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Introduction: Resistive breathing (RB), the pathophysiologic hallmark of chronic obstruc-

tive pulmonary disease (COPD), especially during exacerbations, is associated with signifi-

cant inflammation and mechanical stress on the lung. Mechanical forces are implicated in the

progression of emphysema that is a major pathologic feature of COPD. We hypothesized that

resistive breathing exacerbates emphysema.

Methods: C57BL/6 mice were exposed to 0.75 units of pancreatic porcine elastase intra-

tracheally to develop emphysema. Resistive breathing was applied by suturing a nylon band

around the trachea to reduce surface area to half for the last 24 or 72 hours of a 21-day time

period after elastase treatment in total. Following RB (24 or 72 hours), lung mechanics were

measured and bronchoalveolar lavage (BAL) was performed. Emphysema was quantified by

the mean linear intercept (Lm) and the destructive index (DI) in lung tissue sections.

Results: Following 21 days of intratracheal elastase exposure, Lm and DI increased in lung

tissue sections [Lm (μm), control 39.09±0.76, elastase 62.05±2.19, p=0.003 and DI, ctr 30.95

±2.75, elastase 73.12±1.75, p<0.001]. RB for 72 hours further increased Lm by 64% and DI

by 19%, compared to elastase alone (p<0.001 and p=0.02, respectively). RB induced BAL

neutrophilia in elastase-treated mice. Static compliance (Cst) increased in elastase-treated

mice [Cst (mL/cmH2O), control 0.067±0.001, elastase 0.109±0.006, p<0.001], but super-

imposed RB decreased Cst, compared to elastase alone [Cst (mL/cmH2O), elastase+RB24h

0.090±0.004, p=0.006 to elastase, elastase+RB72h 0.090±0.005, p=0.006 to elastase].

Conclusion: Resistive breathing augments pulmonary inflammation and emphysema in an

elastase-induced emphysema mouse model.
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Introduction
COPD is a prevalent chronic pulmonary disease with significant worldwide mortality.1

One of the main pathologic features of COPD is emphysema, ie a permanent enlarge-

ment of airspaces distal to terminal bronchioles, without obvious fibrosis.2 Emphysema

is associated with significant respiratory symptoms3 and indeed with a more rapid

decline in FEV1 among COPD patients.4 Emphysema formation is mainly initiated by

cigarette smoke exposure, resulting in oxidative stress, inflammation and protease-

antiprotease imbalance in lung parenchyma.5 Moreover, pulmonary emphysema is

a cardinal feature of patients with severe a1-antitrypsin deficiency.6

Interestingly, despite smoking cessation, pulmonary inflammation and emphy-

sema progression persist, in severe COPD patients.7 Although, perpetuation of
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pulmonary inflammation in COPD patients has been attrib-

uted to several factors, such as autoimmunity, genetic

susceptibility, chronic airway colonization and infection,8

several reports have implicated an independent significant

role of mechanical forces for the initiation and progression

of pulmonary emphysema.9 For example, in vitro, lung

tissue slices from elastase-treated rats exhibited reduced

threshold for mechanical failure upon stretch application.10

Undoubtedly, the most devastating mechanical insult for

the emphysematous lung is the presence of a COPD exacer-

bation, with its attendant excessive airway narrowing, wor-

sening of airflow limitation and dynamic hyperinflation.11

Indeed, a history of exacerbation is associated with progres-

sion of emphysema in COPD patients.12

Recently, our group has shown that resistive breathing

through tracheal banding (to mimic the mechanical con-

sequences of severe COPD exacerbations) induces pul-

monary inflammation and injury in previously healthy

mice.13 However, whether resistive breathing through its

attendant increased mechanical stress, would exert addi-

tive inflammatory-injurious effects, when imposed onto

the emphysematous lung is unknown. We hypothesized

that resistive breathing would aggravate established pul-

monary emphysema in mice. To test our hypothesis, we

reproduced the well-described animal model of elastase-

induced pulmonary emphysema and we combined it with

a course of resistive breathing through tracheal banding.

Materials and Methods
Animals
Adult male C57BL/6 mice (8–10 weeks old) were used in

this study. Animals were purchased by the Biomedical

Sciences Research Center “A. Fleming” and were housed

in a 12-hour day/night cycle at the Experimental Surgery

unit of Evangelismos Hospital provided food and water ad

libitum.

Elastase-Induced Emphysema Model
Pulmonary emphysema was developed in mice with the

well-established model of elastase intratracheal

instillation.14 Mice were anaesthetized with an intraperito-

neal injection of ketamine (90 mg/kg) and xylazine (5mg/

kg), an incision was performed to expose the trachea and

the animals were placed in a 60° inclined surface. Then,

0.75 IU of porcine pancreatic elastase (PPE, E7885,

Sigma) diluted in 60 μL of sterile normal saline was

injected intratracheally, followed by a flush of 100 μL

air. Control animals were injected intratracheally with

only sterile normal saline. Pulmonary emphysema was

evaluated at day 21 following elastase administration.

Animal Model of Resistive Breathing

Through Tracheal Banding
An animal model of resistive breathing through tracheal

banding was employed, as previously described by our

group.13 Briefly, mice were anaesthetized with an intraper-

itoneal injection of ketamine (90 mg/kg) and xylazine (5mg/

kg) and placed under a surgical microscope. The trachea was

exposed, and a nylon band of a pre-specified length was

introduced below trachea and sutured around it, to provoke

a 50% reduction of its surface area. Following recovery from

anesthesia, the mice were returned to their cage. Resistive

breathing was applied for 24h (day 20 to day 21 from elastase

or vehicle treatment) or for 72h (day 18 to day 21). Sham

operated animals were used for comparisons.

Thus, in total the following groups of animals were

used in the study: vehicle intratracheal administration plus

sham operated (control) (n=10), vehicle plus RB for 24

hours (n=7), vehicle plus RB for 72 hours (n=6), elastase

plus sham operated (n=7), elastase plus RB for 24 hours

(n=6), elastase plus RB for 72 hours (n=6).

Esophageal Pressure Measurement as an

Estimate of Pleural Pressure
In a separate group of animals (n=4) the esophageal pres-

sure was measured, to estimate the mechanical stress

imposed onto the lung during tracheal banding.

Following anaesthesia and prior to tracheal banding,

a water filled catheter (PE10 tubing), connected to

a pressure transducer, was introduced to the mouth cavity

and advanced forward to the esophagus until a positive

value of pressure was recorded that indicated the presence

of the tip of the catheter to the stomach. Then the catheter

was withdrawn few millimeters, until negative values were

recorded to ensure presence in the lower part of the

esophagus.15,16 Pressure recordings were acquired for 8

seconds during spontaneous quietly breathing, nylon

band placement under the trachea with no obstruction,

50% surface area reduction and total occlusion.

Mechanical Parameters of the Respiratory

System
Following 21 days after elastase treatment, the animals

were anaesthetized with an intraperitoneal injection of
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ketamine (90 mg/kg) and xylazine (10 mg/kg). For mice

that underwent resistive breathing, the band was removed.

Animals were then tracheostomized and connected to

a small animal ventilator (FlexiVent, Scireq) to measure

respiratory system mechanics. After 3 minutes of baseline

ventilation (Tidal Volume 10 mL/kg, 150 breaths.min−1, 3

cmH2O PEEP), the volume history of the respiratory

system was established with a 6-sec deep inspiration to

TLC (30 cmH2O) and the mechanical parameters of the

respiratory systems were estimated with three perturba-

tions that measure the dynamic compliance and resistance

of the respiratory system [single compartment linear

model17] and by the forced oscillation technique, focusing

on tissue elasticity parameter (H) of the constant phase

model, as previously described.18 A static pressure-volume

curve was performed to measured static compliance (slope

of the mid linear part of the expiratory P-V curve) and

hysteresis.

Bronchoalveolar Lavage Fluid Cellularity
Following measurement of the mechanical parameters of the

respiratory system, the mice were sacrificed by exsanguina-

tion (vena cava dissection) under anesthesia. The thoracic

cavity was opened and the left main bronchus was tempora-

rily ligated. Three aliquots of 0.5mL normal saline were

instilled into the right lung and were gently withdrawn.

Bronchoalveolar lavage (BAL) fluid was then centrifuged

(300xg, 5 min) and the cell pellet was reconstituted in

1 mL normal saline. Total cell count was measured with

trypan blue stain and cell subpopulations were estimated in

May-Grunwald stained cytospins (from 300 cells in total).

Histological Evaluation of Pulmonary

Emphysema
After BAL, the right main bronchus was ligated, the tem-

poral occlusion of the left main bronchus was removed

and the left lung was inflated with 4% formaldehyde under

constant pressure of 20 cmH2O. The left lung was

embedded into paraffin and sagittal plane sections (4 μm

thick) were cut and stained with hematoxylin-eosin. In

every animal, 6 random optical fields (200x) were

acquired and pulmonary emphysema was quantified by

measuring the mean linear intercept (Lm) and the destruc-

tion index (DI).19 Image analysis was performed with

ImageJ software.

Destruction Index (DI)
Forty-two equally distributed points were laid over the

H-E tissue sections. Alveolar and duct spaces lying under-

neath the counting points were evaluated for the presence

of destruction. Destruction was defined as one or more of

the following criteria: (a) at least two alveolar wall defects,

(b) at least two intraluminal parenchymal rags in alveolar

ducts, (c) clearly abnormal morphology, or (d) classic

emphysematous changes. The percentage of all the points

falling into the several categories of destroyed air spaces

was computed to reveal the destructive index, using the

formula [D/(D+N)] x100%, where D = destroyed, and N =

normal.

Mean Linear Intercept
Eight equally distributed horizontal lines were laid over

the aforementioned tissue sections and the intercepts with

alveolar walls were counted. The total length of each line

of the grid was divided by the number of alveolar inter-

cepts, to provide the mean linear intercept (Lm).

Statistical Analysis
Data are presented as mean±SEM. Statistical analysis was

performed with two-way ANOVA (one factor being elas-

tase treatment and the other resistive breathing) and the

Fisher LSD test for post hoc comparisons. For esophageal

pressure analysis, a repeated measures ANOVA was used

(between different degrees of tracheal banding). A p value

<0.05 was chosen to indicate statistical significance.

Results
Esophageal Pressure During Resistive

Breathing
A 50% reduction of the tracheal surface area resulted in

significantly more negative swings in esophageal pressure,

compared to quiet breathing [Peso (cmH2O) quiet breath-

ing, −4.38 ±0.75, 50% tracheal banding, −10.20±1.31,

p=0.03]. Consequently, spontaneous breathing through tra-

cheal banding resulted in a ratio of Peso/Peso,max of 22%,

(Peso/Peso,max, quiet breathing, 0.09±0.01, sham-band

only 0.11±0.009, p=non-significant to quiet breathing,

50% tracheal banding 0.22±0.004, p=0.006 to quiet

breathing), which is well below the values observed during

severe COPD exacerbations.20
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Bronchoalveolar Lavage (BAL) Cellularity

Following Resistive Breathing in

Elastase-Treated Animals
Following 21 days of elastase treatment an ~2-fold

increase in total cell number was measured in BAL fluid,

compared to vehicle (p=0.02), due to an increase in alveo-

lar macrophages (p=0.02 to control) (Figure 1A).

Interestingly, adding resistive breathing over elastase treat-

ment (both 24 and 72 hours) provoked a significant

increase in neutrophil count (p=0.01 and p=0.03, respec-

tively, Figure 1B). Although sole RB for 24 hours

increased macrophage count (p=0.01 to control), no addi-

tive effect was noticed, when RB was combined with

elastase treatment (Figure 1C). Lymphocyte count was

not affected in our experiment (ANOVA, p=0.194).

Respiratory System Mechanics Following

Resistive Breathing in Elastase-Treated

Animals
Elastase treatment increased respiratory system compli-

ance (both dynamic and static, p<0.001 to control), in

accordance with the presence of pulmonary emphysema

(Figure 2A, C and E). In contrast, the addition of resistive

breathing (both 24 and 72 hours) decreased compliance,

compared to elastase alone, although compliance remained

significantly elevated compared to control (Figure 2A,

C and E). The same result was also obtained, when tissue

elasticity (the reciprocal of compliance) was measured by

the forced oscillation technique (data not shown).

Following 21 days of elastase exposure, total respiratory

system resistance decreased (p=0.002 to control). Resistive

breathing for 72 hours increased resistance when added to

elastase treatment (p<0.001, see Figure 2B). Combining

resistive breathing and elastase treatment resulted in

a differential effect on hysteresis, since 24h of RB

increased hysteresis, compared to elastase alone

(p=0.006), whereas 72h decreased hysteresis (p=0.04)

(Figure 2D and E).

The Effect of Resistive Breathing on

Pulmonary Emphysema in

Elastase-Treated Animals
Elastase treatment was associated with the induction of

pulmonary emphysema, as shown by the increase in both

Lm and DI indices, compared to vehicle-treated mice

(p=0.003 and p<0.001, to ctr, respectively). Resistive

breathing for 24 hours did not affect pulmonary emphy-

sema in elastase-treated animals. Interestingly, resistive

breathing for 72 hours superimposed in elastase treatment

further augmented pulmonary emphysema, as shown by

the increase in Lm and DI indices (p<0.001 and p=0.02 to

elastase alone, respectively, Figure 3). Note that resistive

breathing alone had no effect on either Lm or DI indices in

mice treated intratracheally with normal saline.

Discussion
The main finding of our study is that resistive breathing

aggravates elastase-induced pulmonary emphysema in

mice. COPD through increased airway resistance and

hyperinflation is associated with increased mechanical

stress on the lung, especially during exacerbations.11

Despite the wide recognition of the role of mechanical

deformation for biological responses,21 the exact role of

the mechanical forced in the pathogenesis of COPD and

emphysema has not been clearly established.9 One of the

main reasons for that is the absence of an animal model to

mimic the mechanical consequences of severe airway

obstruction, irrespective of the underlying triggering factor

(eg viral or bacterial infection, air pollution e.t.c).

Our research group has provided evidence that sponta-

neous breathing through increased airway resistance

induces pulmonary inflammation and injury in previously

healthy animals.13,18 As presented in this study, tracheal

banding at 50% of initial tracheal area is associated with

significant negative intrathoracic pressure swings, leading

to increased mechanical stress onto the lung, compared to

spontaneous unloaded breathing. The time frame tracheal

banding used in our study (24h to 72h) was also chosen to

reflect a “usual” natural course of a COPD exacerbation.

Interestingly, 72 but not 24 hours of resistive breathing

augmented elastance-induced pulmonary emphysema, as

evidenced by the increased mean linear intercept and

destruction indices in histological tissue sections. This

suggests that the mechanical stressor has to be applied

for long to implement its injurious effects. To translate

this finding clinically, not only the severity (tracheal sur-

face area) but also the duration of the exacerbation would

potentially determine whether the exacerbation would

result in emphysema propagation.

To our knowledge, our study provides the first evi-

dence for the role of mechanical stress in emphysema

progression in an in vivo model of severe airway obstruc-

tion, that mimics COPD patients, especially during exacer-

bations. Previously, Szabari et al found that one hour of
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Figure 1 BAL cell subpopulation during resistive breathing through tracheal banding in elastase-treated mice. (A) Elastase treatment resulted in a ~2-fold increase in total

cell count that was not affected by resistive breathing (neither for 24 nor for 72h). Differential cell count revealed that resistive breathing (both 24 and 72h) increases

neutrophil count in BAL fluid in elastase-treated mice (B), but not macrophage count (C). Data are presented as mean ± SEM, *p<0.05 to ctr (veh+sham), #p<0.05 to

elastase (ANOVA, LSD post hoc test), white bar, veh+sham, grey bar, veh+RB24h, dark grey bar, veh+RB72h, grey bar/hatched lines, elastase, dark grey bar/hatched lines,

elastase+RB24h, black bar, elastase+RB72h.
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Figure 2 Respiratory system mechanics following resistive breathing in elastase-treated animals. Elastase treatment increased both dynamic and static compliance. Addition

of either 24h or 72h of RB reduced compliance, when added to elastase (A and C). 72h of RB also increased total respiratory system resistance, when compared to elastase

alone (B). 24h of RB increased hysteresis, whereas 72h of RB decreased hysteresis, when combined with elastase treatment (D). As expected, elastase treatment resulted in

an upward shift of the Pressure-Volume curve, compared to control, suggesting the presence of emphysema, whereas resistive breathing caused a downward shift, denoting

the presence of lung injury (E). Combination of elastase and RB for 72 hours caused an intermediate effect, shifting the P-V curve upward but to a lesser degree than elastase

alone. (To reduce figure complexity the 24h RB time point was omitted from the P-V curve diagram). Data are presented as mean ± SEM, *p<0.05 to ctr (veh+sham),
#p<0.05 to elastase, ^p<0.05 to elastase plus RB24h (ANOVA, LSD post hoc test), white bar, veh+sham, grey bar, veh+RB24h, dark grey bar, veh+RB72h, grey bar/hatched

lines, elastase, dark grey bar/hatched lines, elastase+RB24h, black bar, elastase+RB72h.
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Figure 3 Pulmonary emphysema following resistive breathing in elastase-treated animals. Intratracheal elastase-induced pulmonary emphysema, as shown by the increased

Lm (A) and DI (B) indices. Following 72 hours of resistive breathing, aggravated pulmonary emphysema was observed in elastase-treated mice. Representative E&H stained

tissue sections (x200) of control (C), elastase (D), 24h RB (E), elastase plus 24h RB (F), 724h RB (G), elastase plus 72h RB (H) mice. Note the enlargement of alveolar

airspaces and the destruction of normal lung architecture following 21 days of elastase treatment, which were further exacerbated when combined with 72hrs of RB. Data

are presented as mean ± SEM, *p<0.05 to ctr (veh+sham), #p<0.05 to elastase, ^p<0.05 to elastase plus RB24h (ANOVA, LSD post hoc test), white bar, veh+sham, grey bar,

veh+RB24h, dark grey bar, veh+RB72h, grey bar/hatched lines, elastase, dark grey bar/hatched lines, elastase+RB24h, black bar, elastase+RB72h.
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mechanical ventilation with addition of deep inspirations

(35 cmH2O for 3 seconds twice per minute) in elastase-

treated mice produced alterations in lung structure (change

in the distribution of airway diameters, increased alveolar

wall thickness and decreased attachment density around

airways), compared to low pressure ventilation only (with-

out deep inspirations).22 In humans, imaging studies have

shown that in COPD patients, the presence of emphyse-

matous areas is associated with increased mechanical

deformation of adjacent “normal-appearing” areas and

this lung at risk is associated with lung function (FEV1)

decline.23 Moreover, modelling emphysematous areas in

lung CT scans showed that disease progression occurs near

existing emphysematous areas.24 Our model may be espe-

cially clinically applicable to α1-antitrypsin deficiency

(AATD), since the elastase emphysema model has been

previously reported to replicate various features of AATD-

associated pulmonary emphysema.25 Indeed, it has been

shown that patients with severe AATD present frequently

with exacerbations (where resistive breathing occurs)26

and exacerbations have been associated with accelerated

decline in diffusion capacity of the lung for carbon

monoxide26 or in FEV127 in AATD patients.

As expected, elastase treatment and emphysema for-

mation resulted in increased compliance of the respiratory

system. Addition of resistive breathing, despite augment-

ing the formation of pulmonary emphysema, was asso-

ciated with decreased compliance compared to elastase

alone, denoting the addition of some degree of lung injury,

which effects predominated on the elastic properties (ie

compliance). This is in accordance with findings by our

group13 and others, showing that the addition of acute

mechanical forces in elastase-treated animals resulted in

features of injury eg increased alveolar wall thickness.22

The mechanisms that mediate resistive breathing-

induced pulmonary emphysema aggravation cannot be

unraveled by this study, however some conjectures are

worth-attempting. A direct injurious effect of mechanical

deformation due to increased transpulmonary pressure

onto lung tissue may contribute to our results, especially

since elastase-treated lung from rats exhibits a low

threshold for mechanical failure.10 Additionally, resistive

breathing was associated with increased neutrophil count

in elastase-treated animals at as early as 24 hours of

superimposed tracheal banding. Interestingly, although

neutrophils are found in BAL fluid early after elastase

administration,28 neutrophil numbers were at baseline

values at day 21 in our model, suggesting that

mechanical forces may re-trigger inflammatory pathoge-

netic mechanisms of emphysema. We have also pre-

viously shown that an acute bout of resistive breathing

induces MMP-9 and MMP-12 expression in the lung of

previously healthy rats,29 a proteolytic enzyme with well

described role in emphysema formation,30 a mechanism

which could also contribute to the emphysema propaga-

tion in our model. Interestingly, during acute exacerba-

tions of COPD, where increased mechanical stress is

imposed on the lung, significant increase in MMP-9

levels is found in the BAL fluid of patients.31

A limitation of our study is that the our model of

resistive breathing through tracheal banding presents

some anatomic and physiological differences with the

increased airway resistance caused by exacerbations of

COPD, including the anatomical location (upper versus

lower airway obstruction), the homogeneity/distribution

of the resistance, and the timing of this resistance within

the respiratory cycle. Although these differences affect the

implications of our model, overall our study provides

evidence that altered respiratory physiology can contribute

to alveolar remodeling and affect pulmonary

inflammation.18,20,32

Conclusions
In conclusion, our data suggest that increased mechanical

stress provoked by airway narrowing propagates pulmonary

emphysema in elastase-treated mice. Thus, resistive breath-

ing through tracheal banding may introduce a novel animal

(preclinical) model of COPD exacerbations to investigate

progression of emphysema and therapeutic interventions.
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AATD, α1-antitrypsin deficiency; BAL, bronchoalveolar

lavage; COPD, chronic obstructive pulmonary disease;

FEV1, forced expiratory volume in 1 second; PEEP, posi-

tive end-expiratory volume; TLC, total lung capacity.
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