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Abstract  44 

Airway remodelling occurs in chronic asthma leading to increased airway smooth muscle (ASM) mass 45 

and extra-cellular matrix (ECM) deposition. Whilst extensively studied in murine airways, studies report 46 

only selected larger airways at one time point meaning the spatial distribution and resolution of 47 

remodelling are poorly understood. Here we use a new method allowing comprehensive assessment 48 

of the spatial and temporal changes in ASM, ECM and epithelium in large numbers of murine airways 49 

after allergen challenge. Using image processing to analyse 20-50 airways per mouse from a whole 50 

lung section revealed increases in ASM and ECM after allergen challenge were greater in small and 51 

large rather than intermediate airways. ASM predominantly accumulated adjacent to the basement 52 

membrane whereas ECM was distributed across the airway wall. Epithelial hyperplasia was most 53 

marked in small and intermediate airways. Post challenge, ASM changes resolved over seven days 54 

whereas ECM and epithelial changes persisted. The new method suggests large and small airways 55 

remodel differently and the long-term consequences of airway inflammation may depend more on 56 

ECM and epithelial changes than ASM. The improved quantity and quality of unbiased data provided 57 

by the method reveals important spatial differences in remodelling and could set new analysis 58 

standards for murine asthma models.  59 
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Introduction  60 

Asthma is a chronic disease characterised by airway inflammation, hyperresponsiveness and episodes 61 

of airway narrowing. Inflammatory events cause the recruitment and activation of eosinophils, mast 62 

cells and T- cells, which generate mediators and growth factors amplifying airway inflammation. 63 

Bronchoconstrictor stimuli cause acute airway narrowing and additionally promote ASM growth. 64 

Repeated episodes of inflammation and bronchoconstriction induce a series of long-term structural 65 

changes, comprising increased airway smooth muscle (ASM) mass, extra-cellular matrix (ECM) 66 

deposition and epithelial metaplasia, collectively termed airway remodelling. This process results in 67 

fixed airway narrowing, increased need for medication and worsening outcomes for people with 68 

asthma. Crucially, severe airway remodelling is associated with lung function decline (1). 69 

 70 

Physiologic and, more recently, imaging studies have shown that airway remodelling varies with airway 71 

size and these differential changes may have important long-term physiologic impacts (2-5).   72 

Obtaining tissue samples to study airway remodelling in humans is invasive and generally provides only 73 

small tissue samples from large airways at one or two timepoints from which it is difficult to infer 74 

whole organ function. Models using repeated airway challenge in sensitised animals are therefore 75 

frequently used to understand the mechanisms underlying airway remodelling (6). In the past 10 years, 76 

there have been over 1100 primary research articles using mice to study airway remodelling which at a 77 

conservative estimate equates to 22 000 animals (PubMed search December 2022 - ((airway 78 

remodelling) AND mouse) AND model AND asthma. Animal calculation assumes 20 animals used per 79 

study i.e. two groups of 10 animals). Somewhat surprisingly, despite the large number of animals used, 80 

there is no consensus on experimental methodology used, nor the type and quality of data reported, 81 

and the number of animals with the size of airways analysed are frequently not reported. At best this 82 

means that animal tissue is not used to its full advantage and potentially that in some cases a small 83 

number of unrepresentative airways are selected, biased by appearance and size. Such methodology 84 
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also fails to account for, or characterise, intra-subject heterogeneity which is likely to be an important 85 

determinant of function at the organ level (7) . 86 

 87 

Here we set out to develop a methodology which allows us to examine airway remodelling and 88 

resolution across the whole range of airways in murine lungs. We hypothesised that this novel 89 

approach would reduce selection bias and provide hitherto hidden information on differential 90 

structural effects of airway remodelling across airway sizes. Furthermore, by extracting richer data, 91 

more information could be obtained from fewer animals and so our method contributes to improving 92 

data collection standards for both comprehensively assessing airway remodelling and minimising 93 

animal use (8-12).  94 
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Methods 95 

Study approval 96 

Animal work was approved by the Animal Welfare and Ethical Review Board (AWERB) of the 97 

University of Nottingham (UK) and conducted in accordance with all terms of the Establishment, 98 

Project and Personal Licenses issued by the Secretary of State for the Home Office. Consistent 99 

with all national and international law, studies were carried out as detailed in the Animal 100 

[Scientific Procedures] Act 1986 (Amended Regulations 2012) (ASPA), Animal Welfare Act 2006, 101 

Directive 2010/63/EU, the LASA guidelines and in respect to the principals of Replacement, 102 

Reduction and Refinement. Work was performed under project (PPL) license number RGJ 40/3709 103 

using the 19b5 protocol. 104 

Animals and Tissue Processing 105 

Ten 6-week old female BALB/C mice underwent ovalbumin (OVA) sensitisation on two occasions 10 106 

days apart. Ten OVA airway challenges were performed between days 17 and 33 as previously 107 

described (13). Control animals were sensitised but challenged with phosphate buffered saline (PBS; 108 

Sigma Aldrich, UK). Animals were randomised to either the OVA or control challenge groups. OVA-109 

challenged animals were sacrificed by anaesthetic overdose at day 34, 24 hours after the final inhaled 110 

challenge, which was defined as maximal remodelling, and at days 35, 37, 39 and 41 to track resolution 111 

(Fig 1A). Control animals were sacrificed at days 34 and 41 only. Group numbers at each timepoint are 112 

given in Table 1. For each animal, the trachea was cannulated and bronchoalveolar (BAL) lavage 113 

performed using 1ml of chilled sterile PBS. The BAL fluid (BALF) was centrifuged at 1500rpm (4°C) for 114 

10 minutes and the supernatant removed. The pelleted inflammatory cells were resuspended in 1ml 115 

sterile PBS, and 200µl of the cell suspension was placed in a Cytofunnel™ (Thermo Fisher, UK) and 116 

centrifuged at 450rpm for 6 minutes. The cytospun cells were stained using Rapi-Diff staining kit 117 

following manufacturer's instructions. Slides were visualised using a Nikon Eclipse 90i microscope and 118 
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the percentage of macrophages, eosinophils, neutrophils and lymphocytes counted by an observer 119 

blind to the animal’s treatment. 120 

The lungs were inflated at 20cm/H2O with 4% formaldehyde  and the whole respiratory tract paraffin 121 

wax embedded en block (Fig 1B). Lung samples were sectioned through their coronal axis (Fig 1B) using 122 

the centre of the trachea and bronchi as a means of ensuring equivalent sectioning across samples. 123 

Sequential sections were stained for α-smooth muscle actin (SMA) by immunohistochemistry and 124 

picrosirius red (PSR) as previously described (14) and in supplemental methods. The former stain 125 

allows quantification of ASM distribution; the latter stains predominantly for collagen, the main 126 

deposited protein within the ECM and so for brevity is referred to as ECM henceforth. Whole slide 127 

images were then captured with a Digital Nanozoomer (Hamamatsu Photonics UK), converted to tiff 128 

format at maximum resolution using ndpi2tiff 129 

(https://www.imnc.in2p3.fr/pagesperso/deroulers/software/ndpitools/) and imported into MATLAB 130 

(The Mathworks Inc) for processing. The custom image analysis software developed in MATLAB is 131 

described below (and can be downloaded from: https://github.com/BindiBrook/AirwayIdentification); 132 

full details are given in the online supplement. 133 

 134 

MATLAB Workflow and Program Design 135 

A custom pre-processor was developed in MATLAB to identify potential airways, which were then 136 

filtered to keep objects with characteristics associated with airways and eliminate those without. Full 137 

details and code are provided in the on-line supplement and at: 138 

https://github.com/BindiBrook/AirwayIdentification respectively. Briefly, irregular circular objects 139 

were identified via a multi-step process and converted to a binary image. Epithelial breaks were closed, 140 

the lumen identified, smoothed and areas calculated. Minimum and maximum effective diameters 141 

were set between 25 and 500 μm, with objects outside the selected range eliminated in order to avoid 142 
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including cross-sections smaller than alveoli (15) and as large as the main bronchi (16). The perimeter 143 

of the trace and the area bounded were computed and objects with pre-defined area-perimeter ratios 144 

chosen as potential airways (Fig 1C). A custom filtering algorithm, based upon the airway shape 145 

regularity and wall density was used to determine airways from other objects such as blood vessels or 146 

alveoli. A script then allowed visualisation of the filtered images for manual review and editing. Objects 147 

that were classified as “rejected airways” were also retained for full user checking if required. 148 

Airway Analysis and Quantification 149 

After airway identification the outer boundary of the epithelium, representing the basement 150 

membrane was traced manually for every airway (Fig 1D). The script then automatically placed a 151 

second boundary to define the airway wall by dilating the region bounded by the basement membrane 152 

by 40 µm; manual alterations to this boundary can be made by the user if necessary. This uniform 153 

airway wall thickness was chosen to provide a simple and consistent way to ensure that all airway 154 

features are accommodated, without including excessive lung parenchyma, and avoided difficulties 155 

associated with identifying the outer boundary of the airway wall automatically.  SMA or PSR positivity 156 

was quantified by threshold setting of stained pixels within the airway objects. Separate user-defined 157 

thresholds were employed for SMA and PSR staining. Total airway area fractions of ASM and ECM were 158 

computed as the ratio of the area of SMA or PSR positive pixels respectively, relative to the total area 159 

within the basement membrane and second boundary. Spatial distributions across the airway wall 160 

thickness were determined similarly, by the ratio of the area of SMA or PSR pixels occurring within a 161 

narrow ‘annulus’ between two radial spatial positions, and the total within that region, with these 162 

regions being obtained via the dilation process as above (Fig 1E). Lumen area and ‘inner area’ (the area 163 

contained within the basement membrane outline) are determined by pixel count, as above; epithelial 164 

area was determined by subtracting the lumen area from the inner area in the SMA-stained airway 165 

images (Supp Fig 5A). Subsequent analysis of airway composition (see the online supplement for detail) 166 

indicated that the choice of fixed airway thickness described above did not influence our results. 167 
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Data Analysis and Statistics  168 

Data analysis and statistics were performed using custom scripts in MATLAB. The complete datasets 169 

are available at this link: https://uniofnottm-170 

my.sharepoint.com/:f:/g/personal/bindi_brook_nottingham_ac_uk/EuO4q5619NZNrTyhuo2IUaUBvR171 

mQFcIA8WoKhXmckOddcg?e=iC7qHb  172 

  173 
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Results 174 

At the end of the 34-day sensitisation and challenge protocol, in the saline challenged control mice 175 

macrophages comprised 99% (SEM±0.5) of BAL cells. Chronic OVA challenge was associated with an 176 

increase in BAL eosinophils (43±3.5%), lymphocytes (13±1.6%), neutrophils (4±0.9%) and a relative 177 

reduction in macrophages (40±3.6%). These changes progressively and completely resolved over seven 178 

days following the cessation of airway OVA-challenge (Fig 2A).  179 

Global changes in airway smooth muscle and collagen  180 

The protocol identified a total of 1007 PSR-stained and 1022 SMA-stained airways across all 28 control 181 

and 58 OVA-challenged animals over 5 timepoints. At each timepoint we identified 90-240 airways 182 

from 4-10 mice (see Table 1 for breakdown). ECM and ASM area fractions were calculated for each 183 

airway (Supplementary Table 1). 184 

Mean ASM area fraction in OVA-challenged animals, observed at day 34, was significantly greater than 185 

in control animals (Fig 2B, left panel; one-way ANOVA, p = 0.0353). Elevated ASM area fraction in OVA 186 

conditions at day 34 resolved rapidly, with no significant difference in mean area fraction to day 34 187 

control observed over the seven-day resolution period, returning almost to baseline by day 41. The 188 

variability in ASM area fraction associated with remodelling also decreased to similar levels to control 189 

animals by day 41 in all but those airways with the highest ASM fraction (Figs 2B, right panel; and 2C).  190 

In contrast to ASM, the observed increase in mean ECM area fraction at day 34 was not significant 191 

(compared to control) but remained elevated after cessation of airway challenge, with statistically 192 

significant increases observed at days 37, 39, and 41 compared to control (Fig 2B, left panel; one-way 193 

ANOVA, p = 0.0292, 0.0183, 0.0140 respectively). The increased variability in the ECM area fraction 194 

associated with remodelling was also sustained (Figs 2B, right panel, and 2C). Additionally, ECM 195 

fraction increased 1.3-fold in control animals between day 34 and 41 although these changes were 196 

smaller than those due to OVA challenge-associated remodelling. 197 
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The trends in data are more readily observable in the pooled data (Fig 2B, right panel), in which every 198 

point represents an airway, showing the large increase in ASM fraction at day 34 which resolves 199 

rapidly, while the ECM increase appears to occur over a slower timescale and remains elevated during 200 

the resolution period.  201 

  202 

The full distribution of area fraction data obtained within each group at day 34 is shown in Figure 2C 203 

left panel, highlighting the rich information on intra-subject heterogeneity in our dataset (see also 204 

Supplementary Fig 3). On day 34, the right shift in distribution peak shows increases in ASM and ECM 205 

area fractions (statistical significance discussed above) in OVA-challenged when compared with control 206 

animals. Additionally, the heterogeneity of ECM and ASM remodelling (as highlighted by the width of 207 

the distributions) differed from control airways with a 1.3- and 1.5-fold increase in variance 208 

respectively (Fig 2C). 209 

Stratification of remodelling changes by airway size 210 

It is well established that remodelling is a response to both inflammatory mediators and the micro-211 

mechanical environment of resident cells and ECM (17-21). The emergent remodelling response 212 

determined by this complex, multiscale system will therefore depend sensitively on small differences 213 

in, for example, local inflammatory response, airway geometry, and mechanical properties at the 214 

airway and cellular level (22-30). Therefore, in what follows we exploit our entire dataset to examine 215 

the pattern and time course of remodelling and resolution across airways of different sizes for the first 216 

time. 217 

The methodology allows detailed measurement of additional airway parameters including lumen area 218 

and basement membrane (BM) perimeter. Airways were initially arbitrarily divided into small (BM 219 

perimeter <500μm), medium (501μm-1000μm) and large (1001μm-1500μm) categories. To allow 220 

direct comparisons between airways stratified by size, we first determined that neither the range nor 221 

the mean of the distribution of BM perimeters differed between control and OVA-challenged animals 222 
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at day 34 (one-way ANOVA, p= 0.166 and two-sample KS tests, p=0.08 respectively). At day 41 mean 223 

BM perimeter did not differ significantly (one-way ANOVA, p=0.166), although the distribution of these 224 

changes did vary somewhat (two-sample KS tests p=0.0069). At day 41 mean BM perimeter did not 225 

differ significantly (one-way ANOVA, p=0.166), although the distribution of these changes did vary 226 

somewhat (two-sample KS tests p=0.0069).  227 

In OVA-challenged animals at maximal remodelling on day 34, mean ECM area fraction increased 228 

significantly in small and medium sized airways by 1.7 and 1.4-fold respectively compared with control 229 

animals. A 1.3-fold increase in large airways was not significant (Fig 3A); p-values corresponding to 230 

these statistical tests, and those described below, are given in the relevant panels of Figure 3. ECM 231 

remodelling in each category was sustained over the post-challenge period to day 41 with 1.9, 1.5 and 232 

1.4-fold increases respectively, compared with control at day 34 (Fig 3A). Mean ASM area fraction also 233 

increased at day 34 in all airway sizes, although the pattern of remodelling differed with the greatest 234 

increase in large airways; 1.8, 1.5 and 1.9-fold increases were observed in small, medium and large 235 

airways, respectively (Fig 3B). The mean ASM area fraction at day 41 had fallen to control levels in 236 

medium and large but not small airways; however, only a relatively small number of airways could be 237 

identified in this group (Fig 3B). ASM remodelling resolved to a greater degree in large and small rather 238 

than medium-sized airways (Fig 3B, middle column) and is consistent with the wider distribution of 239 

ASM fractions at day 41 in the OVA-challenged animals (Fig 2B).  240 

Fine stratification by airway size  241 

These airway size categories are a convenient way to observe differential airway remodelling and 242 

highlight how the distributions within each airway range informs their interpretation. However, our 243 

dataset allows us to examine the heterogeneity in airway remodelling in finer detail by considering the 244 

relationship between ASM and ECM fractions across the whole range of airway sizes (defined by 245 

basement membrane perimeter). As BM perimeter distributions do not differ between control and 246 

OVA-challenged animals at day 34, the remodelling observed can largely be attributed to increased 247 
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airway ASM and ECM content. 3D histograms that show the frequency of observed airway area 248 

fraction split across finely-resolved size categories, show that ECM and ASM distributions are more 249 

diffuse in OVA-challenged compared with control animals, consistent with the increased variance seen 250 

with airway size stratification (Fig 4A). Comparison between the orientation of the distribution peaks in 251 

control and OVA-challenge conditions, shown by lines of best fit (Fig 4B,C and Supplementary Figure 4) 252 

highlight the airway size-dependence of remodelling in more granular detail. Uniform remodelling 253 

across airway sizes would result in approximately parallel best fit lines in control and challenge 254 

conditions, while clockwise or anticlockwise rotation would be associated with increased remodelling 255 

in smaller or larger airways, respectively. Consistent with our findings based on coarse stratification, 256 

we observe that ECM remodelling decreases progressively with increasing airway size, with little to no 257 

remodelling observed in airways with BM perimeter greater than 1000µm. For ASM distributions, 258 

however, there is a substantial change in peak orientation, corresponding to increased remodelling in 259 

small compared with larger airways (with BM greater than approximately 750µm), although the small 260 

number of large airways means that the linear correlation lines should be interpreted with care in the 261 

latter region. The resolution of remodelling in both ECM and ASM, shows substantial variation over the 262 

seven-day post-challenge period highlighted by tracking the location of mean ECM and ASM from the 263 

2D projections over all time points (Supp Fig 4E-H). This emphasises the contrast in the overall trend 264 

for ASM content to resolve to almost control levels, while ECM continues to remodel throughout this 265 

period. 266 

 267 

Spatial distributions of ASM and ECM across the airway wall 268 

We next examined how total area fraction of ASM and ECM were distributed radially from the 269 

basement membrane to the outer airway margin (Fig 1D,E), and how this changed during remodelling 270 

(Fig 5). In control animals at day 34 and 41, ECM content was highest in the 40% of the airway adjacent 271 

to the basement membrane, peaking at 20% in each case (blue and yellow curves, Fig 5A, left column; 272 

Fig 5C, left panel). In contrast, increased ECM content in control animals at day 41 was restricted to the 273 
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30% of the airway wall adjacent to the basement membrane, with little or no increase elsewhere. ECM 274 

remodelling in OVA-challenged animals at day 34 followed a similar pattern, but with a shift in the 275 

peak location towards the airway wall mid-point (Fig 5A, top right panel) and increased ECM deposition 276 

in the outer 80% of the airway compared with control at day 34 (cf. blue and orange curves in Fig 5A, 277 

top row and Fig 5C, left panel). The increased ECM observed in outer regions of the airways in OVA-278 

challenged animals at day 34 is maintained during the post-challenge phase until day 41 (cf. orange 279 

and purple curves in Fig 5A and Fig 5C, left panel). Further increases in ECM content occurred in the 280 

40% of the airway adjacent to the basement membrane and, interestingly, the location of the peak in 281 

the OVA-treated animals shifted back towards the basement membrane, as exhibited by the control 282 

data (cf. purple and yellow curves in Fig 5C, left panel). ASM content in control animals was also 283 

highest in the 40% of the airway thickness nearest the basement membrane, peaking at 20% with very 284 

little ASM more peripherally (Fig 5B, left column). OVA challenge resulted in increased ASM content in 285 

the region 20-80% from the basement membrane, with a shift in the peak further away from the 286 

basement membrane (cf. blue and orange curves in Fig 5B, top row and Fig 5C, right panel). Over the 287 

post-challenge period, the peak and overall distribution returned close to control levels (cf. purple and 288 

yellow/blue curves; Fig 5C, right panel).  289 

 290 

The comprehensive dataset, shown in Figs 4 and 5A,B, also highlights the heterogeneity in airway 291 

composition both in control and post-challenge conditions. We further investigate this in 292 

Supplementary Figure 3, demonstrating wide variation in total ECM area fraction and its radial 293 

variation between animals, but with somewhat more consistent response observed in OVA-challenge 294 

conditions compared to control. Additionally, BM perimeter shows greater consistency between 295 

animals than does airway constituent remodelling.  296 

Epithelial involvement in remodelling 297 
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To determine how the epithelial layer was affected by remodelling (Fig 6) we computed the epithelial 298 

area for each airway as shown in Supplementary Figure 5A. To correct for airway size, the epithelial 299 

area between the BM and airway lumen was normalised to the BM perimeter so that we obtain a 300 

measurement of epithelial area per unit BM perimeter length. For concision, we refer to this as 301 

‘normalised epithelial area’ below. For 550 airways examined at days 34  and 41, the mean normalised 302 

epithelial area was higher in ovalbumin-challenged compared with control animals as indicated by the 303 

right shift in distribution peaks, as was the variability, indicated by the width of the distributions (Fig 304 

6A). In the 28 control and 58 OVA-challenged animals over 5 timepoints, the mean normalised 305 

epithelial area was significantly increased at day 34 (n= 6 mice; p = 0.0025) compared with control at 306 

day 34 (n = 6 mice) and remained elevated at all subsequent timepoints  (p = 0.012, 0.0035, 0.0053, 307 

0.0188; n = 6, 8, 6, 4, 10 respectively;  Fig 6B) with fold-increase ranging from 1.38 – 1.44. Stratification 308 

by size shows that the changes at day 34 were driven by large (1.7-fold; p = 2.4× 10ି଼) and medium 309 

sized (1.3-fold; p=1.2 × 10ିଵଽ) but not small airways (Fig. 6C,D,). The last observation is also consistent 310 

under finer stratification as indicated by the anticlockwise rotation of the line of best fit in the 2D 311 

projection of BM perimeter vs normalised epithelial area histograms (Fig 6E) in ova-challenged animals 312 

compared with control animals at D34. 313 

We expected the observed increase in normalised epithelial area to result in a decrease in normalised 314 

lumen area (normalised to BM perimeter, as described above), given that the mean BM perimeter 315 

remains largely unchanged. However, the mean normalised lumen area was not significantly altered in 316 

OVA-challenged compared to control animals at either day 34 or 41 (one-way ANOVA, p=0.9935, 317 

0.0616 respectively). This observation was investigated further using simulations based on day 34 318 

control data (Fig 7), together with simplified geometrical arguments (Supp. Fig 5). The latter provides a 319 

mathematical constraint under which, both normalised epithelial and lumen area in OVA-challenged 320 

animals can indeed exceed that in control animals. The former provides a demonstration of this as 321 

follows. First, we generate a set of virtual airways with normalised lumen and inner (that enclosed by 322 

the basement membrane, normalised as above) areas distributed as observed in the control animal 323 
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airways at day 34. We then employ a  statistical model under which OVA challenges are simulated by 324 

applying small random perturbations (with statistical properties corresponding to the observed OVA 325 

data) to the virtual control data (effectively mimicking a longitudinal study not possible in real animals). 326 

The corresponding synthetic normalised epithelial area is computed from their difference. Full details 327 

are given in the Supplementary material. Simulated normalised lumen and inner area distributions of 328 

course have similar shapes to that of the observed experimental data in OVA-challenged animals at 329 

day 34 (cf. green and orange curves in Figs 7A,B, left column; note that the distribution amplitude is 330 

not expected to be similar, since these data are directly computed from the control (blue curves)), with 331 

similar statistically significant and non-significant increase in means (Figs 7A,B, right column). The 332 

corresponding distribution of simulated normalised epithelial area also shows a statistically significant 333 

increase in mean and a similar shape to the observed data in OVA-challenged animals at day 34 (Fig 334 

7C); p-values are given in figure panels. Taken together, these data support and explain the 335 

unexpected relationship between normalised epithelial area, BM perimeter and normalised lumen 336 

area observed in the data. 337 

Discussion 338 

We have developed a new method to examine airway remodelling in mouse whole lung cross-sections. 339 

In conjunction with immunohistochemistry, the method allows assessment of the amount and 340 

distribution of airway components and can be stratified quantitatively according to airway size. In this 341 

study we demonstrate that the method is effective in examining ASM, ECM and epithelial remodelling 342 

and for the first time has provided evidence of differential changes in large and small airways in 343 

response to chronic airway challenge in mice. Our new technique represents a significant improvement 344 

in airway remodelling analysis over conventional methodology. Exploiting image processing 345 

techniques, our method permits semi-automatic identification, and detailed quantitative analysis, of 346 

significantly larger numbers of airways from the same number of experimental animals than has 347 
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hitherto been possible. These extensive datasets support unique insights into airway remodelling 348 

processes. 349 

  350 

It has long been suggested that remodelling of airways in asthma is not homogeneous and that 351 

differential remodelling occurs across airways of varying sizes (31), with a recent report demonstrating 352 

clear heterogeneity in airway smooth muscle remodelling (32). The implications of heterogeneous 353 

remodelling across larger, proximal and more distal small airways are not fully understood.  It has been 354 

suggested that remodelling of small airways contributes to airway hyper-responsiveness (33), which is 355 

consistent with regional changes in ventilation suggestive of distal airway remodelling (34). Supporting 356 

this, small airways significantly contribute to increased total lung resistance in moderate-severe 357 

asthma (35). Changes in the distribution and extent of remodelling across airways of varying sizes are 358 

also seen between non-fatal and fatal asthma (24) suggesting these observations are clinically 359 

important. 360 

The method described here identified profound changes in ASM, ECM and epithelial cell remodelling 361 

between airways of varying sizes and demonstrated that distinct features of remodelling do not 362 

change in a universal way. Our findings show that small airway remodelling is primarily associated with 363 

increases in ASM and ECM fractions whereas epithelial cell remodelling occurs primarily in the larger 364 

airways. Increased ASM and ECM mass around small airways in human asthma and animal models has 365 

been previously well documented (13, 32, 36-42). However, none of these previously published studies 366 

have directly compared ASM and ECM remodelling around small versus large airways. Studies 367 

assessing epithelial remodelling in large and small airways are more limited in number; however, 368 

Carroll et al. found no significant difference in epithelial damage between large and small airways in 369 

human asthma (24). Conversely, Ramos-Barbon et al. have previously demonstrated that increases in 370 

ASM mass are greater in small airways compared with large airways (43), which supports our present 371 
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findings. Crucially, we have expanded these findings to study both ASM and ECM in the same small and 372 

large airways. 373 

Our study shows that the resolution of ASM over the 7-day timescale appears to mirror the resolution 374 

of eosinophils which occurs over the same timescale. This has previously not been demonstrated; the 375 

only other study that we are aware of in which resolution of inflammatory cells was investigated after 376 

cessation of challenge (44) did not include time-points as finely resolved as in our study. Southam and 377 

colleagues reported sustained increases in ASM and ECM 4 weeks after cessation of airway challenge 378 

(42) whereas our data suggested that ASM mass increases resolve. This difference in finding may be 379 

the result of differences in in vivo model used; Southam et al used a prolonged house dust mite 380 

exposure model that involved 25 frequent airway challenges whereas our model utilised only 10 381 

airway challenges with ovalbumin over a 34 day period. 382 

A strength of the method presented here is the ability to assess features of remodelling across airways 383 

of all sizes in an unbiased manner, which has not previously been possible in other studies of airway 384 

remodelling. Whilst image analysis methods including stereology are truly unbiased and can capture all 385 

structures irrespective of orientation, applying such methods to whole lungs is currently too labour- 386 

and data-intensive for most studies. Airway remodelling is primarily assessed using histological and 387 

immunohistochemical approaches which, while being excellent methods to study pathological changes 388 

in tissues, are prone to many types of selection bias for a number of reasons (45). The ability to scan an 389 

entire transverse section of lung tissue, identify every airway present and make multiple 390 

measurements within those airways reduces selection and sampling bias. A previous attempt to 391 

measure remodelling in airways of all sizes within lung tissue was limited by the dependence on the 392 

experimenter to identify airways and draw their boundaries reducing the precision in defining airway 393 

size (36). Our system represents a significant advancement in the automatic identification of all airways 394 

present and accurate calculation of airway wall dimensions once the basement membrane has been 395 

defined manually. This is, to our knowledge, the first automated system for identifying airways within 396 
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lung tissue. This model has the potential to set a new, higher standard for the analysis and reporting of 397 

airway remodelling changes in animal models of asthma. Indeed, our comprehensive dataset exposes 398 

detailed data on intrasubject heterogeneity, which has recently been reported in cases of nonfatal and 399 

fatal asthma (32). While reporting data for individual animals is seen as the accepted standard, the 400 

large number of airways captured can increase statistical power reducing the number of animals 401 

required to appropriately test a hypothesis. Of course, in study design, a balance is required between 402 

3Rs considerations and retaining sufficiently many individual animals and/or airways to demonstrate 403 

statistical significance of the phenomenon of interest. Here we have assessed ASM, ECM and epithelial 404 

cell remodelling; however, the method allows for a diverse range of measurements to be made, only 405 

limited by the availability of a specific immunohistochemical stain, making this a powerful tool to study 406 

airway biology and disease.  407 

A second strength of the method presented here is the ability to assess spatial changes in ASM and 408 

ECM occurring within the airway. Spatial distributions suggest that although ECM close to the 409 

membrane increased in control animals at day 41 compared with control animals at day 34, the more 410 

diffuse increase in ECM in the rest of the airway occurs only in OVA-challenged animals and not in 411 

control animals. This finding suggests that there is some natural ECM increase near the basement 412 

membrane, while the OVA-driven increase is larger and more diffuse. Additionally, we observe that in 413 

control animals, areas of higher ECM density appear to correlate with areas of higher ASM density 414 

whereas in OVA-challenged animals, increased ECM appears at the outer margins. Taken together, 415 

these observations suggest a possible mechanism that warrants further investigation: during airway 416 

remodelling increased ASM deposits ECM throughout the airway which then resolves but leaves the 417 

ECM behind. 418 

While the method has many advantages there are some limitations. At present the automatic airway 419 

identification requires user confirmation that the object identified is an airway, which is somewhat 420 

time-consuming. Future work by this group will explore the use of artificial intelligence and machine 421 
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learning to classify airways and to segment stained tissue, removing the need for user-dependent 422 

airway identification. Finally, due to the nature of the airway identification, only intact airways in cross-423 

section (i.e. a complete circular structure) are identified. This potentially limits the number of airways 424 

detected, particularly in sections that have large amounts of tissue artefact due to histological tissue 425 

preparation. In this current work we have applied the model to mouse lung tissue. Further validation 426 

will explore its utility in human lung tissue.  427 

In summary, we have presented a novel, powerful, semi-automated method that allows detailed, 428 

unbiased assessment of airway remodelling changes in the lungs of animals from in vivo models of 429 

asthma. The method has demonstrated important differences in the spatial remodelling of ECM, ASM 430 

and the epithelial layer in airways of various sizes, and key differences in the resolution of such 431 

remodelling changes after cessation of airway challenge.  432 
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Table 1: Number of mice and airways identified in each group and at each time point. 433 
 ECM (PSR) ASM (aSMA) 

 Number of mice  Number of 
airways  

Number of mice Number of airways  

D34 Control 6 121 6 164 

D34 Ova 6 110 6 158 

D35 Ova 6 139 6 186 

D37 Ova 6 239 8 188 

D39 Ova 6 119 6 98 

D41 Ova 4 124 4 90 

D41 Control 6 155 10 138 

 434 
 435 
 Table 2: Number of airways identified in each group stratified by airway size (small (basement 436 
membrane perimeter < 500µm), medium (500 – 1000µm) and large (1000 – 1500µm)) at Days 34 and 437 
41. 438 
 ECM (PSR) – Number of airways ASM (aSMA) – Number of airways 

 
Day 34 

Day 41

 
Day 34 Day 41 

 
Control Ova Control Ova Control Ova Control Ova 

Small 26 17 22 7 25 19 15 5 

Medium 68 60 72 54 103 91 90 59 

Large 12 21 27 32 22 25 23 15 

 439 
  440 
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Legends to figures. 441 

 442 

Figure 1: Experimental protocol and data capture. (A) Twelve-week old BALB/C mice underwent 443 

ovalbumin (OVA) sensitisation on study days 0 and 10 (grey arrows) followed by 10 ovalbumin airway 444 

challenges between days 17 and 33 (black arrows) and were sacrificed on day 34 (maximal 445 

remodelling) and days 35, 37, 39 and 41 (white arrows). Control animals were sensitised but 446 

challenged with physiological buffered saline (PBS) and sacrificed at days 34 and 41. (B) Lungs were 447 

wax-embedded en bloc with trachea and bronchi intact. Wax block was dissected in two halves along 448 

the coronal plane going through the centre of trachea and bronchi (1). The two halves were butterflied 449 

out (2) and serial sections through the lungs in the same plane were then taken (3).  (C) Whole lung 450 

sections were captured using a Hamamatsu Nanozoomer. The software identifies and filters all airway-451 

like objects (indicated with pins) and the user selects the images representing airways from the pool of 452 

objects. (D) For each airway the user manually traces the basement membrane (BM) (1); the software 453 

then draws an outer airway margin (2); the software identifies smooth muscle actin (SMA) or 454 

picrosirius red (PSR) stained area which the user confirms or corrects (3) and the software traces the 455 

lumen outline (4). (E) The spatial distributions of ASM and ECM within the airway are calculated by 456 

determining the number of stained pixels within narrow bands between the basement membrane 457 

(blue curve) and the band margin (red curve). The number of pixels is averaged over the perimeter of 458 

that band and plotted as a function of the normalised radius which places the basement membrane at 459 

0 and the outer airway margin at 1 giving a spatial distribution of stain intensity as shown in the 460 

schematic. 461 

 462 

Figure 2: Global changes in smooth muscle and extra-cellular matrix during remodelling and 463 

resolution (A) Bronchoalveolar lavage cell count. Eosinophils, macrophages, lymphocytes and 464 

neutrophils as a percent of total number of cells for both control and ova-challenged animals on days 465 

34 and 41 and for ova-challenged animals on days 35, 37 and 39. (B) Global changes in airway 466 
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constituents during resolution. Box plots show change in area fraction of ECM (top) and ASM (bottom) 467 

between days 34 and 41, for mice as experimental units (left) and airways as experimental units (right). 468 

Box plots show the median, 25th, 75th percentiles and whiskers indicate 1.5 x interquartile range. 469 

Black bars indicate means significantly different to day 34 control. Analysed using one-way ANOVA; 470 

ASM p=0.035308; ECM p = 0.029165, 0.01833, 0.013959 respectively. (C) Area fractions of extra-471 

cellular matrix (ECM; top row) and airway smooth muscle (ASM; bottom row) for all airways from both 472 

control and ova-challenged animals at maximal remodelling (day 34) and one week post challenge (day 473 

41). Histograms and corresponding fitted distributions of area fraction of stain at days 34 (left column), 474 

and 41 (middle column). All four fitted distributions are shown in the right column (data from 4-6 mice 475 

and 90-168 airways for each condition – see Table 1 for group numbers).  476 

 477 

Figure 3: Changes in smooth muscle and extra-cellular matrix stratified by airway size. Airways were 478 

categorised as small (basement membrane perimeter < 500µm), medium (500 – 1000µm) and large 479 

(1000 – 1500µm); numbers of airways identified in each these groups are given in Table 2. Histograms 480 

show area fraction of (A) extracellular matrix (ECM) and (B) airway smooth muscle (ASM) at days 34 481 

(left column), and 41 (middle column). Box plots show change in area fractions of ECM and ASM (right 482 

column) on days 34 and 41. Box plots show the median, 25th, 75th percentiles and whiskers the most 483 

extreme data points not considered outliers; outliers are highlighted in red. Black bars indicate means 484 

are significantly different to mean at day 34 control. Green bars show cases in which there are 485 

additional significant differences between means. Analysed using one-way ANOVA; p values shown on 486 

figure panels. 487 

 488 

Figure 4: Differential changes in airway constituents with airway size under fine stratification. (A) 3D 489 

histograms showing frequency of airways (denoted by colour-scale) binned according to both ECM 490 

area fraction and size (basement membrane (BM) perimeter). To aid interpretation, 2D projections 491 

(top-down views of the 3D histograms in (A), in which colours indicate frequency of observation as 492 
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indicated by the colour-bars) are shown instead for (B) Extracellular matrix (ECM) and (C) airway 493 

smooth muscle (ASM) for day 34 control (left column) and day 34 ovalbumin challenged (OVA, right 494 

column). Solid white lines indicate lines of “best fit”. Dashed white lines are lines of best fit from 495 

control data overlaid on the corresponding ovalbumin data for comparison. Interpretation of these, 496 

and data for all days, are given in Supplementary Fig. 4.  497 

 498 

Figure 5: Spatial distribution of smooth muscle and extra-cellular matrix across the airway wall. Area 499 

fraction of (A) extra-cellular matrix (ECM) and (B) airway smooth muscle (ASM) distributed spatially 500 

across the airway wall for all control and ovalbumin-challenged (Ova) mice at days 34 and 41. The 501 

region between the basement membrane and the outer airway margin defined by the software is 502 

scaled from zero (basement membrane side) to one (outer airway margin). Gray curves represent 503 

individual airways, and coloured curves indicate average area fraction as function of normalized airway 504 

radius and shown in summary in (C). The yellow shaded region indicates increased ECM between 505 

control D34 and control D41 (not significant). Purple shaded region shows increase in ECM content 506 

between control D41 and ova D41 (not significant). Distributions for individual mice are given in 507 

Supplementary Fig. 3. 508 

 509 

Figure 6: Changes in normalized epithelial area (A) Changes in epithelial area at days 34 and 41. 510 

Epithelial area normalized with respect to basement membrane (BM) perimeter for all airways from 511 

both control and ovalbumin-challenged (ova) animals. Histograms and corresponding fitted 512 

distributions of epithelial area at days 34 and 41. (B) Global changes in epithelial area during resolution 513 

period. Box plots showing change in epithelial area from days 34 to 41. Box plots show the median, 514 

25th, 75th percentiles and whiskers the most extreme data points not considered outliers; outliers are 515 

highlighted in red. Black bars indicate means that are significantly different to mean at day 34 control 516 

(p values indicated in text; 4-6 mice and 90-186 airways per group - see Table 1 (αSMA) for group 517 

numbers). (C) Changes in epithelial area graded by airway size.  Airways were categorised as small (BM 518 
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perimeter < 500µm), medium (500 – 1000µm), and large (1000 – 1500µm). Histograms show epithelial 519 

area at days 34 and 41 (see Table 2 (αSMA) for group numbers). (D) Summary data box plots showing 520 

change in epithelial area on days 34 and 41 corresponding to the airway size. Black bars indicate means 521 

are significantly different to control at day 34. Green bars show additional significant differences 522 

between means. (E) Differential changes in epithelial area with airway size under finer stratification. 2D 523 

projections of 3D histograms showing frequency of airways (denoted by colour-scale) binned according 524 

to both epithelial area and size (basement membrane perimeter) at day 34. White lines indicate lines 525 

of “best fit”. Interpretation of these is given in Supplementary Fig. 4.  526 

 527 

Figure 7: Airway-area relationships explained by simulated data. Inner, lumen and epithelial areas are 528 

computed as described in Supplementary Figure 5. Simulated lumen and inner area OVA data is 529 

obtained by perturbing control data at day 34 by a normally-distributed random amount (see 530 

Supplement). Panels show area distributions normalised with respect to the BM perimeter for control 531 

and OVA data and simulated OVA data at day 34 (left), and corresponding box plots (right). Box plots 532 

show the median, 25th, 75th percentiles and whiskers the most extreme data points not considered 533 

outliers; outliers are highlighted in red. (A) Inner area normalised with respect to the BM perimeter is 534 

significantly increased in ova compared with control at day 34, indicated by the shift in the peak in the 535 

distributions (left) as well as one-way ANOVA and box plots (right).  (B) Lumen area is not significantly 536 

different. (C) Mean epithelial area is significantly increased.  Analysed using using one-way ANOVA; p 537 

values given in text. 538 

  539 
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Differential remodelling in a mouse model of asthma

CONCLUSION 
Post ovalbumin challenge, ASM changes resolved over seven days whereas ECM and epithelial 
changes persisted, ASM changes were greater near the basement membrane whereas ECM 
increase was more diffuse across the airway, and large and small airways remodelled differently.
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