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I. INTRODUCTION 

 

Chronic obstructive pulmonary disease (COPD) is the third major cause of death 

worldwide after ischemic heart disease and stroke
1
. COPD is a type of obstructive lung 

disease characterized by airway narrowing, dyspnea, cough and sputum production. It is an 

umbrella term for two disorders: chronic bronchitis and emphysema.  

 

Emphysema is a long-term disease, with progressive structural changes in the lung in 

which the alveolar walls are destroyed. This disorder is characterized clinically by a loss of 

elastic recoil and significant hyperexpansion of the lungs, as a result of permanent 

destruction of the parenchymal tissue structure
2
. A variety of mechanisms, including a 

protease–antiprotease imbalance
3
, inflammation

4
, abnormal extracellular matrix remodeling

5
 

and mechanical forces
6
, have been proposed to be involved in its pathogenesis. From the 

point of view of respiratory mechanics, the decrease in the retraction capacity due to the 

prenchymal destruction modifies the elastic balance between the chest wall and the lungs, 

and this leads to an elevation of the end-expiratory lung volume, without the involvement of 

dynamic hyperinflation resulting from the expiratory flow limitation characteristic of COPD. 

Additionally, parenchymal destruction weakens the tethering forces transmitted to the airway 

wall by the alveolar attachments and the rest of the parenchymal structure from the pleural 

space. While it appears plausible that this change in the elastic forces leads to lower 

transbronchial pressures and a consequent decrease in the airway lumen, it has remained 

unclear whether or not the weaker tethering per se can lead to the obstructive conditions in 

COPD. The limited clinical knowledge available on the early phase of COPD can be 

explained by the symptomless period of the disease, when there is no airway involvement 

and hence no decline in lung function: FEV1 (the standard measure of the COPD severity) 

and the airway conductance are not affected
7
. This early phase of the disease is therefore one 

of the most challenging aspects in the understanding of the pathomechanisms of COPD, 

highlighting both the importance of a sensitive and detailed assessment of the respiratory 

mechanics and the need for appropriate animal model studies on the pathomechanisms. 

These aspects are closely linked. While the alterations in lung volumes are a solid 

landmark of emphysema, and are routinely addressed in the diagnostics of COPD, the 
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assessment of the airway function is overwhelmingly based on (and simplified into) forced 

spirometry
2,7

. The most detailed measurement of respiratory mechanics, the low-frequency 

forced oscillation technique (LFOT)
8
, permits a separate estimation of the airway and tissue 

mechanics
9
. However, LFOT measurements assume apneic conditions and hence have been 

employed in merely a few studies on ventilated COPD patients 
10,11,12

. On the other hand, 

while a few investigations on rodent models of emphysema have used LFOT to characterize 

the airway and tissue mechanics
13,14

, changes in lung volumes have been assessed with 

rudimentary methods at most, and the relationships between lung volume and mechanics 

have basically been left unaddressed.  

To gain insight into the pathogenesis and progression of the human disease, various 

small animal models of emphysema have been developed
15-18

. In the first animal model 

reported 50 years ago
19

, papain extracted from plants was applied intratracheally to induce 

emphysema. Nowadays there are a number of ways to induce emphysema: the intratracheal 

instillation of porcine pancreatic elastase (PPE), human neutrophil elastase
15

, beta-D-

xyloside
20

 (an inhibitor of the proteoglycan synthesis), intravenous vascular endothelial 

growth factor receptor-2 (VEGFR-2)
21

 blockers and gain (knock-in, increased activity of 

tissue collagenase) or loss of function (knock-out)
22

 mutations. PPE treatment induces not 

only emphysema with hypoxemia, but also right ventricle hypertrophy and lung function 

alterations, similarly as the human disease does. As additional group of animal models make 

use of airway irritants: smoke
23

, cadmium chloride
24

, nitrogen oxide
25

, mineral dust, e.g. 

silicon dioxide
26

, which can result in an airflow obstruction (of more clinical relevance) and 

secondary parenchymal changes.  

Rodent models of PPE-induced emphysema are commonly used
27

 for the rapid 

generation of an emphysema-like airspace enlargement that can be studied easily within a 

month; the investigation period is usually limited to 2-4 weeks. In contrast, the human 

disease is a slowly progressing pathological condition with long-term effects on the patient, 

which usually starts around midlife. To promote the understanding of the chronic aspects of 

human emphysema, follow-up measurements may be made in rodents in order to reveal how 

changes in the tissue structure impact on the lung function on a long-term basis. Since 

repeated intubations during the anesthesia of small animals pose technical challenges, most 

rodent studies have been limited to cross-sectional analyses of the disease progression
28-30

. 
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Additionally, while elastolytic, parenchymal destruction has been investigated widely in 

PPE-induced rodent animal models
28,31,32

, less attention has been paid to the possible link 

between the decreased tethering forces and the airway involvement, a potential limitation of 

the PPE-induced emphysema model.  

COPD patients are usually characterized by increased lung volumes and expiratory 

resistance, resulting in dynamic hyperinflation and increased overall lung strain and stretch. 

From time to time, the acute exacerbation of COPD (AECOPD) can occur, with periods of 

severe productive cough and shortness of breath; these flare-ups increase the mechanical 

stress and its destructive effect on the lung. AECOPD worsens the patient’s respiratory 

symptoms, which exceed the normal day-to-day variations and can necessitate to changes in 

medication
2
. Thus, exacerbations constitute a significant component of the clinical 

manifestations of COPD
2 

becoming increasingly more frequent as the disease progresses
33

. 

However, a detailed understanding of how exacerbation augments the irreversible functional 

changes is lacking. Since mechanical forces have been shown to be the governing mechanism 

of tissue destruction in emphysema
6,34,35

, the combination of mechanical and chemical effects 

may constitute a clinically more relevant model of the human disease.   
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II. AIMS 

 

The overall goal of this PhD project was to study the structural and functional 

changes during the development and the progression of PPE-induced emphysema in rat and 

mice, using the LFOT for the detailed characterization of lung mechanics, body 

plethysmography for the measurement of lung volumes, and various visualization techniques 

to investigate the lung structure. A further aim was also to create a partial model of COPD 

exacerbation involving only mechanical stress to the lungs. The specific aims of these studies 

were as follows. 

 

Study I: The purpose of this study was to map the mechanical properties of the 

airways and respiratory tissues as functions of the lung volume and transrespiratory pressure 

in mice treated with PPE, the most common animal model of emphysema. To this end, we 

tracked the resistive and elastic parameters of the respiratory system during slow inspiratory-

expiratory maneuvers.  

 

Study II: The aim of this study was to examine in further detail whether PPE-

treatment induces pure parenchymal destruction or whether it also involves airway 

abnormalities. The functional changes of emphysematous rat lungs were characterized by the 

LFOT assessment of the airway and tissue mechanics. To evaluate the structural changes 

underlying the functional alterations, the morphological properties of the parenchyma, 

including alveolar attachments around small airways, were assessed; additionally, the elastin 

and collagen in the septal and airway walls were visualized and quantified.  

 

Study III: Since emphysema is a slowly progressing, chronic pathological condition, 

we studied the structural and functional alterations in a PPE-induced rat model of 

emphysema in follow-up experiments starting at 3 days after the PPE treatment and lasting 

for 105 days i.e. much longer than the usual few weeks. Specifically, we set out to assess the 

extent to which the remodeling-induced changes in alveolar structure and extracellular matrix 

(ECM) composition determine the lung function.  
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Study IV: The goal here was to create an “emphysema exacerbation” model involving 

a combination of elastolytic and mechanical interventions. We hypothesized that, while viral 

or bacterial infections are the triggers in the AECOPD, the mechanical forces during the 

exacerbation phase play a key role in the tissue rupture, leading to irreversible changes in 

lung structure and function. To avoid the confounding effects of viral and bacterial 

infections, we tested this hypothesis by superimposing deep inspirations (DIs) during 

mechanical ventilation on the remodeled parenchyma at different stages of PPE-induced 

emphysema in mice. 
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III. METHODS 

 

1. ANIMAL PREPARATION 

 

The four study protocols were approved by the Institutional Animal Care and Use 

Committees of the University of Szeged and Boston University. 

 

1.1. Relationship between lung volumes and respiratory mechanics (Study I) 

 

CBA/Ca female mice were anesthetized with an intraperitoneal injection of 

pentobarbital sodium (75 mg.kg
-1

) and intubated with a 20-mm-long, 0.8-mm inner diameter 

polyethylene cannula under the control of a cold light source (model FLQ85E, Helmuth 

Hund, Wetzlar, Germany), according to the technique described by others
36,37

. The elastase-

treated animals (group E, N=14) received PPE (Sigma-Aldrich Hungary, Budapest, Hungary) 

in 50 l of saline in one of two doses: 0.3 international unit (IU) (N=10) and 0.6 IU (N=4) 

via intratracheal instillation. The control animals (N=14, group C) were treated with 50 l of 

saline only. Three weeks thereafter, the mice were anesthetized with pentobarbital sodium 

(75 mg.kg
-1

), tracheotomized, and cannulated with a 0.8-mm internal diameter (ID) 

polyethylene tube. The animals were placed in the supine position in a custom-built 160-ml 

body plethysmograph and ventilated with a small-animal respirator (Harvard Apparatus, 

South Natick, MA, USA) at a rate of 160 min
-1

, a tidal volume (VT) of 0.25 ml, and a 

positive end-expiratory pressure (PEEP) of 2 cmH2O. Supplemental doses of pentobarbital 

sodium (15 mg.kg
-1

) were administered as needed, generally at the beginning of the 

measurements.  

 

1.2. Functional and morphological assessment of early impairment of the airway function 

(Study II) 

 

Fourteen adult (10-week-old) male Sprague-Dawley rats were included in the 

experiment. The animals were anesthetized with an intraperitoneal injection of chloral 

hydrate (350 mg.kg
-1

). Supplemental doses of anesthetic (50 mg.kg
-1

) were administered 
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during the experiment as needed. The rats were intubated with a polyethylene cannula (14-

gauge, Braun, Melsungen, Germany). Eight animals were treated with an intratracheal 

instillation of 50 IU PPE (Affymetrix/USB, Cleveland, OH, USA) in 0.5 ml of saline and 6 

rats were treated only with the same amount of saline. The rats were anesthetized again as 

described before, tracheotomized, and cannulated with a 1.7-mm-ID polyethylene tube 6 

weeks after the treatment. The rats were then placed in the supine position in a custom-built 

2.8-l body plethysmograph and mechanically ventilated with a small-animal respirator at a 

rate of 80 min
–1

 and VT of 8 ml.kg
-1

. After the measurements, the animals were overdosed 

with anesthetic and the lungs were removed for histopathological evaluation.  

 

1.3. Long-term changes in lung structure and function in emphysema (Study III) 

 

Forty Sprague-Dawley rats were anesthetized with chloral hydrate (350 mg.kg
-1

) and 

intubated. They were then placed into a plethysmograph and ventilated with a VT of 7-8 

ml.kg
-1

 at a rate of 75.min
-1

 with a small-animal respirator. After the lung function 

measurements, the rats were treated with an intratracheal instillation
38

 of PPE 

(Affymetrix/USB, Cleveland, OH, USA) with a dose of 50 IU of PPE in 0.5 ml of saline 

(PPE-treated group: T, N=21) or with 0.5 ml of saline (control group: C, N=19), and were 

allowed to recover. The same animals were anesthetized, intubated and measured again at 3, 

10, 21 and 105 days after treatment. The corresponding groups are denoted as T0 and C0 

(treated and control on day 0), T3 and C3 (treated and control on day 3), T10 and C10 

(treated and control on day 10), T21 and C21 (treated and control on day 21), and T105 and 

C105 (treated and control on day 105). 

 

1.4. The effects of mechanical forces on lung structure and function (Study IV) 

 

Fifty-nine male C57BL/6 mice were slightly anesthetized with isoflurane vapor (3%) 

in oxygen (1.5 l.min
-1

). In an adequate anesthetic condition, when the observed breath rate 

was approximately 60 min
-1

, the animals were suspended by the upper incisors by means of a 

rubber band on a 60° inclined platform and treated via oropharyngeal aspiration
39

 with PPE 

(EC134; Elastin Products Company, Inc., Owensville, MO, USA) (6 IU of PPE/animal 
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dissolved in 100 µl of phosphate-buffered saline (PBS)). After the treatment, the animals 

were fed with laboratory rodent chow and water ad libitum. The mice were maintained on a 

12-hour light/dark cycle. There was no perianesthetic death associated with the PPE 

administration. Fifteen animals served as intact controls.  

 

At 2 days, 1 week and 3 weeks after the treament, animals were anesthetized with 

intraperitoneally administered sodium pentobarbital (initial dose: 75 mg.kg
-1

, supporting 

dose: 10-20 mg.kg
-1

 as necessary). Tracheostomy was performed with a polyethylene tube 

and the mice were in the supine position into a custom-built body plethysmograph and 

mechanically ventilated with the FlexiVent (SCIREQ Scientific Respiratory Equipment Inc., 

Montreal, Canada) (VT=8 ml.kg
-1

, rate=240 min
-1

) at a PEEP of 3 cmH2O for 1 hour with or 

without deep inspiration (DI). DI is defined as an inflation up to an airway pressure of 35 

cmH2O 2 times per minute. Thus, the following groups were formed with the treatment and 

the ventilation protocol: Control DI (0 DI) (N=7, 25.681 ±0.899(SD) g), Control no-DI (0 no-

DI) (N=8, 24.546±1.314 g), 2 days treated DI (2d DI) (N=8, 23.278±1.032 g), 2 days treated 

no-DI (2d no-DI) (N=8, 23.427±1.249 g), 1 week treated DI (1w DI) (N=7, 25.320±1.132 g), 

1 week treated no-DI (1w no-DI) (N=8, 25.538±1.011 g), 3 weeks treated DI (3w DI) (N=7, 

27.120±1.457 g), and 3 weeks treated no-DI (3w no-DI) (N=6, 27.641±0.807 g). 

 

2. MEASUREMENT OF LUNG VOLUMES 

 

In Study I, the thoracic gas volume (TGV) at end-expiration at zero transrespiratory 

pressure (TGV0), i.e. at functional residual capacity (FRC), was measured with the 

plethysmographic technique
40

, modified for the measurement of TGV in anesthetized mice 

that have a weak or no respiratory effort
41

. Briefly, 2-3 s after the respirator was stopped, the 

tracheal cannula was occluded and the intercostal muscles were stimulated with two 

electrodes arranged diagonally between the upper and lower chest regions, with single 

impulses of 8-12 V in amplitude and 0.1 ms in duration (model S44, Grass Instruments, 

Quincy, MA, USA), repeated 5 or 6 times in a 10-s recording interval. Figure 1 illustrates the 

setup of the measurement.  The plethysmograph pressure (Pbox) and tracheal pressure (Ptr) 

were measured with miniature pressure transducers (model 8507C-2, Endevco, San Juan 
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Capistrano, CA, USA). TGV0 was estimated from the Pbox vs. Ptr relationship on the basis 

of Boyle’s principle, as described previously
41

. Following the measurement of TGV0, the 

tracheal cannula was connected to a loudspeaker through a 100-cm, 0.117-cm ID 

polyethylene tube (a wave tube). After a 5-s pause at end-expiration, Pbox was lowered 

approximately linearly by connecting the plethysmograph to a vacuum line until -20 cmH2O 

was reached, and Pbox was then allowed to return quasiexponentially to 0 cmH2O by 

opening the box to atmosphere through a resistor. The inflation and deflation phases lasted 

for approximately 20 and 25 s, respectively. P1 and P2, the inlet and outlet lateral pressures of 

the wave tube were measured with another pair of Endevco transducers. Inflation volume 

V(t) was obtained by integration of the flow (V’) determined as V’= P2/Rwt, where Rwt is the 

direct current resistance of the wave tube. TGV as a function of time was obtained as TGV(t) 

=TGV0+V(t). Transrespiratory pressure, Prs was calculated as Ptr - Pbox.  

 

Figure 1: Experimental 

set-up for the 

measurement of thoracic 

gas volume (TGV) and 

oscillatory mechanics. 

During the measurement 

of TGV with respiratory 

muscle stimulation, 

stoppers A, B and C 

were closed, and plethysmograph box pressure (Pbox) and tracheal pressure (Ptr) were recorded. 

The tracheal cannula was then connected via stopper B and a wave tube to a loudspeaker box open to 

the atmosphere, and inflation was started by opening stopper C to a vacuum source; a water column 

limited Pbox at -20 or -35 cmH2O. During the subsequent deflation, the box was connected to the 

atmosphere via C through a leak resistor. During inflation-deflation, the loudspeaker delivered an 

oscillatory signal via the wave tube whose inlet (P1) and outlet lateral pressures (P2) were recorded.  

 

FRC was measured with a similar arrangement of the plethysmographic technique
40

 

in rats in Study II and Study III, where stimulation of the respiratory muscles was not 

necessary. Briefly, the respirator was stopped at end-expiration and the spontaneous 
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breathing efforts against the occluded tracheal cannula were recorded for 6 s. Pbox and Ptr 

were measured with a Validyne MP-45 (±2 cmH2O) pressure sensor (Validyne, Northridge, 

CA, USA) and a miniature pressure transducer, respectively. In Study IV, FRC was measured 

in mice with a body plethysmograph at 0 cmH2O PEEP before and after the 1-h ventilation. 

The arrangement was similar to that in Study I, with the exception of muscle stimulation. 

In Study II and Study III, the inspiratory capacity (IC) and expiratory reserve volume 

(ERV), respectively, were defined as the volume changes accomplished by decreasing Pbox 

to -35 cmH2O and increasing it to 20 cmH2O. The IC and ERV maneuvers were shorter than 

35 and 15 s, respectively. The volume changes were measured by means of the pressure drop 

through the wave tube. The total lung capacity (TLC) and residual volume (RV) were 

calculated as TLC = FRC + IC and RV = FRC – ERV.  

 

3. MEASUREMENT OF LUNG MECHANICS 

 

3.1. Tracking of lung mechanics 

 

The tracking estimation of the total respiratory system impedance (Zrs) during slow 

inflation-deflation maneuvers was performed in the group C and group E mice in Study I. 

The measurement of Zrs was similar to that described previously
42

, with the modification that 

a negative body surface pressure was applied
43

 instead of the positive pressure inflation. 

Briefly, Zrs was measured as the load impedance of the wave tube by using a pseudorandom 

signal (4-38 Hz). The mean Zrs was computed for the first 5 s of oscillation before the 

inflation started (to estimate Zrs at TGV0) and for every successive 0.5-s interval during the 

maneuver. Each Zrs spectrum was fitted by a model
44

 containing a Newtonian (airway) 

resistance (RN), an inertance (I), and a constant-phase tissue unit characterized by the 

coefficients of damping (G) and elastance (H). Hysteresivity () was calculated as =G/H; 

this ratio represents the relationship between dissipated and elastically stored energies in the 

tissue
45

. The resistance and the inertance of the tubing including the tracheal cannula were 

subtracted from RN and I, respectively; since the inertance of this tubing was the major 

component of I, the remaining values were considered physiologically unimportant and are 

not reported. The slow inflation-deflation maneuvers were repeated 3 times, together with the 
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preceding measurements of TGV0, in each animal, to reach a standard volume history and to 

ensure that the Prs–V loops and the Zrs spectra as a function of lung volume were 

reproducible. During the inflation and deflation, the Zrs parameters did not exhibit different 

volume dependences; hence, for clarity, the tracking results are presented only for inflation. 

In the rats in Study II and Study III, the same method was used to measure Zrs and calculate 

the lung mechanics with a pseudorandom signal between 0.5–16 Hz. 

 

3.2. Lung mechanics measurements with the FlexiVent 

 

The FlexiVent is a computer-controlled precision piston pump that can intersperse 

mechanical ventilation with a variety of volume and pressure-controlled maneuvers to obtain 

accurate, reproducible measurements of respiratory mechanics
46

. The low-frequency 

respiratory impedance (2-19 Hz) was measured at 3 cmH2O PEEP with optimal ventilation 

waveforms
47

 by measuring the piston volume displacement and cylinder pressure while 

delivering 2-s oscillatory volume perturbations to the airway opening. Respiratory 

compliance (C=1/H), RN and G were calculated by fitting the constant-phase model to input 

impedance
9
. The FlexiVent was used in Study IV. 

 

4. LUNG MORPHOMETRY 

 

4.1. Epifluorescence microscopy 

 

The mice in Study I were euthanized at the end of the measurement with an overdose 

of anesthetic (pentobarbital sodium), and the heart and the lungs were removed en bloc. The 

collapsed lungs were then slowly inflated via the tracheal cannula by injecting 1 ml of low-

melt 4% agarose warmed up to 45 °C. Successful fixation was accomplished in 4 PPE-treated 

and 5 control mice. Epifluorescence microscopy was performed to investigate the alveolar 

morphometry in 2 or 3 slices per lung. Following thresholding, the alveolar or terminal 

airspace cross-sectional areas (Aalv) were measured by using image-processing software 

(INVIVO, Pictron, Budapest, Hungary), and an equivalent alveolar diameter (Dalv) was 

calculated as Dalv=(4Aalv/π)
1/2

. From the values of Aalv, an area-weighted mean equivalent 
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diameter (D2) was computed
48

. The number of Dalv values obtained in the individual animals 

was not sufficient to allow calculation of a complete diameter distribution. Since, the 

characteristics of the alveolar structure were very similar in the treated mice on visual 

inspection we pooled the diameters and constructed the single-diameter distribution for both 

the control and the treated animals. The D2 is very useful in that it is not sensitive to shape 

and it can characterize the alveolar structure better than other morphological indices in the 

case of heterogeneity
48

.  

 

4.2. Traditional histology 

 

Formaldehyde fixation and hematoxylin-eosin (H&E) staining were common 

methods in Studies II, III and IV. 

 

Study II: After the experiments, the rats were euthanized with an overdose of 

anesthetic, and the heart and lungs were removed from the chest en bloc. The isolated lungs 

were then hung in an airtight glass box, and the tracheal cannula was led through the lid of 

the bottle and attached to a formaldehyde-filled container outside. The lungs were filled with 

4% buffered formaldehyde through the tracheostomy tube from a height of 10 cm while 

maintaining a pressure of -15 cmH2O around the lungs. The trachea was then ligated at this 

fixation pressure (25 cmH2O), and the lungs were stored in formaldehyde for 7 days before 

paraffin embedding. In each lung, 3 transversal sections of 4-m thickness were made at 25, 

50, and 75% lung height for H&E staining, and 8, 5, and 4 areas, respectively, of 2,085 x 

2,085 m were chosen in each section for morphometric evaluation (Fig. 2). To avoid and 

minimize the bias in sampling, the selection of these areas was random, except when an area 

fell on a major structure such as the heart. The digitized images were then segmented into 

individual airspaces by using a previously published algorithm
49

 and the area of each 

individual airspace was measured. Large airways, blood vessels and alveolar ducts were 

excluded from the analysis manually. Dalv was then calculated as in Study I (see section 4.1). 

The whole sections were scanned for the identification of bronchi suitable for further 

analyses with a circularity >50%. From the readings of bronchial perimeter (Pb), the 

diameter of an equivalent circular cross-section (Db) was computed. The mean airway wall 
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thickness (Tw) from 3 or 4 measurements and the number of septal attachments (NS) were 

determined for each airway. Septal attachment density was calculated as NS/Pb. 

 

Visualization and quantification of elastin: to visualize the total amount of elastin, the 

established method of Verhoeff-Van Gieson staining for elastic fibers (adapted from 

IHCWORD) was used with slight modifications.  

  

Figure 2: Definition of lung slices for histological evaluation (top) and the areas used for alveolar 

morphometry in every slice (bottom). 

 

The omission of the counter staining provided only the elastic fibers with a blue color 

and this was used for quantification. Elastin was analyzed on randomly selected lung 
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sections, using custom-made software. A total of 51 and 52 airways were examined 

quantitatively in the control and PPE groups, respectively. Once an airway had been 

manually chosen, the software determined the inner boundary of the airway and created an 

outer boundary by moving along the outward normal to the inner boundary by 8 pixels.  

 

Figure 3: Inner and outer boundaries of the airway wall, 

determined automatically for the calculation of elastin 

density. 

 

This procedure automatically defined a band 

around the airway (Fig. 3). The pixels within the band 

were then split into 2 colors, white and blue, with blue 

representing elastin. The mean, the SD and the sum of 

the grayscale values for the pixels which were identified 

as blue were determined. The perimeter and area 

enclosed by the band were also recorded. 

 

Study III: Whole lungs in groups T105 and 

C105, and subgroups of T3, C3, T21 and C21 (n=4 or 5 

each) were fixed with 4% buffered formaldehyde at 25 

cmH2O pressure and processed for imaging
50

. Samples 

were stained with H&E, and modified Movat’s and Masson’s methods were used to visualize 

elastin and collagen, respectively. Dalv, D2, the alveolar wall thickness (Wt), and the mean 

elastin (Mec) and mean collagen (Mcc) densities were calculated with custom-made software 

based on monochromatic transformation of the images, where the color pixels were 

equivalent to the collagen or the elastin content. 

 

Study IV: At the end of the protocol, while the animals were under deep anesthesia, 

the pulmonary circulatation was flushed out through the right ventricule with PBS. After the 

the mice had been sacrificed, the lungs and heart were resected en bloc and fixed at 20 

cmH2O transpulmonary pressure with 10% buffered formalin. Sections were stained with 

H&E. Randomly selected regions were imaged and segmented by using custom-made 
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software. Dalv was computed as the diameter of a circle with the same area as the airspace. 

For each mouse, D2 was calculated from the set of Dalv values
48

. Since D2 has been shown to 

be sensitive to heterogeneities and able to detect small changes in structure as compared with 

Dalv or the mean linear intercept
48

, we also characterized the airspace structure with this 

parameter. On the H&E-stained sections, Wt was measured, and the attachment density (Ad) 

was determined by dividing the number of septal walls attached to a small airway by the 

outer perimeter of the airway wall. Collagen and elastin fibers were visualized with modified 

Masson’s trichrome and Verhoeff’s methods, respectively
51

. The total number of end tips, as 

a measure of the number of septal ruptures (Nsr) per image per tissue fraction was measured 

on elastin stained samples for the 21 days DI and 21 days no-DI groups. 

 

4.3. Orthogonal polarization spectral (OPS) imaging 

 

On day 105, the lungs and heart were removed en bloc and suspended from the 

tracheal cannula. The transpulmonary pressure was 25 cmH2O. Ten areas on different lobes 

were randomly selected, and the lung surface was scanned (Cytoscan
TM

, Cytometrics, 

Philadelphia, PA, USA). From each video recording, 10-12 non-overlapping frames (650 m 

in diameter) were selected. Custom-made software was used to identify the septal borders, 

and from each enclosed area Dalv was calculated. Alveoli truncated by the edge of the frame 

were also included if the edge segment constituted less than 15% of the total circumference. 

This imaging modality was employed in Study III. 

 

5. STATISTICS 

 

Study I: The differences in mechanical parameters between the control and PPE-

treated animals were compared by using repeated-measures ANOVA tests. The variability of 

the alveolar diameters was compared by using F test. 

 

Study II: The differences in lung volumes and mechanical parameters between the 

control and PPE-treated rats were compared by using Student’s t-test. All the results are 

expressed as means±SD. Distributions were compared by means of the Kolmogorov- 
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Smirnov test. The dependence of Tw on Db in the two groups was tested by analysis of 

covariance.  

 

Study III: The effects of PPE, time, Mec and Mcc were analyzed with two-way 

ANOVA. The body weights were compared with the t-test. The distributions of Dalv were 

compared with the Kolmogorov–Smirnov test. The structure–function relations were 

compared by using linear regressions.  

 

Study IV: The effects of DIs and time were analyzed with two-way ANOVA, while 

the effects of PPE treatment before ventilation were analyzed with one-way ANOVA. Where 

normality failed, log transformation was applied. The effects of DIs on Nsr were compared by 

means of Mann-Whitney’s rank sum test. 

 

p values of less than 0.05 were considered significant. 
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IV. RESULTS 

 

1. Relationship between lung volumes and respiratory mechanics (Study I) 

 

Morphometric evaluation of the lung slices (Fig. 4) revealed a significant 

enlargement of the alveolar airspace sizes in the PPE-treated animals: the equivalent diameter 

Dalv increased from 46.5±13.8 m in the control mice to 70.3±34.2 m in the treated mice 

(p<0.001). Additionally, the variance of the alveolar diameters was also significantly higher 

in the treated mice (p<0.001). There was a significant increase in D2, from 55 m to 107 m 

(p<0.01). In both groups, the distribution of the diameters was significantly different from 

normal distribution (p<0.001). The distribution of the diameters was skewed in both groups; 

however, in the treated mice, the distribution exhibited a significantly longer tail, reaching 

values above 200 m (Fig. 5). 

 

 

Figure 4: Epifluorescence 

microscopy pictures of agarose-

fixed lung slices. Left: control 

lung, right: PPE-treated lung. 

Bar: 50 m. 

 

 

 

 

 

 

Figure 5: Probability distribution 

of equivalent alveolar or terminal 

airspace diameters in 

subpopulations of control (●) and 

PPE-treated mice (○). 
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PPE treatment resulted in marked and statistically highly significant changes in the 

lung volumes: relative to the control, TGV0 and TGV at a Prs of 20 cmH2O (TGV20) 

increased by 52% and 45%, respectively (Table 1). There was no difference between the 

group E mice treated with the 0.3 and 0.6 IU doses of PPE in any of the morphometric 

indices or the mechanical parameters except for  at TGV20 (0.170±0.007 vs. 0.157±0.004; 

p<0.01). Therefore, both the mechanical and morphometric parameters from the two groups 

were pooled. The average TGV vs. Prs curves also reflected the changes due to the PPE 

treatment (Fig. 6), with the mean values of TGV significantly different (p<0.001) between 

the groups at all Prs levels. The ratios of TGV between the groups at the same Prs were fairly 

constant (between 1.44 and 1.60 for inspiration, and between 1.43 and 1.52 for expiration), 

suggesting a nearly proportional increase of TGV at all Prs values, i.e. an unchanged shape of 

the PV loops. The inspiratory volume (TGV20-TGV0) increased by 37% in the treated 

animals, which was accompanied by a 27% decrease in the chord tissue elastance between 0 

and 20 cmH2O. 

 

 

Table 1: Thoracic gas volumes (TGV) and oscillatory mechanical parameters at transrespiratory 

pressures of 0 cmH2O (suffix 0) and 20 cmH2O (suffix 20) in the control (group C, N=14) and the 

PPE-treated (group E, N=14) mice. H: tissue elastance coefficient, : hysteresivity, RN: Newtonian 

(airway) resistance 

 

The mechanical parameters obtained from the small-amplitude forced oscillatory 

measurements on the PPE-treated mice exhibited similarly marked changes: as compared 

with the control, the decreases in H were 57% and 27%, respectively, at Prs values of 0 and 

20 cmH2O (Table 1). The values of  were also altered by the PPE treatment, with increases 

group 
weight 

(g) 
TGV0 (ml) 

TGV20 

(ml) 

H0  

(cmH2O. 

.ml-1) 

H20 

(cmH2O. 

.ml-1) 

0 20 

RN0 

(cmH2O. 

.s.ml-1) 

RN20 

(cmH2O. 

.s.ml-1) 

C 29±2 0.31±0.06 0.76±0.11 52±10 129±9 0.24±0.02 0.15±0.01 0.46±0.14 0.12±0.02 

E 29±3 0.47±0.10 1.10±0.18 22±7 94±12 0.38±0.07 0.17±0.01 0.45±0.18 0.11±0.02 

P NS  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 NS  NS  
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more marked at 0 cmH2O (55%) than at 20 cmH2O (12%). By contrast, small and statistically 

insignificant decreases were observed in RN at both 0 cmH2O (-2%) and 20 cmH2O (-10%). 

Since the pressure protocol in the inflation-deflation maneuver was standardized, the group 

mean values of these parameters were calculated as functions of both Prs and TGV.  

 
Figure 6: Inflation (●) 

and deflation (○) 

curves of thoracic gas 

volume (TGV) vs. 

transrespiratory 

pressure (Prs) 

averaged for the 

control mice (group 

C) and the PPE-

treated animals 

(group E). Bars indicate SD. The ratio of the TGV values of the PPE-treated mice to those in the 

controls is also plotted as a function of Prs (right panel, bottom). 
 

 

Figure 7: A: Tissue elastance coefficient (H) vs. transrespiratory pressure (Prs) during slow inflation 

from a Prs of 0 to 20 cmH2O. The values in each animal were averaged for successive 2.5-cmH2O 

ranges of Prs.  The mean values of H for the animals in the control (group C) mice (●) and the PPE-

treated (group E) mice (○) are significantly different (p<0.05) at Prs<8 cmH2O and Prs>14 cmH2O. 
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Bars denote SD. B: H vs. thoracic gas volume (TGV). The values of H are significantly different 

between the two groups at all ranges of Prs. 

Figures 7A and 7B display the dependences of H on Prs and TGV, respectively. The 

differences in H between the group E and group C animals in the low and the high Prs range 

were in accord with the mean values of H at 0 cmH2O and 20 cmH2O (see Table 1), whereas 

this difference disappeared in the pressure range between 9 and 13 cmH2O (Fig. 7A). When 

plotted as a function of TGV (Fig. 7B), the values of H corresponding to the control and 

treated animals were completely separated. The mean H at comparable TGV was 

significantly lower in the treated animals, which suggests that the dynamic elastance in the 

treated mice reached values similar to those in the control animals at about twice as high 

absolute lung volumes.  

The mean RN data did not differ between the groups at any value of Prs (Fig. 8A). 

However, the RN curves as a function of TGV were markedly different from those expressed 

in terms of Prs (Fig. 8B). PPE treatment resulted in a rightward shift of the mean RN vs. TGV 

relationship and, consequently, in significantly higher RN values at comparable lung volumes 

(Fig. 8B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8A: Newtonian (airway) resistance (RN) vs. transrespiratory pressure (Prs) during slow 

inflation from a Prs of 0 to 20 cmH2O. The values in each animal were averaged for successive 2.5-

cmH2O ranges of Prs.  No significant difference was found between the mean values of RN for the 

control (group C) mice (●) and the PPE-treated (group E) mice (○) in any range of Prs. Bars denote 

SD. B: RN vs. thoracic gas volume (TGV). The values of RN are significantly different between the two 

groups for all TGV values. 
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2. Functional and morphological assessment of early impairment of the airway function 

(Study II) 

 

There were no significant differences in body weight between the control (C) and the 

PPE groups of rats either at the time of treatment (318±34 vs. 314±25 g) or 6 weeks 

thereafter (468±52 vs. 471±58 g).  

 

Lung volumes: FRC and RV were significantly higher in the PPE group as compared 

with the controls (by 38% and 53%, respectively); however, the increase in TLC in the 

treated rats (5 %) was not significant (Fig. 9). 

 

 

 

 

Figure 9: Mean±SD values of lung 

volumes in the control and PPE-

treated groups. FRC: functional 

residual capacity; TLC: total lung 

capacity; RV: residual volume. 

 

 

 

Respiratory mechanics: Table 2 presents the respiratory mechanical parameters 

estimated from the impedance data. G and H were significantly smaller in the PPE-treated 

rats than in the controls (76% and 62%). Because of the larger decrease in H than in G in the 

treated rats,  was elevated (129%). There was no difference in RN or the error of model 

fitting between the groups.  

 

Alveolar and bronchial morphometry: Figure 10 compares the size distributions of 

Dalv pooled from all regions and animals in either group. The average number of alveoli 

evaluated in all regions of an animal was 8091. In the PPE group, the distribution was shifted 

to higher Dalv values and, according to the Mann-Whitney rank sum test, the median of Dalv 

was significantly higher in the treated group (68.4 μm vs. 61.8 μm; p<0.001). 
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 RN 

(cmH2O.s.l
-1

) 

G 

(cmH2O.l
-1

) 

H 

(cmH2O.l
-1

) 

  

(=G/H) 

F% 

C 39±8.5 653±99 2178±305 0.30±0.01 2.40±0.40 

PPE 35.5±8.5 496±66 1344±216 0.37±0.04 2.53±0.34 

p 0.451 0.004 < 0.001 0.002 0.512 

 

Table 2. Mechanical parameters of the lungs in the control animals (C) and those treated with 

porcine pancreatic elastase (PPE). RN, Newtonian (airway) resistance; G, tissue damping; H, tissue 

elastance; , hysteresivity; F%, average fitting error of the model; p: level of significance for 

differences between groups. 

 

 

Figure 10: Relative frequencies of the 

alveolar diameters in the two groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The number of bronchial cross-sections analyzed in each rat ranged between 40 and 

50. The distributions of Db were not different between the groups (Fig. 11a). The attachment 

density NS/Pb (Fig. 11b) was mildly, but significantly lower in the PPE group (median 

0.0175 vs. 0.0189 m
-1

; p<0.001). Regression analysis showed that Tw did not depend on Db 

in either group (Fig. 11c). However, the mean value of Tw was higher in the PPE group than 

in the controls (12.4 vs. 10.8 m; p<0.0001). 
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Figure 11. Relative frequencies of the 

bronchial diameters (a), and density of septal 

attachments (b). Relationship between the 

calculated bronchial diameters (Db) and 

average airway wall thickness (Tw) in the 

control and PPE-treated rats; lines illustrate 

the regressions from the co-variance analysis 

(c). 

 

Elastin and collagen density in the 

bronchial wall: Similarly to the bronchial 

morphometry, there was no difference 

between the Db of the airways of the 

control and PPE-treated animals for which 

the elastin and collagen density was 

evaluated. The mean and SD of the elastin 

grayscale representing the average and the 

spatial variability, respectively of the 

elastin density within the bronchial wall, 

were not different in the groups. The sum 

of all grayscale values representing the 

total elastin in the 8-pixel band inside the 

bronchial wall did not differ between the 

groups either. The inter-airway variance of 

the elastin density likewise did not differ 

between the control and treated animals. Interestingly, the collagen density and its intra-

bronchial SD were increased by 12% and 17% in the treated group (p<0.05). Furthermore, 

the inter-airway variance of the collagen density was substantially higher (67%, p<0.01) in 

the treated animals. The densities of elastin and collagen did not correlate with Db.  
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3. Long-term changes in lung structure and function in emphysema (Study III) 

 

During the 105 days of the study, the rats gained weight from an average of 244±17 g 

(C0 and T0) to 558±70 g (C105 and T105) (Fig. 12A).  The weight gain was observed 

throughout the time course of the study (p<0.001; two-way ANOVA) uniformly in the C and 

T groups with the exception of the T3 group, which exhibited a weight loss of 11% relative 

to the C3 animals (p=0.022).  

 

Lung volumes: FRC, TLC and RV increased with time, and also as a result of growth, 

but the increase was faster in the treated animals (p<0.001): while group C showed an 

increase of 75% in FRC, and 56% in RV from the beginning to the end of the study, the 

corresponding changes in group T were 194% and 244%, respectively. There were 

statistically significant differences between the control and treated rats throughout the study 

(Figs 12B, 12C and 12D): for FRC and RV, a difference already appeared on day 3, whereas 

there was no difference in TLC until day 21. The increases in all lung volumes reflected the 

combined effects of PPE and time, and there was a statistically significant interaction 

between the treatments and time (p<0.001) for all lung volumes.  

 

Respiratory mechanics: The treatment had significant (p<0.001) effects on H and 

(Figs 12F and 12H, respectively). The interaction between treatment and time was 

statistically significant (p=0.001) for these parameters. There was no difference between RN 

in the control and the treated animals at any time point (Fig. 12E). Differences between the 

groups in H and  developed as early as day 3. 
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Figure 12: Effects of time and 

treatment (PPE vs. saline controls) 

on physiological variables. A: 

Body weight. B: Percentage 

change in the functional residual 

capacity (FRC%). Statistics on 

log(FRC). C: Percentage change 

in the total lung capacity (TLC%). 

D: Percentage change in the 

residual volume (RV%). E: 

Percentage change in the 

Newtonian (airway) resistance 

(RN%). F: Percentage change in 

the tissue elastance (H%). G: 

Percentage change of the tissue 

damping (G%). H: Percentage 

change in the hysteresivity (). 

Statistically significant differences 

between saline and PPE-treated 

animal: *p<0.001, 
#
p=0.022. 

 

Morphological 

evaluations: The H&E-stained 

samples from the T105 group 

exhibited large areas of tissue 

destruction, with enlarged 

airspaces and septal wall breaks 

(Figs 13A and 13B), and the distribution of the Dalv values included diameters larger than 

300 m (Fig. 13E). The median Dalv (Fig. 14A) increased significantly with time (p<0.001) 

in both the control (C3 vs. C105) and the treated groups (T3 vs. T105). In the control rats, the 

median Dalv increased from 57.8 m to 73.1 m (126.5%; p=0.007), while in the treated 

animals the corresponding changes were from 66.7 m to 88.4 m (132.5%; p<0.001). The 
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difference between the control and the treated animals became statistically significant on day 

21 (p=0.027), and remained significant up to day 105 (p=0.004). 

 

 Figure 13: A-D: 

Representative 

pictures of the 

parenchymal structure 

and distributions of the 

alveolar diameters. 

Hematoxylin-eosin 

(H&E) stained samples 

from the 105 d control 

group (A, number of 

alveoli: 32,432) and 

the 105 d treated 

group (B: 28,893); 

Orthogonal 

Polarization Spectral 

(OPS) images from the 

105 d control group 

(C:31,504) and the 105 

d treated group (D: 

13,656) E-F: 

Distribution of the alveolar diameters (Dalv) in the 105 d animals, obtained from H&E-stained 

sections (E) and OPS images (F).  

 

In contrast with Dalv, D2 already revealed a difference in alveolar size between the 

two groups by day 3 (Fig. 14B). The highest values of Wt were found on day 3 in both 

groups (Fig. 14C), which was followed by decreases on day 21 and a reversal on day 105. 

The treated groups exhibited significantly higher values of Wt than the controls at all time 

points.  

The ex vivo images obtained with the OPS technique revealed enlargements of the 

subpleural airspaces in the T105 group as compared with those in the C105 animals (cf. Fig. 
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13D and 13C), which resulted in a rightward shift of the Dalv distribution (Fig. 13F), with the 

median increasing from 66.3 to 78.4 m (p<0.001, Kolmogorov-Smirnov test). 

 

 

 
Figure 14: Morphological results obtained from the H&E-stained histological samples. A: The 

alveolar diameter (Dalv). B: The area-weighted alveolar diameter (D2), and C: The wall thickness 

(Wt) as functions of time after treatment. Median values; bars denote SEM. p values indicate the 

levels of statistical significance between the control and treated groups. 

 

Examples of elastin and collagen stained samples are presented in Figs 15B, 15C, 

15E and 15F. These ECM components showed only mild changes. The highest levels of Mec 

were found on day 3 with no difference between groups C3 and T3, whereas significant 

differences between the control and treated groups (p<0.001) were observed on days 21 and 

105 (Fig. 15A), with larger values of Mec in the treated groups. Mcc presented a reverse 

tendency (Fig. 15D); the difference observed between C and T on day 3 was sustained on day 

21 (p<0.001), but vanished by day 105.  

 

The values of H are plotted against the corresponding mean values of Dalv in all 

animals in Fig. 16. The inverse relationship between H and Dalv reveals a strong structure-

function correlation with both the control and the treated rats following this relationship. 
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Figure 15: Mean values of the components of the extracellular matrix, obtained from the stained 

histological samples and representative micrographs (60x magnifications). A: Mean elastin content 

(Mec). B and C: Micrographs of the modified Movat staining in a day 105 control and treated 

animal, respectively. D: Mean collagen content (Mcc). E and F: Micrographs of the Masson’s 

trichrome staining, in a day 105 control and treated animal, respectively. Median values; bars denote 

SEM. p values indicate the levels of statistical significance between the control and treated groups.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Structure–function correlation. The tissue elastance (H) as a function of the mean 

alveolar diameter (Dalv from traditional histology) in control and PPE-treated rats. Pooled data from 

control and treated rats. 
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4. The effects of mechanical forces on lung structure and function (Study IV) 

 

PPE significantly increased FRC before ventilation, with mean values of 0.25±0.026 

(SD) ml in the control, 0d group, and 0.39±0.064 ml in the PPE-treated 21d group (p<0.001) 

(Fig. 17A). Independently of time, the DIs increased FRC (p<0.001). Following a 1-h 

ventilation, FRC was 0.32±0.05 ml and 0.19±0.02 ml in the 0d DI group and the 0d no-DI 

group, respectively. FRC increased from 0.37±0.07 ml in the 21d no-DI group to 0.45±0.05 

in the 21d DI group. 

PPE also increased C with time before ventilation (p<0.001), with values of 

0.031±0.005 ml/cmH2O and 0.055±0.013 ml/cmH2O in the 0d and 21d groups, respectively 

(Fig. 17B). Similarly to FRC, a strong effect of the DIs was seen on C at each time point 

(p<0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Effects of time and DIs on physiological variables. A: functional residual capacity (FRC). 

Before ventilation, FRC increased with time (21d vs. 0d and 2d: p<0.05; 7d vs. 0: p<0.05; 2d vs. 0: 

p<0.05) and the DIs had a significant effect on FRC at each time point (p<0.001). B: Respiratory 

compliance (C). Before ventilation, C increased with time (21d vs. 0/2d, 7d vs. 2d: p<0.05) and the 

DIs had a significant effect on C at each time point (p<0.001). C: Newtonian (airway) resistance 
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(RN). Before ventilation, RN showed a decreasing trend with time (21d vs. 0 and 2d: p<0.05) and the 

DIs had a significant effect on RN (0: p=0.003, 2d: p=0.03, 7d and 21d: p<0.001). D: Hysteresivity 

(). Before ventilation,  showed an increasing trend with time (21d vs. 0) and the DIs had a 

significant effect at each time point (p<0.001). Bars denote SDs. 

 

RN (Fig. 17C) gradually decreased with time, the difference reaching significance at 

21d (p=0.021).  (Fig. 17D) significantly differed between the DI and no-DI groups 

(p<0.001) and increased with time (p<0.05), except from 0d to 2d and from 7d to 21d. 

Figure 18 shows typical airspace structures in the control and at each time point 

following treatment in the DI groups. The PPE treatment increased Dalv from 29.6 ± 1.4 m 

in the 0d group to 34.9 ± 2.9 m at 21 days after treatment (p<0.001) (Fig. 19A). D2 (Fig. 

19B), which is sensitive to changes in both the mean and the heterogeneity of the airspace 

sizes, revealed much more pronounced differences between the groups in time (p<0.001). 

However, neither of these lumped structural indices indicated a difference between 

the DI and no-DI groups at any time point.  

 

Figure 18: Examples of H&E-

stained histological sections. A: 

Control following 1-h ventilation 

with the DIs. B-D: 2, 7 and 21 

days after treatment, following 1-

h ventilation with the DIs. 

 

 

 

 

 

To explore the possibility that the DIs caused a more subtle structural change in some 

preferential airspace size, the alveoli were pooled from all animals and grouped into small, 

medium and large airspaces according to their Dalv values, and statistics were done within 

these size categories (Table 3). For the smallest airspaces, significant differences were found 

between the DI and no-DI groups at 0d and 21d (p<0.001) and at 7d (p=0.003). For the 

medium-sized airspaces, there were differences at 21d (p=0.007) and 0d (p=0.015), whereas 
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for the largest airspaces, Dalv was different only at 0d (p<0.001). Even though the percentage 

differences are small, it is interesting that, in the control animals, the no-DI group had a 

larger Dalv, whereas in the treated animals, the DI groups always had a larger Dalv. 
 

Table 3: Mean values 

of alveolar diameters 

binned into groups of 

small, medium and 

large. Values of deep 

inspirations (DIs) are 

in micrometers (μm). 

The corresponding bins 

in the untreated control 

animals (0 days) are: 

5–30 μm, 30–80 μm, 

and 80 μm; and in the treated animals: 5–100 μm, 100–300 μm, and 300 μm, *p<0.001, **p=0.003, 

***p=0.007, 
#
p=0.015. 

 

Wt increased by 47% (Fig. 20), from 2.5±0.3 m at 0d to 3.4±0.2 m at 21d 

(p<0.001). Moreover, at 21d, the DIs induced a 13% elevation in Wt relative to the no-DI 

group (p=0.01). Interestingly, there appeared to be more cell nuclei in the thicker septal walls 

following the application of the DIs (Fig. 20B). Figure 21 presents microstructural images of 

the septal walls with and without DIs.  

The increased wall thickness with the DIs was apparent for both staining. Further, the 

elastin stained images also suggested a slightly more disorganized microstructure within the 

septal walls. Figure 22 demonstrates the evaluation of the septal wall ruptures on 21d. 

Statistical analysis revealed that Nsr was significantly larger in the DI group than in the no-DI 

group, with values of 165±63 and 134±68 (p=0.006), respectively. The perimeters of the 

airways in the DI and no-DI groups on 21d for which Ad was evaluated did not differ. 

However, Ad was 11% lower in the DI group than in the no-DI group (p=0.026). 
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Figure 19: Morphometric analysis of 

airspace sizes. A: Mean and SD of equivalent 

airspace diameters, Dalv, in each group. PPE 

had a significant effect on Dalv (0d vs. 2d, 7d 

and 21d: p<0.001). B: Mean and SD of the 

area-weighted mean alveolar diameter, D2, in 

each group. PPE had a significant effect on 

D2 (0d vs. 2d, 7d and 21d: p<0.001, 2d vs. 

21d: p=0.01). 

 

 

 

 

 

 

 

 

 

 

Figure 20: Morphometric analysis 

of the wall thickness of the 

airspaces. A: Mean and SD of wall 

thickness, Wt, as functions of time 

and DI. PPE had a significant effect 

on Wt (0d vs 2d, 7d and 21d, 21d vs 

2d and 7d: p<0.001). The DIs had a 

significant effect on Wt at 21 days 

(p<0.01). B and C: Microstructural 

evidence of increased Wt due to DIs 

21 days after treatment. B: H&E 

staining with Dis. C: H&E staining 

with no-DI. 
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Figure 21: Representative images of 

stained histological sections. A: 

Masson’s trichrome staining for 

collagen, 21d DI. B: Masson’s 

trichrome staining for collagen, 21d 

no-DI. C: Modified Verhoeff’s 

staining showing increased wall 

thickness with stray elastin (arrow,) 

which is a potential site of rupture, 

21d DI. D: Modified Verhoeff’s 

staining, 21d no-DI. 

 

Figure 22: Visualization of all 

alveolar septal end tips, including 

possible alveolar ruptures due to DI 

on modified Verhoeff's stained 

sections. A: DI; B: no-DI. Red 

ellipses mark free septal ends. 
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V. DISCUSSION 

 

In the investigations underlying the current thesis, we studied the early and long-term 

effects of elastolytic intervention on the pulmonary structure and function  in rodents. We 

observed emphysematous changes in lung function: increased lung volumes (FRC, TLC and 

RV) and altered lung tissue mechanics due to parenchymal destruction with no airway 

function impairment. Traditional histology, epifluorescence microscopy and OPS imaging 

confirmed alveolar enlargement, increased alveolar and airway wall thickness, decreased 

alveolar attachment density around the airways and increased heterogeneity in the PPE-

treated lungs. Elastin and collagen contents, visualized with specific staining methods, and 

confirmed ECM remodeling in the follow-up after the elastolytic insult. We also investigated 

the effects of acute mechanical stress (DIs) on the structure and mechanics of 

emphysematous lungs at different stages of the progression of emphysema, thereby creating a 

partial model of COPD exacerbation. 

 

1. Lung volumes and respiratory mechanics in PPE-induced emphysema 

 

In accordance with the other emphysema model studies that we performed, the results 

of the most comprehensive functional investigation (Study I) indicated that 1) the lung 

volumes (FRC, RV and TLC) were increased significantly in the PPE-induced animals 21 

days after the treatment, similarly as seen in patients with emphysema; 2) the pressure–

volume relationship was markedly altered by the elastolysis; 3) the tissue elastance was 

significantly lower in the emphysematous animals at all lung volumes and Prs levels, except 

in a narrow medium range of Prs; and 4) the airway resistance (RN) did not differ between the 

control and the PPE-treated groups at any Prs level.   

1.1. Dynamic tissue properties. Although H decreased significantly in the PPE-treated 

animals at both low and high Prs (Table 1), the initial decrease in H with increasing Prs and 

the reversal toward higher Prs values remained a characteristic feature of the H vs. Prs 

relationship following the PPE treatment (Fig. 7A). However, the initial decrease was 

reversed at a lower Prs in the PPE-treated mice, in accordance with the results of a study on 

mice that develop emphysema spontaneously (tight skin mice)
13

. The elevation in H at high 

Prs is probably due to the stretching of the lung tissues and the recruiting of collagen in the 
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lung parenchyma
14,52

, whereas the mechanisms behind the initial decrease in H may be 

explained by alveolar recruitment, reorganization of the tissue matrix and the surfactant 

layer
14,42,53

, or the chest wall mechanics
54

. The biphasic pattern of the H vs. Prs relationship 

was also seen as a function of TGV and was not altered by the PPE treatment (Fig. 7B); 

nevertheless, when H was plotted against TGV, the separation between the two groups 

became more apparent. It should be noted that the pulmonary and chest wall mechanics were 

not partitioned in either of the studies included in this thesis. In the mouse studies (Studies I 

and IV), the contribution of the chest wall to the elastic and resistive parameters of the total 

respiratory system can be regarded as negligible
55,56

, whereas the less compliant chest wall in 

the rat might have attenuated the PPE-induced decreases in H. 

Tissue hysteresivity was also affected markedly by the PPE treatment. The 55% 

increase in  at end-expiration (Study I) is in accord with the findings of several previous 

studies
18,57,58

. At higher lung volume, the difference between the values of  in the two 

groups, both exhibiting a significant fall from the values obtained at end-expiration, 

decreased drastically to 12%. The decrease in  with increasing lung volume in normal mice 

has been attributed to the increasing contribution of the lower-hysteresivity collagen to tissue 

resistance
14,59

. Further, Ito et al.
49

 reported that, following the treatment of mice with PPE, 

respiratory elastance decreased, despite a nearly 50% increase in the total collagen content of 

the lung, implying an abnormal collagen function due to remodeling. Together with the 

increase in tissue heterogeneity discussed above, the abnormal collagen function might also 

have contributed to the overall increase in  in the treated mice (Table 1). 

1.2. Longitudinal functional assessment. The data from our long-term, follow-up 

animal study (Study III) reflected both the continuous progression of emphysema in the PPE-

treated rats and the somatic growth in all animals up to day 105. These changes similarly 

affected the lung volumes and the tissue mechanics. The lung volume increases in the PPE-

treated groups resembles the typical feature of the human disease
60

. Our finding that the 

differences between the two groups increased further after day 21 of the study (an interval 

around the standard recommended time for the PPE rodent model
15

) indicates the need for 

longer protocols for the investigation of late-stage emphysema.  

The changes in the mechanical properties of the respiratory tissues with time 

paralleled those in the lung volume. While natural growth leads to a decrease in elastance, 
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PPE induced an accelerated decrease in H. Interestingly, the difference in G between the 

control and the treated group did not develop as quickly and to such an extent as that in H (cf. 

Figs 12F and 12G); as a result of this (and as discussed above),  increased abruptly in the 

treated group (Fig. 12H). This may indicate either an immediate alteration in parenchymal 

viscoelasticity (as a consequence of the elastolytic treatment) or an increase in lung 

heterogeneity.  

1.3. Airway function. Uniformly in our mice and rat emphysema studies (Studies I-II-

III), LFOT did not reveal any difference in RN between the control and treated groups. The 

lack of difference in RN indicates that the airway function is not affected by the loss of 

parenchymal tethering forces, as expected from the fall in elastance
28,61-64

, and some 

observations on human emphysema also indicate that an airspace enlargement and an airflow 

limitation do not necessarily combine
65-67

. In this context, the changes following PPE 

treatment may characterize an initial or mild degree of emphysema, where the loss of 

alveolar attachments (which must have accompanied the marked increase in both alveolar 

size and lung volumes) is compensated by new elastic equilibria within the lung parenchyma 

and between the lung and chest wall, so that the patency of the airways is retained. There 

were mild gradual decreases in RN, which were similar in the control and the PPE-treated 

groups, and can be attributed to body (and lung) growth with age. Whereas RN for the 

emphysematous animals was higher at the same absolute lung volume, a fact also established 

in clinical cases of emphysema and COPD
68

, it is important to point out that there was no 

difference in RN between the control and treated animals at the actual operating lung 

volumes. 

 

2. Lung morphometry in PPE-induced emphysema 

 

The results of histology from Studies I-III revealed that 1) the measures of alveolar 

size were significantly higher and the distribution of the alveolar diameters was shifted 

toward higher values in the PPE group; 2) the alveolar attachment density was lower, and the 

alveolar and bronchial wall thicknesses were higher in emphysematous animals; 3) the 

collagen content per unit wall thickness of the bronchial wall was higher and more 
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heterogeneous in the treated than in the control animals; and 4) the elastin component of the 

ECM increased, while the collagen component decreased in PPE-induced emphysema.  

2.1. Alveolar structure. The increases in Dalv and D2 in the treated animals are 

consistent with the morphological features of emphysema, i.e. the destructured wall of the 

airspaces and the enlarged alveoli, with D2 being more sensitive to the morphological 

changes in this pathological condition as it also incorporates the heterogeneity of the 

structure
48,69

. The wall thickness of the alveoli in the histological images was higher in the 

PPE-treated animals due to tissue remodeling. Previous studies also indicated an elevated 

alveolar septal wall thickness in PPE-treated mice, although there was no significant 

difference between the control and the PPE-treated animals
18,70

. However, in those studies 

the intervals of the investigation, the treatment dose and method and the strain all differed. In 

Sprague-Dawley rats, the same results were found
71

, where the mean thickness was 2.1 and 

2.9 m in the control and the emphysematous animals, respectively, 38 days after the PPE 

treatment. Increased septal wall thickness was likewise observed in human emphysema 

within moderate lesions
5
, though, the wall thickness was twice that in the healthy controls 

(5.2 m vs. 2.2 m), indicating that the elastolytic rodent model may mimic the early stage 

of emphysema. 

2.2. Subpleural alveoli. The OPS technique was designed to image the human 

microcirculation
72

, using reflected light from the surface of a solid organ such as the brain, 

skin
73

, liver, pancreas
74

 and conjunctiva or cornea
75

. Although this imaging technique can be 

used in vivo, we chose the ex vivo condition so as to avoid the confounding effects of the 

beating heart, which allowed us to investigate the subpleural alveoli in their unaltered, 

physiological condition. The distribution of the subpleural alveoli exhibited a slight shift in 

the treated group due to septal wall ruptures, which lead to enlarged airspaces. Thus, this 

technique is capable of detecting structural differences between the normal and the 

emphysematous lung. The distribution of the alveoli from the traditional histological samples 

revealed a similar scenario, but the histogram demonstrated a longer tail, which may indicate 

that the subpleural alveoli are smaller in the OPS images in both the control and the PPE-

treated animals than in the histological samples, where the entire plane of the section was 

investigated. This difference may be explained by the cohesive effect of the pleura, which 

can mitigate any increase in alveolar size in both groups. Similar results were found 
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regarding the size of the subpleural alveoli in mice by Mitzner et al.
76

. With traditional 

histology they observed significantly smaller mean airspace chord lengths close to the pleura 

than in the interior parts of the lung. While we acknowledge the possible size differences 

between the subpleural and interior alveolar populations, we argue that the OPS images 

display an intact structure free from irregular airspaces (such as ductal structures resulting in 

a long tail in the size distributions toward large values in the histological samples). Indeed, 

the OPS alveolar size distribution in the control rats is remarkably normal, while it becomes 

asymmetrical in the treated animals (Fig. 13F). 

2.3. Airway structure. In Study II we quantified the parenchymal tethering by 

measuring the number of attachments per unit airway wall perimeter, and found that the 

treatment reduced the average attachment density by 7%. This is similar to the finding of 

Collie et al.
77

 who reported a decreased number of attachments around the bronchi of sheep 

after PPE treatment. It might be argued that, if the wall is more compliant in the treated 

lungs, the decreased attachment density is simply a result of the larger airway diameters at 

the same fixation pressure in the treated animals. However, there was no difference in 

diameter between the two populations of airways included in our analysis, which suggests 

that the reduction in attachment density was probably due to the loss of parenchymal 

tethering. The elastin density of the walls measured from the histological images was similar 

in the two groups. It should be pointed out that the elastin density was measured in a band of 

fixed width around the bronchi. Since the wall thickness in the treated animals was larger by 

15%, it is likely that the total elastin content was also higher in the bronchial walls of the 

treated rats, implying cellular remodeling of the airway walls. However, collagen also 

contributes to stiffness, especially at higher transmural pressures. The increased collagen 

density of the wall and the elevated intra-wall heterogeneity suggest disordered remodeling 

following PPE treatment. Furthermore, the increased wall thickness would also result in a 

higher volumetric elastance of the airway wall
78

. Thus, these considerations imply a real 

decrease in tethering forces as well as stiffening of the airway walls as a consequence of the 

PPE treatment. 

2.4. Structure–function relationship. An important finding of our follow-up rat 

emphysema study (Study III) is a strong structure–function relation that links the lung 

elasticity (parameter H) to the mean alveolar diameter (Dalv). The mechanism behind this 
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relation is probably involves rupture of the septal walls. There are two consequences of a 

septal wall rupture: 1) a coalescence of two neighboring alveoli and increase of the alveolar 

diameters; and 2) a decrease in the number of walls carrying the load in the parenchyma, 

which in turn decreases the lung stiffness. Moreover, a single rupture transmits the tension in 

the wall to its neighbors, which increases the likelihood of a subsequent rupture. A sufficient 

number of ruptures results in a macroscopically measurable decrease in H. Thus, through a 

common mechanism, the rupture of the septal walls
79,80

, the alveolar structure and the 

parenchymal stiffness become intimately linked. Since the airspace diameter steadily 

increases (Fig. 14A), while both the elastin and the collagen content decrease (Fig. 15A and 

15D), it seems plausible that the amount of load-bearing ECM constituents determines the 

failure of the septal walls and indirectly the alveolar airspace diameters. However, the ECM 

constituents also decrease in the control group during the natural growth of the animal. One 

possibility is that the cross-link density and distribution are different in the remodeled elastin 

and collagen fibers, which makes them vulnerable to failure. Mechanical failure in turn 

exposes fragments which are chemoattractant to macrophages in the lung
38

 and a vicious 

circle may result: tissue inflammation leads to mechanical failure, which maintains 

inflammation and ultimately a steady progression of the disease. However, with due caution 

because of the small sample size, we can state that the intra-group relationships reflect 

tendencies similar to those for the pooled data (Fig. 16). Further investigations are needed to 

establish whether there is a general size–compliance relationship or whether different 

trajectories exist for healthy and emphysematous lungs. 

 

3. Mechanical effects on chemically weakened lung tissue 

 

The acute increases in mild mechanical forces achieved by the frequent DIs in Study 

IV resulted in 1) large changes in the functional mechanical properties of the respiratory 

system, such as FRC and compliance, and 2) noticeable structural alterations in the 

parenchyma and airways, seen on day 21 after treatment. The latter suggests that, when the 

ECM of the lung is sufficiently weakened, mechanical forces are able to induce irreversible 

changes in the lung structure. 
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3.1. Lung volumes and respiratory mechanics. FRC, C and  increased with time 

(Fig. 17) as a result of the development of emphysema after PPE treatment, as in previous 

studies
74,81

. The DIs significantly increased FRC and C in the control and treated mice. To 

interpret these results, we first note that anesthetized mice in the supine position easily 

derecruit large regions of the lung
82

. A single DI recruits some regions, which tend to 

collapse again with time. Further DI-activated mechanisms that may contribute to the 

elevation in C in this experimental setting are the ruptures of fibers in the septal wall and the 

large stretches triggering surfactant release
83

. Thus, the changes in C in the control mice are 

due to recruitment and surfactant secretion, whereas the contribution to the increase in C in 

the treated lung made by the mechanical failure. In order to identify the contributing 

mechanisms and establish whether the DIs caused any irreversible change during the 1-h of 

ventilation, a detailed analysis of the lung structure is required. 

3.2. Alveolar structure. The progression of emphysema was accompanied by 

increases in Dalv and D2 (Fig. 19). In a more refined analysis, we pooled Dalv from all animals 

and grouped them into small, medium and large size categories (Table 3). Significant 

differences were detected between the no-DI and DI groups: although the absolute 

differences were small, the significance levels were strong, due to the large number 

(>10,000) of airspaces. 

In the control animals, the DIs decreased the sizes of the airspaces in all 3 airspace 

size categories. This may be related to the finding by Namati et al.
84

 that the alveoli became 

smaller at end-inspiration, due to recruitment in the lung. They suggested that at higher 

inflation pressures (similar to those in our DI protocol), secondary (daughter) alveoli pop 

open and inflate via the primary (mother) alveoli through the pores of Kohn. In contrast, in 

our treated animals, the DIs generated larger Dalv in the two smallest size categories, 

suggesting that at the same fixation pressure the DIs definitely increased the airspace 

diameters. These results imply that the septal walls of some small and medium-sized 

airspaces became softer or the septal walls actually ruptured during ventilation with the DIs. 

The microstructural changes caused by the DIs were most pronounced on day 21. Indeed, 

while the septal wall thickness Wt steadily increased with time (Fig. 20), the DIs caused a 

significant increase only on day 21. The increased thickness, which is a characteristic feature 

of severe AECOPD
82

, was apparent on all three types of staining (Figs. 20 and 21). The H&E 
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staining demonstrated more cell nuclei (Fig. 20B), a sign of inflammation similar to that in 

the airways of COPD patients after exacerbation
85

. The elastin staining additionally suggests 

a disorganized fiber network in the wall, with possible microruptures (Fig. 21C). These 

findings are consistent with the sudden deterioration of lung structure that accompanies 

AECOPD. We note that the increase in Wt is associated with an increase in C in the DI group 

(Fig. 17B), most probably as a consequence of  capillary rupture, leakage and edema
86

. 

3.3. Changes in the ECM. On day 21, analysis revealed that Nsr was larger in the DI 

group than in the no-DI group. Similar to Nsr, Ad around the airways increased due to the 

DIs. In the control animals, we did not see any evidence of ruptures, and hence the increase 

in FRC was caused by pure recruitment. Additionally, on day 21, the DI-induced increases in 

Nsr and Ad resulted in larger Dalv (Table 3) and a proportion of the increases in FRC and C 

must therefore have resulted from ruptures. These results prove that our model reproduces 

some features of AECOPD, with irreversible changes in structure and function. Moreover, 

we found wall thickening, fiber and septal wall rupture only on day 21; a threshold in ECM 

remodeling may therefore exist below which acute increases in mechanical forces do not 

seem to induce irreversible changes.  

As the ECM becomes weaker, it is possible that DI-induced microruptures also occur 

at earlier time points. For example, Dalv was increased for the smallest size category (Table 3) 

on day 7. Such subtle changes in structure may not cause noticeable changes in function. 

However, when ECM structures rupture, fragments of molecules will be exposed. Elastin
15

 

and proteoglycan
87

 fragments are chemoattractant and potentiate further inflammation, which 

is also characteristic of AECOPD
2
 and may contribute to the increased susceptibility of 

patients to infection-induced inflammation. If a sufficient number of elements of the wall 

fail, the entire wall ruptures, which can influence the distribution of low attenuation areas on 

CT images
88

 and become clinically observable. Since the parenchyma is always under tensile 

stress, when an alveolar wall will rupture, the stress the wall carried just before failure is 

redistributed among the neighboring walls. Consequently, some neighbors will experience 

increased stress, which unfolds new binding sites for enzymes such as elastase and increases 

the unbinding and cleaving rate
89

. These mechanisms result in a higher probability of the 

wall failure. Thus, a single rupture can lead to a cascade of ruptures and serve as a positive 

feedback to potentiate further breakdown
6
. This mechanism might help explain why previous 
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AECOPDs increase the probability of future AECOPDs, leading to the emergence of the 

“frequent-exacerbation” phenotype
90

. 
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VI. SUMMARY AND CONCLUSIONS 

 

1. We have demonstrated in three animal studies (Studies I-III) that PPE-induced 

destruction of the lung parenchyma is accompanied by elevated respiratory 

compliance and lung volumes, and hence modeling the changes in human 

emphysema; however, the decrease in the tethering forces, together with the observed 

subtle remodeling of the bronchial wall, does not result in increased airway 

resistance. This model may correspond to an early symptomless phase of COPD and 

suggests that, in addition to the altered elastic equilibrium between the lungs and the 

chest wall, the involvement of other factors is necessary for the development of an 

airway obstruction.  

 

2. We followed the progression of emphysema induced by a single dose of PPE in a 

long-term study (Study III). During the 105-day follow-up, there were steady 

increases in lung volumes and pulmonary compliance, without any impairment in the 

airway function, further raising the necessity of additional pathomechanisms that 

target the bronchi. This study is the first to employ OPS imaging to visualize the 

subpleural alveoli ex vivo, and its results complement those of conventional 

morphometry by avoiding the usual artifacts of the latter. At the level of the ECM, we 

observed that elastin remodeling was delayed as compared with collagen remodeling. 

Overall, a strong structure–function relationship has been identified between alveolar 

size and lung compliance, which is apparently driven by septal wall ruptures.  

 

3. We have demonstrated that exacerbation-like irreversible changes in structure and 

function can be induced by acute increases in mechanical forces in the absence of 

bacterial or viral infections, as long as the lung ECM is sufficiently weak (Study IV). 

Thus, it is possible that, the increases in mechanical stresses on the emphysematous 

tissue associated with cough and hyperinflation are also important contributors to the 

irreversible changes in AECOPD in humans. While we acknowledge that infection is 

a likely cause of the generation of mechanical stresses and is ultimately needed for 

impairment of the airway function, our study also suggests that the clinical treatment 
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of AECOPD should minimize mechanical stresses, for instance by e.g. attenuating 

coughing or carefully choosing mechanical ventilation parameters if the patient needs 

to be ventilated. 
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Hantos Z, Adamicza Á, Jánosi TZ, Szabari MV, Tolnai J, Suki
B. Lung volumes and respiratory mechanics in elastase-induced em-
physema in mice. J Appl Physiol 105: 1864–1872, 2008. First pub-
lished October 9, 2008; doi:10.1152/japplphysiol.90924.2008.—Ab-
solute lung volumes such as functional residual capacity, residual
volume (RV), and total lung capacity (TLC) are used to characterize
emphysema in patients, whereas in animal models of emphysema, the
mechanical parameters are invariably obtained as a function of tran-
srespiratory pressure (Prs). The aim of the present study was to
establish a link between the mechanical parameters including tissue
elastance (H) and airway resistance (Raw), and thoracic gas volume
(TGV) in addition to Prs in a mouse model of emphysema. Using
low-frequency forced oscillations during slow deep inflation, we
tracked H and Raw as functions of TGV and Prs in normal mice and
mice treated with porcine pancreatic elastase. The presence of em-
physema was confirmed by morphometric analysis of histological
slices. The treatment resulted in an increase in TGV by 51 and 44%
and a decrease in H by 57 and 27%, respectively, at 0 and 20 cmH2O
of Prs. The Raw did not differ between the groups at any value of Prs,
but it was significantly higher in the treated mice at comparable TGV
values. In further groups of mice, tracheal sounds were recorded
during inflations from RV to TLC. All lung volumes but RV were
significantly elevated in the treated mice, whereas the numbers and
size distributions of inspiratory crackles were not different, suggesting
that the airways were not affected by the elastase treatment. These
findings emphasize the importance of absolute lung volumes and
indicate that tissue destruction was not associated with airway dys-
function in this mouse model of emphysema.

elastance; airway resistance; pressure-volume curve; airway reopen-
ing; crackle sound

EMPHYSEMA IS CLINICALLY CHARACTERIZED by loss of elastic recoil
and significant hyperexpansion of the lungs due to a permanent
destruction of the parenchymal tissue structure (35). Although
a variety of mechanisms including protease-antiprotease im-
balance (27), inflammation (23), abnormal extracellular matrix
remodeling (46), and mechanical forces (44) have been pro-
posed to be involved in its pathogenesis, the progressive nature
of emphysema is still poorly understood (3).

The assessment and evaluation of emphysema raise several
questions related to both the functional and structural aspects
of the disease. Specifically, the physiological characterization
of emphysema requires the measurement of pulmonary or
respiratory mechanics (18, 39). In clinical studies, absolute
lung volumes such as residual volume (RV), functional resid-
ual capacity, or total lung capacity (TLC), as well as their ratios

are used to characterize the emphysematous changes (14, 47,
49). To gain insight into the pathogenesis and progression of
the human disease, various small animal models of emphysema
have been developed (11, 25, 32, 41, 45). However, in animal
experiments, the mechanical parameters are most often repre-
sented in terms of their dependence on transpulmonary (PL) or
transrespiratory pressure (Prs) or positive end-expiratory pres-
sure (PEEP) (25). This is particularly true for the mouse, the
most preferred experimental animal because of the availability
of genetic manipulations (12), in which the assessment of
changes in absolute lung volume is technically demanding due
to the small lung size and is therefore rarely reported. Thus it
remains unclear how the physiological findings including the
mechanical properties of the lung expressed in terms of PL or
Prs in the various mouse models of emphysema are related to
the clinically observable pathophysiological changes in lung
volumes and the associated alterations in respiratory resistance
and elastance in patients.

The purpose of this study was to establish a link between
the mechanical properties of the respiratory system and
absolute lung volumes in mice treated with porcine pancre-
atic elastase (PPE). To this end, we used a previously
developed technique to track the elastic and resistive parame-
ters of the respiratory system during slow inspiratory-expira-
tory maneuvers (19) while recording the changes in lung
volume. Our findings suggest that presentation of parameters in
terms of absolute lung volumes differ substantially from that in
terms of transrespiratory pressures.

METHODS

Animal preparation. Female CBA/Ca mice were anesthetized with
an intraperitoneal injection of pentobarbital sodium (75 mg/kg) and
intubated with a 20-mm-long, 0.8-mm inner diameter polyethylene
cannula under the guidance of a cold light source (model FLQ85E,
Helmuth Hund, Wetzlar, Germany), according to the technique de-
scribed in detail by others (8, 17). The elastase-treated animals
received PPE (Sigma-Aldrich Hungary, Budapest, Hungary) in 50 �l
of saline in one of two doses: 0.3 IU (n � 15) and 0.6 IU (n � 4) via
intratracheal instillation. The control animals (n � 19) received 50 �l
of saline only. Three weeks thereafter, the mice were anesthetized
with an intraperitoneal injection of pentobarbital sodium (75 mg/kg),
tracheotomized, and cannulated with a 0.8-mm inner diameter poly-
ethylene tube. The animals were placed in a custom-built 160-ml body
plethysmograph in the supine position and ventilated transmurally
with a small-animal respirator (Harvard Apparatus, South Natick,
MA) at a rate of 160 min�1, tidal volume of 0.25 ml, and a positive
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end-expiratory pressure of 2 cmH2O. Supplemental doses of pento-
barbital sodium (15 mg/kg) were administered as needed, generally at
the beginning of the measurements. The study protocol was approved
by the Institutional Animal Care and Use Committees of the Univer-
sity of Szeged and Boston University.

Measurement of lung volumes. Thoracic gas volume (TGV) at end
expiration at zero transrespiratory pressure (TGV0) was measured
with the plethysmographic technique (13), modified recently for the
measurement of thoracic gas volume in anesthetized mice that have
weak or no respiratory effort (28). Briefly, 2–3 s after the respirator
was stopped, the tracheal cannula was occluded and the intercostal
muscles were stimulated via a pair of electrodes arranged diagonally
between the upper and lower chest regions, with single impulses of
8–12 V in amplitude and 0.1 ms in duration (model S44, Grass
Instruments, Quincy, MA), repeated five to six times in a 10-s
recording interval. Figure 1 shows the measurement setup. Plethys-
mograph pressure (Pbox) and tracheal pressure (Ptr) were measured
with miniature pressure transducers (model 8507C-2, Endevco, San
Juan Capistrano, CA). TGV0 was estimated from the Pbox vs. Ptr
relationship on the basis of Boyle’s principle, as described previously
in detail (28). Following the measurement of TGV0, in 14 control
animals (group C1) and 14 elastase-treated mice (group E1) the
tracheal cannula was connected to a loudspeaker via a 100-cm,
0.117-cm inner diameter polyethylene tube (a wave tube; see below).
After a 5-s pause at end expiration, Pbox was lowered approximately
linearly by connecting the plethysmograph to a vacuum line until �20
cmH2O was reached, and then Pbox was allowed to return quasi-
exponentially to 0 cmH2O by opening the box to atmosphere through
a resistor. The inflation and deflation phases lasted for �20 and �25
s, respectively. Inlet and outlet lateral pressures of the wave tube (P1

and P2, respectively) were measured by another pair of Endevco
transducers. Inflation volume V(t) was obtained by integration of flow
(V�) determined as V� � P2/Rwt, where Rwt is the direct current
resistance of the wave tube. TGV as a function of time was obtained
as TGV(t) � TGV0 � V(t). Transrespiratory pressure (Prs) was
calculated as Ptr � Pbox.

In five control mice (group C2) and five mice treated with 0.3 IU
elastase (group E2), the measurement of TGV0 was followed by
deflation to RV, accomplished by elevating Pbox to 20 cmH2O;
subsequently, Pbox was lowered to �35 cmH2O through the vacuum
line in �30 s to obtain an estimate of TLC. The box was then opened
to atmosphere via a resistor to allow for a passive deflation. During
this deflation-inflation-deflation maneuver, V� was measured with a
capillary bundle (resistance � 180 cmH2O �s � l�1) and the Ptr trans-
ducer (Fig. 1, inset). Expiratory reserve volume (ERV) was deter-
mined by integration, and RV was obtained as TGV0 � ERV.

Measurement of respiratory impedance. The tracking estimation of
the impedance of the total respiratory system (Zrs) during slow
inflation-deflation maneuvers was performed in the group C1 and
group E1 mice. The measurement of Zrs was similar to that described
previously in detail (19), with the modification that a negative body
surface pressure was applied (6) instead of the positive pressure
inflation. Briefly, Zrs was measured as the load impedance of the wave
tube by using a pseudorandom signal between 4 and 38 Hz. Mean Zrs

was computed for the first 5 s of oscillation before the inflation started
(to estimate Zrs at TGV0) and for every successive 0.5-s interval
during the maneuver. Each Zrs spectrum was fitted by a model (20)
containing a Newtonian resistance ascribed to the airways (Raw), an
inertance (I), and a constant-phase tissue unit characterized by the
coefficients of damping (G) and elastance (H). Hysteresivity (�), the
ratio of the dissipated and elastically stored energies in the tissue (16),
was calculated as � � G/H. The resistance and the inertance of the
tubing including the tracheal cannula were subtracted from Raw and
I, respectively; since the inertance of this tubing was the major
component of I, the remaining values are considered physiologically
unimportant and are not reported.

The slow inflation-deflation maneuvers, together with the preced-
ing measurements of TGV0, were repeated three times in each animal
to establish a standard volume history and to ascertain that the Prs-V
loops and the Zrs spectra as a function of lung volume were repro-
ducible. The Zrs parameters did not exhibit different volume depen-
dences during inflation and deflation; hence, for clarity, the tracking
results are presented only for inflation.

Crackle sound recordings. For the measurements in the C2 and E2
groups, the setup was modified so that a microphone ending in a
15-mm-long, 0.7-mm outer diameter metal tube was connected to the
tracheal tube adaptor of the plethysmograph (Fig. 1, inset). Tracheal
sound was recorded at a sampling rate of 44 kHz and a 16-bit
resolution and preprocessed with a GoldWave sound editor (version
5.12, GoldWave, St. John’s NFLD, Canada). High-pass filtering at 2
kHz was used to eliminate the cardiac noise. Subsequently, a short
0.5-ms time window was set up and moved along the sound recording.
An individual crackle event was identified if the sound energy in a
window increased above a threshold that was chosen to eliminate
most of the background noise. The crackle energy was represented
by its cumulative distribution defined as the sum of energy up to a
given inflation pressure normalized by the total energy, whereas
the crackle amplitudes were characterized with their probability
density distribution. The details of sound recording and processing
are described in Ref. 37.

Lung morphometry. At the end of the measurements, the mice were
killed with an overdose of pentobarbital sodium, and the heart and the
lungs were removed en bloc. The collapsed lungs were then slowly
inflated via the tracheal cannula by injecting 1 ml of low melt agarose
warmed to 45°C at a concentration of 4%. Successful fixation was
accomplished in four elastase-treated and five control mice. Epifluo-
rescence microscopy was employed to study alveolar morphometry in

Fig. 1. Schematic arrangement for the measurement of thoracic gas volume
(TGV) and oscillatory mechanics. During the measurement of TGV with
respiratory muscle stimulation, stoppers A, B, and C were closed, and plethys-
mograph box pressure (Pbox) and tracheal pressure (Ptr) were recorded. The
tracheal cannula was then connected via stopper B and a wave tube to a
loudspeaker box open to atmosphere, and inflation was started by opening
stopper C to a vacuum source; a water column limited Pbox at �20 or �35
cmH2O. During the subsequent deflation, the box was connected to atmosphere
via stopper C through a leak resistor. During inflation-deflation, the loud-
speaker delivered an oscillatory signal via the wave tube whose inlet (P1) and
outlet lateral pressures (P2) were recorded. Inset: modified arrangement for the
recording of tracheal sounds during reinflation from residual volume (Pbox �
20 cmH2O) to total lung capacity (Pbox � �35 cmH2O) in the group C2 and
group E2 mice. With stopper A closed and stopper B open, tracheal flow was
measured as the pressure drop (Ptr) across a capillary bundle resistor while the
microphone recorded the sound.
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two to three slices in each lung. Following thresholding, the alveolar
or terminal airspace cross-sectional areas (A) were measured using
image-processing software (INVIVO, Pictron, Budapest, Hungary),
and an equivalent alveolar diameter (D) was calculated as D �
(4A/�)1/2. From the values of A, an area-weighted mean equivalent
diameter (D2) was also calculated. The number of D values obtained
in individual animals was not sufficient to compute a complete
diameter distribution. Since, by visual inspection, the characteristics
of the alveolar structure were similar in the treated animals, we pooled
the diameters and constructed single-diameter distribution for both the
control and treated mice. The equivalent diameter is useful in that it
is not sensitive to shape and it can better characterize the alveolar
structure than other morphological indexes in the presence of struc-
tural heterogeneity (34).

Statistical analysis. The differences in mechanical parameters be-
tween the control and elastase-treated animals were compared using
repeated-measures ANOVA tests. The variability of alveolar diame-
ters was compared using F test.

RESULTS

Morphometric evaluation of the lung slices (Fig. 2) revealed
a significant enlargement of the alveolar airspace sizes in the
elastase-treated animals: the equivalent diameter D increased
from 46.5 	 13.8 �m in the control mice to 70.3 	 34.2 �m
in the treated mice (P 
 0.001). Additionally, the variance of
the alveolar diameters was also statistically significantly higher
in the treated mice (P 
 0.001). There was a significant
increase in the mean area-weighted diameter D2 from 55 to 107
�m (P 
 0.01). In both groups, the distribution of the diam-
eters was significantly different from a normal distribution
(P 
 0.001). The distribution of diameters was skewed in
both groups; however, in the treated mice, the distribution
exhibited a significantly longer tail reaching values above
200 �m (Fig. 3).

Elastase treatment resulted in marked and statistically highly
significant changes in lung volumes: compared with control,
TGV0 and TGV at Prs of 20 cmH2O (TGV20) increased by 52
and 45%, respectively (Table 1). There was no difference
between the group E1 mice treated with the 0.3 and 0.6 IU
doses of elastase in any of the morphometric indexes or
mechanical parameters except � at TGV20 (0.170 	 0.007 vs.
0.157 	 0.004; P 
 0.01). Therefore, both the mechanical and
morphometric parameters from the two groups were pooled.
The average TGV vs. Prs curves also reflected the changes due
to the elastase treatment (Fig. 4), with the mean values of TGV
significantly different (P 
 0.001) between the groups at all
Prs levels. The ratios of TGV between the groups at the same

Prs were fairly constant (between 1.44 and 1.60 for inspiration
and between 1.43 and 1.52 for expiration), suggesting a nearly
proportional increase of TGV at all Prs, i.e., an unchanged
shape of the PV loops. Inspiratory volume (TGV20 � TGV0)
increased by 37% in the treated animals, which was also
accompanied by a 27% decrease in chord elastance between 0
and 20 cmH2O.

The mechanical parameters obtained from the small-ampli-
tude forced oscillatory measurements of the elastase-treated
mice exhibited similarly marked changes: compared with con-
trol, the decreases in H were 57 and 27%, respectively, at Prs
values of 0 and 20 cmH2O (Table 1). The values of � were also
altered by the elastase treatment, with increases more marked at 0
cmH2O (55%) than at 20 cmH2O (12%). By contrast, small and
statistically insignificant decreases were observed in Raw at both
0 cmH2O (�2%) and 20 cmH2O (�10%). Since in the infla-
tion-deflation maneuver the pressure protocol was standard-
ized, the group mean values of these parameters were calcu-
lated as functions of both Prs and TGV.

Figure 5, A and B, display the dependences of H on Prs and
TGV, respectively. The differences in H between group E1 and
group C1 animals in the low and high Prs range were in accord
with the mean values of H at 0 and 20 cmH2O (see Table 1),
whereas this difference disappeared in the pressure range
between 9 and 13 cmH2O (Fig. 5A). When plotted as a function
of TGV (Fig. 5B), the values of H corresponding to the control
and treated animals were completely separated. The mean H at
comparable TGV was significantly lower in the treated ani-
mals, which suggests that the dynamic elastance in the treated
mice reached values similar to those of the control animals at
about twice as high absolute lung volumes.

The mean Raw data did not differ between the groups at any
value of Prs (Fig. 6A). However, the Raw curves as a function
of TGV were remarkably different from those expressed in
terms of Prs (Fig. 6B). Elastase treatment resulted in a right-
ward shift of the mean Raw vs. TGV relationship and, conse-
quently, in statistically significantly higher Raw values at
comparable lung volumes (Fig. 6B).

The vital capacity (VC) maneuvers performed in the
group C2 and group E2 animals also revealed marked
differences in all lung volumes but RV; a typical example is
shown in Fig. 7A. The increase in TGV0 in the treated mice

Fig. 2. Epifluorescence microscopy pictures of agarose-fixed lung slices. Left:
control lung. Right: elastase-treated lung. Bar � 50 �m.

Fig. 3. Probability distribution of equivalent alveolar or terminal airspace
diameters in subpopulations of control (F) and elastase-treated mice (E).
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(51%) was the same as that in the group E1 mice, and
similar elevations (41 and 52%) were observed in TLC and
VC, respectively (Table 2). Interestingly, the pressure at the
bottom knee of the TGV-Prs curve decreased on average by 5.5
cmH2O in the treated animals (P 
 0.001). The number of
crackles detected during inflation from RV to TLC was �150
and did not differ between the group C2 and group E2 mice
(Table 2). The cumulative distributions of crackle energy in the
C2 and E2 groups are compared in Fig. 7B as a function of Prs.
In group C2, the cumulative energy rises steeply from 0 to
above 95% within a narrow range of Prs values between 2.5
and �5 cmH2O. In contrast, the cumulative energy in the E2
group rises almost immediately at the start of inflation but
reaches 95% only by a Prs of �9 cmH2O. Despite the
grossly different rates of crackle energy release during
inflation, the probability distribution (�) of crackle ampli-
tudes was very similar in the two groups (Fig. 8). Since both
distributions followed a linear decrease on a log-log graph,
� can be described by a power law as � � s��, where s is
the crackle amplitude and � is the exponent of the distribu-
tion. Furthermore, � had identical values, close to 2 with a
small standard deviation, in the two groups of mice (Fig. 8).

DISCUSSION

The primary purpose of this study was to characterize the
mechanical properties of the respiratory system in a mouse
model of emphysema in terms of Prs and TGV. To achieve this
goal, we used a standard elastase treatment protocol and
confirmed the presence of emphysema in the treated mice using
morphometric analysis of the alveolar structure at a fixed time
point, 3 wk following treatment. We also employed a plethys-

mographic method to determine TGV in mice (28) in combi-
nation with a forced oscillation technique that is able to
separately estimate the airway and tissue mechanical parame-
ters during slow lung inflation and deflation (19). The main
findings of the study are that 1) both the mean and variance of
alveolar diameters significantly increased in the treated mice,
which resulted in increases in TGV similar to those seen in
FRC and TLC in patients with emphysema; 2) dynamic elas-
tance of the lung as a function of Prs was significantly lower
in the treated mice except in a narrow range of Prs corre-
sponding to lung volumes approximately halfway between
FRC and TLC; 3) when expressed in terms of absolute lung
volume, dynamic elastance was markedly lower in the
treated mice; and 4) airway resistance (Raw) was significantly
higher in the treated group at comparable lung volumes, but the
differences disappeared when Raw was plotted as a function of
Prs. Furthermore, measurements made in two additional groups
of mice revealed that 5) the elastase treatment did not lead to
any increase in RV, and the statistics of crackle properties that
are related to airway reopening do not substantiate any change
in bronchial patency.

Methodological issues. Several methodological issues war-
rant discussion. First, the elastase treatment produces a quick
injury-like pathophysiology including the deterioration of lung
function and airspace enlargement, whereas human emphy-
sema is usually associated with cigarette smoking with its full
development often taking more than 5 years. In this respect, the
elastase-induced emphysema does not model the human dis-
ease. On the other hand, rodents respond to cigarette smoke in
a highly variable manner, and the pathophysiologal changes at
best mimic mild COPD (48). For the specific purpose of

Table 1. Thoracic gas volumes and oscillatory mechanical parameters

Group Weight, g TGV0, ml TGV20, ml H0, cmH2O/ml H20, cmH2O/ml �0 �20 Raw0, cmH2O � s � ml�1 Raw20, cmH2O � s � ml�1

C1 29	2 0.31	0.06 0.76	0.11 52	10 129	9 0.24	0.02 0.15	0.01 0.46	0.14 0.12	0.02
E1 29	3 0.47	0.10 1.10	0.18 22	7 94	12 0.38	0.07 0.17	0.01 0.45	0.18 0.11	0.02
P value NS 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 NS NS

Values are means 	 SD. Thoracic gas volumes (TGV) and oscillatory mechanical parameters are at transrespiratory pressures of 0 cmH2O (suffix 0) and 20
cmH2O (suffix 20) in the control (group C1; n �14) and the elastase-treated (group E1; n �14) mice. H, elastance coefficient; �, hysteresivity; Raw, airway
resistance; NS, statistically not significant.

Fig. 4. Inflation (F) and deflation (E) curves of tho-
racic gas volume (TGV) vs. transrespiratory pressure
(Prs) averaged for the control mice (group C1) and
the elastase-treated animals (group E1). Bars indicate
standard deviation. The ratio of TGV values of the
elastase-treated mice to those in the controls, as a
function of Prs, is also plotted (right and bottom).
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comparing lung physiology as expressed in terms of absolute
lung volume or transrespiratory pressure, the widely used
elastase treatment targeting the tissue compartment is appro-
priate. Second, it has been reported that there exists a second
“knee” in the pressure-volume curve of mice beyond 20
cmH2O (42). To avoid the rapid changes in mechanical prop-
erties of such a second knee, the tracking maneuvers were
limited to a maximum inflation pressure of 20 cmH2O. We
note, however, that the inflation curves initiated from RV
(groups C2 and E2) followed a single sigmoidal and were
reproducible, and hence we defined TLC as the value of TGV
reached at Prs � 35 cmH2O, while acknowledging the prob-
lems of the definition of TLC in mice (42). Another issue is
related to the measurement of the quasi-static and dynamic
properties of the total respiratory system. The contribution of
the chest wall to the total respiratory elastance is small in mice,
which implies a negligible impact on the pressure-volume
curve (30) and a 
10% share in the dynamic elastance H (25,
40). Therefore, any change in H following elastase treatment
must be proportional to alterations in lung tissue properties.
We should also note that, although the parameter Raw esti-
mated from the model fitting to the Zrs data represents not only

airway resistance but all frequency-independent (Newtonian)
viscous losses in the respiratory system, the contribution of the
chest wall to the Newtonian resistance was shown to be
negligible at any lung volume in mice (40).

Parenchymal structural changes. It has recently been shown
that the trapped gas volume in excised lungs from a variety of
animal models of emphysema correlated with morphometric
evaluation of the alveolar structure (29). In the present study,
the larger absolute gas volumes in the treated animals were also
associated with a significant increase in the equivalent diame-
ters (D) of the airspaces. It is interesting to note that, in
response to elastase treatment, the mean D increased by 51%,
which is close to the 45% increase in TGV20. Furthermore, the
equivalent diameters were not normally distributed (Fig. 3),
and the treatment resulted in a significant stretch of the tail of
the diameter distribution from �100 to 200 �m. As a conse-
quence, the standard deviation of the equivalent diameters
nearly tripled, whereas the mean area-weighted diameter D2

doubled following treatment. Since both the variance and D2

are sensitive to heterogeneities (34), these results imply that the
elastase treatment significantly increased the structural hetero-

Fig. 5. A: elastance coefficient (H) vs. transres-
piratory pressure (Prs) during slow inflation
from Prs of 0–20 cmH2O. The values in each
animal were averaged for successive 2.5-
cmH2O ranges of Prs. The mean values of H for
the animals in the control (group C1) mice (F)
and the elastase-treated (group E1) mice (E) are
statistically significantly different (P 
 0.05) at
Prs of 
8 cmH2O and Prs of 
14 cmH2O. Bars
denote standard deviation. B: H vs. thoracic gas
volume (TGV). The values of H are statistically
significantly different between the two groups
at all ranges of Prs (P 
 0.05).

Fig. 6. A: airway resistance (Raw) vs. transres-
piratory pressure (Prs) during slow inflation
from Prs of 0–20 cmH2O. The values in each
animal were averaged for successive 2.5-
cmH2O ranges of Prs. No statistically signifi-
cant difference was found between the mean
values of Raw for the control (group C1) mice
(F) and the elastase-treated (group E1) mice (E)
in any range of Prs. Bars denote standard de-
viation. B: raw vs. thoracic gas volume (TGV).
The values of Raw are statistically significantly
different between the two groups for all TGV
(P 
 0.05).
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geneity of the parenchyma. The increased heterogeneity is also
supported by the fact that the coefficient of variation of
diameters increased from 30% in control to 49% in the treated
mice.

The increase in heterogeneity is consistent with the possi-
bility that the enzymatically weakened alveolar walls rupture
under the influence of mechanical forces (44). The presence of
elastase in the interstitium not only leads to digestion of the
elastin of the connective tissue, but it also triggers complex
cellular repair processes (46). Such repair is likely abnormal

(46), and the corresponding extracellular assembly of collagen
results in mechanically weak collagen fibers in the alveolar
walls. At points of stress concentration, the weak collagen and
the alveolar wall break. Following rupture, the stress is redis-
tributed in the neighborhood, and, consequently, the nearby
intact regions start to experience new stress concentration (39).
This ongoing process necessarily leads to an increase in struc-
tural heterogeneity as well as a progressive decrease in lung
recoil. The latter in turn results in a larger TGV at the same Prs
in the treated mice (Fig. 4).

Dynamic tissue properties. Although H decreased signifi-
cantly in the treated mice both at low and high Prs (Table 1),
the initial decrease in H with increasing Prs and the reversal
toward higher Prs values remained a characteristic feature of
the H vs. Prs relationship following the elastase treatment (Fig.
5A). However, the initial decrease reverses at a lower Prs in the
elastase-treated mice, and this is in accordance with the results
of a study on mice spontaneously developing emphysema
(tight skin mice) and their controls, in which lung elastance
was measured as a function of PEEP (24). The elevation in H
at high Prs is likely due to the stretching of the respiratory
tissues and recruiting collagen in the lung parenchyma (19, 40),
whereas the mechanisms behind the initial decrease in H are
less clear: they may include alveolar recruitment, reorganiza-
tion of the tissue matrix and the surfactant layer (19, 25, 40), or
chest wall mechanics (22). Whatever the mechanism, the
biphasic pattern of the H vs. Prs is also seen as a function of
TGV and is not altered by the elastase treatment (Fig. 5B);

Σ
Σ

Fig. 7. A: thoracic gas volume (TGV) vs. transrespiratory pressure (Prs) curves
recorded during vital capacity maneuvers in a control (group C2) and an
elastase-treated (group E2) mouse. Arrows indicate the bottom knees of the
inflation curve. B: cumulated crackle sound energy �E normalized by its
maximum value (�E)max in the control and the treated mice. Pooled data are
in both groups.

Fig. 8. Log-log plots of the probability distributions of crackle amplitude (in
arbitrary units) recorded during inflations from residual volume to total lung
capacity in the control (group C2) and the elastase-treated (group E2) mice.
Pooled data are from three to five inflation maneuvers in each mouse. The
regression lines cover the data range included in the regression.

Table 2. End-expiratory thoracic gas volume, residual volume, vital capacity, and total lung capacity

Group Weight, g TGV0, ml RV, ml VC, ml TLC, ml Pknee, cmH2O Ncr/infl

C2 33	2 0.32	0.09 0.20	0.10 1.28	0.26 1.48	0.20 21.5	1.0 148	111
E2 33	2 0.49	0.08 0.15	0.03 1.95	0.18 2.10	0.19 15.9	1.3 166	72
P NS 
0.02 NS 
0.001 
0.001 
0.001 NS

Values are means 	 SD. End-expiratory thoracic gas volume (TGV0), residual volume (RV), vital capacity (VC), total lung capacity (TLC) corresponding
to the transrespiratory pressure of 35 cmH2O, pressure at the bottom knee of the thoracic gas volume vs. transrespiratory pressure curve (Pknee), and the number
of crackles during an inflation maneuver (Ncr/infl) in the control (group C2; n �5) and the elastase-treated mice (group E2; n �5).
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nevertheless, when H is plotted against TGV, the separation
between the two groups becomes more apparent.

Tissue hysteresivity was also markedly affected by the
elastase treatment. The 55% increase in � at end-expiration is
in accord with several previous studies (7, 25, 31). Brewer
et al. (7) argued that the increased � is a result of remodeling
of the alveolar walls. At higher lung volume, the difference
between the values of � of the two groups, both exhibiting a
significant fall from the values obtained at end-expiration, was
drastically reduced to 12%. The decrease in � with increasing
lung volume has been attributed to the increasing contribution
of collagen to tissue resistance (15, 40). Additionally, Ito et al.
(26) reported that, following elastase treatment of mice, respi-
ratory elastance decreased despite a nearly 50% increase in the
total collagen content of the lung, implying an abnormality in
collagen function. Together with the increase in tissue hetero-
geneity discussed above, the abnormal collagen function might
also have contributed to the overall increase in � in the treated
mice (Table 1).

Airway resistance and structure. Several studies using ani-
mal models of emphysema have pointed out that the tissue
destruction manifested in elevations in TGV and decreases in
elastance are not associated with increased airway or pulmo-
nary resistance (2, 4, 5, 9, 33), and some observations on
human emphysema also indicate that airspace enlargement and
airflow limitation do not necessarily combine (10, 38, 47). In
this context, the changes following elastase treatment observed
in the present study may characterize an initial or mild degree
of emphysema where the loss of alveolar attachments, which
must have accompanied the marked increase in both alveolar
size and lung volumes, is compensated by new elastic equilib-
ria within the lung parenchyma itself as well as between the
lung and chest wall so that the patency of the airways is
retained. Therefore, we paid particular attention to the possible
alterations in airway function and established that the average
Raw vs. Prs relationships of the control and treated groups
were remarkably similar (Fig. 6A). Another indicator of the
intact airway function was the lack of any increase in airway
collapsibility during forced expiration to RV, the only lung
volume that, quite unexpectedly, did not change in this em-
physema model. Furthermore, the size distribution of crackle
amplitudes was identical in the C2 and E2 groups (Fig. 8).
Since the power law nature of the crackle amplitude distribu-
tion is dominated by the attenuation factors at bifurcations (and
not by the opening pressures), which in turn are determined by
airway cross-sectional areas (1), we conclude that once the
airways opened, the diameters along various pathways must
have been similar in the two groups as a function of Prs.
Finally, there was no difference in airway closure during the
RV maneuver between the control and treated animals accord-
ing to the analysis of reinflation crackles, which has been
shown to be a sensitive indicator of airway collapse at varying
levels of transpulmonary pressure and bronchoconstrictor dose
(37). On the other hand, it should be pointed out that, at the
same absolute lung volume, the Raw of the emphysematous
mice were higher, a fact also established in clinical cases of
emphysema and COPD (49). This is a consequence of the fact
that, at the same lung volume, transpulmonary pressure in the
treated mice is much less, and this, due to the loss of elastic
tethering, leads to a higher Raw (Fig. 6A). These findings, to-
gether with the different pressure- and volume-dependent be-

havior of dynamic elastance highlight the importance of mea-
suring TGV and comparing the mechanical parameters at
similar absolute lung volumes.

Quasi-static pressure-volume curves. The structural changes
due to the elastase treatment are reflected in the increases in
lung volumes at all Prs values (Fig. 4). The elevations in the
end-expiratory and end-inspiratory volumes in the treated
mice amounted to �50 and �40%, respectively, reflecting
an upward stretching in the TGV vs. Prs diagrams with a
negligible change in the shape of the TGV vs. Prs loops
(Fig. 4). A remarkable finding is the increase in the expira-
tory reserve volume in the group E2 mice, which corre-
sponds to little or no change in RV. Since RV is most
sensitive to small airway collapse, these results imply that
the small airways, whose closure determines RV, were not
influenced by elastase treatment. Interestingly, the lower
knee of the pressure-volume curve (Fig. 7A and Table 2)
moved to a lower pressure, and the cumulative crackle
energy started increasing at a much lower Prs in the treated
mice (Fig. 7B). Both of these findings suggest that a signif-
icant fraction of the airways had a lower critical opening
pressure in the treated animals. How is it then possible that,
whereas RV and Raw at the same Prs are the same in the
control and treated mice, the lower knee and the crackle
energies are different between the two groups?

The lower knee of the inflation curve is associated with
massive airway opening leading to alveolar recruitment (43),
although the crackles that were detectable in our experiments
may come from larger airways than those that determine RV
(21). Thus, although the site of airway closure and the trapped
air behind the small airways that determine RV are similar in
the two groups, the relative locations of the knee in Fig. 7A
imply that some of these airways are easier to open up in the
emphysematous group. In contrast, since a weakened paren-
chymal tethering, which characterizes the E2 group, reduces
the probability of reopening airways (36), one might expect
that the opening pressures would actually be higher in the E2
group. In fact, by examining the cumulative distributions in
Fig. 7B, both of these statements are true. Indeed, on the one
hand, the difference in cumulative crackle energy does imply
that some airways must be more difficult to open in the E2
group since 95% of the total energy is reached only at Prs of 9
cmH2O compared with Prs of �5 cmH2O in the C2 group. On
the other hand, there are crackles that are triggered at a much
lower Prs in the E2 than in the C2 group, indicating that some
airways open very easily in the former. Although the reduced
tethering in the E2 group explains why some airways are
more difficult to open in the E2 group, we are unsure about
the exact mechanism responsible for the reduction in airway
opening pressures following treatment. Assuming that sur-
face tension is not altered by the elastase treatment, we can
speculate as follows. Computer simulations mimicking the
breakdown of lung parenchyma have shown that, when the
breakdown is governed by mechanical forces, a significant
heterogeneity develops in the network (44). This leads to a
wide distribution of mechanical forces around the damaged
area, including elastic elements that carry significantly
smaller as well as larger forces than before the breakdown
(24). The higher forces would then generate locally an
increased tethering and hence a reduced opening pressure.
Nevertheless, the above uncertainties indicate that further
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investigations involving time course studies with a longer
time period after the elastase treatment are warranted to
further characterize the relevance of this murine model of
emphysema to the human disease.
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Tolnai J, Szabari MV, Albu G, Maár BA, Parameswaran H,
Bartolák-Suki E, Suki B, Hantos Z. Functional and morphological
assessment of early impairment of airway function in a rat model of
emphysema. J Appl Physiol 112: 1932–1939, 2012. First published
March 22, 2012; doi:10.1152/japplphysiol.00587.2011.—The aim of
this study was to evaluate airway structure-function relations in
elastase-induced emphysema in rats. Sprague-Dawley rats were
treated intratracheally with 50 IU porcine pancreatic elastase (PPE,
n � 8) or saline (controls, n � 6). Six weeks later, lung volumes
[functional residual capacity (FRC), residual volume (RV), and total
lung capacity (TLC)] and low-frequency impedance parameters
(Newtonian resistance, RN; tissue damping; tissue elastance, H) were
measured, and tracheal sounds were recorded during slow inflation to
TLC following in vivo degassing. The lungs were fixed and stained
for standard morphometry, elastin, and collagen. In the PPE group,
FRC and RV were higher [4.53 � 0.7 (SD) vs. 3.28 � 0.45 ml; P �
0.003 and 1.06 � 0.35 vs. 0.69 � 0.18 ml; P � 0.036, respectively],
and H was smaller in the PPE-treated rats than in the controls
(1,344 � 216 vs. 2,178 � 305 cmH2O/l; P � 0.001), whereas there
was no difference in RN. The average number of crackles per inflation
was similar in the two groups; however, the crackle size distributions
were different and the lower knee of the pressure-volume curves was
higher in the PPE group. Microscopic images revealed different
alveolar size distributions but similar bronchial diameters in the two
groups. The treatment caused a slight but significant decrease in the
numbers of alveolar attachments, no difference in elastin and slightly
increased mean level and heterogeneity of collagen in the bronchial
walls. These results suggest that tissue destruction did not affect the
conventionally assessed airway resistance in this emphysema model,
whereas the alterations in the recruitment dynamics can be an early
manifestation of impaired airway function.

respiratory mechanics; elastase; crackles; lung volumes; morphometry

EMPHYSEMA IS THOUGHT TO BE a disease of the parenchymal
structure deep in the periphery of the lung (27). However,
emphysema and chronic bronchitis, the two main components
of chronic obstructive pulmonary disease (COPD), can also
occur together (26). Animal models are commonly used to
study the pathogenesis of COPD (29). While parenchymal
destruction in emphysema is often investigated in animal
models such as elastase treatment of rodents, less attention is
paid to the possibility of airway involvement. One of the
reasons is that in most studies, little or no change in airway
function such as airway resistance (Raw) is observed. Indeed,
Raw has been reported to be similar in normal and emphyse-
matous mice (10, 13); baseline pulmonary resistance in Brown-

Norway rats returned to the control level after 3 wk of elastase
treatment (2). This raises the question of the relevance of the
elastase-treated rodent as a model of the human disease.

More recently, we reported measurements of Raw and tissue
elastance (H) as a function of both thoracic gas volume (TGV)
and transrespiratory pressure (Ptr) in normal and elastase-
treated mice (10). Interestingly, the results showed that Raw
was different between the groups only when it was plotted as
a function of TGV and this difference was attributed to the
reduced elastic tethering in the treated mice. Indeed, several
earlier studies reported a reduction in the number of alveolar
attachments around small airways (2, 5, 7, 29). On the other
hand, the mRNA levels of the two structurally most important
components of the extracellular matrix, elastin and collagen,
were upregulated in the airway wall within 6 h after elastase
treatment of hamsters (17). If these events are manifested in
remodeling, they likely alter airway wall stiffness and hence
the balance between wall elasticity and tethering, which in turn
could lead to a change in airway diameter and Raw.

The present study was undertaken to examine whether elas-
tase treatment of rodents, the most common animal model of
emphysema, induces pure parenchymal destruction or if it also
involves airway abnormalities. To this end, rats were treated
with porcine pancreatic elastase (PPE) and the functional
changes were characterized by detailed assessment of airway
and tissue mechanics using the forced oscillation technique.
The pressure-volume (P-V) curve and crackle sound were also
measured during inflation from the in vivo degassed state,
which provide separate and additional information on paren-
chymal and airway mechanics. To evaluate the structural
changes underlying the functional alterations, the morpholog-
ical properties of the parenchyma including alveolar attach-
ments around small airways were assessed and elastin as well
as collagen in the septal and airway walls was visualized and
quantified. Our results suggest that the PPE-induced severe
alveolar destruction is accompanied by subtle remodeling of
the airway wall with a potential change in airway function.

METHODS

Animal preparation. The study protocol was approved by the
Institutional Animal Care and Use Committees of the University of
Szeged and Boston University. The studies were performed in 14 male
adult (10 wk old) Sprague-Dawley rats. The animals were anesthe-
tized with a single intraperitoneal injection of chloral hydrate (350
mg/kg). Supplemental doses of anesthesia (50 mg/kg) were adminis-
tered during the measurement as needed.

Rats were intubated with a polyethylene cannula (14-gauge, Braun,
Melsungen, Germany) under illumination with a cold light source
(model FLQ85E, Helmuth Hund, Wetzlar, Germany) as described in
detail previously by Brown et al. (4). Eight animals were treated with

Address for reprint requests and other correspondence: Z. Hantos, Dept. of
Medical Physics and Informatics, Univ. of Szeged, 9 Korányi fasor, H-6720
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intratracheal instillation of 50 IU porcine pancreatic elastase (PPE,
Affymetrix/USB, Cleveland, OH) in 0.5 ml saline, and six rats were
given only saline.

Six weeks after the treatment, rats were reanesthetized as
described before, tracheotomized, and cannulated with a 1.7-
mm-ID polyethylene tube. The rats were placed in the supine
position in a custom-built 2.8-liter body plethysmograph and
mechanically ventilated with a small-animal respirator (Harvard
Apparatus, South Natick, MA) at a rate of 80 min�1 and tidal
volume of 8 ml/kg. Following the measurements, the animals were
killed with an overdose of anesthetics and the lungs were removed
for histopathological evaluation.

There were no significant differences in body weight between the
control (C) and the PPE groups either at the time of treatment (318 �
34 vs. 314 � 25 g) or 6 wk thereafter (468 � 52 vs. 471 � 58 g).

Measurement of lung volumes. Functional residual capacity (FRC)
was measured with the body plethysmographic technique (6). Briefly,
the respirator was stopped at end expiration and the breathing efforts
against the occluded tracheal cannula were recorded for 6 s. Box
pressure (Pbox) and tracheal pressure (Ptr) were measured with a
Validyne MP-45 (�2 cmH2O) pressure sensor (Validyne, Northridge,
CA) and a miniature pressure transducer (model 8507C-2, Endevco,
San Juan Capistrano, CA), respectively. FRC was estimated from the
Pbox and Ptr relationship on the basis of Boyle’s principle and the
thermal characteristics of the plethysmograph (15).

Inspiratory capacity (IC) and expiratory reserve volume (ERV),
respectively, were defined as the volume changes accomplished by
decreasing Pbox to �35 cmH2O and increasing it to 20 cmH2O. The
IC and ERV maneuvers were shorter than 35 and 15 s, respectively.
The volume changes were measured by means of the pressure drop
through the wave tube (see below). Total lung capacity (TLC) and
residual volume (RV) were calculated as TLC � FRC � IC and
RV � FRC � ERV.

Measurement of respiratory impedance. Low-frequency imped-
ance of the total respiratory system (Zrs) was measured with the wave
tube pseudorandom forced oscillation method (12, 28) between 0.5
and 16 Hz at FRC. Zrs was determined as the load impedance of a
100-cm tube (ID � 2 mm) during 6-s interruptions of mechanical
ventilation.

Newtonian resistance (RN), tissue elastance (H), tissue damping
(G), and inertance (I) were estimated by fitting the constant-phase
model (11) to the average Zrs data obtained from 5–6 successive
recordings. Hysteresivity (�), which is the ratio of the dissipative and
elastic parameters of the tissue impedance (14) was calculated as � �
G/H. Contribution of the resistance and the inertance of the tubing
including the tracheal cannula to RN and I were subtracted. The
remaining values of I are considered physiologically unimportant in
small animals and are not reported.

Crackle sound recordings. Intratracheal sounds were recorded
during slow (�20-s) inflations from the degassed state of the lungs to

Fig. 1. Definition of lung slices for histological evaluation (top) and illustration of the areas in every slice used for alveolar and airway morphometry (bottom).
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TLC, similarly as described previously in mice (10). In short, degas-
sing was accomplished with a 10-min ventilation with 100% O2 and
subsequent ERV maneuver followed by tracheal occlusion for 10 s;
the degassing-reinflation maneuver was repeated 2 more times in each
animal. A 15-mm metal tube (0.7-mm OD) attached to the micro-
phone was positioned in the tracheal cannula. Sound was recorded at
a sampling rate of 44 kHz with 16-bit resolution and was high-pass
filtered at 2 kHz to eliminate the cardiac noise. Individual crackle
events were identified in 0.33-ms time windows, if the sound energy
in a window was higher than a threshold and increased with a given
step compared with the previous window, as described previously in
detail (22).

Morphometry. After the measurements, rats were euthanized with
an overdose of anesthetics, and the heart and lungs were removed
from the chest en bloc. The isolated lungs were then hung in an
airtight glass box, and the tracheal cannula was led through the lid of
the bottle and attached to a formaldehyde-filled container outside.
Lungs were filled with 4% buffered formaldehyde via the tracheos-
tomy tube from a height of 10 cm while maintaining a pressure of
�15 cmH2O around the lungs. The trachea was then ligated at this
fixation pressure (25 cmH2O), and the lungs were stored in formal-
dehyde for 7 days before embedding in paraffin. In each lung, three
transversal sections of 4-�m thickness were made at 25, 50, and 75%
lung height for hematoxylin and eosin (H&E) staining, and eight, five,
and four areas, respectively, of 2,085 	 2,085 �m, were chosen in
each section for morphometric assessment (Fig. 1). To minimize the
bias in sampling, the selection of these areas was random except when
an area fell on a major structure such as the heart. The digitized
images were then segmented into individual airspaces using a previ-
ously published algorithm (20) and the area of each individual
airspace was measured. Large airways, blood vessels, and alveolar
ducts were manually excluded from the analysis. The equivalent

diameter (Dalv) of an airspace with area A was then calculated as

Dalv � 2�A⁄�. The whole sections were scanned for identification
of bronchi suitable for further analyses with a circularity 
50%. From
the readings of bronchial perimeter (Pb) the diameter of an equivalent
circular cross-section (Db) was calculated. Mean wall thickness (Tw)
from 3–4 measurements at random locations along the perimeter and
the number of septal attachments (Ns) were manually determined for
each airway. Septal attachment density was calculated as Ns/Pb.

Visualization and quantification of elastin and collagen. To visu-
alize the elastin content in the airway wall, the established method of
Verhoeff-Van Gieson staining for elastic fibers (adapted from IHC
World; http://www.ihcworld.com/_protocols/special_stains/vvg.htm)
was used with slight modifications. The omission of the counter Van
Gieson staining provided blue color only of elastic fibers and was used
for quantification. To visualize collagen, the Mason’s trichrome was
used. Quantitative analysis of elastin and collagen density was made
on randomly selected lung sections using custom-made software. A
total of 51 and 52 airways for elastin and 51 and 57 airways for
collagen were examined quantitatively in the control and PPE groups,
respectively. Once an airway was manually chosen, the algorithm
determined the inner boundary of the airway and created an outer
boundary by moving along the outward normal to the inner boundary
by 9 �m. This procedure automatically defined a band inside the
airway wall (Fig. 2). The thickness of 9 �m was chosen so that the
band was always inside the bronchial wall. The pixels within the band
were then split into two colors, white and blue, with blue representing
elastin or collagen. The mean and SD of the grayscale values for the
pixels that were identified as blue were determined.

Statistical analysis. The differences in lung volumes and mechan-
ical parameters between the control and elastase-treated rats were
compared by using Student’s t-test. All the results are expressed as
means � SD. Distributions were compared using the Kolmogorov-
Smirnov test. Dependencies of Tw on Db in the two groups were tested
with the analysis of covariance. A P value of less than 0.05 was
considered significant.

RESULTS

Lung volumes. FRC and RV were statistically significantly
higher in the PPE group compared with the controls (by 38%
and 53%, respectively); however, the increase in TLC in the
treated rats (5%) was statistically not significant (Fig. 3).

Respiratory mechanics. Table 1 summarizes the respiratory
mechanical parameters estimated from the impedance data. G

Fig. 2. Inner and outer boundary of the airway wall determined automatically
for the calculation of elastin density.

Fig. 3. Mean � SD values of lung volumes in the control and porcine
pancreatic elastase (PPE)-treated groups. FRC, functional residual capacity;
TLC, total lung capacity; RV, residual volume.
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and H, respectively, were statistically significantly smaller in
the PPE-treated rats than in the controls (76 and 62%). Because
of the larger differences in H, tissue hysteresivity (� � G/H)
was elevated (129%) in the treated rats. There was no differ-
ence in RN and the error of model fitting between the groups.

Crackles. The lower knee of the inflation P-V curves from
the degassed state (as defined by the intercept of the lines fit to
the P-V curve between 5 and 15, and the maximum slope
projected to the P axis) was shifted to higher pressures (19.3 �
1.0 vs. 17.8 � 1.2 cmH2O; P � 0.021) and the asymptotic
volume level (TLC) was slightly larger in the PPE group than
in the control rats (Fig. 4). The crackle numbers (N) per
inflation were not different between the two groups (1,152 �
593 vs. 1,203 � 538; P � 0.778); however, their distributions
expressed as relative frequencies (N/Ntotal) were statistically
significantly different (P � 0.001). In the control rats, N
peaked at lower pressures (�10 cmH2O) than in the PPE group
(�17 cmH2O), and exhibited another maximum at �25–30
cmH2O (Fig. 5A). This latter fact suggests a bimodal distribu-
tion of the sounds of reopening, which is also expressed by the
log(N/Ntotal) vs. volume (V) graphs exhibiting a second peak at
�19–23 ml in the control group (Fig. 5B).

Alveolar and bronchial morphometry. Figure 6 compares the
size distributions of Dalv pooled from all regions and animals in
either group. The average number of alveoli evaluated in all
regions of an animal was 8,091. In the PPE group, the distri-
bution was shifted to higher Dalv values and, according to the
Mann-Whitney rank sum test, the median of Dalv was signifi-
cantly higher in the treated group (68.4 vs. 61.8 �m; P �
0.001).

The number of bronchial cross-sections analyzed in each rat
ranged between 40 and 50. The distributions of Db were not

different between the groups (Fig. 7A). The attachment density
Ns/Pb (Fig. 7B) was mildly but statistically significantly lower
in the PPE group (median 0.0175 vs. 0.0189 �m�1; P �
0.001). Regression analysis showed that Tw did not depend on
Db in either group (Fig. 7C). However, the mean value of Tw

was higher in the PPE group compared with the controls (12.4
vs. 10.8 �m; P � 0.0001).

Elastin and collagen density in the bronchial wall. Similarly
to the bronchial morphometry, there was no difference
between the Db of the airways of control and PPE-treated
animals for which elastin and collagen densities were eval-
uated. The mean and SD of elastin grayscale representing
the average and the spatial variability of elastin density
within the bronchial wall, respectively, were not different in
the groups. The sum of all grayscale values, which repre-
sents the total elastin in the 9-�m band inside the bronchial
wall, was also not different between the groups. The density
of elastin and collagen did not correlate with Db. The inter-
airway variance of the elastin density was also not different
between control and treated animals. Interestingly, the collagen
density as well as its intrabronchial SD were increased by 12
and 17% in the treated group (P � 0.05). Furthermore, the
interairway variance of collagen density was substantially
higher (67%, P � 0.01) in the treated animals. Figure 8
illustrates the difference in collagen wall structure between the
control and treated animals.

DISCUSSION

In this rat model of emphysema, we aimed at investigat-
ing the alveolar and bronchial structural changes underlying
the alterations in lung volume and mechanics, and the
acoustic manifestations of airway function. The combina-
tion of structural and functional measurements revealed that
1) the PPE treatment caused significant increases in FRC
and RV, whereas no change in TLC was observed; 2) the
tissue mechanical parameters were significantly lower in the
treated group, whereas there was no detectable alteration in
the total airway resistance as measured at FRC; 3) while the
number of crackles per inflation was similar, the distribu-
tions of crackles as a function of transpulmonary pressure or
lung volume were statistically significantly different be-
tween the PPE-treated and control groups, and the lower
knee of the inflation P-V curve moved to higher P in the
treated rats; 4) the distribution of alveolar diameters was
shifted toward higher values in the PPE group with a
slightly higher median alveolar diameter; 5) bronchial mor-
phometry revealed that compared with controls, alveolar
attachment density was 7% lower and wall thickness was
15% higher in emphysematous animals; and 6) while no
difference was found in the elastin content per unit wall

Table 1. Mechanical parameters of the lungs in the control animals and those treated with porcine pancreatic elastase

RN, cmH2O � s/l G, cmH2O/l H, cmH2O/l � (� G/H) F%

C 39 � 8.5 653 � 99 2,178 � 305 0.30 � 0.01 2.40 � 0.40
PPE 35.5 � 8.5 496 � 66 1,344 � 216 0.37 � 0.04 2.53 � 0.34
P 0.451 0.004 �0.001 0.002 0.512

Values are means � SD. C, control animals; PPE, animals treated with porcine pancreatic elastase; RN, Newtonian resistance; G, tissue damping; H, tissue
elastance; �, hysteresivity; F%, average fitting error of the model; P, level of significance for differences between groups.

Fig. 4. Comparison of the inflation pressure-volume (PV) curves of control
(thin line) and PPE (thick line) groups from degassed state (means � SD).
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thickness of the bronchial wall, collagen content was higher
and more heterogeneous in the treated animals.

Changes in lung volumes and parenchymal mechanics. The
increases in lung volumes observed in the current study are in
accord with the effects of elastase treatment in rats, with regard
to FRC (2, 8, 16, 18, 23, 30) and RV (18, 30). However, we
observed no change in TLC whereas previous studies found
significant increases in TLC (8, 16, 18, 23, 30). Often the
changes in TLC are more variable than those in RV and FRC
and depend on the definition of TLC, the dose of elastase, and
the time period after treatment. For example, Yokoyama et al.
(30) reported no change in TLC until 7 wk after treatment, in
agreement with our results. Our finding that H as measured at
FRC decreased following treatment is also in line with the
reported elevations in compliance (8, 16, 18, 23, 30). Total
respiratory resistance has been found to decrease, probably via
the smaller contribution of the tissue resistance, due to the
elastolytic processes (8). We also observed a decrease in G,
although to a lesser extent compared with that in H; this
resulted in an elevation in � similarly to the effect of elastase
treatment in mice (3, 10, 14), most likely reflecting the struc-
tural alterations in the parenchymal composition. Although the
parenchymal changes may have been masked by the contribu-
tions of the chest wall impedance to G and H in both groups of
rats, it is still unclear why the decrease in dynamic elasticity at
FRC is not accompanied by a fall in quasi-static elastance at
high transrespiratory pressures resulting in an elevation of lung
volume.

Airway resistance, crackles, and morphometry. The shift in
the inflation P-V curve was consistent with a delayed recruit-
ment process also indicated by the crackle intensity. The
mechanisms behind the bimodal crackle distribution in the
control rats are unclear. Nevertheless, it is tempting to specu-
late that the altered shape of the crackle distribution in the
PPE-treated animals is directly related to the high airway-to-
airway variability of the remodeled collagen density and hence
of bronchial wall stiffness (see below).

The RN parameter was not different between the two groups
suggesting that the overall resistance of the bronchial tree was
not affected by the elastase treatment, with the provision that
the contribution of the Newtonian resistance of the chest wall
to RN was similar in both groups. However, the knee of the P-V
curve is shifted to the right in the treated animals by about 9%,
which was statistically significant. Since the lower knee of
the P-V curve signifies airway openings (24), this shift
implies that the critical opening pressure at which massive
airway opening allows the alveoli to start filling up was
higher in the treated lungs. The critical opening pressure is
influenced by many factors, including surface tension and
viscosity of the air-liquid interface (9), airway wall stiff-
ness, and parenchymal tethering (21). While surface tension
appears to be normal in elastase-induced emphysema (19),
little is known about how liquid film viscosity or airway
wall stiffness might change with treatment.

In this study, we quantified the strength of parenchymal
tethering by measuring the number of attachments per unit
airway wall perimeter and found that the treatment reduced the
average attachment density by 7%. This is similar to the
findings of Collie et al. (5) who reported a decreased number of
attachments and an increased average distance between attach-
ments around the bronchi of sheep following elastase treat-
ment. One might argue that if the wall is more compliant in the
treated lungs, the decreased attachment density is simply a
result of the larger airway diameters at the same fixation
pressure in the treated animals. However, there was no differ-
ence in diameter between the two populations of airways
included in our analysis, suggesting that the reduction in
attachment density was likely due to loss of parenchymal walls
around airways. The elastin density of the walls measured from
the histologic images was similar in the two groups. We should
point out that the elastin density was measured in a band of
fixed width around the bronchi. Since the wall thickness in the
treated animals was larger by 15%, it is likely that the total
elastin content was also larger in the bronchial walls of the

Fig. 6. Relative frequencies of the alveolar diameters (Dalv) in the control and
the elastase-treated (PPE) groups.

Fig. 5. Relative frequencies (N/Ntotal) of
crackles in the control and PPE group as a
function of pressure (P) on a lin-lin scale (A)
and volume (V) on a lin-log scale (B).
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treated rats, implying cellular remodeling of the airway
walls. However, collagen also contributes to stiffness espe-
cially at higher transmural pressures. The increased collagen
density of the wall and the elevated intrawall heterogeneity
suggest a disordered cellular remodeling following PPE
treatment. It is thus likely that the incremental Young’s

modulus of the airway walls was also elevated in the treated
animals especially at high lung volume where collagen is
expected to contribute to stiffness more than elastin. Fur-
thermore, the increased wall thickness would also result in
a higher volumetric elastance of the airway wall (25). Thus
these considerations imply a real decrease in tethering forces as
well as a likely stiffening of the airway walls as a consequence
of the PPE treatment.

Examining the results from the crackle sounds, we also found
major differences in the distribution of the number of crackles
as a function of airway pressure or lung volume (Fig. 5). The
amplitude distribution of the crackle sounds followed a power
law (not shown) in agreement with previous studies in normal
dog lungs (1) and in elastase-treated mice (10). The exponent
� of the power law distribution has been shown to reflect the
average bifurcation geometry of the airway tree (1). Specifi-
cally, it was shown that � � ln(2/b)/ln(b), where b � 2A1/
(A0 � A1 � A2) and A0 is the cross-sectional area of the parent
airway, A1 is the cross-sectional area of the daughter branch
where the crackles comes from, and A2 is the cross sectional
area of the other daughter branch. Assuming that on average,
the bifurcation geometry is symmetric (i.e., A1 � A2) and
knowing � and hence b from experiments, the average diam-
eter ratio d1/d0 at bifurcations can be estimated. The values of
b in the control and treated rats were 0.573 and 0.512, respec-
tively, resulting in corresponding diameter ratios of 0.757 and
0.712. Although the assumption of symmetric bifurcations
seems unwarranted, based on the theory published earlier (1),
it is possible to show that similar results can also be derived
using asymmetric bifurcations (unpublished data). This analy-
sis then suggests that on average, airway diameters decrease
faster along the airway tree in the treated animals than in the
control animals, which seems to contradict the fact that RN was
not different between the two groups. However, whereas RN

characterizes air flow resistance around FRC, the distribution
of crackle amplitudes mostly reflects diameters at much higher
lung volumes than FRC. Furthermore, the reduced diameter
ratio obtained from crackles is also in accord with both a stiffer
wall due to increased collagen content and wall thickness, and
a reduced parenchymal tethering as a result of the lower
attachment density and septal stiffness. We thus conclude that
the reduced diameter ratio inferred from crackles and the shift
of the knee of the P-V curve imply an important deterioration
in airway patency under conditions such as airway reopening
and high lung volumes that the FOT-based RN measured
around FRC does not detect.

Conclusions. In this study, we have shown that elastase treat-
ment of the rat lung that is often used to generate airspace
enlargement as a model of human emphysema also leads to
altered airway mechanics, which manifests in enhanced collaps-
ibility and increased difficulty to reopen the airways. These results
cannot be observed by evaluating lung and airway mechanics
around FRC. Our results also imply that this loss of function is
partly due to reduced alveolar tethering and partly due to in-
creased stiffness of the remodeled bronchial wall. Since such
deterioration in airway function also occurs in human COPD, the
implications are important both in mechanical ventilation where
airway collapse and the hindered ability to reopen the airways can
lead to flow limitation and trapped gas, and in exercise where the
reduced airway diameter ratios at higher lung volumes may limit
the exercise capacity of patients.

Fig. 7. Relative frequencies of the bronchial diameters, Db (A), and density of
septal attachments, Ns/Pb (B). C: relationship between the calculated bronchial
diameters (Db) and average wall thickness (Tw) in the control and PPE-treated
rats; lines illustrate the regressions from the co-variance analysis.
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a  b  s  t  r a  c t

Structural and  functional  longitudinal  alterations  of the  lungs were  followed  in an emphysema  model.
Rats were  treated  with  porcine pancreatic  elastase  (PPE,  n =  21)  or  saline (controls, C, n =  19). Before
the  treatment  and 3,  10, 21 and  105 days  thereafter,  absolute  lung  volumes (FRC,  TLC  and RV)  and tissue
mechanical  parameters  (elastance:  H;  damping: G)  were  determined. At  3, 21 and 105 days  the  lungs were
fixed in subgroups  of rats.  From  histological  samples  the  equivalent  diameter  of airspaces  (Dalv), elastin
xtracellular matrix
lethysmography
ung mechanics
rthogonal polarization spectral imaging

(Mec) and  collagen  densities  were  assessed.  In  the  PPE  group,  FRC and  RV  were  higher  from  3 days  after
treatment  compared  to  controls (p <  0.001),  while TLC  exhibited  a delayed increase.  H  and  G  decreased  in
the  PPE  group throughout  the  study (p <  0.001).  Higher Mec (p <  0.001) and  late-phase  inflammation were
observed  at 105 days.  We  conclude  that  during  the  progression  of emphysema,  septal  failures  increase

his  re
Dalv which  decreases H; t

. Introduction

Small animal models have extensively been used to study
athological mechanisms underlying the development of chronic
bstructive pulmonary disease (COPD) due to their rapid repro-
uction cycle, low cost housing and genetic manipulations. A
umber of studies applied elastolytic treatments in animals to
voke emphysema-like alterations in  the lung parenchyma (Snider
t al., 1986). Porcine pancreatic elastase (PPE)-induced rodent mod-
ls of emphysema are  commonly used (Stevenson and Birrell, 2011)
o quickly generate emphysema-like airspace enlargement that can
e studied easily within a month, thus the time course of the inves-
igation period is usually 2–4 weeks. However, the human disease
s a slowly progressing chronic pathological condition with long-
erm effects on the patient, which usually starts around midlife. To
dvance the understanding the chronic aspects of human emphy-
ema, long-term measurements are also needed in rodents to  reveal
ow changes in  tissue structure and composition impact on lung
unction. Such structure–function relations are best obtained in
ong-term, follow-up studies. Since repeated intubations during
nesthesia of small animals pose technical challenges, most rodent

∗ Corresponding author at: Department of Medical Physics and Informatics, Uni-
ersity of Szeged, 9 Korányi fasor, H-6720 Szeged, Hungary. Tel.: +36 62  545 077;
ax: +36 62 544 566.

E-mail address: hantos.zoltan@med.u-szeged.hu (Z. Hantos).

ttp://dx.doi.org/10.1016/j.resp.2015.04.005
569-9048/© 2015 Elsevier B.V. All  rights reserved.
veals a  strong structure–function  relationship.
© 2015  Elsevier B.V.  All  rights  reserved.

studies have been limited to cross-sectional analysis of  disease pro-
gression (Artaechevarria et al., 2011; Bellofiore et al., 1989; Emami
et al., 2008).

The primary aim of this study was to  assess the extent to which
the changes in alveolar structure and extracellular matrix (ECM)
composition, induced by administration of  a  single dose of  PPE
determine lung function in follow-up experiments for time scales
well beyond the usual several weeks most previous studies report.
To this end, we treated rats with PPE and followed the changes
in lung function for a  period of 105 days. Additionally, at several
time points, lung structure was  also assessed by standard histology
and collagen and elastin distribution from specific staining. Fur-
thermore, we also visualized subpleural airspaces at 105 days after
treatment using Orthogonal Polarization Spectral (OPS) imaging, in
order to assess the airspace enlargement in its native form with-
out introducing tissue fixation. Our results suggest a progressive
and continuous deterioration of lung volumes and mechanics even
at 105 days after a  single dose of PPE treatment and the existence
of strong structure–function relations that result from septal wall
failures during the progression of emphysema.

2. Materials and methods
The study was approved by the Institutional Committee of Ani-
mal Welfare, University of Szeged, and conducted in  conformity
with the NIH guidelines.

dx.doi.org/10.1016/j.resp.2015.04.005
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2015.04.005&domain=pdf
mailto:hantos.zoltan@med.u-szeged.hu
dx.doi.org/10.1016/j.resp.2015.04.005
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Table 1
Experimental group design.

Respiratory
function

C0 (n = 19) C3  (n = 19) C10 (n =  15) C21 (n =  15) C105 (n =  9,  1 died)
T0  (n = 21) T3 (n = 21) T10 (n = 16) T21 (n =  16) T105 (n = 12)

Histology
N/A  C3  (n = 4)  N/A C21 (n =  5) C105 (n =  4)
N/A  T3  (n = 5) N/A T21 (n =  4)  T105 (n = 6)

N/A  N/A  N/A N/A C105 (n =  5)

S  imagi

2

h
m
7
N
r
2
l
2
C
a
d
a
a
(
c

2

e
r
p
T
w
r
b
e

2

w
t
l
e
d
l
c
s
l
(
u
t
b
c

2

C
h
2

OPS N/A  N/A  

ee text for the definitions of groups C and T. OPS: orthogonal polarization spectral

.1. Experimental groups

Forty Sprague–Dawley rats were anesthetized with chloral
ydrate (350 mg/kg) and intubated. Rats were placed in a plethys-
ograph and ventilated with a  tidal volume of 8 ml/kg and a  rate of

5/min using a  small-animal respirator (Harvard Apparatus, South
atick, MA). After the lung function measurements were made, the

ats were treated with intratracheal instillation (Houghton et al.,
006) of porcine pancreatic elastase (PPE, Affymetrix/USB, Cleve-

and, Ohio) with a dose of 50 IU PPE in  0.5 ml  saline (Hantos et al.,
008) (PPE-treated group: T, n =  21) or 0.5 ml saline (control group:
, n = 19), and were allowed to recover. The same animals were
nesthetized, intubated and measured again at 3, 10, 21 and 105
ays after treatment. The corresponding groups are denoted as T0
nd C0 (treated and control at day 0), T3 and C3 (treated and control
t day 3), T10 and C10 (treated and control at day 10), T21 and C21
treated and control at day 21), and T105 and C105 (treated and
ontrol at day 105); see Table 1.

.2. Respiratory function

Functional residual capacity (FRC), inspiratory capacity (IC),
xpiratory reserve volume (ERV), total lung capacity (TLC) and
esidual volume (RV) were determined with body plethysmogra-
hy (DuBois et al., 1956) as described previously (Jánosi et al., 2006;
olnai et al., 2012). Respiratory impedance was measured at FRC
ith forced oscillation technique between 0.5 and 16 Hz.  Airway

esistance (Raw), H, G and hysteresivity (� = G/H) were calculated
y fitting the constant-phase model to  impedance spectra (Hantos
t al., 1992).

.3. Orthogonal polarization spectral imaging

The OPS imaging equipment (CytoscanTM,  Cytometrics, PA)
as employed to visualize the subpleural alveolar structure. This

echnique was developed for microcirculation studies, with a wave-
ength of 548 nm at which both oxy-and deoxy-hemoglobin absorb
qually (Groner et al., 1999). The resolution was 1 �m/pixel and the
epth of focus was adjusted in the range 0–200 �m.  On day 105,

ungs and heart were removed en bloc and suspended from the tra-
heal cannula at a  transpulmonary pressure of 25 cmH2O. The lung
urface was scanned at 10 randomly selected areas on different
obes. From each video recording, 10–12 non-overlapping frames
650 �m in  diameter) were collected. Custom-made software was
sed to identify the septal borders, and from each enclosed area
he alveolar diameters (Dalv) were calculated. Alveoli truncated
y the edge of the frame were also included if the edge segment
onstituted less than 15% of the total circumference.

.4. Histology
Whole lungs in groups T105 and C105, and subgroups of T3,
3, T21 and C21 (n = 5 each) were fixed with 4% buffered formalde-
yde at  25 cmH2O  pressure and processed for imaging (Tolnai et al.,
012). Samples were stained with hematoxylin-eosin (H&E), and
N/A N/A T105 (n = 5)

ng.

modified Movat’s and Masson’s methods were used for visualiz-
ing elastin and collagen, respectively. Histological evaluation of
inflammatory cells was assessed from the H&E images. Dalv,  the
area weighted mean diameter (D2) (Parameswaran et al., 2006),
the alveolar septal wall thickness (Tw), mean elastin (Mec) and
mean collagen (Mcc) densities were calculated using custom-made
software based on monochromatic transformation of  the images,
where the color intensity represented collagen or elastin content.

2.5. Statistical analysis

The effect of PPE and time, the Mec  and Mcc  were analyzed with
two-way ANOVA. Body weights were compared with t-test. The dis-
tributions of Dalv were compared with Kolmogorov–Smirnov test.
The structure–function relations were compared by  using linear
regressions. A p  value <0.05 was considered as significant differ-
ence.

3. Results

During the 105 days of the study, the animals gained weight
from an average of 244 ± 17 g (C0 and T0) to 558 ±  70 g (C105 and
T105) (Fig. 1A). Weight gain was observed during the whole time
course of the study (p  <  0.001; two-way ANOVA) uniformly in the
C and T groups except for the T3 group, which exhibited a weight
loss of 11% compared to  the C3 animals (p  =  0.022).

3.1. Lung volumes

FRC, TLC and RV increased with time, also as a result of growth,
but the increase was faster in the T  group (p < 0.001): while group C
showed an increase of 75% in FRC, and 56% in  RV from the beginning
to the end of the study, the corresponding changes in group T were
194% and 244%, respectively. There were statistically significant dif-
ferences between the control and treated rats throughout the study
(Fig. 1B–D): for FRC and RV a  difference appeared already on day 3,
whereas there was no difference in TLC until day 21. Increases in
all lung volumes reflect the combined effect of  PPE and time, and
there was  a statistically significant interaction between treatments
and time (p < 0.001) for all lung volumes.

3.2. Respiratory mechanics

The treatment had significant (p < 0.001) effects on H and �
(Fig. 1F and H, respectively). The interaction between treatment
and time was statistically significant (p  =  0.001) for these parame-
ters. There was  no difference between Raw in the control and the
treated animals at any time point (Fig. 1E). Differences in H  and �
between the groups developed as early as day 3.
3.3. Morphological evaluations

The H&E stained samples from the T105 group exhibited large
areas of tissue destruction with enlarged airspaces and septal
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Fig. 1.  Effects of time and treatment (porcine pancreatic elastase, PPE vs  saline controls) on physiological variables. A: Body weight. B:  Percentage change of the functional
residual  capacity (FRC%). Statistics on  log(FRC). C: Percentage change of the total lung c
change of the airway resistance (Raw%). F: Percentage change of the tissue elastance (H
hysteresivity (�%). Statistically significant difference between saline and PPE treated anim

Table 2
Estimation of inflammatory cells on  hematoxylin-eosin stained sections.

Macrophages Neutrophils Lymphocytes

3 d
T ++++++++++ ++++++++
C +++ ++

21 d
T +++ ++++ ++
C  + +

T ++++++ ++ ++++
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105 d C  +

ontrol (C)  and elastase-treated rats (T) at  3,  21 and 105 days after treatment.

all breaks (Fig. 2A  and B), and the distribution of the Dalv val-
es included diameters larger than 300 �m (Fig. 2E). The median
alv (Fig. 3A) increased significantly with time (p  <  0.001) both in

he control (C3 vs C105) and the treated groups (T3 vs T105). In
he control rats, median Dalv increased from 57.8 �m to 73.1 �m
126.5%; p = 0.007), while in  the treated animals the correspond-
ng changes were from 66.7 to  88.4 �m (132.5%; p < 0.001). The
ifference between the control and the treated animals became sta-
istically significant on day 21 (p  =  0.027), and remained significant
ill day 105 (p =  0.004). In contrast to Dalv,  D2 revealed a difference
n alveolar size between the 2 groups already by day 3 (Fig. 3B). The
ighest values of Tw were found on day 3 in both groups (Fig. 3C),
hich was followed by decreases on day 21 and a  reversal on day

05. The treated groups had significantly higher values of Tw than
he controls at all time points.

The ex vivo images obtained with the OPS technique demon-
trated enlargements of subpleural airspaces in the T105 group
ompared to those in the C105 animals (cf. Fig. 2D and C), which
esulted in  a  rightward shift of the Dalv distribution (Fig. 2F)
ith the median increasing from 66.3 to 78.4 �m (p < 0.001,
olmogorov–Smirnov test). Note that the OPS Dalv distributions do
ot extend to  the high values that correspond to ductal structures

ncluded in the histology distributions.
The evaluation of inflammatory cells showed important changes

n time and with treatment (Table 2). There was  a two-phase

acrophage response to  elastase treatment with the first increase

ccurring on day 3 and the second on day 105. Neutrophils and lym-
hocytes exhibited a  one-phase invasion but with an early onset
day 3) for neutrophils and a  late onset (day 105) for lymphocytes.
apacity (TLC%). D: Percentage change of the residual volume (RV%). E: Percentage
%). G: Percentage change of the tissue damping (G%). H: Percentage change of the
als (*p < 0.001, #p = 0.022).

Examples of elastin and collagen stained samples are presented
in Fig. 4B, C, E and F.  These ECM components showed only mild
changes. The highest levels of Mec  were found at day 3 with no dif-
ference between groups C3 and T3, whereas significant differences
between control and treated groups (p < 0.001) were observed on
days 21 and 105 (Fig. 4A) with larger values of Mec in the treated
groups. Mcc  presented a reverse tendency (Fig. 4D); the differences
between C and T  developed at day 3 that was sustained at day 21
(p <  0.001) but vanished by day 105.

The values of H  are plotted against the corresponding mean val-
ues of Dalv in all animals in Fig. 5. The inverse relationship between
H  and Dalv reveals a  strong structure–function correlation with both
the control and treated rats following this relationship.

4. Discussion

This follow-up study was designed to track the elastase-induced
alterations in  lung structure, ECM composition and function in rats
within but also beyond the few weeks intervals usually covered
by previous investigations (Schmiedl et al., 2008; Vecchiola et al.,
2011). Repeated measurements of respiratory mechanics and lung
volumes were made in  the same animals at 3, 21  and 105 days
after the elastase treatment. Lung morphometry and evaluation of
inflammatory cells and the major load bearing ECM components
were accomplished at the end of the follow-up study and also in
subgroups of rats at 3 and 21 days. Additionally, alveolar structural
information on the intact lungs was obtained by  ex vivo imaging
from the subpleural alveoli at the end of the study.

4.1. Lung volumes and mechanics

The longitudinal functional data reflected both the continuous
progression of emphysema in  the PPE-treated rats and the somatic
growth in all animals until day 105. These changes similarly affect
lung volumes and tissue mechanics. Apart from these patterns of
change in TLC, the elevation of lung volumes in  the PPE treated

groups resembles the typical feature of the human disease (Cooper,
2005). Our finding that the differences between the two groups
increased further after the 21st day of the study (an interval around
the standard recommended time of the PPE rodent model (Snider
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Fig. 2. (A–D) Representative pictures on  parenchymal structure and distributions of the alveolar diameters. Hematoxylin-eosin (H&E) stained samples from the 105 d control
g gonal 

1 alv)  in 

e
t

s
t
d
a
a
T
v
o
R

roup  (A, number of alveoli: 32,432) and the 105 d treated group (B: 28,893); Ortho
05  d treated group (D: 13,656). (E and F) Distribution of the alveolar diameters (D

t al., 1986)) indicates the need for longer protocols for the inves-
igation of late stage emphysema.

The changes in the mechanical properties of the respiratory tis-
ues paralleled those in  lung volumes. While natural growth leads
o a decrease in volumetric elastance, PPE induced an accelerated
ecrease in H. Interestingly, the difference in  G between groups C
nd T did not develop as fast and as much as that in H  (cf. Fig. 1F
nd G); as a  result of this, � increased abruptly in group T (Fig. 1H).

his may  indicate either an immediate alteration in parenchymal
iscoelasticity (as a  consequence of the elastolytic intervention)
r an increase in lung heterogeneity. The lack of difference in
aw between groups C and T at any time point of the study is in
Polarization Spectral (OPS) images from the 105 d control group (C: 31,504 and the
the 105 d animals obtained from H&E stained sections (E) and OPS images (F).

accordance with the results of previous studies, where the airway
function did not appear to be affected by the loss of parenchymal
tethering forces as expected from the fall in elastance (Hantos et al.,
2008; Vecchiola et al., 2011). There were mild gradual decreases in
Raw, which were similar in groups C and T, and can be attributed
to body (and lung) growth with age.

4.2. Lung structure
The OPS technique was  designed to  image human microcircu-
lation (Groner et al., 1999) using reflected light from the surface
of a  solid organ such as brain, skin (Harris et al., 2000), liver,
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ig. 3. Morphological results obtained from the H&E stained histological samples. (
all  thickness (Tw) as a  function of time after treatment. Median values; bars denot

roups.

ancreas (Langer et al., 2000) and conjunctiva or cornea (Laemmel
t al., 2000). Although this imaging technique can be used in vivo,
e choose the ex vivo condition to avoid the confounding effects

f the beating heart, which allowed us to investigate the sub-
leural alveoli in their unaltered, physiological condition. Despite
he fact that the OPS technique is optimized for the visualization
f hemoglobin, the present imaging results demonstrate that the
lood cells remaining after the exsanguination of lungs provide
ufficient contrast in the septal planes perpendicular to  the pleural
urface. The distribution of the subpleural alveoli showed a  slight
hift in the treated group due to septal wall ruptures, which lead
o enlarged airspaces. Thus, this technique is  capable of detecting
tructural differences between the normal and the emphysematous
ung. The distribution of the alveoli from the traditional histological

amples indicated a  similar scenario, but the histogram revealed a
onger tail, which means that the subpleural alveoli are smaller in
he OPS images both in  the control and PPE-treated animals than in

ig. 4. Mean values of the components of the extracellular matrix, obtained from the sta
icrographs of the modified Movat staining in a day 105 control and treated animal, resp

he  Masson’s trichrome staining, in a  day 105 control and treated animal, respectively. Me
etween control and treated groups. Histological pictures with 60×  magnification.
e alveolar diameter (Dalv), (B) the area weighted alveolar diameter (D2) and (C) the
. P values indicate the levels of statistical significance between control and treated

the histological samples where the entire plane of  the section was
investigated. In addition to the fact that the large ductal structures
are not included in  the OPS images this difference may  be explained
by the cohesive effect of the pleura, which can mitigate any increase
in alveolar size  in  both groups. Similar results were found regarding
the size of subpleural alveoli in mice by Mitzner et al. (2008). They
investigated agarose fixed lung samples with traditional histology
and found significantly smaller mean airspace chord lengths close
to the pleura than in  the interior parts of the lung. We  confirm these
findings and show here that OPS- and histology-based airspace
sizes seen in  this study are physiological in  nature and the two
methods are complementary.

The increases in the median Dalv and D2 in the treated animals
are consistent with the morphological features of  emphysema, i.e.

the destructed wall of the airspaces and the enlarged alveoli, with
the D2 being more sensitive to  the morphological changes in  this
pathological condition because it also incorporates heterogeneity

ined histological samples. (A) Mean elastin content (Mec), (B and C) representative
ectively. (D) Mean collagen content (Mcc), (E and F) representative micrographs of
dian values; bars denote SEM. P values indicate the levels of statistical significance
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f structure (Jacob et al., 2009; Parameswaran et al., 2006). The wall
hickness of the alveoli on the histological images was  higher in the
PE treated animals due to tissue remodeling. Previous studies also
ound an elevated alveolar septal wall thickness in elastase-treated

ice, although there was not a  significant difference between the
aline-treated control and the PPE-treated animals (Imai et al.,
010; Ito et al., 2004). However, note that in those studies the inter-
als of the investigation, the treatment dose and method as well as
he strain were different. In Sprague-Dawley rats the same results
ere found (Seifart et al., 2011), where the mean thickness was

.1 and 2.9 �m in the control and the emphysematous animals,
espectively, 38 days after the PPE treatment. Increased septal wall
hickness was also observed in  human emphysema within mod-
rate lesions (Vlahovic et al., 1999);  however, the wall thickness
as two times higher than in healthy controls (5.2 �m vs 2.2 �m)

ndicating a  limitation of the PPE-induced rat model of emphysema.

.3. Alterations in lung inflammation

The evaluation of the inflammatory cells from the histologi-
al samples at day 3 showed the expected picture of lung injury
increased number of macrophages and neutrophils, Table 1.)
ue to the PPE treatment, coinciding with the observed macro-
copic appearance of hemorrhaged lungs. The massive invasion
f macrophages and neutrophils is  attenuated by  day 21 in the
mphysematous animals, although a  second macrophage phase
as detectable at day 105. These cells play important roles in the
rogression of emphysema because they are capable of releasing
atrix metalloproteinases (MMPs) that break down both elastin

nd collagen. Moreover, macrophages are dominant cells in  the
irways and air  spaces of emphysematous patients (Foronjy and
’Armiento, 2001), so that it is likely that these cells contribute to

he progression of the PPE-induced emphysema.

.4. Changes in the ECM

Changes in ECM composition are hallmark features of COPD.
any studies (Finlay et al., 1996; Karlinsky et al., 1983) have inves-

igated the remodeling of elastin and collagen, because these two
oad-bearing components play crucial roles in the maintenance of
he lung elasticity and structure. In our experiments, an increase
n elastin content in the treated group was observed from the
1st day and lasted until the endpoint of the 105-day protocol.

imilar results were found in  hamsters 21 days after treatment
ith PPE, which was characterized as the elastin remodeling over-

hoot (Karlinsky et al., 1983). Finlay et al. (Finlay et al., 1996)
eported that the sheets of elastin had moth-eaten appearance in
 & Neurobiology 215 (2015) 13–19

rats and humans under scanning electron microscope. Interest-
ingly, changes in collagen content were opposite and faster in the
present work, and differences were found between the control and
the emphysema groups at 3 and 21 days after the treatment. It is
likely that the collagen content decreased as a result of the PPE
treatment at the beginning of the study. Note that elastase is a
serine protease which cleaves elastin at multiple sites (Houghton
et al., 2006) as well as proteoglycans (Mok  et al., 1992). However,
it is more likely that the inflammatory cells secrete different MMPs
(Lanone et al., 2002) including collagenases, which directly degrade
the collagen in  the ECM (D’Armiento et al., 2013). In  response to the
initial injury, the degraded collagen and elastin fibers start to be
remodeled in the tissue. Indeed, a former rat study showed similar
results: thickened collagen fibers under scanning electron micro-
scope (Finlay et al., 1996). In patients, elevated elastin and collagen
content was found by Vlahovic et al. (Vlahovic et al., 1999) in mod-
erate emphysematous lesions in contrast to our results, suggesting
additional limitations of the PPE-induced emphysema in rats.

An important finding of this study is  a strong structure–function
relation that links lung elasticity (parameter H) to mean alveo-
lar  diameter. The mechanism behind this relation is  likely rupture
of the septal walls. There are  two  consequences of  a  septal wall
rupture. First, it leads to  a  coalescence of two  neighboring alveoli
and hence locally the alveolar diameters increase. Second, the
rupture decreases the number of walls carrying the load in  the
parenchyma, which in  turn decreases lung stiffness. Furthermore,
a  single rupture transmits the tension in  the wall to its neighbors,
which increases the likelihood of a  subsequent rupture. Suffi-
cient number of ruptures results in  macroscopically measurable
decrease in H.  Thus, through a  common mechanism, rupture of
septal walls (Parameswaran et al., 2011; Suki et al., 2012), alveo-
lar structure and parenchymal stiffness become intimately linked.
Since airspace diameter steadily increases (Fig. 3A) while elastin
content decreases and collagen content increases (Fig. 4A and 4D),
it seems plausible that the amount of load bearing ECM constituents
determine the failure of the septal walls and indirectly alveolar
airspace diameters. However, the ECM constituents also decrease in
the control group during natural growth of the animal. One possibil-
ity is that the cross-link density and distribution are  different in  the
remodeled elastin and collagen fibers that make them vulnerable
to failure. Indeed, the difference in the inflammatory cells between
the control and treated groups (Table 2)  may  explain the presence
of an aberrant remodeling (Vlahovic et al., 1999) resulting in  weak
fibers and failure (Kononov et al., 2001). Mechanical failure in turn
exposes fragments which are chemoattractant to macrophages in
the lung (Houghton et al., 2006)  and a  vicious circle may  form:
tissue inflammation leads to  mechanical failure which maintains
inflammation and ultimately a steady progression of  the disease.

5. Summary

In  conclusion, we have demonstrated that the progression of
emphysema induced by a  single dose of PPE did not reach a  plateau
in lung volumes and pulmonary mechanics by the end of this
105-day follow-up study. It is  likely that the second phase of
macrophage invasion plays an important role in  the continued
progression of emphysema. The ex  vivo (OPS) imaging of sub-
pleural alveoli in the intact lung structure confirmed the results
of the conventional morphometry and revealed the elastase-
induced enlargement and destruction of the peripheral airspaces.
At  the level of the ECM we observed that elastin remodeling was

delayed compared to  the collagen remodeling. Overall, a  strong
structure–function relation has been identified that is  driven by
septal wall ruptures. Thus, such relations obtained from long-term
follow-up studies may  be used to  predict the amount of structural
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Szabari MV, Parameswaran H, Sato S, Hantos Z, Bartolák-
Suki E, Suki B. Acute mechanical forces cause deterioration in lung
structure and function in elastase-induced emphysema. Am J Physiol
Lung Cell Mol Physiol 303: L567–L574, 2012. First published August
1, 2012; doi:10.1152/ajplung.00217.2012.—The relation between the
progression of chronic obstructive pulmonary disease (COPD) and
exacerbations is unclear. Currently, no animal model of acute exac-
erbation of COPD (AECOPD) exists. The objectives of this study
were to evaluate the effects of mechanical forces induced by deep
inspirations (DIs) on short-term deterioration of lung structure and
function to mimic AECOPD. At 2, 7, or 21 days after treatment with
elastase, mice were ventilated with or without DIs (35 cmH2O airway
pressure for 3 s, 2 times/min) for 1 h. Functional residual capacity
(FRC) was measured with body plethysmography, and respiratory
compliance, resistance, and hysteresivity were obtained via forced
oscillations. From hematoxylin and eosin-stained sections, equivalent
airspace diameters (D), alveolar wall thickness (Wt), number of septal
ruptures (Nsr), and attachment density (Ad) around airways were
determined. FRC, compliance, and hysteresivity statistically signifi-
cantly increased with time, and both increased due to DIs. Interest-
ingly, DIs also had an effect on FRC, compliance, resistance, and
hysteresivity in control mice. The development of emphysema statis-
tically significantly increased D and Wt in time, and the DIs caused
subtle differences in D. At 21 days, the application of DIs changed the
distribution of D, increased Wt and Nsr, and decreased Ad. These
results suggest that once a critical remodeling of the parenchyma has
been reached, acute mechanical forces lead to irreversible changes in
structure and function, mimicking COPD exacerbations. Thus, the
acute application of DIs in mice with emphysema may serve as a
useful model of AECOPD.

AECOPD; mechanical stress; exacerbation; irreversibility

CHRONIC OBSTRUCTIVE PULMONARY disease (COPD), including
chronic bronchitis and emphysema, is a slowly developing and
progressive disease with episodes of acute exacerbation (AE-
COPD). According to the latest Global Initiative for Chronic
Obstructive Lung Disease (GOLD) Summary (8a), AECOPD
is an acute event characterized by a worsening of the patient’s
respiratory symptoms that is beyond normal day-to-day varia-
tions and leads to a change in medication. Most AECOPD is
triggered by bacterial (36) or viral (35) infections, by pollutants
(33), or by cold temperature (4). Moreover, severe exacerba-
tion-related hospitalization is associated with an increased risk

of mortality, even after discharge (8), with a heavy health care
burden worldwide.

While the frequency of AECOPD was shown to correlate
with lung function decline (5, 34), irreversible structural
changes behind the functional decline following AECOPD
have been identified only recently. Tanabe et al. (38) reported
that changes in the distribution of low-attenuation areas on
computerized tomography images of COPD patients were
consistent with the coalescence of neighboring low-attenuation
areas due to alveolar wall destruction. Since tissue destruction
is the primary mechanism that drives airspace enlargement,
AECOPD should also contribute to the progression of COPD.
However, a detailed understanding of how exacerbation results
in irreversible functional changes is lacking. Consequently,
there is an urgent need for novel animal models of AECOPD.

To our knowledge, the only study that proposed an animal
model of AECOPD was by Wang et al. (40). To mimic
AECOPD, the authors combined elastase-induced emphysema
with viral infection. Unfortunately, they did not compare the
structural or functional changes in their model with those due
only to elastase. Hence, it remains unclear to what extent the
viral infection exaggerated tissue destruction. Nevertheless,
they did report that the animals had respiratory distress with
coughing similar to human AECOPD. One should note that the
main symptoms of AECOPD are always accompanied by
increased mechanical stresses in the lung. Indeed, dyspnoe is
characterized by hyperinflation (29), cough is preceded by a
deep inspiration and followed by forced expiratory efforts with
compressive and expulsive phases (22), and sputum production
leads to cough. Since mechanical forces have been shown to be
the governing mechanism of tissue destruction in emphysema
(19, 26, 37), we hypothesized that while viral or bacterial
infections are the triggers, mechanical forces during the exac-
erbation phase play a key role in tissue rupture leading to
irreversible changes in lung structure and function. To avoid
the confounding effects of viral and bacterial infections, we
tested this hypothesis by superimposing deep inspirations (DIs)
during mechanical ventilation on the remodeled parenchyma at
different stages of emphysema. If this hypothesis is supported
by data, then our experiments will also provide a novel model
of AECOPD.

MATERIALS AND METHODS

Animal treatment and experimental groups. The protocol was
approved by the Animal Care and Use Committee of Boston Univer-
sity. Fifty-nine male C57BL/6 mice were slightly anesthetized with

Address for reprint requests and other correspondence: B. Suki, Dept. of
Biomedical Engineering, Boston Univ., 44 Cummington St., Boston, MA,
02215 (e-mail: bsuki@bu.edu).
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isofluorane vapor (3%) in oxygen (1.5 l/min). The animals were then
suspended by the upper incisors using a rubber band on a 60-degree
inclined platform and treated with porcine pancreatic elastase (PPE;
Elastin Products, Owensville, MO) (6 IU) via aspiration (20). After
treatment, the animals were allowed to recover and maintained on a
12:12-h light-dark cycle. There were no deaths associated with the
PPE treatment. Additionally, 15 animals were intact controls.

At 2, 7, or 21 days after the treatment, animals were anaesthetized
with intraperitoneally administered pentobarbital sodium (initial dose:
75 mg/kg, supporting dose: 10–20 mg/kg as needed) and received
tracheostomy. The mice were then placed into a custom-built body
plethysmograph and mechanically ventilated with FlexiVent (SCI-
REQ Scientific Respiratory Equipment, Montreal, Canada) (ventila-
tion � 8 ml/kg, 240 br/min) at 3 cmH2O positive end expiratory
pressure (PEEP) for 1 h with or without DIs defined as an inflation up
to 35 cmH2O airway pressure for 3 s delivered two times per minute.
The mice were distributed randomly into the following experimental
groups: control (0 days DI) [n � 7; weight: 25.7 � 0.9 g (SD)],
control (0 days no-DI) (n � 8; 24.5 � 1.3 g), 2 days treated DI (n �
8; 23.3 � 1.0 g), 2 days treated no-DI (n � 8; 23.4 � 1.2 g), 1 wk
treated DI (n � 7; 25.3 � 1.1 g), 1 wk treated no-DI (n � 8; 25.5
g � 1.0 g), 3 wk treated DI (n � 7; 27.1 � 1.5 g), 3 wk treated no-DI
(n � 6; 27.6 � 0.8 g).

At the end of the ventilation protocol, the pulmonary circulation
was flushed through the right ventricle with PBS. After sacrificing the

mice, the lungs and heart were resected en block and fixed at 20
cmH2O transpulmonary pressure with 10% buffered formalin.

Physiological measurements. Functional residual capacity (FRC)
was measured with a body plethysmograph (7) at 0 cmH2O PEEP
before and after the 1-h ventilation (17). At end expiration, the
FlexiVent was stopped, and the tracheal cannula was occluded.
During spontaneous breathing efforts for about 6 s, box pressure and
tracheal pressure were measured with a Validyne MP-45 (�2 cmH2O)
pressure sensor (Validyne, Northridge, CA) and a miniature pressure
transducer (model 8507C-2; Endevco, San Juan Capistrano, CA),
respectively. FRC was calculated from the box pressure, and tracheal
pressure values were corrected with the thermal characteristics of the
plethysmograph (17).

Low-frequency respiratory input impedance (2–19 Hz) was mea-
sured at 3 cmH2O PEEP at the beginning and at the end of the 1-h
ventilation with or without DI, using the optimal ventilation waveform
(24). Respiratory compliance, Newtonian resistance (which is a sur-
rogate of airway resistance), and hysteresivity were calculated by
fitting the constant phase model to the impedance (12).

Histology. Sections were stained with hematoxylin and eosin.
Randomly selected regions were imaged and segmented using cus-
tom-made software. The equivalent diameter of alveolar airspaces (D)
was computed as the diameter of a circle with the same area as the
airspace. For each mouse, the area-weighted average diameter (D2)
was calculated from the set of D values (31). Since D2 has been shown

Fig. 1. Effects of time and deep inspirations (DIs) on physiological variables. A: functional residual capacity (FRC). Before ventilation, FRC increased with time
(21 vs. 0 and 2 days: P � 0.05; 7 vs. 0 days: P � 0.05; 2 vs. 0 days: P � 0.05) and DIs had a significant effect on FRC at each time point (P � 0.001).
B: respiratory compliance. Before the ventilation, compliance increased with time (21 vs. 0 and 2 days, 7 vs. 2 days: P � 0.05), and DIs had a significant effect
on compliance at each time point (P � 0.001). C: respiratory resistance. Before ventilation, resistance showed a decreasing trend with time (21 vs. 0 and 2 days:
P � 0.05), and DIs had a significant effect on resistance (0 days: P � 0.003, 2 days: P � 0.03, 7 and 21 days: P � 0.001). D: hysteresivity (�). Before the
ventilation, hysteresivity showed an increasing trend with time (21 vs. 0 days) and DIs had a significant effect at each time point (P � 0.001). Bars denote SDs.

L568 AN ANIMAL MODEL OF COPD EXACERBATION

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00217.2012 • www.ajplung.org

 at B
oston U

niv M
ed Libr on D

ecem
ber 10, 2012

http://ajplung.physiology.org/
D

ow
nloaded from

 

http://ajplung.physiology.org/


to be sensitive to heterogeneities and able to detect small changes in
structure compared with D or mean linear intercept (31), we also
characterized the airspace structure with this parameter. On the
hematoxylin and eosin-stained sections, the alveolar septal wall thick-
ness (Wt) was measured, and attachment density (Ad) was determined
by dividing the number of septal walls attached to a small airway with
the outer perimeter of the airway wall. Collagen and elastin fibers
were visualized with modified Masson’s trichrome and Verhoeff’s
methods, respectively (10). The total number of end tips as a measure
of septal ruptures (Nsr) per image per tissue fraction was measured for
the 21 days DI and 21 days no-DI groups on elastin stained samples.

Statistical analysis. The effects of DIs and time were analyzed with
two-way ANOVA, while the effects of PPE treatment before venti-
lation were analyzed with one-way ANOVA. Where normality failed,
log transformation was applied. The effect of DIs on Nsr was com-
pared with Mann-Whitney’s rank sum test. A P value � 0.05 was
considered statistically significant.

RESULTS

PPE significantly increased FRC before ventilation, with
mean values of 0.25 � 0.026 ml (SD) in the control mice (0
days), and 0.39 � 0.064 ml in the PPE-treated 21 days groups
(P � 0.001) (Fig. 1A). Independent of time, DIs increased FRC
(P � 0.001). Following 1-h ventilation, FRC was 0.32 � 0.05
ml and 0.19 � 0.02 ml in the 0 days DI group and 0 days no-DI
group, respectively. In the 21 days groups, FRC increased from
0.37 � 0.07 ml in the no-DI group to 0.45 � 0.05 in the DI
group.

PPE also increased compliance with time before ventilation
(P � 0.001) with values of 0.031 � 0.005 ml/cmH2O and

0.055 � 0.013 ml/cmH2O in the 0 days and 21 days groups,
respectively (Fig. 1B). Similar to FRC, a strong effect of DIs
can be seen on compliance at each time point (P � 0.001).

The parameter resistance (Fig. 1C) decreased gradually with
time reaching significance at 21 days (P � 0.021). The hys-
teresivity (Fig. 1D) showed significant differences between the
DI and no-DI groups (P � 0.001) and increased with time
(P � 0.05), except from 0 days to 2 days and from 7 days to
21 days.

Figure 2 shows typical airspace structures in control and at
each time point following treatment in the DI groups. The PPE
treatment increased the mean airspace diameter (D) from
29.6 � 1.4 �m in the control group to 34.9 � 2.9 �m at 21
days after treatment (P � 0.001) (Fig. 3A). The D2 (Fig. 3B),
which is sensitive to changes in both the mean and the
heterogeneity of airspace sizes, showed much more prominent
differences between the groups in time (P � 0.001). However,
neither of these lumped structural indexes showed a difference
between the DI and the no-DI groups at any time point.

To explore the possibility that the DIs caused a more
subtle structural change in some preferential airspace size,
the alveoli were pooled from all animals and grouped into
small, medium, and large airspaces according to their D
values, and statistics were done within these size categories
(Table 1). For the smallest airspaces, significant differences
were found between the DI and no-DI groups at 0 days and
21 days (P � 0.001) as well as at 7 days (P � 0.003). For
the medium-sized airspaces, there were differences at 21

Fig. 2. Examples of hematoxylin and eosin-stained histological sections. A: control following 1-h ventilation with DIs; B–D: 2, 7, and 21 days, respectively, after
treatment following 1-h ventilation with DIs.
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days (P � 0.007) and 0 days (P � 0.015), whereas for the
largest airspaces, D was different only at 0 days (P �
0.001). Even though the percent differences are small, it is
interesting to note that, in the control animals, the no-DI
group had a larger D, but in the treated animals, the DI
groups always had a larger D.

The septal Wt increased by 47% (Fig. 4) from 2.5 � 0.3
�m at 0 days to 3.4 � 0.2 �m at 21 days (P � 0.001).
Moreover, at 21 days, the DIs induced a 13% elevation in Wt

compared with the no-DI group (P � 0.01). Interestingly,
there appears to be more cell nuclei in the thicker septal
walls following the application of DIs (Fig. 4B). Figure 5
shows microstructural images of the septal walls with and
without DIs. The increased Wt with DIs is apparent on both
stainings. Furthermore, the elastin-stained images also sug-
gest a slightly more disorganized microstructure within the
septal walls. Figure 6 demonstrates the evaluation of septal
wall ruptures at 21 days. Statistical analysis revealed that
Nsr was significantly larger in the DI group compared with
the no-DI group with values of 165 � 63 and 134 � 68 (P �
0.006), respectively. The perimeters of the airways in the DI
and no-DI groups at 21 days for which Ad was evaluated
were not different. However, compared with the no-DI
group, Ad was 11% lower in the DI group (P � 0.026).

DISCUSSION

Exacerbations constitute a significant component of the
clinical manifestation of COPD (8a), becoming increasingly
more frequent as the disease progresses (2). For example, in a
large clinical study, patients with severe COPD characterized
by the GOLD category IV, had a higher annual exacerbation
rate (2.00) than those with more moderate COPD, having
GOLD categories of III and II (1.34 and 0.85, respectively)
(14). Other studies showed that patients with a forced expira-
tory volume in 1 s (FEV1) � 60% predicted had an exacerba-
tion rate of 1.6 per year as opposed to patients with FEV1
between 59% and 40% and those with FEV1 � 40% predicted
having annual exacerbation rates of 1.9 and 2.3, respectively
(5, 30). Furthermore, patients who suffer from frequent exac-
erbations will likely continue to do so (9). Despite considerable
effort, understanding of the irreversible nature of AECOPD is
not complete.

In this study, we hypothesized that the increased mechanical
forces that accompany an AECOPD event result in irreversible
tissue deterioration, which in turn impairs function. Acute
mechanical forces were delivered using DIs, defined as rapid
inflation of the lung to 35 cmH2O airway pressure. However,
peak esophageal pressure during cough can exceed 200 cmH2O
(21); therefore, we consider our mechanical stimulation of the
lung to be mild. Nevertheless, these acute increases in mechan-
ical forces achieved by the frequent DIs did result in the
following changes in structure and function: 1) large changes
in the functional mechanical properties of the respiratory sys-
tem such as FRC and compliance; and 2) noticeable structural
changes in the parenchyma and airways occured only at 21
days after treatment. The former requires a careful analysis
because the DIs also induce recruitments, whereas the latter
suggests that in order for mechanical forces to be able to induce
irreversible changes in lung structure, the ECM of the emphy-
sematous lung should be sufficiently weakened.

The physiological variables (Fig. 1) including FRC, compli-
ance, and hysteresivity increased with time due to the devel-
opment of emphysema following PPE treatment as in previous
studies (11, 16, 27). The resistance decreased with time as in
the tight-skin mouse (15); however, this is in contrast to
observed changes in airway resistance in human COPD pa-
tients (43). One possibility is that the lung volumes in the
normal and treated mice were different, and the measure-
ments were taken at the same PEEP and not at the same lung
volume (11).

The DIs significantly increased FRC and compliance both in
the control and treated mice. To interpret these results, we first

Table 1. Mean values of alveolar diameters binned into
groups of small, medium, and large

Small Medium Large

DI no DI DI no DI DI no DI

0 days 17.9 18.2* 41.7 41.7# 92.3 98.0*
2 days 27.4 27.4 142.3 141.6 329.1 335.1
7 days 28.1** 27.6 147.0 147.0 339.9 353.0
21 days 27.6* 27.0 154.5*** 149.3 342.0 360.2

Values of deep inspirations (DI) are in micrometers (�m). The correspond-
ing bins in the untreated control animals (0 days) are: 5–30 �m, 30–80 �m,
and 80 �m; and in the treated animals, they are: 5–100 �m, 100–300 �m, and
300 �m, *P � 0.001, **P � 0.003, ***P � 0.007, #P � 0.015.

Fig. 3. Morphometric analysis of airspace sizes. A: mean and SD of equivalent
airspace diameters (D), in each group. Porcine pancreatic elastase (PPE) had a
significant effect on D (0 vs. 2 , 7, and 21 days: P � 0.001). B: mean and SD
of the area-weighted mean alveolar diameter (D2) in each group. PPE had a
significant effect on D2 (0 vs. 2, 7, and 21 days: P � 0.001, 2 vs. 21 days:
P � 0.01).
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note that anesthetized mice in the supine position easily dere-
cruit large regions of the lung (1). A single DI recruits some
airspace regions that, over time, tend to collapse again. Re-
peated DIs lead to a steady state with a higher FRC depending
on the time constant of recollapse relative to the time between
DIs. There are at least three ways that compliance could
increase in our experiments. First, when fibers inside a wall
rupture, the wall becomes softer. If such microruptures occur in
many walls, compliance will go up. Second, if a wall ruptures,
then there is one less “spring” in the lung resisting inflation,
and hence, compliance goes up. Finally, large stretches may
induce surfactant release by type II cells (42), which would
result in a lower surface tension and compliance can go up
again. When compliance increases, the chest wall pulls the
lung outward, and FRC goes up too. Taken together, in control
mice in which no structural alterations were observed, changes
in compliance are due to recruitment and possibly surfactant
secretion. In the treated lung, the increase in compliance can be
due to mechanical failure as well as recruitment and surfactant
secretion. This analysis then suggests that the immediate effect
of DIs on FRC and compliance is complicated by recruitment
and possibly other processes, and from FRC and compliance
alone it is difficult to deduce whether the DIs have caused any

irreversible change in the lung during the 1-h ventilation. Thus,
a deeper understanding of the functional data requires a careful
analysis of lung structure.

The progression of emphysema was accompanied by in-
creases in both the mean alveolar airspace diameter (D) and its
heterogeneity characterized by D2 (Fig. 3). Surprisingly, how-
ever, no effects of DIs could be detected on D2, a parameter
highly sensitive to structural changes (31). The reason is that
the subtle differences in structure due to the DIs could not be
captured by a single number. Thus, in a more refined analysis,
we combined D from all animals and grouped them into small,
medium, and large size categories (Table 1). This analysis
identified statistically significant differences between the no-DI
and DI groups. Although the absolute differences were small,
the statistical significances were very strong due to the large
number (�10,000) of airspaces in the calculations.

In the control animals, DIs decreased the sizes of the
airspaces in all three airspace size categories. This may be
related to the findings of Namati et al. (28) who observed that
alveoli became smaller at end inspiration and proposed that this
was due to alveolar recruitment in the mouse lung, which
means that at higher inflation pressures similar to those in our
DI protocol, secondary (daughter) alveoli suddenly pop open

Fig. 4. Morphometric analysis of wall thickness (Wt) of the airspaces. A: mean and SD of Wt as a function time and DI. PPE had a significant effect on Wt (0
vs. 2, 7, and 21 days; 21 vs. 2 and 7 days: P � 0.001). The DIs had a significant effect on Wt at 21 days (P � 0.01). B and C: microstructural evidences of
increased Wt due to DIs 21 days after treatment. B: hematoxylin and eosin staining with DIs, C: hematoxylin and eosin staining with no-DI.
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and inflate via the primary (mother) alveoli through the pores
of Kohn. In contrast, in the treated animals, DIs generated
larger D in the two smallest size categories suggesting that at
the same fixation pressure, the DIs definitely increased airspace
diameters. These results then imply that the septal walls of
some small- and medium-sized airspaces became softer or
some septal walls actually ruptured during ventilation with
DIs. A softer tissue in turn represents plastic deformation as a

consequence of microruptures inside the walls induced by the
mechanical stresses of the DIs.

The microstructural changes caused by the DIs were most
pronounced at 21 days. Indeed, while septal Wt steadily in-
creased with time (Fig. 4), the DIs caused a statistically
significant increase only at 21 days. The increased thickness,
which is a characteristic feature of severe AECOPD (1), is
apparent on all three types of staining (Figs. 4 and 5). The

Fig. 5. Representative images of stained histological sections. A: Masson’s trichrome staining for collagen, 21 days DI, B: Masson’s trichrome staining for
collagen, 21 days no-DI, C: modified Verhoeff’s staining showing increased Wt with stray elastin (arrow) that is a potential site of rupture, 21 days DI,
D: modified Verhoeff’s staining, 21 days no-DI.

Fig. 6. Visualization of all alveolar septal end tips including possible alveolar ruptures due to DI on modified Verhoeff’s stained sections. DI (A) and no-DI (B).
Ellipses mark free septal ends.
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hematoxylin and eosin staining also shows more cell nuclei
(Fig. 4B), a sign of inflammation similar to the increased
neutrophils in the airways of COPD patients following an
exacerbation (32). Additionally, the elastin staining suggests a
disorganized fiber network in the wall with possible microrup-
tures (Fig. 5C). These findings are consistent with a sudden
deterioration of lung structure that accompanies AECOPD. We
also need to point out that the increase in Wt is accompanied by
an increase in compliance in the DI group (Fig. 1B). Therefore,
this is not an acute lung injury model in which compliance
decreases. Also, the 1-h ventilation period is not enough for
active cellular remodeling, hence the most likely reason for the
wall thickening is capillary rupture leading to leakage and
edema (41).

The fate of a septal wall in which microruptures do occur
depends on several factors. Remodeling during the 1-h venti-
lation is not likely. However, depending on the magnitude of
regional stresses, the wall can rupture. At 21 days, statistical
analysis revealed that the total number of septal end-tips Nsr

was significantly larger in the DI group compared with the
no-DI group. Similar to Nsr, alveolar Ad around airways
increased due to the DIs. In control animals, we did not see any
evidence of ruptures, and hence the increase in FRC was
caused by pure recruitment. On the other hand, at 21 days, the
DI-induced increases in Nsr and Ad resulted in larger D (Table
1), and hence part of the increase in FRC and compliance must
have resulted from ruptures. These changes in FRC and com-
pliance represent irreversible decline in function following
acute increase in mechanical forces on the parenchyma. Thus,
these results provide evidence that our animal model does
reproduce a number of features of AECOPD with irreversible
changes in both structure and function. Furthermore, since we
find evidence of Wt and fiber and septal wall rupture only at 21
days, there exists a threshold in ECM remodeling below which
acute increase in mechanical forces do not seem to induce
irreversible changes.

The progression of emphysema alters the architecture of the
connective tissue in the septal walls as a result of collagen and
elastin remodeling (23, 25, 39). As the ECM becomes progres-
sively weaker, it is possible that DI-induced microruptures also
occurred at earlier time points. For example, D increased for
the smallest size category (Table 1) at 7 days. Such subtle
changes in structure may not cause noticeable irreversible
changes in function. However, when various ECM structures
rupture, fragments of the corresponding molecules will be
exposed. Both elastin (13) and proteoglycan (3) fragments are
chemoattractant and hence the process of tissue breakdown by
rupture can maintain and potentiate further inflammation,
which is also characteristic of AECOPD (8a) and may contrib-
ute to the increased susceptibility of patients to infection-
induced inflammation. If a sufficient number of structural
elements of the wall mechanically fail, the entire wall also
ruptures, which can influence the distribution of low attenua-
tion areas on computerized tomography images (38) and be-
come clinically observable. Since the parenchyma is always
under tensile stress, when an alveolar wall ruptures the stress
the wall carried just before failure is redistributed among the
neighboring walls. Consequently, some neighbors will experi-
ence an increased stress that unfolds new binding sites for
enzymes such as elastase and increases the unbinding and
cleaving rate (18). These mechanisms in turn result in a higher

probability for the wall to mechanically fail. Thus, a single
rupture can lead to a cascade of ruptures and serve as a positive
feedback to potentiate further breakdown (37). This mecha-
nism might help explain why previous AECOPDs increase the
probability of future AECOPDs leading to the emergence of
the frequent-exacerbation phenotype (14).

While our model constitutes a mouse model of AECOPD in
terms of irreversible changes in structure and function, we
acknowledge the limitations of the study. First, despite the fact
that our animal model does not involve infections, many studies
have confirmed that the mechanism that triggers AECOPD in
humans is the viral or bacterial infection (33). Because of the
differences in the anatomy and physiology of the mouse and
human lungs, the contribution of atelectasis and recruitment to
human AECOPD remains uncertain. The magnitude and spa-
tial distribution of mechanical stresses in the mouse are differ-
ent from those during human AECOPD. Additionally, the PPE
treatment does not reproduce the immune response due to
cigarette smoke, and the characteristics of ECM remodeling is
different in the human case (23, 39). Hence the threshold in
ECM remodeling that is necessary for mechanical forces to
induce irreversible changes in function in mice, may be differ-
ent in human COPD. Nevertheless, our animal model is flex-
ible: various knockout or transgenic mouse models can be used
to mimic the background remodeling of the ECM, and future
studies could also combine DIs with infection models.

In summary, we have shown that exacerbation-like irrevers-
ible changes in structure and function can be induced by acute
increases in mechanical forces in the absence of bacterial or
viral infections as long as the lung ECM is sufficiently weak.
Thus, it is possible that in humans, the increases in mechanical
stresses on the emphysematous tissue associated with cough
and difficulty in breathing are also the primary reason for the
irreversible changes in AECOPD. While we acknowledge that
infection is the likely cause of generating mechanical stresses,
it is the balance between the abnormal remodeling and the
amount and strength of mechanical stresses on the ECM that
determines whether an exacerbation leads to irreversible de-
cline in function or not. Our study also suggests that clinical
treatment of AECOPD should minimize mechanical stresses,
for example, by attenuating coughing or carefully choosing
mechanical ventilation parameters if the patient needs to be
ventilated.
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