and/or rearrangement, a phenomenon
that has been observed in transgenic mice [43, 44]. Second, Cre recombinase itself
may act as a transcriptional repressor. As the recombination product between two
loxP sites leaves one loxP site on the genomic DNA and one loxP site on the
excised fragment, continued production of Cre recombinase in the cell may lead to
Cre recombinase occupying the recombined loxP sequence on the genomic DNA.
This event has the potential to inhibit transcription downstream from the occupied
loxP sequence [45]. Third, lessons from cardiovascular research suggest pheno-
typic alterations may result in transgenic animals due solely to the presence of
Cre recombinase. Use of a-myosin heavy chain (aMHC) gene as a
cardiomyocyte-specific promoter for Cre recombinase has been extensively studied
in cardiovascular literature. The tamoxifen-sensitive aMHC-MerCreMer transgenic
mice have been observed to develop cardiac dysfunction independent of side effects
from tamoxifen exposure or intended gene disruption in aMHC-MerCreMer
myocytes. Phenotypes ranging from cardiac fibrosis to dilated cardiomyopathy have
been observed in these transgenic mice [46–48]. Inclusion of Cre transgenic ani-
mals without the loxP transgene as controls is thus recommended in studies where
the experimental endpoint may be affected by Cre toxicity.

Parental Cre transmission. Another factor to consider when breeding Cre
transgenic animals for lineage or gene disruption studies is the choice of parents
carrying the Cre transgene. Whether Cre is maternally or paternally transmitted may
have a significant impact on the phenotype of the offspring. It has been observed
that Cre activity may be more active in the offspring depending on whether the Cre
transgene is transmitted through the mother or the father. For example, the EIIa-Cre
transgenic mouse displays widespread Cre activity in all tissues when the EIIa-Cre
transgene is transmitted maternally. In contrast, the Ella-Cre transgene activity is
spatially mosaic and sparse when transmitted paternally [49]. This difference could
be explained by the post-zygotic persistence of Cre activity expressed in the
maternal germline. Cam2a-Cre, which is designed to restrict Cre expression to the
hippocampus, demonstrates Cre expression in the male germ line cells (http://cre.
jax.org/Camk2a/Camk2a-creNano.html) as well. In our own experience with the
FoxD1-Cre line, we have found the parental transmission to be an integral part of
experimental design. FoxD1 encodes a forkhead transcription factor that is active
during embryonic development and is subsequently silenced in the adult mouse.
The lineage of mesenchymal cells that express FoxD1 during development labels
perivascular stromal cells (or pericytes) in the adult kidney and lung [16]. When a
FoxD1-Cre;Rosa26-floxSTOP-tdTomato male breeder is used, we found in certain
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offspring widespread expression of the tdTomato reporter, even in the absence of
the Cre transgene. This was likely a result of Cre activity in the male germline that
passed on the recombined reporter transgene to the offspring. Thus, we adjusted the
breeding strategy when using this line such that the breeder female carries the
FoxD1-Cre trangene to minimize the effect of male germline Cre activity.
Therefore, depending on the promoter driving Cre expression, consideration for
parental transmission must be made and generation of reporter animals to examine
tissue/cell-type specificity of Cre activity in the offspring is often a necessary first
step prior to carrying out further experiments.

Leaky inducible Cre. For certain genes, generation of knockout transgenic mice
may lead to undesired or unexpected phenotypes, such as embryonic lethality or
aberrant development. The ability to temporally control the gene deletion or
modification through conditional knockouts models is thus an essential part of
working with transgenic animals. The advent of inducible Cre lines has become a
powerful tool in this regard. While inducible Cre constructs are designed to exclude
Cre recombinase from the nucleus until ligand binding (e.g., tamoxifen adminis-
tration in Cre-ERT transgenic mice), there are reports of Cre activity in the absence
of ligand administration. This phenomenon has been termed “leaky Cre.” One
example of leaky Cre is seen in the RIP-CreER transgenic line. RIP is a rat insulin
promoter expressed in insulin-producing pancreatic beta islet cells. This transgenic
line has been used to study the origin of beta cells in mice. However, RIP-CreER
transgenic mice can display Cre recombinase activity as early as 2 months of age
even in the absence of tamoxifen exposure [50]. The phenomenon highlights the
importance of validating the inducible Cre transgenic line by crossing with a
reporter such as Rosa26-lacZ or Rosa26-tdTomato to look for evidence of auton-
omous Cre activity in the absence of inducer.

Cre mosaicism and incomplete recombination. Different tissues and different
genes allow varying efficiencies in Cre-mediated recombination. Ubiquitous pro-
moters that drive conditional CreER expression may display varying degrees of Cre
recombinase activity depending on the tissue. Examples of this can be seen at the
Jackson Laboratory website with the chicken beta-actin promoter (http://cre.jax.org/
Cag-creERT/Cag-creESR1.html) or the human ubiquitin C promoter (http://cre.jax.
org/UBC-creERT/UBC-creERT.html). In addition to tissue dependence, efficiency
of recombination is also dependent on the gene being targeted. Voojis et al. showed
that inducible Cre recombinase activity varies not only between tissues but also
between different genes using a Rosa26-CreERT transgenic animal with Rb flox,
p53 flox, and Brca2 flox transgenes [39]. When using Cre or inducible Cre to delete
genes, it is therefore important to ensure the gene of interest does in fact undergo
efficient recombination in the organ of interest.

Controls. Given the numerous unintended consequences that may be introduced
with Cre transgene expression, it is important to design animal experiments with the
appropriate controls. Littermates without Cre expression are standardly used as
controls alongside experimental animals with Cre expression. Mice with Cre
expression but without the floxed genes may serve as additional controls if there is
evidence that Cre expression under the specific promoter leads to phenotypic
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alteration in animals, as is the case with aMHC-MerCreMer mice discussed pre-
viously. Confirmation that the intended gene product is deleted at the protein level
(preferred) or by genomic DNA analysis in experimental animals is important to
ensure valid interpretation of experimental results.
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Chapter 4
Fundamental Methods for Analysis
of Acute Lung Injury in Mice

Carole L. Wilson, Lindsey M. Felton and Yu-Hua Chow

Introduction

The laboratory mouse has undoubtedly been an invaluable experimental tool for
modeling acute lung injury (ALI) and pulmonary fibrosis. Several features of this
mammal, including its small size (relatively inexpensive to house and easy to
handle), rapid life cycle, and genetic malleability, make it close to ideal for studying
mechanisms of lung injury and repair, despite there being some key physiological
and anatomical differences between mouse and human respiratory systems [9, 10,
16]. Our intent in this chapter is to highlight some of the standard methods currently
in practice to assess ALI in mice. A recent report from an American Thoracic
Society (ATS) Workshop, which was tasked with obtaining a general consensus
from leaders in the field on defining and measuring ALI in animal models, provides
an excellent guide to the new (and seasoned) investigator in pulmonary biology on
choosing injury models and methods of analysis [8]. The reader is also referred to
several comprehensive, in-depth reviews that discuss other, more specialized
methods to assess lung injury, particularly alveolar permeability and fluid clearance,
as well as edema, in rodents [7, 12, 13].

The specific investigational avenues that are taken to analyze ALI in mice
depend on several factors, including the experimental questions being asked, the
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pertinent aspects of ALI being evaluated, and the feasibility and practicality of
obtaining the desired measurements. The four major outcomes of ALI in mice
include (1) disruption of the alveolar capillary barrier, (2) histopathological changes
in lung architecture, (3) localized inflammation, and (4) physiological dysfunction,
with (1) and (2) considered the most relevant features. The ATS Workshop sug-
gested that at least three of these four features should be analyzed to definitively
establish that ALI has occurred in animal models, with the caveat that some
experimental objectives may not require that all ALI features be present [8]. In the
following sections of this chapter, we will outline and describe in detail the basic
methods we use in our laboratory to address parameters 1–3 listed above. Note that
some methods allow assessment of more than one feature of ALI. An approach to
analyze physiological dysfunction by measuring lung mechanics is covered in a
separate chapter in this book.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) is a key tool for sampling the secretions and loosely
attached cells of the peripheral airways and alveoli. This versatile technique allows
the investigator to obtain quantitative measures of the extent of inflammation and
changes in permeability in the injured lung (two of the four ALI parameters).
Although BAL can theoretically be performed multiple times in anesthetized mice
and can be targeted to specific lobes [2, 14, 15], in practice it is usually done as a
terminal procedure in situ or in isolated lungs [3]. The procedure itself is
straightforward and involves administering saline or phosphate-buffered saline into
the lungs through the trachea, then withdrawing the fluid. However, care must be
taken not to puncture the trachea or lung and to avoid introducing blood into the
lungs. In a typical experiment, cells in the BAL fluid are assessed for red blood cell
(RBC) count and total leukocyte numbers, with a particular focus on the increased
presence of neutrophils as an indicator of inflammation and of RBCs and WBCs
with enhanced alveocapillary permeability. The fluid is centrifuged and the cell
pellet used for other assays, such as differential staining to assess leukocyte identity
and numbers (Section “BAL total cell counts (leukocytes and red blood cells) and
differential staining”), or for RNA or protein analysis. The cell-free supernatant can
be used to evaluate total protein content (Section “Total protein determination in
BAL”), with higher levels relative to baseline taken as additional evidence of
increased permeability. Levels of cytokines and other soluble mediators can also be
measured. Other procedures that harness the utility of the BAL technique can be
employed to further assess permeability, as described in Section “Incorporation of
fluorescent dextran into the BAL technique.” The literature shows that laboratories
often differ in the specifics of how BAL is performed, particularly in volume of
saline used, the number of lavages done on a single specimen, and the subsequent
processing of the BAL fluid. In most protocols, EDTA (from 0.6 mM up to
10 mM) is added to the saline or PBS to enhance the recovery of attached
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leukocytes (particularly macrophages). If multiple lavages are done, typically only
the first one is used for determining protein concentration, as there is progressive
dilution of the protein with continued lavage. All subsequent lavages are pooled to
assess the cells. We describe below the procedures we use in our laboratory for the
collection, processing, and analysis of BAL fluid and its components.

Basic Technique for in Situ BAL of Euthanized Mice

Materials:

• Isoflurane or euthanasia solution (390 mg/ml pentobarbital sodium and
50 mg/ml phenytoin sodium)

• Sterile Ca2+- andMg2+-free PBS containing 0.6 mMEDTA, prewarmed to 37 °C
• 1-cc sterile syringe
• Scissors and curved forceps
• 3–0 (USP) silk surgical suture, cut into 12- to 15-cm lengths
• 20-G � 0.5 in. tubing adapter (BD Medical, catalog #408210) or blunt needle

(Brico Medical Supplies, catalog #BN2005), sterile (Fig. 4.1a)
• 1.5-ml polypropylene microcentrifuge tubes.

General Procedure:

1. Euthanize the mouse either by exposure to 100 % isoflurane or intraperitoneal
injection of a commercially available euthanasia solution.

2. Place the mouse on a Styrofoam support in a flat supine position, with its head
facing the investigator, and pin each foreleg.

3. Spray the abdomen with 70 % ethanol. Starting at the xiphoid process cut the
skin and membrane over the peritoneal cavity. Push aside the intestines and cut
the inferior vena cava (IVC) next to the right kidney (Fig. 4.1b) to bleed out the
animal.1 Use a piece of gauze to capture the blood.

4. Tape down the snout to straighten out the airway and spray the area from the
chin to the diaphragm with 70 % ethanol.

5. Starting at the chin of the mouse, cut the skin over the trachea and chest down
to the diaphragm. Using forceps pull the salivary glands apart to expose the
trachea and surrounding musculature (Fig. 4.1c). Carefully tease away the
muscle tissue so that the cartilage rings of the trachea are evident (Fig. 4.1d).

6. Cut along the center of the ribcage to just above the diaphragm, keeping the
scissors flush against the sternum to avoid puncturing the underlying heart or
lungs, then cut along both sides of the ribcage. Using forceps, carefully pull
apart the ribcage at the top and pin down on each side (Fig. 4.1e).

1This step can be omitted if blood is to be collected.
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7. Gently position curved forceps under the trachea and use the forceps to pull a
segment of suture underneath the trachea from one side to the other. Loosely tie
the suture around the trachea close to the top of the ribcage2 (Fig. 4.1f).

8. Using the tips of sharp scissors, make a nick in the trachea as close to the
pharynx as possible (Fig. 4.1f). Insert a 20-G tubing adapter or blunt needle
into the trachea and move it forward. Tighten the suture around the trachea and
make another knot (Fig. 4.1g).

9. Attach a 1-cc syringe containing 1 ml3 of warm PBS/EDTA to the tubing
adapter or blunt needle. Slowly push in the entire volume, making sure that all
lobes inflate (Fig. 4.1h). Then carefully pull back on the plunger to withdraw as
much fluid as possible.4 If the pressure is high and fluid stops entering the
syringe, try carefully adjusting the position of the adapter/needle. Alternatively,
the syringe may need to be removed, and a Pipetman fitted with a tip can be
used to collect the remaining fluid from the adapter/needle.

10. Transfer the lavage fluid5 to a microcentrifuge tube, noting the volume
recovered, and place on ice.6

Incorporation of Fluorescent Dextran into the BAL Technique

To assess permeability changes that accompany ALI, investigators have tradition-
ally relied on using albumin or high molecular weight dextrans as tracers. Some
approaches involve intranasal or tracheal administration of the tracer to measure its
passage into the plasma [1]. Alternatively, the tracer can be added to a lung per-
fusate ex vivo or injected in vivo to monitor its accumulation in extravascular
compartments. When using albumin as the tracer, it can be radioactively or
fluorescently labeled and introduced into the animal, or the endogenous protein can
be measured in BAL by colorimetric assays, ELISA, or binding of Evans Blue dye.
Our group prefers to use a fluorescent dextran, such as fluorescein isothiocyanate
(FITC)-dextran, because it is extremely stable at physiological pH and temperature
with little risk of loss of the fluorescent label [4], and analysis requires minimal
processing. Using a fluorescent compound also avoids the issue of dealing with
radioactive waste. FITC-dextran is intravenously injected into the animal several
hours prior to the lavage. Both blood and BAL are then collected, with the aim of

2If the left lobe is not to be lavaged (for example, if it is intended for an assay in which prior
manipulation is contraindicated), it can be tied off at the bronchus using a separate suture.
Carefully tease away the pleura attaching the left lobe to the cavity, lift up the lobe using the
curved forceps, and slide the suture underneath.
3If the left lobe is tied off, we use a volume of 0.8 ml to lavage the right lung.
4A typical recovery is 75–90 % of the fluid volume.
5Injured mice often yield a BAL that is visibly bloody.
6If the left lobe is tied off, at this point it can be removed by cutting below the suture. We usually
weigh the lobe and flash freeze it for downstream applications.
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Fig. 4.1 Preparation of the mouse for BAL fluid collection and inflation of the lungs in situ with
saline/PBS. a Twenty-gauge blunt needle (top) and beveled tubing adapter (bottom) for insertion
into the trachea. b The arrow indicates the abdominal inferior vena cava. c The arrow points to the
exposed trachea, flanked by the salivary glands and still covered by the musculature. dDissection of
the musculature reveals the cartilage rings of the trachea. e The thoracic cavity is shown completely
open and the ribcage pinned on each side. This mouse was not injured, so the lung lobes appear
healthy and pink. f A small nick (arrow) has been made in the trachea near the pharynx. The suture
is loosely tied around the trachea at this step. g The adapter is inserted into the trachea through the
nick and held in place by knotting the suture twice. h Inflation of the lung lobes is clearly evident
after introduction of 1 ml PBS/EDTA using a 1-cc syringe attached to the adapter
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measuring the concentration of fluorescent dextran in the BAL, normalized to that
in the plasma. In this assay, increased fluorescent dextran in the airspace would be a
significant indicator of enhanced vascular and epithelial permeability.

Materials (in addition to those listed in Section “Basic technique for in situ BAL
of euthanized mice”):

• 70 kDa FITC-dextran, dissolved in sterile PBS to 10 µM (or 0.7 mg/ml)
• Sterile 1-cc syringe and 26-G needle
• Greiner MiniCollect tube containing EDTA (catalog #450474)
• Sterile 3-cc syringe and 25-G needle
• 0.1 M EDTA, pH 7–8
• 96-well assay plate, black with clear bottom
• Microplate reader with fluorescence measurement capability.

General Procedure:

1. Three hours prior to lavage, anesthetize the mouse by exposure to isoflurane
and, using the 1-cc syringe and 26-G needle, intravenously7 inject 100 µl of
10 µM FITC-dextran.

2. Euthanize the mouse by intraperitoneal injection of a commercially available
euthanasia solution and expose the thoracic cavity as described in
Section “Basic technique for in situ BAL of euthanized mice,” omitting the IVC
cut.

3. Draw up a ml or so of 0.1 M EDTA into the 3-cc syringe and 25-G needle and
expel (this coats the interior of the needle and syringe with anticoagulant
without adding substantial volume). With the bevel side of the needle facing up,
puncture the right ventricle of the heart and slowly draw blood into the syringe.
Withdraw the needle and syringe from the heart.

4. Pull back on the plunger slightly, remove the needle and insert the syringe into
the MiniCollect tube. Press the plunger to transfer blood from the syringe into
the tube.

5. Gently mix the contents and place the tube on ice.
6. Harvest BAL fluid as described in Section “Basic technique for in situ BAL of

euthanized mice.”
7. Centrifuge the BAL fluid at 4700–5200 � g for 5 min. Remove the supernatant

and place on ice.8 Proceed with cell pellet as desired for other analyses.
8. Centrifuge the blood at 4700–5200 � g for 10 min at 4 °C. Remove the

supernatant (plasma) and transfer to a fresh tube.9

9. Prepare dilutions of plasma and BAL (typically in the range of 1:5 for BAL and
1:20 or 1:50 for plasma) and FITC-dextran for the standard curve (ranging from
0.05 to 50 nM).

7Either via the retro-orbital sinus or tail vein.
8Keep BAL and plasma protected from light.
9Both BAL and plasma can be stored up to 48 h at −20 °C before the fluorescence measurement.
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10. Pipet 100 µl of each dilution, in duplicate or triplicate, into each well of the
assay plate.

11. Measure fluorescence using the microplate reader at an excitation wavelength
of 493 nm and emission wavelength of 517 nm.

12. Average the fluorescence readings for the standards and plot them as a function
of FITC-dextran concentration. Determine the y-intercept and slope using a
best-fit line.

13. Average the fluorescence values for the BAL and plasma. Calculate the
FITC-dextran concentration using the y-intercept and slope derived from the
standard curve in #12 [using equation ((Average OD595 − y-intercept) �
slope) � dilution factor].10

14. Express values as a ratio of fluorescence in the BAL relative to the plasma.11

BAL Total Cell Counts (Leukocytes and Red Blood Cells)
and Differential Staining

BAL fluid is usually leveraged to obtain a qualitative and quantitative picture of the
degree of inflammation and enhanced permeability, both hallmarks of ALI. Total
numbers of cells can be assessed by manually counting a small sample of the BAL
(either neat or diluted), typically using a hemacytometer. In addition, the compo-
sition of the leukocytes is evaluated by morphology coupled with differential
staining, a process that employs more than one chemical dye to help the investigator
differentiate the cell types from one another. The staining technique was developed
by Dmitri Romanowsky and further modified by others (Wright, Giemsa,
Leishman) [5, 6, 17–19] to combine methanol-based fixation and staining in a
single step, using the basic dye methylene blue to detect nucleic acid and the acidic
dye eosin to detect protein. Commercial kits (variously known as Diff-Quik,
Diff-Quick, or Kwik-Diff™) are readily available that split the fixation and staining
into three separate steps. A sample of cells from the BAL is smeared or centrifuged
onto glass slides and taken through the staining process, which is extremely rapid
and easy to perform. As previously mentioned, in ALI the expectation is that the
total number of leukocytes will be elevated, with increased permeability and
transmigration from the tissue through the epithelium into the airspace. The pres-
ence and load of neutrophils, which are rarely seen in the airspace at baseline, are
particularly indicative of early stages of injury.

10In BAL from rodents at baseline, we and others have observed the FITC-dextran concentration to
be <1 nM, using an administered dose of 10 µM. This level in the BAL fluid can increase by an
order of magnitude with injury.
11The concentration of FITC-dextran can also be expressed as mg FITC-dextran per ml BAL fluid
and compared to levels in uninjured mice.
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Materials:

• Lavage fluid from Section “Basic technique for in situ BAL of euthanized mice”
• 1X and 10X PBS
• Bright-Line™ hemacytometer, Improved Neubauer (Hausser Scientific), with

glass coverslip
• Crystal violet, 0.01 % (in 1 % (v/v) glacial acetic acid)
• Inverted phase microscope
• 0.5- and 1.5-ml polypropylene microcentrifuge tubes
• Microcentrifuge
• Shandon Cytoslide (Thermo Scientific, catalog #5991056)
• EZ Single Cytofunnel (Thermo Scientific, catalog #5991040)
• Shandon Cytospin 3 instrument (or equivalent)
• Shandon Kwik-Diff™ Staining kit (Thermo Scientific, catalog #9990700)
• Coplin jars or 50-ml conical polypropylene tubes for staining
• Conventional microscope with bright field capability.

General Procedure:

1. Clean the hemacytometer and cover glass with 70 % ethanol and dry each with a
Kimwipe. Place the coverslip over the central chamber of the hemacytometer.

2. Carefully pipet 10 µl of the BAL fluid under the coverslip and allow the cells to
settle. At the microscope, use the 40� objective to count the number of red blood
cells (RBCs) in 4 corner 1-mm2 squares of the hemacytometer (each of these
corner squares is further divided into 16 smaller squares)12,13 One of the 4 corner
squares is highlighted in yellow in Fig. 4.2a. Add these 4 values and multiply the
sum by 2500 to obtain the number of RBCs per ml.14 For BAL that is overtly
bloody, count the RBCs in 5 diagonal squares (highlighted in blue in Fig. 4.2a)
out of the 25 that comprise the central area of the chamber. Add these 5 values
and multiply the sum by 50,000 to obtain the number of RBCs per ml.15

3. Using the 20� objective, count the white blood cells (WBCs) in the 4 corner
squares.16 Calculate the cell concentration as described in item #2.17 Figure 4.2b
shows the size differential between leukocytes and RBCs.

12Each corner square is surrounded by triple lines. Cells within the triple lines are counted, as well
as cells that touch the lines on two perpendicular sides (but not on the other two sides) (Fig. 4.2a).
13Ideally, a total of 100–200 cells should be counted for the most accurate determination.
14The RBC concentration range in BAL fluid from uninjured mice (using 1 ml saline for the
lavage) is typically 104–105 cells per ml.
15Alternatively, BAL can be diluted for counting RBCs in the 4 corner squares. Any dilution
amount needs to be factored into the calculation to obtain cells per ml.
16If desired, crystal violet can be used to visualize WBCs: Mix 20 µl BAL with 20 µl crystal violet
and count WBCs in the 4 corner 1-mm2 squares of the hemacytometer. Add values and multiply
by 2500 and by 2 to obtain WBCs per ml.
17The leukocyte count in BAL fluid (1 ml used for lavage) from animals at baseline usually ranges
from 1 to 2 � 105 cells/ml.
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4. Centrifuge the BAL fluid at 4700–5200 � g for 5 min.
5. Remove the supernatant and save at −20 °C for later protein analysis (see

Section “Total protein determination in BAL”).
6. Resuspend the cell pellet in H2O,

18 rapidly (within 30 s) followed by the
appropriate volume of 10X PBS, to yield a concentration of *1.5 � 105

cells/ml.

Fig. 4.2 Counting cells with
a hemacytometer. a The grid
layout of an Improved
Neubauer hemacytometer is
illustrated. One of the 4
corner squares, composed of
16 smaller squares, is
highlighted in yellow. By
convention, cells (gray
circles) within or touching the
lines defining the perimeter of
the yellow square are counted,
excluding cells on the top and
right side, as shown by the
X’s. The internal squares
highlighted in blue are used
for counting red blood cells
(RBCs) when they are
numerous in the BAL fluid.
b Photomicrograph at 400�
depicting cells in 10 µl BAL
fluid (harvested from an
uninjured mouse) loaded into
a hemacytometer. The arrows
point to leukocytes and the
arrowhead indicates an RBC
(note the size difference)

18This step results in lysis of the RBCs.
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7. Load a cytoslide into a cytofunnel and snap it closed. Pipet 200 µl, or *30,000
cells, into the chamber of the cytofunnel. Centrifuge in a Cytospin 3 for 2 min at
1000 rpm (use a balance cytofunnel and slide if only one sample is being
centrifuged). After removing the cytofunnel from the centrifuge, carefully open
and remove the slide. Allow the slide to air dry.

8. Stain the slide sequentially in Kwik-Diff ™ solutions 1 through 3 by dipping 5
times in each solution, 1 s each. Between each solution, drain any excess into
the container and blot the edge of the slide on a paper towel. Once staining is
complete, rinse the slide in distilled H2O and let it air dry vertically.

9. Under the microscope and using the 20� objective, count at least 300 cells total
(we typically count 450), tallying the number of neutrophils (clear cytoplasm
with blue segmented nuclear material), macrophages (large cells with blue
nucleus and prominent, often granular blue cytoplasm), and lymphocytes (small
cells with blue nucleus and little cytoplasm) (Fig. 4.3). Eosinophils (blue

Fig. 4.3 Differential staining
of cells in BAL fluid
harvested from a
bleomycin-injured mouse
at day 7. Photomicrographs
at 400� showing
macrophages (arrows),
neutrophils (arrowheads),
and lymphocytes (asterisks)
after cytospinning cells from
BAL and staining with
Kwik-Diff™
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segmented nucleus and distinctive pink granules in the cytoplasm)19 may
occasionally be observed, but these cells are more typical in allergic inflam-
mation rather than acute injury. It is recommended to report both the percentage
and total number of each leukocyte type.

Total Protein Determination in BAL

A colorimetric assay to measure total protein content in the BAL fluid is a tech-
nically simple way to assess protein leak in lung injury. The most typical assay used
is based on the Bradford method, in which binding of the Coomassie blue dye to
protein at an acidic pH causes the absorption maximum to shift from 465 to 595 nm
(along with a change in color of the dye from brown to blue). One caveat to keep in
mind is that the protein level in BAL can also be impacted by high filtration
pressures and altered cardiac output, in addition to enhanced permeability [13].
Total protein measurements can be coupled with analysis of a specific tracer, such
as described above in C, to enhance confidence in concluding that permeability is
increased in the ALI model being investigated.

Materials:

• Cell-free lavage fluid from Section “BAL total cell counts (leukocytes and red
blood cells) and differential staining”

• Bradford protein assay reagent (our group has used kits from Bio-Rad and
Pierce (catalog #23200), both of which include the protein binding dye and
bovine serum albumin (BSA) as a standard. In the Bio-Rad kit, the dye reagent
(catalog #500-0006) is provided as a concentrate that requires dilution, and
bovine gamma globulin (catalog #500-0001) is available as an alternative
standard to BSA. The protocol below is for the Bio-Rad kit)

• 96-well assay plate
• Microplate mixer (optional)
• Microplate reader
• Whatman #1 filter paper and funnel for preparation of dye reagent.

General Procedure:

1. Dilute 1 part dye reagent concentrate with 4 parts distilled H2O. Filter through
Whatman paper folded to fit in a glass funnel. Diluted reagent can be stored for
2 weeks at room temperature.

2. Reconstitute standard (we typically use BSA) according to the manufacturer’s
protocol. Prepare four to five dilutions of the BSA standard, ranging from 0.05
to 0.5 mg/ml (linear range of the assay).

19Alveolar macrophages are the dominant cell type in BAL from uninjured mice. Basophils are
rarely observed in BAL fluid.
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3. Dilute BAL from injured mice from 1:5 to 1:20 (BAL from naïve mice is
assayed neat).

4. Pipet 10 µl of each standard dilution and each BAL sample into wells (two or
three wells per standard/sample).

5. Add 200 µl of diluted dye reagent to each well. Mix by pipetting up and down
or shake the plate for one minute on a microplate mixer.

6. Incubate 5 min at room temperature, then measure the absorbance at 595 nm
within one hour20 on a microplate reader.

7. Average the OD595 values21 for the standards and plot them as a function of
protein concentration. Determine the y-intercept and slope using a best-fit line.22

8. Average the OD595 values for the BAL unknowns. Calculate the BAL protein
concentration in mg/ml23 using the y-intercept and slope derived from the
standard curve in #7 [using equation ((Average OD595 – y-intercept) �
slope) � dilution factor (if required)].

Lung Tissue Processing and Analysis

As mentioned in the introduction to this chapter, evaluation of the lungs by his-
tology and light microscopy provides another vital measure of the extent of injury
in mouse models of ALI. In a typical experiment, lungs are collected after can-
nulating the trachea, inflated with a formaldehyde-based fixative, embedded in
paraffin, sectioned, and stained with hematoxylin (nucleus) and eosin (protein).
Features that are looked for include neutrophil infiltration into the alveolar space,
walls, and interstitium, alveolar wall and interstitial thickening, hemorrhage,
alveolar congestion with proteinaceous debris and fibrin deposition (known as
hyaline membranes), and alveolar and perivascular edema. Whether all or only
some of these features are observed often depends on the type of injury. As part of
the injury repair process, collagen is synthesized and deposited in the lung inter-
stitium, where it can be quantified histologically (by picrosirius red staining and
morphometric analysis) or by several biochemical assays. The Sircol™ collagen
assay is a dye-based method that measures acid-soluble fragments of pepsin-
digested collagen. Another assay assesses the content of hydroxyproline, which
results from hydroxylation of proline and is almost exclusive to collagen. In this

20Absorbance values will increase over time.
21The coefficient of variance (CV), which is the standard deviation divided by the average and
multiplied by 100, ideally should be <10 % for replicates.
22Alternatively, microplate reader software can be used to calculate the concentration of unknowns
based on the standards, and a four-parameter (quadratic) fit generally gives more reliable data than
a linear fit.
23Total protein in BAL from uninjured mice normally ranges from 100 to 200 µg/ml, whereas in
our experience the level increases at least an order of magnitude with acute injury.
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section, we present our technique for ensuring adequate inflation of mouse lungs
prior to fixation for histological staining. In addition, we briefly discuss a simple
scoring regimen advocated by the ATS Workshop [8] for quantitative assessment of
injury in lung sections from animal models of ALI. Finally, we provide the method
we most commonly use to measure collagen levels in injured mouse lungs.

Lung Inflation and Fixation

Proper inflation of the lung is critically important for reliable interpretation of
changes in morphological features. A pressure range of 15–25 cm H2O is generally
recommended, as this allows fixation at functional residual capacity (volume of air
in the lungs after passive expiration) [8]. Below we describe our setup and pro-
cedure for dissection and inflation of mouse lungs. Note that if inflation and fixation
of the lungs are done after the lavage has been performed, sections from such tissue
will not be representative of the inflammatory cell content in the airspaces.

Materials:

• Formaldehyde-based fixative24

• 60-cc syringe, with plunger removed
• Tubing with stopcock
• Scissors and two pairs of curved forceps
• Vascular clamp (Schwartz Micro Serrefines) with sharp bend (Fine Science

Tools, catalog #18052-03)
• 50-ml polypropylene conical tubes.

General Procedure:

1. Affix the syringe to a support (we tape it to a glass graduated cylinder), tip
facing down. Attach tubing to the syringe tip. The end of the tubing (with the
stopcock) should be immobilized at 15–25 cm from the syringe tip (Fig. 4.4a).

2. Pour 30 ml of fixative into the syringe barrel.
3. After euthanizing the mouse and cannulating the trachea as described in

Section “Basic technique for in situ BAL of euthanized mice,”25 use forceps to
grasp the trachea, with the adapter/blunt needle still in place. Carefully cut
away the tissue under the trachea using scissors.

24We generally use 4 % paraformaldehyde, although buffered formalin is an excellent alternative
and other fixatives can be substituted as well. If prepared in the lab, paraformaldehyde should be
fresh or used within a week (and stored at 4 °C or frozen). We also purchase 16 %
paraformaldehyde from Electron Microscopy Sciences (catalog #15710) and dilute that to 4 %
with PBS (store at 4 °C).
25As described in Section “Basic technique for in situ BAL of euthanized mice,” the left lung (or
the right lung) can be tied off at the bronchus with a separate suture, if desired for other assays.
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4. Still holding the trachea with one pair of forceps, use the other pair to tease and
pull away tissue from the underside of the lungs, taking care not to tear the lung
tissue.

5. Use scissors to cut the IVC and release the lungs, heart, and thymus from the
thoracic cavity en bloc.

6. Place the vascular clamp on the trachea to keep it attached to the adapter/blunt
needle. Affix the adapter/blunt needle to the stopcock of the tubing.

Fig. 4.4 Inflation of lungs
with fixative. a The setup in
our laboratory for inflation
and fixation of harvested
lungs, which are shown
before (b) and after
(c) inflation with 4 %
paraformaldehyde. The
distance between the fixative
and the lungs is indicated
(yielding a pressure of 20 cm
H2O)
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7. Open the stopcock and allow fixative to flow through the lungs for about
10 min, using a flow rate of 1 drop per second. Lobes should fully inflate
(Fig. 4.4b, c).

8. Close the stopcock, remove the adapter/blunt needle from the stopcock, and
remove the vascular clamp to release the tissue.

9. Immerse the lungs in 20–25 ml of fixative for 24 h at 4 °C, with gentle
rocking.26

10. Rinse tissue with PBS and store in 70 % ethanol at 4 °C until ready to embed.27

Assessment of Injury in Lung Tissue Sections

Sections of lungs that were inflated as described in Section “Lung inflation and
fixation” are typically stained with hematoxylin and eosin and examined by light
microscopy for a qualitative and quantitative assessment of injury. As mentioned in
the introductory comments to this section, injury is accompanied by one or more
characteristic features, depending on the nature of the injury. Matute-Bello et al.
recently developed an elegantly simple scoring system to facilitate quantification of
injury [8]. In this system, each of 5 variables is assigned a weighted value; these
variables include, in descending order of relevance, (1) neutrophils in the alveolar
space, (2) neutrophils in the interstitial space and alveolar walls, (3) presence of
hyaline membranes, (4) presence of proteinaceous deposits in the alveolar air-
spaces, and (5) thickening of the alveolar septa to at least twice the normal size.
Using this scoring system requires that investigators become familiar with the
specific features manifested in their injury model. For example, the ATS Workshop
on ALI notes that hyaline membranes, seen as solid bands of eosin-stained material
and characteristic of ALI in human, are rarely observed in lungs of mice [8]. This is
a variable that an investigator could elect to omit if the model warrants. In our own
studies examining early time points in the bleomycin injury model, we are most
interested in the quantity and localization of neutrophils and thickening of the
alveolar walls (Fig. 4.5). Regardless which features are chosen for scoring, it is
critical to define those variables and how scoring is performed, to assess sections in
a blinded fashion, to select microscopic fields randomly, and to evaluate enough
fields (at least 20, observed at 400�, are recommended by the ATS Workshop on
ALI) to be representative of the injury as a whole.

26For frozen sections, we generally fix the lungs for 2 h at room temperature and transfer to cold
18–30 % sucrose overnight. Lungs are then immersed in Optimal Cutting Temperature
(OCT) compound added to an appropriately sized cryomold and frozen in a dry ice/ethanol bath.
27If desired, cut away the heart and thymus before embedding the lungs in paraffin or OCT.
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Biochemical Analysis of Collagen

To quantitatively assess collagen in the lungs, our laboratory has traditionally
favored the hydroxyproline assay, originally developed 65 years ago [11] and
further modified by many other investigators since then. In this assay, acid
hydrolysates of lung tissue are subjected to oxidation by chloramine T and then
reacted with dimethylaminobenzaldehyde, forming a dark red product in proportion
to the level of hydroxyproline (and thus collagen). We usually perform this assay
using the left lung as it is easy to isolate from the right lung lobes. The following
two-day protocol incorporates laboratory-made reagents, although commercial kits
are also available (for example, see Sigma catalog #MAK008).

Fig. 4.5 Histological evidence of acute lung injury. Shown are photomicrographs (400�, yellow
lines in panels a and b denote 100 µm) of sections, stained with hematoxylin and eosin, from the
lungs of 2 mice injured with bleomycin 7 days before harvest. The boxed regions in each panel are
also displayed at an additional 4� magnification to the right. The black arrows point to neutrophils
in the interstitium and alveolar walls and asterisks indicate macrophages in the alveolar space.
Because the lungs were lavaged before harvest in this experiment, neutrophils, usually less
abundant than macrophages, are essentially absent from the alveolar space. The alveolar walls and
interstitium show significant thickening, although in panel b, areas with thin, normally appearing
alveolar walls are evident (red arrows)
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Materials:

• Hydroxyproline standard (Sigma, catalog# H-1637)
• Chloramine solution, prepared fresh (0.7 g chloramines T (Sigma, catalog

#C-9887), 45 ml 0.5 M sodium acetate, pH 6.0, 5 ml of isopropanol)
• Erlich’s solution (14.9 g p-dimethylaminobenzaldehyde (Sigma, catalog

#D8904), 70 ml isopropanol, 20 ml of 100 % perchloric acid, and 10 ml H2O.
Store at 4 °C protected from light for up to 1 month).

• 6 N, 1 N, and 0.001 N HCl
• 6 N and 1 N NaOH
• Clear glass threaded vials with caps (Fisher, catalog #14-955-325)
• Scissors and razor blades
• Petri dish
• Spatula
• Oven capable of 110 °C
• 5-cc syringes and 18-G needles
• 15-ml conical polypropylene tubes
• syringe filters, 0.45 µm
• pH meter and electrode OR pH paper/strips
• water bath set to 65 °C
• 96-well assay plate
• Microplate reader.

General Procedure28:

1. Prepare hydroxyproline at 100 mg/ml in 0.001 N HCl (store at 4 °C protected
from light). Make a twofold dilution series from 200 to 3.125 µg/ml (fresh for
each experiment).

2. Thaw the lung specimen from the freezer and finely mince it using sharp tipped
scissors and a razor blade in a petri dish.

3. Use a spatula to collect the minced tissue and transfer it into a glass vial
containing 1 ml 6 N HCl. Ensure all pieces of tissue are immersed in HCl and
tightly cap the vial.29

4. Incubate the sample in an oven at 110 °C overnight.
5. Next day, remove the vial from the oven and let it cool to room temperature.

Add 1 ml 6 N NaOH.
6. Draw up the sample into a 5-cc syringe, using an 18-G needle. Pass the sample

through a 0.45-µm syringe filter into a 15-ml tube.

28Our protocol was originally provided by Dr. Carol Feghali-Bostwick’s laboratory.
29The kit from Sigma uses a smaller amount of tissue and volume than called for in our protocol.
In addition, after hydrolysis, a portion of the sample (5–25 %) is added to the 96-well plate and
either dried under vacuum or in an oven at 60 °C. This step obviates the need to adjust the pH.
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7. Add 4 ml distilled H2O to the sample and adjust the pH of the sample to
between 6 and 9 using 1 N HCl and 1 N NaOH. Check using pH meter.30

8. Record the new volume of the sample.
9. Add 100 µl of the sample and each standard individually to 1 ml chloramine

solution and incubate at room temperature for 20 min. The samples will usually
appear pale yellow whereas the standards remain colorless.

10. Add 1 ml of Erlich’s solution to each sample and standard and incubate at
65 °C for 15 min.

11. Transfer 200 µl of each reaction mixture, in triplicate, to a 96-well plate.
12. Measure absorbance at 570 nm using a microplate reader.
13. Average the OD570 values for the standards and plot them as a function of

hydroxyproline concentration. Determine the y-intercept and slope using a
best-fit line.

14. Average the triplicate OD570 values for the lung sample. Calculate the
hydroxyproline concentration in µg/ml using the y-intercept and slope derived
from the standard curve in #13 (using equation (Average
OD595 – y-intercept) � slope).

15. Multiply the µg/ml value by the sample volume in #8 to obtain µg of
hydroxyproline per left lung.31
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Chapter 5
Invasive Measurement of Pulmonary
Function in Mice

Xiaozhu Huang and Annette Robichaud

Background

Patients surviving ARDS commonly have pulmonary function abnormalities upon
discharge including reduction in diffusing capacity, airflow obstruction, or restriction
(20 %) on spirometry and lung volumes [27]. The addition of pulmonary function
testing to analysis of mouse models of acute lung injury can add to the translational
potential of the findings and provide additional insight into the pathophysiologic
processes that underlie human diseases [2, 18, 35]. Our understanding of normal and
abnormal pulmonary function has clearly benefited from studies of mice [7, 8, 29].
Pulmonary function tests are important tools to quantify phenotypic characteristics of
respiratory disease models [1, 9, 13, 16, 38]. However, the valid assessment of
pulmonary function in an animal as small as the mouse presents considerable
technical challenges. Currently, there are three general approaches used to assess
respiratory mechanics in mice. They are: (1) ex vivo techniques requiring removal of
the trachea and lungs from animals; (2) in vivo invasive techniques requiring
anesthesia and surgery on animals; (3) in vivo noninvasive techniques requiring no
anesthesia or surgery. Invasive monitoring of pulmonary function using parameters
such as pulmonary resistance (RL) or dynamic compliance (Cdyn) is the classical
method for accurate and specific determination of respiratory mechanics. In this
discussion, we will be focusing on the in vivo invasive but not noninvasive
techniques for pulmonary function studies due to the increasing concerns about the
validity of measurements obtained with in vivo noninvasive approaches [3, 28].

X. Huang (&)
Department of Medicine, University of California, San Francisco, CA, USA
e-mail: xiaozhu.huang@ucsf.edu

A. Robichaud
SCIREQ Scientific Respiratory Equipment Inc., Montreal, QC, Canada

© Springer International Publishing AG 2017
L.M. Schnapp and C. Feghali-Bostwick (eds.), Acute Lung Injury and Repair,
Respiratory Medicine, DOI 10.1007/978-3-319-46527-2_5

59



In Vivo Invasive Techniques

Although there are several disadvantages associated with using in vivo invasive
techniques, such as the need for anesthesia, surgery and mechanical ventilation, the
invasive recording of pulmonary resistance (RL) and dynamic compliance (Cdyn)
provide precise and specific determinations of respiratory mechanics. Currently,
two major in vivo invasive systems are commercially available that can measure
pulmonary function in mice. One is the DSI’s BUXCO Finepointe RC system (St
Paul, MN, USA) and the other one is the flexiVent system from SCIREQ Inc.
(Montreal, QC, Canada). The FinePointe RC system provides highly integrated
hardware/software to collect invasive dynamic resistance, compliance, and elas-
tance data in anesthetized animals. The animal is anesthetized and instrumented to
directly measure respiratory flow and airway pressure. From these direct mea-
surements of airflow and pressure, RL and Cdyn are computed [12, 32]. BUXCO
also offers a separate forced maneuver system that is specifically designed for
animal models of COPD. On the other hand, the flexiVent is an integrated exper-
imental platform for mechanical ventilation and pulmonary function measurements
[24]. The precision piston of this computer-operated and programmable device is
used to control and standardize the experimental conditions under which the
measurements are taken (e.g., breathing frequency, tidal volume, lung volume), as
well as to deliver predefined input sinusoidal oscillations for respiratory mechanics
assessment. During the delivery of the test signal, the system captures airway
pressure, flow, and volume signals and calculates highly reproducible parameters
describing the mechanical properties of the respiratory system [24, 30, 31]. The
system uses the classic single-compartment linear model of the lung and linear
regression to estimate total respiratory system resistance, elastance, and compli-
ance. In addition, it can provide a detailed assessment of the pulmonary function.
This is done by capturing the mechanical properties of conducting airways and lung
tissue (which includes terminal airways and parenchyma) through a broadband
frequency forced oscillation and the use of advanced mathematical models, such as
the constant phase model [17]. This system can also perform pressure-volume
curves, recruitment maneuvers, negative pressure-driven forced expirations, as well
as being used to minimize motion artifacts during thoracic imaging.

This report attempts to focus on the flexiVent system (http://www.scireq.com/
flexivent) for measuring pulmonary function in anesthetized mice with special
attention to practical considerations. It also reflects our own practical experience in
using the system based on studies involving models of allergic airway disease in
mice. Emphasis will be put on analyses or “perturbations” (predefined waveforms)
typically associated with the flexiVent system and that have been commonly used in
the studies of respiratory disease. While these analyses share some common
requirements, they also possess some unique application characteristics that will be
discussed separately.
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Animal Preparation Using the flexiVent System

All selected flexiVent analyses require instrumentation of the trachea in anesthetized
animals. Each institution has its own recommended protocol for small animal
anesthesia. Our group uses the combination of Ketamine/Xylazine/Acepromazine
(100/10/2 mg/kg, respectively) administered intraperitoneally to achieve adequate
depth of anesthesia for at least 30 min. It usually takes 5–10 min for the anesthetic
to take effect. The adequacy of anesthesia is assessed by the toe-pinch reflex. If the
animal attempts to withdraw its limb, it is a sign of it not being sufficiently anes-
thetized. An extra dose of anesthetic agents should then be administered. Once
adequate anesthesia is confirmed, a tracheostomy is performed and a tubing
adaptor, such as 20 gauge plastic catheters from Smiths Medical (Southington, CT;
typical resistance of 0.3 cmH2O.s/mL) is used to cannulate the trachea. Mice are
then attached to the flexiVent rodent ventilator/pulmonary mechanics analyzer and
ventilated at a tidal volume of 10 ml/kg, a ventilation frequency of 150 breaths/min
and a positive end-expiratory pressure (PEEP) of 3 cmH2O. To avoid the influence
of spontaneous breathing efforts, which can spoil the input signal and lead to
rejected datasets, mice need to be paralyzed with pancuronium (0.1 mg/kg
intraperitoneally). Before executing any measurements, a deep lung inflation
maneuver (Deep Inflation or TLC in the early software version) should be per-
formed to open any closed lung areas and to normalize the baseline of each animal.

To assess airway responsiveness, cholinergic bronchoconstrictive agents, such as
methacholine/acetylcholine (Mch/Ach) are administered to the animal at increasing
doses either by aerosol inhalation or systemically by intravenous administration via
the tail or jugular vein. Since different strains of mice respond quite differently to a
given bronchoconstrictor agent and may require different doses to produce a similar
effect, it is very important for investigators to titrate the dosage so that the optimal
response can be achieved.

Airway responsiveness can be assessed by reporting the absolute peak values of
the responses, the percentage change from baseline or the area under the curve of
the response over time. Each dataset is associated with a coefficient of determi-
nation (COD), which is a quality control parameter measuring the goodness of the
model fit to the experimental data. Before exporting parameters for analyses,
investigators need to pay attention to that coefficient and include only datasets
having met the acceptance criteria.

Single Frequency Forced Oscillation

The single frequency forced oscillation (SFFO) uses a 2.5 Hz sinusoidal forcing
function (e.g., SnapShot-150) and produces the classical and widely used dynamic
resistance and compliance parameters. Three parameters are derived from this
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analysis which captures the mechanical properties of the whole respiratory system
(airways, lungs, and chest wall). These include: (1) Resistance (Rrs): this parameter
describes the dynamic resistance and quantitatively assesses the overall level of
opposition to flow within the respiratory system. (2) Elastance (Ers): this parameter
is the dynamic elastance which captures the elastic rigidity or the stiffness of the
respiratory system. (3) Compliance (Crs): this parameter is the dynamic compliance.
It is the reciprocal of Ers and therefore captures the ease with which the respiratory
system can be inflated. SFFO is extremely brief in duration (1.2 s) and can therefore
be executed in a closely spaced manner for an enhanced resolution of quick
responses over time.

To determine airway responsiveness using this analysis, our group prefers to
intravenously administer threefold increasing concentrations of the bronchocon-
strictor Ach through an indwelling tail vein catheter. Briefly, a 27 G needle connected
to PE10 Polyethylene tubing is placed in the tail vein of the anesthetized and tra-
cheostomized mice and measurements of respiratory mechanics are made continu-
ously using SnapShot-150 perturbation. Mice are given increasing doses of Ach to
generate a dose response curve. Our group prefers to work with intravenous
administrations of Ach as this enables us to achieve quick responses while mini-
mizing the cumulative effects of multiple doses as this agent is rapidly metabolized.
Shown in Fig. 5.1a is the data acquired from multiple mice. This original dataset can
be reviewed in the software and exported in a spreadsheet for further analysis.
Figure 5.1b demonstrates the extracted peak response in Balb-C and C57BL/6 mice

Fig. 5.1 Changes in resistance, elastance and compliance following increasing doses of
acetylcholine (Ach) administered intravenously in mice. a Example of the response acquired
over time in a few mice using a 2.5 Hz single frequency forced oscillation (SnapShot-150).
b, c Peak resistance and compliance in control and ovalbumin (OVA)-sensitized and challenged
Balb-C (b) and C57BL/6 (c) mice. *p < 0.05, **p < 0.01
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at baseline and after antigen sensitization/challenge. As it is shown, both Balb-C and
C57BL/6mice had significantly increased responsiveness to Ach (measured by either
Rrs or Crs) after antigen sensitization and challenge compared to unsensitized control
mice. In addition, the response of the respiratory system was much more pronounced
in the Balb-C than in the C57BL/6 mice, a point which is worth bearing in mind when
designing experiments. Based on these results, it is clear that investigators should
avoid using mice from mixed genetic backgrounds in similar studies, even if
littermates are used as control, since genetic background can introduce large degrees
of variability.

Broadband Forced Oscillation

Broadband low-frequency forced oscillations (BBFO) provide an exhaustive
assessment of the respiratory system over an extended range of frequencies (1–
20.5 Hz) and that in a single perturbation (e.g., Quick Prime-3). As an outcome,
this analysis first generates impedance spectra, which are then physiologically
interpreted using the constant phase model [17]. This more advanced mathematical
model distinguishes between central airway and peripheral tissue mechanics, thus
allowing a detailed phenotype characterization of lung diseases in mice. The
parameters associated with this analysis include: (1) Newtonian resistance (RN): this
parameter represents the resistance of the central or conducting airways. (2) Tissue
damping (G): this parameter closely relates to tissue resistance and reflects the
energy dissipation in the lung tissue. (3) Tissue elastance (H): this parameter closely
relates to tissue elastance and reflects the energy conservation in the lung tissue.
These parameters can provide valuable detailed information and could prove
helpful to dissect underlying mechanisms. BBFO can be incorporated in an auto-
mated measurement sequence that can include other perturbations for a more
comprehensive functional assessment of the respiratory system.

In the example shown in Fig. 5.2, mice were given increasing concentrations of
Mch administered as an aerosol through an in-line nebulizer to generate a con-
centration response curve. This figure illustrates the response over time acquired
from multiple mice using this approach. The raw RN, G, and H values are calculated
directly from the software and can later be exported for analysis. Investigators have
reported changes of the RN, G, and H parameters of the constant phase model in
studies of lung disease models [23, 24, 26, 36] including allergen-induced
pulmonary physiology changes [6, 19, 34]. Despite that, our group, which has been
using the flexiVent system for studies of allergic lung inflammation for many years,
has been focusing on the SSFO described above to assess AHR in these models
primarily because the protocol used in our laboratory (i.e., increasing doses of Ach
administered intravenously) induces a quick response and high levels of bron-
choconstriction. Since the constant phase model is best suited for moderate levels of
bronchoconstriction, this often leads in our experimental conditions to a poor fit of
the constant phase model to impedance spectra, especially at higher doses of Ach.
As a consequence, we are often faced with the impossibility to use parameters, such
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as RN, G, or H to detect AHR because of rejected datasets. However, the impedance
spectra remain valid and can always be used to assess AHR at a specific frequency
[10] or with other mathematical models describing the mechanical properties of the
respiratory system. Alternatively, the situation can be addressed by modifying the
dose-range of the bronchoconstrictor agent or by assessing AHR using aerosol
deliveries of increasing Mch concentrations, where the exposure would be less. In
this latter approach, care must be taken to avoid that condensation accumulates
inside the tracheal catheter and obstructs the delivery of the test signal, which would
have an important negative effect on the measurement. Carefully cleaning the
aerosol delivery line between each subject is, in our view, very helpful in pre-
venting that technical issue.

Quasi-Static Pressure-Volume Curves

The flexiVent system can be used in studies that link tissue destruction with altered
pulmonary function. Pressure-volume (PV) maneuvers can reliably measure the
static compliance of the lung, which can increase significantly in models of
emphysema and decrease after pneumonectomy and in models of acute lung injury

Fig. 5.2 Changes in airway resistance (RN), tissue damping (G) and tissue elastance
(H) following increasing challenges of aerosolized methacholine in mice. Panel a, b, and
c provide an example of the response acquired over time in a few mice using a broadband
frequency forced oscillation (Quick Prime-3). In panel d, the coefficient of determination
describing the fit of the constant phase model to the impedance spectra is reported
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or pulmonary fibrosis. PV loops capture the quasi-static mechanical properties of the
respiratory system. The Salazar-Knowles equation can be fit to the expiratory branch
of the PV loop, and quasi-static elastance and compliance values can be calculated.
The commonly used outcomes in this analysis include: (1) A: this parameter rep-
resents the asymptote of the exponential function described by the Salazar-Knowles
equation and estimates the subject’s inspiratory capacity. (2) K: this parameter
reflects the curvature of the upper portion of the deflation PV curve. (3) Cst: this
parameter is the quasi-static compliance which reflects the static elastic recoil
pressure of the lungs at a given lung volume. (4) Area: this parameter describes the
area between the inflation and deflation limb of the PV curve. (5) PV curve: The
comparative visual representation of PV curves can be very informative.

As with other perturbations, the animals need to be anesthetized, tracheotomized
or orally intubated and then connected to the computer-controlled ventilator for
mechanical ventilation. This analysis can often be performed in combination with
other perturbations in an automated manner using a script. Shown in Fig. 5.3 is a
PV curve acquired from a single control mouse in a stepwise manner. The outcomes
derived from this analysis provide valuable information on the elastic properties of
lung at baseline or in disease studies. Voltz et al. [37] reported that male mice had
significantly higher basal quasi-static lung compliance than female mice and a more
pronounced decline in static compliance after bleomycin administration. Since the
data suggest that male C57BL/6 mice are more susceptible than female mice to
bleomycin-induced lung function decline, a special attention to animals’ sex, and
genetic background would be advisable when designing experiments.

For the investigators who are interested in evaluating the inspiratory capacity
while using the pneumonectomy model of lung regeneration, the deep lung inflation
maneuver should be used instead of parameter A from the Salazar-Knowles
equation to evaluate changes related to that specific lung volume. The reported
values will more reliably reflect the corresponding pathologic changes because, at
the difference of parameter A which offers an estimate of the inspiratory capacity
from the Salazar-Knowles model, the deep lung inflation maneuver provides a
direct and reliable measurement of that specific lung capacity.

Fig. 5.3 Example of a
pressure-volume curve
acquired in a mouse using a
pressure-driven, stepwise
approach. Starting from the
end of an expiration, the lungs
are gradually inflated to a
pressure of 30 cmH2O in
steps and then deflated in a
similar manner
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Application of in Vivo Invasive Analyses in Acute Lung
Injury Studies

While the in vivo invasive analyses described above have been most widely applied
in models of allergic airway disease [14, 20], they are also very useful in studies of
models of COPD [25], pulmonary fibrosis [5, 33] and acute lung injury [1, 15]. The
analyses mentioned above have been applied to studies of acute lung injury, where
the pulmonary edema associated with that condition causes alveolar filling and
dramatically affects the mechanical properties of the respiratory system. This is
reflected by significant changes in Cst, Rrs, Crs, or H. In mice challenged with LPS,
Håkansson et al. [15] reported a 70 % decrease in Crs and a 45 % increase in H at
48 h post-challenge relative to saline controls. By 96 h, all respiratory mechanics
parameters had returned to baseline levels, with no significant difference compared
with the time-matched saline controls.

Conclusion

Measuring lung function in mice is important to quantify functional abnormalities
in models of common lung diseases and to evaluate the relevance of murine models
to functional abnormalities that characterize human lung diseases such as asthma,
COPD, acute lung injury, and pulmonary fibrosis. In this report, we shared our
experience in performing such measurements in studies of lung disease models and
provided practical details related to the use of the flexiVent in vivo invasive system
in mice. Numerous studies [1, 4, 11, 21, 22, 25] have used this invasive approach to
identify potentially useful therapeutic targets.
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Chapter 6
Analysis of Epithelial Injury and Repair
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Abbreviations

a-SMA Alpha smooth muscle actin
ALI Acute lung injury
ABCA3 ATP-binding cassette sub-family A member 3
AQP5 Aquaporin 5
ATI Alveolar epithelial type I cell
ATII Alveolar epithelial type II cell
BMP Bone morphogenetic protein
BrdU Bromodeoxyuridine
COPD Chronic obstructive pulmonary disease
ECAD E-cadherin, epithelial cadherin
ECM Extracellular matrix
EGFP Enhanced green fluorescent protein
EMT Epithelial-to-mesenchymal transition
EpCAM Epithelial cell adhesion molecule
GFP Green fluorescent protein
FACS Fluorescence Activated Cell Sorting
IPF Idiopathic pulmonary fibrosis
KGF Keratinocyte growth factor
LAMP3 Lysosome-associated membrane glycoprotein 3
PARP Poly (ADP-ribose) polymerase
RAGE Receptor for advanced glycosylation end products
SPA Surfactant protein A
SPB Surfactant protein B
SPC Surfactant protein C
SPD Surfactant protein D
TGF-b Transforming growth factor beta
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T1a Podoplanin
TJ Tight junctions
TJP1 Tight junction protein 1
TUNEL TdT-mediated dUTP-biotin nick end labeling
WNT Wingless-type MMTV integration site family member

Introduction

Acute and chronic lung diseases constitute a significant health burden worldwide
and a better and deeper understanding of the mechanisms that initiate and drive
disease progression [1–3]. Alveolar epithelial injury represents a hallmark of acute
lung injury (ALI) as well as chronic lung diseases such as idiopathic pulmonary
fibrosis (IPF) and chronic obstructive pulmonary disease (COPD) [1, 4, 5]. In the
healthy adult lung, alveolar epithelial type I (ATI) and alveolar epithelial type II
(ATII) cells are the main cell types that form the alveolar epithelium and establish
the alveolar epithelial barrier [6]. ATI cells represent large, thin squamous epithelial
cells that cover an enormous surface area (95 % of the alveolus) and are in close
vicinity to the underlying capillary endothelium to facilitate gas exchange [7–9].
ATII cells, however, display a cuboidal shape and one of their main functions is the
production, storage and release of surfactant. Surfactant consists of an intricate
combination of proteins and lipids which lines the alveolar epithelium, lowers the
surface tension in the lung and plays an important role in host defense mechanisms
[10, 11]. Both ATI and ATII cells participate in ion transport in the lung and
contribute to the fluid balance within the alveolus [7, 12, 13]. In ALI, the alveolar
epithelial barrier, formed by ATI and ATII cells as well as endothelial cells of the
alveolar capillary, represents the first point of injury. Disruption of the barrier
structure with subsequent accumulation of protein-rich edema fluid in the alveolar
air spaces is a main feature of ALI [14–16]. Tight junctions (TJ) localizing to the
cell–cell junctions connecting alveolar epithelial cells are essential for normal
epithelial barrier function [17]. ATII cells are a critical cell population driving repair
in the alveolar epithelium [18]. ATII cells are able to proliferate, self-renew and
serve as a progenitor cell population for ATI cells in injury and repair processes
induced by a variety of different triggers. Thus, ATII cells are considered one of the
important epithelial stem cell populations in the adult distal lung [19–22].
Restoration of the normal epithelial barrier requires the spreading and migration of
cells in close proximity to the injury to cover the denuded basement membrane.
This is followed by migration and proliferation of progenitor cells to compensate
for the cellular loss. Finally differentiation processes have to be initiated to restore a
functional epithelium [14, 23, 24]. However, the loss of reparative function of ATII
cells and a shift towards pro-fibrotic functions has been described for ALI as well as
for IPF [25–29]. The elucidation of mechanisms driving alveolar epithelial cell
responses in a beneficial versus a potentially detrimental direction during lung
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injury and repair is therefore of prime interest and the development of novel models
and methods to study those mechanisms is of utmost importance.

Methods of Alveolar Epithelial Type II Cell Isolation

A prerequisite for analyzing alveolar epithelial type II cell characteristics and
functional properties in vitro is the isolation of a pure population of the respective
primary cell type. This requires the identification of specific ATII cell markers
within the tissue together with morphology and localization. Several markers
expressed in adult ATII cells have been described over the past decades. These
include the surfactant proteins A, B, C, and D (SPA, SPB, SPC, and SPD), of which
SPC has been reported to be specific for ATII cells [30]. ATII specific expression of
ATP-binding cassette sub-family A member 3 (ABCA3), a membrane component
of lamellar bodies [31], in which surfactant proteins are stored [32], has been
reported. In addition, lysosome-associated membrane glycoprotein 3 (LAMP3) [33]
and pepsinogen C [34] have been proposed as ATII markers. Immunization
strategies by Boylan [35] and Gonzalez [36] used ATII cells as immunogens to
generate monoclonal antibodies for ATII cell surface proteins for rat and human.
The monoclonal antibody MMC4 recognized a novel antigen on the apical surface
of rat ATII cells, but also bound to rat club cells [35]. An antibody generated
against human ATII cells recognized a protein of 280- to 300-kDa on the apical
plasma membrane, which was termed HTII-280 and, by analysis of its biochemical
characteristics, represents an integral membrane protein [36].

Two main isolation strategies have been widely used to isolate ATII cells from
rodent and human tissue. Both strategies share a common procedure of enzymatic
dissociation of lung tissue to obtain a single cell suspension of the lung. Enzymes
most frequently used include porcine elastase, dispase, or collagenase as well as
different combinations thereof [37–40]. In case of the murine lung, enzymes are
directly instilled into the parenchyma via the cannulated trachea [38]. In case of
human tissue, direct instillation into the alveolar region via a bronchus can only be
applied for closed lung segments [28, 39]. Alternatively, minced human distal lung
tissue can be subjected to enzymatic digestion [40]. Following digestion, alveolar
tissue is dissected from the lager airways and minced mechanically. After sequential
filtration of cells through nylon meshes of different pore sizes ranging from 100 to
10 µm to obtain a single cell suspension [38, 39], ATII cells can be isolated via
positive or negative selection or a combinatorial approach making use of positive as
well as negative selection markers.

Several different separation methods can be applied subsequently using different
marker combinations. The most commonly used methods for depletion of specific
subset of cells include the use of antibody coated cell culture plates, where cells
expressing the respective markers adhere to the plate and non-adherent cells are
collected [41–43], or using antibodies coupled to magnetic beads [38, 44, 45], and
similarly the non-bound cells are collected.
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Antibodies directed against CD45, CD14, and CD16/32 for hematopoietic lin-
eages such macrophages, neutrophils and lymphocytes are commonly used [21, 27,
38, 43, 45–47] for negative selection. Species-specific IgG antibodies binding with
their Fc domain to the Fcc-receptors on the cell surface of phagocytes,
B-lymphocytes, natural killer cells and dendritic cells are also widely used to
eliminate these cell populations from the preparation [41–43, 45, 48–50]. Depletion
of CD31 positive endothelial cells is often included in different protocols [44].
Furthermore, a fluorescence activated cell sorting (FACS) based approach can be
utilized by using fluorescently labeled antibodies and subsequent sorting of cells,
displaying no positive signal for any of the utilized markers [51]. Isolation protocols
applied for human ATII cells frequently contain previous enrichment of ATII cells
for the downstream depletion strategy by subjecting the crude singe cell suspension
after enzymatic digestion to a discontinuous Percoll density gradient (1.04–
1.09 g/ml). After centrifugation ATII cells and macrophages will be found in the
same layer of the Percoll gradient. The cells in this layer can be isolated and
subsequently a depletion of alveolar macrophages can be performed [41, 42, 45].

Positive selection strategies are mainly applied for the isolation of lineage
labeled ATII cells in murine mouse models by FACS. For this strategy SPC-driver
lines are used, which express GFP or EGFP under the control of the SPC promoter
[7, 52–54]. In this context, it has been shown that transgenic mice exhibiting GFP
expression under the control of the human SPC promoter in the murine system
display GFP expression in only a subset of ATII cells or additionally in bronchiolar
epithelial cells [55, 56]. However, the use of murine SPC promoters was reported to
generate a higher specificity of labeling ATII cells [52, 53] although the efficiency
of labeling was also described to be dependent on the age of mice [52] and isolated
ATII cell displayed some heterogeneity as cells with bronchiolar and alveolar
epithelial gene signatures were detected under three-dimensional culture conditions
[52]. The positive selection of human ATII cells by FACS using an antibody
against the previously described HTII-280 membrane protein has been initially
described by Gonzalez and colleagues [36].

Combined negative and positive selection strategies are applied using different
combinations of negative depletion for of a variety of cell types, and are listed in
Table 6.1. These markers include markers for cells from hematopoietic lineages
[22, 28, 40, 57–60], and ATI cells (T1a positive cells) [40] and a positive selection
for general epithelial markers such as EpCAM [22, 40, 57, 59–61] and E-cadherin
[28, 58] or a lysosomal marker such as the fluorescent dye LysoTracker [59],
labeling acidic organelles within live cells.

Overall, the different ATII cell isolation strategies result in some variability of cell
purity (between 80 and 99 %). The choice of the appropriate isolation method is
widely discussed in particular with respect to the utilization for the isolation of ATII
cells from different models of lung disease or the subsequent usage of cells for
different downstream applications (direct analysis versus culture for functional
assays). When choosing which methods to apply, several points need to be taken
under consideration. In general, the use of positive selection markers might result in
higher cell purity—and better characterized cell (sub)populations, however, changes
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in the expression pattern of single specific markers used for selection might be altered
in different disease models, which in turn changes the population analyzed.

Alveolar Epithelial Type II Cell Analysis

Obtaining insight into molecular mechanisms of alveolar epithelial injury and repair
is of prime interest to identified potential targets for therapeutic intervention needed
for the treatment of various lung diseases, including ARDS.

Alveolar Epithelial Type II Cell Culture

Analyzing freshly isolated ATII cells from rodent injury models or human diseased
tissue using microarray technology is a powerful tool to determine disease related
altered phenotypes in lung injury and repair [27, 40]. However, for functional
analysis, the culture of primary ATII cells is of utmost importance. Challenged by

Table 6.1 Markers for the depletion or enrichment of specific cell populations

Marker Targeted cell population Reference

Negative
selection
Depletion of
unwanted cell
populations

CD45 Differentiated hematopoietic cells, except
erythrocytes and platelets

[22, 27,
28, 38]

CD16/32 Macrophages, monocytes, B-cells, NK cells,
neutrophils, mast cells, dendritic cells

[38, 44,
46]

CD11c Macrophages, monocytes, NK cells, dendritic
cells, granulocytes, subsets of B- and T-cells

[51]

CD11b Macrophages, monocytes, NK cells, dendritic
cells, granulocytes, subsets of B- and T-cell

[51]

F4/80 Macrophages [51]

CD14 Macrophages, monocytes, dendritic cells,
granulocytes

[45, 60]

CD19 B-cells, follicular dendritic cells [51]

CD31 Endothelial cells [44]

T1a Alveolar epithelial type I cells [40]

Positive selection
Enrichment for
wanted cell
population

HTII-280 Alveolar epithelial type II cells [22, 36]

EpCAM Epithelial cells [22, 40,
59–61]

ECAD Epithelial cells [28]

SPC-GFP SPC expressing alveolar epithelial type II cells
and bronchiolar epithelial cells (lineage–
labeled)

[28, 52,
53, 56]

LysoTracker Lysosomal rich cells [59]
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the fact that ATII cells possess the intrinsic properties to differentiate into ATI cells
when placed into normal cell culture, a wide range of culture conditions and media
compositions for ATII cells are described. A careful selection of culture conditions
is crucial to obtain meaningful results. Depending on the applied assay, culture
vessels as well as the presence of specific media supplements might influence
experimental outcomes. Plating fresh ATII cells on plastic dishes induces the
gradual loss of ATII cell characteristic [62, 63]. Coating cell culture dishes with
extracellular matrix (ECM) components such as fibronectin, collagen or laminin or
a combination thereof, will lead to differences in the dynamics of
trans-differentiation processes. Additionally, culturing of ATII cells on trans-well
filter inserts has been described to result in stabilized monolayers of ATII cells and
allow cultures at the air liquid interphase [61]. Furthermore, the supplementation of
commonly used cell culture media (e.g., DMEM or DMEM/F12) with KGF [64–
67] and glucocorticoids in the combination with cAMP [68, 69] has been described
to promote ATII cell phenotype in culture.

Alveolar Epithelial Type II Cell Proliferation

Due to their role as progenitor cells, the proliferative capacity of ATII cells is a
critical feature in lung injury and repair processes within the lung. Thus, the
assessment of proliferative behavior of this cell population is one of the most
assessed cell characteristics. For the determination of in vitro proliferation capacity
several different methods can be applied. Determination of gene and protein
expression of genes related to cell cycle progression such as Ki67, Ccng1, and
Ccng2 [27], are widely used to compare proliferative capacities of injured versus
non-injured ATII cells and furthermore their response to different stimuli. The
analysis of protein expression of proliferation markers Ki67 [27, 70], PCNA [71,
72] and phosphorylated histone H3 [27, 73] in cells in vitro as well as in in vivo
models by immunofluorescence/immunohistochemistry represents a complemen-
tary approach. Direct functional assays for the detection of proliferating cells
include the use of metabolic activity assays such as the WST-1 assay [74, 75] where
a tetrazolium salt is converted in a colored formazan by endogenous dehydro-
genates displaying a proportional relationship to cell number. Furthermore, the
incorporation of bromodeoxyuridine (BrdU) [21] or [3H]thymidine [27] into the
DNA of proliferating cells represents the gold standard for determining prolifera-
tion. Usage of several of these techniques provided insight in the reprogrammed
phenotype and aberrant proliferative capacity of fibrotic ATII cells and the obser-
vation that targeting this phenotype attenuates pulmonary fibrosis in different
models [27, 70].
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Alveolar Epithelial Type II Cell Apoptosis

Besides changes in the proliferative behavior of injured ATII cells, the presence of
apoptosis is another important parameter when analyzing injury and repair pro-
cesses in the lung epithelium. The most commonly applied strategies are the
analysis of caspase activity [76, 77] and the caspase mediated cleavage of
endogenous substrates such as PARP [77], a crucial step in the apoptotic process.
Furthermore, early apoptotic changes such as the flip of phosphatidylserine from the
inside to the outside of the cell plasma membrane is used as a surrogate marker for
apoptosis and detected by Annexin V binding and further analysis by flow
cytometry [77]. TdT-mediated dUTP-biotin nick end labeling (TUNEL), a method
to detect DNA fragmentation occurring in apoptotic cells, can be used for in vitro
studies as well as for the detection of apoptotic cells in tissues of in vivo models of
lung injury [70, 78]. The use of TUNEL staining provided data on the presence of
increased numbers of apoptotic alveolar epithelial cells in fibrotic mouse models, as
well as IPF tissue [70, 78, 79].

Epithelial to Mesenchymal Transition (EMT) of ATII Cells

Besides the described imbalance of proliferation and apoptosis in models of
epithelial injury, the occurrence of EMT is widely discussed in the context of
attempted alveolar repair processes. In vitro studies of EMT of cultured epithelial
cells regularly use the cytokine TGF-b1 for EMT induction, which has been
demonstrated in several organs including the lung [80–82]. Monitoring of
decreased expression of epithelial marker genes such as E-Cadherin, cytokeratin
and TJ-proteins is performed for the characterization of epithelial integrity on gene
expression level as well as on protein level. Moreover, analysis should include the
expression of EMT transcription factors, such as Snail, Slug, Zeb, or Twist as well
as mesenchymal markers. Several mesenchymal markers, including aSMA,
Calponin, and ECM related proteins such as collagen1, fibronectin and vimentin are
used to describe the gain of mesenchymal cell characteristics [27, 80, 83, 84].
Importantly, co-expression of epithelial and mesenchymal markers by
immunofluorescence/immunohistochemistry staining should be analyzed and has
been demonstrated in human tissue of different lung diseases [28, 85, 86]. These
descriptive investigations should be further complemented with functional cell
assays, such as cell migration, which is a prominent feature of EMT.

For studying the in vivo relevance of findings generated by in vitro cultures,
lineage tracing animals can be used to determine the cell fate in the context of lung
injury. These studies utilize different transgene mouse strains, which express trace-
able markers under the control of the surfactant protein C promotor [19, 86, 87].
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Alveolar Epithelial Trans-Differentiation

ATII cells expressing surfactant proteins are able to self-renew and trans-differentiate
into ATI cells [20, 22, 88–90]. Depending on the type of injury applied, other
epithelial cell populations, negative for SPC, can contribute to the attenuation of lung
injury [58, 91]. Therefore, understanding how ATII cells differentiate into an ATI cell
phenotype is under intense investigation including respective gene expression sig-
natures as well as the morphological conversion from a cuboidal to a squamous cell
shape. Early studies described the trans-differentiation of ATII cells into ATI-like
cells in primary culture. These observations were based on the gradual loss of gene
and protein expression of surfactant proteins as well as the loss of lamellar bodies,
investigated by the use of electron microscopy [92]. Furthermore, the gain of features
of ATI cells such as a flattened cell morphology and the expression of ATI
cell-associated markers T1a (podoplanin) [93–96], aquaporin 5 (AQP5) [64, 97],
receptor for advanced glycosylation end products (RAGE), and caveolin [98–100]
were described. An overview of ATII and ATI cell specific markers is displayed in
Table 6.2. Applying freshly isolated ATII cells to standard cell culture conditions is
now widely used to mimic differentiation and repair mechanisms to investigate
molecular cues in response to lung injury. The model has been utilized to study ATII
cell trans-differentiation potential in various species including rat, mouse and human.
Monitoring of epithelial cell identity and trans-differentiation is mainly achieved by
gene and protein expression analysis of the respective markers in combination with
microscopic evaluation of cell morphology.

Utilizing the spontaneous trans-differentiation of primary ATII cells in culture
shed light into molecular programs that regulate this process and identified essential
developmental pathways, such as the Wnt/b-catenin pathway [47, 60, 96, 103, 104]
as well as TGF-b and BMP signaling [46, 105] to be involved.

However, it has to be taken into account that the model of ATII to ATI cell
trans-differentiation in vitro does not fully resemble the processes occurring in vivo,
as the specific trigger of injury has been shown to modulate a differential response
of ATII and other progenitor cell populations. Furthermore, data indicate that the
expression profile of freshly isolated ATI cells does not completely concur with the
profile of ATI-like cells derived from trans-differentiation models in vitro [106].

Table 6.2 ATII versus ATI
cell markers/characteristics
for the determination of
trans-differentiation

Marker/characteristics Reference

ATII cells SPC [30, 96]

ABCA3 [31]

LAMP3 [33]

ATI/AT1-like cells T1a [93–95]

AQP5 [64, 97]

HOPX [22, 101]

RAGE [96, 102]

Caveolin-1 [98–100]

76 K. Mutze and M. Königshoff



To overcome the limitations of 2D cell culture models for studying ATII to ATI
trans-differentiation and the regenerative potential of the ATII cell progenitor pool,
the establishment of new 3D culture methods has been expedited extensively [22,
107], comparably to strategies for the generation of 3D organoids from colon, small
intestine, and stomach [108]. For the purpose of mimicking the 3D microenvi-
ronment of the lung alveolus, primary ATII cells are seeded as a single cell sus-
pension in an ECM mixture which is secreted by Engelbreth-Holm-Swarm
(EHS) mouse sarcoma cells (Matrigel), [22, 109]. Studies utilizing the co-culture of
ATII cells with other cell populations such as fibroblasts or endothelial cells in
matrigel describe the formation of lung organoids which display cuboidal ATII
cells expressing SPC on the outer layer of the organoid. The organoid lumen,
however, is lined by thin, squamous epithelial cells expressing markers of differ-
entiated ATI cells such as AQP5 and T1a, indicating a self-renewal as well as a
trans-differentiation capacity of ATII cells in this setting, and therefore representing
an advanced model for studying mechanisms involved in this process in a more in
vivo-related fashion [22, 101].

Short Summary

Alveolar epithelial cells play a crucial role in lung injury and repair processes in
response to different stimuli and in the context of various lung diseases. A careful
characterization of specific disease related alveolar epithelial phenotypes using
comprehensive approaches and improved culturing methodologies will lead to
important insights into novel therapeutic strategies targeting lung injury and repair.
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Introduction

The lung is a complex organ that contains multiple cell types, including epithelial
cells, endothelial cells, lymphatic cells, fibroblasts, pericytes, macrophages, and
lymphocytes. In addition, we are recognizing that each of the cell populations are
quite heterogeneous and contain distinct subpopulations. Determining the contri-
bution of different cell types, and understanding expression profiles of discrete cell
populations is critical to advance our understanding of many lung processes,
including acute lung injury. The ability to measure multiple parameters of a single
cell by flow cytometry provides a powerful technique for understanding cellular
processes, and flow cytometry has become a valuable tool for studying cell biology
including pulmonary research [1]. Through such methods as enzymatic and
mechanical digestion of tissues, the increasing ability to measure greater numbers
of fluorescence parameters in a single experiment, and the increase in commercially
available fluorescently labeled antibodies and other fluorescent reagents have
allowed the flow cytometer to become a common technique in the study of cells
derived from solid organs [2–7]. Flow cytometry represents a potent technique
utilized by lung researchers to uncover important mechanisms which could improve
the understanding of pathology and disease processes in the lung. The purpose of
this chapter is to familiarize the reader to some of the basics of flow cytometry,
especially where this technology has been of particular benefit to the study of lung
injury and repair.

Covering all the fundamentals of flow cytometry is outside the scope of this
chapter, and there are excellent references and reviews which can introduce new
users of flow cytometry to the nuts and bolts of fluidics, optical systems, and
fluorescence along with providing detailed protocols for data acquisition and
analysis (Table 7.1) [1, 7–9]. Flow cytometry is a unique approach to cellular
investigation in that it can provide information on a single cell as part of a larger
population. Flow cytometry detects cell size and their components (surface or
intracellular) using fluorochromes attached to antibodies or chemical probes for
specific cellular targets. Fluorochromes are molecules which absorb light of one
wavelength and emit light at another wavelength. Over the last several decades
there has been an increase in the number and availability of fluorochromes for study
in flow cytometry. Newer fluorochromes (such as quantum dots) have very narrow
emission peaks allowing for more parameters to be studied in a single experiment.
Fluorochromes, when excited by a specific wavelength, will emit light which can
then be separated out from other fluorochromes through a system of filters and
mirrors before measurement by photomultiplier tubes (PMTs) or fiber array photo
diodes (FAPDs). Simultaneous measurements of numerous parameters on each cell
can be determined without the need for prior purification, which offers a method of
analysis where information on each cell in the total population is stored in a
database that can then be interrogated as part of specific population or
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Table 7.1 Resources for further study of flow cytometry methods and applications

General
Practical Flow Cytometry, 4th Edition. Howard M. Shapiro. Wiley-Liss (2003)

Flow Cytometry: A Practical Approach, 3rd Edition. M.G. Ormerod. Oxford University Press
(2000)

Cell Separation: Fundamentals, Analytical and Preparative Method. A. Kumar, I.Y. Galaev, and
B. Mattiasson. Springer 2007

Garn H. Specific aspects of flow cytometric analysis of cells from the lung. Exp Toxicol Pathol.
2006 Jun;57 Suppl 2:21–4

Hawley TS, Herbert DJ, Eaker SS, Hawley RG. Multiparameter flow cytometry of fluorescent
protein reporters. Methods Mol Biol. 2004;263:219–38

Preparing lung cells for flow cytometry
Martin J, White IN. Preparation of rat lung cells for flow cytometry. Methods Mol Biol.
1992;10:363–8

Gereke M, Autengruber A, Grobe L, Jeron A, Bruder D, Stegemann-Koniszewski S. Flow
cytometric isolation of primary murine type II alveolar epithelial cells for functional and
molecular studies. J Vis Exp. 2012 (70)

Jungblut M, Oeltze K, Zehnter I, Hasselmann D, Bosio A. Standardized preparation of single-
cell suspensions from mouse lung tissue using the gentleMACS Dissociator. J Vis Exp. 2009 (29)

Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel S, et al. Identification of
bronchioalveolar stem cells in normal lung and lung cancer. Cell. 2005 Jun 17;121(6):823–35

Sauer KA, Scholtes P, Karwot R, Finotto S. Isolation of CD4+ T cells from murine lungs: a
method to analyze ongoing immune responses in the lung. Nat Protoc. 2006;1(6):2870–5

Mouse myeloid immunophenotyping
Misharin et al. Flow Cytometric Analysis of Macrophages and Dendritic Cells Subsets in the
Mouse Lung. Am J Respir Cell Mol Biol. 2013 Oct;49(4):503–10

Zaynagetdinov et al. Identification of Myeloid Cell Subsets in Murine Lungs Using Flow
Cytometry. Am J Respir Cell Mol Biol. 2013 Aug;49(2): 180–9

Aggarwal et al. Diverse Macrophage Populations Mediate Acute Lung Inflammation and
Resolution. Am J Physiol Lung Cell Mol Physiol. 2014 Apr 15;306 (8):L709–25

Mouse epithelial immunophenotyping
Bantikassegn et al. Isolation of Epithelial, Endothelial, and Immune Cells from Lungs of
Transgenic Mice with Oncogene-Induced Lung Adenocarcinomas. Am J Respir Cell Mol Biol.
2015 Apr;52(4):409–17

Li et al. Diversity of Epithelial Stem Cell Types in Adult Lung. Stem Cells International. Volume
2015;728307

Mock et al. Foxp3 regulatory T cells promote lung epithelial proliferation. Mucosal Immunol.
2014 Nov;7(6):1440–51

Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG, Treutlein B, et al. Lineage-
negative progenitors mobilize to regenerate lung epithelium after major injury. Nature. 2015 Jan
29;517(7536):621–5

Barkauskas CE, Cronce MJ, Rackley CR et al. Type 2 alveolar cells are stem cells in adult lung.
JCI 2013;Jul 1: 123(7): 3025–3036
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group. Furthermore, a fundamental difference of flow cytometry compared to other
traditional quantitative approaches (i.e., immunoblot and ELISA) is that the cells
can be isolated (cell sorting) for further downstream applications based on
expression of molecules specific to a certain cell population of interest. The two
prerequisites required for each experiment are: (1) cells need to be in suspension
and (2) cells should have as little nonspecific fluorescence (autofluorescence) as
possible at emission wavelengths for the fluorochromes used in the experiment.
One of the major drawbacks of flow cytometry is that single cells suspensions are
required which necessitates disruption of the underlying tissue structure.

Obtaining Cell Suspensions

One of the most important considerations for flow cytometry of lung cells is how
best to obtain single-cell populations for analysis. There are an estimated 40 cell
types in the lung including mesenchymal lineages (vascular endothelial cells,

Table 7.1 (continued)

Human lung population identification
Fujino et al. A novel method for isolating individual cellular components from the adult human
distal lung. Am J Respir Cell Mol Biol. 2012 Apr;46(4):422–30

Umino T, Skold CM, Pirruccello SJ, Spurzem JR, Rennard SI. Two-color flow cytometric
analysis of pulmonary alveolar macrophages from smokers. Eur Respir J. 1999 Apr;13(4):894–9

Harbeck RJ. Immunophenotyping of bronchoalveolar lavage lymphocytes. Clin Diagn Lab
Immunol. 1998 May;5(3):271–7

Maus U, Rosseau S, Seeger W, Lohmeyer J. Separation of human alveolar macrophages by flow
cytometry. Am J Physiol. 1997 Mar;272(3 Pt 1):L566–71

Krombach F, Gerlach JT, Padovan C, Burges A, Behr J, Beinert T, et al. Characterization and
quantification of alveolar monocyte-like cells in human chronic inflammatory lung disease. Eur
Respir J. 1996 May;9(5):984–91

Whitehead BF, Stoehr C, Finkle C, Patterson G, Theodore J, Clayberger C, et al. Analysis of
bronchoalveolar lavage from human lung transplant recipients by flow cytometry. Respir Med.
1995 Jan;89(1):27–34

Publishing flow cytometry data
Lee et al. MIFlowCyt: The Minimum Information About a Flow Cytometry Experiment.
Cytometry Part A. 73A:926–30, 2008

Alvarez et al. Publishing flow cytometry data. Am J Physiol Lung Cell Mol Physiol 298: L127–
130, 2010

Parks et al. A new “Logicle” display method avoids deceptive effects of logarithmic scaling for
low signals and compensated data. Cytometry A 2006;69:542–51

Roederer et al. Guidelines for the presentation of flow cytometric data. Methods Cell Biol.
2004;75:241–56
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lymphatic cells, pericytes, and fibrocytes), hematopoietic lineages (dendritic cells,
lymphocytes, macrophages, and neutrophils) and epithelial lineages (neuroen-
docrine, basal, club, ciliated, goblet, type 1 and type 2 alveolar epithelial cells)
along with several putative progenitor cells recently discovered [2, 3, 10, 11]. This
diversity is further compounded by the multiple different compartments that make
up the lung such as the bronchoalveolar space, vasculature, lymphatics, interstitium,
and epithelium. These compartments can further be partitioned in respect to spatial
dimension (i.e., proximal vs. distal) [12].

Obtaining cells for flow cytometry from certain lung compartments is easier than
others. For example, cells from a bronchoalveolar lavage (BAL) consistent of
mainly myeloid cells already in single-cell suspension. Cells can be obtained from
this compartment by inserting a cannula via the airways and instilling a solution
such as saline into the airspace and aspirating back to lavage the lung and obtain the
cells located at the alveolar space. This compartment has been the most extensively
studied compartment in both animal models of acute lung injury and human flow
cytometry experiments due to the availability of obtaining cells for analysis [12].

Other areas in the lung such as the interstitium, vasculature, and epithelium must
first be either enzymatically digested or mechanically dissociated to obtain cells in
suspension [12–15]. In some instances either method may have similar yield of cell
types [16]; however, with enzymatic digestion the protease(s) used may cleave
proteins of interest affecting identification and analysis [12, 13, 17]. This is an
important aspect that should be considered when initiating a flow cytometry study
and should be evaluated for each molecule of interest. For example, enzymatic
digestion with one protease such as Dispase could disrupt antibody specific
recognition of a particular surface receptor compared to another protease such as
collagenase (Fig. 7.1). Table 7.1 provides a list of references describing the
numerous methodologies for isolating and identifying specific populations from the
lung and its different compartments before, during, and after injury.

Fig. 7.1 Example histogram
plot comparing epitope
recognition of a surface cell
receptor from lungs which
have been digested with either
collagenase (red) or dispase
(blue)
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Fluorescence Acquisition

Signal intensity is directly related to the voltage applied to the PMT detector. For
most applications the voltage is set to place the nonfluorescent cells (negative
population) within the lower part of the measured scale. The intensities measured
by the PMT are recorded and can be displayed in either a linear or logarithmic
scale. The linear scale is generally used for depicting forward scatter (FSC, i.e.,
size), side scatter (SSC, i.e., granularity) or DNA content. A logarithmic scale is
utilized for fluorescent marker applications given the wider order of magnitude with
fluorescent signals [18].

There are several ways to present flow cytometric data. One of the more com-
mon methods is by displaying data for one parameter as a histogram in respect to
measured fluorescence intensity (Fig. 7.2a). This graph displays the intensity of a
signal (fluorescence) on the x-axis with the number of events (cells or count) on the
y-axis, and can be used to obtain quantitative data about a specific marker. Two or
more populations from different groups can be displayed by superimposing indi-
vidual histograms assigned as different colors (Fig. 7.2a; red—whole lung single
cell suspension versus blue—trachea single cell suspension only).

A second common method is by a dot plot to display information for two
parameters. This type of presentation graphs the two parameters for each single cell
and displays the data as a single dot (Fig. 7.2b; fluorescence intensity vs. SSC).
Two parameter acquisition is often used to identify and measure subpopulations

Fig. 7.2 a Example analysis comparing two different population samples (whole lung—red;
trachea only—blue) in a one parameter histogram plot comparing APC-Cy7 fluorescence signal
intensity (x-axis) of an epithelial cell marker, CD326 (EpCAM). The number of events or counts
(i.e. cells) are represented on the y-axis. b Example analysis of a two parameter acquisition with a
dot pot graph displaying information for two parameters with the same two single cell suspensions
comparing CD326 APC-Cy7 fluorescence intensity (x-axis) to side scatter (granularity)
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from a larger population in the single-cell suspensions. These subgroups are often
further evaluated in histogram plots for analyses. The FSC versus SSC dot plot is
frequently the starting point for most flow cytometric data analysis. The FSC versus
SSC dot plot can provide morphological data for cell samples and identify sub-
populations such as lymphocytes, neutrophils, and macrophages such as in a mouse
bronchoalveolar lavage sample (Fig. 7.3).

Areas of signal intensity can be identified and subdivided by selecting specific
areas on the data plot (region gating) either in one parameter histograms or two
parameter dot plots. The other setting to provide information on subpopulations is
gating. A gate is assigned by the computer after a region is marked. A region can
only include one or two parameters; however, a gate can encompass numerous
regions, and can be used to select for a smaller specific population or subset within
the sample passed through the cytometer.

Doublet Exclusion

One important step in data acquisition is to discriminate against events where two
or more cells have been interrogated by the cytometer and measured as a single
event. This can lead to misleading data. Evaluation for cell doublets (two cells
attached to one another) is performed by measuring the cell’s area versus either the
cell’s peak width or height and plotting both parameters against one another. This
gating strategy allows for identification of a single spherical cellular subpopulation,

Fig. 7.3 Representative dot plot of cells from a mouse bronchoalveolar lavage in a two parameter
acquisition (FSC vs. SSC). Based on comparing these two parameters, morphological differences
in specific cell types can be seen. Color coded for macrophages (pink; CD11c), neutrophils (green;
Ly6G) and lymphocytes (red; CD3)
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allowing for only apportioning just the single cells population to be further ana-
lyzed. An example of doublet exclusion is provided in Fig. 7.4 with the gating
strategy demonstrated for identification of single cells by measuring FSC area vs.
FSC height to discriminate against events where two or more cells have been
interrogated by the cytometer simultaneously.

Compensation

Most fluorochromes after excitation can emit light over a range of wavelengths, and
this spread can lead to signal overlap in data analysis when more than one fluor-
ochrome is used. A flow cytometer can select out specific wavelengths before
analysis by the PMT by passing the light emitted by the fluorochrome through a
bandpass filter covering a specific wavelength range; however, even with these
filters in place the PMT may register the overlap of undesired emission spectra from
other fluorochromes. This overlap can result in the data being susceptible to
incorrect assumptions [19]. Therefore, when more than one fluorochrome is used it
is important to take into account the potential overlap of all the fluorochromes’
emission spectra into the desired fluorochrome’s spectra that will be measured by
the PMT. Correcting or subtracting out this overlap between emission spectra must
be performed for each experiment. One method is by performing single fluor-
ochrome (color) staining of cells or synthetic beads and measuring overlap or
spillover into the other PMT channels being used in the experiment. Using beads
which can bind antibodies instead of cells is another method for compensation
analysis and can avoid issues surrounding potentially low marker-density on a
single-stained generic cell. A compensation sample will be needed for each fluor-
ochrome used in an experiment (i.e., seven fluorochromes used necessitates seven
individual tubes containing only one of the seven fluorochromes). Therefore one

Fig. 7.4 a Representative dot plot of cells from mouse splenocytes in a two parameter acquisition
(FSC vs. SSC). b Example gating strategy for determination of single cells identification by
doublet exclusion by measuring FSC area vs. FSC height to discriminate against events where two
or more cells have been interrogated by the cytometer simultaneously. c Dot plot of quadrangle
from panel B in two parameter acquisition (FSC vs. SSC) identifying single cells
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fluorochrome’s (single-stained positive control) emission spectra can then be
recorded by all the detectors in use for the experiment (primary detector and then
the other peripheral detectors). Subtracting out the percentages of signal registered
in the primary detector from the signal in the peripheral detector is termed com-
pensation. Importantly, compensation values depend on the PMT voltages values
for an experiment, which are set by the user, and any changes in voltages will
negate current compensation settings and require them to be determined again.
Most compensation algorithms also compare positive singly stained samples with a
universal unstained negative cell population. This unstained sample may also assist
when cells have background fluorescence (autofluorescence) and this can be
identified and compensated for also by measuring fluorescence values of unlabeled
(unstained) cells through the flow cytometry as a negative control.

Autofluorescence

Alveolar macrophages are the most numerous cells in BAL fluid of uninjured
animals and humans. One characteristic relevant to flow cytometry of lung injury
and repair is that this cell population can have a high level of autofluorescence
(AF) [12]. AF is defined as natural emission of light from absorbed light by bio-
logical structures. Common AF molecules include: NADPH, flavin, collagen,
lipofuscin, and metallo-proteins [12]. While AF can help identify a population,
more often AF can complicate flow analysis. AF of alveolar macrophages occurs at
an excitation wavelength of 488 nm which is a standard laser in cytometers, and
can obfuscate signals from fluorescence dyes such as fluorescein isothiocyanate
(FITC) or phycoerythrin (PE). Smoking can increase AF in alveolar macrophages
[20]. AF of alveolar macrophages is lower at higher wavelengths used in flow
cytometry, and fluorochromes such as allophycocyanin (APC) that are excited and
emit light at higher wavelengths can assist in overcoming the complication of AF
[12, 21]. Other methods include the use of tandem dyes or the use of quenching
dyes (crystal violet or trypan blue) to reduce AF; however, the later requires the
cells to be fixed and permeabilized before their application [12, 22, 23].

Fc Receptor Blockade

Some cells types express Fc receptors (CD16, CD32, CD64) such as macrophages
and monocytes. Fluorochrome-conjugated antibodies can bind to both the specific
antigen epitope and nonspecifically to Fc receptors. Blocking Fc receptors with an
antibody specific for Fc receptors before application of the fluorochrome-conjugated
antibodies can help negate this effect and increase antibody specificity. Fc receptor
blockade is most useful when determining signal backgrounds with isotype
fluorochrome-conjugated antibody controls so as to block nonspecific binding of the
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isotype antibody to a cell’s Fc receptors [8]. Without blocking this potential inter-
action there can be a falsely high estimation of background fluorescence to fluor-
ochrome fluorescence signal. This application step is also useful if cells are prepared
in protein-free buffers.

Building a Multicolor Flow Cytometry Panel

The expansion of novel fluorochromes makes building a multicolor flow cytometry
panel challenging. Adequate panel design and antibody and instrument optimiza-
tion are critical to obtain quality results. There are several principles to consider and
include familiarizing with your instruments (e.g., lasers, PMT/filters, etc); using
fluorochromes based on their relative brightness (e.g., choosing brighter dyes for
lower abundant cell markers), minimizing spillovers and using appropriate bio-
logical and staining controls.

Given the potential for nonspecific staining when using multicolor flow
cytometry, particularly for low abundant markers, the inclusion of Fluorescent
minus One (FMO) should be considered. It represents a sample that contains all the
fluorochromes in the panel except the one you are trying to measure (e.g., if a panel
contains W, X, Y, and Z; the FMO for Z will only contain W, X, and Y). It is used
to appropriately identify and gate cells for that specific marker measured.

Data Analysis

Flow cytometric data can be reported as cell-population data such as size and
percentage (i.e., dot plot parameters) or may be quantitative based on fluorescent
signal analysis (i.e., histograms of a fluorescent signal parameter). Estimating
population size and determining the percentage of a population compared to the
total cell population are common uses of flow cytometry. Of note, determining
absolute numbers of cells is not a design of flow cytometry; however, there are
methods to do so such as including fluorescent beads in the sample [24]. The
histogram analysis can provide information on the percentage of a population in the
region of interest along with quantitative data for the fluorescence emitted in the
form of arithmetic or geometric means along with median values. Quantifying the
fluorescence signal for a fluorochrome is proportional to the amount of fluor-
ochrome bound to the cell; however, this measurement is dependent on the voltage
setting which can be changed in each experiment. Choosing between arithmetic
mean, geometric mean, or median values depends on the type of analysis [18, 25].
For log-amplified data using the geometric mean is more common, as it accounts
for data distribution while arithmetic mean is used for data displayed on a linear
scale. The median value of a population is often used, as the median is less
influenced by skewed populations or outliers.
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The flow cytometry standard (FCS) file format is the common file storage
method implemented by most flow cytometer manufacturers and software appli-
cations [9]. This standardized format allows users to read files and examine data
across many different cytometry and data analysis programs. The current file for-
mat, FSC 3.0, allows for handling files larger than 100 MB [9].

Cell Sorting

An important application of flow cytometry is the ability to sort highly purified cell
populations from a heterogeneous mixture of cells for further downstream analyses.
Typically, after a cell is interrogated by the cytometry lasers in the single-cell
stream, it is collected in a waste container. In sorting, the cells or particles are
identified and populations of interest are gated from identified regions, which can
then be used to separate out (i.e., sort) cells from the fluid stream into collection
tubes. An important consideration in sorting includes obtaining viable cells of
interest after sorting and is best performed by keeping cells cooled to 4 °C. Another
consideration is that sorting may damage the integrity of the cell membrane.
Importantly, when sorting unfixed cells from potential biohazard samples precau-
tions should be taken for safety from infectious materials. Sorters can produce
aerosols, and it is recommended that instrument design, lab safety, and operator
training be optimized. Many institutions, where sorting of potentially biohazardous
material is done now carry out sorting in biosafety cabinets and negative pressure
facilities. One important caveat is that when rare events or isolation of large pop-
ulations are required it is often best to take advantage of bulk separation methods
such as centrifugal separation or magnetic bead sorting to first enrich samples for
the desired populations prior to cell sorting [26].

Transgenic Mice

The use of lung cell-specific transgenic mouse lines has facilitated progress in
understanding processes in injury and repair [27, 28]. Numerous transgenic mouse
strains have been constructed with lung-specific promoters such as SFTPC for AT2
cells, Aqp5 for AT1 cells, Scgb1a1 (also known as CCSP or CC10) for club cells,
Foxj1 for ciliated cells, and Krt5 for basal cells [27]. Expression of GFP or other
fluorescent reporters in these transgenic strains is a robust method for identification
of populations and allowed for lineage tracing and downstream applications for
‘omics’ experiments. Sorting of cell populations from knockout or transgenic mice
allows for the study of cell-specific roles of selected molecules [11, 29–31].
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Applications in Lung Injury and Repair

Lung inflammation and the mechanisms involved in resolution after injury are
important aspects to understanding disease processes in the lung. These processes
involve interactions between different cell types during injury and repair. Flow
cytometric methodologies permit the focused study of specific cell types throughout
the course of injury and can assist in determining their specific roles as mediators of
inflammation and repair. By uncovering the important cell-specific determinants of
lung injury, researchers in the field will improve the understanding of lung disease
pathophysiology and may allow for therapies to be discovered. An understanding of
the fundamentals of flow cytometry above along with important particular
lung-specific properties and techniques will equip investigators to efficiently utilize
this technique and report flow cytometry data effectively [12].

Flow cytometric applications include: analysis of cell surface molecules to
identify specific populations of cells in the lung (immunophenotyping), DNA
proliferation and cell cycle analysis, cell viability, rates of cell death including
differentiation between necrosis and apoptosis, protein expression, and protein
phosphorylation status (Table 7.2) [12]. In lung injury and repair the most common
use of flow cytometry is studying the immune system, both innate and adaptive, in
regards to lung inflammation and repair [12].

Table 7.2 Flow cytometric
applications

Cell surface
Phenotypic characterizations of surface proteins and their
quantification

Immunophenotyping

Stem cell identification

Cell Sorting

Cell actions
Apoptosis and necrosis

Protein expression

Phagocytosis

Immune response

Cellular ion movement

Protein-protein interactions

Phosphorylation and kinase activity

Gene transcription

Cell kinetics
Cell proliferation

Cell cycle analysis

DNA content
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Immunophenotyping

Identifying particular cell populations through detection of specific antigens (usu-
ally cell membrane proteins) from heterogeneous populations is termed
immunophenotyping. Multicolor flow cytometry can be utilized to immunophe-
notype specific subpopulations in the lung using antibodies to identify specific
antigens. Many of these antigens or markers are part of the cluster of differentiation
(CD) system used to classify cell surface molecules [32]. Some of the more
common surface markers can delineate endothelial (CD31), epithelial (CD326), and
hematopoietic (CD45) lineages and have been reported throughout the lung injury
literature [2, 3, 31, 33–36]. Further delineation of these subsets is possible, and
detailed identification of specific populations is an active area of research in lung
injury and repair [3, 34–36].

For example, identification of the myeloid cell populations in the lung is a
common application of flow cytometry in the study of lung injury, and recently
several papers have illustrated systematic approaches for identification of specific
immune cell populations in the mouse lung during the course of injury and reso-
lution (Table 7.1) [35–37]. These arrangements of antibodies and gating schemes
used to identify specific populations of immune cells provide a useful tool to study
the role of resident and recruited immune cell subsets in models of acute lung injury
and inflammation. As more cell-specific markers are identified and populations
confirmed by complementary methods, we should have improved insight into
pulmonary immune responses.

Determining the role of epithelial populations in lung repair is another area of
study, and immunophenotyping the epithelial populations involved by flow
cytometry provides a methodology to better understand the role of the epithelial
populations in lung repair [2–6, 33, 38]. The mechanisms underlying the reparative
effects on lung epithelium regeneration are complex and involve progenitor pop-
ulations, signaling pathways, and interaction with the extracellular matrix and
immune cells [39]. The pan-epithelial markers CD326 and E-cadherin have been
useful in identifying epithelial populations [40–42]. Numerous groups have used
MHC class II molecules to identify type 2 alveolar epithelial cells (AT2) cells
which have been previously described to be constitutively expressed on AT2 cells
[33, 43–46]. As more cell-specific markers for epithelial populations are identified
further delineation might be made available.

Epithelial progenitor populations have been identified through study of lung
injury and reparative models with the aid of flow cytometry [2, 5, 11, 47–52].
Currently, there is intense interest in the role of progenitor populations in lung
regeneration. The paradigm for repair of the alveolar epithelium after injury has
been that type 1 alveolar epithelial cells (AT1) are susceptible to damage and more
damage-resistant AT2 cells migrate to sites of injury and undergo hyperplasia and
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proliferation [51]. AT2 cells can then undergo differentiation to AT1 cells to reform
an intact functional alveolar epithelial barrier [53, 54]. Several studies have ques-
tioned the AT2 progenitor paradigm as the sole progenitor of the alveolar epithe-
lium and have established that several epithelial progenitor populations may also
play a role in restoring an intact lung epithelium after injury [2, 5, 11, 31, 47–52].
Supporting the idea that other epithelial cell types are significant in repair, a study
demonstrated through construction of an inducible surfactant protein C (SP-C) Cre
reporter mouse that a subset of alveolar cells not expressing SP-C appeared to be
important in repair after bleomycin injury [11]. Flow cytometric applications
coupled with in vivo genetic lineage tracing studies will be helpful in determining
the exact roles these progenitor populations play in repair [11, 31, 55]. The pro-
genitor populations described have been characterized in mice and further work is
required to determine if they are present and significant in human lung repair. Flow
cytometry will likely be an important technique to confirm their presence and
function in human lungs.

Cell Proliferation Methods

DNA analysis after immunophenotyping is a common flow cytometry application
[8]. DNA content in the cell can be measured with fluorescent dyes that bind to
DNA and the laser available on the cytometer can determine which dyes are suit-
able for use. One widely used dye is propidium iodide (PI); however, this dye is not
DNA specific and can bind double-stranded RNA [8]. DAPI is another dye that
works off of an ultraviolet or violet laser, but DAPI use requires that cells undergo
permeabilization first. Hoechst 33342 is a dye that permits DNA content determi-
nation in viable cells without permeabilization. For optimal measurements with
these dyes, preliminary experiments often need to be performed to determine the
concentration and incubation times for optimal staining intensity [8]. Another
method to determine proliferating cells is through intracellular staining for nuclear
proteins associated with cellular proliferation such as ki-67, which is expressed in
G1, S, G2 and M phases [56]. Another method is the dye dilution method where a
dye is attached to a cell and as the cell divides the label is distributed between
daughter cells and thus the fluorescence decreases. The number of cell divisions can
be determined by following the dilution of the fluorescent label as the cells divide.
Several compounds have been used for this application and include car-
boxyfluorescein diacetate, scuccinimidyl ester (CFSE), and PHK26 [8].

Investigators can determine changes in proliferation within different cell popu-
lations using these schemes. There are many other methods available and the
resources listed in Table 7.1 provide further information on flow cytometry cell
proliferation and cell cycle applications.
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Cell Viability Analysis

There are various flow cytometric applications to identify and quantify viable cells
in a sample. Determination can be important for a particular experiment, and also
may be necessary to exclude dead cells from further downstream analysis. Dead
cells can generate artifacts through nonspecific binding of antibodies or fluores-
cence probes. One method is dye exclusion such as with propidium iodide (PI),
which binds to double-stranded DNA but is membrane-impermeable [8]. Another
methodology relies on interaction of a fluorescent dye with specific molecules
(amines) which will bind in low amounts to the surface of live cells but can
penetrate the membrane in dead cells allowing for higher binding and an increase in
fluorescent intensity [8]. Identifying cell viability and the protocols for doing so
should be performed before fixation.

Cell Death

Annexin V binding is a common technique to detect cells undergoing apoptosis by
flow cytometry. Annexin V binds phosphatidylserine, which under normal cell
conditions resides on the inner plasma membrane but is externalized to the outer
plasma membrane on apoptotic cells [57]. Proteins involved in apoptosis can be
measured by flow cytometry if antibodies are available. Caspases are one family of
apoptosis cascade proteins and their activity can be assessed using fluorescent
substrates. Other methods are also available and include changes in mitochondrial
membrane potential, DNA degradation, and the TUNEL assay that can all be
utilized to study cell death by flow cytometry [8]. The resources listed in Table 7.1
provide further information on applications determining rates of cell death with
flow cytometry such as applying these techniques to quantitating neutrophil
apoptosis or efferocytosis.

Intracellular Staining Techniques

For identification and measurement of intracellular proteins, cells must first be fixed
to ensure stability of antigens of interest. The next step requires that the cells
undergo permeabilization prior to staining with the antibody-fluorochrome
reagents. Importantly, antibody dilutions should be prepared in the permeabiliza-
tion buffer to ensure the cells remain permeable. There are numerous procedures for
staining intracellular antigens and the fixative and permeabilization steps often need
to be optimized for each antigen as some fixatives and/or fixation time can
adversely affect antigen recognition or fluorochromes (particularly conjugates like
APC-Cy7 and fluorescent proteins like GFP) [8, 58].
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For measurement of secreted proteins, compounds which inhibit protein secre-
tion are used such as Brefeldin A [59, 60]. Brefeldin A is a fungal product that
inhibits protein transport from the endoplasmic reticulum to the Golgi apparatus.
Adding Brefeldin A to cultured cells a few hours before staining prevents proteins
being released from the cell and enhances the resulting fluorescent signal.
Additionally other compounds which stimulate secretory protein production such as
ionomycin or phorbol myristate acetate (PMA) can be used to enhance signal and
measure protein products from cells.

Measuring phosphorylation events by flow cytometry can provide insight into
kinase signaling pathways, and flow cytometry can allow for multiple signals to be
analyzed simultaneously [58]. Methods for optimal fixation and permeabilization
have been studied and correlate with other methods such as immunoblotting.
Similar to staining for intracellular antigens, the fixative and permeabilization steps
often need to be optimized for each phosphoprotein of interest [58].

Human Flow Cytometry

BAL fluid and peripheral blood are the most commonly analyzed compartments in
flow cytometry studies of human lung disease. Lung cancer samples post-surgery
have also been used to study cancer cells but have also been a resource for eval-
uation of cellular components of the distal lung [3]. For the last several decades,
analysis and immunophenotyping of cells from the BAL fluid from different patient
populations have been performed (Table 7.1) [3, 20, 61–64]. As a better under-
standing of the inflammatory process and cellular determinants of resolution in
mouse models of acute lung injury and repair are discovered, information obtained
from animal models can be translated and expanded to human disease processes.
Biohazard considerations should be employed when working with human samples.
When sorting unfixed cells from potential biohazard samples precautions should be
taken for safety from infectious materials, as sorters can produce infectious aero-
sols. It is recommended that instrument design, lab safety, and operator training be
optimized. The resources listed in Table 7.1 provide further information on appli-
cations for analysis of BAL fluid samples along with methods for isolating indi-
vidual cellular components form the adult distal lung.

Publishing Flow Data

As with most technologies, multiple methodologies exist for presenting data. In
flow cytometry, these varying methods can result in questions regarding repro-
ducibility which is further compounded by the lack of standardized methods for
data presentation and publication [25]. This has further been complicated by the
ability to analyze up to 20 different parameters for a single cell: multicolor flow

100 J.R. Mock et al.



analysis [65]. There are many references discussing guidelines for publishing flow
cytometric data [25, 66, 67], and many journals have specific guidelines describing
the requirements for flow cytometry data publication. Effectively reporting data
allows for optimal interpretation and reproducibility, which is paramount in pub-
lishing flow cytometry results.

Several main points should be reported for flow cytometric data and analyses.
First, a detailed description of both the experimental design and the preparation of
single cell suspensions are important to help to ensure reproducibility. Authors
should include detailed methods reporting: (1) enzymatic digestion or mechanical
dissociation for obtaining single cells from tissue, (2) lysis of red blood cells,
(3) cell filtration, (4) cell fixation and permeabilization, and (5) descriptions of the
number or independent experiments along with number of samples in each
experiment. Incorporating this information into a publication will provide a reader
with the necessary methods to understand and potentially reproduce the data.
Including the reagents used such as the antibodies, their conjugated fluorochromes,
and information on vendor and catalog number are necessary. The manufacture and
model of the flow cytometer used for the acquisition of data along with the laser
configuration and filters used are notable [25]. The software program used during
instrument acquisition along with the software used for analysis should be reported
along with methods for fluorescence compensation.

For data analysis and presentation, the gating schemes used to define these
populations should be outlined and include light scatter, live–dead discrimination,
single cell (doublet exclusion), and fluorescent detecting gates. For fluorescent
gates, information should be reported as to how comparisons made with the use of
controls such as unstained controls, isotype controls, fluorescence-minus-one
controls, or biologic controls [25].

Authors should report the statistical analysis used to determine significance and
whether the analysis represents either percentage of cells for a specific gate or if
fluorescence intensity was utilized [25]. Importantly if fluorescence intensity is
utilized for data analysis, then reporting the method of instrument calibration to
adjust or detect any changes and exclude potential changes in laser intensity over
time between experiments should be included [25].

When presenting flow cytometric data in manuscripts, it is important to include
actual cytometric data plots (versus bar graphs or tables) to accurately display the
data and provide the information necessary for adequate interpretation [25]. This
should be reported either within the manuscript figures or within supplemental data.
The following references provided in Table 7.1 provide suggestions on how to
display and report flow cytometry data. Overall, providing clear, detailed experi-
mental setup along with information on instrument acquisition and data analysis is
central to publishing cytometry data. While not required currently, one wonders if
journals will turn to similar methods of data reporting and inclusion as has been
done with other large scale data such as microarray and genome-wide sequencing
data. In the future, journals could require authors to include raw FCS files with their
supplemental data—providing such data may allow for better transparency of flow
cytometry analysis and its interpretation.
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Conclusion

Flow cytometry provides a powerful technique for understanding cellular processes
in the lung and has become a popular methodology to interrogate processes
important in injury and repair. Flow cytometric methods for identification of
specific populations often build on the previous literature and reporting data
effectively to provide for clarity and reproducibility is paramount. As more ways to
identify and classify cells by cytometry are published, further delineation will be
available in this rapidly progressing field. The provided resources can provide
further information and one of the better approaches is to identify similar
methodologies in the literature in areas of related research to best determine and
optimize the protocols for your experimental analyses (Table 7.1). Also, flow
cytometry core facilities and core facility operators can provide expertise regarding
flow applications and methodologies. Becoming familiar with the essentials of flow
cytometry and the methods and applications relevant to the study of lung injury and
repair will help investigators better understand the literature and this method’s
potential for lung biology discovery.

We wish you success in your flow endeavors!

– Jason Mock, Benjamin Singer, and Franco D’Alessio.
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Chapter 8
Lung Imaging in Animal Models

Emma Lefrançais, Beñat Mallavia and Mark R. Looney

Introduction

Animal models of lung injury and repair are designed to study inflammatory cell
migration, cell signaling, and disruptions of the alveolar-capillary barrier. In vitro
and ex vivo experiments, described in other chapters, have led to significant
advances, but may involve the isolation and manipulation of cells that can affect
their function. Cultured lung cells undergo phenotypic transformation, and terminal
assays like histologic preparations, bronchoalveolar lavage, or cell sorting methods
only provide a single snapshot in the evolution of the injury model. Even if the
assays are useful in understanding what cells are present in the tissue and to
quantify different parameters of lung injury, some important features like spatial
and dynamic interactions can only be understood from live imaging. Lung imaging
integrates the four dimensions of the tissue, one of time and three of space. Indeed,
time is necessary to determine which physiologic processes are in progress or to
estimate their rate. Lung imaging enables monitoring of the lung in its native setting
and in real-time throughout the course of disease.

Lung Imaging Background

Lung Imaging Challenges and Peculiarities

Tissue microscopy has gained increased attention since the important advances in
optical imaging technology. However, these methods were first applied to more
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accessible tissues, like the skin, cremaster muscle, or lymph nodes. The lung is
probably one of the most difficult organs to observe under physiologic conditions as
immobilization and exposure to the atmosphere interfere with its normal function.
Indeed, imaging lung in vivo must overcome major obstacles. First, access to the
organ requires opening of the chest wall, which leads to lung deflation without the
intervention of positive pressure ventilation. Second, the motion due to both res-
piration and cardiac contractions further complicate the goal of a stable lung
preparation. Next, the air-filled alveolar spaces pose an optical challenge, since air
has a different refractive index than tissue. Lastly, the lung has a unique and delicate
structure highly susceptible to mechanical and pro-inflammatory stress. These
obstacles have been surmounted by different means including microscopic
advancements, novel lung stabilization methods or the improvement of noninvasive
imaging techniques. The lung is not only distinctive in its difficulty to image but
also in its physiology. Indeed, the lung is the largest epithelial surface of the body in
contact with the environment, the alveolar surface of the human lung being the size
of a tennis court. Made for gas exchange, this area is also the site where potential
pathogens meet one of the first lines of defense. Pulmonary circulation is peculiar as
well, made of numerous interconnected capillary segments. These capillaries are
particularly small, varying from 2 to 15 mm in diameter, which make the circu-
lation of larger blood cells potentially difficult. Leukocyte sequestration and emi-
gration mechanisms are consequently different from the systemic circulation. All
these factors make lung imaging challenging and yet very promising to acquire
unique knowledge.

History of Lung Imaging

The first microscopic observation of the lung was made in 1661 in Italy by Marcello
Malpighi [1]. He was one of the first scientists to use the recently invented com-
pound microscope, with an objective and an eyepiece lens. After failures using
mammalian models, he used the frog and was the first person to observe and
describe the lung capillaries and alveoli. His description completely changed per-
ceptions of the structure of the lung that was thought to be similar to kidney or liver.
He introduced for the first time the notion of vessels attached to an infinite number
of air cavities. Two hundred fifty years later, Hall presented in 1925 a method for
intravital microscopy of the lung in cats and rabbits [2]. To minimize respiratory
movement he exteriorized a lobe out of the chest and fixed it with small clamps.
However, exteriorization and fixation significantly alters the physiology of the lung
and its circulation. To facilitate visual access to the lung in vivo, scientists then
developed a series of increasingly refined thoracic window preparations. The first
window was developed in the cat by Wearn et al. [3]. A window was excised in the
thorax and the lung was transilluminated by creating a second window in the
diaphragm through which the light beam of an arc lamp was passed. Curare was
used to abolish respiratory movement and ventilation was maintained compressing
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the chest at short intervals. In 1939, Terry et al. [4, 5] constructed a thoracic
window consisting of a metal cylinder mounted with a cover glass. Using cats, he
inserted it in between two ribs and attached the microscope to the thoracic wall to
follow respiration movement. To remove the air that entered the pleural cavity
during surgery, he used an exhaust tube, allowing the lung to adhere to the cover
glass. This window preparation permitted the observation of lung under closed
thoracic conditions. Later, 1963, De Alva and Rainer [6] and Krahl [7] installed an
intercostal window prosthesis in rabbit and dog that allowed observation of spon-
taneously breathing animals for several months. Mechanical ventilation was used
during and after the surgery until spontaneous breathing was reestablished,
removing air with a syringe. To manage the respiration movement, the microscope
was focused at end-expiration or peak inspiration, which provided enough stabi-
lization to acquire images. The thoracic window was improved by Wagner et al. [8]
in dogs with a more elaborate suction system that was used to arrest cardiorespi-
ratory movements allowing stable imaging of the live lung. The dogs were venti-
lated during the observation period.

Fluorescence-Based Imaging Techniques

Since the invention of the two lens microscope in the beginning of the seventieth
century, advances in microscope technology have been considerable, improving
image resolution, depth of imaging and sensitivity. Fluorescence microscopy is the
technique that provides the highest spatial resolution among the available imaging
techniques. We will describe briefly the microscopic techniques that enable live
imaging and that can be used for lung imaging.

Microscopy Techniques Currently Used for Fluorescence
Imaging

Imaging of a live tissue demands sufficient excitation energy to access to deep
tissue layers but without creating photo damage. From conventional wide-field
microscopy, to confocal and two-photon microscopy, the development of novel
microscopy techniques has attempted to improve resolution (how much detail a user
can observe, defined as the shortest distance between two points that a user can still
see as separate images) and sensitivity (the ratio between signal to noise).

• Wide-field microscopy

In wide-field microscopy, the entire sample is excited with a specific band of
wavelengths that matches the excitation of the fluorophore. The emitted signal is
separated from the excitation light by specific filters. In this technique, fluorophore
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excitation is not restricted to the plane of focus, which causes image blur. It is
therefore problematic to image structures deep below the surface or if stained
structures are stacked on top of each other.

• Confocal microscopy

In confocal microscopy, the sample is excited by a laser which is focused to a single
spot. Then, only the emitted signal from the focal plane is detected due to passage
through a pinhole (Fig. 8.1a). Elimination of out of focus background leads to
excellent spatial resolution and enables acquisition of images from within thick
samples. Three-dimensional reconstructions can be produced when different illu-
minated planes are combined. However, during live imaging, a major drawback of
confocal microscopy is that a large proportion of emitted light is discarded, blocked

Fig. 8.1 Fluorescence microscopy imaging techniques used for intravital microscopy. a Confocal
microscopy. (Top) In confocal microscopy, excitation and emission occur in a relative large
volume around the focal plane (yellow triangles). The off-focus emissions are eliminated through a
pinhole. (Bottom) In 1P microscopy, a fluorophore absorbs a single photon with a wavelength in
the UV–visible range of the spectrum (purple arrow). After a vibrational relaxation (black arrow),
a photon with a slightly shorter wavelength is emitted (blue arrow). Confocal microscopy enables
imaging at a maximal depth to 80–100 µm. b Two-photon microscopy. (Top) Emission and
excitation occur only at the focal plane in a restricted volume (yellow spot), and for this reason a
pinhole is not required. (Bottom) In this process a fluorophore absorbs almost simultaneously two
photons that have half of the energy (twice the wavelength) (red arrow) required for its excitation
with a single photon. Two-photon excitations typically require IR light (from 700 to 1500 nm).
Two-photon microscopy enables imaging at a maximal depth of 300–500 µm
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by the pinhole. To establish sufficient sensitivity requires a strong excitation signal,
which can cause photo damage and dye bleaching.

• Two-photon microscopy

The photo damage and bleaching that limit confocal microscopy can be overcome
using two-photon (2P) microscopy. 2P excitation occurs when two lower energy
photons (together having the equivalent energy of a single higher energy photon)
are absorbed by a fluorophore. The probability of nearly simultaneous absorption of
two photons is very low and will occur only at the focus of a high-energy pulsed
laser (Fig. 8.2b). 2P is superior to confocal microscopy in the imaging of live
tissues for two major reasons. First, only the point of focus is excited, inducing less
photo damage and increasing the sensitivity. Second, the infrared excitation light
used in 2P is less prone to scattering and penetrates deeper in living tissue, up to
several hundred microns deep (compared with <80 µm with confocal). This makes
it a very powerful technology for lung in vivo imaging.

Fig. 8.2 Examples of
fluorescence intravital
microscopy applications to
study lung injury.
Characteristics of acute lung
injury are observed after
intratracheal instillation with
MRSA (Methicillin-resistant
Staphylococcus aureus
−5 � 107 cfu). a Vascular
permeability, observed by
leakage into the alveolar
space of i.v. Cascade Blue
dextran. b Neutrophil elastase
activity is monitored by the
cleavage of a far red
fluorescent substrate (NE680
FAST, Perkin Elmer), shown
in pink in
MRP8-Cre � mTmG lungs
(GFP: neutrophils, tdTomato:
ubiquitous). c Neutrophil
recruitment is observed
during the course of infection
in MRP8-Cre � mTmG
lungs at 3 and 5 h after
infection. White bars indicate
30 lm
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Lung Fluorescence Imaging Preparations

Technological advances in microscopy allow the acquisition of high-resolution
images of the subpleural layers of the lung to analyze cellular and subcellular
processes. Lung fluorescence imaging preparations can take three main forms:
explanted tissues, live lungs slices placed under the flow of suitable medium, and
intravital imaging where the lung is maintained in its natural microenvironment.

Live Lung Slices (LLS)

Description of LLS Preparation

The live lung slice method consists of partitioning the lung in thick slices, which are
then carefully maintained to assure tissue viability. To do so, after the exsan-
guination of the animal, a cannula is placed intratracheally and lungs are inflated
with 1.5–2 % liquid low melting agarose to maintain lung structure. The lungs are
extracted and agarose is solidified in cold physiological medium. With the use of a
micro-slicer or a vibratome, 150–300 lm thick serial slices are obtained. The
vibration offers the possibility of cutting living tissue with a minimal injury. The
slices are maintained in cell culture media at 37 °C and 5 % CO2. Lung slices are
normally used in the first 8 h although they have been used up to 2–3 days after
sampling [9]. The lung slices have normal cell activity allowing the study of cell
interactions and at the same time the structure of the alveoli is maintained to allow
the 3D imaging of cell movements. For complete tissue preparation methods
review, please see Thornton et al. [10].

Advantages and Disadvantages of LLS

LLS preparations have several advantages in comparison to fixed tissue imaging.
First, fixed tissue samples are usually much thinner than live lung slices. The
increased thickness of the live slices allows the study of three-dimensional cell
movements that would be lost in thinner preparations or cellular monolayers.
Second, and more importantly, unlike the static fixed images, LLS allow the study
of time-dependent processes ranging from fast cell–cell interactions to the study of
complex and slow pathogenic immune responses in the lung. Third, the LLS
technique is a useful tool to study cellular interactions deep in the lung where
intravital imaging or the isolated, perfused lung preparation cannot reach due to the
excessive thickness. Because only a section of lung is studied with LLS prepara-
tions, it has important limitations such as the loss of blood and lymph circulation
and the lack of neural input. These considerations are very important in studies
requiring cell egress from other organs or other parts of the lung. Leukocyte acti-
vation induced by the isolation procedure may also be a concern.
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Application of LLS in Lung Injury Studies

• Cell death analysis

In a work aimed to establish LLS as a suitable ex vivo technique to investigate the
immunomodulatory effects and the characterization of cytokine production after LPS
and other challenges, cell death was imaged by live/death fluorescence using confocal
microscopy [9]. To distinguish living from dead cells, different dyes are used, such as
Acridine Orange and Propidium Iodide. These markers allowed a better characteri-
zation of rat type II pneumocytes in an in situ patch clamp study [11]. TUNEL
fluorescence analysis is also a very useful staining approach to study cell death.
Jacobs et al. used this technique to study ROS-induced cell apoptosis [12].

• Ca2+ measurement

Pulmonary neuroephithelial bodies (NEB) are organized as clusters of pulmonary
neuroendocrine cells during the development of the lung, and 4-Di-2-ASP
fluorescent staining can be used to identify them in sliced lung preparations.
Ca2+ signaling in the NEB microenvironment has been the focus of several studies.
To facilitate imaging, Ca2+-specific fluorescent dyes have been developed, from the
commonly used Fluo-3 to its brighter analog Fluo-4. The use of these dyes allows
real-time imaging of cellular Ca2+ flux using confocal microscopy [13, 14].

• Tissue/cell identification

The use of fluorescent antibodies in LLS preparations has improved protein and
cellular identification due to the greater antigen accessibility compared with whole
lung approaches. The use of Surfactant A and alveolar type II cell-specific anti-
bodies allowed the identification of alveolar type II cells and the lamellar bodies
contained within the cells [15].

• Transgenic mouse studies

The introduction of fluorescent markers opened the possibility to easily track and
image target cell types or even cell subpopulations. Using a transgenic mouse
where a yellow fluorescent protein expression is under the control of a promoter
specific to antigen-presenting cells (CD11c-EYFP), Major Histocompatibility
Complex (MHC) class II expression was studied. The lung slices were incubated
with LPS and other pro-and anti-inflammatory molecules and the confocal
fluorescence images showed that MHC-II expression was increased with
pro-inflammatory challenges and repressed with dexamethasone [9].

Isolated, Perfused Lung Method (IPL)

Description of the IPL Method

In the isolated, perfused lung preparation, the left pulmonary artery is cannulated
and perfused with autologous blood or a physiologic salt solution allowing passive
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drainage through the left ventricle. The lungs are ventilated with normal air or
humidified gas containing different concentrations of oxygen and positive
end-expiratory pressure is maintained. Using a perfusion pump, experimental
agents can be added to the perfusate and introduced in the lung circulation. The
lungs are suspended from a force displacement transducer to measure lung weight
changes, while the whole system is maintained in a closed chamber with controlled
humidity and temperature.

Advantages and Disadvantages of IPL

The main advantage of IPL technique over the live intravital approach is the
unmatched stability of the sample. This important feature has permitted the use of
directed microinjections of fluorescent dyes into endothelial or epithelial cell layers
in the lungs [16]. Perfused whole lung preparations are a better approach to study
lung physiology than LLS preparations. IPL preparations do not have the injured
cut surfaces at the top and bottom of the preparation, which may induce undesirable
effects when studying organ functionality. Vascular leakage is also better studied in
isolated lungs than in LLS [17]. A clear disadvantage of isolated lung preparations
is that it lacks the effects of the normal (or induced) physiological changes that
occur systemically. This effect diminishes the possibility of leukocyte chemoat-
traction to the lungs from the bone marrow and circulation, which is an important
limitation in inflammation-related studies. A possible leukocyte activation effect
induced by the pump-assisted circulation used in the preparation of IPL is another
disadvantage when compared with lung intravital microscopy [18].

Application of IPL to Lung Injury Models

• Tissue/cell identification

The labeling of mitochondria with fluorescent tags has allowed for the study of
mitochondria transference in lung injury models. Islam et al. showed that mouse
bone marrow-derived stromal cells, containing red fluorescent mitochondria, were
located adjacent to epithelial cells minutes after their instillation into
LPS-challenged isolated perfused lungs. In a further experiment, they showed by
confocal microscopy that the fluorescent mitochondria were transferred to alveolar
type II cells in a gap junction dependent process [19]. The use of other mito-
chondria markers (Mitotracker green, Ca2+ binding Rhod 2AM) allows their
identification in endothelial cells [20].

• Leukocyte trafficking

Leukocytes are critical mediators of lung injury induced by endotoxemia, and the
time that leukocytes spend in lung microvessels (venules and capillaries) depends
on their activation state as well as the activation state of the endothelium. The use of
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fluorescence microscopy and R6G-rhodamine revealed that LPS-challenged
microvessels retained leukocytes for a longer time than unchallenged lungs. The
passage time is easily quantified in the surface vessels of isolated and perfused
lungs without introducing any mechanical injury to the lungs [21].

• ROS production

Reactive oxygen species (ROS) production can be measured using fluorescence
microscopy and the 2′–7′-dichlorodihydrofluoroscein acetate dye [20]. This tech-
nique was employed by Ichimura et al. to show that physical pressure-induced
stress is able to promote ROS-triggered endothelial cell expression of P-selectin.

• NO production

Nitric oxide (NO) is a potent controller of the vascular tone in systemic and pul-
monary vessels. Shear stress can promote the production of NO in endothelial cells.
In 2000, in situ fluorescence procedures using IPL showed that shear stress was able
to induce endothelial cell NO using a NO probe (diaminofluorescein diacetate),
which was preceded by intracellular changes in Ca2+ detected using a fluorescent
probe (Fluo-3) [22].

Lung Intravital Microscopy Methods (IVM)

Description of the Lung IVM Method

To observe the lung in a more physiological manner, it should be imaged in vivo.
As discussed earlier, challenges faced with lung imaging compared to other organs
are its intrinsic motion and the maintenance of breathing after opening the thorax.
Different approaches have been developed to address these issues including
(a) maintaining mechanical ventilation or reestablishment of spontaneous breathing,
(b) the structure and composition of the window in contact with the lung, and (c) the
management of cardiorespiratory motion.

• Ventilation and closed thorax imaging

Access to the lung requires opening of the thorax, which will cause lung collapse in
the absence of positive pressure ventilation. Therefore, most of the preparations will
use mechanical ventilation. Animals are anesthetized and tracheally intubated to be
ventilated with room air or enriched oxygen. The animal is placed on a warming
pad set to 37 °C to help maintain body temperature. To prevent dehydration,
physiologic crystalloid solutions should be administered every hour or continu-
ously. In some experiments, the thorax is closed after placing the window. To
recover spontaneous breathing, the removal of the air introduced in the pleural
cavity is required by vacuum or syringe suction. Mechanical ventilation is main-
tained until the lung is able to re-expand. Fingar et al. used a thoracic window
implanted in rats to follow for 2 weeks the progression of pulmonary edema and
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alveolar flooding after lung injury by monitoring the leakage of vascular dyes [23].
Thoracic windows have been maintained in dog and rabbits for several months [6,
7]. Implanting a window has the advantage of not interfering with physiological
respiration. However, because the motion is not controlled, it is not suited to
high-resolution acquisition.

• Thoracic windows specificities

Once the thorax is open, it is important for high-resolution images to have stable
windows with good optical properties and minimal interference with the normal
structure and function of the lung. Most of the thoracic windows have used a
metallic structure, first described by Terry et al. [4], to be introduced in between two
adjacent ribs. The air from the pleural cavity is removed by suction or a syringe to
bring the lung close to the observation window, which can be a cover glass [4, 24]
or a transparent membrane made of Cronar [6] or Teflon [25]. To prevent the lung
from dehydrating or cooling, the Teflon membrane used by Kuhnle et al. is covered
by a warmed and bubbled Tyrode’s solution. Metal and glass windows are efficient
but their rigidity can induce trauma upon the delicate lung surface. Other approa-
ches use less invasive methods, particularly in the mouse. Tabuchi et al. [26] used a
polyvinylidene membrane sealed with glue over the ribs, and Kreisel et al. [27]
attached the lung tissue to the bottom of a coverglass with tissue adhesive
(VetBond). However, irritation may be produced from the moving lung touching
the membrane potentially invoking an inflammatory response.

• Control of lung motion

One of the first approaches used on cats [3] and rats [23] was to use paralyzing
agents to halt respiration. Another way to increase the time of stabilization is to
temporarily suspend the respiration for 30 s [28] or in one of the two lungs by
clamping the bronchus while ventilating the other lobe [29]. However, in these
techniques where the respiration is blocked, the observed tissue will suffer from
impaired oxygenation, which will undoubtedly affect the observed physiology.
Without interrupting respiration, another technique has been to image the lung once
every respiratory cycle, when the lung stops moving for a moment and comes back
to the previous cycle position, at the end of the expiratory phase. This approach has
been applied by Kuhnle et al. [25] and Tabuchi et al. [26]. This timing can be
achieved by matching the ventilation rate and the acquisition. Indeed, imaging
every 0.5 s with a ventilator rate of 120 breaths/min by Kreisel et al. [27] enables
image acquisition once every breath cycle. More recently, in an effort to obtain
more physiologic imaging, Fiole et al. did not use any stabilization procedure in the
mouse lung during imaging, but instead corrected the images post hoc [30]. Every
minute, a series of images was acquired and just one image was retained without
any deformation. Lung structure was used as a frame of reference to select the
correlated images by computer analysis.

Wagner et al. [8] addressed in an efficient way the obstacle of cardiorespiratory
movement in live animal imaging using a thoracic window with built-in suction,
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providing enough stabilization for real-time microscopy. A similar technique,
adapted from Wagner’s thoracic window coupling suction to gently immobilize the
lung on a glass coverslip has been recently adopted and miniaturized for mice by
Looney et al. [24]. Different mouse windows were developed by groups in
Germany [26], Japan [29] and USA [24, 27, 31]. The application of these lung
intravital microscopy methods to mice has allowed access to the tools available
with transgenic animals.

Advantages and Disadvantages of Intravital Microscopy

• Advantages

One advantage of fluorescence intravital microscopy is the high-resolution enabled
by all fluorescent techniques. Compared to other techniques described for
fluorescent imaging, lung intravital imaging makes it possible to observe lung
injury under physiological conditions and with maintenance of the lung microen-
vironment. The preservation of blood and lymphatic circulation is one the main
attractive features of IVM, which is important to study vascular permeability and
leukocyte recruitment. It is consequently one of the most powerful approaches to
study processes in lung injury animal models at a cellular and molecular scale.

• Disadvantages

One of the major limitations of intravital microscopy is the restricted ability to
image deep in tissues. Imaging with two-photon excitation is confined mainly to
30–100 lm below the pleural surface, accessing only the most superficial layer of
the lung. It may be a concern if the injury and inflammation in this superficial layer
differ from the rest of the tissue. Moreover, the surgical preparation needed to
access the lung could induce trauma that could have deleterious effects upon the
microcirculation. Studies must be evaluated carefully considering the influences
that may alter the normal physiology of the lung. Lastly, even though these IVM
methods enable the acquisition of lung images up to several hours, it is currently
unsuited for repeated observations in rodents.

Applications of IVM for Lung Injury Models

With these advanced fluorescence microscopy methods, it is possible to generate
high-resolution images of several z-stack positions to generate 3D reconstitutions.
The methods described also allow for imaging over several hours to generate
time-lapsed data. It is then possible to analyze, localize, and quantify different
parameters in four dimensions (3D plus time) such as cell velocity, colocalization,
shape, volume, number, intensity, and color. Fluorescence is defined as the emis-
sion of light from a fluorescent probe after its excitation by an external light source
of defined wavelength. The visualization of tissues, cells or proteins can be
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achieved by tagging molecules with specific fluorophores which can be selectively
excited and specifically visualized. Here, we describe some useful applications for
lung injury models.

• Lung morphology and structural changes

Visualizing the live lung enables the real-time observation of structural changes
occurring during injury. For example, changes in lung vessel diameter by intravital
microscopy was monitored during sepsis in rats [32] or after hypoxia in mice [26].
To visualize the lung structure several tools are available. Good resolution of the
lung matrix can be obtained without using any extrinsic dyes due to the second
harmonic generation effect. In a tissue, the specific molecular structure of collagen
fibers generates an ultraviolet second harmonic light when excited with an infrared
laser of a two-photon microscope. Reporter mice ubiquitously expressing
fluorescent proteins also enable the imaging of stromal cells like the ubiquitously
expressed actin-CFP reporter mice [29] or the mTmG reporter mice. A tdTomato
fluorophore is expressed ubiquitously in the mTmG mice, and the localization of
the fluorescent proteins to membrane structures outlines cell morphology and
allows resolution of fine cellular processes (mT). This mouse can be crossed with a
Cre-recombinase reporter mouse to target GFP expression in specific cell types
(mG). Since the alveoli are surrounded by a dense meshwork of capillaries, la-
beling of the blood circulation by intravascular injection of tagged albumin,
polysaccharides (dextran) or untargeted quantum-dots [33] will also produce an
excellent outline of the alveolar structure.

• Lung edema and vascular leakage

Lung edema and vascular leakage is a characteristic feature of lung injury. Labeled
albumin or labeled polysaccharides (dextran) injected intravenously can also be
used to monitor vascular leakage in vivo. Indeed, under homeostatic conditions
blood vessels limit the passage of dextran larger than 70 kDa, but during inflam-
matory conditions, dextran up to 2000 kDa can leak from the intravascular com-
partment [34]. Dextran efflux and vascular permeability can be quantified by
measuring the changes in fluorescent intensity (Fig. 8.2a). The sensitivity of the
fluorophore leakage can be modulated by using molecules of different sizes. Fingar
et al. used a rat model of lung injury induced by oleic acid or compound 48/80 to
directly measure in vivo the kinetics and magnitude of pulmonary vessel leakage
and the development of edema. Leakage of intravascular FITC-albumin or rho-
damine dye can be observed and quantified [23]. This same method was used to
measure FITC dextran leakage after PMA or cigarette smoke-induced lung
inflammation [31]. Looney et al. measured in mice the dynamic leakage of Texas
Red dextran into the extravascular compartment during lung injury after intratra-
cheal administration of LPS. Interestingly, in vivo imaging revealed a differential
rate of vascular leakage across the imaged alveoli [24], an observation that could
not have been made using measurement of global lung vascular permeability.
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• Leukocyte recruitment

Another typical feature of lung injury is the rapid and massive recruitment of
neutrophils into the lungs. Intravital microscopy is one of the most powerful
techniques to study the anatomical location and dynamic influx of immune cells,
and it is especially valuable for observing trafficking of cells from the circulation to
peripheral tissues. Neutrophil recruitment into the lung is different from other
vascular beds, and intravital microscopic approaches allow dissecting of these
mechanisms in detail. Indeed, the size of a neutrophil (6–8 µm in diameter) can be
bigger than the diameter of 50 % of the lung capillaries (2–15 µm). This may
explain why neutrophils are sequestered in the lung. Sequestration of neutrophils
has been observed in live rabbits by Kuebler et al. [35], and labeled leukocytes
confirmed that lung capillaries are the predominant site of leukocyte sequestration.
Neutrophil sequestration is accompanied by a morphological change into elongated
shapes that have been observed in lung slices by actin labeling and confocal
microscopy [36]. The same group made important discoveries about the require-
ment of selectins in sequestration and emigration of neutrophils in the lung [37].
Different tools are available to study neutrophils in vivo. Cells can be isolated and
fluorescently labeled with vital dyes before infusion into recipient animals for
fluorescence microscopy. Such a method was used by Presson et al. to observe the
migration of Rhodamine-6G in vivo-labeled leukocytes into the rat lungs after PMA
or cigarette smoke exposure [31]. The same group also demonstrated in a mouse
IVM model the role of nitric oxide in neutrophil lung infiltration during sepsis using
iNOS knockout mice [38]. Alternatively, the injection of antibodies tagged with a
range of fluorescent dyes allows for labeling of neutrophils. However, caution must
be taken when using this technique as antibodies can induce the activation or the
depletion of the targeted cells. Anti-Gr-1, for example, can deplete neutrophils if
high doses are used. In addition, the use of transgenic mice expressing fluorescent
proteins in a specific cell lineage is a powerful method for specific labeling of
leukocytes (Fig. 8.2c). A variety of strains have been created to track neutrophils.
One example is the lysozyme-M (LysM)-green fluorescent protein (GFP) mouse
that is characterized by bright green neutrophils and monocytes that are dim green.
Using LysM-GFP mice, Kreisel et al. [27] observed by two-photon intravital
imaging the mechanisms of neutrophil extravasation in bacterial pneumonia and
ischemia-reperfusion after murine lung transplantation. A large pool of resident
lung neutrophils was observed that rapidly increased in number after inflammatory
challenge. Neutrophils clustered around monocytes, and the depletion of monocytes
reduced this clustering phenomenon and reduced neutrophil extravasation. In the
same mouse model of ischemia-reperfusion injury. They established that alveolar
macrophages and their cell membrane associated protein DAP12 were important for
the production of the chemokine CXCL2 and subsequent neutrophil extravasation
[33]. However, LysM is expressed in the lung by both neutrophils and macro-
phages. To obtain fluorescent expression that is more restricted to neutrophils, the
MRP8 promoter has been used [39]. Table 8.1 describes mouse strains commonly
used to visualize cells in lung injury models.
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• Dynamic cell-cell interactions

The spatiotemporal observation of cell–cell interactions can stimulate new
hypotheses about functional communications between cells and improve the
understanding of lung inflammation. In a mouse model of lung injury after lung
transplantation, Kreisel et al. [40] used CD11c-eYFP donor lungs transplanted into
LysM-GFP recipient mice to observe direct interactions between donor dendritic
cells and recipient neutrophils. These studies led to the discovery of a previously
unknown link between neutrophils and DCs after lung transplantation that can
explain the early events in lung inflammation. After B. anthracis pulmonary
infection, the agent of anthrax, researchers also observed by IVM the interaction
between DCs and alveolar macrophages using CX3CR1-GFP mice [30].

• Protein staining and cellular functions

Monitoring the expression of an important protein is also possible. Fingar et al. used
the lung intravital method in rats to determine when and where in the pulmonary
vasculature the adhesion molecule ICAM-1 was expressed after TNF-a-induced
inflammation [28]. To be able to detect ICAM-1 binding sites under IVM, a
two-step labeling procedure was used involving a monoclonal antibody against
ICAM conjugated with fluorescent beads that generate enough fluorescence for
detection. In addition, mice carrying reporters for cytokines such as IL-4 and
interferon-c have been made and can be used to image functional responses and cell
fate decisions in real time.

• Platelet biology

The role of platelets during lung inflammation and injury has received increased
attention in recent studies. The interaction of activated platelets with endothelium
and neutrophils is important in influencing neutrophil sequestration and activation
during the initial phases of lung injury. Lung intravital microscopy is an appropriate

Table 8.1 Fluorescent transgenic mice commonly used for lung injury models

Promoter/name Reporter Target cells

Lysozyme-M GFP Neutrophils, monocytes, macrophages

MRP8 GFP Neutrophils

CX3CR1 GFP Monocytes (low), macrophages (high), DC (int)

c-fms YFP, GFP Neutrophils, macrophages

CD11c YFP Dendritic cells, macrophages

PF4 tdTomato Platelets

CD41 YFP Platelets

Tie2 GFP Blood vessels

Prox1 GFP Lymphatic vessels

Actin CFP Ubiquitous

mTmG tdTomato Ubiquitous (membrane)

Lyn Venus, GFP Ubiquitous (membrane)
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method to investigate the dynamics and mechanisms of these heterotypic interac-
tions. Methods to label platelets include using transgenic animals (CD41-YFP,
PF4-tdTomato) and fluorescent monoclonal antibodies (CD49b, CD42b). Intravital
microscopy studies in rabbit [41] and mouse [26] showed the retention of labeled
platelets in the lung microcirculation after their activation. Using mice obtained by
crossing PF4-tdTomato with LysM-GFP mice, our group was able to visualize by
2-photon IVM the real-time interactions between neutrophils and platelets in
LPS-induced lung injury. Neutrophil-platelet aggregates in the lung circulation
were observed under homeostatic conditions and their number greatly increased
after LPS challenge, including in the alveolar spaces, and could be reduced after
aspirin treatment, concomitantly with lung injury reduction [42].

• Protease activity (fluorescent substrates)

Inflammatory proteases, such as neutrophil elastase, have been implicated in the
pathophysiology of acute lung injury. Specific protease substrates can be used as
activatable reporter probes to localize and quantify protease activity in real time.
Cleavage of the probe leads to the liberation of the fluorophore. Elastase [43], MMP
[44] and Cathepsin [45]-sensitive probes can be used for a better understanding of
protease activity during lung inflammation (Fig. 8.2b).

• Cell death, injury, and extracellular DNA

Lung injury is accompanied by endothelial and epithelial cell death. It can be
monitored by the use of cell membrane-impermeable cyanine nucleic acid dyes,
which only stain dead cells. Neutrophil activation has been involved in cell injury,
but the role of cytotoxic proteases in this cell toxicity is still not clear. Recently,
neutrophils have been shown to release in the extracellular space their DNA,
covered with neutrophil proteases. These neutrophil extracellular traps (NETs) are
believed to serve as an antibacterial defense mechanism. However, data suggest that
NETs can, in the delicate lung microcirculation, contribute to lung endothelial in-
jury [46]. NETs, made of characteristic DNA strands, can be stained in vivo with
cell impermeable nucleotide dyes [47]. Intravital microscopy could reveal the
presence and localization of NETs during lung injury and inform their interaction
in situ with leukocytes, platelets, and endothelial/epithelial cells.

Noninvasive Imaging Techniques

Bioluminescence Imaging (BLI)

Principles of Luminescence Imaging

Bioluminescence imaging (BLI) is based on the sensitive detection of visible light
produced during a biochemical reaction. The oxidation of the substrate luciferin, in
presence of ATP, is catalyzed by the expression of the enzyme luciferase, leading to
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the emission of light at 560 nm. The luciferase enzyme is naturally found in the
firefly, but can be artificially incorporated into cells and animal models under the
control of specific promoters. Light from the cells that express the luciferase
reporter gene can then be detected when the appropriate substrate is added.
The IVIS imaging system consists of a CCD camera mounted on top of a light
impermeable chamber where the animal is placed. A heating stage and anesthetics
keep the animal warm and sedated. This imaging modality has proven to be a very
powerful methodology to detect luciferase reporter activity in intact animal models.

Advantages and Disadvantages of BLI

BLI is low-cost, noninvasive, and facilitates real-time analysis of lung injury pro-
cesses at the molecular level in living organisms. Since it is noninvasive, each
animal can be imaged at multiple time points. BLI allows acquisition of the whole
mouse lung, since it is possible to image as deep as several centimeters within
tissue. However, compared to fluorescent methods, the resolution is lower and
inflammation can only be localized to the organ level. The sensitivity of the NF-ĸB
luciferase reporter mouse has been questioned in the study of lung inflammation by
Hadina et al. [48]. It was demonstrated that low-dose LPS was not able to induce
any detectable bioluminescence and was therefore less sensitive than measuring
neutrophils or cytokines in lung lavage. A significant and quantifiable signal was
detectable in the lungs after an intranasal LPS dose of 1.2 mg/kg. Also, quantitative
analysis must be approached with caution since light emission depends on the
activity of the promoter gene of interest and on the presence of ATP, oxygen and
the substrate. The intensity of light is also dependent on the depth of the labeled
cells, since light has to travel through the tissue.

Application of BLI in Lung Injury Models

Bioluminescence provides a noninvasive method to monitor gene expression
in vivo. Depending on the targeted gene, BLI can serve different purposes.

• NF-ĸB/luciferase reporter mice

One of the most extensively used luminescent reporter animals is a transgenic
mouse expressing the firefly luciferase under the control of a NF-ĸB-dependent
promoter. These mice enable a quantitative method for evaluating the localization,
the timing, and the level of NF-ĸB activation in vivo during inflammatory models.
These mice have been used in lung injury models induced by LPS, Pseudomonas
aeruginosa [49], TNF-alpha or IL-1beta [50]. This strain is also useful to test if
specific interventions or anti-inflammatory therapies [51, 52] can affect the
inflammation that is dependent on NF-ĸB activity. In the lung, Sadikot et al.
showed that the host response to P. aeruginosa can be altered in the lung epithelium
in vivo using adenoviral vectors to activate or inhibit NF-ĸB [53].
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• ROS generation and MPO activity by luminol or lucigerin substrate

Another bioluminescent chemical reaction used is the oxidation of luminol or
lucigenin substrate catalyzed by the presence of reactive oxygen species (ROS).
ROS play an important role in lung injury, and delineating in real time their
generation and contribution can be done using luminescent substrates without the
use of transgenic mice. In a lung inflammation model induced by intratracheal
zymosan, Han et al. [54] demonstrated increased ROS levels in WT but not in
p47phox−/− mice, indicating that NADPH oxidase is the major source of ROS
generation. Luminol and lucigenin bioluminescent reactions depend on different
ROS species. Neutrophil MPO is involved in luminol conversion and can be used to
image acute inflammation and neutrophil enriched areas. Lucigenin biolumines-
cence can be used to detect NADPH activity from macrophages [55].

• Inflammatory cell migration and bacterial load

The introduction of a luciferase reporter gene into T cells [56], macrophages [57],
or other immune cells can be used to follow the trafficking of these cells in lung
inflammation and injury models. It can be useful in infectious models of lung injury
to monitor the bacterial load in the lung or the circulation. This can be achieved by
tracking bioluminescent strains of bacteria (P. aeruginosa [49], S. pneumoniae [58],
S. aureus [59], H. influenza [60]).

Magnetic Resonance Imaging (MRI)

Principles of MRI

Magnetic Resonance Imaging (MRI) is a noninvasive imaging technique that uses a
strong magnetic field and radio waves to excite protons contained in different
tissues. When the excited protons realign, they emit a radio frequency absorbed by a
receiving coil that allows generation of an image of the tissue.

Advantages and Disadvantages of MRI

One of the biggest advantages of this imaging technique is the absence of ionizing
radiation, allowing repeated measurements without risking injury to the lungs. In
general, however, lung imaging presents two major problems to the use of magnetic
resonance image techniques. Motion induced by respiration is the first problem,
which can be improved by synchronized ventilation. The second problem is the
reduced discriminating capacity of the air-tissue interface due to high water and air
content in lungs, leading to a reduced signal. To improve the resolution, the clas-
sical proton MRI has been improved by the addition of ultra-short eco time, which
has not only increased the resolution but also reduced the imaging time [61, 62].
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The use of hyperpolarized 129Xe and most recently, 3He gas has also drastically
increased MRI capability to study structural and functional characteristics of the
lungs [63, 64]. The use of contrast agents has propelled MRI imaging to a new level
of functionality. Ogasawara et al. showed in a radiation-induced lung injury model
in dogs that the addition of a contrast agent (gadolinium-DTPA) allowed the dis-
cernment of different radiation pneumonitis phases [65].

Applications of MRI in Lung Injury Models

Experimental acute lung injury revealed that inflammation areas localized by MRI
correlated with histological and pathological analyses in an IL1b + TNFa instil-
lation model [66]. High-resolution MRI was used by Bosmann et al. to show the
effect of extracellular histones in three different ALI models. Histone presence
correlated with lung injury observed in the MR images [67]. MRI was more sen-
sitive than high-resolution computed tomography (HR-CT) for the detection of
early pathologic changes induced by hyperoxia [68].

Radiation-Based Imaging Techniques: Micro-CT

Principles of Micro-CT

Micro-Computerized Tomography (CT) imaging utilizes X-rays to form virtual
slices that are transformed in 2D or 3D images by the software. The signal that is
measured in Hounsfield units (HU) depends on the decay of the x-rays when they
cross different tissues. The air has a value of −1000 and water a value of 0.

Advantages and Disadvantages of Micro-CT

This noninvasive technique has the inconvenience of the ionizing radiation that may
prevent its repeated use in a short period of time. Although Chandra et al. suggested
that the radiation used in CT might have an effect on bone loss [69], other studies
suggest that the low dose used does not have any cardiopulmonary effect [70]. The
main advantage compared to classical x-rays is the serial acquisition of the images
allowing a 3D reconstruction that is more informative than a 2D image. CT imaging
is also cheaper and faster than MRI. Computer tomography can be used in studies
involving metallic implants, which is not possible with MRI. Respiration-gated
micro-CT has solved some of the motion problems relevant to live lung imaging.
The use of a faster flat-panel volumetric CT has reduced the acquisition time to a
few seconds [71].
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Applications of Micro-CT in Lung Injury Models

In a dog model of LPS-induced acute lung injury, the use of computed tomography
showed vascular leak and edema formation. In this study, the injection of sphin-
gosine 1-phosphate reduced the vascular leak [72]. In an oleic acid-induced lung
injury model, pulmonary parenchymal infiltrates were visible using micro-CT [73].
By measuring lung volumes radiographically at end-inspiration and end-expiration,
pulmonary compliance can be calculated using computed tomography. Bleomycin
challenge reduced lung compliance (measured by CT) in a mouse model [74]. In a
similar model of ALI induced by oleic acid, Perchiazzi et al. demonstrated reduced
lung compliance in the injured mice [75]. Finally, Fernandez-Bustillo observed
using a LPS-induced ALI model that increased IL-1b levels in BAL correlated with
an increase in apex-base CT-derived compliance differences [76].

Radiation-Based Imaging Techniques: PET/SPECT

Principles of PET/SPECT

Gamma ray emission imaging techniques are based on the use of small radiolabeled
molecules (tracers) that are injected in the body while a gamma camera records the
signal they emit. Positron emission tomography (PET) measures 2 gamma photons
emitted in 180° angle separation after the positron emitted by the tracer collides
against an electron in the tissue. On the other hand, single photon emission com-
puted tomography (SPECT) measures single gamma rays emitted by the tracer.

Advantages and Disadvantages of PET/SPECT

The need of a collimator in SPECT imaging reduces the sensitivity and increases
the number of artifacts acquired comparing with PET imaging. But the shorter
half-life of the isotopes used in PET (typically Fluorine-18) when compared with
the isotopes used in SPECT (Thalium-201 or Technetium-99 m), reduces their
availability and increases their price. Both techniques use ionizing radiation, which
can be deleterious in sequential acquisitions. PET and SECT imaging can be
integrated with high-resolution CT imaging to allow the correlation of functional
and metabolic abnormalities with morphological features in the lung [77].

Applications of PET/SPECT in Lung Injury Models

Mintun studied vascular permeability induced by oleic acid in a dog lung injury
model and showed that gallium-68 labeled transferrin leaked more into the
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extravascular space in challenged than in unchallenged lungs [78]. More recently
the tracer used in lung injury models has changed to [18F]-flouro-2-deoxy-D-glucose
(18F-FDG). This glucose-derived tracer labeled with Fluorine-18, is the principal
tracer used in PET scans to analyze lung injury and it is internalized by the glucose
transporter-1. FDG used as leukocyte marker, facilitates the study of neutrophil and
macrophage recruitment in the lungs. PET scan studies show that the infiltration
peak induced by hydrochloric acid is 24–48 h after instillation [79]. FDG can also
be used to determine the activation state of neutrophils measured by their uptake of
this tracer. PET/CT with 18F-FDG allows the assessment of both lung aeration and
neutrophil inflammation as well as an estimation of the regional fraction of blood.
Pouzot et al. used this method to validate the use of regional fraction of blood to
assess pulmonary blood flow, using PET in both control animals and animals with
ALI [80]. SPECT imaging has been used to study endothelial cell death in a
hyperoxia model of ALI [81], and it is useful to analyze the alterations of regional
blood flow in saline lavaged lungs [82] or lungs treated with oleic acid [83].

Conclusions and Future Directions

Imaging of live tissues, such as the lung, is being increasingly applied to the study
of disease processes, and the importance of combining and confirming data with an
imaging technique is becoming more common. More importantly, live imaging also
provides the opportunity for relevant observations and discoveries that could not
have been done by other ex vivo or static methods. In this chapter, we have
described different techniques for imaging the lung, illustrating advantages and
limitations of the various methods. The recent adaptation of the intravital micro-
scopy technique to the mouse lung has been a step forward for the field and holds
much promise. Combined with two-photon fluorescence microscopy, it is probably
the best technique to enable imaging of the lung in real time and its natural envi-
ronment. As lung intravital microscopy is still limited by imaging depth below the
pleural surface, an alternative can be the preparation of lung slices for live imaging.
The high-resolution of both techniques supports cellular and molecular-scaled
analysis like cell interactions and dynamics. Depending on the level of resolution
required for the application, other noninvasive methods can be used for morpho-
logical studies (MRI, Micro-CT) or functional studies (Bioluminescence,
PET/SPECT). Table 8.2 summarizes the parameters important in choosing an
imaging technique for biological application.

We described for each method several applications in the scope of lung injury
research. We expect that the increasing availability of transgenic mice and
molecular reagent to label cells and their subtypes will bring new applications for
animal models. Improvement in lung imaging could also be produced through
technical advances in microscopy. Confocal and two-photon microscopy require
invasive preparations to access the organ, which is particularly challenging for the
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lung. Miniaturization of confocal and two-photon microscopes has been developed
and is being optimized [84]. The use of confocal endoscopy has been described in
the lung [85, 86] and a miniaturized endoscope with an outer diameter of 0.75 mm
can be inserted into the animal through a small keyhole incision or through the main
bronchi of the mouse [87]. Such an application could address the idealized lung
imaging technique—one that produces high-resolution and non- or minimally-
invasive in vivo imaging.
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Chapter 9
Genetic and Genomic Approaches to Acute
Lung Injury

Ivana V. Yang

Introduction to Acute Lung Injury

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) refer to
milder and more severe forms, respectively, of a critical illness syndrome with high
mortality (38.5 %) and incidence estimates at 58.7–86.2/100,000 person-years [1].
Both forms of the disease are defined by hypoxemic respiratory failure that is
characterized by severe impairment of gas exchange and lung mechanics with
bilateral pulmonary infiltrates that are not attributed to left atrial hypertension [1, 2].
The most recent Berlin definition eliminated ALI as a clinical category and
established mild, moderate, and severe categories of ARDS; however ALI is still
used as a broad term for the clinical syndrome and in the research setting [2].
Substantial phenotypic heterogeneity underlies ALI [3]; for example, ALI caused
by direct (pulmonary) and indirect (extrapulmonary) causes have a number of
differences in clinical presentation and site of injury (epithelial vs endothelial).

The most common predisposing conditions for developing ALI are sepsis,
pneumonia, and shock [2]. While demographic factors such as gender and
race/ethnicity are not independent risk factors for ALI, they seem to affect mortality
associated with this syndrome [2]. Age, on the other hand, is a strong risk factor for
ALI with incidence increasing with age [2]. Similar to other complex lung diseases,
development of ALI is influenced by both genetic and environmental factors. Genetic
variation explains some of the heterogeneity in patients’ risk for development of ALI
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with genetic variants in >30 genes associated with ALI to date [4]. The strongest
environmental risk factor for ALI is alcohol use followed by tobacco use and possibly
air pollution [5] while diabetes appears to be protective, an association that is
incompletely understood [6].

At the molecular level, ALI is characterized by inflammatory injury to the alveolar
capillary barrier, with extravasation of protein-rich edema fluid into the airspace [7].
Systemic inflammation, defined by increase in pro-inflammatory cytokines (TNF-a,
IL-1b, IL-6, and IL-8), is a hallmark of ALI and the innate immune system plays a
crucial role in the initiation of the inflammatory cascade [7]. Toll-like receptors
(TLRs) [8] and nucleotide-binding oligomerization domain-like receptors (NLRs) [9]
on multiple cell types but especially monocytes/macrophages recognize exogenous
and endogenous dangers, pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), respectively, and initiate the
inflammatory cascade. Another important aspect of innate immunity is the training
and tolerance that occur upon multiple challenges with microbial products.
Macrophages/monocytes that are stimulated with b-glucan from Candida albicans
(dectin-1 ligand) become more responsive upon restimulation, a demonstration of a
priming effect or a state of trained immunity [10] which is thought to be important in
the prevention of secondary infections. On the other hand, macrophages/monocytes
treated with lipopolysaccharide (LPS; TLR4 ligand) become unresponsive upon
restimulation (produce significantly lower concentrations of pro-inflammatory
cytokines compared to cells that are only stimulated once). There is increasing evi-
dence that macrophages/monocytes form patients with sepsis may be tolerized [11].
Neutrophils also play an important role in the pathophysiology of ALI. Neutrophil
infiltration is an early step in the acute inflammatory response to tissue injury or
infection and these cells are equipped with a variety of mechanisms to recognize and
kill invading microbial pathogens and remove damaged cells [7, 12].

Given the genetic and environmental components of ALI, it is important to
understand genetic variants, transcriptional profiles, and epigenetic marks in this
disease. This Chapter will focus on study design for genome-wide level analysis of
genetic variants, coding and noncoding RNAs, and epigenetic marks; methods for
genomic analysis and focused approaches for validation of genomic hits and inde-
pendent replication; and progress that has been made to date in ALI with specific
focus on human studies. At the end of the Chapter, future directions and integrative
analyses of these datasets, together with additional—omic data not discussed in this
Chapter (microbiome, metabolome, proteome) will be discussed briefly.

General Design and Statistical Considerations
for Genome-Wide Studies

The overall flow of how genome-wide studies are conducted is common to the three
areas of discussion (Fig. 9.1). In each section, we will discuss genome-wide
approaches and targeted techniques that can be used for both internal (technical)
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and external (replication) validation. Technical validation of the findings from
genome-wide scans is commonly performed by targeted approaches that will be
discussed in each section. Similarly, replication of findings from the discovery
phase of the study in independent cohort(s) is a gold standard with well-defined
criteria in studies of genetic variants [13], has been done extensively in gene
expression signature studies [14], and is becoming important in epigenetic studies
[15, 16]. However, due to influence of both genetic and environmental factors on
the epigenome, replication in these studies is a bit more complex than in genetic
studies.

The most important consideration in the study design for any genome-wide
study is power [17] to detect significant associations given the large number of tests
that are performed in the analysis phase. Power depends greatly on the number of
individuals in the cohort but also on the effects size which is directly related to the
strength and homogeneity of the trait/clinical phenotype of interest. Unfortunately,
many of the complex diseases including ALI are heterogeneous in nature and thus
an important consideration in the study design phase is whether there is a more
homogeneous clinical subphenotype that should be analyzed; this should be bal-
anced with the cohort size. In addition to the trait/clinical phenotype of interest,
demographic characteristics such as age, gender, and race/ethnicity need to be
considered when designing a genome-wide study as they can be confounders in the
analysis if not appropriately taken into account. When using next generation
sequencing methods, sequence depth and coverage are additional important con-
siderations for all genomic studies [18].

Statistical approaches for controlling for multiple comparisons are also common
to the three areas of discussion in this Chapter. The most conservative approach is
the Bonferroni correction in which case the p value is multiplied by the number of
comparisons that are performed. The assumption for this method is that each
association test is independent of all other tests, an assumption that is generally
untrue in the biological setting as there are correlations in genetic variants, epige-
netic marks, and gene expression across the genome. An alternative that is often
used is the false discovery rate (FDR) correction, developed by Benjamini and
Hochberg, in which case FDR correction is made for the number of expected false

Fig. 9.1 Conceptual approach to overall study design for genomic assessment of genetic variants,
transcriptome, and epigenetic marks in which internal (technical) and external (replication)
validation are performed to ensure validity and generalizability of findings from the genomic
analysis
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discoveries, providing an estimate of the number of true results among those called
significant [19]. The final approach that is sometimes used is permutation-based
adjustment for multiple comparisons. This computationally intensive approach
generates an empirical distribution of the test statistic based on a large number
(1000 or more) random assignments of the phenotype to the genome-wide profile
that is used to asses significance by comparing minimal p value from the real data to
that distribution [17].

Genome

The human genome sequence provides the underlying code for human biology. Our
genome is composed of 3 billion base pairs and about 20,687 protein-coding genes.
Protein-coding regions comprise 1.2 % of the genome and are referred to as the
exome (collection of exons). The remainder of the genome is involved in regulation
of the protein-coding genes [20–22]. Variations in the DNA sequence are important
susceptibility factors for complex common diseases and syndromes such as ALI.

Common Variants

The main focus of complex disease genetics for the past 10–15 years has been the
identification of common genetic risk variants (allele frequencies >5 %) [23]. The
basis for this search is the Common Disease Common Variant (CDCV) hypothesis,
which assumes that a relatively small number of ancient common risk alleles exist
that each confer small to moderate risks of disease. The CDCV hypothesis was
testable in this timeframe in a number of complex diseases due to several practical
considerations: [1] the high frequency of putative risk alleles, allowing for
cost-effective analysis by genotyping as opposed to sequencing; [2] the extensive
linkage disequilibrium (LD, correlation) [24] between common variants in the
human genome, which allows for genotyping only a small number of markers (LD
tags) and indirect assessment of other common variants by LD mapping; and [3] the
development of high-throughput genotyping arrays, which have allowed
Genome-Wide Association (GWA) studies. Consequently more than 2000 GWA
studies exploring the role of common variants in several hundred complex diseases
or phenotypes have been conducted to date [25].

Study Design

GWA study can be of a case-control design of unrelated individuals with the
disease phenotype of interest (cases) and unaffected individuals (controls) or of a
quantitative phenotype [26]. The key feature of these studies is that they are based
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on association analysis and therefore require unrelated individuals (as opposed to
genetic linkage studies in which families are required).

Technologies

Dense genotyping arrays containing hundreds of thousands to millions of markers
have been developed for GWA studies. Two major commercial sources of geno-
typing arrays are Illumina and Affymetrix and they offer a variety of specific array
platforms that should be chosen based on study population and hypothesis of the
project. Selection of markers that are included on the genotyping arrays has relied
largely of HapMap [27] and more recently 1000 Genome [28] projects. Specific
content has been developed to provide a variety of array platforms that range from
basic coverage to make large-scale projects affordable (OmniExpress Bead Chip, for
example) to providing the most comprehensive coverage across multiple populations
(Omni2.5 Bead Chip for example that was designed using 1000 Genome data).

Analysis

Analysis of common genetic variants is performed in three steps: [1] testing for
departures from Hardy–Weinberg Equilibrium (HWE) proportions; [2] estimate of
variant–variant LD to assess the genetic structure of the cohort [24]; and [3] asso-
ciation analysis under a specific genetic model (additive, recessive, or dominant) via
logistic regression. Logistic regression models usually include demographic covari-
ates such as age and gender. Instead of using basic race/ethnicity categories from
self-reports, principal components (PCs) from the genome-wide genetic variant data
are also included in the regression model. This is done because even among a sample
of a single racial/ethnic group such as nonhispanic white individuals, consideration of
the effects of population stratification is very important. Significance level in GWA
studies is most commonly assessed using the concept of genome-wide significance,
which uses an estimated number of independent genomic regions based on the
distribution of LD in the genome for a specific population; for European populations,
this is approximately p < 5 � 10−8 [17].

One of the fundamental concepts in the analysis of GWA studies is that of
meta-analysis. In this approach, findings from multiple studies can be combined to
increase the power of identification of significant genetic variants. An essential
principle in meta-analysis is that all studies included examined the same hypothesis
and that the original analysis was performed in an almost identical fashion [29]; when
this is not possible, statistical approaches to assess heterogeneity of analysis methods
are used [26]. Software package METAL is often used for meta-analysis of GWA
studies [30] and detailed protocols for this type of study have been published [31].

Imputation analysis of genotype data is often performed in GWA studies for two
reasons: [1] to identify additional genetic risk loci, and [2] to provide information
on the same set of variants and thus facilitate meta-analysis. In this approach, a
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reference panel such as Hapmap or 1000 Genome data are used in conjunction with
genotype data to infer genotypes that were not directly measured on the genotyping
array using haplotypes (groups of variants that are inherited together, or are in high
LD, in a specific population). The most important consideration in imputation is to
use the reference population that is best matched to the study cohort. In practice,
study sample haplotypes may match multiple reference haplotype and imputation
assigns probability of the presence of specific allele(s). This analysis is performed
using software such as IMPUTE [32] or MaCH [33].

While tools for functional annotation of genetic variants can be applied to most
significant hits from the GWAS analysis, additional fine mapping by denser
genotyping or sequencing is generally required to identify variants that are likely to
have functional consequences. Functional annotation strategies are discussed in the
next section.

Rare Genetic Variants

While GWA studies have provided a wealth of information on the genetic basis of
common complex diseases, they have generally explained a small portion of disease
heritability even after judiciously designed GWA studies screening >1 million
markers in large groups of cases and controls have been carried out. The “missing
heritability” problem has elicited interest in the potential role of rare variants in
complex disease. Under the Common Disease Rare Variant (CDRV) hypothesis,
any given risk gene or locus is characterized by high allelic heterogeneity and these
risk loci contain multiple rare independent risk alleles across the population each
with moderate to high penetrance. As a consequence of expected allelic hetero-
geneity, sequencing rather than genotyping is required for exploration of the CDRV
hypothesis in complex diseases. Furthermore, screening of these rare alleles is not
amenable to LD tagging approaches as they are poorly tagged by common variants
and individual rare variants are expected to occur on different haplotypes (a group
of variants that are inherited together). The emergence of massively parallel
sequencing technologies has dramatically reduced the time and cost of study
population sequencing, setting the stage for exploration of the CDRV hypothesis in
complex diseases. Different models of the genetic basis of complex traits are dis-
cussed in detail elsewhere [34].

Study Design

Whole genome, whole exome, and targeted sequencing projects are mostly
designed to identify rare genetic variants but they will also capture information on
common variation. Whole genome sequencing (WGS) studies capture variation in
both coding and noncoding variants while whole exome sequencing (WES) studies
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are focused on coding variants (although newer target enrichment strategies capture
UTRs and some promoter and intronic sequence). WES is *10 fold less expensive
than WGS thus allowing for a larger number of samples to be profiled, and the data
produced are less complex to analyze. Targeted resequencing studies are well suited
for following up on GWAS or linkage loci and are generally designed to capture the
entire locus, including both coding and noncoding regions. Loci with previously
associated common variants through GWAS can be fine mapped and are more
likely to contain functional rare variants and therefore may be the most fruitful
application of next generation sequencing to complex disease. It was initially
proposed that two affordable strategies for identification of disease-causing variants
were [1] sequencing of affected individuals in a pedigree followed by genotyping of
candidate variants to demonstrate co-segregation with disease in the family and [2]
extreme-trait sequencing of a small number of individuals at the tails of the trait
distribution followed by targeted sequencing or genotyping in a larger cohort [35,
36]. As the cost of sequencing has decreased, other study designs have been
adopted. Statistical considerations for the design of rare variant association studies
are discussed in detail elsewhere [37].

Technologies

The first sequences of the human genome published a decade ago [38, 39] were
accomplished using automated Sanger sequencing with dideoxy chain termination
[40] at a cost of approximately $2.7 billion to produce a draft sequence of the human
genome (http://www.genome.gov/11006943). In contrast, today a human genome can
be sequenced at 20� coverage for roughly $2500 using next generation sequencing
(NGS) technology. NGS refers to a group of strategies that rely on a combination of
template preparation, sequencing and imaging, and genome alignment and assembly
methods, producing gigabases (GB) of sequence data per run in the form of short
reads [41]. The Illumina sequencing platform is the most commonly used at the
present time and its read length is currently capped at 2 � 125 bp. Single molecule
technologies such as from Pacific Biosciences do not require the clonal amplification
of molecules to be sequenced, but rather a single DNA molecule is sequenced by
synthesis using a DNA polymerase. Single molecule sequencing technologies pro-
mise a much simpler sample preparation and offer longer read lengths but generally
have lower accuracy than short-read sequencers, which makes them less desirable for
rare variant studies. However, their long read lengths are useful in the regions of the
genome that are difficult to assemble using short reads, with highly repetitive
genomic regions being the best example. A combination of short and long read length
technologies provides the best solution in some cases. Single molecule technology is
reviewed elsewhere [42].

Another important aspect of sequencing exomes or genomic regions of interest,
such as those identified by GWA studies, is target capture. Large genomic regions
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are most efficiently and cost-effectively captured using hybridization-based
approaches such as Agilent SureSelect and Nimblegen SeqCap while PCR-based
approaches offered by Life Technologies AmpliSeq and Agilent Haloplex are more
suited for capture of smaller regions [43].

Analysis

Four main steps in the analysis of sequencing data are [1] base calling and sequence
assembly [2], variant detection [3], statistical analysis to identify significant associ-
ations, and [4] functional analysis of the identified variants. Several recent reviews
have detailed discussion of these steps [36, 44, 45] with the most important points
briefly summarized here. Data analysis workflow begins with the base calling and
alignment of sequence data to the reference genome [46]. Base-calling procedures
generate per-base quality values (QVs) that are typically converted to Phred-like
quality score [47]. Most alignment software provides run metrics that allow the user
to assess quality of sequence data; these include number of raw reads, number of
mapped reads, number of unique reads, sequence coverage, and coverage for and
percent of “on target” reads for targeted approached [44]. The quality controls metrics
allow the researchers to determine potential experimental and alignment biases and
remove low quality and poorly mapping reads from further analysis.

The high quality, aligned reads are then analyzed to identify DNA sequence
variants, most commonly single nucleotide variants (SNVs); information on
structural variants (SVs) and copy number variants (CNVs) can also be obtained.
Multiple software options exist for variant calling with both those that perform
variant calls in individual samples and those that use multiple samples to call
variants [45, 47]; commonly used pipelines include GATK [48] and SAMTools
[49], among others. Single marker statistical analysis of common variants (>5 %
MAF) from sequence data is identical to that used for GWA studies. On the other
hand, most study populations will be underpowered to conduct single marker tests
of association for rare variants (0.1–1 % range of MAF) despite the expectation of
high effect sizes for rare risk alleles (relative risks *2.5–5.0). The general approach
taken is therefore to test for association between disease status and the accumulation
of rare variants across the risk locus or gene units rather than with any single
variant. Three main classes of collapsing tests are [1] tests that use group summary
statistics on variant frequencies in cases and controls; [2] those that test for simi-
larity in unique DNA sequences in different individuals; and [3] regression models
that test collapsed sets of variants (and other variables) as predictors of the phe-
notype [36]. Many of the features of the different approaches are combined in a
single software SKAT-O, where O refers to optimal [50] that is commonly used in
these analyses.

Following association testing, identified variants are analyzed for functional
consequences. Algorithms that predict deleteriousness of protein-coding variants
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such as SIFT or PolyPhen are used to prioritize nonsense and frameshift mutations
because they result in loss of protein function [51, 52]. SIFT has been incorporated
into ANNOVAR pipeline [53] while PolyPhen is a part of the SeattleSeq pipeline
(http://snp.gs.washington.edu/SeattleSeqAnnotation) as well as the PLINK/SEQ
suite (http://atgu.mgh.harvard.edu/plinkseq/) for comprehensive functional anno-
tation of variants. Methods for prioritizing noncoding variants based on nucleotide
sequence conservation are also being utilized in large-scale sequencing studies; one
commonly used of the many available algorithms (listed in Ref. [54]) is the
Genomic Evolutionary Rate Profiling (GERP) algorithm [55]. These algorithms use
comparative genomics, generally limited to mammalian species as nucleotide
sequence is less conserved than protein sequence, to estimate nucleotide-level
evolutionary constraints in genomic sequence alignments and assign conservation
scores. Higher conservation scores are indicative of a more likely regulatory
function and can be used to prioritize noncoding variants for further studies.
A recently developed Combined Annotation–Dependent Depletion (CADD)
method integrates many diverse measures of functional relevance such as delete-
riousness, conservation, and other scored into a single measure (C score) for each
variant that can be used to objectively prioritize variants [56]. An alternative to post
hoc analysis of variants in associated genes/loci is to incorporate functional
information into the test and stratify or weigh rare alleles by functional significance.
A number of tests allow for inclusion of prediction scores in test statistics;
PLINK/SEQ, for example, includes previously computed PolyPhen scores [57].

Targeted Methods for Validation

The choice of the platform for internal or technical validation of variants identified
by genome-wide technologies is guided by the frequency of the variant and number
of samples. The most cost-effective way to validate variants with low frequencies is
usually to directly sequence the region that contains multiple rare variants in dif-
ferent individuals. This is achieved by Sanger sequencing or PCR-based next
generation strategies such as the IonTorrent Ampliseq platform. On the other hand,
variants with higher frequencies can be genotyped at a lower cost than sequencing
using targeted genotyping panels; Illumina, Sequenom, and Fluidigm, to name a
few, have solutions for custom genotyping panels.

Progress to Date in ALI

Because of the nature of ALI, specifically the fact that it does not occur sponta-
neously but as an outcome of severe illness, no family pedigrees exist and therefore
early linkage studies that identified some regions of the genome of interest in other
lung diseases such as asthma could not be performed in ALI. Despite this, it is
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thought that genetic factors influence individual’s predisposition to development of
severe illness, ALI/ARDS, and response to treatment in a multistage genetic risk
model that has been proposed [4]. This is further supported by the established role
of genetic variation in the control of host response to stimulation with PAMPs and
other innate immune stimuli [58–60].

Early studies of association of SNPs in candidate genes in inflammatory and
other relevant pathways with ALI phenotypes are summarized in [61]. More recent
candidate gene studies have identified association of SNPs in the elafin or peptidase
inhibitor 3 (PI3) gene with increased risk of ARDS [62], ANGPT2 genetic variant
with trauma-associated ALI [63], IL1RN coding variant with lower risk of ARDS
[64] as well as SNPs in an adiponectin-like gene ADIPOQ [65] and colony stim-
ulating factor 2 (CSF2) [66] with higher mortality, among others. Because of the
prominent role of platelet levels in the pathophysiology of ALI/ARDS, another
targeted study examined association of genetic variants in five loci previously
associated with platelet levels through a meta-analysis with ARDS outcomes. This
work confirmed the importance of LRRC16A in platelet formation and suggested a
role for it in ARDS pathophysiology [67]. Importantly, distinct genetic risk factors
have been identified as associated with ARDS caused by direct versus indirect
injury to the lung [68], demonstrating that study of more homogeneous clinical
phenotypes is critical in genetic studies.

Genomic assessments of the effect of genetic variants of ALI phenotypes are just
emerging. The first GWAS of 600 ALI cases and 2266 controls followed by
replication in 212 cases and 283 controls identified 159 significant SNPs (p < 0.05
for replication) associated with risk of ALI, providing support for further evaluation
of genetic variation in this syndrome. Similarly, an exome sequencing study of 96
ARDS cases compared to 1000 Genome control data identified 89 SNPs associated
with susceptibility to ARDS, with a few of these variants also associated with
severity as assessed by the APACHE II score as well as mortality [62].

Transcriptome

The transcriptome is the collection of all the RNA molecules, or transcripts, present
in a cell. DNA is transcribed by RNA polymerase to create complementary RNA
strands, which in turn are spliced to remove introns, producing mature transcripts
that contain only exons, which are translated into protein. While only a small
percentage of the human transcriptome is translated into proteins, a number of
proteins have different isoforms that stem from alternatively spliced transcripts. The
remaining transcriptome is largely comprised of a number of noncoding RNAs that
are involved in regulation of gene expression; these include thousands of pseudo-
genes [69], circular RNAs [70], long noncoding RNAs [71], and small noncoding
RNAs [71]. The most well studied group of noncoding RNAs are microRNAs
(miRNAs). They control gene expression by binding to the 3′ untranslated regions
(UTRs) of messenger RNA (mRNA), which leads to either mRNA degradation or
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inhibition of protein translation. Regulation of gene expression by miRNAs is
complex in that many miRNAs can regulate expression of a single gene and,
similarly, each miRNA can regulate a large number of genes. Other noncoding
RNAs are reviewed in detail elsewhere [71].

Study Design

Study design for genome-wide assessment of coding and noncoding RNA is in
principle the same with two important considerations: power to detect association
with the outcome variable of interest, and potential confounders including covariates
and batch effects. Power and covariates were discussed in the general design section.
Batch effects are broadly classified as known (amount of labeled RNA, date of library
preparation or hybridization, position on the array, lane on the sequencing run, etc.)
and unknown batch effects. While statistical approaches for correcting for known and
unknown batch effects are available and will be discussed in the analysis section, care
should be taken during study design to minimize the effect of known batch effects.
This is done by assigning samples from each experimental group to each set or batch
of labeling reactions, library preparation, hybridization, sequencing lane, etc., for
small sample sizes or randomizing across batches for larger sample sizes [72].

Technologies

Genomic profiling of gene expression levels in lung disease began as early as in
other diseases and used both homemade cDNA arrays and some of the first com-
mercially available arrays that both suffered from many technical issues [73–75].
However, substantial improvements in both laboratory and analytical aspects of
microarray-based analysis of gene expression have occurred [76, 77] and genomic
analysis of gene expression on microarrays has reached maturity to become a fairly
standard approach. Major providers of gene expression arrays are Affymetrix,
Agilent, and Illumina and they all use one-color assays at this time (some of the
older platforms used two colors).

RNA sequencing-based approaches were introduced much more recently and are
not as mature as microarrays [78]. While protocols for library preparation and
sequencing are fairly standard at this time, best practices for data analysis of RNA-seq
data are still under development (and will be discussed in the next section).
Sequencing of polyA-enriched libraries at relatively low coverage is the most
affordable form of RNA-seq and gives information on coding transcripts that is
comparable to microarrays. Sequencing of the same library at higher coverage results
in an expanded detection limit for more rare transcripts and data can also be analyzed
for alternative splicing. On the other hand, sequencing of ribosomal RNA-depleted
libraries provides information on coding and noncoding RNAs. One extension of this
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protocol is dual RNA-seq for capturing transcriptome information on both the host
and pathogens [79]. Small RNA-seq library preparation protocols are required to
capture mature small RNA species such as miRNAs. An important note is that
standard RNA extraction protocols do not always capture small RNA and therefore
care must be taken in this step to capture them if they are of interest to the study.

The most exciting advance in RNA-seq technology in the past few years has been
the extension to single cell analysis of the transcriptome. In this approach, tech-
nologies such as that offered by Fluidigm are used to isolate single cells, often
following flow cytometry or other methods for selection of pure cell populations, and
create cDNA in 96-well plate format that can be used for either standard quantitative
PCR or RNA-seq library preparation. While the cost of this type of experiment is
high due to the need to sequence large numbers of single cells, it is somewhat offset
by the fact that lower sequencing coverage is needed for single cells. This technology
has recently been used to provide a greater molecular understanding of lung devel-
opment and cell lineages in the lung [80] and is a promising approach to understand
molecular underpinnings of lung diseases such as ALI.

Analysis

The main steps in the analysis of transcriptome data are: [1] alignment of sequence data
in the case of RNA-seq [2] normalization and scaling [3], assessment of batch effects,
and [4] identification of differentially expressed genes or noncoding RNAs. The output
of a microarray experiment is background-subtracted set of intensities for all probes on
the array. The output of RNA-seq data are short read sequences that first need to be
aligned to the genome with gapped sequence aligners such as TopHat [81] and
quantified relative to known genes in the genome using software such as BEDTools
[82]. More detailed consideration of sequence alignment and read quantification for
transcriptome analysis is presented in [83, 84]. Both array and RNA-seq data need to be
normalized and scaled so that across-sample comparisons can be made. The most
commonly used normalization approach is quantile normalization such as robust
multi-array average (RMA) [85] or similar approaches tailored for RNA-seq data [86].

The effect of known batch effects can be examined using correlation to top
principal components to identify confounding variables that explain a significant
portion of variation in the dataset [72]; these variables can then be included
downstream in the statistical analysis. Unknown batch effects can also be dealt with
by estimating latent variables that explain observed variation in the data that are not
due to variables of interest. This is a more complex approach that requires a deeper
understanding of the statistics but implementations such as surrogate value analysis
(SVA) [87] and probabilistic estimation of expression residuals (PEER) [88] have
been developed for this purpose. Prior to statistical analysis, array intensities or
RNA-seq counts are log2-transformed and sometimes filters are applied to remove
genes that do not vary across all samples with the goal of reducing the multiple
testing burden [89].
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The choice of the statistical model for identification of differentially expressed
transcripts or noncoding RNAs depends on the experimental design. Simple t-test is
used for two-group comparison in cases where adjustment for additional covariates
is not needed. In order of increasing complexity, other models that are used are
analysis of (co)variance [AN(C)OVA] or linear models for inclusion of more than
two groups and adjustment for covariates, repeated-measures, and mixed-effects
linear models. The most commonly used software package for analysis of array data
is limma as it allows for use of moderated t-statistic [90]. Statistical analysis of
RNA-seq data is still evolving as methods that have been developed for microarray
data are not ideal due to the discrete nature of RNA-Seq data. Negative binomial
distribution is most often used in the analysis of count data as it accounts for
overdispersion (variance > mean) with several implementations including
DESeq [91] and EdgeR [92] that are commonly used. Complexities and challenges
involved in the analysis of RNA-seq data are discussed in detail in [93]. Discussion
of alternate transcript use analysis, using software such as Cufflinks [94], and
specialized approaches for dual RNA-seq [79] and single cell RNA-seq analysis
[95] is beyond the scope of this overview chapter.

Targeted Methods for Validation

Validation of genes or noncoding RNAs that are identified as statistically significant
by microarray or RNA-seq can be accomplished using several approaches with the
most cost- and time-effective approach depending on the number of samples and
number of RNAs to be validated. Most methods rely on quantitative real-time PCR,
using Taqman or SYBRGreen as detection strategies. Basic qPCR performed in
either 96- or 384-well format is a standard approach in most laboratories but there
are also more mid- to high-throughput approaches such as Fluidigm,
SABiosciences, and Life Technologies TLDA and OpenArray. Another newer
technology that is gaining popularity as it is fairly high-throughput and has high
sensitivity is the NanoString nCounter technology. Regardless of the specific
technology, these assays are generally performed in triplicate for accuracy and
require a parallel analysis of housekeeping gene(s). Data from qPCR assays are
most often analyzed using the DDCt relative expression analysis [96] but there are
cases in which a standard curve approach to be able to report absolute number of
copies of the RNA is warranted.

Progress to Date in ALI

Transcriptional profiles of human monocyte response to innate immune stimuli
have been studied extensively [97] as have been contributions of miRNAs [98] to
regulation of gene expression while the role of long noncoding RNAs is also
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emerging [99]. Microarray profiling of gene expression in alveolar macrophages
and circulating leukocytes in different patient populations has demonstrated the
importance of the inflammasome [100] and neutrophil-related genes [101], and
identified biomarkers of disease [101–103], among others [104]. RNA-seq tech-
nology is only beginning to be used is studies of ALI [105] and holds a great
promise for providing a deeper understanding of coding and noncoding RNAs in
the pathogenesis of this syndrome. Expression of miRNAs, for example, has only
been examined using microarrays in animal models but not in human cohorts [106].

Epigenome

Much of the 80 % of the genome sequence that is predicted to be regulatory includes
promoter, enhancer, insulator, and other elements throughout the genome [22, 107] that
are labeled by epigenetic marks. Epigenetic processes translate environmental expo-
sures into regulation of chromatin, which shapes the identity, gene expression profile,
and activity of specific cell types that participate in disease pathophysiology [108]. Two
main classes of epigenetic marks are DNA methylation and modifications of histone
tails, although noncoding RNAs are sometimes considered a part of the epigenome.

DNA Methylation

Methylation of cytosine residues in CpG dinucleotides (5-methylcytosine) in CpG
islands is the simplest form of epigenetic regulation with hypermethylation of CpG
islands in gene promoters leading to gene silencing and hypomethylation leading to
active transcription [109, 110]. It has been more recently demonstrated that
methylation of less CpG dense regions near islands (“CpG island shores”) [111,
112] and within gene bodies [113, 114] is also important in regulation of gene
transcription and alternative splicing and that the relationship between methylation
and transcription is much more complex than the canonical inverse
relationship. Further adding to this complexity is the presence of methylation marks
in non-CpG context in embryonic stem cells [115] and the presence of
5-hydroxymethylcytosine, which may be a mark of demethylation [116]. DNA
methyltransferases (de novo DNMT3A/B and maintenance DNMT1) are enzymes
responsible for DNA methylation while the TET family of enzymes actively
demethylates DNA through the 5-hydoxymethylcytosine intermediate [116].

Study Design

Study design for epigenome-wide association studies (EWAS) of DNA methylation
follows many of the same basic principles for the genomic studies of DNA variants
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and the transcriptome and is discussed in detail in recent review articles [15, 16]. In
addition to sample size, phenotype heterogeneity, and potential confounders (co-
variates and batch effects), two additional criteria that are considered in determining
power of an EWAS are whether tissues/cells are those from the target organ or a
surrogate and how pure the cell population is. The ideal situation for the study of
DNA methylation would be to have a fairly pure cell population of interest from the
lung. This, however, is difficult to achieve in human cohort studies so surrogate cells,
defined as nontarget readily accessible cell types, are often used in epigenetic studies.
While more work needs to be done to identify best surrogate cells for DNA
methylation studies, in general the signal is lower in surrogate than target cells
requiring larger sample sizes. Similarly, epigenetic marks are cell specific and the
more pure the cell population is the stronger the signal will be; if a mixture of cells is
profiled, a larger sample size will be required. Another complication of using mixed
cell populations is that systematic bias in cell population composition between the
groups being tested can result in DNA methylation changes due to differences in cell
composition rather than altered epigenetic patterns within each cell type associated
with the disease.

Technologies

Microarrays have been the method of choice for profiling epigenetic marks on a
genomic scale, with several platforms and protocols available for DNA methylation—
bisulfate conversion of methylated cytosines, methylated DNA immunoprecipitation
(MeDIP) using an anti-methylcytosine antibody, and digestion of DNA with restriction
enzymes specific for methylated or unmethylated cytosines [117]. The Illumina 450 k
and the latest 850 k are the most commonly used platform for genomic analysis of
DNA methylation in human cohorts at the present time. This array platfrom provides
comprehensive coverage for 99 % of Refseq genes with 20 probes per gene on average
covering both promoter and gene body. It simultaneously provides coverage for all
CpG islands in the genome (five probes on average), CpG island shores (five probes on
average), and more distant CpG motifs CpG shelves (four probes on average). More
comprehensive sequencing-based approaches for the most informative areas of the
genome for DNA methylation analysis are also beginning to be applied to human
cohorts; these include Agilent SureSelect Methyl-seq [118] and Nimblegen SeqCAP
Epi [119] target enrichment protocols. Whole genome bisulfite sequencing techniques
have not been widely used in human cohorts due to the expense and the complexity
involved in the analysis of such large datasets. Approaches for single-cell bisulfite
sequencing are just emerging [120] and hold great promise for understanding the
heterogeneity in epigenetic regulation of gene expression.

Another important aspect of DNA methylation studies is the ability to capture
information on 5-hydroxymethylcytosine, a mark of demethylation. Bisulfite con-
version captures both 5-methyl- and 5-hydroxymethylcytosine but methods that
distinguish the two are reaching maturity and can be used in conjunction with the
Illumina 450 k array [121] or sequencing [122, 123]. It should be noted, however,
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that two arrays or two sequencing runs are needed per sample to assess the relative
contribution of 5-methyl- and 5-hydroxymethylcytosine.

Analysis

Methods that have been developed for the normalization of expression array data are
not directly applicable to methylation array data due to bimodal distribution of percent
methylation (beta value on the Illumina array). Transformation of beta to M values
leads a more normal distribution and is commonly used but specialized approaches for
analysis of methylation data are still required. Normalization is generally performed
using a subset of probes on the array and approaches such as Subset-quantile Within
Array Normalization (SWAN) also deal efficiently with normalization of two different
types of probes present on the 450 k array [124]. Normalized data are subject to
standard statistical models, as described in the transcriptome section, and adjustment for
multiple comparisons. In addition to identification of statistically significant single CpG
sites (differentially methylated positions or DMPs), approaches for identification of
significant regions (differentially methylated regions or DMRs) [125, 126] can also be
applied to Illumina data although they are more commonly used in the analysis of
methylation sequencing data. An additional consideration in the analysis of Illumina
array data is filtering of probes that contain SNPs as it is known that SNPs can affect
binding and result in spurious methylation measurements [127]. Finally, while the best
approach for adjustment for differences in cell composition is to use cell counts
obtained independently, cell proportions in each sample can be estimated using
methylation data and a reference dataset such as that available for peripheral blood cells
[128] or a reference-free approach [129].

Targeted Methods for Validation

Validation of DNA methylation changes identified using genomic analysis requires
techniques that are highly quantitative such as pyrosequencing [130] on the Qiagen
Pyromark instruments and Epityper assays [131] on the Sequenom MassARRAY;
both techniques can reliably detect methylation differences as small as 5 %.
A comparison of the Illumina 450 k array and quantitative pyrosequencing revealed
high concordance of percent methylation values on the two platforms [132].

Histone Modifications

Histones are proteins that enable DNA molecules to be tightly packaged into
chromosomes inside the cell nucleus. While a number of different modifications
exist, acetylation and methylation are the most common modifications of histone
tails that occur at specific sites and residues, and control gene expression by
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regulating DNA accessibility to RNA polymerase II and transcription factors.
Histone acetyltransferases (HATs) acetylate histone tails, histone deacetylases
(HDACs) remove acetyl groups from histone tails, and bromodomain (Brd) proteins
are chromatin readers that recognize and bind acetylated histones and play a key
role in transmission of epigenetic memory across cell divisions and transcription
regulation [133, 134]. Similarly, histone methyltransferases (HMTs) add the methyl
groups to histone tails while histone demethylases (HDMs) remove them [133,
134]. Acetylation of lysine 27 on the histone H3 (H3K27ac) is, for example, one of
the most informative single histone modifications. It is known to mark active
enhancers and promoters [135].

Study Design

Study design for genomic assessment of histone modifications needs to take into
account factors that have been discussed in previous sections, namely power
considerations related to the number of samples per group, phenotype hetero-
geneity, potential confounders (covariates and batch effects), and sequence depth
coverage. All studies of histone modifications rely on chromatin immunoprecipi-
tation (ChIP) and another important consideration is inclusion of appropriate con-
trols for ChIP experiments; these most commonly include DNA isolated from cells
that have been cross-linked and fragmented under the same conditions as the
immunoprecipitated DNA (input DNA), and a “mock” ChIP reaction with a control
antibody (IgG control) [136, 137].

Technologies

While arrays have been used in the past for assessment of histone modifications,
this ChIP-CHIp technology is obsolete at this time and next generation sequencing
approach ChIP-seq is utilized almost exclusively. A crucial factor for success of
ChIP-seq experiments is the quality of the antibody used as not all antibodies that
are marketed as “ChIP grade” are appropriate for this application [136, 137]. The
best strategy for selection of ChIP antibodies for histone marks is to use those that
have been validated by ENCODE [107] and Roadmap Epigenomics [22]. Library
preparation and sequencing of DNA following ChIP is a fairly standard protocol
with recent advances in the use of small cell numbers [138, 139] and extensions of
the technology to encompass additional techniques for understanding chromatin
structure [140].

Analysis

Following sequence alignment and mapping to the genome, regions of ChIP
enrichment are identified using software specifically designed for this purpose
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[140]; one commonly used package is Model-based Analysis of ChIP-Seq (MACS)
[141]. The output of these algorithms generally ranks called regions by absolute
signal (read number) or by computed significance of enrichment (p-values).
Differential enrichment across experimental groups can be identified using software
used for analysis of RNA-seq data [140].

Targeted Methods for Validation

Targeted validation of genomic ChIP-seq hits is especially important given that
ChIP-seq is much less quantitative in nature than techniques for the analysis of the
transcriptome and DNA methylation. ChIP followed by qPCR on the DNA is the
method of choice for quantitative assessment of histone modifications at specific
genomic loci. The same controls (input and IgG) that are used in ChIP-seq are
important to include in qPCR experiments as the enrichment of the histone mod-
ification at the locus is calculated relative to input DNA and specificity is assessed
by comparison to the IgG control.

Progress to Date in ALI

While no studies to date have assessed the contribution of epigenetic marks on ALI
phenotypes in human cohorts, there is extensive evidence for the role of this level of
regulation of gene expression in innate immunity [142, 143]. Epigenetic marks,
including both DNA methylation and histone modifications, in concert with tran-
scription factors, determine the fate of undifferentiated myeloid cells towards dif-
ferent lineages [144]. Histone modification has also emerged as crucial regulator of
innate immune memory and tolerance in monocytes/macrophages [144]. The
seminal study in this area demonstrated that histone modifications regulate the gene
expression in tolerized macrophages so that pro-inflammatory genes are repressed
while antimicrobial genes continue to be expressed in LPS-tolerized cells [145].
A more recent study comprehensively characterized genomic profiles of macro-
phages that are primed by exposure to b-glucan or tolerized by exposure to LPS
[146], by profiling histone marks at promoters (H3K4me3), distal regulatory ele-
ments (H3K4me1), and the active forms of both promoters and enhancers
(H3K27ac) and combining with RNA-seq and DNase I-seq (chromatin accessi-
bility) data, and identified changes in immune and metabolic pathways that are
specific to undifferentiated, differentiated, primed, and tolerized cell state. Another
study showed that histone modifications regulate the metabolic basis of trained
immunity through induction of aerobic glycolysis through an Akt-mTOR-HIF-1a
pathway [147]. These studies provide a foundation for the study of epigenetic
regulation of gene expression in ALI.
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Future Directions and Systems Biology

ALI is a complex heterogeneous disorder influenced by both genetics and envi-
ronment. While genetic, transcriptomic, and epigenetic profiles have been under-
studied in relation to specific ALI phenotypes in human cohorts, omic studies of the
innate immune response in cells and model organisms have been done and provide
a good first step in understanding genetic and environmental influences on this
syndrome. Once more individual datasets become available, the main challenge in
ALI will be to understand how these different elements of the genome, transcrip-
tome, and epigenome interact to ultimately lead to specific disease phenotypes.

Systems biology generally refers to a process of identifying networks of
molecular pathways based on the evidence from the genome, transcriptome, and
epigenome, as well as other -omic studies including the microbiome, proteome, and
metabolome (Fig. 9.2). One of the key steps in understanding the genetic and
environmental basis of ALI and identifying key targets for diagnostics and thera-
peutics will be sophisticated integrative systems-biology-level analysis of -omic

Fig. 9.2 Conceptual approach to systems biology analysis in ALI. Sophisticated network
approaches will be required to integrate genomic datasets discussed in this Chapter (genome,
transcriptome, and epigenome; red) with other—omic datasets (proteome, metabolome, micro-
biome; green) to understand the interplay between genetics and environment that leads to ALI
clinical presentation (blue)
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datasets [44, 148]. Some of the examples of integrative approaches are expression
quantitative trait locus (eQTL) and methylation quantitative locus (meQTL) studies,
which identify genetic variants or methylation marks that control gene expression
levels [149, 150]. Other approaches rely on pathway analysis [151] of single
datasets but can also be used for integration of multiple datasets. Pathway analyses
are most often performed on the set of candidate genes from the genomic study
using commercial approaches such as Ingenuity Pathway Analysis (IPA) [152] with
its manually curated, weekly updated, and the largest knowledge base of its kind or
noncommercial tools that incorporate network topology such as Signaling Pathway
Impact Analysis (SPIA) [153] with its superior statistical approach for combining
enrichment analysis and perturbation to the pathway (global pathway significance
p value is calculated by combining enrichment and perturbation p-values). Other
commonly used approaches include co-expression network analysis using Weighted
Gene Correlation Network Analysis (WGCNA) [154] or testing for statistical sig-
nificance of predefined sets of genes rather than single genes using approaches such
as Gene Set Enrichment Analysis (GSEA) [155]. An additional level of integration is
provided when rich publicly available datasets such as those collected by the
ENCODE [107] and Roadmap Epigenomics [22] consortia are considered. Much
more work is needed in refining these approaches as well applying them in a sensible
fashion to complex diseases/syndromes such as ALI. Despite these challenges, a
deeper understanding of genetic and environmental underpinnings of ALI will
undoubtedly lead to better and more personalized therapeutic options for this deadly
syndrome.
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Chapter 10
MicroRNA Analysis in Acute Lung Injury

Andrew J. Goodwin

Introduction to MicroRNA

Background

Acute lung injury (ALI), or its clinically defined correlate entity the acute respi-
ratory distress syndrome (ARDS), is an acute inflammatory response in the lungs to
either a local (i.e., pneumonia) or systemic (i.e., trauma) insult that may be either
infectious or non-infectious. Although ARDS is defined by specific clinical criteria
[1] and characterized by a pathologic constellation including epithelial and
endothelial injury, proteinaceous alveolar edema, and leukocyte infiltration [2],
there is still much unknown about its pathogenesis. This point is well illustrated by
epidemiologic data which suggest that less than 10 % of patients who are admitted
to the intensive care unit at risk for ARDS go on to develop the condition [3].
Additionally, the clinical course of ALI is highly variable with some patients
experiencing a mild course, while others may develop severe injury resulting in
death or long-term physical, cognitive, and emotional disability [4, 5]. As such,
investigators have exerted considerable effort toward better identification of risk
factors for ALI [3] as well as a deeper understanding of its cellular and molecular
underpinnings [6].

In the last 10 years, genetic analyses have identified more than 30 DNA poly-
morphisms that are associated either with ARDS development or outcome [7].
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Many have been validated in more than one population [8–13] and several such as
ANGPT2 (angiopoietin 2) [8, 10], SFTPB (surfactant protein B) [11], and IL-10 [9]
have strong biological plausibility due to their impact on endothelial, epithelial, and
immune cell function. These studies have shed critically important light on potential
mechanisms of ALI development and may open the door to the development of
novel therapeutic approaches. However, a limitation to genetic association studies
using genomic DNA is the inability to analyze epigenetic phenomena which impact
gene expression posttranscriptionally. Posttranscriptional gene modification could
play key roles in complex, heterogeneous diseases such as ALI and, thus may be an
important area of investigation. Here we will focus on the study of one mechanism
of post-translational gene modification with considerable promise to shed light on
complex disease: micro RNA (miRNA).

MiRNA are 19–25 nucleotide (nt) long segments of non-coding RNA which are
known to bind to and inhibit the translation of target mRNA. Over 1800 human
miRNA have been identified to date and data suggest that each miRNA has the
potential to bind to hundreds of different mRNA targets [14, 15]. Indeed, one study
estimates that as much as 60 % of mammalian mRNA are conserved targets for
miRNA [16]. As such, miRNA represent a widespread and potentially critical
mechanism by which gene expression is regulated. The ability to quantify miRNA
expression in cells, tissues and biofluids allows researchers to assess for patterns in
diseases of interest and subsequently identify gene targets of potential relevance to
the disease. Further, miRNA expression patterns also have the potential to identify
those at risk for developing ALI at an early stage before protein expression levels
are altered and, therefore, have the capability to serve as either diagnostic or
prognostic biomarkers. The remainder of this chapter will provide further back-
ground into miRNA and their function as well as discuss various approaches to the
study of miRNA in ALI and will summarize the current existing knowledge of
miRNA expression in ALI.

MiRNA Synthesis and Processing

The initial description of miRNA occurred in 1993 when Lee et al. identified the
small RNA, lin-4, which was expressed during C. elegans development and was
shown to repress protein translation by binding to target mRNA [17]. Subsequently,
let-7 was also identified in C. elegans and found to exhibit similar functions [18].
Then in landmark, contemporary studies published in 2001, independent teams of
investigators discovered the existence of a much larger pool of miRNA that
appeared to be conserved across a wide range of species including humans [19, 20].
Since then, considerable effort has been devoted to understanding not only the roles
that miRNA play in human health and disease but also the mechanisms by which
miRNA are generated.
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From their earliest descriptions, miRNA were frequently identified in the pres-
ence of longer *70 nt RNA strands [17, 18, 21, 22]. This observation combined
with the in silico prediction that these longer RNA strands form stem-loop struc-
tures [19, 20] led many to believe that miRNA were likely to be derived from these
longer precursors in a manner similar to small interfering RNA (siRNA).
Ultimately, this hypothesis was proven when investigators demonstrated that these
70 nt strands were processed into *22 nt strands by Dicer and that loss of Dicer
function resulted in a simultaneous loss of miRNA and an accumulation of *70 nt
RNA [23, 24]. Thus, these *70 nt strands have been given the title precursor
miRNA or “pre-miRNA”.

Several miRNA gene clusters have been identified in which multiple miRNA
genes have been mapped to relatively short genetic loci [19, 20]. MiRNA from
these clusters often exhibit similar expression patterns suggesting that their tran-
scription is governed by common regulatory mechanisms. Accordingly, investi-
gators hypothesized that miRNA from these clusters may all derive from the same
nascent transcript which would subsequently be processed into individual
pre-miRNA. This “step-wise processing” theory was ultimately proven correct
through a series of experiments by Lee et al. They identified the presence of longer
gene transcripts originating from miRNA gene clusters. When these nascent tran-
scripts were incubated with cell extract, the transcripts were degraded into shorter
sequences which corresponded in size to pre-miRNA and mature miRNA and were
subsequently identified as such. Thus, these nascent transcripts were termed, pri-
mary miRNA or “pri-miRNA”. Interestingly, the investigators identified the pres-
ence of pri-miRNA not only from miRNA gene clusters but also from single
miRNA genes suggesting that step-wise processing may be a ubiquitous step in all
miRNA synthesis [25]. This group went on to identify the nuclear RNase III Drosha
and its binding partner DiGeorge Syndrome Critical Region 8 (DGCR8) as key
proteins in the processing of pri-miRNA into pre-miRNA [26, 27].

As insights into the biosynthesis of miRNA emerged, a remaining question was
where in the cell each processing step was occurring. Through in vitro exposure of
pri-miRNA to fractionated nuclear and cytoplasmic contents, researchers were able
to demonstrate that pri-miRNA are processed into pre-miRNA while inside the
nucleus whereas pre-miRNA are processed into mature miRNA in the cytoplasm
[25]. Thus, pre-miRNA were likely being shuttled out of the nucleus during
miRNA synthesis. Ultimately, exportin 5 (Exp5) was identified as a key nuclear
export receptor with a high specificity for pre-miRNA in a Ran guanosine
triphosphate (RanGTP)-dependent manner [28]. Once the Exp5-pre-miRNA com-
plex shuttles into the RanGTP-deplete cytoplasm, the pre-miRNA dissociates and is
available for processing by Dicer. Interestingly, pre-miRNA export efficiency was
impaired for variant pre-miRNA which, when processed, lead to incorrect mature
miRNA. This suggests that the exportin 5-mediated shuttling step may provide a
measure of quality control during miRNA synthesis. A summary of the miRNA
biosynthesis pathway is seen in Fig. 10.1.
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MiRNA Function

Upon cleavage of the pre-miRNA by Dicer, the resultant double stranded miRNA
associates with the RNA-induced silencing complex (RISC) [29], an incompletely
characterized protein complex which includes the RNase argonaute 2 (Ago2) [30].
Once associated, the miRNA duplex is separated into a 5′ strand (guide strand)
which is integrated into the RISC [31, 32] and a 3′ strand (passenger strand) [29].
The RISC then uses the guide strand to target mRNA though base pairing with
complementary sequences in their 3′ untranslated region (UTR) [33]. Once bound,
the mRNA will either: (1) be degraded by Ago2 in the setting of a near perfect
match with the miRNA or (2) be prevented from association with ribosomes
resulting in inefficient translation in the setting of a partial match with the miRNA
[33] (Fig. 10.2). In each case, the net effect is a reduction of protein expression of
the targeted gene. It was initially believed that the 3′ strand was degraded by RISC
upon separation of the miRNA duplex [29], however, subsequent work has
demonstrated that these passenger strands can be functionally active in mRNA
targeting as well [34]. Accordingly, miRNA are now designated with a standard
nomenclature such that the 5′ strand is given the ‘5p’ suffix while the 3′ strand is
given ‘3p’.

Fig. 10.1 The stepwise biosynthesis of pri-miRNA into double stranded miRNA
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The efficiency by which an individual miRNA can recognize and inhibit a target
mRNA strand is determined by the complementary match between the miRNA and
sequences in the 3′ UTR of the mRNA. Nucleotides 2–7 of the miRNA, known as
the miRNA seed, appear to be particularly important as perfect pairing within the
seed has been shown to be important for the recognition of most mRNA [34].
Additional pairing outside of the seed including at nucleotide 8 or nucleotides 13–
17 of the miRNA have also been shown to increase the efficacy by which it inhibits
mRNA translation [35]. Binding site location on the mRNA can also influence a
miRNA’s ability to repress translation. For instance, binding sites in the 3′ UTR of
the mRNA result in more efficient inhibition than do binding sites in translated
regions. Further, binding sites that are distant from the center of long UTRs or
which are located in regions with concentrated A-U sequences appear to be more
susceptible to miRNA targeting [35]. Finally, emerging research has also suggested
the existence of miRNA binding sequences within the 5′ UTR of mRNA potentially
expanding the number of genes subject to miRNA regulation [36].

Extracellular Compartments Where MiRNA are Located

MiRNA are ubiquitous across cell types and across species of both the plant and
animal kingdoms. They have been identified among all cell lineages and can be

Fig. 10.2 Double stranded miRNA dissociates and couples with the RISC complex resulting in
either target mRNA translational repression or complete degradation
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traced back to pluripotent stem cells where they have been shown to play important
regulatory roles in the processes of self-renewal and pluripotency [37]. However,
miRNA are not exclusively confined to the intracellular space. Indeed, miRNA have
been identified in a variety of biofluid compartments including plasma, pleural fluid,
and bronchoalveolar lavage (BAL) fluid. Analyses of each compartment suggest that
while there are a considerable number of miRNA that are common to multiple
different biofluids, some biofluids contain miRNA profiles that are unique [38].

Plasma is perhaps the best-studied biofluid and has provided many insights into
how miRNA exist extracellularly. The initial observation by Valadi et al. that cells
could transfer both mRNA and miRNA between each other suggested that miRNA
could exist outside of cells at least transiently. These investigators discovered that
cells could package RNA, including miRNA, into exosomes which were then
released by the cells [39]. Ultimately, analyses of plasma exosomes have revealed a
large number of contained miRNA [40]. When the miRNA expression profile of
these exosomes was compared to a similar profile from peripheral blood
mononuclear cells (PBMC), there were detectable differences [41] suggesting that
either: (a) PBMCs were not the sole source of circulating miRNA in the plasma or
(b) exosomal miRNA contents differ from that of their donor cells. Subsequent
work has demonstrated that both explanations are correct. A variety of cell types
have been shown to release exosomal miRNA into the plasma including platelets,
endothelial cells, endothelial progenitor cells, and lymphocytes [42–45]. Further,
evidence suggests that these cells may release a variety of different vesicles
including exosomes, microparticles, microvesicles, and apoptotic bodies [46], each
of which may contain miRNA. Additionally, miRNA expression in donor cells and
their daughter exosomes often differ [39, 45, 47–49]. The mechanism behind this is
incompletely understood and may be related to “selective exportation” of miRNA
into the exosomes or differences in the decay kinetics between different miRNA
[50, 51].

In addition to vesicle-associated miRNA, investigators have also identified
extracellular miRNA which exist outside of membrane-derived particles. This
so-called non-vesicle-associated miRNA population appears to be largely protein
bound with the RISC component, Ago2, as the predominant extracellular chaperone
[52]. When quantified by PCR, this protein bound population appears to account for
>90 % of circulating miRNA [52, 53]. Analyses of both the vesicle-associated and
non-vesicle-associated miRNA populations have demonstrated that each population
is comprised of a distinct pattern of miRNA suggesting that the export systems for
each population may differ from each other [54]. Some have suggested that the
extracellular protein bound miRNA may derive from the inadvertent release of
miRNA during cell death [52], however, this or alternative export mechanisms have
not been confirmed.

A third population of extracellular miRNA has been discovered which is bound
to circulating high density lipoprotein (HDL) [55]. Similar to theAgo2-bound
fraction, the miRNA expression profile in this population was distinct from the
vesicle-associated population and has even appeared to differ between disease state
and controls. However, the proportion of circulating miRNA which is bound to
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HDL appears modest raising the question of its functional importance [56]. The
different forms of extracellular miRNA are depicted in Fig. 10.3.

Regardless of whether extracellular miRNA are being shuttled inside of exo-
somes or by proteins, they demonstrate stability both in vivo and in ex vivo storage.
Ribonucleases (RNases) in both the bloodstream and the environment commonly
degrade large molecular weight RNAs; however, miRNA are typically resistant to
this enzymatic cleavage [57]. A portion of this resistance is likely conferred by their
association with membrane-derived vesicles or carrier proteins as these may shield
the miRNA from enzyme exposure. Indeed, nucleophosmin 1 (NPM1) is a RNA
binding protein that has also been implicated as a miRNA shuttle protein and has
been shown to protect miRNA from degradation by RNase A [54]. Interestingly,
when serum miRNA were exposed to a variety of harsh conditions including
boiling, multiple freeze/thaw cycles, low/high pH, and extended storage, they
demonstrated remarkable stability suggesting that they may be inherently resistant
to degradation as well [57].

Fig. 10.3 Pre-miRNA are processed into mature miRNA which can remain intracellularly or be
exported extracellularly. Extracellular miRNA can be protein bound, HDL-bound, or reside inside
of vesicular structures including exosomes and apoptotic bodies. MVB = Multivesicular Body
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Several studies have demonstrated that miRNA can be measured in the alveolar
compartment through analysis of BAL fluid [38, 58, 59] and over 200 individual
miRNA have been identified in this compartment to date [38]. Unlike some bio-
fluids, BAL does not appear to contain miRNA that are unique only to that com-
partment but rather it appears to express a subpopulation of miRNA that are found
in other compartments including plasma. It is not clear, however, if BAL contains
fewer individual miRNA than plasma because certain miRNA are selectively fil-
tered out before entering the alveolar space or because bronchoalveolar cells
express and release miRNA in different patterns than circulating or endovascular
cells. It is also worth acknowledging that new miRNA are continuously being
discovered; thus, miRNA that are unique to the alveolar space with physiologic
relevance to pulmonary disease may exist but have yet to be identified. At least two
studies have compared expression patterns of miRNA in the BAL between control
humans and humans with disease. The first study examined exosomal miRNA
expression in both asthmatics and healthy controls and identified a signature of 16
miRNA whose expression levels allowed for classification of the subjects with
asthma [58]. The second study reported differential expression patterns of total
BAL miRNA between patients with dyspnea and healthy controls and identified
correlations between BAL miRNA levels and pulmonary function testing [59].

Cell-to-Cell Communication via Extracellular MiRNA

Since the discovery of extracellular miRNA, investigators have sought to determine
whether it is a mechanism by which cells can communicate with each other through
manipulation of target cell gene expression. Indeed, numerous examples have now
been described in which membrane-derived vesicles containing miRNA have been
taken up by recipient cells leading to altered target gene expression and/or cellular
function [39, 43, 45, 47, 60–62]. Hergenreider et al. [62] found endothelial cells
placed under shear stress released miRNA-filled vesicles which, in turn, were
internalized by cocultured vascular smooth muscle cells resulting in alterations in
their gene expression. Similarly, Zernecke and colleagues demonstrated that
apoptotic endothelial cells can release vesicular apoptotic bodies which contain,
among others, miR-126 and are internalized by adjacent endothelial cells. Through
a series of elegant experiments using apoptotic bodies from control and miR-126
deficient mice, they showed that delivery of miR-126 induced expression of the
chemokine CXCL12 and attenuated the development of atherosclerosis [43].

Non-vesicle-associated miRNA may also serve as a mechanism for cell-to-cell
communication. For example, HDL-bound miRNA can be effectively delivered to
hepatocytes in vitro with resultant alterations in hepatocyte gene expression [55].
This mode of delivery is dependent upon scavenger receptor class B type I, however,
and may not occur in all cell types. Indeed, similar uptake has not been demonstrated
in endothelial cells, smooth muscle cells, or PBMCs suggesting that HDL-miRNA
complexes play only a limited role in cell-to-cell transport of miRNA [56]. Although
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they represent the largest fraction of extracellular miRNA, it is unclear at this time if
Ago2-bound miRNA can be internalized in a manner similar to HDL-bound miRNA
or vesicle-associated miRNA. The C. Elegans transmembrane channel, SID-1,
facilitates the uptake of double stranded RNA including long hairpin miRNA pre-
cursors [63, 64]. However, while mammalian homologs of SID-1 exist [65], it is
unclear if they can import precursor or mature miRNA, particularly when bound to a
protein. Recent investigations which demonstrate that miRNA can bind to and
activate extracellular toll-like receptors (TLR) suggest a potential alternative
mechanism by which Ago2-bound miRNA can facilitate cell-to-cell communication
[66, 67]. Further investigation into the potential roles of non-canonical actions of
extracellular miRNA in cell-to-cell communication is warranted.

MicroRNA Analysis in Acute Lung Injury

Background

The heterogeneous nature of ALI suggests that its etiology is likely complex and
multifactorial. This is exemplified by its multitude of risk factors, its variable
clinical course and by the wide range of genetic associations that have been
identified to date [7]. Accordingly, there is inherent appeal to the investigation of
miRNA as both an etiologic factor and as a possible therapeutic in ALI given their
ability to target many pathways simultaneously, their ubiquitous nature and their
ability to facilitate inter-cell communication. As such, investigators have begun to
analyze miRNA expression patterns in experimental ALI in order to better under-
stand their potential role in this disease.

At present there are several commercially available array-based approaches for
measuring miRNA in both experimental and human disease (Table 10.1). They can
be broadly categorized based on the underlying technology that they utilize which
include quantitative PCR, hybridization, and sequencing. These arrays are devel-
oped based on existing miRNA sequence libraries, most commonly miRbase [14]
and are often available either as whole miRnome arrays or as disease or
pathway-specific arrays. Each platform has slightly different sample size require-
ments and performance characteristics when compared head-to-head [68], thus,
choosing the optimal array depends upon the needs of the specific study.
Alternatively, candidate miRNA approaches using quantitative PCR are also fea-
sible as primers for most miRNA are commercially available.

Potential Applications

Theoretically, miRNA analyses in ALI could focus on several different aspects of
the disease. Acute lung injury represents a complex interplay between the immune
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response to an inflammatory insult, endothelial activation/dysfunction, and
epithelial injury; and the etiologies of each of these processes, and their interaction
with each other, could be investigated through analysis of miRNA expression. As
miRNA are upstream regulators of protein expression, they have the potential to
exhibit alterations in expression before resultant alterations in protein expression.
Thus, miRNA may represent an attractive class of diagnostic biomarkers with the
ability to detect patients at risk for ALI before its development. Additionally, with
the advent of commercially available miRNA mimics and blockmirs [69], gain or
loss of function studies can be performed to determine the impact of individual
miRNA on cell function in ALI. Ultimately, as the role of miRNA in ALI is
clarified, sophisticated delivery approaches may be employed in order to develop
miRNA-based therapeutics.

Bioinformatics

Although previous work has identified direct target interactions for a number of
miRNA, the sheer volume of miRNA that have been discovered combined with the
knowledge that each miRNA may have dozens to hundreds of targets necessitates a
robust bioinformatics approach to interpreting miRNA expression data. Thus, a key
component of miRNA research is in silico prediction of miRNA targets and

Table 10.1 Commercially available miRNA arrays

Platform Company Technology Species Available Required RNA
amount (ng)

GeneChip
miRNA array

Affymetrix Hybridization Human, mouse, rat 130

miRNA
Microarray

Agilent Hybridization Human, mouse, rat 100

miRCURY
LNA

Exiqon Quantitative
PCR

Human, mouse, rat 250

TruSeq Illumina Sequencing Human, mouse 1000

Ion Torrent Life Technologies Sequencing Human, mouse, rat 1000

Open Array Life Technologies Quantitative
PCR

Human, mouse, rat 100

Taqman Cards Life Technologies Quantitative
PCR

Human, mouse, rat 350

nCounter Nanostring Hybridization Human, mouse, rat 100

miScript Qiagen Quantitative
PCR

Human, mouse, rat,
dog, rhesus

500

qScript Quanta Quantitative
PCR

Human 800

SmartChip Wafergen Quantitative
PCR

Human 1000
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pathway analysis. Several publically available search engines have been developed
which use existing knowledge on miRNA-mRNA interactions in order to predict
potential targets for miRNA [70, 71]. Most algorithms begin with an analysis of the
seed region of the miRNA and the 3′ UTR of mRNA where those mRNA with high
complementarity are given a higher score. Next, the 3′ UTR binding site is assessed
for conservation across species as higher degrees of conservation have been shown
to reduce false positive interactions [72]. Finally, some algorithms evaluate can-
didate pairings for thermodynamic stability [73] and/or measure the free energy of
binding sites [74] in order to further refine the prediction score. As different
algorithms often yield substantial differences in predicted targets [75], a prudent
approach is to assess for commonality across multiple different algorithms in order
to reduce the rate of false positives.

In addition to target prediction, some available software also provide pathway
analysis to better understand a miRNA’s potential impact on cellular function and to
understand if multiple miRNA may have synergistic or antagonistic effects on cell
function. Examples of this software include DIANA-miRPath and Ingenuity Pathway
Analysis [76, 77]. DIANA-miRPath allows users to assess for predicted targets in
either the Tarbase or DIANAmicroT-CDS databases and then maps identified targets
onto molecular pathways using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Multiple miRNA can be analyzed simultaneously in order to
determine if miRNA of interest potentially act on the same pathways. Ingenuity
Pathway Analysis provides similar functionality and allows for reverse prediction
wheremRNAof interest can be used to predict whichmiRNAmay target them. Target
prediction and pathway analysis are often the initial approaches used to examine the
potential relevance of differentially expressed miRNA within a specific disease.

Limitations

Although there are numerous potential advantages to analyzing miRNA in ALI,
there are also important limitations to consider. An ideal strategy when interpreting
miRNA expression data is to simultaneously measure the expression of its down-
stream targets at both the mRNA and protein level in order to measure its functional
impact. This represents a significant challenge in patients with ALI as they seldom
undergo lung biopsy, mRNA is not stable in the circulation or alveolar space, and
many proteins of interest may not be secreted extracellularly. Thus, the ability to
comprehensively assess the impact of miRNA in human ALI in vivo is often limited
to cells that can be easily collected from the intravascular or intra alveolar spaces or
to proteins secreted into these spaces. Therefore, there is a heavy reliance upon
in vitro studies to investigate the potential impact of miRNA on human endothelial
and epithelial cells. While animal models of ALI may be used to examine the role
of miRNA in vivo as they allow for access to lung tissue, many miRNA (or their
targets) are not conserved across species which may limit the ability to apply the
knowledge gained from an animal model to human ALI.
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An additional challenge encountered in miRNA research in ALI is identifying the
cellular source of identified miRNA. As previously discussed, a wide variety of cells
release both vesicle-associated and non-vesicle-associated miRNA into the circu-
lation. Additionally, the expression patterns of miRNA inside of exosomes com-
monly differ from the expression patterns of the originating cells [39, 45, 47–49]
adding an extra layer of complexity. While exosomal membranes share protein
markers from their donor cells, many of these are nonspecific and do not clarify the
origin of the exosome. Future techniques which can purify exosomes and identify
their source will help to significantly improve the current ability to interpret circu-
lating miRNA expression patterns and the contribution that different cells play in
the circulating miRnome.

Current Knowledge of MiRNA in ALI

The exploration of miRNA expression and their role in ALI is still in its infancy.
The currently available literature has focused largely on the expression of miRNA
in lung tissue in experimental models of ALI and has suggested that miRNA may
help to regulate inflammation and vascular integrity in the setting of ALI.
Specifically, in a high tidal volume murine model of ventilator induced lung injury
(VILI), several miRNA including miR-146, miR-155, and miR-21, were differen-
tially expressed in lung tissue when compared to lungs ventilated with low tidal
volumes. In silico analysis identified that miR-146 and miR-155 regulate central
nodes in both TGF-b signaling and inflammatory cytokine pathways in this model.
Further, pretreatment with intratracheal anti-miR-21 resulted in improved oxy-
genation and respiratory mechanics as well as reduced BAL protein levels in
response to high tidal volume ventilation [78]. The potential role of miR-146 in ALI
was again suggested in a rat model of LPS-induced ALI which demonstrated that
miR-146 was upregulated in both lung tissue and alveolar macrophages in the
setting of ALI. The investigators also identified that miR-146 functionally sup-
pressed TNF-a, IL-6, and IL-1b expression in alveolar macrophages through the
inhibition of IRAK-1 and TRAF-6, key mediators in toll-like receptor signaling
[79]. Additionally, delivery of miR-146a to murine ALI has been shown to promote
M2 polarization of alveolar macrophages [80]. This suggests that miR-146 may be
overexpressed in ALI in an attempt to regulate macrophage function and inflam-
matory cytokine expression. In contrast, promotion of the M2 phenotype occurs
with inhibition of miR-155 using antisense oligonucleotides. MiR-155 inhibition
simultaneously reduced BAL cell and protein levels and enhanced clinical recovery
from ALI [81].

MicroRNA-16 may also regulate the inflammatory response of ALI in epithelial
cells. Cai et al. discovered that miR-16 is down regulated in murine lung tissue after
LPS-induced lung injury. When the investigators delivered a miR-16 mimic to
A549 epithelial cells in vitro, they found that IL-6 and TNF-a expression decreased
suggesting that miR-16 regulates their expression either directly or indirectly.
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Bioinformatic analysis suggested potential binding sites for miR-16 in the 3′ UTR
of both IL-6 and TNF-a mRNA and ultimately in vitro studies confirmed a direct
interaction between miR-16 and the TNF-a 3′ UTR [82]. Thus, miR-16 down-
regulation in ALI may contribute to ALI inflammation by releasing TNF-a
inhibition.

In addition to modulating the inflammatory response in ALI, miRNA may also
influence endothelial activation and dysfunction in this syndrome. While investi-
gating the beneficial effects of human endothelial progenitor cells (EPCs) and a
CXCL12 analogue in murine sepsis, investigators discovered that these two ther-
apies can synergistically improve survival and reduce ALI [44]. Simultaneously,
intravenous treatment with EPCs altered the expression of endothelial-relevant
circulating miRNA, an effect which was accentuated by synergistic treatment with
the CXCL12 analogue. Specifically, miR-126 expression, which has pleiotropic,
beneficial effects on endothelial homeostasis [43, 83–85], was augmented by
treatment with the chemokine analogue. Additionally, miR-155 and miR-34a,
which lead to endothelial apoptosis through targeting of Sirt1, both exhibited
decreased expression in the blood. Taken together, these data suggest that EPCs
(a) may reduce vascular leak through the delivery of exosomes which facilitate the
transfer of beneficial miRNA to injured endothelium and that (b) cotreatment with
the CXCL12 analogue may enhance this effect by favorably altering the miRNA
expression patterns in exosomes [44, 86]. Recent data demonstrating that mes-
enchymal stem cells (MSC) also exert beneficial effects in ALI via exosomes [87]
support this conceptual framework and suggest that nanoparticle delivery of exo-
somal contents may have therapeutic potential.

Future Directions

Considerable work remains in the study of miRNA in ALI. Although miRNA
expression has been studied in animal models of ALI, little is known about their
expression in human ALI. Characterizing miRNA expression in both the circulation
and the BAL will be critical steps to understanding the potential role of miRNA in
human disease. Accordingly, further refinement in techniques which distinguish the
cellular origins of specific exosomes will allow investigators to untangle the
complex web of circulating miRNA and how they participate in cell-to-cell com-
munication. As this data emerges, in silico target prediction can be coupled with
in vitro experimentation to map out how miRNA influence both injury and repair
in ALI.

Perhaps the most exciting work to be done in the investigation of miRNA in ALI
will be the development of novel miRNA-based therapeutics. As miRNA have
many potential gene targets, they are ideally suited to treat complex disorders which
involve multiple molecular pathways. Additionally, their stability inside of exo-
somes provides the potential to package them inside of synthetic nanoparticles
which can be targeted to specific cell types of interest [88]. Alternatively,
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endogenous miRNA expression can be manipulated through delivery of nanopar-
ticle associated blockmirs [89]. As our understanding of the etiologic role of
miRNA in ALI improves, we may one day look forward to nanoparticle-based
therapy which can modulate the various derangements in the inflammatory
response, endothelial integrity, and epithelial function and survival that characterize
this disease.
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