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Rationale: Allergically inflamed mice exhibit airway hyperrespon-
siveness to inhaled methacholine, which computer simulations of
lung impedance suggest is due to enhanced lung derecruitment
and which we sought to verify in the present study.

Methods: BALB/c mice were sensitized and challenged with oval-
bumin to induce allergic inflammation; the control mice were sensi-
tized but received no challenge. The mice were then challenged
with inhaled methacholine and respiratory system impedance
tracked for the following 10 minutes. Respiratory elastance (H) was
estimated from each impedance measurement. One group of mice
was ventilated with 100% O, during this procedure and another
group was ventilated with air. After the procedure, the mice were
killed and ventilated with pure N,, after which the trachea was tied
off and the lungs were imaged with micro-computed tomography
(micro-CT).

Results: H was significantly higher in allergic mice than in control
animals after methacholine challenge. The ratio of H at the end of
the measurement period between allergic and nonallergic mice
ventilated with O, was 1.36, indicating substantial derecruitment
in the allergic animals. The ratio between lung volumes determined
by micro-CT in the control and the allergic mice was also 1.36,
indicative of a corresponding volume loss due to absorption atelec-
tasis. Micro-CT images and histograms of Hounsfield units from
the lungs also showed increased volume loss in the allergic mice
compared with control animals after methacholine challenge.
Conclusions: These results support the conclusion that airway closure
is a major component of hyperresponsiveness in allergically in-
flamed mice.
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Different mechanisms can lead to airway hyperresponsiveness
(AHR) in animal models, not all of which have equal relevance to
human asthma. Itis therefore crucial to elucidate the mechanistic
basis of AHR in any given animal model of asthma to understand
its relationship to the human condition. We recently reported
that the response of acutely allergically inflamed BALB/c mice
to challenge with methacholine aerosol is likely due entirely to
enhanced closure of peripheral airways secondary to increased
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Airway hyperresponsiveness in mouse models of asthma
has traditionally been attributed to contraction of airway
smooth muscle. Recent studies suggest, however, that air-
way closure may play a more significant role.

What This Study Adds to the Field

Using the forced oscillation technique and micro-computed
tomography, we now show that airway hyperresponsiveness
in allergic mice can be largely explained by airway closure.

airway mucosal thickness and secretions (1). This stands in
marked contrast to the widely held view that AHR in asthma
is the result of exaggerated shortening of airway smooth muscle.
However, our interpretation that methacholine inhalation caused
enhanced airway closure in these mice was derived on the basis
of simulation results obtained with a computational model of
the mouse lung, and thus remains inferential. Further verification
is needed to place the role of lung derecruitment in animal
models of AHR on a firm footing, especially in view of the
continuing controversy about which mechanisms are most re-
sponsible for AHR in human asthma (2-5).

The goal of the present study was to obtain experimental
verification of the role of small airway closure in the allergically
inflamed BALB/c mouse. Our approach was to exploit the phe-
nomenon of absorption atelectasis. Specifically, we hypothesized
that if derecruitment of lung units occurs during bronchocon-
striction via closure of small airways, then prior ventilation of
the lung with pure oxygen should lead to post-challenge collapse
of the derecruited units due to absorption of the trapped oxygen
by the capillary blood. In the present study, we used micro-
computed tomography (micro-CT) to quantify the degree of
absorption atelectasis induced by bronchial challenge in aller-
gically inflamed versus control BALB/c mice ventilated with
both air and pure oxygen. Some of the results of these studies
have been previously reported in the form of an abstract (6).

METHODS

The techniques and methods outlined below are described in greater
detail in the online supplement.

Animal Preparation

Female BALB/c mice, 6 to 8 weeks old, were sensitized on Days 0 and
14 with intraperitoneal injections of ovalbumin (Ova) and then exposed
to inhalational challenges with Ova or control saline as previously
described (Days 21, 22, and 23) (7). On Day 25, the mice were anesthe-
tized and connected to a small animal ventilator (FlexiVent; SCIREQ
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Scientific Respiratory Equipment, Inc., Montreal, PQ, Canada) and
paralyzed with pancuronium as previously described (8). The depth of
anesthesia was monitored by electrocardiogram (ECG).

Experimental Groups

We studied four groups of mice (n = 5/group). The first group was
challenged with inhaled Ova and ventilated with 100% O, (Inflamed-
0O,). The second group was exposed to control saline inhalation and
ventilated with 100% O, (Control-O,). The third group was similar to
the Inflamed-O, group but was ventilated with room air (Inflamed-
Air). The fourth group was similar to the Control-O, group but was
ventilated with room air (Control-Air). The theory of absorption atelec-
tasis is explained in Figure E1 in the online supplement.

Experimental Protocol

After 1 minute of regular ventilation at a positive end-expiratory pres-
sure (PEEP) of 3 cm H,O, a standard lung volume history was estab-
lished by delivering two deep sighs to a pressure limit of 25 cm H,O.
Next, two baseline measurements of respiratory system input imped-
ance (Z,,) were obtained. This was followed by an inhalation of either
aerosolized methacholine (12.5 mg/ml) or control saline for 40 seconds,
achieved by directing the inspiratory flow from the ventilator through
the aerosolization chamber of an ultrasonic nebulizer. Z,, was then
measured every 10 seconds for 3 minutes, and thereafter every minute
for 7 minutes. At the end of the experiment, the mouse was given an
overdose of sodium pentobarbital and immediately ventilated with
100% N, for approximately 3 minutes. When death had been confirmed
by ECG, the trachea was tied off after exhalation against a PEEP of
3 cm H,O and the cannula was removed. We then waited 45 to 60 minutes
for the mouse to stiffen to prevent motion artifacts during subsequent
imaging by micro-CT. The lungs were then removed and scored histo-
logically for degree of inflammation.

Determination of Input Impedance

Measurements of Z,, were fit with the constant-phase model of imped-
ance (9). One of the parameters of this model, H, provides a measure
of the elastance of the respiratory system, Ry measures the resistance
of the conducting airways, and G represents tissue resistance.

Micro-CT

Lung volume (Vtg) was calculated by defining a region of interest
encapsulating the entire lung within the three-dimensional micro-CT
image of the mouse (Figure 1), and then summing the total volume
occupied by gas in all the voxels within this region. Maximum intensity
projections (MIPs) of intensity-inverted images were constructed to
allow visualization of ventilated airways and lung regions. Hounsfield
unit (HU) histograms were generated for the voxels contained within
the region of interest, and the HU values at the peaks of the histograms
(HU,,,y) were identified.

Statistics

Data are presented as means = SEM. H data were compared using
two-way analysis of variance. HU,,, values and Vtg were compared
between the two groups of mice using Student’s ¢ test. Wilcoxon’s rank
sum test was used to compare histologic scores. Origin 7.5 (OriginLab
Corp, Northampton, MA) and Minitab (Minitab, Inc., State College,
PA) were used for the analysis, and statistical significance was taken
at p < 0.05.

RESULTS

Figure 2A shows a representative micro-CT image of the lungs
in one animal from the Control-O, group and in another animal
from the Inflamed-O, group. The Control-O, image reveals large
and small airways with adjacent blood vessels. Interlobar pleural
septae are visible as well as dark-gray lung parenchyma with
fine reticulations and reticunodular opacities. In the Inflamed-
O, image, on the other hand, large areas appear to be atelectatic
and the lungs are generally denser than the Control-O, lungs.
The differences in lung densities are also apparent in the HU

Figure 1. The generation of regions of interest (ROIs) from micro-
computed tomography images. Two-dimensional ROIs (2D ROls) were
created on approximately 10 cross-sectional images selected from a
range of slices between the middle of the trachea and the base of the
lungs. The 2D ROIs were defined by freehand contours drawn to closely
surround the lungs and trachea so that all extrathoracic gas (e.g., bowel
gas immediately below the diaphragm and ambient air outside the
body) was excluded. 2D ROIs were then automatically created for all
cross-sections by linear interpolation between the manually drawn con-
tours, and 3D ROls (in yellow) were subsequently generated by stacking
each set of 2D regions. Frequency histograms of Hounsfield units were
calculated for the voxels contained within each 3D ROI.

histograms (Figure 2B) where the histogram for the Inflamed-
O, lung is shifted right and HU,,, is significantly higher (p <
0.01) compared with the Control-O, lung.

Figure 3 shows MIP images from each animal in the Control-
O, and Inflamed-O, groups. Dark patches indicate regions of
high X-ray density, whereas light patches are less dense and
represent gas-filled regions. The control lung images are gener-
ally uniform, with only two mice showing minor areas of periph-
eral attenuation indicative of closure (see arrows in Figures 3B
and 3D). By contrast, the inflamed lungs all show significant
patches of attenuation in the periphery, typically in the lower
dorsal (i.e., dependent) lung regions (Figures 3F-3J). These dif-
ferences are also visible in the representative iso-surface render-
ings shown in Figure 4, where the lungs, viewed from the dorsal
side, appear smooth and gas filled in the Control-O, mouse,
whereas in the Inflamed-O, mouse the lack of gas in peripheral
regions exposes airways that otherwise would be obscured by
gas-filled parenchyma.

Figure 5A shows the time courses of H for the Control-Air
and Inflamed-Air groups. After methacholine inhalation, the
Inflamed-Air animals exhibited a rapid increase in H up to a
plateau at about 3 minutes, significantly different (p < 0.001)
from the Control-Air group. Ry and G also responded signifi-
cantly more (p < 0.001) in the Inflamed-air group compared
with the Control-Air group (Figures E2 and E3). The ratio of
H at the last time point between the Inflamed-Air group and
the Control-Air group was 1.88. Figure 5B shows the correspond-
ing Vtg. The ratio of Vtg between the Control-Air group and
the Inflamed-Air group was 1.13, but this was not significantly
different from 1.0.
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Figure 2. (A) Representative  micro-
computed tomography images from a
Control-O, mouse (left panel) and an
Inflamed-O, mouse (right panel). (B)
Mean frequency histogram of voxels hav-
ing a particular Hounsfield unit (HU).
HU,..x from the inflamed mice (thick line)
was significantly greater than that of the
control animals (thin line) (p = 0.0038).
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Figure 6A shows the time courses of H in the Control-O,
and Inflamed-O, groups. Similar to the air-ventilated mice in
Figure 5, the Inflamed-O, animals exhibited a rapid increase in
H after methacholine inhalation, reaching a plateau at about
3 minutes that was significantly different (p < 0.001) from the
Control-O, group. Ry and G also increased significantly more
(p < 0.05) in the Inflamed-O, group than in the Control-Air
group (Figures E2 and E3). The ratio of H, obtained at the last
time point, between the Inflamed-O, group and the Control-O,
group was 1.36 (p < 0.05). Figure 6B shows the corresponding
Vtg. In contrast to the air-ventilated mice, Vtg was significantly
different between the Control-O, group and the Inflamed-O,
group (p < 0.05), with a ratio of 1.36 that was identical to the
ratio of H between the two groups at the last time point.

The inflammatory status of the animals was confirmed within
the control and inflamed groups by histologic scoring of lung
slices stained with hematoxylin—eosin. The mean scores were
Control-Air 1.08 (= 0.35) versus Control-O, 1.00 (% 0.32) (not
significant), and Inflamed-Air 2.00 (= 0.18) versus Inflamed-O,
2.28 (= 0.17) (not significant). The Inflamed animals received
significantly higher scores than the Control animals (p < 0.01).

DISCUSSION

We performed the present study to test our hypothesis that the
exaggerated response to inhaled methacholine in allergic mice
can be explained by accentuated airway closure (1). To achieve
this goal, we took advantage of the phenomenon of absorption
atelectasis, which occurs when O, is trapped behind a closed
airway and becomes absorbed by the pulmonary capillary blood,

T
-200

resulting in collapse of the subtended lung region. The gas in
the remaining lung can then be visualized by micro-CT and
quantified to provide a measure of the volume of open lung. In
support of this notion, the images we obtained post-bronchocon-
striction in Inflamed-O, mice clearly show large regions of the
lungs to be devoid of gas. In particular, the basal regions of
the images in Figures 3F-3J and Figure 4B have a patchy appear-
ance. The inflamed lungs also had a significant increase in mean
density compared with control lungs (Figure 2B). Furthermore,
H changed in inverse proportion to Vtg in the O, groups (Figure
6A), which is precisely what we would predict if the change in
H were due entirely to alveolar collapse (1). By contrast, Vtg
did not change significantly in the mice ventilated with air despite
a large elevation in H (Figure SA). This indicates that, although
air was still trapped behind closed airways in air-ventilated ani-
mals, it was not absorbed to nearly the same degree as when
the lungs were filled with O,. These results thus support, both
qualitatively and quantitatively, our previously advanced hy-
pothesis (1) that AHR in inflamed BALB/c mice can be attrib-
uted to an increased propensity for closure of small airways in
the lung.

Airway closure during bronchoconstriction in our mice was
not, however, an entirely random event. The micro-CT MIP
images in Figure 3 and the iso-surface rendering in Figure 4B
show the dominant anatomic location of closure in our allergic
mouse model of AHR to be at the dorsal base of the lung. This
region was also the dependent part of the lung because the
animals were studied supine, which raises the possibility that
gravity could have played a role in our observations. Certainly,
humans with asthma during bronchoconstriction exhibit poorer
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Control-0,

Inflamed -0,

Figure 3. Maximum intensity projection images from Control-O, mice
(left panel) and Inflamed-O, mice (right panel). Arrows show areas of
atelectasis in Control-O, mice.

ventilation in dependent lung regions (10, 11). On the other
hand, it is perhaps doubtful that gravity could have a significant
effect in a lung as small as that of the mouse. Another possible
explanation for the location of closure relates to deposition of
inhaled bronchial agonist. The airways of the mouse are ex-
tremely heterogeneous and are dominated by large central air-

ways that track far into the base of each lung, as can be seen in
Figures 3 and 4B. This might favor deposition of methacholine
into the basal regions, eliciting a stronger degree of local bron-
choconstriction and thereby leading to more closure than in
other lung regions. In support of this idea is the fact that the
areas of atelectasis in the control mice (Figures 3B and 3D) were
also located in the dorsal base of the lungs. On the other hand,
we have previously found that closure occurs preferentially in
the base of the lung in unconstricted mice ventilated with pure
O, at a PEEP of 2 cm H,O (6), suggesting that the base is the
preferred location for closure regardless of whether methacho-
line is inhaled or not. Also, similar closure patterns have been
noted in challenged excised rat lungs that were not studied in
the supine position (12), further suggesting that the pattern of
methacholine aerosol delivery did not play a significant role in
the geographic pattern of closure we found in the present study.

The results of the present study are thus consistent with the
conclusions of our previous study (1) that AHR in allergically
inflamed mice results from a physically thickened mucosa. For
purely geometric reasons, this allows for excessive narrowing of
the airway lumen, with some airways proceeding to full closure
even when the degree of airway smooth muscle shortening is
normal. Closure is also likely exacerbated in allergic inflamma-
tion by disruption of surfactant function, possibly due to fibrin
deposition (13), which would increase the propensity for liquid
bridges to form across the lumen of small airways (14).

The supportive evidence arising from the present study is
based on the supposition that the O, we delivered to the lungs
of the mice acted only in the manner we intended. That is, we
assumed that the only effect of the O, was to be passively ab-
sorbed by the pulmonary capillary blood, causing collapse of
lung regions isolated behind points of airway closure. We cannot
discount the possibility, however, that the rapid absorption of
O, may have affected the pattern of airway closure in some way,
perhaps by quickly closing some airways which might then have
hindered the closure of other nearby airways via the forces of
airway—parenchymal intercependence. Also, we must bear in
mind that pure O, is biologically active and has been associated
with damaging effects in the lung. For example, hyperoxia over
an extended period of time has been shown to cause inflamma-
tory changes and to possibly increase airway smooth muscle
force in vitro in newborn rats (15). On the other hand, H has
been shown not to change in mice over 24 hours of hyperoxia
(16), and short-term hyperoxia does not seem to affect the
bronchial response to methacholine in humans (17, 18). This
would seem to suggest that there were no significant biological
effects arising from the short time (~ 10 min) that the animals
in the present study were exposed to hyperoxia.

Nevertheless, pure O, did exert a curious and unexpected
influence on our results. Figures 5A and 6 A show that the degree
of airway closure elicited in the allergically inflamed mice was
greater when the animals were ventilated with air than when
their lungs were filled with pure O,. It is difficult to imagine that
this could reflect differences in methacholine delivery due to
differences in the physical properties of the carrier gas, because
air is only about 6% denser than pure O,. The differences in
the H response seen in Figures SA and 6A were therefore likely
due to a biological effect. One such possibility is that O, could
have altered responsiveness through its effects on perfusion (19),
as it has been suggested (20) that the major clearance mechanism
of an inhaled agonist is removal by the local circulation. Thus,
if O, reduced the degree of hypoxemia expected to occur with
bronchoconstriction, this could have prevented the reduction in
pulmonary blood flow that would normally occur (21). This
would, in turn, have increased the clearance of methacholine
and so reduced its accumulation around the airway smooth
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Control -0,

muscle over the 40-second delivery period we used in the present
study. O, may also have caused the release of a pharmacody-
namically active substance such as NO, which is a well-known
smooth muscle relaxant factor (22). For example, it has been
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Figure 5. (A) Mean values of repiratory elastance (H) versus time for
the Inflamed-Air mice (n = 5, solid symbols) and Control-Air mice (n = 5,
open symbols). H that reflects tissue stiffness was determined from
measurements of respiratory input impedance (Z,). Two consecutive
deep inflations (pressure limit, 25 cm H,O) were delivered before the
first two measurements of H. Methacholine was then delivered as 20
slow deep breaths over 40 seconds. H was significantly elevated in the
Inflamed-Air mice versus Control-Air mice (p < 0.001). (B) Lung volume
(Vtg) values were determined post mortem from micro-computed
tomography scans. There was no significant difference between Vtg
measured in Inflamed-Air mice and Control-Air mice challenged with
methacholine. Error bars indicate SEM. All measurements were obtained
at positive end-expiratory pressure of 3 cm H,0.
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Figure 4. Representative iso-
surface renderings of lungs
from a Control-O, mouse (A)
and an Inflamed-O, mouse (B).
The lungs are visualized from
the dorsal side.

shown in sheep that ventilating the lungs with pure O, leads to
release of NO, possibly from the epithelium, in quantities large
enough to affect smooth muscle contractility in the adjoining
pulmonary vasculature (23). In any case, the differences in re-
sponsiveness we found when ventilating with pure O, versus air
mean that we cannot compare values of H and Vtg between the
groups ventilated with the different gases.

Our finding of the preeminent role of airway closure as one
mechanism for AHR in allergic mice raises the question of how
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O, mice. Error bars indicate SEM. All measurements were obtained at
a positive end-expiratory pressure of 3 cm H,0.
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relevant airway closure is to the AHR of human asthma. In fact,
there is substantial evidence to support the importance of closure
in humans. Positron emission tomography has revealed that
bronchoconstricted patients with asthma have large ventilation
defects in their lungs that, in some cases, receive less than 0.5%
of the mean lung ventilation (24). Single-photon emission CT
with inhaled Technegas has shown that, even though airway
closure appears to be a normal feature in a healthy lung, the
pattern by which closure occurs is altered in subjects with asthma
(11). Tt has also recently been shown that humans with asthma
challenged with methacholine have clusters of underventilated
alveoli adjacent to normally ventilated areas, and that this pat-
tern can be understood in terms of self-organized clusters of
small airway closures (10). Similarly, a correlation has been
reported between the amount of air trapped in the lungs and
the reversibility of small airway constriction (25), again sug-
gesting that it is the small airways that close during bronchocon-
striction in human lungs. Thus, there is strong evidence to suggest
that enhanced airway closure is a significant feature of the aller-
gically inflamed lung in mice and humans alike. From a therapeu-
tic point of view, the potential for pure O, to lead to absorption
atelectasis suggests that O, administration to individuals in status
asthmaticus, a common practice in the emergency room, might
worsen existing lung collapse. On the other hand, patients pre-
senting in acute distress have presumably already experienced
their major bronchoconstrictive episode so, provided further
bronchospasm and airway closure is not forthcoming, filling the
accessible portions of the lung with O, may not be problematic.

We must consider the methodologic limitations of our study.
One key point is that the impedance parameter H gives a func-
tional measure of the stiffness of the lung, yet we used it to infer
the extent of lung derecruitment. This is only valid if the intrinsic
mechanical properties of the tissues do not change significantly
with the interventions we applied. We cannot rule this out, partic-
ularly because the tissue distortion induced by narrowing of
airways has been shown in other species to cause a change in
intrinsic tissue stiffness (26, 27). On the other hand, these effects
appear to be minimal in the rat (28). The lack of bronchial
circulation in mice and rats may explain why intrinsic tissue
stiffness after intravenous methacholine does not increase in
these species but does increase in dogs. Another important point
is that micro-CT images can only show the presence or absence
of gas within a given lung region, so we cannot discriminate
between alveolar flooding and atelectasis on the basis of the
micro-CT images alone. However, alveolar flooding should not
lead to absorption atelectasis after O, ventilation because there
would be no open alveolar space for O, to collect for subsequent
absorption by the capillary blood, yet Figures 5 and 6 clearly
indicate that absorption atelectasis took place in the Inflamed-
O, mice. Furthermore, the methacholine-induced increase in H
was fully reversible with a deep inflation, which again would not
be expected if alveolar flooding played a significant role in the
lung derecruitment (1).

We also assumed that we could obtain an accurate measure
of Vtg by integrating the air in the voxels within the lung fields
of the micro-CT images. We have previously shown that lung
volumes obtained with an independent plethysmographic tech-
nique in vivo correlate well with Vtg obtained by micro-CT (29).
Nevertheless, a fundamental requirement for CT imaging of any
kind is that the subject remains still throughout the scan, which
in our study took about 80 minutes. We achieved this by killing
the animals and then waiting for 45 to 60 minutes for them
to stiffen before being placed in the micro-CT scanner. This
introduced a substantial time delay between the in vivo assess-
ment of H and the post mortem measurement of Vtg. We at-
tempted to prevent changes taking place in Vtg between these

two measurements by filling the lungs with an inert gas, N,, to
prevent further absorption of gas by any blood remaining in the
lungs after death. Even so, we cannot be sure that Vtg at the time
of H measurement was the same as that when it was measured
by micro-CT, even though our results make this look like a
reasonable assumption.

In summary, we used micro-CT and the phenomenon of ab-
sorption atelectasis to produce visible evidence of airway closure
after bronchoconstriction in mice. In allergically inflamed mice,
the amount of lung derecruited through airway closure corre-
sponded closely to the elevation in lung stiffness measured using
the forced oscillation technique. These findings provide inde-
pendent support for the hypothesis that AHR in allergically
inflamed BALB/c mice reflects an accentuated degree of closure
of small airways. Finally, an interesting corollary of these find-
ings is that they cause us to question our use of the term AHR
itself. For many, AHR implies an abnormality in the active
response of the airways. Our results show, however, that if we
want AHR to mean an abnormal response in lung function to
bronchial challenge in general, we will have to broaden its range
of applicability to include alterations related to virtually any
alteration in the biophysical properties of the lung.
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Methods

Animals. We studied female BALB/c mice (n = 20) aged 6 — 8 weeks. The animals were
sensitized by two intraperitoneal injections of ovalbumin in alum, spaced 14 days apart.
On the 21%, 22™ and 23" day they were challenged by being placed in a closed chamber
and exposed to ovalbumin aerosol for 30 min (1% in phosphate-buffered saline). Control
animals were sensitized as described above but received only inhaled saline aerosol. The
Institutional Animal Care and Use Committee of the University of Vermont approved the

experiments.

Animal preparation. On day 25 the mice were anesthetized, tracheostomized and
connected to a small animal ventilator (flexiVent, SCIREQ, Montreal, Canada), as
previously described [E1]. The mice were paralyzed with intraperitoneal pancuronium
bromide 0.08 pg/kg at this time. Depth of anesthesia was monitored with

electrocardiogram (ECG).

Experimental groups: We studied 4 groups of mice (n = 5 per group). The first group
was challenged with inhaled Ova and ventilated with 100% O, (Inflamed-O,). The
second group was exposed to control saline inhalation and ventilated with 100% O
(Control-O;). The third group was similar to the Inflamed-O, group but was ventilated
with room air (Inflamed-Air). The fourth group was similar to the Control-O, group but
was ventilated with room air (Control-Air). The theory of absorption atelectasis is

explained in Fig E1.



Experimental protocol: Following one min of regular ventilation with room air or 100%
O,, depending on the group, at 180 breaths/min with a tidal volume of 0.25 ml (adjusted
for gas compression in the ventilator cylinder and connecting tubing the delivered volume
was about 0.19 ml) at a positive end-expiratory pressure (PEEP) of 3 cmH,0, a standard
lung volume history was established by delivering two deep sighs to a pressure limit of
25 emH,0. Next, two baseline measurements of respiratory input impedance (Z,s) were
obtained (see below). This was followed by an inhalation of either aerosolized
methacholine (12.5 mg/ml) or control saline for 40 s by directing the inspiratory flow
from the ventilator through the aerosolization chamber of an ultrasonic nebulizer
(Mystique™, AirSep, Buffalo, NY) while the animals were ventilated at 30 breaths/min
with a tidal volume of about 0.4 ml. At the end of the challenge, regular ventilation was
resumed. Z, was then measured every 10 s for 3 minutes and thereafter every minute for
another 7 minutes. Each measurement was made by interrupting the ventilation fora 1 s
passive expiration followed by a custom made 2 s broad-band (1 — 20.5 Hz) volume
perturbation delivered by the ventilator to the lungs while the airway opening pressure
was recorded. The peak-to-peak excursion of the ventilator piston during the
administration of the perturbations was 0.17 ml, resulting in a volume delivered to the
lungs of about 0.14 ml when adjusted for gas compression in the connecting tubing and
the ventilator cylinder. At the end of the experiment the mice were euthanized with an
overdose of sodium pentobarbital. Next, the mice were ventilated with 100% N, for
about 3 min. When death had been confirmed by ECG the trachea was tied off after
exhalation against a PEEP of 3 cmH,O. We then removed the cannula and waited for

about 45 — 60 min for the mouse to stiffen in order to prevent motion artifacts during



subsequent imaging in a micro-computed tomography (micro-CT) scanner (see below).
A separate group of sensitized mice was studied using the same protocol but these
animals were ventilated with regular air during the methacholine challenge and then

inflated with N, for micro-CT scanning.

Determination of input impedance: We fitted a single compartment model of the
respiratory system to the measured Z,,. The model consists of an airway connected to a
constant-phase tissue impedance, Eq. 1, [E2]

G-iH
@)

Z,(f)=Ry +i2A1,, + (1)

where Ry is the frequency independent Newtonian resistance largely reflecting that of the
conducting airways and any Newtonian component of the tissue, /,, is airway gas
inertance, G characterizes tissue resistance, and H characterizes tissue stiffness [E2, E3].
We invoked the normalization scheme of Ito, et al [E4] to express G and H in the same
units as Ry (cmH,O.sec.ml™) without changing their numerical values. H is thus
numerically equivalent to conventional respiratory system elastance at a frequency of

1/2n=0.16 Hz. Accordingly, we took H as a measure of elastance in the present study.

Gases: We ventilated the mice with either regular room air or 100% O,. O, was
collected from a gas tank into a Kevlar balloon which was then connected to the in-port
of the ventilator. N, was generated from liquid N, into another Kevlar balloon which
also was connected to the in-port of the ventilator at the appropriate time during the
experiment (see above). Using Kevlar balloons made it possible to supply these gases to

the ventilator at atmospheric pressure.



Micro-computed tomography

The euthanized mouse was placed in a GE Medical Systems eXplore LOCUS Laboratory
volumetric cone-beam micro-CT scanner and scanned at 80 kVp, 450 mAs, for 80 min.
Volumes were reconstructed from the scan data at a resolution of 0.047 mm per voxel

side.

Lung volumes: Lung volumes (Vr1g) were calculated using Microview visualization
software, version 1.2.0-b2 (GE HealthCare, London, ON, Canada). Two-dimensional
Regions of Interest (2D ROIs) were created on approximately 10 cross-sectional images
selected from a range of slices between the middle of the trachea and the base of the
lungs. The 2D ROIs were defined by freehand contours drawn to closely surround the
lungs and trachea so that all extrathoracic gas (e.g. bowel gas immediately below the
diaphragm and ambient air outside the body) was excluded. 2D ROIs were then
automatically created for all cross-sections by linear interpolation between the manually
drawn contours, and 3D ROIs were subsequently generated by stacking each set of 2D
regions. Frequency histograms of Hounsfield Units (HU) were calculated for the voxels
contained within each 3D ROI. The frequencies of the HUs between -1000 and 0
(corresponding to N, and water, respectively) were then converted to fraction of gas by
multiplying each frequency by its HU and then dividing by -1000. These fractions were
then summed and multiplied by the voxel volume of 1.038 x 107 ml to yield an estimate

for Vrg.

Lung density: HU histograms for HU values between -1000 and -200 were generated for

the voxels contained within ROIs defined by the area enclosed by the ribcage from mid-



trachea to diaphragm as described previously [E5]. The peak HU value (HU,,,x) was

determined for each histogram.

Maximum Intensity Projection (MIP) Images: MIP images were generated from inverted
image data, where the maximum intensities represent gas (N, in this case). The MIP
image is produced by casting parallel rays through the image along the Z-axis. Each
pixel in the MIP image thus represents the maximum intensity value found along the
corresponding ray cast through the original image, which in this case corresponds to the

least dense voxel along the line of the ray.

Iso-surface renderings: lIso-surface renderings of the lung were created using an
algorithm in the Microview software that draws a 3D surface over all voxels having
grayscale values at or above a given threshold. Image data were inverted so that the
upper limit of the grayscale range represented the lowest X-ray attenuation. A threshold
value corresponding to approximately -500 HU in non-inverted data was selected so that
the spaces enclosed by the surface were considered to be occupied by at least 50% air.
The resulting iso-surface rendering thus constituted a virtual cast of the air contained

within the airways and parenchyma.

Histological analysis: When the micro-CT scan was completed, the chest was opened
and the lungs and heart excised in tofo. The trachea was re-cannulated and the lungs
inflated to 30 cmH,O by intra-tracheal instillation of 10% neutral buffered formalin
(Accustain, Sigma Aldrich). The trachea was tied off and the lungs were immersed in the
same buffer overnight and then soaked in 70% ethanol. The lung was then embedded in

paraffin and cut with a microtome at 10 pm and mounted on glass slides, and stained with



hematoxylin and eosin (H&E stain). The slides were masked, and then read and scored
independently by two experienced technicians, not otherwise involved in the study. The
slides received a score of 0, 1, 2 or 3, where 0 corresponded to no inflammation and 3 the

most inflammation and then the average score for each animal was calculated.

Statistics: Data are presented as means + SEM. H data were compared using one-way
ANOVA. Peak HU,,x values and Vg were compared using Student’s T-test. P values

less than 0.05 were taken as significant.
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Figure legends

Figure E1

Drawing showing the principle of absorption atelectasis. For simplicity two regions of the
lung is shown.

A. The lungs are ventilated with 100% O.

B. Methacholine (Mch) is administered as an inhaled aerosol to the airways. Airway O,
trapped behind closed airways (X) will be absorbed by the blood, causing atelectasis to
develop.

C. Post euthanasia the O, is replaced by inert N, to prevent further change in lung volume
and atelectasis. N, will fill the open lung (hatched) while the atelectatic portion will stay
closed (solid black). The volume of the N filled regions can now be quantified with

micro-CT scanning.

Derecruitment of the lung does lead to an increase in stiffness. Eliminating a certain
fraction of the lung means that the remaining fraction must now receive the entire volume
of gas that was previously distributed between it and the eliminated fraction. If the
intrinsic mechanical properties of the lung parenchyma remain unchanged, this means
that the pressures generated by over-distending the remaining lung fraction are
commensurately higher. Since lung stiffness is the ratio of the (higher) distending
pressure to the (constant) applied volume change, loss of lung by derecruitment must

cause apparent stiffness to increase.



Figure E2

Mean values of Ry and G vs time for the Inflamed-Air mice (n = 5, solid symbols) and
Control-Air mice (n = 5, open symbols). G that reflects tissue resistance and Ry that
reflects the resistance of the conducting airways were determined from measurements of
Zrs. Two consecutive deep inflations (pressure limit 25 cmH,0) were delivered prior to
the first two measurements. Methacholine was then delivered as 20 slow deep breaths
over 40 sec (arrow). Ry was significantly elevated in the Inflamed-Air mice (solid
squares) vs Control-Air mice (open squares) (p< 0.001). G was also significantly

elevated in the Inflamed-Air mice vs Control-Air (p<0.001).

Figure E3

Mean values of Ry and G vs time for the Inflamed-O, mice (n = 5, solid symbols) and
Control-Air mice (n = 5, open symbols). G that reflects tissue resistance and Ry that
reflects the resistance of the conducting airways were determined from measurements of
Zrs. Two consecutive deep inflations (pressure limit 25 cmH,0) were delivered prior to
the first two measurements. Methacholine was then delivered as 20 slow deep breaths
over 40 sec (arrow). Ry was significantly elevated in the Inflamed- O, mice (solid
squares) vs Control- O, mice (open squares) (p< 0.05). G was also significantly elevated

in the Inflamed- O, mice vs Control- O, (p<0.001).
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