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Abstract 24 

Chronic asthma patients experience difficulties even years after the inciting allergen. Although 25 

studies in small animal asthma models have enormously advanced progress in uncovering the 26 

mechanisms of inception and development of the disease, little is known about the processes 27 

involved in the persistence of asthma symptoms in the absence of allergen exposure. Long term 28 

asthma mouse models have so far been scarce or not been able to reproduce the findings in 29 

patients. Here we used a common ovalbumin induced acute allergic airway inflammation mouse 30 

model to study lung function and remodeling after a four months recovery period. We show by 31 

x-ray based lung function measurements that the recovered mice continue to show impaired 32 

lung function by displaying significant air-trapping compared to controls. High resolution 33 

synchrotron phase contrast computed tomography of structural alterations and diaphragm 34 

motion analysis suggest that these changes in pulmonary function are due to a pronounced loss 35 

in lung elasticity. Histology of lung sections confirmed that this is most likely caused by a 36 

decrease in elastic fibers, indicating that remodelling can develop or persist independently of 37 

acute inflammation and is closely related to a loss in lung function. Our findings demonstrate 38 

that this x-ray based imaging platform has the potential to comprehensively and non-invasively 39 

unravel long term effects in preclinical mouse models of AAI and thus benefits our 40 

understanding of chronic asthma.   41 

 42 
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Introduction 46 

The pathomechanism that leads to chronic asthma is still not completely understood. Preclinical 47 

research is therefore still vital to unravel processes underlying this complex and heterogeneous 48 

disease (2). The predictive value of the commonly used allergic airway inflammation (AAI) 49 

mouse models with regard to clinical outcome is controversially discussed. A major concern is 50 

that we compare a chronic situation in patients that has developed over years with an acute 51 

response in mouse models (15). While AAI mouse models have provided important insights in 52 

the mechanism of asthma exacerbation and are valuable tools to test novel treatments (12), 53 

they have largely failed to address long term effects (16). In chronic asthma patients structural 54 

changes in the lung are sometimes observed years after the inflammatory response has 55 

resolved, including increased thickness of the subepithelial reticular basement, hyperplasia and 56 

hypertrophy of smooth muscle cells as well as changes of the extracellular matrix (21). These 57 

characteristics of airway-remodeling are poorly examined in preclinical models as they require 58 

chronic and long-term investigations. In the few mouse models that do, the observed 59 

remodeling is primarily based on the development of fibrosis rather than on the cellular and 60 

structural changes known from patients data (16, 24).  61 

Another important aspect in human chronic asthma is a persistent or long lasting loss in lung 62 

tissue elasticity even years after the last acute asthma attack as described by Gelb et al. (13). 63 

These patients still experience a reduction in their lung function and a corticosteroid treatment 64 

is not effective as it acts primarily on the inflammatory pathway of the disease (8). 65 

We recently established a non-invasive lung function method based on planar cinematic x-ray 66 

imaging of the chest, x-ray based lung function (XLF), which we have successfully used 67 
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previously to assess the lung function of isoflurane anesthetized mice with AAI (11).  For 68 

quantification of lung remodeling, the application of high resolution imaging tools has received 69 

increasing attention. In particular, inline free propagation synchrotron phase contrast CT 70 

(pSRµCT) provides a more than 10-fold increased contrast-to-noise ratio than absorption based 71 

CT and has been effectively employed for in-situ mouse lung imaging (10, 17). Here we apply 72 

these novel techniques on AAI mice that recovered 4 months from allergen exposure. We 73 

demonstrate that a long term reduction in lung tissue elasticity can be found in these mice 74 

similar to the condition described in humans. Moreover, we show that this effect can be 75 

measured in vivo using the novel approach of XLF (11). We furthermore confirm the in vivo 76 

findings by observation of alterations in morphological structures using pSRµCT and classical 77 

histology. 78 

 79 

Methods 80 

Allergic airway inflammation (AAI) model  81 

Female BALB/c mice (6 - 8 weeks old) were used to generate an ovalbumin (OVA) (Hyglos) 82 

induced experimental allergic airway inflammation (AAI) model to mimic severe acute asthma 83 

(N=6) as described in Dullin et. al (10) and schematically outlined in Figure 1. Control mice 84 

received phosphate-buffered saline (PBS) instead of OVA during immunization and for the first 2 85 

challenges (CN, N=6). Both groups were then kept without any additional treatment for 121 86 

days. All animal in vivo procedures were performed in compliance with the guidelines of the 87 

European (2010/63/EU) and the German ethical laws and were approved by the administration 88 

of Lower Saxony, Germany (Nr. G15.1747). 89 
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XLF – low dose x-ray based planar cinematic lung function measurement 90 

XLF was performed as previously described by Dullin et al. (11) by acquiring planar cinematic x-91 

ray images of the chest of unrestrained but 2% isoflurane anesthetized mice using a low dose in 92 

vivo microCT (QuantumFX, Perkin Elmer). Briefly, the CT produces a movie from a sequence of 93 

2D radiographs capturing the chest movements during breathing, depicting the x-ray 94 

transmission of the chest area. In principal, any x-ray tube with an attached camera and 95 

anesthesia could be used for this method. In these generated x-ray movies, regions of interests 96 

are placed on the left and the right lung lobes at the time point of maximum contraction of the 97 

chest and within the back ground. The x-ray transmission over time is calculated as average 98 

intensity in lung regions corrected and expressed as relative difference to the average intensity 99 

of the background region to account for short-term fluctuations of the x-ray tube. Thus the 100 

function is without a physical unit. In order to account for long term shifts in the x-ray 101 

production, the function is corrected for a slow variating background. The breathing frequency 102 

during acquisition is adjusted to one breathing event in 1400 ms and movies are captured for 34 103 

s over about 21 breathing cycles for each mouse (Figure 2B). Each breathing peak is 104 

parameterized and the average of all cycles within the captured time frame is used to 105 

characterize the lung function of the mouse.   Table 1 indicates the functions that each 106 

parameter relates to. 107 

 108 

Table 1: X-ray transmission function (XTF) and parameters derived from the XTF. The relationship of 109 
the parameters to lung functions is indicated. AAI related changes in parameters are indicated in the last 110 
column. AuC=area under the curve of the breathing peak; L=length; BP=breath periodicity; 111 



6 
 

AnIso=anisotropy-index; ATrp=air-trapping112 

 113 
 114 
 115 

In addition to the parameters b1 - b5 reported by us previously (11), we recorded the mean 116 

length of the breathing events L and analyzed the average x-ray transmission of the mouse 117 

chest between the breathing events (ATrp) in order to quantify air-trapping (Figure 2A). XLF was 118 

performed shortly before the 1. challenge as well as two days and 121 days after the last 119 

challenge (Figure 1). The applied software program for XLF is available at DOI 120 

10.17605/OSF.IO/BYS3H. 121 

 122 

Diaphragm motion analysis 123 

Diaphragm motion analysis was performed by calculating the average and the standard 124 

deviation (Std) of the brightness per pixel over time in the acquired x-ray movies. As the motion 125 

of the diaphragm causes the movement of the lower border of the lung it can be detected as an 126 

Parameter Relates to/is influenced by: AAI

b1 shift of the curve/time of inhalation ▲

b2 assymetry of the curve ▼

b3 speed of air exchange ▼

b4 assymetry of the curve ▼

b5 air volume/inflammation/air-trapping ▼

L[s] breath length ▲

AuC total air volume/inflammation ▼

AnIso anisotropy-index (time of inhalation/exhalation) ▼

BP periodicity of the breathing events const.

tpeak[s] time to reach maximum inhalation volume ▼

tin[%] relative time of inhalation (tpeak/L) ▼

ATrp air-trapping ▲

XTF(t) = b2(t-b1)^3-b3(t-b1)^2+b4(t-b1)+b5
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area of a strong Std (Figure 4A and B, black arrows). The width of this area represents the 127 

average diaphragm movement (sdia). Because the duration of the breathing event is shorter than 128 

the periods between the breathing events, the average of the x-ray transmission over time 129 

predominantly depicts the size of the lung in exhalation (ALung). 130 

 131 

In-situ lung imaging by synchrotron inline free propagation phase contrast CT (pSRµCT) 132 

Following the last XLF measurement, mice were sacrificed. Tracheotomies were then performed 133 

and the lungs were filled with air at a constant pressure of 30 cm water column. The entire mice 134 

were then embedded in 1% agarose gel in 50 ml tubes as described by Dullin et al. (9). In order 135 

to prevent alterations in the elastic properties of the lung tissue no fixatives such as formalin or 136 

ethanol were added. Before acquisition, the temperature of all samples was equalized to room 137 

temperature. The samples were then imaged at the SYRMEP beamline (Synchrotron Light 138 

Source ‘Elettra’, Trieste, Italy) with the following parameters: E = 22 keV, 360° off-center scan 139 

with 1800 angular projections, detector exposure time per projection 2s and a sample-to-140 

detector distance of 30 cm to allow for the formation of phase effects. Prior to 3D 141 

reconstruction a single distance phase retrieval algorithm (14) was applied (delta-to-beta ratio 142 

1950) resulting in the generation of 3D data sets with a voxel size of 9×9×9 μm³ predominately 143 

expressing the distribution of the δ-part of the complex refractive index within the sample 144 

(about 10 times more sensitive in lungs than using standard absorption based (18). In the 145 

reconstructed data sets the soft tissue vol.ratio was quantified by calculating the average 146 

volume ratio of the lung soft-tissue in relation to the total volume of eight non-overlapping 147 
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volumes-of-interests (VOIs) of 2 mm × 2 mm × 2 mm that were placed uniformly in the 148 

peripheral region of the lung as described in (10). 149 

 150 

Diaphragm motion analysis 151 

Diaphragm motion analysis was performed by calculating the average and the standard 152 

deviation (Std) of the brightness per pixel over time in the acquired x-ray movies. As the motion 153 

of the diaphragm causes the movement of the lower border of the lung it can be detected as an 154 

area of a strong Std (Figure 4A and B, black arrows). The width of this area represents the 155 

average diaphragm movement (sdia). Because the duration of the breathing event is shorter than 156 

the periods between the breathing events, the average of the x-ray transmission over time 157 

predominantly depicts the size of the lung in exhalation (ALung). 158 

 159 

Histology 160 

Following pSRµCT, the lungs were excised, fixed in 10% buffered formalin and embedded in 161 

paraffin. Three µm-thick paraffin lung sections containing main stem bronchi were used for 162 

staining procedures. Periodic-acid Schiff (PAS) staining was performed according to the 163 

manufacturer’s protocol (Merck). A Masson trichrome kit (Sigma Aldrich) was used to stain 164 

collagen for assessment of airway fibrosis. Sections were microscopically scored from 0 to 3 in a 165 

blinded fashion by two observers to evaluate the amount of mucus producing goblet cells 166 

(designated PAS-score) and the amount of collagen in the Masson trichrome staining (MT 167 

score), with 0 = no mucus and no collagen, 1 = low mucus and collagen, 2 = medium mucus and 168 

collagen, 3 = high mucus and collagen. An Elastica van-Gieson kit (Morphisto) was used for 169 
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staining of elastic fibers, which were counted in respiratory bronchioles and alveolar ducts in 10 170 

separate views per histological slide (AAI-R, N=5; CN-R, N=5). Alpha smooth-muscle actin was 171 

stained by anti-mouse-SMA antibody (Abcam, ab5694, 1:500). SMA expression was 172 

quantified in the following way: 10 small bronchioles per section were selected with 173 

approximately the same size. Using ImageJ the area of the epithelial cells surrounding a 174 

bronchus was segmented based on its color. The cross-section of the bronchus was 175 

approximated with an ellipse. In order to calculate the thickness of the SMA positive epithelial 176 

layer, the segmented area was divided by the circumference of the calculated ellipse.  177 

 178 

Data processing and statistics 179 

For statistical analysis, the unpaired Welch t-test for same mean implemented in MS Excel 2010 180 

was used with a P-value of 0.1 as margins for statistical significance. In order to measure 181 

correlation, the Pearson correlation coefficient R2 implemented in MS Excel 2010 was used. The 182 

XLF algorithm is implemented in Matlab 2011b (7.13.0.564). 183 

 184 

Results and Discussion 185 

Long-term effects of acute allergic inflammation are scarcely investigated in animal models and 186 

the long lasting loss in lung tissue elasticity in humans is not well understood. To elucidate the 187 

long-term effects of AAI we used several x-ray based methods to examine the lungs of mice 188 

after 4 months recovery period from an acute allergic ovalbumin induced reaction. XLF is an 189 

approach which allows a very sensitive evaluation of functional alterations in lung disease in-190 

vivo over time. Due to the combined influence of functional and morphological alterations on 191 
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the measured parameters, XLF provides additional information when compared to other lung 192 

function methods such as plethysmography. pSRµCT provides 3D and high resolution images of 193 

anatomical changes. 194 

 195 

XLF reveals sustained air-trapping after recovery from AAI 196 

In order to assess the lung function of mice over time we used XLF, a novel non-invasive 197 

technique that we have recently employed for the same experimental asthma mouse model 198 

(11). During the process of inspiration and expiration, the air content of the lung changes over 199 

time, which modulates the x-ray transmission over the chest region, exemplified in the 200 

radiographs in Figure 2A. This change in x-ray transmission can be captured as a parameterized 201 

x-ray transmission function (XTF, Methods, Table 1) over about 21 breathing cycles (Figure 2B). 202 

We performed XLF on isoflurane anesthetized mice with allergic airway inflammation (AAI, N=6) 203 

in comparison to control mice (CN, N=6) before the first challenge (AAI-BC and CN-BC) and two 204 

days after the last challenge (AAI-AC and CN-AC). The same groups were then left to recover for 205 

four months and lung function was measured once more by XLF (AAI-R and CN-R) before 206 

sacrifice of the mice (Figure 1) (11). An example of one breathing cycle of a mouse from each of 207 

the 4 groups (AAI-AC, AAI-R, CN-AC, CN-R) is shown in Figure 2A (middle panel). There are 208 

significant differences in the x-ray transmission curves of the different groups, which are 209 

reflected in modifications of the shape and area under the curve of the XTF during the breathing 210 

events and changes of the baseline of the function in exhalation state. 211 

Figure 2C shows the results of the measured XLF parameters as relative differences of AAI lungs 212 

to their respective controls. We found a significant decrease in parameters b2-b5 as well as an 213 
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increase in L between AAI-BC and AA-AC lungs. As the parameters b3 and b5 describe how much 214 

air is transported through the lungs in which time, the reduction in b3 and b5 values seen in the 215 

acute inflammatory phase of AAI-AC mice is related to lower air content and a longer exchange 216 

time within the lung due to an increase in soft-tissue. This increase in soft tissue content is most 217 

likely the result of a combination of airway thickening, goblet cell hyperplasia/hypertrophy and 218 

immune cell infiltration, all processes observed by us and others in this model (10, 20).  219 

The parameters b2 and b4 both account for asymmetry in the XTF. They reflect differences in the 220 

ratio between the inhalation and exhalation time as well as changes in the slope of decay of the 221 

XTF in the exhalation period. Both parameters were significantly decreased in the AAI-AC mice 222 

(acute phase of AAI) when compared to the time point before challenge (AAI-BC), reflecting a 223 

change in the ratio between inspiration and exhalation time (Figure 2C). The observed altered 224 

value of L, representing the change in breathing length, supports this result, by showing a 225 

significantly longer total breathing time in AAI-AC mice (Figure 2C). Combined, these results are 226 

in agreement with our earlier XLF findings (11) and reflect the acute decrease of lung function 227 

that occurs two days after challenge with OVA, due to the morphological changes that take 228 

place during the inflammatory phase, such as swelling of the airways and cell infiltration, and 229 

that affect the x-ray transmission function. 230 

As a new parameter we determined ATrp, which describes the average x-ray transmission in the 231 

exhalation state. If air-trapping occurs, the air content is higher in the exhalation state, resulting 232 

in increased x-ray transmission and thus in a higher ATrp value (Figure 2A, middle panel). The 233 

increased ATrp parameter in AAI-AC mice (Figure 2C) indicates the presence of air-trapping at 234 

the acute state of the disease. However, the thickening of the airway walls due to the present 235 
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inflammatory response causes a reduction of the x-ray transmission and therefore interferes 236 

with the measurement of the air-trapping parameter. This probably results in lower ATrp values 237 

than could be expected for this acute phase of AAI mice, albeit still substantially higher than in 238 

AAI-BC mice. 239 

When we examined the same mice by XLF four months after the last challenge (AAI-R), we 240 

found that most of the XLF parameters had indeed “recovered”, showing levels in parameters 241 

b2-b5 and L similar to those in AAI-BC mice before challenge (Figure 2C). This is in good 242 

agreement with the expectation that pulmonary inflammation has subsided, leading to a 243 

decrease of tissue swelling and therefore an increase in the air content (4). Remarkably, the 244 

parameter ATrp did not change after four months of recovery in AAI-R mice and was found to 245 

be significantly elevated compared to ATrp before challenge in AAI-BC mice (Figure 2C). This 246 

strongly suggests that the recovered AAI-R mice still have abnormal retention of air in the lungs 247 

after expiration, indicative of air-trapping, a characteristic feature which is commonly known 248 

from patients with chronic severe asthma (5, 24). All other XTF parameters (Methods, Table 1) 249 

were not significantly changed in the recovered group.  250 

Our XLF results also illustrate the advantages of this new imaging method for long-term in vivo 251 

experiments, as it provides the possibility of non-invasive lung function measurement of the 252 

same animal over time. Preclinical lung function analysis to date has had its limitations, because 253 

currently used plethysmography is either invasive or insensitive in the case of unrestrained 254 

plethysmography (17). By contrast, XLF was able to sensitively detect subtle changes in 255 

pulmonary function caused by remodeling of the lung long after inflammation has resolved. To 256 

https://en.wikipedia.org/wiki/Lungs
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our knowledge, air-trapping long after resolution of inflammation has not been detected in vivo 257 

in experimental asthma mouse models before.   258 

 259 

pSRμCT reveals loss of lung elasticity after recovery from AAI 260 

To assess whether our XLF findings in recovered mice are associated with subtle structural 261 

changes, we performed synchrotron inline free propagation phase contrast CT (pSRμCT) on in 262 

situ lungs, a method that exploits the coherence properties of synchrotron radiation. In contrast 263 

to classical x-ray based techniques which depict differences in the x-ray attenuation within the 264 

sample, pSRµCT in combination with phase retrieval algorithms produces data sets 265 

predominately demonstrating differences in the refractive index within the sample. It has been 266 

demonstrated, that especially for low absorbing tissue with strong gradients in the refractive 267 

index such as the lung, pSRµCT outperforms classical CT in terms of contrast-to-noise ratio (18). 268 

Thus, using pSRμCT we produced high resolution images of the in-situ mouse lung (10), as 269 

exemplified in Figure 3A. In previous experiments using pSRµCT on lungs of mice with AAI we 270 

repeatedly demonstrated a significant increase in the soft-tissue volume ratio (vol.ratio) of AAI 271 

lungs compared to controls at the acute phase of AAI (2 days after challenge), owing to the 272 

inflammation derived thickening of the bronchi and infiltration of immune cells (10, 11). 273 

Interestingly, we found a significantly reduced vol.ratio in recovered AAI-R lungs compared to 274 

CN-R controls (Figure 3B), suggesting more air in recovered lungs than in those of controls. This 275 

may seem like a contradiction in terms, but is actually plausible on closer inspection of our 276 

preparation method: the lungs of the mice are inflated with a constant pressure and are 277 

embedded in this state in agarose before measurement by pSRμCT. The unexpected result of a 278 
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higher air volume in AAI-R then strongly suggests that the lungs of recovered mice are easier to 279 

inflate because they are less elastic than the control lungs, i.e. had less elastic recoil, leading to 280 

higher air content in the lungs. As the mice are all age and gender matched, they should have 281 

similar lung volumes. Moreover, as confirmed by H&E and PAS staining of lung sections, airway 282 

inflammation has largely resolved by this time (data not shown). Therefore, soft tissue volume 283 

changes are not present and even if they were, they would increase the vol.ratio of AAI-R 284 

instead of decreasing it. The observed relative increase in air volume is therefore most likely 285 

explained by a loss in lung tissue elasticity in the recovered mice. We believe, these pSRμCT 286 

results reflect the persistence of airway remodeling after resolution of the inflammatory 287 

response as found in chronic asthma patients (7). As the measured soft-tissue includes the 288 

circulatory vessels and airways we cannot entirely exclude that the change in the ratio could 289 

reflect or be influenced by a change in the vasculature or bronchial walls. However, as we 290 

measure the vol.ratio in the periphery of the lung where blood vessels and airways are very 291 

small, we believe that both of these are likely to be minor or non-contributing.  292 

We further found a high degree of correlation between the pSRµCT vol.ratio and the XLF ATrp 293 

results of recovered mice, with a coefficient of determination R2 as high as 0.8 (Figure 3C), 294 

suggesting that both parameters are influenced in the same way by changes in the lung 295 

elasticity (ATrp ~ k1*vol.ratio-1). This is further corroborated by the observation that two mice in 296 

our AAI-R cohort concurrently revealed high pSRµCT values and low ATrp values close to those 297 

of the control group.  298 

  299 
 300 

 301 
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Reduced diaphragm motion persists after recovery from AAI 302 

To elucidate the persistent loss of lung elasticity in recovered mice, we performed a diaphragm 303 

motion analysis using the same data sets that we acquired for XLF. While analysis of the 304 

movement of the lung itself is not possible from the acquired movies, the movement of the 305 

diaphragm-lung interface can be detected even at a low dose, because it resembles a simple 306 

gray value edge. Due to the strong contrast of the edge, its movement causes a strong standard 307 

deviation of the x-ray attenuation over time. Figure 4 representatively displays the average 308 

(Figure 4A and B, left panels) and the standard deviation (Figure 4A and B, right panels) of the x-309 

ray transmission over time for one AAI and one CN mouse before challenge (BC), after challenge 310 

(AC) and after 121 days of recovery (R). It was apparent that in comparison to controls, mice 311 

with acute AAI had a nearly 20% larger lung area ALung in exhalation two days after challenge 312 

(AAI-AC, Figure 4C), which is composed of a 12% increase in the length of the lung hLung (Figure 313 

4D) but an only 2% increase in width wLung (Figure 4E), as measured in the average x-ray 314 

transmission images. This suggests that in AAI-AC the diaphragm must sit in a lower position, 315 

most probably due to the reduced counterforce that the less elastic lung provides. 316 

The diaphragm motion analysis also revealed that AAI-AC mice try to counteract this effect by 317 

activating the intercostal muscles (white arrow in Figure 4A).  318 

In the lungs of the recovered mice AAI-R, the lung area (ALung) including width and length of the 319 

lung (wLung, hLung) appear normal again. However, the motion of the diaphragm (sdia.) as 320 

measured in the standard deviation images (black arrow heads) is significantly reduced by 15% 321 

when compared to controls (Figure 4F), pointing to a persistent loss of lung tissue elasticity. 322 

While previous reports in humans have attributed a change in diaphragm position to a change in 323 
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lung volumes (14), we believe that cause and effect are reversed: the diaphragm is lower 324 

because of the loss in elastic recoil and this drop causes a larger lung volume and consequently 325 

air-trapping at exhalation.  326 

From these results, we propose the following model, schematically represented in Figure 4G: 327 

When air is drawn into the lungs, the muscles in the diaphragm contract and pull the central 328 

tendon inferiorly into the abdominal cavity. This enlarges the thorax and allows air to inflate the 329 

lungs. When the diaphragm relaxes, air is exhaled by elastic recoil of the lung and the tissues 330 

lining the thoracic cavity. If the lungs lose elastic recoil, the diaphragm will drop, because it 331 

cannot move back the complete distance. As a result, less air is exchanged and more air remains 332 

in the lungs. This condition appears to persist long after the acute allergen challenge (Figure 333 

4H). 334 

 335 

Histologic alterations confirm loss of lung elasticity after recovery from AAI 336 

We then went on to investigate mechanisms underlying the observed loss of elasticity in AAI-R 337 

mice by performing a panel of histological stainings on lung paraffin sections. 338 

PAS staining showed that neither CN-R nor AAI-R lungs contained any mucus or hyperplasia of 339 

goblet cells (data not shown). As well, no significant difference in infiltrating immune cells in the 340 

lung was found by H&E staining (data not shown). Both these results confirmed that the acute 341 

allergic inflammation had resolved four months after recovery. 342 

We found no apparent presence of fibrosis in AAI-R lungs as judged by the amount of Masson 343 

trichrome stained collagen, which was not significantly different to that found in control CN-R 344 

lungs (Figure 5, upper row). The expression level of α-SMA, which we quantified in small 345 
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airways, was found to be significantly decreased in AAI-R lungs (Figure 5, middle row). This 346 

result would appear to contradict earlier reports that describe an increase in airway smooth 347 

muscle mass as well as α-SMA expression in both asthmatic humans and mice with AAI (3). 348 

However, none of the previous studies examined the lungs at a time-point long after recovery 349 

from the acute inflammatory process. In fact, a decreased α-SMA expression as we found in 350 

recovered AAI-R mice would be in line with the reduced lung elasticity that we observed by 351 

pSRµCT and diaphragm motion analysis. While an increase in α-SMA during the acute phase of 352 

AAI (as previously found) may well be a result of inflammatory stimuli (21), a decrease at a time 353 

point months after recovery may be a long lasting effect of an active muscle degradation that 354 

could take place after inflammation. 355 

Most importantly, we found a highly significant reduction in numbers of elastic fibers in 356 

respiratory bronchioles and alveolar ducts of AA-R lungs (Figure 5, lower row). This result 357 

suggests that the persistent loss in lung elasticity in recovered mice may – at least in part – be 358 

due to a loss in elastic fibers. In COPD the destruction of elastin through the release of 359 

neutrophil elastase and metalloproteinases from inflammatory cells is well known as a leading 360 

mechanism of alveolar destruction in the lungs (6). In asthma,  there have been conflicting 361 

reports of the state of elastin in the airway wall, with some describing increased elastin and 362 

others decreased or unchanged elastin in some layers of the airway (23). There are, however, 363 

several studies that indicate an association of neutrophil elastase activity with asthmatic 364 

subjects: It was found that in sputum obtained from asthmatic patients, the levels of both total 365 

and active elastase were significantly increased as compared with those of control subjects and 366 

were significantly correlated with the percentage of neutrophils (26). Moreover, a systemic 367 
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upregulation of neutrophil protease expression was found in patients with neutrophilic asthma 368 

(1) and paediatric asthma patients with epithelial damage displayed a particularly high 369 

concentration of neutrophil elastase (27). Monteseirin et al. challenged neutrophils in vitro with 370 

the specific allergens that produced clinical symptoms in asthmatic patients and found that 371 

these elicited a release of elastase in a highly allergen specific manner (19).  These reports 372 

indicate that an upregulation of elastase during exacerbation may well contribute to a 373 

degradation of elastic fibers. Our findings indicate that at least at the layer of alveolar ducts a 374 

reduction of elastic fibers is evident and could be caused by a permanent damage during the 375 

acute phase of the allergic reaction. 376 

In summary, our data indicate that - at least in mice - measurable sustained loss of lung function 377 

and remodeling is not dependent on chronic repeated allergen exposure but present 4 months 378 

after a single episode of allergen challenges. Hence our results support former suggestions (24), 379 

that remodeling can develop or persist independently of acute inflammation and is more closely 380 

related to lung function than inflammation is. 381 

 382 

Conclusion 383 

In conclusion, our work shows that AAI mice display air-trapping, most likely due to a loss of 384 

lung elasticity, after months of recovery from allergic inflammation, mirroring the observation 385 

found in patients with chronic asthma. Moreover, we suggest that a persistent loss in lung 386 

elasticity in recovered mice may – at least in part – be due to a loss in elastic fibers. With this 387 

work, we demonstrate that our non-invasive XLF imaging approach is a reliable and 388 
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comprehensive in vivo technique for longitudinal assessment of lung function in experimental 389 

asthma.  390 

 391 
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 492 
Figure legends 493 
 494 

Figure 1: Timeline of AAI model. Immunisation and challenge scheme as well as time points of 495 

XLF measurements are shown in days (d). OVA = ovalbumin; AlOH = Aluminiumhydroxide; XLF = 496 

x-ray lung function; AAI-BC = time point before challenges; AAI-AC = time point after challenges; 497 

AAI-R = time point after 121 d of recovery; i.p. = intraperitoneal; i.n. = intranasal. 498 

 499 

Figure 2: XLF of recovered AAI-R mice.  (A) Representative x-ray images of a mouse lung in 500 

both, exhalation state (left panel) and inhalation state (right panel) and an example of a x-ray 501 

transmission curve derived from one breathing cycle of each AAI-AC, AAI-R, CN-AC and CN-R 502 

mouse (middle panel). The time points of the depicted breathing states are marked in the CN-503 

AC curve. (B) 21 breathing cycles were recorded for each mouse. (C) Relative differences within 504 

the parameters of XLF (b2-b5, L, ATrp) of mice with AAI before challenge (AAI-BC), after 505 

challenge (AAI-AC) and after 4 months of recovery (AAI-R) are shown in comparison to the 506 

average in the control group at the same time points (red line). Parameters b2-b5 of AAI-R show 507 

similar values to those of AAI-BC, suggesting normal lung function. ATrp of AAI-R is significantly 508 

higher to AAI-BC, indicating persistent air-trapping in AAI-R mice. N numbers are shown in 509 

brackets. [au]: arbitrary units. * P < 0.1; **P < 0.05  510 

 511 

Figure 3: pSRµCT of recovered AAI-R mice. (A) Volume rendering of a phase-retrieved data set 512 

of an AAI-R lung by pSRµCT with a pixel size of 9µm exemplary shows that structural changes 513 

within mouse lungs can be studied in-situ at very high resolution. (B) The soft tissue vol.ratio 514 
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was significantly higher in CN-R lungs than in AAI-R lungs due to the loss of elasticity in AAI-R 515 

lungs and the consequential increase in inflation. (C) The soft tissue vol.ratio measured by 516 

pSRµCT highly correlated with the lung function parameter ATrp. Red crosses represent AAI-R 517 

lungs; blue triangles represent CN-R lungs. 518 

 519 

Figure 4: Diaphragm motion analysis of AAI mice and CN mice before challenge (AAI-BC; CN-520 

BC), after challenge (AAI-AC; CN-AC) and after 4 months of recovery (AAI-R; CN-R). (A-B) 521 

Representative average x-ray transmission images (left panels) and standard deviation (SD) 522 

images (right panels) of AAI mice (A) and of CN mice (B) are shown. Black arrows show the SD 523 

used to calculate the motion of the diaphragm sdia. White arrow shows that AAI-AC mice 524 

counteract the larger lung volume/loss of elasticity by activating the intercostal muscles. (C-E) 525 

The lung area Alung,, the length of the lung hLung  and the width of the lung wLung are calculated 526 

from the average x-ray transmission images and are presented relative to the mean of the 527 

respective control animals (red line). AAI-AC mice have a nearly 20% larger Alung than AAI-BC 528 

mice (C), which is composed of a 12% increase in hLung (D) and an only 2% increased width wLung 529 

(E). (F) The motion of the diaphragm (sdia.) was determined from the Std images and was 530 

significantly reduced by 15% in AAI-R mice, pointing to a persistent loss of lung tissue elasticity. 531 

(G) Model showing that due to the loss of lung elastic recoil, the diaphragm of AAI mice is 532 

unable to move back to its natural position. (H) While inflammation subsides shortly after 533 

challenge (AAI-AC), a loss of elasticity is most probably caused during the acute allergic reaction 534 

and persists long after recovery (AAI-R). 535 

 536 
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Figure 5: Presence of collagen, α-SMA, and elastic fibers in lung sections. A representative 537 

image of Masson trichrome (MT) staining (upper row), anti-α-SMA immunohistochemistry 538 

(middle row) and Elastica van-Gieson staining (lower row) is shown for AAI-R (left panel) and 539 

CN-R (middle panel) lung sections. Quantification of the different stainings (box plots, right 540 

panel) reveals the significant increase in α-SMA expression and in number of elastic fibers in 541 

AAI-R lungs (N=5) as compared to CN-R (N=5). Stars show examples of counted elastic fibers. aw 542 

= airway; FOV = field of view; A = area; u = circumference. ***P < 0.005; ****P < 0.001. 543 
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