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Rationale: Airways hyperresponsiveness (AHR) is a hallmark feature
of asthma, and can be caused by various disparate mechanisms. Mouse
models of AHR have been useful for studying these mechanisms in
isolation, but such models still typically do not exhibit the same de-
gree of AHR as seen in severe human asthma. We hypothesized that
moresevereAHRinmicecouldbeachievedbyimbuingthemwithmore
than one mechanism of AHR.
Objectives: We sought to determine if the airway wall thickening ac-
companying allergic inflammation and the exaggerated smooth mus-
cle shortening induced by intratracheal cationic protein could act
together to produce a severe form of AHR.
Methods: We used the forced oscillation technique to measure meth-
acholine responsiveness in BALB/cmice thathadbeensensitizedand
challenged with ovalbumin followed by an intratracheal instillation
of poly-L-lysine.
Measurements and Main Results: We found that both ovalbumin and
poly-L-lysine treatment alone caused moderate levels of AHR. When
thetwotreatmentswerecombined,however, theysynergized interms
of their effect on lung stiffness to an extent that could even be fatal,
reflecting a significantly enhanced level of airway closure.
Conclusions: Our results suggest that mechanistic synergy between
airway wall thickening and exaggerated smooth muscle shortening
produces a more germane mouse model of asthma that may have
particular relevance to the pathophysiology of the acute severe
asthma exacerbation.
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Asthma has been increasing in prevalence over the past 20 years
(1), and in particular has been associated with increased hospital
visits and death (1, 2). A cardinal feature of asthma is airway
hyperresponsiveness (AHR), defined as an abnormally large decre-
ment in lung mechanical function after challenge with a smooth
muscle agonist. The genesis of AHR remains controversial, in
part because it can be caused by very different factors (3–5), in-
cluding abnormalities in the smooth muscle that surrounds the
airways (6–8) and reductions in the various mechanical loads that
normally oppose smooth muscle shortening (9, 10). These dif-
ferent factors almost certainly play varied roles in different
individuals with asthma, contributing to the characterization of
asthma as a complex disease.

Current asthma research focuses on mouse models of allergic
airway inflammation because of the important role of immu-

nology in asthma pathogenesis (11), and because the mouse
presents a number of practical advantages compared with other
species (12). Although the allergic mouse is hyperresponsive to
methacholine challenge, the AHR it exhibits is not as extreme
as that seen in the more severe forms of human asthma (11, 13).
Furthermore, we have shown that the AHR in allergically inflamed
BALB/c mice appears to be due almost entirely to enhanced
closure of small airways caused by a physically thickened and
more secretion-laden airway epithelium (14). These represent
only a subset of the mechanisms potentially responsible for AHR
in humans with asthma. Another candidate for the prime abnor-
mality in asthma is exaggerated contractility of airway smooth
muscle (15), which can also be modeled in animals. We have
shown, for example, that mice become hypersensitive to meth-
acholine after intratracheal administration of poly-L-lysine (PLL),
which mimics the cationic protein of inflammatory cells (16).

The mouse has thus clearly been useful for studying in-
dividual mechanisms behind AHR (14, 16–18). Nevertheless,
doubts have been expressed about the validity of using mice to
model asthma itself (11). These doubts may have arisen because
a focus on individual mechanisms of AHR does not address the
fact that multiple mechanisms are likely operative in human pa-
tients with asthma who are typically both hyperresponsive and
hypersensitive to methachline challenge (4). Our goal in the pres-
ent study was therefore to investigate the notion that an ef-
fective mouse model of asthma should exhibit more than one
mechanism of AHR. Accordingly, we sought to develop a more
germane mouse model of asthma by combining the airway wall
thickening that accompanies allergic lung inflammation with the
exaggerated smooth muscle shortening induced by intratracheal
cationic protein. Some of the results of this study have been pub-
lished in abstract form (19, 20).

METHODS

Experiment Groups

Female mice were obtained from Jackson Laboratories (Bar Harbor,
ME) at approximately 8 weeks of age. We studied four groups of mice
(n 5 5–9 per group) from each of the BALB/c, A/J, and C57BL/6
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strains. The groups were as follows: (1) naive, (2) Ova (sensitized and
challenged with ovalbumin [Ova] to induce an acute allergic inflam-
mation), (3) PLL (treated with an intratracheal instillation of the
cationic protein PLL), and (4) PLL1Ova (both allergically inflamed
and treated with PLL). Our studies conformed to the National Re-
search Council Guide for the Care and Use of Laboratory Animals, and
were approved by the Institutional Animal Care and Use Committee of
the University of Vermont.

Experimental Protocol

The anesthetized, tracheostomized mice were connected to a computer-
controlled small-animal mechanical ventilator (flexiVent; SCIREQ,
Montreal, PQ, Canada) for mechanical ventilation at 200 breaths/minute
and a tidal volume of 0.2 ml against a positive end-expiratory pressure
(PEEP) of 3 cm H2O. The animals were paralyzed with an intraper-
itoneal injection of pancuronium bromide (0.08 mg/kg). The experi-
mental protocol began with the delivery of a deep breath to an airway
pressure limit of 25 cm H2O. Approximately 1 minute later, the ani-
mals were exposed to methacholine aerosol at a concentration of 1.25
mg/ml for 40 seconds by directing the inspiratory line of the ventilator
circuit through the aerosolization chamber of an ultrasonic nebulizer
(Mystique; Airsep Corp., Buffalo, NY) while the animals were venti-
lated at 30 breaths/minute with a tidal volume of approximately 0.4 ml.
At the end of the 40-second challenge, the nebulizer was immediately
taken out of the inspiratory circuit and mechanical ventilation was
resumed at 200 breaths/minute with a tidal volume of 0.2 ml. Every 10
seconds for the following 5 minutes, ventilation was interrupted to
allow a 1-second passive expiration against the applied level of PEEP
of 3 cm H2O. This was followed by the application of a 2-second vol-
ume perturbation to the lungs while the pressure required to generate
the perturbations was measured (13, 21). The volume perturbation con-
sisted of the superposition of 12 sinusoidal components having fre-
quencies from 1 to 19.625 Hz with random phases and amplitudes that
were scaled inversely with frequency. The phase of the perturbation
was adjusted so that lung volume changed above the volume set by
PEEP. The entire procedure, beginning with the two deep breaths, was
then repeated using increasing methacholine concentrations of 3.125,
12.5, and 50.0 mg/ml.

At the end of the protocol, a lung lavage was performed by instilling
1 ml of phosphate-buffered saline containing 3.2% sodium citrate into
the trachea with a syringe and then withdrawing it again (withdrawn
volume, z0.8 ml). The lavage fluid was stored on ice for later analysis
of cell counts, and the mice were killed with an overdose of sodium
pentobarbital followed by opening of the thoracic cavity.

Measurement of Respiratory Mechanical Impedance

The pressure and flow data obtained during application of each volume
perturbation were used to calculate a complex input impedance of the
respiratory system (Zrs) (21), which was then fit to the equation of a
lung model consisting of a single airway serving a constant-phase vis-
coelastic tissue unit. This provided values for the parameters R, G, and
H of the constant-phase model of Zrs. R is a measure of the flow re-
sistance of the conducting pulmonary airways (13), G reflects viscous
dissipation of energy in the respiratory tissues (tissue resistance), H re-
flects elastic energy storage in the tissues (tissue stiffness) (22). We thus
obtained a time course of the parameters R, G, and H for the 5 minutes
after bronchial challenge in the mice.

Computational Model of the Mouse Lung

As an aid to data interpretation, we simulated our experiments using
a computational model of the mouse lung. This enabled us to pursue what
has come to be called in silico experimentation, allowing us to test
hypotheses in a way that would not have been possible in vivo. To
simulate the enhanced smooth muscle shortening occurring in the PLL
group, the airways of the model were forced to follow a fractional nar-
rowing profile that caused the simulated and experimental time courses
of R to match. To simulate the effects of antigen treatment in the Ova
group, an 18-mm-thick lining was added to all airways in the model to
represent epithelial thickening, and the critical threshold radius at which
airways close was increased from 38 to 45 mm to simulate the effect of
increased airway secretions. PLL and Ova treatments together were
simulated by combining the above features in a single simulation.

Statistics

Comparisons of cell counts (Table 1) and impedance parameter values
between groups of mice at individual methacholine concentrations (Fig-
ure 1) were made by unpaired t test using the Origin software package
(OriginLab Corp., Northampton, MA). Statistical significance was taken
as P , 0.05.

Further details of methods used are provided in the online supplement.

RESULTS

Synergistic Effects of Cationic Protein Treatment and

Allergic Inflammation

In our initial experiments, five BALB/c mice were subjected to
sensitization and challenge with the foreign protein Ova using
the protocol of our previous study (14). On the day of the ex-
periment, the animals were anesthetized, tracheostomized, con-
nected to the mechanical ventilator, and then given the same
intratracheal dose of PLL as we used previously (16). Thirty min-
utes later, we began a standard methacholine challenge procedure.
However, we were unable to measure airway responsiveness
because all the mice died immediately after challenge with the
first dose (3.125 mg/ml) of methacholine aerosol, presumably
due to the severity of the bronchoconstriction that was induced
(Figure 1).

To avoid having the mice die prematurely, we reduced the
severity of the injury by lowering the dose of PLL to 33 mg from
the 100 mg that we administered in our original experiments (16).
The antigen sensitization and challenge protocol remained the
same as before (see METHODS), and inflammation was confirmed
by increased cell counts in bronchoalveolar lavage fluid obtained
from the mice at the end of the experiment (Table 1). Using this
preparation, we were able to challenge the mice with aerosols of
methacholine up to a concentration of 50 mg/ml, which allowed
them to survive through the entire experiment. Figure 1 shows
dose–response relationships for airway resistance (R) and tissue
stiffness (H) obtained from measurements of input impedance
(see METHODS) after sequential challenges with increasing doses
of methacholine aerosol in the following four groups of BALB/c
mice: (1) naive, (2) PLL, (3) Ova, and (4) PLL1Ova. R was
elevated in the mice that received PLL, relative to control, likely
due to enhanced smooth muscle shortening (16). H was elevated
in the Ova group at the highest dose, likely due to enhanced air-
way closure (14). The key novel observation of the present study
was that H was substantially elevated in the PLL1Ova group
compared with either the PLL or Ova groups. This indicates that
cationic protein and antigen treatments act together to signifi-
cantly increase the amount of peripheral airway closure that oc-
curs compared with either treatment alone. Somewhat curiously,
the response in R in the PLL1Ova group was slightly smaller than
in the PLL group.

TABLE 1. TOTAL CELL COUNTS IN BRONCHOALVEOLAR
LAVAGE FLUID

Experimental Group

Mouse Strain Naive PLL Ova PLL1Ova

BALB/c 69 6 12 78 6 11 449 6 104* 338 6 78*

A/J 50 6 7 38 6 5 386 6 96* 343 6 129*

C57BL/6 53 6 7 81 6 26 134 6 32* 178 6 39*

Definition of abbreviations: Ova 5 ovalbumin; PLL 5 poly-L-lysine.

Values are mean 6 SE. Cells counts are quoted in thousands of cells per

milliliter of lavage fluid.

* Statistically significantly different (unpaired t test, P , 0.05) from naive group

of the same strain.
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Computational Modeling of Mouse Lung Mechanics during

Methacholine Challenge

To understand this synergistic phenomenon on a quantitative
basis, we used an anatomically based computational model of the
mouse lung (see METHODS) to simulate the time courses of R, H,
and tissue damping (G) after each dose of methacholine. First, we
set the parameters of the computational model to correspond to
a normal BALB/c mouse. We made the airways in the model
follow a time course of fractional narrowing that forced its
prediction of R to follow the experimental measurements. Also,
the radii of all airways in the model were monitored continuously
throughout the simulation, and any airway that achieved a radius
of 38 mm or less was immediately closed for the rest of the
simulation. The resulting model predictions of time courses for
G and H closely matched those found experimentally (Figure 2,
top left), just as we found in previous studies (14, 16). Next, we
forced the same model to follow the elevated R response of the
PLL group, which required somewhat greater degrees of frac-
tional airway narrowing at each dose of methacholine. Again, the
corresponding time courses for G and H matched the experimen-
tal data (Figure 2, top right).

To accurately simulate the behavior of the Ova group, we
had to make two changes to the model as per our previous study

(14). The first change was to add a lining to the inside of all the
airways to represent a physically thickened epithelium, so that
more airways reached the critical closure radius at some point
during the simulation. The second change was to increase the
critical radius itself from 38 to 45 mm, to represent an increased
propensity for airway closure due to increased airway secre-
tions. Forcing this modified model to follow the time course of
R in the Ova group required less smooth muscle shortening than
for the naive and PLL simulations (see METHODS), but still gave
accurate predictions of the corresponding time courses of G and
H (Figure 2, bottom left).

Finally, we applied the modified model to the PLL1Ova
data by again forcing it to match the measured R time course.
This required a somewhat greater degree of airway narrowing
because the peak responses in R were elevated compared with
the naive group. Our most important result is that the predicted
elevations in the G and H responses were sufficient to match
those measured experimentally (Figure 2, bottom right). As-
suming that PLL did not itself affect wall thickness in the Ova-
treated mice, these simulations show that we can account for
the methacholine responsiveness of the PLL1Ova group as
being due to the combined effects of the individual mechanisms
present in the PLL and Ova groups—namely, increased airway
smooth muscle shortening, wall thickening, and secretions.

Our ability to predict lung responsiveness in the presence of
allergic inflammation and low-dose cationic protein treatment,
both individually and in combination, caused us to wonder if
the computational model would also predict the kind of extreme
bronchoconstriction we believe was responsible for the deaths of
the mice that received 100 mg of PLL. We therefore forced the
model of the allergically inflamed mouse (with thickened airway
walls and increased closure radius) to follow the time course of R
measured in our previous study (16) of normal BALB/c mice that
had been treated with 100 mg of PLL and challenged with 12.5 mg/
ml methacholine aerosol. Figure 3 shows the predicted time
courses of R, G, and H, all of which are highly variable (note the
large error bars) and greatly elevated compared with the simu-
lations of control mice (14) or of mice that were either allergically
inflamed (14) or received cationic protein treated alone (16).
Furthermore, the elevation is most pronounced in H (Figure 3,
bottom panel), which rises more than 10-fold above its baseline
(premethacholine) value. Most of this rise in H is caused by
closure of small airways, and corresponds to the derecruitment of
more than 90% of the lung. If this were to actually happen in a real
lung, it would presumably be functionally catastrophic and might
explain the sudden deaths we observed in vivo. The computa-
tional model thus predicts that allergic inflammation and cationic
protein treatment have a strongly synergistic effect on airway
responsiveness to methacholine.

Effects of Mouse Strain

To establish the generality of our results, we repeated our ex-
periments in two other strains of mice, the A/J because it is in-
nately hyperresponsive to methacholine (18, 23) and the C57BL/6
because it is widely used in the generation of genetically manip-
ulated mice. To quantitate the synergistic effects of cationic pro-
tein and antigen treatment, we calculated the mean elevations in
R, G, and H, after each dose of methacholine as fractions of their
respective baseline values measured before any of the challenges
were given. We then calculated, for each parameter and each
mouse strain, the ratio of the fractional elevation in the PLL1Ova
group to the sum of the elevations in the PLL and Ova groups. A
ratio greater than 1 indicates that combining cationic protein and
antigen treatments causes a degree of hyperresponsiveness that
is greater than the sum of the two conditions alone, meaning that

Figure 1. Methacholine dose–response relationships for airway re-

sistance (R) and tissue stiffness (H) for the four groups of BALB/c mice.

R is the peak value observed following each challenge. H is the final
plateau value observed 5 minutes after each challenge. Allergically

inflamed mice treated with 100 mg poly-L-lysine (PLL) died almost

immediately after being challenged with the lowest dose of methacho-

line. Mice treated with the lower dose of 30 mg PLL, either alone or in
combination with ovalbumin (Ova) sensitization and challenge, sur-

vived challenge with all doses of methacholine. The values of R in the

PLL (30 mg)1Ova group were significantly greater (P , 0.05, unpaired

t test) than their respective values in each of the naive, PLL, and Ova
groups, with the exception of the Ova group at baseline and 3.125 mg/

ml methacholine. The values of H in the PLL1Ova group were sig-

nificantly greater than those in the other three groups at all methacholine
concentrations.
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they act together in a synergistic fashion. Figure 4 shows the mean
ratios (termed ‘‘synergy’’) obtained from the four methacholine
challenges. The synergy for R is significantly less than 1 in all three
strains, whereas synergy for both G and H is greater than 1 and
significantly greater than synergy for R in the BALB/c and A/J
mice (Figure 4). This means that if the effects of cationic protein
and antigen treatment had been additive in R, they would have
caused synergy in G and H to be substantially greater than unity.
Interestingly, the ratios for R, G, and H are all similar and well
below 1 in the C57/BL6 mice (Figure 4); although this strain did
mount an inflammatory reaction against antigen (Table 1), the
reaction did not manifest as an increased propensity of the air-
ways to close during bronchoconstriction.

DISCUSSION

The major result of the present study is that allergic inflamma-
tion and intratracheal cationic protein together produce a re-
sponse to methacholine in mice that is substantially greater than
either treatment alone. In particular, in two of the mouse strains

we studied, the plateau response in H after both Ova and PLL
treatment was more than the sum of the responses after either
treatment alone (Figures 1 and 4). We interpret the plateau re-
sponse in H as largely reflecting derecruitment of lung units due
to closure of small airways. This interpretation is based on sev-
eral lines of evidence. First, we have shown previously using our
computational model that, when airways narrow down to a crit-
ical radius, they must be immediately and irreversibly closed to
simulate the simultaneous changes in R, G, and H seen after
challenge with methacholine aerosol (14). Furthermore, it has
been found by several groups of investigators that the ratio G/H,
known as hysteresivity, always increases during bronchocon-
striction, a situation in which the lung becomes mechanically
heterogeneous. However, it has also been shown both numer-
ically (24) and analytically (25) that an increase in hysteresivity
is only expected when heterogeneities are not too extreme. If
some airways are allowed to become arbitrarily narrow, leading
to extreme differences in regional time constants throughout the
lung, then hysteresivity should start to decrease again. The fact
that this is not observed experimentally indicates that airways

Figure 2. Experimental measurements (open

circles, mean 6 SE) of the time courses of im-
pedance parameters R, G, and H after increasing

doses of methacholine aerosol in four groups of

BALB/c mice. The solid lines show the corre-

sponding predictions of the three parameters
obtained using an anatomically based compu-

tational model of the mouse lung. The vertical

arrows along the bottom indicate the start times

of 40-second exposures to methacholine at the
indicated concentrations. Deep inflations of the

lung to a pressure limit of 25 cm H2O were

given before each exposure. Ova 5 ovalbumin;
PLL 5 poly-L-lysine.
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can only narrow to a certain extent, after which they snap shut
altogether, presumably due to the sudden formation of liquid
bridges across the lumen (26). We have also exploited the phe-
nomenon of absorption atelectasis to obtain direct evidence that
closure of small airways occurs during bronchoconstriction (18, 27).

Our present results thus indicate that PLL and Ova together
have a synergistic effect on the amount of airway closure that
persists after the induction of bronchoconstriction. Furthermore,
the strength of this synergy depends on the dose of intratracheal
PLL that is administered before methacholine challenge. That is,
although synergy was clearly evident when 33 mg PLL was in-
stilled, the H response was only just greater than the sum of the
responses to Ova and PLL alone (Figure 4), and the mice easily

recovered from the effects of an entire methacholine challenge
protocol (Figure 1). By contrast, when we instilled three times the
dose of PLL, the allergically inflamed mice died immediately
after challenge with the lowest dose of methacholine.

We explain the above synergy as arising from the combined
effects of the increased airway secretions and wall thickness
accompanying allergic inflammation and the increased smooth
muscle shortening caused by cationic protein. Support for this
explanation is provided by our computational model, which is
able to accurately reproduce the principal features of R, G, and H
after methacholine challenge in the four groups of BALB/c mice
we studied (Figure 2). The modeling of the data from the naive,
PLL, and Ova groups is exactly as we have already established in
previous studies (14, 16). The novel result shown in the present
study is that, when the model is simultaneously imbued with the
characteristics it needs to mimic the data from both the PLL
(Figure 2, top right) and Ova (Figure 2, bottom left) groups, it then
accurately captures the behavior of the PLL1Ova group (Figure
2, bottom right). Furthermore, when the model was made to
constrict to a greater extent, as appropriate for the higher dose of
100 mg PLL, it predicted that, on average, about 90% of the lung
would derecruit (Figure 3, bottom panel). The model also showed
substantial variability from one individual simulation to the next
(Figure 3), further emphasizing the mechanical instability of the
allergically inflamed lung that has been treated with a large dose
of intratracheal PLL.

The computational model is not, of course, a perfect repre-
sentation of the mouse lung. Indeed, despite its anatomic detail,
the model still contains what we know to be simplifying assump-
tions. For example, we assume that all airways narrow by the same
fractional amount during bronchoconstriction, whereas we know
that airway narrowing is heterogeneous (24, 28). We also ascribe
the Ova-induced radial thickening of the airway wall solely to
thickening of the epithelial layer, which we assume is the same for
all airways; yet, if thickening also involves expansion of the other
components of the wall, then it would be expected to increase
with the size of the airway. Our justification for making assump-
tions such as these is based on the notion that, although they might
change the details of the model simulations, the overall message
will remain the same because the global structure of the model is
anatomically realistic. Accordingly, we believe that the ability of

Figure 3. Computational model prediction of the effect of simultaneous

allergic inflammation and treatment with 100 mg intratracheal poly-L-
lysine (PLL) on airway responsiveness in BALB/c mice, compared with

either treatment separately and with untreated (naive) animals. R, G, and

H are the three parameters characterizing the input impedance, Z. The
data shown are mean 6 SE obtained from a Monte-Carlo simulation in

which the model was run 16 times, each time using a different random

sampling of the baseline airway diameters for the mouse tabulated by

Gomes and Bates (54) after modification so that the simulated Z
matched that measured in the BALB/c mouse (14). Ova 5 ovalbumin.

Figure 4. Measures of synergy between cationic protein and antigen
treatments. The mean elevations in R, G, and H after each dose of meth-

acholine were calculated as fractions of their respective baseline values

measured before any of the challenges were given. Synergy is the ratio of

the elevation in a parameter from the PLL1Ova group to the sum of the
elevations from the PLL and Ova groups. Ova 5 ovalbumin; PLL 5 poly-L-

lysine. *Significant difference compared with R in the same strain (un-

paired t test).
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the model to predict experimental results on the basis of putative
mechanisms shows, at the very least, that the mechanisms are bio-
logically plausible.

The considerable structural complexity of our computational
model is obviously key to its ability to credibly test hypotheses
about mechanisms of AHR in the mouse. By the same token,
however, this very complexity can be an impediment to intuitive
understanding of how the mechanisms actually operate, particu-
larly when they occur in combination. It is therefore worth con-
sidering a simplified explanation of the synergy between airway
wall thickening and smooth muscle shortening that, although
highly idealized, nevertheless captures the essential mechanisms
involved. Such a simplified interpretation is illustrated in Figure
5A, which shows a cylindrical airway surrounded by a uniform
layer of smooth muscle. Assuming laminar flow through this

airway, its resistance, Raw, is inversely related to the diameter of
its lumen. We allow for the possibility that Raw can increase
above its baseline value in two distinct ways: (1) by the circum-
ferential shortening of the smooth muscle (i.e., a response to
contractile stimulation) and (2) by the inward thickening of the
airway wall (i.e., inflammation of the bronchial mucosa). We
quantify these two mechanisms, respectively, in terms of (1) the
fraction by which the smooth muscle shortens and (2) the fraction
of the lumen radius occupied by expanded wall material. Both
fractions are 0 under baseline conditions. Full occlusion of the
airway lumen occurs when either fraction achieves a value of 1
while the other remains at 0. When both smooth muscle shorten-
ing and airway wall thickening increase together, however, full
occlusion of the lumen is achieved when both fractions reach only
a little over 0.3 (see the online supplement). This represents
a synergy between the two mechanisms—that is, the combined
effect of smooth muscle shortening and wall thickening on the
elevation of Raw is greater than the sum of their individual
effects. This is shown graphically in Figure 5B, from which it is
apparent that the strength of the synergy increases rapidly as
smooth muscle shortening and wall thickening themselves in-
crease. The synergistic mechanism just described is identical to
that operative in the airways of our anatomically based compu-
tational model of the mouse lung. The effects of this mechanism
are obviously most evident in the smaller airways because a given
amount of thickening causes the airway wall to impinge on the
lumen to a proportionately greater degree in smaller compared
with larger airways.

The above explanation is based on the supposition that there
is at least some overlap between those airways that become hy-
persensitive as a result of exposure to PLL and those that become
inflamed from the Ova treatment. We expect such an overlap to
exist in our PLL1Ova mice, even though the PLL, being instilled
via the trachea, might be expected to affect the central airways
predominately, because the Ova treatment leads to a generalized
inflammation of the entire lung. Nevertheless, a positive synergy
between the effects of cationic protein treatment and allergic
inflammation is not always observed for all parameters of Zrs. In
fact, synergy was negative for R in all three strains of mice (Figure
4), which we explain as follows. Cationic protein treatment is
believed to compromise the barrier function of the airway epi-
thelium, making the underlying smooth muscle more accessible
to agonist deposited in the airway lumen and thus increasing
methacholine sensitivity in R (16, 29). By contrast, we have re-
cently argued that the epithelial thickening caused by allergic
inflammation increases the physical barrier between the airway
lumen and the underlying smooth muscle (14), manifest as
a reduced and delayed peak response in R (Figure 2, lower left).
When cationic protein and antigen treatment are combined, the
magnitude of the resulting response in R represents a balance
between these two opposing effects, and for the data shown
in Figure 1 this balance tips in favor of an increased epithelial
barrier. Even so, synergy values for G and H were significantly
greater than synergy for R in both BALB/c and A/J strains,
exceeding unity (Figure 4). If we had used a dose of PLL that
caused synergy for R to reach a value of unity, the corresponding
synergy values for G and H would have been substantially higher,
possibly even to the point of compromising life support.

The synergistic amplification of AHR in the genetically hyper-
responsive A/J strain was similar to that in the BALB/c strain
(Figure 4). Although A/J mice mount a robust respond to aero-
sol methacholine challenge (23), the response is located more
centrally than in BALB/c mice (18). When this constriction is
superimposed on existing inflammation of the peripheral air-
ways, the net result is a similar degree of elevation of R, G, and
H. By contrast, the C57BL/6 strain showed no synergy at all

Figure 5. (A) Simple model of a single constricting airway. We con-

sider narrowing of this airway by two distinct mechanisms: (1) shorten-

ing of the airway smooth muscle by a factor a , 1 and (2) thickening of
the bronchial mucosa such that the airway lumen is reduced by the

same factor. (B) Airway resistance (relative to baseline) as a function

of smooth muscle shortening and wall thickening when either occurs

separately or both occur together (both effects are quantified by the
fraction a).
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(Figure 4) because the mice did not develop AHR after antigen
treatment despite clearly developing an inflammatory reaction
(Table 1). This implies that acute allergic inflammation in this
strain did not cause an increase in the thickness of the airway
epithelium, in agreement with the findings of others (30). Indeed,
Takeda and colleagues (30) observed that peribronchial inflam-
mation does not occur in C57BL/6 mice. In any case, the results
in Figure 4 show that the potential for synergistic closure of
airways in the lung during bronchoconstriction depends both on
the susceptibility for developing an inflammatory thickening of
the airway walls and on the intrinsic responsiveness of the air-
way smooth muscle.

The synergy we have identified may have important relevance
to acute exacerbations of asthma, which significantly influence
the morbidity, mortality, and health care costs associated with the
disease and may contribute to long-term functional consequences
(31, 32). The pathophysiology of asthma itself has been exten-
sively studied for decades (33–35), and is often considered to be
a dysfunction of the small peripheral airways (31, 36, 37). Even so,
the pathophysiology of the asthma exacerbation is still not well
understood, in part because it is difficult to study acutely ill pa-
tients. Nevertheless, several lines of evidence suggest that asthma
exacerbations involve large airways. Helium–oxygen mixtures
may acutely relieve the airflow limitation and dyspnea of an acute
asthma attack (38), presumably by reducing airflow turbulence in
large airways (38, 39). Also, patients with severe asthma appear to
benefit more from treatment with ipratropium bromide, which
acts on receptors localized to the large conducting airways (40),
and a preferential increase in smooth muscle mass in the large
airways distinguishes fatal from nonfatal asthma (41). Asthma
exacerbations may thus represent the acute narrowing of con-
ducting airways superimposed on a background of generalized
lung inflammation.

The nature of the asthma exacerbation thus appears to be
highly reminiscent of the situation we encountered in the mice of
the present study in which airway closure was a significant feature
of the response to bronchial challenge. Of course, the analogy
to the asthma exacerbation may be limited by differences in
structure between the mouse and human lungs. For example, the
human lung is known to have a significant amount of collateral
ventilation (42), which may reduce the functional importance
of airway closure relative to its role in mice. Also, even though
there is now compelling evidence from a variety of imaging stud-
ies (43–45) that substantial airway closure may occur in humans
with asthma after bronchospasm, it remains unclear to what ex-
tent this closure persists as subjects breathe above functional
residual capacity, so we clearly need to be cautious about ex-
trapolating to the human situation. Nevertheless, our results
suggest that synergy between different mechanisms of AHR may
be an important factor in asthma exacerbations, even if the pre-
cise nature of that synergy is not identical to the situation we find
in mice. This being the case, the PLL-treated allergically inflamed
mouse may be useful as a model of the asthma exacerbation and
as a platform for testing approaches to therapy. Such therapies
might include treatments aimed at reducing surface tension in the
lung. Indeed, b-agonists have some efficacy in this regard, be-
cause they have been shown to stimulate surfactant release (46) in
addition to their well-known action as a smooth muscle relaxant,
thus explaining their efficacy in the setting of an acute asthma
attack. Other potential therapies might target specific compo-
nents of inflammatory exudate, such as fibrin, which is known to
interfere with surfactant function and increase the likelihood that
small airways will close (47). Last, our results are consistent with
the efficacy of a new asthma treatment, thermoplasty, which elim-
inates smooth muscle from the central airways (48, 49) and also
possibly affects the epithelium (49).

Finally, our findings about the insidious potential for synergy
to arise between two distinct mechanisms of AHR may also have
implications for the study of complex diseases in general. It is be-
coming increasingly recognized that many common pathologies
cannot be understood in terms of a single underlying mechanism.
Substantial efforts are underway to try to understand complex
diseases as derangements in the behavior of gene or protein net-
works (50, 51) (i.e., at the level of the genome or proteome), but
less attention has been given to the possibility that interactions at
the level of the physiome (52) may also be key to understanding
complex disease. Indeed, there is no reason to suppose that path-
ophysiology at this level should be any less complex than at lower
levels of scale, and the present study shows how interactions at the
level of the physiome can lead to severe and even fatal conse-
quences in the case of asthma.

In conclusion, we have shown that the combination of two
distinct mechanisms of AHR, increased smooth muscle short-
ening and increase airway wall thickness, can act synergistically
to produce an extreme decrement in lung mechanical function,
even when either mechanism alone is well tolerated. We suggest
that mechanistic synergy may be key to understanding the path-
ophysiology of the severe asthma exacerbation. Our results also
highlight the need to think of causes of asthma as arising from
interactions between multiple mechanisms, and seem to vali-
date the current trend toward combining multiple therapeutic
modalities (53).
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