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Many experimental models have been proposed to study the pathophysiological features
of emphysema, as well as to search for new therapeutic approaches for acute or
chronically injured lung parenchyma. We aimed to characterize an emphysema model
induced by multiple instillations of elastase by tracking changes in inflammation,
remodeling, and cardiac function after each instillation. Forty-eight C57BL/6 mice
were randomly assigned across two groups. Emphysema (ELA) animals received 1,
2, 3, or 4 intratracheal instillations of pancreatic porcine elastase (PPE, 0.2 IU) with a
1-week interval between them. Controls (C) received saline following the same protocol.
Before and after implementation of the protocol, animals underwent echocardiographic
analysis. After the first instillation of PPE, the percentage of mononuclear cells in
the lung parenchyma increased compared to C (p = 0.0001). The second instillation
resulted in hyperinflated alveoli, increased mean linear intercept, and reduced elastic
fiber content in lung parenchyma compared to C (p = 0.0197). Following the third
instillation, neutrophils and collagen fiber content in alveolar septa and airways increased,
whereas static lung elastance was reduced compared to C (o = 0.0094). After the
fourth instillation, the percentage of M1 macrophages in lungs; levels of interleukin-18
(IL-1B), keratinocyte-derived chemokine, hepatocyte growth factor (HGF), and vascular
endothelial growth factor (VEGF); and collagen fiber content in the pulmonary vessel
wall were increased compared to C (p = 0.0096). At this time point, pulmonary arterial
hypertension was apparent, with increased diastolic right ventricular wall thickness. In
conclusion, the initial phase of emphysema was characterized by lung inflammation with
predominance of mononuclear cells, whereas at the late stage, impairment of pulmonary
and cardiovascular functions was observed. This model enables analysis of therapies
at different time points during controlled progression of emphysema. Accordingly, early
interventions could focus on the inflammatory process, while late interventions should
focus on restoring cardiorespiratory function.
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INTRODUCTION

Emphysema is a progressive disease characterized by airspace
enlargement, followed by a decline in lung function (Vestbo
et al, 1996). The pathogenesis of this disease is associated
with an imbalance between elastase and anti-elastase activity
(Janoft, 1985), rupture of alveolar walls (Suki et al, 2003),
inflammation in the airways and lung parenchyma (Snider, 1985;
Retamales et al., 2001), oxidative stress (MacNee, 2000), and
apoptosis (Demedts et al., 2006). However, emphysema does
not impair the lungs alone; it also produces extrapulmonary
effects that contribute to its severity and mortality (Agusti
et al., 2003; Fabbri et al., 2008). In this context, pulmonary
arterial hypertension, which results from destruction of capillary
vessel walls, may induce cor pulmonale, characterized by
right ventricular hypertrophy and failure (Smith and Wrobel,
2014).

Several experimental models have been proposed to reproduce
and explain the pathophysiology of emphysema, as well as to
test new therapies (Wright et al., 2008; Fricker et al., 2014;
Mercer et al,, 2015; Vlahos and Bozinovski, 2015). Cigarette
smoke (CS) is the most common cause of emphysema and
has been used to evaluate cellular and molecular responses
(Yao et al,, 2010, 2012). However, the CS model does not
reproduce the most severe, disabling aspects of the disease
seen in humans, and requires several months of exposure
(Churg and Wright, 2007), even though some groups have
adopted acute CS exposure protocols to identify mediators
and mechanisms involved in CS-induced inflammation (Mercer
et al,, 2015). Conversely, in the elastase-induced emphysema
model, the disease develops rapidly after a single dose.
Additionally, the severity of emphysema induced by elastase
can be controlled according to enzyme dose (Snider et al,
1986; Snider, 1992). Nevertheless, repeated doses of elastase
are required in order to develop systemic manifestations of
emphysema. Indeed, Liithje et al. showed, in NMRI mice, that
multiple instillations of elastase caused weight loss, exercise
intolerance, diaphragmatic dysfunction, and cardiovascular
impairment (Liithje et al., 2009). This model was adapted
by Cruz et al, who reported, in C57BL/6 mice, that four
instillations of elastase at 1-week intervals led to severe lung
damage characterized by inflammation and remodeling, in
addition to right ventricular dysfunction (Cruz et al., 2012). In
both studies, analyses occurred after all elastase instillations, by
which time the disease had progressed to the chronic stage.
However, the pathophysiological consequences of each elastase
administration during experimental emphysema development
remain unknown. A detailed characterization of emphysema
features after each elastase administration would lead to a better
understanding of the multiple dose elastase-induced emphysema
model.

Within this context, the aim of this study was to characterize
a model of emphysema induced by multiple instillations of
elastase through repeated analyses of pulmonary inflammatory
and remodeling processes, as well as of cardiorespiratory
function.

MATERIALS AND METHODS

This study was approved by the Ethics Committee of the Health
Sciences Centre, Federal University of Rio de Janeiro (CEUA-
019). All animals received humane care in compliance with
the “Principles of Laboratory Animal Care” formulated by the
National Society for Medical Research and the U.S. National
Research Council “Guide for the Care and Use of Laboratory
Animals.” The present study followed the ARRIVE guidelines for
reporting of animal research. Animals were housed in standard
laboratory cages (12-h light/12-h dark cycles at a temperature of
23 £ 1°C), each one containing groups of three individuals. Mice
had access to food and water ad libitum.

Animal Preparation and Experimental

Protocol

Forty-eight female C57BL/6 mice (weight: 20-25g, 2 months)
were randomly assigned using closed sealed envelopes into two
main groups: control (C) and emphysema (ELA). In the ELA
group, animals were subdivided to receive a single intratracheal
instillation of pancreatic porcine elastase [PPE (Sigma Chemical
Co., St Louis, MO, USA) 0.2 IU in 50 pwL saline—ELAI1], two
instillations with a 1-week interval (total dose, 0.4 IU PPE—
ELA2), three instillations at 1-week intervals (total dose, 0.6 IU
PPE—ELA3), and four instillations at 1-week intervals (total
dose, 0.8 IU PPE—ELAA4). C groups received saline (50 pL) using
the same protocol (Figure 1). For all intratracheal instillations,
which occurred in the laboratory between 9 and 12 a.m., mice
were anesthetized with inhaled sevoflurane 2% (Sevorane®,
Cristdlia, Itapira, SP, Brazil). A midline cervical incision (1 cm)
was made to expose the trachea, and saline or PPE were instilled
using a bent 27-gauge tuberculin needle. The cervical incision
was closed with 5-0 silk suture, and the mice returned to their
cages.

Echocardiography

Twenty-four hours before the first instillation (INITIAL) and 24
h before euthanasia (FINAL), C and ELA animals underwent
echocardiographic analysis. For echocardiographic assessment
of cardiac function, the animals were anesthetized with inhaled
sevoflurane 2%, shaved over the precordial region, and examined
with a Vevo 770 system (VisualSonics, Toronto, ON, Canada)
coupled to a 30-MHz transducer. Images were obtained from
the parasternal, short-axis, and long-axis views. B-dimensional
parasternal short axis views of both ventricles were acquired
at the level of the papillary muscles to obtain left and right
ventricular areas (Lang et al., 2006). M-mode images from the
right outflow tract were obtained to evaluate right ventricular
wall thickness. Pulsed-wave Doppler was used to measure
pulmonary artery acceleration time (PAT), pulmonary artery
ejection time (PET), and the PAT/PET ratio, an indirect index
of pulmonary arterial hypertension (Thibault et al., 2010; Abbas
et al, 2013). All parameters followed American Society of
Echocardiography and European Association of Cardiovascular
Imaging recommendations (Lang et al., 2015).
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FIGURE 1 | Schematic flow chart (A) and timeline of study design (B). C group, control (animals that received 1, 2, 3, or 4 intratracheal instillations of saline at
1-week intervals). ELA1, single intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations of PPE given 1 week apart. ELA3, three instillations
of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals.

Mechanical Parameters

One week after the last instillation, the animals were
premedicated with diazepam 10 mg/kg ip. (Compaz®,
Cristalia, Itapira, SP, Brazil) anesthetized with thiopental
sodium 20 mg/kg ip. (Thiopentax®, Cristalia, Itapira, SP,
Brazil), tracheotomized, paralyzed with vecuronium bromide
0.005 mg/kg iv. (Vecuron®, Cristalia, Itapira, SP, Brazil),
and ventilated with a constant flow ventilator (Samay VRI15;
Universidad de la Republica, Montevideo, Uruguay) using the
following settings: rate 100 breaths/min, tidal volume (V) 0.2
mlL, and fraction of inspired oxygen (FiO,) 0.21. The anterior
chest wall was surgically removed and a positive end-expiratory
pressure of 2 cm H,O applied. Airflow and tracheal pressure
(Ptr) were measured. Lung mechanics were analyzed by the
end-inflation occlusion method. In an open chest preparation,
Ptr reflects transpulmonary pressure (PL). Static lung elastance
(Est,L) was determined by dividing lung elastic recoil pressure
(Pel) by V. Est,L was measured 10 times in each animal. All data
were analyzed using ANADAT software (RHT-InfoData, Inc.,
Montreal, Quebec, Canada). All experiments lasted <15 min.

Lung Histology

At the end of the experiment, laparotomy was performed and
1000IU of heparin (Hemofol®, Cristalia, Itapira, SP, Brazil)
was injected into the vena cava. The trachea was clamped
at end-expiration, and the abdominal aorta and vena cava
were sectioned, producing massive hemorrhage and terminal

bleeding for euthanasia. The left lung was then removed, fixed
in 3% buffered formalin, and embedded in paraffin; 4-um
thick slices were cut and stained with hematoxylin—eosin. Lung
histology analysis was performed with an integrating eyepiece
with a coherent system consisting of a grid with 100 points
and 50 lines of known length coupled to a conventional light
microscope (Olympus BX51, Olympus Latin America Inc,
Brazil). The volume fraction of hyperinflated, collapsed, and
normal pulmonary areas, the mean linear intercept (Lm), and the
percentage of neutrophils in pulmonary tissue were determined
by the point-counting technique across 10-20 random, non-
overlapping microscopic fields at 200X, 400X, and 1000X
magnification, respectively (Weibel, 1990; Hsia et al., 2010). In
addition, inflammatory changes in the airway and pulmonary
vessel wall were evaluated in a blinded fashion. The total number
of cells was graded on a scale of 0-4, with 0 = absent; 1 = slight;
2 = mild; 3 = moderate; and 4 = severe.

The amount of collagen fibers (stained by the Picrosirius
polarization method) was computed in alveolar septa, small
airways, and pulmonary vessel walls. Elastic fiber content was
computed in alveolar septa using Weigert’s resorcin fuchsin
method with oxidation. The images were generated by a
microscope (Axioplan, Zeiss) connected to a digital camera
(Sony Trinitron CCD, Sony, Tokyo, Japan) and fed into a
computer through a frame grabber (Oculus TCX, Coreco, St.
Laurent, QC, Canada) for offline processing. The thresholds for
collagen and elastic fibers were established after enhancement
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TABLE 1 | Lung mechanics, morphometry, and inflammatory cells.

c ELA1 ELA2 ELA3 ELA4

Static lung elastance (cmHoO/mL) 35.9+2.8 33.7+2.9 29.5+3.5 25.54+2.8%** 24.542.4%
Normal (%) 99.7+1.5 97.7+1.0 81.2+£3.55* 64.7 £2.75# 51.8+3.8*H1
Collapse (%) 0.3+1.5 2.3+1.0 6.541.7%" 12.5+£0.7%# 17.2£3.0% 1
Hyperinflation (%) 0.0+0.0 0.0+0.0 12.242.6%* 226421 30.9+1.8**t
Mononuclear cells (%) 31.0+1.1 35.2+0.5* 37.1+£1.2% 4184155 46.2 4255 "1
Neutrophils (%) 14403 1.64+0.3 2.0+0.8 3.8+1.7* 52+ 1.5%#
Inflammation score, airway 0 (0-1) 0.5 (0-1) 1(0-2) 2.5 (2-3) 3.5 (3-4)r#
Inflammation score, pulmonary vessel wall 0.5 (0-1) 1(0-1) 1(1-2) 1.5(1-2) 4 (2.75-4)**

Fractional area of normal alveoli, collapsed alveoli, lung hyperinflation, mononuclear cells, neutrophils and airway and pulmonary vessel wall inflammation scores. C group, control
(animals that received 1, 2, 3, or 4 intratracheal instillations of saline at 1-week intervals). ELAT1, single intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations
of PPE given 1 week apart. ELA3, three instillations of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals. Values are means + SD of six animals in each ELA
group and six animals in C group. For the inflammation score, values are median (interquartile range) of six animals in each ELA group and six animals in C group. *Significantly different
from C group (p < 0.05). **Significantly different from ELA1 group (p < 0.05). *Significantly different from ELA2 group (p < 0.05). TSigniﬁcant/y different from ELA3 group (p < 0.05).
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FIGURE 2 | Mean linear intercept (A) and representative photomicrographs of lung parenchyma stained with hematoxylin-eosin (H&E) (B). C group,
control (animals that received 1, 2, 3, or 4 intratracheal instillations of saline at 1-week intervals). ELA1, single intratracheal instillation of pancreatic porcine elastase
(PPE). ELA2, two instillations of PPE given 1 week apart. ELAS, three instillations of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals. Values
are means + SD of six animals in each group. *Significantly different from C group (o < 0.05). **Significantly different from ELA1 group (o < 0.05). # Significantly
different from ELA2 group (p < 0.05). TSigniﬂcantly different from ELA3 group (p < 0.05).

of contrast up to the point where the fiber was easily identified
as either birefringent (collagen) or black (elastic) bands at
400X magnification using Image Pro Plus 7.1 Software (Media
Cybernetics, Silver Spring, MD, USA; Fullmer et al., 1974; Padilha
et al., 2015; Henriques et al., 2016). The areas occupied by the
elastic and collagen fibers were measured by digital densitometric
recognition, divided by the tissue area of each zone of interest,
and expressed as the percentage of elastic or collagen fiber in the
alveolar septa, airways, or pulmonary vessel wall.

Immunohistochemistry

Immunohistochemistry for macrophage subpopulations (M1
and M2 phenotypes) in lung tissue was done using iNOS
rabbit anti-mouse polyclonal antibody (M1, catalog no.
Rb-9242, Thermo Scientific) and arginase-1 rabbit anti-mouse

polyclonal antibody (M2, catalog no. sc-20150, Santa Cruz
Biotechnology). Antibodies were detected using a secondary
antibody labeled with peroxidase (Histofine mouse MAX PO
anti-rat and antirabbit, Nichirei Biosciences, Tokyo, Japan)
followed by the chromogen substrate diaminobenzidine
(Liquid DAB, Dakocytomation, USA, catalog no. K3468).
Analysis was performed in 30 images of high-power fields
(400X magnification) per slide, taken with an Evolution
VR Cooled Color 13-bit digital camera (Media Cybernetics,
Canada) and manually selected under a light microscope
(Nikon Eclipse 400, Nikon Instruments Tokyo, Japan).
The areas occupied by nucleated macrophages and cells
with positive staining for the phenotype marker in each
tissue were then calculated and expressed as fractional area
occupied by positive cells. The images were analyzed using

Frontiers in Physiology | www.frontiersin.org

October 2016 | Volume 7 | Article 457


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Oliveira et al.

Characterization of a Mouse Emphysema Model

Image Pro Plus 7.1 (Media Cybernetics, Silver Spring, MD,
USA).

Enzyme-Linked Immunosorbent Assay
(ELISA)

Levels of keratinocyte-derived chemokine (KC, a mouse analog of
interleukin-8), interleukin-1f (IL-1f), hepatocyte growth factor
(HGF), and vascular endothelial growth factor (VEGF) in lung
tissue were evaluated by ELISA using matched antibody pairs
from PeproTech and R&D Systems (Minneapolis, MN, USA),
according to manufacturer instructions. Results are expressed as
pg/mL.

Statistical Analysis

The number of animals in each group was based on a previous
study conducted in our laboratory (Cruz et al., 2012). A sample
size of six animals per group would provide the appropriate
power (1 — B = 0.8) to identify significant (o = 0.05) differences
in mean linear intercept between C and ELA groups, taking into
account an effect size d = 1.97, a two-sided test, and a sample
size ratio = 1 (G *- Power 3.1.9.2, University of Diisseldorf,
Germany).

Normality and equality of variances were tested by the
Kolmogorov-Smirnov test with Lilliefors correction and Levene’s
test, respectively. Parametric data were expressed as mean
(SD) and non-parametric data as median (interquartile range).
One-way ANOVA followed by Tukey’s test was used to
compare parametric data. A paired ¢-test was used to compare
echocardiography parameters between INITIAL and FINAL
at each time point. Statistical significance was established as

p < 0.05. All tests were performed in the GraphPad Prism
v6.07 statistical software package (GraphPad Software, La Jolla,
California, USA).

RESULTS

Since no major differences were observed among the C groups at
different time points, a single pooled control group was used to
represent them.

Lung Mechanics

Static lung elastance was lower in ELA3 and ELA4 compared to
the C (p = 0.0094 and 0.0038, respectively) and ELA1 (p = 0.0098
and 0.0028, respectively) groups (Table 1).

Lung Morphometry

Mean linear intercept (Figure2), fractional area of alveolar
collapse, and hyperinflated alveoli (Table 1) increased in ELA2
compared to the C (p = 0.0039, 0.0017, 0.0002, respectively) and
ELA1 groups (p < 0.0001, p = 0.0042, 0.0002, respectively).

Elastic Fiber Content

The degree of elastolysis was evaluated by quantification of elastic
fibers. Elastic fiber content decreased in ELA2 compared to the C
and ELA1 groups (p = 0.0197 and 0.0132, respectively; Figure 3).

Fibrosis in Alveolar Septa, Airways, and

Pulmonary Vessel Wall

Collagen fiber content in alveolar septa was higher in ELA3
and ELA4 compared to the C (p = 0.0009 and p < 0.0001,
respectively), ELA1 (p = 0.0002 and p < 0.0001, respectively),

A
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different from ELAS3 group (p < 0.05).

FIGURE 3 | Elastic fiber content in alveolar septa (A) and representative photomicrographs of lung parenchyma stained with Weigert’s resorcin
fuchsin method with oxidation (elastic fibers) (B). Arrows: Elastic fibers (stained black). C group, control (animals that received 1, 2, 3, or 4 intratracheal
instillations of saline at 1-week intervals). ELA1, single intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations of PPE given 1 week apart.
ELAS, three instillations of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals. Values are means + SD of six animals in each group.
*Significantly different from C group (p < 0.05). **Significantly different from ELA1 group (p < 0.05). #Signiﬂcantly different from ELA2 group (p < 0.05). TSignifican‘[ly
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and ELA 2 (p = 0.0010 and p < 0.0002, respectively) groups.
Additionally, the amount of collagen fiber in alveolar septa was
higher in ELA4 than ELA3 (p = 0.0003; Figure 4A). In the
airways, collagen fiber content was higher in ELA3 than in C
(p = 0.0118) and ELA1 (p = 0.0015; Figure 4B). Collagen fiber
content in the pulmonary vessel wall was higher in ELA4 than
in the C and ELA1 groups (p = 0.0096 and 0.0034, respectively;
Figure 4C).

Correlations between Lung Morphometry,
Static Lung Elastance, and Collagen and
Elastic Fiber Content

Interestingly, there was a correlation between increase in mean
linear intercept and elastolysis (p < 0.0001), as well as with
worsening of lung function (p < 0.0001; Figures S1A,B). There
was also a strong correlation between increased deposition of
collagen fibers and the increase in mean linear intercept (p <
0.001; Figure S1C).

Lung Inflammation

Lung inflammation was evaluated by measuring the fractional
area of total cells as well as mononuclear cells and neutrophils
in alveolar septa. Mononuclear cells increased in the lung
parenchyma in ELA1 compared to C (p = 0.0001), while the

percentage of neutrophils in lung tissue was higher in ELA3 than
in controls (p = 0.0157; Table 1).

Alveolar macrophages play a crucial role in the pathogenesis
of emphysema. They can be activated by a variety of extracellular
signals to polarize into M1 macrophages (associated with
antimicrobial response and inflammation) or M2 macrophages
(associated with wound healing and resolution of inflammation).
For a more in-depth analysis of lung inflammation, the
M1 (iNOS-positive cells) and M2 (arginase-1-positive cells)
subpopulations were quantified in this study. The M1
macrophage percentage was higher in ELA4 than C, ELAIL,
and ELA2 groups (p = 0.0014, 0.0036, 0.0005, respectively;
Figure 5A). No significant difference was observed in the
number of M2 macrophages between C and ELA groups,
regardless of the time point of analysis (Figure 5B).

Additionally, the total number of inflammatory cells in the
airway was increased in ELA3 compared to C and in ELA4
compared to the C, ELA1, and ELA2 groups. In the pulmonary
vessel wall, the total number of inflammatory cells was higher in
ELA4 compared to C and ELA1 animals (Table 1).

Pro-inflammatory and Pro-fibrogenic

Mediators in Lung Tissue
Pro-inflammatory (KC and IL-1f and pro-fibrogenic (HGF and
VEGF) mediators were measured in lung tissue. The KC level

]
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FIGURE 4 | Collagen fiber content and representative photomicrographs of alveolar septa (A), airways (B), and pulmonary vessel wall (C) stained with
the Picrosirius-polarization method. C group, control (animals that received 1, 2, 3, or 4 intratracheal instillations of saline at 1-week intervals). ELA1, single
intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations of PPE given 1 week apart. ELAS, three instillations of PPE at 1-week intervals.
ELA4, four instillations of PPE at 1-week intervals. Values are means + SD of six animals in each group. *Significantly different from C group (o < 0.05). **Significantly
different from ELA1 group (o < 0.05). #Significantly different from ELA2 group (o < 0.05). TSignificantIy different from ELAS group (o < 0.05).
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FIGURE 5 | Immunohistochemistry for iNOS (A) and arginase-1 (B). Note positive cells stained brown (arrows). C group, control (animals that received 1, 2, 3, or
4 intratracheal instillations of saline at 1-week intervals). ELA1, single intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations of PPE given
1 week apart. ELA3, three instillations of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals. Values are shown as box-plots (median,
interquartile range, minimum, and maximum) of six animals in each group. *Significantly different from C group (p < 0.05). **Significantly different from ELA1 group (o
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was higher in ELA4 than C (p = 0.0012), whereas the IL-1p level
was increased in ELA4 compared to the C and ELA2 groups (p
= 0.0094, 0.0148, respectively). HGF level was higher in ELA4
compared to the C, ELA1, and ELA2 groups (p = 0.0321, 0.0345,
0.0242, respectively), and VEGF level was increased in ELA4
compared to the C, ELAI, ELA2, and ELA3 groups (p = 0.0015,
0.0026, 0.0010, 0.0018, respectively; Figure 6).

Cardiac Function

Cardiac function was evaluated using echocardiography. In
ELA4, right ventricular end-diastolic area and diastolic right
ventricular wall thickness were higher in FINAL compared to
INITIAL (p = 0.0038 and 0.0025, respectively). Additionally,
in FINAL, ELA4 animals exhibited increased right ventricular
end-diastolic area compared to ELA1, ELA2, and ELA3 animals
(p = 0.0115, 0.0325, 0.0106, respectively), as well as increased
diastolic right ventricular wall thickness compared to the ELA1
and ELA3 groups (p = 0.0367, 0.0127, respectively). PAT/PET
ratio was lower in FINAL than INITIAL in ELA4 (p = 0.0025).
In FINAL, PAT/PET ratio was reduced further in ELA4 than
in ELAl and ELA3 (p = 0.0008 and 0.0381, respectively;
Figure 7).

DISCUSSION

In the present study, we observed that: (1) the first instillation
of PPE yielded an increased percentage of mononuclear cells
in the lung parenchyma; (2) the second instillation resulted
in hyperinflated alveoli, increased mean linear intercept, and
reduced elastic fiber content in lung parenchyma; (3) the third
instillation led to increased neutrophils and collagen fiber content
in alveolar septa and airways, whereas static lung elastance was
reduced; and (4) the fourth instillation yielded an increase in
percentage of M1 macrophages in the lung, increased levels of IL-
18, KGE HGE and VEGE, and increased collagen fiber content
in the pulmonary vessel wall. At this time point, pulmonary
arterial hypertension, characterized by a reduced PAT/PET ratio,
was present, with increased diastolic right ventricular wall
thickness and right ventricular end-diastolic area. We have thus
demonstrated that the current multiple elastase instillation model
had a cumulative effect, starting with a mild inflammatory
process followed by increased lung inflammation and changes
in inflammatory cell profile, elastolysis, fibrosis in alveolar septa,
airway, and pulmonary vessel wall, as well as cardiorespiratory
functional impairment. Of particular note is the finding that,
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FIGURE 6 | Levels of keratinocyte-derived chemokine (KC, a mouse analog of interleukin-8) (A), interleukin (IL)-18 (B), hepatocyte growth factor (HGF)
(C), and vascular endothelial growth factor (VEGF) (D) in lung tissue. C group, control (animals that received 1, 2, 3, or 4 intratracheal instillations of saline at

1-week intervals). ELA1, single intratracheal instillation of pancreatic porcine elastase (PPE). ELA2, two instillations of PPE given 1 week apart. ELA3, three instillations
of PPE at 1-week intervals. ELA4, four instillations of PPE at 1-week intervals. Values are shown as box-plots (median, interquartile range, minimum, and maximum) of
six animals in each group. *Significantly different from C group (o < 0.05). **Significantly different from ELA1 group (p < 0.05). #Signiﬂcantly different from ELA2 group
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following the initial inflammation, airspace enlargement (a
hallmark of emphysema) occurred simultaneously with loss of
elastic fibers at week 2, whereas cardiopulmonary complications
happened together with the appearance of collagen in the
pulmonary vasculature.

Elastase has been widely used to induce emphysema in
animals (Cruz et al, 2012; Craig et al, 2013; Kobayashi
et al., 2013; Sandhaus and Turino, 2013; Antunes et al., 2014).
However, lung morphological and functional changes have been
usually evaluated at only one time point, which has hindered
understanding of the full pathophysiology of this model. To our
knowledge, this was the first study to evaluate the cumulative
effect of elastase instillation on cardiorespiratory parameters.

After the first elastase instillation, a mild increase in
mononuclear cells was observed, without lung damage or release
of pro-inflammatory mediators and growth factors. Neutrophil
infiltration and the increase in M1 macrophage percentage were
present after the fourth elastase instillation, as were increased
levels of KC and IL1-B. These changes may be associated with
the presence of elastolysis, which was most intense at this time
point (when the elastic fiber content reduced around 62%).
In this context, elastin fragments act as chemoattractants for
recruitment of macrophages and neutrophils (Houghton et al.,
2006). Moreover, the elastolytic process occurs due to increased

activity of neutrophils and macrophages, which release matrix
metalloproteases, thus promoting elastic fiber rupture (Churg
et al., 2012). After the second instillation of elastase, elastic fiber
content was reduced even without neutrophil infiltration. We
speculate that this loss of elastic fibers is associated with an
increase in mononuclear cells releasing matrix metalloproteases
(MMP), mainly MMP9, which has greater elastolytic capacity
(Russell et al., 2002).

The mean linear intercept also increased with elastase
instillations. This is consistent with previous studies that reported
the development of structural changes after instillation of elastase
(O’Donnell et al.,, 1999; Ito et al, 2004; Cheng et al, 2009;
Hamakawa et al., 2011; Szabari et al., 2012).

Emphysema is characterized by changes in the organization
and composition of extracellular matrix (Ito et al., 2005; Suki
et al,, 2012; Szabari et al., 2012; Takahashi et al., 2014; Robertoni
et al, 2015). In an attempt to repair the damaged lung, new
collagen fibers are resynthesized, but are relatively weak, and,
because they can rupture, tend to reduce overall tissue stiffness
and static lung elastance (Suki et al., 2003). Similarly, Ito et al.
reported that increased total collagen fibers, including types I
and III, led to an increase in compliance 21 days after elastase
administration (Ito et al., 2005). A possible explanation for this
apparent paradox is that the remodeling process assumes an
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FIGURE 7 | Pulmonary artery acceleration time/pulmonary artery ejection time (PAT/PET) ratio (A), right ventricular end-diastolic area (B), diastolic
right ventricular wall thickness (C), and short-axis B-dimensional views of both ventricles in ELA4 animals (D). LV, left ventricle; RV, right ventricle; INITIAL,
before instillation of saline or PPE; FINAL, after instillation of saline or PPE. Values are means + SD of six animals in each group. *Significantly different from C group (o
< 0.05). **Significantly different from ELA1-FINAL group (p < 0.05). #Significantly different from ELA2-FINAL group (p < 0.05). TSignificantly different from

abnormal character in emphysema, promoting the formation of
weaker and disorganized collagen fibers (Hamakawa et al., 2011).
In the present study, we observed a time lag between elastic fiber
deterioration and collagen deposition. This could be explained by
the fibroblasts, which are in a quiescent state during equilibrium.
However, after injury, in an attempt to restore homeostasis,
these cells become activated and convert into myofibroblasts
(Stenmark et al., 2002), thus secreting collagen fibers (Wynn and
Ramalingam, 2012).

Degradation of elastic fibers and remodeling of collagen allow
rupture of septal walls, which, in this study, was most evident
after the third and fourth instillations of elastase. This led to loss
of elastic recoil and functional changes, which is consistent with
other studies (Ito et al., 2005; Hantos et al., 2008; Hamakawa et al.,
2011; Szabari et al., 2012).

HGF was increased only after the fourth instillation. In
the lungs, HGF is produced by fibroblasts, and it stimulates
epithelial cell proliferation after lung damage (Ohmichi et al.,
1996; Sakamaki et al, 2002). Previous studies have shown
that HGF levels increase 1 week after administration of a
single dose of elastase (Shigemura et al., 2005). In addition,
pulmonary endothelial cells are injured in emphysema, and can
be the main source of VEGF. This growth factor is crucial for
pulmonary vessel formation and development (Shalaby et al.,
1995; Ferrara et al., 1996). Previous studies have shown that
VEGF levels are reduced in emphysema models, suggesting

endothelial cell injury (Kasahara et al., 2001; Cruz et al.,, 2012;
Girén-Martinez et al., 2014). In contrast, in the present study,
we observed an increase in VEGF in ELA4. We hypothesized
that, with increased elastase administration, lung endothelial
cells did indeed sustain more damage, but, since there are
around 800 to 1000 capillaries for each alveolus (West, 2013),
the remaining (undamaged) functional endothelial cells could
increase VEGF levels. Additionally, we cannot rule out the
possibility of crosstalk between HGF and VEGF (Cooper, 1992;
Ferrara, 2004), whereby higher levels of HGF might increase
VEGEF synthesis.

Cardiovascular impairment was observed only after the
fourth instillation, and was due to pulmonary damage. Previous
studies have shown that the PAT/PET ratio is an important
indirect indicator of pulmonary arterial hypertension (Beard
et al.,, 1991; Jones et al., 2002; Thibault et al., 2010). In our
study, the reduction in PAT/PET ratio can be attributed to
increased collagen fiber content in lung vessels, which is in
line with a previous study (Schreier et al., 2013). Together with
vascular remodeling, arterial pulmonary hypertension can also be
caused by hypoxic pulmonary vasoconstriction (Siebenmann and
Lundby, 2015). This increased afterload induced morphological
changes in the right ventricle, including in its area and wall
thickness. Such changes characterize cor pulmonale, one of the
main conditions that lead to death in patients with emphysema
(Kawut et al., 2014).
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This study has some limitations. First, no animal model is
expected to reproduce all features of emphysema as it occurs
in humans, since the natural history of the condition is not
observed in non-human animals, and the various comorbidities
that are often observed in humans are also absent in animals.
Each choice of animal model has its own benefits and deficiencies.
Nevertheless, there is a great need to develop animal models
closely resembling various aspects of human emphysema to test
different drugs and therapies that might reduce inflammation
and improve lung repair. Therefore, a better understanding of
the morphological and functional changes that occur during
the course of our model of emphysema will enable us to
test therapies early and late in the course of this disease.
Second, each intratracheal administration contained 0.2 IU of
PPE, which could be considered a low dose compared to
those used in previous studies. To clarify whether a single
0.8-IU dose of PPE would result in similar effects, additional
experiments were performed in 10 animals, but all died 3
days after instillation. Third, analysis of the degradation and
remodeling of extracellular matrix components was focused on
collagen and elastic fiber content, and not on organization of
other components. Fourth, only female mice were included
in the sample. This was a deliberate choice based on the
previous work of Cruz et al. (2012), in which female mice
were used to localize the site of bone marrow injections whose
cells were derived from male mice. Further studies using both
female and male animals are needed to elucidate whether
sex-specific responses to the elastase model exist. Finally, the
current model was not compared with other models of CS-
induced or elastase-induced emphysema, since our aim was to
evaluate the temporal evolution of pulmonary inflammatory,
airway remodeling, and cardiorespiratory function in a model
of emphysema induced by multiple instillations of low-dose
elastase.

In conclusion, the initial phase of elastase-induced
emphysema in mice was characterized by lung inflammation with
predominance of mononuclear cells, whereas at the late stage,
impairment of pulmonary and cardiovascular functions was

REFERENCES

Abbas, A. E.,, Franey, L. M., Marwick, T., Maeder, M. T., Kaye, D. M., Vlahos,
A. P, et al. (2013). Noninvasive assessment of pulmonary vascular resistance
by doppler echocardiography. J. Am. Soc. Echocardiogr. 26, 1170-1177. doi:
10.1016/j.ech0.2013.06.003

Agusti, A. G., Noguera, A., Sauleda, J., Sala, E., Pons, J., and Busquets, X. (2003).
Systemic effects of chronic obstructive pulmonary disease. Eur. Respir. J. 21,
347-360. doi: 10.1183/09031936.03.00405703

Antunes, M. A., Abreu, S. C, Cruz, F. F., Teixeira, A. C., Lopes-Pacheco, M.,
Bandeira, E., et al. (2014). Effects of different mesenchymal stromal cell sources
and delivery routes in experimental emphysema. Respir. Res. 15:118. doi:
10.1186/512931-014-0118-x

Beard, J. T., Newman, J. H., Loyd, J. E., and Byrd, B. F. (1991). Doppler estimation
of changes in pulmonary artery pressure during hypoxic breathing. J. Am. Soc.
Echocardiogr. 4, 121-130.

Cheng, S. L., Wang, H. C, Yu, C. J, Tsao, P. N., Carmeliet, P, Cheng,
S. J., et al. (2009). Prevention of elastase-induced emphysema in placenta
growth factor knock-out mice. Respir. Res. 10, 115-125. doi: 10.1186/1465-99
21-10-115

observed. This model enables analysis of therapies at different
time points during the clinical course of emphysema. Given our
findings, we suggest that early interventions for emphysema
management could focus on the inflammatory process, while
late interventions should focus on restoring cardiorespiratory
function.

AUTHOR CONTRIBUTIONS

MO, GP, NR, DX, PS, and PR conceived and designed the
experiments. MO, GP, NR, LM, CT, DX, and SA performed the
experiments and analyzed the data. MO, SA, BS, PS, and PR
coordinated data collection and data quality assurance. MO, SA,
BS, PS, and PR participated in the first draft of the manuscript.
All authors participated in the writing process of the manuscript
and read and approved the final version.

FUNDING

This study was supported by Conselho Nacional de
Desenvolvimento  Cientifico e  Tecnoldgico/Ministério
da  Saide/DECIT  (469716/2014-2, 465064/2014-0, and

400462/2014-1 to PR) and Fundagao Carlos Chagas Filho de
Amparo a Pesquisa do Estado do Rio de Janeiro (E-26/103.118/2
to PR).

ACKNOWLEDGMENTS

The authors thank Mr. Andre Benedito da Silva for animal care,
Mrs. Ana Lucia Neves da Silva for her help with microscopy, and
Mrs. Moira Elizabeth Schottler and Mr. Filippe Vasconcellos for
their assistance in editing the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphys.
2016.00457

Churg, A., and Wright, J. L. (2007). Animal models of cigarette smoke-
induced chronic obstructive lung disease. Contrib. Microbiol. 14, 113-125. doi:
10.1159/0000107058

Churg, A, Zhou, S., and Wright, J. L. (2012). Series “matrix metalloproteinases in
lung health and disease”: matrix metalloproteinases in COPD. Eur. Respir. J. 39,
197-209. doi: 10.1183/09031936.00121611

Cooper, C. S. (1992). The met oncogene: from detection by transfection to
transmembrane receptor for hepatocyte growth factor. Oncogene 7, 3-7.

Craig, J. M., Scott, A. L., and Mitzner, W. (2013). Elastase-coupled beads
as a tool for characterizing localized alveolar tissue destruction associated
with the onset of emphysema. ] Appl Physiol. 114, 1637-1644. doi:
10.1152/japplphysiol.00026.2013

Cruz, F. F, Antunes, M. A, Abreu, S. C, Fujisaki, L. C., Silva, J.
D., Xisto, D. G., et al. (2012). Protective effects of bone marrow
mononuclear cell therapy on lung and heart in an elastase-induced emphysema
model. Respir. Physiol. Neurobiol. 182, 26-36. doi: 10.1016/j.resp.2012.
01.002

Demedts, I. K., Demoor, T., Bracke, K. R., Joos, G. F., and Brusselle, G. G. (2006).
Role of apoptosis in the pathogenesis of COPD and pulmonary emphysema.
Respir. Res. 7:53. doi: 10.1186/1465-9921-7-53

Frontiers in Physiology | www.frontiersin.org

10

October 2016 | Volume 7 | Article 457


http://journal.frontiersin.org/article/10.3389/fphys.2016.00457
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Oliveira et al.

Characterization of a Mouse Emphysema Model

Fabbri, L. M., Luppi, F., Beghé, B., and Rabe, K. F. (2008). Complex
chronic comorbidities of COPD. Eur. Respir. J. 31, 204-212. doi:
10.1183/09031936.00114307

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581-611. doi: 10.1210/er.2003-0027

Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’Shea, K. S,, et al.
(1996). Heterozygous embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 380, 439-442. doi: 10.1038/380439a0

Fricker, M., Deane, A., and Hansbro, P. M. (2014). Animal models of chronic
obstructive pulmonary disease. Exp. Opin. Drug Discov. 9, 629-645. doi:
10.1517/17460441.2014.909805

Fullmer, H. M., Sheetz, J. H., and Narkates, A. J. (1974). Oxytalan connective tissue
fibers: a review. J. Oral Pathol. 3, 291-316.

Girén-Martinez, A., Pérez-Rial, S., Terrén-Expésito, R., Diaz-Gil, J. J., Gonzélez-
Mangado, N., and Peces-Barba, G. (2014). Proliferative activity of liver
growth factor is associated with an improvement of cigarette smoke-induced
emphysema in mice. PLoS ONE 9:e112995. doi: 10.1371/journal.pone.0112995

Hamakawa, H., Bartolak-Suki, E., Parameswaran, H., Majumdar, A., Lutchen, K.
R., and Suki, B. (2011). Structure-function relations in an elastase-induced
mouse model of emphysema. Am. J. Respir. Cell Mol. Biol. 45, 517-524. doi:
10.1165/rcmb.2010-04730C

Hantos, Z., Adamicza, A., Jdnosi, T. Z., Szabari, M. V., Tolnai, J., and
Suki, B. (2008). Lung volumes and respiratory mechanics in elastase-
induced emphysema in mice. J. Appl. Physiol. 105, 1864-1872. doi:
10.1152/japplphysiol.90924.2008

Henriques, I, Lopes-Pacheco, M., Padilha, G. A., Marques, P. S., Magalhyes,
R. F.,, Antunes, M. A,, et al. (2016). Moderate aerobic training improves
cardiorespiratory parameters in elastase-induced emphysema. Front. Physiol.
7:329. doi: 10.3389/fphys.2016.00329

Houghton, A. M., Quintero, P. A., Perkins, D. L., Kobayashi, D. K., Kelley,
D. G., Marconcini, L. A, et al. (2006). Elastin fragments drive disease
progression in a murine model of emphysema. J. Clin. Invest. 116, 753-759.
doi: 10.1172/JCI25617

Hsia, C. C., Hyde, D. M., Ochs, M., and Weibel, E. R. (2010). Structure
AEJTFoQAoL: an official research policy statement of the American Thoracic
Society/European Respiratory Society: standards for quantitative assessment
of lung structure. Am. J. Respir. Crit. Care Med. 181, 394-418. doi:
10.1164/rccm.200809-1522ST

Ito, S., Ingenito, E. P., Arold, S. P., Parameswaran, H., Tgavalekos, N. T., Lutchen,
K. R, et al. (2004). Tissue heterogeneity in the mouse lung: effects of elastase
treatment. J. Appl. Physiol. 97, 204-212. doi: 10.1152/japplphysiol.01246.2003

Ito, S., Ingenito, E. P., Brewer, K. K., Black, L. D., Parameswaran, H., Lutchen, K.
R, et al. (2005). Mechanics, nonlinearity and failure strength of lung tissue in
a mouse model of emphysema: possible role of collagen remodeling. J. Appl.
Physiol. 98, 503-511. Doi: 10.1152/japplphysiol.00590.2004

Janoff, A. (1985). Elastases and emphysema: current assessment of the
protease-antiprotease hypothesis. Am. Rev. Respir. Dis. 132, 417-433. doi:
10.1164/arrd.1985.132.2.417

Jones, J. E., Mendes, L., Rudd, M. A., Russo, G., Loscalzo, J., and Zhang, Y. Y.
(2002). Serial noninvasive assessment of progressive pulmonar hypertension
in a rat model. Am. J. Physiol. Heart Circ. Physiol. 283, 364-371. doi:
10.1152/ajpheart.00979.2001

Kasahara, Y., Tuder, R. M., Cool, C. D., Lynch, D. A., Flores, S. C., and
Voelkel, N. F. (2001). Endothelial cell death and decreased expression of
vascular endothelial growth factor and vascular endothelial growth factor
receptor 2 in emphysema. Am. J. Respir. Crit. Care Med. 163, 737-744. doi:
10.1164/ajrccm.163.3.2002117

Kawut, S. M., Poor, H. D., Parikh, M. A., Hueper, K., Smith, B. M., Bluemke, D. A.,
et al. (2014). Cor pulmonale parvus in chronic obstructive pulmonary disease
and emphysema: the MESA COPD study. J. Am. Coll. Cardiol. 64, 2000-2009.
doi: 10.1016/j.jacc.2014.07.991

Kobayashi, S., Fujinawa, R., Ota, F., Kobayashi, S., Angata, T., Ueno, M., et al.
(2013). A single dose of lipopolysaccharide into mice with emphysema mimics
human chronic obstructive pulmonary disease exacerbation as assessed by
micro-computed tomography. Am. J. Respir. Cell Mol. Biol. 49, 971-977. doi:
10.1165/rcmb.2013-00740C

Lang, R. M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande,
L., et al. (2015). Recommendations for cardiac chamber quantification

by echocardiography in adults: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging.
J. Am. Soc. Echocardiogr. 28, 1-39.e14. doi: 10.1093/ehjci/jev014

Lang, R. M., Bierig, M., Devereux, R. B., Flachskampf, F. A., Foster, E., Pellikka,
P. A, et al. (2006). Recommendations for chamber quantification. Eur. J.
Echocardiogr. 7, 79-108. doi: 10.1016/j.euje.2005.12.014

Liithje, L., Raupach, T., Michels, H., Unsold, B., Hasenfuss, G., Kogler, H.,
et al. (2009). Exercise intolerance and systemic manifestations of pulmonary
emphysema in a mouse model. Respir. Res. 10:7. doi: 10.1186/1465-9921-10-7

MacNee, W. (2000). Oxidants/antioxidants and COPD. Chest 117, S303-S317. doi:
10.1378/chest.117.5_suppl_1.303S-a

Mercer, P. F., Abbott-Banner, K., Adcock, I. M., and Knowles, R. G.
(2015). Translational models of lung disease. Clin. Sci. 128, 235-256. doi:
10.1042/CS20140373

O’Donnell, M. D., O’Connor, C. M., FitzGerald, M. X., Lungarella, G., Cavarra,
E., and Martorana, P. A. (1999). Ultrastructure of lung elastin and collagen
in mouse models of spontaneous emphysema. Matrix Biol. 18, 357-360. doi:
10.1016/S0945-053X(99)00031-1

Ohmichi, H., Matsumoto, K., and Nakamura, T. (1996). In vivo mitogenic action
of HGF on lung epithelial cells: pulmotrophic role in lung regeneration. Am. J.
Physiol. 270, L1031-L1039.

Padilha, G. A., Henriques, I, Lopes-Pacheco, M., Abreu, S. C., Oliveira, M.
V., Morales, M. M., et al. (2015). Therapeutic effects of LASSBio-596 in
an elastase-induced mouse model of emphysema. Front. Physiol. 6:267. doi:
10.3389/fphys.2015.00267

Retamales, I, Elliott, W. M., Meshi, B., Coxson, H. O., Pare, P. D., Sciurba, F. C,,
et al. (2001). Amplification of inflammation in emphysema and its association
with latent adenoviral infection. Am. J. Respir. Crit. Care Med. 164, 469-473.
doi: 10.1164/ajrccm.164.3.2007149

Robertoni, F. S., Olivo, C. R, Lourengo, J. D., Gongalves, N. G., Velosa, A. P.,
Lin, C. J,, et al. (2015). Collagenase mRNA overexpression and decreased
extracellular matrix components are early events in the pathogenesis of
emphysema. PLoS ONE 10:€0129590. doi: 10.1371/journal.pone.0129590

Russell, R. E., Thorley, A., Culpitt, S. V., Dodd, S., Donnelly, L. E., Demattos,
C., et al. (2002). Alveolar macrophage-mediated elastolysis: roles of matrix
metalloproteinases, cysteine, and serine proteases. Am. J. Physiol. Lung Cell.
Mol. Physiol. 283, 867-873. doi: 10.1152/ajplung.00020.2002

Sakamaki, Y., Matsumoto, K., Mizuno, S., Miyoshi, S., Matsuda, H., and Nakamura,
T. (2002). Hepatocyte growth factor stimulates proliferation of respiratory
epithelial cells during postpneumonectomy compensatory lung growth in mice.
Am. ]. Respir. Cell Mol. Biol. 26, 525-533. doi: 10.1165/ajrcmb.26.5.4714

Sandhaus, R. A., and Turino, G. (2013). Neutrophil elastase-mediated lung disease.
COPD 10, 60-63. doi: 10.3109/15412555.2013.764403

Schreier, D., Hacker, T., Song, G., and Chesler, N. (2013). The role of collagen
synthesis in ventricular and vascular adaptation to hypoxic pulmonary
hypertension. J. Biomech. Eng. 135, 021018. doi: 10.1115/1.4023480

Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X. F., Breitman,
M. L, et al. (1995). Failure of blood-island formation and vasculogenesis in
Flk-1-deficient mice. Nature 376, 62-66. doi: 10.1038/376062a0

Shigemura, N., Sawa, Y., Mizuno, S., Ono, M., Ohta, M., Nakamura, T., et al.
(2005). Amelioration of pulmonary emphysema by in vivo gene transfection
with hepatocyte growth factor in rats. Circulation 111, 1407-1414. doi:
10.1161/01.CIR.0000158433.89103.85

Siebenmann, C., and Lundby, C. (2015). Regulation of cardiac output in hypoxia.
Scand. ]. Med. Sci. Sports 4, 53-59. doi: 10.1111/sms.12619

Smith, M. C., and Wrobel, J. P. (2014). Epidemiology and clinical impact of major
comorbidities in patients with COPD. Int. J. Chron. Obstruct. Pulmon. Dis. 9,
871-888. doi: 10.2147/COPD.S49621

Snider, G. L. (1985). Distinguishing among asthma, chronic bronchitis, and
emphysema. Chest 87, $35-539. doi: 10.1378/chest.87.1.35S

Snider, G. L. (1992). Emphysema: the first two centuries — and beyond. A historical
overview, with suggestions for future research: part 2. Am. Rev. Respir. Dis. 146,
1615-1622. doi: 10.1164/ajrccm/146.6.1615

Snider, G. L., Lucey, E. C., and Stone, P. J. (1986). Animal models of emphysema.
Am. Rev. Respir. Dis. 133, 149-169. doi: 10.1164/arrd.1986.133.1.149

Stenmark, K. R., Gerasimovskaya, E., Nemenoff, R. A., and Das, M. (2002).
Hypoxic activation of adventitial fibroblasts: role in vascular remodeling. Chest
122, 3265-3348S. doi: 10.1378/chest.122.6_suppl.326S

Frontiers in Physiology | www.frontiersin.org

11

October 2016 | Volume 7 | Article 457


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Oliveira et al.

Characterization of a Mouse Emphysema Model

Suki, B., Jesudason, R., Sato, S., Parameswaran, H., Araujo, A. D., Majumdar,
A, et al. (2012). Mechanical failure, stress redistribution, elastase activity and
binding site availability on elastin during the progression of emphysema. Pulm.
Pharmacol. Ther. 25, 268-275. doi: 10.1016/j.pupt.2011.04.027

Suki, B., Lutchen, K. R, and Ingenito, E. P. (2003). On the progressive nature of
emphysema: roles of proteases, inflammation, and mechanical forces. Am. J.
Respir. Crit. Care Med. 168, 516-521. doi: 10.1164/rccm.200208-908PP

Szabari, M. V., Parameswaran, H., Sato, S., Hantos, Z., Bartolak-Suki, E., and
Suki, B. (2012). Acute mechanical forces cause deterioration in lung structure
and function in elastase-induced emphysema. Am. J. Physiol. Lung Cell. Mol.
Physiol. 303, 567-574. doi: 10.1152/ajplung.00217.2012

Takahashi, A., Majumdar, A., Parameswaran, H., Bartoldk-Suki, E., and Suki, B.
(2014). Proteoglycans maintain lung stability in an elastase-treated mouse
model of emphysema. Am. J. Respir. Cell Mol. Biol. 51, 26-33. doi:
10.1165/rcmb.2013-01790C

Thibault, H. B., Kurtz, B., Raher, M. J., Shaik, R. S., Waxman, A., Derumeaux, G.,
et al. (2010). Noninvasive assessment of murine pulmonary arterial pressure:
validation and application to models of pulmonary hypertension. Circ.
Cardiovasc. Imaging 3, 157-163. doi: 10.1161/CIRCIMAGING.109.887109

Vestbo, J., Prescott, E., and Lange, P. (1996). Association of chronic mucus
hypersecretion with FEV1 decline and chronic obstructive pulmonary disease
morbidity. Copenhagen City Heart Study Group. Am. J. Respir. Crit. Care. Med.
153, 1530-1535. doi: 10.1164/ajrccm.153.5.8630597

Vlahos, R., and Bozinovski, S. (2015). Preclinical murine models of Chronic
Obstructive Pulmonary Disease. Eur. J. Pharmacol. 759, 265-271. doi:
10.1016/j.ejphar.2015.03.029

Weibel, E. R. (1990). “Morphometry: stereological theory and practical methods,”
in Models of Lung Disease-Microscopy and Structural Methods, eds J. Gil (New
York, NY: Marcel Dekker), 199-247.

West, J. B. (2013). Pulmonary Pathophysiology: The Essentials. San Diego, CA:
Wolters Kluwer.

Wright, J. L., Cosio, M., and Churg, A. (2008). Animal models of chronic
obstructive pulmonary disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 295,
L1-L15. doi: 10.1152/ajplung.90200.2008

Wynn, T. A., and Ramalingam, T. R. (2012). Mechanisms of fibrosis: therapeutic
translation for fibrotic disease. Nat. Med. 18, 1028-1040. doi: 10.1038/
nm.2807

Yao, H., Arunachalam, G., Hwang, J. W., Chung, S., Sundar, I. K., Kinnula,
V. L., et al. (2010). Extracellular superoxide dismutase protects against
pulmonary emphysema by attenuating oxidative fragmentation of ECM.
Proc. Natl. Acad. Sci. U.S.A. 107, 15571-15576. doi: 10.1073/pnas.10076
25107

Yao, H., Chung, S., Hwang, ]. W., Rajendrasozhan, S., Sundar, I. K., Dean, D.
A, et al. (2012). SIRT1 protects against emphysema via FOXO3-mediated
reduction of premature senescence in mice. J. Clin. Invest. 122, 2032-2045. doi:
10.1172/JCI160132

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Oliveira, Abreu, Padilha, Rocha, Maia, Takiya, Xisto, Suki, Silva
and Rocco. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Physiology | www.frontiersin.org

12

October 2016 | Volume 7 | Article 457


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Characterization of a Mouse Model of Emphysema Induced by Multiple Instillations of Low-Dose Elastase
	Introduction
	Materials and Methods
	Animal Preparation and Experimental Protocol
	Echocardiography
	Mechanical Parameters
	Lung Histology
	Immunohistochemistry
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Statistical Analysis

	Results
	Lung Mechanics
	Lung Morphometry
	Elastic Fiber Content
	Fibrosis in Alveolar Septa, Airways, and Pulmonary Vessel Wall
	Correlations between Lung Morphometry, Static Lung Elastance, and Collagen and Elastic Fiber Content
	Lung Inflammation
	Pro-inflammatory and Pro-fibrogenic Mediators in Lung Tissue
	Cardiac Function

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




