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Introduction
The reactive airway disease, asthma affects millions of people in 

the United States and worldwide, representing as significant burden on 
the health care system. The disease pathophysiology includes several 
hallmark characteristics such as concurring airway inflammation, 
cytokine production, airway hyperresponsiveness (AHR) to inhaled 
antigen and subepithelial fibrosis. Both inflammatory (eosinophils, 
neutrophils, alveolar macrophages, dendritic cells, mast cells, T 
lymphocytes) and structural (epithelial, fibroblasts, smooth muscle) 
cell types have been identified as playing a role in the pathogenesis of 
asthma. Numerous studies in both mice and humans have identified 
the TH2 subset of T cells as playing a key role in allergic asthma 
pathogenesis through the production of cytokines and chemokines 
which induce airway eosinophilic inflammation and AHR. However 
the direct relationship between inflammation and AHR remains 
unclear. 

Modeling of asthma in mice has been an area of great interest in 
the last two decades. Most early models relied on antigen sensitization 
followed by antigen challenge which leads to both inflammation and 
AHR. The most commonly utilized protocol is the murine ovalbumin 
(Ova) sensitization and challenge model [1-3]. Mice that have been 
sensitized and challenged with Ova exhibit increased airway and tissue 
resistance following methacholine (Mch) challenge, indicative of the 
development of AHR. In addition, large numbers of eosinophils (and 
to lesser extent neutrophils) are recruited to the airspaces and mice 
express increased levels of the TH2 cytokines IL-4, IL-5 and IL-13. 
Several other models have been utilized including antigens from house 
dust mite, ragweed extract, Aspergillus extract and cockroach extract, 
all of which producing a similar phenotype to both the Ova model 
and human asthma. Due to these observations, many have focused on 
mouse antigen models to understand the complex relationship between 
AHR and inflammation in the lung. 

Several years ago, two conflicting reports were published regarding 
the mechanistic link between eosinophils and AHR. Using distinct 
approaches these investigators found either an essential role or little 
role for inflammation in mouse asthma models [4-5]. Since then, many 
groups have reported direct correlations between inflammation and 
AHR and conversely, in some models the two phenotypes appeared 

unlinked. In the last two years, several studies have shown that 
genetic manipulation of mice can reduce or increase both AHR and 
inflammation in a correlative manner [6-9]. Furthermore, exogenous 
treatment strategies have also been employed with similar results [10-
11]. In contrast, others have shown that several pharmacologically 
targeted pathways (histone deacetylase, GSNO reductase, tumor 
necrosis factor family) can be manipulated to inhibit AHR, but have no 
effect on lung inflammation [12-14]. These data are further supported 
by findings in genetically modified mice [15-16]. In summary, the field 
is confounded by many model dependent findings that reach no clear 
conclusion as to a direct role for inflammation in driving AHR. The 
focus of the following studies is to illustrate the complexity of AHR 
and inflammation data collected in several different mouse model 
paradigms. First, the impact of inhibiting inflammatory signaling (the 
NF-κB or JNK pathways) on the relationship between inflammation 
and AHR was examined. Next, the effect of antigen sensitization on 
antigen challenge induced inflammation and AHR was studied. Finally, 
the route of antigen sensitization was investigated. These individual 
model paradigms present novel data concerning the relationship 
between inflammation and AHR. 

Methods
Mice

For the Ova studies, two to three month old female C57BL/6 mice 
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Abstract
Asthma represents a growing problem in the developing world, affecting millions of children and adults. Features 

of the disease are reversible airflow obstruction, airway hyperresponsiveness and airway inflammation leading 
to tissue damage and remodeling. Many studies have attempted to address whether inflammation and airway 
hyperresponsiveness are mechanistically linked. In this study, data are presented from several mouse models that 
illustrate that a clear link between these features of asthma remains elusive. The impact of altering inflammatory 
signaling (NF-κB or JNK1) on inflammation and airway hyperresponsiveness was examined. In addition, the effect of 
antigen sensitization and the route of antigen delivery were investigated. The data herein show that in many cases, 
inflammation and airway hyperresponsiveness do not directly correlate. In conclusion, the need for mechanistic 
studies in mouse models is highlighted to address the interplay between these components thought to be critical to 
asthma pathogenesis. 
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were purchased from Jackson Laboratories (Bar Harbor, ME). JNK1 
-/- mice were generated as previously reported and were backcrossed 
(> 10 generations) onto the C57BL/6 background [17]. CC10-IκBsr 
mice were generated as previously reported and were backcrossed 
(> 10 generations) onto the BALB/c background [18]. These mice 
specifically express a repressor of NF-κB activation in CC10 positive 
airway epithelial cells. All studies utilizing the CC10-IκBsr mice 
included littermate wild-type controls. For Aspergillus fumigates (Asp) 
extract studies, two to three month old BALB/c mice were purchased 
from Taconic Farms (Germantown, NY). All mouse studies were 
approved by the Institutional Animal Care and Use Committees at the 
University of Vermont (Ova studies) and the University of Pittsburgh 
(Asp studies). 

Ovalbumin model

Allergic airway disease was induced as previously reported [19]. 
Briefly, mice were sensitized with 40 µg of Ova with aluminum 
hydroxide (Alum) adjuvant (Pierce/Thermo Fisher, Rockford, IL) by 
intraperitoneal (IP) injection on days 0 and 7. Sham-sensitized mice 
received Alum alone plus vehicle. Beginning on day 14, mice were 
challenged with 1% Ova aerosol in sterile PBS for 30 minutes. In the 
JNK1 -/- studies, mice were challenged for 3 consecutive days and were 
harvested 48 hours later. In the CC10-IκBsr studies, mice received 6 
consecutive days of Ova challenge and were harvested either 48 hours 
(Figure 2) or 3 weeks (Figure 3) later. 

Aspergillus fumigatus antigen model

For the intratracheal (IT) sensitization studies, mice were sensitized 
on day 0 and day 7 by IT aspiration of 5µg of Asp allergen extract (Greer, 
Lenoir, NC) in PBS with no additional adjuvant. On day 14-16, mice 
were challenged with 5 µg of Aspergillus fumigatus allergen extract in 
PBS by IT administration. On day 17 mice were harvested and analyzed 
for inflammation and AHR. For the IP sensitization study, mice were 
sensitized on day 0 and day 7 by IP injection of 20 µg of Aspergillus 

fumigatus allergen extract (Hollister-Stier, Spokane, WA) in PBS along 
with 4mg of Imject Alum as an adjuvant. On day 14-16, mice were 
challenged with 20 µg of Aspergillus fumigatus allergen extract in PBS 
by IT administration, followed by analysis on day 17.

BAL and differential cell counts

Following the invasive determination of lung function, mice 
were lavaged with 1 ml of sterile PBS. Bronchoalveolar lavage (BAL) 
fluid was spun at 350 x g to pellet inflammatory cells. Cells were 
then resuspended in 0.5 ml of sterile PBS and total cell counts were 
determined by using a hemocytometer. Cytospins were then prepared 
and stained for differential cell counts. Differential counts were 
performed by counting cells in a minimum of 5 fields per specimen.

Pulmonary function protocol

Pulmonary function was assessed by mechanical ventilation 
(FlexiVent, Scireq, Montreal, QC) of anesthetized (90 mg/kg 
pentobarbital-Na,IP), tracheotomized mice, following intratracheal 
administration of methacholine. Mice were mechanically ventilated at 
200 breaths/min with a tidal volume of 0.2-0.25 ml and a positive end 
expiratory pressure of 3cm H20. Respiratory mechanics measurements 
were then made periodically throughout the experiment. These 
measurements involved interrupting mechanical ventilation while 
oscillatory flow signals were applied to the lung by the ventilator. The 
flow oscillations had amplitudes less than or equal to normal tidal 
volume and contained small-amplitude frequency components up to 
20 Hz. Multiple linear regression was used to fit measured pressure and 
volume in each individual mouse to the constant phase model of the 
lung [20-21]. Model fits that resulted in a coefficient of determination 
less than 0.80 were excluded. From the model, airways resistance 
(Rn), tissue resistance (G) and tissue elastance (H) were determined. 
Methacholine was administered as an inhaled aerosol, nebulized in 
saline solution (up to 50 mg/ml) and directed into the lungs via the 
inspiratory circuit during mechanical ventilation [22].  
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Figure 1: JNK1 suppresses allergic airway inflammation. WT and JNK1 -/- mice were exposed to Ova sensitization and challenge (O/O) or challenge only (A/O) (n 
= 4, 3 respectively). Top panels, AHR measured by FlexiVent, Rn – airway resistance, H – tissue elastance. Lower panel, inflammatory cells in BAL fluid. * p < 0.05 
versus WT O/O.



Citation: Janssen-Heininger YMW, Irvin CG, Scheller EV, Brown AL, Kolls JK, et al. (2012) Airway Hyperresponsiveness and Inflammation: Causation, 
Correlation, or No Relation? J Aller Ther S1:008. doi:10.4172/2155-6121.S1-008

Page 3 of 6

ISSN:2155-6121  JAT, an open access journal J Aller Ther Airway Inflammation and Hyper responsiveness

Aspergillus allergen-specific immunoglobulin ELISA

Plates were coated with Asp allergen extract (2 µg/ml) overnight 
at 4° C. Plates were then washed and blocked with PBS containing 1% 
bovine serum albumin for one hour. Lung homogenate (50 µl) was 
added to each well for two hours at room temperature. After washing, 
detection antibody (specific for mouse IgG1, IgG2a, or IgE) conjugated 
to HRP was added to each well at a dilution of 1:1000 in blocking 
buffer for two hours. Antibody binding was visualized by adding TMB 
substrate for thirty minutes followed by stop solution (2N H2SO4) and 
reading absorbance at 450 nm. 

Statistics

All data are presented as the mean +/- SEM. Significance was 
determined by one-way ANOVA followed by Tukey’s test for multiple 
comparisons. Comparisons of two means were conducted using 
unpaired student’s t-test with the assumption of unequal variance. 
Analyses with a resultant p < 0.05 were determined to be significant.  

Results and Discussion
Inflammatory signaling and AHR

The nuclear factor (NF)-κB and c-Jun n-terminal kinase (JNK) 
pathways represent two primary cell signaling cascades involved in 
the response to lung injury. Both pathways are known to be activated 
during inflammation and are known to modulate lung responses in the 
Ova model [18,23]. To determine the role of JNK1 in AHR, we exposed 
wild-type (WT) C57BL/6 and JNK1 -/- mice to inhaled antigen (Ova). 
We have previously published that JNK1 -/- mice exhibit increased 
eosinophilic and T cell inflammation compared to WT mice [23]. 
Consistent with these findings, JNK1 -/- mice had elevated total cell 
counts in BAL compared to WT mice (Figure 1). Interestingly JNK1 -/- 
mice did not exhibit elevated airway resistance (Rn) versus WT controls. 

JNK1 -/- mice did have slightly increased tissue elastance (H) at the 
highest dose of methacholine tested. Perhaps more intriguing, while 
both mouse strains displayed high levels of airway eosinophilia, neither 
had a significant increase in airway resistance and only mild increases 
in tissue elastance. These data suggest that airway eosinophilia absent 
of JNK1 activation is not sufficient to drive AHR in the C57BL/6 strain. 
It has been previously reported that although C57BL/6 mice recruit 
elevated eosinophilia versus BALB/c mice in response to Ova, AHR is 
elevated in the BALB/c background to a greater extent than in C57BL/6 
mice [24]. These findings demonstrate a lack of correlation between 
hyperresponsiveness of the airways and inflammation. To better 
examine the impact of mouse strain and the relationship between AHR 
and inflammation, we examined BALB/c mice in the following studies.

The NF-κB pathway has been shown to play a key role in 
promoting airway inflammation in an acute Ova model [18]. In that 
study, inhibition of NF-κB in the airway epithelium resulted in a 
marked suppression of eosinophil recruitment, yet did not alter AHR. 
To further examine the role of the NF-κB pathway, WT BALB/c and 
CC10-IκBsr mice were exposed to prolonged Ova challenged followed 
by either 48 hours or 3 weeks prior to analysis. Ova induced significant 
airway eosinophilia and AHR in WT mice (Figure 2). The magnitude 
of inflammation in BALB/c mice was indeed similar to C57BL/6 mice; 
however AHR was much greater in the BALB/c strain as expected. 
CC10-IκBsr mice displayed inhibited macrophage and eosinophil 
recruitment to the lung which correlated with significantly decreased 
tissue elastance. In this case reduced inflammation correlates with 
lower airway resistance and tissue elastance. These data are consistent 
with previous findings that activation of the NF-κB pathway in the 
airway epithelium results in elevated AHR in the Ova model [25]. In 
this study, the degree of airway inflammation does indeed correlate with 
AHR, particularly in the distal lung. Interestingly, CC10-IκBsr mice 
on the C57BL/6 background did not have attenuated inflammatory 
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Figure 2: NF-κB is required for allergic airway inflammation and AHR. WT and CC10-IκBsr mice were exposed to Ova sensitization and challenge (O/O) or challenge 
only (A/O) (n = 6, 5 respectively for FlexiVent, n = 8, 5 respectively for cell data), and were analyzed 48 hr after cessation of 6 Ova challenges. Top panels, AHR mea-
sured by FlexiVent, Rn - airway resistance, H - tissue elastance. Lower panel, inflammatory cells in BAL fluid. * p < 0.05 versus WT A/O, ** p < 0.05 versus WT O/O.
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Figure 3: Persistent allergic airway inflammation and AHR three weeks after cessation of 6 antigen challenges. WT and CC10-IκBsr mice were exposed to Ova sen-
sitization and challenge (O/O) or challenge only (A/O) (n = 8, 5 respectively). Top panels, AHR measured by FlexiVent, Rn - airway resistance, H - tissue elastance. 
Lower panel, inflammatory cells in BAL fluid. * p < 0.05 versus A/O controls.
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Figure 4: Antigen sensitization promotes AHR and allergic airway inflammation. WT mice were sensitized to Asp (Asp+Sens) or vehicle (Asp) followed by Asp chal-
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three Asp challenges. Asp challenge alone induced airway eosinophil 
and neutrophil recruitment, although sensitized mice displayed 
significantly higher levels of eosinophils and lower numbers of 
neutrophils (Figure 4). Asp challenge alone did not induce AHR in 
BALB/c mice, indicating that inflammation alone was not sufficient 
to promote AHR. Asp sensitization and challenge resulted in marked 
AHR. These data suggest that inflammation alone is not adequate to 
drive AHR, but perhaps the magnitude of the allergic response to 
antigen was critical in generating AHR.

Finally, the impact of the route of antigen sensitization was 
compared by exposing mice to Asp via IT or intraperitoneal (IP) 
injection. Asp sensitization via the airway (IT) was much more 
efficient at eliciting airway inflammation than the IP route (Figure 5). 
To confirm that IT sensitization generated a greater allergic response 
than IP sensitization, Asp specific immunoglobulins were measured 
in lung homogenate. IT Asp did indeed induce significantly higher 
levels of IgG1, IgG2a and IgE compare to IP Asp. However, despite 
the large difference in airway inflammation and allergic sensitization, 
both groups displayed similar airway resistance. IT Asp did induce 
significantly higher tissue elastance compared to the IP Asp group. 
These data further demonstrate a lack of a direct correlation between 
AHR and inflammation, using different exposure routes of antigen.

Summary
The limited examples described above that utilize different models 

of allergic airway disease, using different time frames, mouse strains, 
antigens and routes of exposure clearly demonstrate a disparate 
link between inflammation and AHR. Overall, it can be noted that 
inflammation perhaps correlates better with tissue elastance changes 
than airway resistance. This may be due to direct tissue forces related 
to epithelial cell injury, edema and cellular accumulation in these 
models and at the least it suggests that the mechanisms of AHR are 

responses and displayed increased AHR compared to WT littermates 
[26]. These data illustrate the complexity of interpreting the findings in 
mouse models of asthma. 

Next, we examined the role of the NF-κB pathway in a chronic Ova 
model after 3 weeks of recovery from challenge. In this model, airway 
eosinophilia largely resolves and inflammation is characterized by 
lymphocytic accumulation in the lung (Figure 3). The decrease in airway 
eosinophilia does indeed correlate with decreased airway resistance, 
however, Ova-induced tissue elastance increases significantly, 
indicating that changes in lung elastance may not be related to the 
presence of eosinophils in the lung. At this time point inhibiting the 
NF-κB pathway in the airway epithelium did not alter inflammation or 
AHR when compared to WT mice. These data illustrate that the NF-κB 
pathway may or may not impact AHR and inflammation depending on 
the timing of the Ova model utilized. Again, these results demonstrate 
a lack of a consistent link between eosinophilic inflammation and 
AHR. Similar data have been previously reported regarding the TGF-β 
pathway and the Ova model. In that study, inhibition of TGF-β resulted 
in increased AHR, but had no effect on lung inflammation [19].

Antigen sensitization and AHR

Several studies have shown that the route and technique utilized 
for antigen sensitization may affect the phenotype of allergic airway 
disease in mice. In addition, many agents induce lung inflammation 
(such as lipopolysaccharide) without inducing allergic responses. To 
examine the role of antigen sensitization via the airways on AHR, WT 
BALB/c mice were exposed to Aspergillus fumigates antigen extract 
(Asp) by intratracheal (IT) exposure. Sensitized mice received Asp 
on day zero and day seven by IT delivery and where then challenged 
with Asp for three consecutive days starting on day fourteen. Airway 
inflammation and AHR were assessed 24 hours later. Control mice 
received PBS vehicle during sensitization and were then exposed to 
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very different axially along the airway tree. Additional evidence for 
the disjoint of AHR and inflammation has been demonstrated in 
models of AHR without airway inflammation. Cationic proteins 
induce AHR without driving inflammation and the A/J strain of 
mice has spontaneous AHR without airway inflammation [27-28]. In 
summation, the lack of correlation between inflammation and AHR 
suggested in the models outlined herein raises the question as to 
whether these are two mechanistically independent events occurring 
during allergic airway disease. The subject of the relationship between 
AHR and inflammation in asthma has been recently reviewed [29]. 
In that commentary, it is concluded that AHR is likely derived from 
independent factors that are modulated by inflammation, but are not 
directly caused by inflammation itself. The numerous examples from 
the mouse models showing a lack of direct correlation lend support 
to this argument. Regardless, more mechanistic studies designed to 
examine the potential causative impact of inflammation on AHR are 
necessary.    
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