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Abstract 39 

 40 

The increased rate of global urbanisation has recently exacerbated the significant public health 41 

problem of traffic related air pollution. Despite the known significant impact on human health, little 42 

is known about the effects of air pollution on wildlife health. The lung is the primary target organ for 43 

the effects of exposure to air pollution, leading to lung inflammation, altering the lung epigenome, 44 

culminating in respiratory disease.  In this study, we aimed to assess lung health and DNA 45 

methylation profiles in Eastern grey squirrel (Sciurus carolinensis) populations living across an 46 

urban-rural air pollution gradient. Squirrel lung health was assessed in four populations situated 47 

across the most polluted inner-city boroughs to the less polluted edges of Greater London. We also 48 

assessed lung DNA methylation across three London sites and a further two rural sites in Sussex 49 

and North Wales. Lung and tracheal diseases were present in 28% and 13% of the squirrels 50 

respectively. Specifically, focal inflammation (13%), focal macrophages with vacuolated cytoplasm 51 

(3%) and endogenous lipid pneumonia (3%). There was no significant difference in prevalence of 52 

lung, tracheal diseases, anthracosis (carbon presence) or lung DNA methylation levels between 53 

urban sites and urban and rural sites respectively or distance from an A-road. BALT (Bronchus-54 

Associated Lymphoid Tissue) size was smallest, with highest carbon loading in inner-London sites 55 

compared to outer-London sites, but this difference was not significant. However, high pollution site 56 

individuals had higher numbers of alveolar macrophages. We present preliminary evidence that 57 

urban squirrels are exposed and respond to traffic-related air pollution, but further research is 58 

needed. 59 
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Introduction 78 

Poor, and deteriorating air quality due to traffic-related pollution is the biggest environmental risk 79 

to health (WHO, 2017). Despite vast research in humans, to date there is limited empirical 80 

evidence measuring or quantifying the impact of urban air pollution on wildlife health, at either an 81 

individual or population level (Isaksson, 2015). Urbanisation continues to expand globally, 82 

particularly in species-rich areas, exposing a larger range of species, including threatened species, 83 

to traffic pollution (Hayhow et al., 2019). In recent decades, even urban adapted species have 84 

shown steep declines in abundance (e.g., butterflies, honeybees Apis mellifera, house sparrow 85 

Passer domesticus, common starling Sturnus vulgaris and hedgehog Erinaceus europaeus), with 86 

traffic-related air pollution (TRAP) being a potential unexplored risk factor (Hayhow et al., 2019; 87 

Peach et al., 2018). Historically, industrial air pollution (e.g., SO2, arsenic, lead, smog, fluoride, 88 

and black carbon) has been shown to cause severe reductions in wild animal populations and in 89 

some instances extirpate them completely (Newman & Schreiber, 1984). The current gap in our 90 

understanding of how wild populations are affected by and respond to TRAP toxicity hinders our 91 

ability to effectively monitor, manage and predict an emergent risk to the health of all organisms. 92 

 93 

Urban air pollution is largely a consequence of TRAP that contains a cocktail of toxins pollutants - 94 

ozone (O3), particulate matter (PM2.5 and PM10 e.g., black carbon), metals, polyaromatic 95 

hydrocarbons (PAHs) and nitrogen oxides (NOx), the smallest particles of which can penetrate deep 96 

into the lung (WHO, 2017). These are all carcinogenic substances, thought to increase DNA 97 

damage and compromise DNA repair mainly through increased inflammation and levels of oxidative 98 

stress (Isaksson, 2015; Møller et al., 2014). Conditions in humans associated with TRAP exposure 99 

include respiratory inflammation, reduction of lung capacity, asthma, lung cancer, respiratory 100 

infections and the exacerbation of existing cardiopulmonary issues (Royal College of Physicians, 101 

2016).  102 

 103 

The limited studies on the impact of TRAP on wildlife generally mirror those from human studies 104 

(Isaksson, 2010). Studies on lung response in free-living populations of animals show higher levels 105 

of inflammation in the tissues of feral dogs (Canis lupus) (Calderón-Garcidueñas et al., 2003), feral 106 

pigeons (Columba livia) (Sicolo et al., 2010) and the Brazilian rodent (Ctenomys minutus) (Heuser 107 

et al., 2002) residing in areas with higher TRAP levels.  The lungs’ particle deposition and clearance 108 

mechanisms are largely dependent on alveolar macrophages and mucociliary clearance (Noël et 109 

al., 2016). Alveolar macrophages phagocytose particles derived from TRAP and trigger the body’s 110 

innate immune response, providing the first line of defence against noxious air pollution (Bai et al., 111 



2015). Activated macrophages release inflammatory mediators which attract other immune cells to 112 

the site, and these elevated numbers of macrophages provide an excellent indicator of immune-113 

activation and inflammation due to TRAP (Kulkarni et al., 2006). A study by Steyn & Maina (2015) 114 

(Steyn & Maina, 2015) of wild populations of house sparrows (Passer domesticus), Cape glossy 115 

starlings (Lamprotornis nitens) and laughing doves (Spilopelia senegalensis) in South Africa found 116 

higher numbers of alveolar macrophages present in the lungs of urban birds exposed to high TRAP 117 

levels. As well as lung exposure and responses to air pollution, TRAP exposure can also potentially 118 

alter lung DNA methylation levels.  119 

 120 

DNA methylation is a widely studied epigenetic process, which through dynamic addition and 121 

removal of methyl group to cytosines remodelling can alter cell function by modulating transcription. 122 

Controlled DNA methylation remodelling mediates important processes such as cellular 123 

differentiation, development  and healthy ageing (Wilson et al., 2007) but disfunction is associated 124 

with disease (Hanson et al., 2011). 125 

Exposure to TRAP has been linked to alterations in DNA methylation patterns, in particular 126 

hypomethylation which is the loss of the methyl group in the 5-methyl cytosine nucleotide (Rider & 127 

Carlsten, 2019). A natural part of ageing (Jung & Pfeifer, 2015), hypomethylation has been causally 128 

linked to genetic instability and tumorigenesis (Rider & Carlsten, 2019). Any alteration to 129 

methylation levels due to external stressors has the potential for long-term negative impacts on an 130 

organism. The combination of inflammation, oxidative stress and epigenetic changes such as to 131 

DNA methylation, work in tandem to produce the disease outcomes associated TRAP exposure 132 

(Traboulsi et al., 2017).  However, the underlying mechanisms or how these changes in DNA 133 

methylation influence inflammation, lung health and disease occurrence is still not well understood 134 

in humans or in other wild animals (Baccarelli et al., 2012; Rider & Carlsten, 2019).  135 

 136 

Although we have strong evidence available regarding the cytotoxic and genotoxic effects that 137 

TRAP has in humans, domestic and laboratory animals, to our knowledge there are currently no 138 

studies evaluating the impact that TRAP exposure may have on lung development health and DNA 139 

methylation and disease outcomes in wild mammals. To fill this important gap in our understanding 140 

we examined if TRAP could explain variation in prevalence of lung disease and global lung 141 

methylation levels in seven wild populations of the invasive American Eastern grey squirrel (Sciurus 142 

carolinensis) occurring across an urban-rural air pollution gradient in the UK. The grey squirrel is 143 

an ideal model system to test the impact of air pollution: it occurs across all London green spaces, 144 

from the most polluted inner-city boroughs to the leafier edges of Greater London (Sheridan et al., 145 

2019). They are also considered a pest and are systematically culled across all these sites because 146 

they damage property and the very trees that play such an important role in reducing air pollution 147 

in London (Merrick et al., 2016). Squirrels are exposed to realistic, complex levels of ambient air 148 



pollution, the effects of which can be assessed histologically, something that human correlative 149 

studies and lab-based animal experiments rarely achieve as they can neither replicate the ambient 150 

air pollution ‘cocktail’ nor mimic the chronic exposure experienced by people and wildlife. Grey 151 

squirrel populations therefore provide a unique opportunity to assess the impact of exposure to 152 

TRAP on lung health. 153 

 154 

Specifically, we tested assessed lung health by testing variation in 1) the presence or absence of 155 

black carbon  in airway macrophages (anthracosis) and bronchus-associated lymphoid tissue 156 

(BALT); 2) the number of alveolar macrophages, BALT size and BALT to lung size ratio, as well 157 

as, global lung methylation levels and whether 3) the presence or absence of tracheal and lung 158 

diseases, were explained by average levels of NO2 at each site, distance from each cull site to a 159 

major road (used as a proxy for TRAP exposure) as well as an individual’s squirrel’s age, weight 160 

and sex. 161 

 162 

Material and Methods 163 

 164 

Species and study areasStudy species 165 

The Eastern grey squirrel is an invasive rodent first introduced to the British Isles in the late 1800s. 166 

Multiple introductions, by private landowners, as an ornamental species, led to the establishment 167 

and expansion of grey squirrel populations. Grey squirrel’s now range across most of England, 168 

Wales, and eastern Ireland (Signorile et al. 2016). 169 

In the UK, tThe presence of grey squirrels negatively affects native ecosystems, as they 170 

outcompete  and spread disease to thethe indigenousnative red squirrel (Sciurus vulgaris) and 171 

inflict significant damage to woodlands and parks via bark stripping (Bertolino & Genovesi, 2003; 172 

Tompkins et al., 2002). Current population size estimates in the UK range from 2-3 million 173 

individuals distributed along the rural-urban gradient (Merrick et al., 2016), and numbers are 174 

managed with systemic culling across the country to reduce forestry damage and prevent the local 175 

extinction of red squirrels (Mill et al., 2020).  176 

 177 

Sampling 178 

Sampling was done in two phases. Lung samples acquired in the first phase in Spring (February-179 

May) of 2015 and 2017 were used for the global methylation analysis. These were from three urban 180 

boroughs across London (Camden = 2; Greenwich = 4 and Richmond = 15) and two rural sites in 181 

Surrey (Alice Holt = 12) and North Wales (Penrhyn Castle = 12). In the second phase, samples 182 

were acquired for histopathology in the Spring of 2019 and 2020 and Summer (June-July) of 2019, 183 

f. From four urban boroughs across London (Westminster = 13; Greenwich = 20; Haringey = 19; 184 

Richmond = 9) (Table S1). Each site was selected based on whether a culling scheme was in place. 185 
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 186 

Pollution metrics 187 

A total of 106 individuals were sampled in the Spring and Summers between 2015 and 2020, in 188 

five London Boroughs (Camden, Greenwich, Haringey, Richmond-Upon-Thames and 189 

Westminster) and two rural sites (Alice Holt in Sussex, Southern England and Penrhyn Castle in 190 

Gwynedd, North Wales) (Figure 1). 191 

A total of 1067 individuals were sampled in the Spring and Summers between 2015 and 2020, in 192 

five London Boroughs (Camden, Greenwich, Haringey, Richmond-Upon-Thames and 193 

Westminster) and two rural sites (Alice Holt in Sussex, Southern England and Penrhyn Castle in 194 

Gwynedd, North Wales) (Figure 1 and Figure 2). Each site was selected based on whether a culling 195 

scheme was in place Each site was selected based on tand the annual average NO2 level, acquired 196 

from DEFRA’s Automatic Urban and Rural Network (AURN), and the King's College London Air 197 

Quality Network (LAQN) (Figure 1 and Figure 2).  Average NO2 levels and distance to the nearest 198 

A-road were used as a proxy for levels of traffic-related air pollution in each site. Distance from the 199 

sampling site to the nearest A-road (i.e. major road) in metres was determined using Google 200 

Maps.Readings were accessed via online databases then an overall average was taken to cover 201 

the subject’s exposure to NO2 in the year prior to being culled. Rural levels were taken from the 202 

AURN database. Urban levels were acquired from the LAQN database, annual averages were 203 

taken from the readings produced by the nearest monitoring stations (daily NO2 ug m-3) to the site 204 

of specimen acquisition. Due to the sporadic nature of the monitoring stations, particularly in rural 205 

areas, it was not possible to get exact data for the locations of specimen collection. Instead, data 206 

was acquired from the closest monitoring station. NO2 was used as a proxy for air pollution 207 

exposure as it is directly correlated to a large number of other vehicle emission pollutants and one 208 

of the few pollutants consistently monitored across monitoring stations (Supplementary Table S1). 209 

Average NO2 levels and distance to the nearest A-road (i.e., major roads intended to provide large-210 

scale transport links within or between areas) were used as a proxy for levels of traffic-related air 211 

pollution in each site. Distance from the sampling site to the nearest A-road in metres was 212 

determined using the measuring tool in Google Maps. 213 

 214 

 215 
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 216 

 217 

 218 

Figure 1. Map of the United Kingdom and Greater London with locations of the sample sites (in 219 

England with red dots, and London open circles) with a background showing the annual average 220 

concentration of NO2. The data used in this map was extracted from the London Atmospheric 221 

Emissions Inventory (2016). 222 

 223 

 224 

Post-mortem examination 225 

 226 

Each grey squirrel was weighed (g) and sex was determined from morphology. Age was determined 227 

by examining the extent of epiphyseal fusion by radiograph (Dubock, 1979). The epiphyseal gap of 228 

the radius and ulna were measured (in millimetres) using ImageJ software  (Schneider et al., 2012). 229 

Depending on the size of the gap, three different age categories were obtained: 1 (0-27 weeks of 230 

age), 2 (28-48 weeks) and 3 (49 weeks or older). Post-mortem examinations were carried out on 231 

61 individuals. Examinations assessed sex, abnormalitiesabnormalities, and the presence of gross 232 

macroscopic lesions in all major organs (Table S5). The lungs were removed and immersed in 10% 233 

neutral-buffered formalin and stored at room temperature. For the global methylation assay, left 234 

lung lobe samples were taken from an additional 45 individuals. Lung tissue samples wereand were 235 

stored in 70% ethanol at -20⁰C until processed. 236 

 237 

 238 

 239 

 240 



Histopathology 241 

 242 

Grey squirrels only possess one lobe on the left lung and four lobes on the right lung (Figures S1.1-243 

1.3). Formalin-fixed lung tissue samples from 61 grey squirrels across four locations in London 244 

were embedded in paraffin wax, sectioned at 4 µm slices and stained routinely with haematoxylin 245 

and eosin. Sections from the middle part of the trachea; cranial and caudal area of the left lung; 246 

middle part of the cranial, middle, caudal and accessory right lung lobes of each squirrel were 247 

taken. Histopathology slides were digitally scanned and reviewed using the NDP.view 2 software 248 

(Hamamatsu.com, 2020). Slides were produced for each lung lobe, which included the main 249 

bronchi to assess the Bronchus-Associated Lymphoid Tissue (BALT). Lung diseases were 250 

identified by the presence and type of inflammatory cells, as well presence of lesions and their 251 

distribution (diffuse or local).  Tracheal diseases were identified by attenuation flattening  of the 252 

epithelium (erosion), presence of inflammatory cells and/or ulceration in the respiratory epithelium. 253 

 254 

 255 

Slides were also screened for the presence of black carbon particles in the alveolar macrophages 256 

and BALT tissue (anthracosis). As well as the number of alveolar macrophages, size of the BALT 257 

tissue (if present), total lung size per slide and the BALT:lung area ratio was estimated using the 258 

NDP.view 2 “Freehand region” tool. BALT area and lung area were assessed to develop a 259 

BALT:lung ratio and determine the size of the BALT in relation to the lung size estimates. 260 

Macrophage counts were performed by randomly selecting an area of 8x10-7 m2 (0.8 mm2) per lung 261 

section, and the number of alveolar macrophages within this area counted at 40x magnification to 262 

obtain numbers per lung unit.  263 

 264 

Global DNA methylation assay  265 

 266 

For the global methylation assay, left lung lobe samples were taken from 45 individuals and were 267 

stored in 70% ethanol at -20⁰C until processed. DNA was extracted from 20 mg of tissue from the 268 

upper left lung lobe, from each individual, using the Qiagen DNeasy Blood & Tissue kit following 269 

the manufacturer’s instructions and stored at 20⁰C. Concentration of DNA samples was quantified 270 

using a Qubit 2.0 Fluorometer and 100ng of each sample used to undertake the assay. Obtaining 271 

the concentration of DNA in each sample informed specimen selection for the assay, as well 272 

allowing for the calculation of the DNA to AE buffer ratio that was needed in each well. Global DNA 273 

methylation was quantified in each lung sample, using the Epigentek MethylFlash Global DNA 274 

Methylation (5-mC) ELISA Easy Kit (Epigentek, USA). A 96-well assay was carried out, with the 275 

samples randomised across the plate to minimise bias. 10% of samples were repeated to act as 276 

controls. 100ng of DNA was used per well, and the assay was carried out as per the manufacturer's 277 



instructions. The resultant colour change, which indicates the relative abundance of methylated 278 

cytosine, was quantified using a BioTek absorbance plate reader, with the colour intensity 279 

measured at 450 nm. Raw values were converted into percentage of 5mC in total DNA using a 280 

standard curve of known concentrations of methylated DNA. The data then had to be converted to 281 

a 5-mC/(5-mC+C) format, where the 5-mC% was divided by a known cytosine content. The 282 

cytosine content of human DNA, at 21% was used a proxy. 283 

Global methylation levels (5C-methylation and 5C-hydroxymethylation) of every sample were 284 

measured using an ELISA-based colorimetric method in a 96 well plate (Epigentek, USA). The 285 

colour change, which is relative to abundance of methylated cytosine, was quantified using a plate 286 

reader (BioTek absorbance plate reader). Colour intensity was measured at 450nm. Raw values 287 

were converted using a standard curve of methylated DNA of known concentrations.  288 

 289 

 290 

Statistical Data analyses 291 

 292 

Does lung health vary between populations living at a gradient of urban air pollution? 293 

 294 

Lung health 295 

 296 

Generalized linear models were used to examine differences in lung health between urban 297 

populations of grey squirrels living atacross a gradient of air pollution. Based on histopathology 298 

data, the presence of absence of a) black carbon particles within BALT tissue, b) alveolar 299 

macrophages, c) tracheal lung disease and d) lung disease were all tested as Binomial response 300 

variables. Models contained distance from an A-road, NO2 levels and sex as explanatory variables. 301 

Interactions between sex and site were also tested, to assess whether sampling differences and 302 

differences in lung size between sexes/populations had an impact. Final models were selected 303 

using AIC values using the MuMln package in R version 1.4.1106 (R Core Team, 2021). 304 

 305 

We conducted all statistical analyses in R version 4.1.0 (R Core Team, 2021). We used generalized 306 

linear models with a Binomial distribution to examine whether presence or absence of black carbon 307 

particles within the BALT tissue, alveolar macrophages, as well as presence of tracheal and lung 308 

disease were associated with individual population location, distance from an A-road, sex, and age. 309 

To assess differences in the number of airway macrophages per lung area (0.8 mm2), the BALT 310 

and lung area and BALT to lung area ratio, we used generalized linear models with Poisson 311 

distribution with individual population location, sex, and age NO2 as explanatory variables. The 312 

severity of black carbon particles deposition within BALT tissue was tested using an ordinal logistic 313 

regression using the MASS package in R version 1.4.1106 (R Core Team, 2021). Models contained 314 
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NO2 levels and sex as explanatory variables. Weight was not included in the models as it was highly 315 

correlated with levels of NO2 with larger individuals found in areas of lower NO2. Interactions 316 

between sex and levels of NO2 pollution were also tested. 317 

 318 

 319 

Lung methylation 320 

 321 

Given the small number of global methylation samples in some urban sites (see Table S2), the 322 

values for either urban or rural sites were pooled together. DNA methylation data was tested for 323 

normality using visual analysis with histograms and boxplots and Shapiro-Wilk test. Skewness and 324 

kurtosis were tested using D’Agostino test for skewness and Bonett-Seier test of Geary’s kurtosis, 325 

respectively. DNA methylation data had a righthand-skew distribution, we therefore useddid not 326 

follow a normal distribution and had right-handed skewness.Following test of normality, DNA 327 

methylation data was found not to be normally distributed, with a tendency for a right-handed skew. 328 

We then used Generalized Linear Models with Gaussian distribution to compare if there was 329 

difference in mean global DNAWe therefore used a non-parametric Wilcoxon-Mann–Whitney test 330 

to compare two independent samples to compare if there was difference in mean global DNA 331 

methylation levels between urban and rural groups, males and females and, distance to A-road 332 

and and individuals of different age. We also tested if interactions between urban and rural sites 333 

and sex the whether the distance from an A-road and interaction between urban and rural sites and 334 

sex, and rural and urban sites and age predicted DNA methylation levels using generalized linear 335 

models with a Gaussian distribution. Final models were selected using AIC values using the MuMln 336 

package in R version 1.4.1106 (R Core Team, 2021). 337 

We used the Akaike Information Criterion (AIC) to choose the most parsimonious model. . 338 

 339 

Results 340 

 341 

Histopathology 342 

 343 

A total of 61 squirrels (27 females and 34 males) were screened examined from four different 344 

locations across London between 2019-2020 (Table 1, S1Supplementary Table S2). Lung and 345 

tracheal lesions were present in 28% (17/61 animals) and 13% (8/61 animals) of the squirrels, 346 

respectively. Specifically, focal inflammation (13%), focal macrophages with vacuolated cytoplasm 347 

(3%) and endogenous lipid pneumonia (3%) (Table S5). Cases of lung and tracheal disease tended 348 

to be higher in Westminster (Supplementary Table S2). Anthracosis (black carbon, Figure 2A-C) 349 

was present in 16% of the BALT samples and 14% of the total alveolar macrophages screened. 350 

However, anthracosis quantification in each alveolar macrophage was not assessed as not enough 351 
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cells with black carbon were found. Black carbon presence in the BALT tended to occur more in 352 

individuals from Westminster (Figure 2 and 3) and black carbon in alveolar macrophages (AM) was 353 

more commonly found in individuals from Haringey (Supplementary Table S2). The effects of air 354 

pollution on lung health were formally tested using a series of Binomial models. Distance from an 355 

A-road, weight and NO2 were all highly correlated. We therefore proceeded with the metric most 356 

closely associated with air pollution indices (NO2 only). All the top models (based on ΔAIC < 2) 357 

contained NO2 as an explanatory variable (Table 1). However, none were strongly supported. In 358 

the models with the lowest AIC values, we found a significant trend towards the effect of annual 359 

levels of NO2 prior to the cull date across each site on the number of alveolar macrophages and 360 

BALT area (Figure 2A-C) within the lung (Table 2). With individuals living in more polluted sites 361 

having a higher number of alveolar macrophages and smaller BALT area (Figure 3). NO2 levels 362 

differences between sites did not seem to have an impact on the levels of tracheal or lung disease, 363 

lung area, BALT:Lung ratio or the amount of carbon particles found in the alveolar macrophages or 364 

within the BALT (Table 2).As expected, juveniles had a significantly smaller lung size than adults 365 

(Lung area: slope = 0.68; SE = 0.07; Z-value =9.04; p-value = 0.001), and although sexual-size 366 

dimorphism is not prominent in this species, males had significantly larger lungs than females 367 

(Males: slope = 0.11; SE = 0.04; Z-value = 2.55; p-value 0.05). However, there was no significant 368 

difference in lung size between individuals from different locations (Westminster: slope = - 0.02; SE 369 

= 0.05; Z-value = - 0.53; p-value = 0.98) or sampled at different distances from an A-road (slope = 370 

- 0.0001; SE = 0.0001; Z-value = - 1.89; p-value = 0.23). BALT size was smallest in Westminster 371 

and largest in Haringey squirrel populations (Table 1), but did not vary significantly with location 372 

(Westminster: slope = - 0.79; SE = 1.27; Z-value = - 0.61; p-value = 0.53; Figure 3), or with age 373 

(slope = 0.60; SE = 1.48; Z-value = 0.40; p-value = 0.68) or distance to an A-road (slope = -0.0003; 374 

SE = 0.0002; Z-value = - 0.16; p-value = 0.87). BALT to lung size ratio was also not predicted by 375 

location, distance to A-road, sex or age. 376 

 377 

 378 

Squirrels from Westminster, the site with highest levels of traffic air pollution, showed significantly 379 

higher number of alveolar macrophages per lung section (Westminster: slope = 0.34, SE = 0.14, 380 

Z-value = 2.40, p-value = 0.01) than those in the other three less polluted populations (Richmond: 381 

slope = 0.31, SE = 0.24, Z-value = 1.25, p-value = 0.21). Lung and tracheal lesions were present 382 

in 28% (17/61 animals) and 13% (8/61 animals) of the squirrels respectively. Specifically, focal 383 

inflammation (13%), focal macrophages with vacuolated cytoplasm (3%) and endogenous lipid 384 

pneumonia (3%). Cases of lung and tracheal disease tended to be higher in Westminster (Table 385 

1). However, there was no significant difference in their presence of either disease between sites 386 

(Lung disease: slope = - 2.38; SE = 0.00; Z-value = - 0.18; p-value = 0.85) (Tracheal disease: slope 387 

= 2.07; SE = 1.79; Z-value = 1.15; p-value = 0.24), distance from A-road (Lung disease presence: 388 
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slope = 0.00; SE = 0.00; Z-value = - 1.04; p-value = 0.29) (Tracheal disease: slope = 0.009; SE = 389 

0.005; Z-value = 1.71; p-value = 0.08), age or sex of the squirrels. Anthracosis (black carbon, figure 390 

2) was present in 16% of the BALT samples and 14% of the total alveolar macrophages screened. 391 

However, anthracosis quantification in each alveolar macrophage was not assessed as not enough 392 

cells with black carbon were found. Black carbon presence in the BALT tended to occur more in 393 

individuals from Westminster and black carbon in alveolar macrophages (AM) was more commonly 394 

found in individuals from Haringey (Table 1). However, black carbon presence in BALT (BALT 395 

carbon: slope = - 0.85; SE = 1.23; t-value = - 0.69; p-value = 0.48) and alveolar macrophages (AM 396 

with carbon: slope = - 2.58; SE 1.47; Z-value = - 1.75; p-value = 0.079) did not vary significantly 397 

between sites, with distance from an A-road (BALT carbon: slope = - 0.006; SE = 0.003; t-value = 398 

- 1.74; p-value = 0.08; AM carbon: slope: 0.00; SE = 0.00; Z-value = 0.13; p-value = 0.89) or with 399 

age or sex of the squirrels.  400 

 401 

Figure 2A-C. A. Localised intracytoplasmic carbon particles (black arrow) found in lymphocytic 402 

cells contained in lung BALT tissue. B. Multiple foci of intracytoplasmic carbon particles (black 403 

arrows) found in BALT lymphoid tissue. C. Macrophages with foamy cytoplasm containing carbon 404 

particles (*), found in the lung parenchyma. a: alveoli. Figure 2A-C. A. Localised intracytoplasmic 405 

carbon particles (black arrow) found in lymphocytic cells contained in lung BALT tissue. B. Multiple 406 

foci of intracytoplasmic carbon particles (black arrows) found in BALT lymphoid tissue. C. 407 

Macrophages with foamy cytoplasms full of carbon particles (*), found in the lung parenchyma. a: 408 

alveoli.  409 
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 411 

Table 1 Models used to test the effects of air pollution on lung health. Models selected on lowest 412 

delta AIC (> 2). NO2 experienced per site in the year before the cull and individual sex were used 413 

as fixed effects as well as the interaction between the two. 414 

 415 

 416 

Table 2 The results of eight separate models testing for the effect of NO2 exposure and sex on 417 

lung health. Significant effects are shown in bold. 418 

 419 

 420 

 421 

Tracheal disease Lung disease

Model formula AIC ΔAIC Model formula AIC ΔAIC

Tracheal disease~NO2 52.73 0.0 Lung disease~Sex 59.03 0.0

Tracheal disease~Sex 53.45 0.7 Lung disease~NO2 60.19 1.2

Tracheal disease~Sex+NO2 54.73 2.0 Lung disease~Sex*NO2 60.34 1.3

Lung~Sex+NO2 60.9 1.9

Alveolar macrophage (AM) carbon Alveolar macrophage

Model formula AIC ΔAIC Model formula AIC ΔAIC

AM_carbon~NO2 40.52 0.0 Alveolar macrophages~Sex*NO2 291.69 0.0

AM_carbon~Sex+NO2 41.83 1.3 Alveolar macrophages~Sex 291.87 0.2

AM_carbon~Sex 42.19 1.7 Alveolar macrophages~NO2 292.64 0.9

Alveolar macrophages~Sex+NO2 293.68 2.0

Lung area Balt:Lung ratio

Model formula AIC ΔAIC Model formula AIC ΔAIC

Lung area~Sex 460.04 0.0 BALT:Lung ratio~Sex*NO2 -449.68 0.0

Lung area~Sex*NO2 460.84 0.8 BALT:Lung ratio~Sex+NO2 -448.8 0.9

Lung area~Sex+NO2 461.49 1.4 BALT:Lung ratio~Sex -448.3 1.4

BALT:Lung ratio~NO2 -448.08 1.6

BALT area BALT carbon

Model formula AIC ΔAIC Model formula AIC ΔAIC

BALT area~NO2 -25.2 0.0 BALT carbon~Sex 78.97 0.0

BALT area~Sex+NO2 -23.25 2.0 BALT carbon~NO2 79.94 1.0

BALT carbon~Sex+NO2 80.96 2.0

Alveolar macrophages Lung area BALT area

Factor Estimate SE P value Estimate SE P value Estimate SE P value

NO2 0.221 0.1 0.037 - - - -0.003 0.001 0.036

Sex 7.671 4.79 0.118 22.77 13.35 0.096 - - -

Sex:NO2 -0.247 0.13 0.059 - - - - - -

Tracheal disease Lung disease AM Carbon

Factor Estimate SE P value Estimate SE P value Estimate SE P value

NO2 0.018 0.02 0.382 0.023 0.02 0.233 -0.04 0.037 0.217

Sex - - - - - - - - -

Sex:NO2 - - - - - - - - -

BALT:Lung ratio BALT carbon

Factor Estimate SE P value Estimate SE P value

NO2 9.01E-06 2.25E-05 0.691 - - -

Sex 8.77E-04 1.05E-03 0.409 -0.57 0.588 0.326

Sex:NO2 -4.94E-05 2.79E-05 0.107 - - -



Table 1 Histopathology summary results, for 61 grey squirrels across four London sites between 422 

2019-2020. Additional variables are sample size (N), pollution levels (NO2), distance to A-road, 423 

number of male (M) and female (F) squirrels and percentage of adults per sample site. 424 

 425 

 426 

Number of individual squirrels sampled (N) and range of annual NO2 pollution (in µL/m³) in each 427 

site. The average distance in meters from collection site to the closest A-road (Distance to A-428 

road) with standard error (SE). Number of sampled males (M) and females (F), percentage of 429 

individuals older than 49 weeks (% adults) and average body weight in grams (Weight (g)) of 430 

sampled individuals per site. Number of alveolar macrophages per 0.8mm2 lung section (AM). 431 

Cases of tracheal and lung disease, black carbon presence in BALT and alveolar macrophages in 432 

total number of individuals assessed (# positive/total). BALT size in mm2 with 95% confidence 433 

interval (CI) and BALT size to total lung size ratio. 434 

 435 

 436 

Figure 3. Boxplot showing 25th and 75th percentile, with whiskers denoting the maximum and 437 

minimum value of the median grey Squirrel lung BALT size (in mm2) for each London borough 438 

sampled. Boroughs have been ordered from inner London to outer London (from most to least 439 

polluted sites).  440 

 441 

 442 

Global DNA methylation 443 

 444 

Site Year N
Range of 

NO2 μL/m2

Distance to 

A-road 

(m) ± SE

M F
% 

adults

Weight 

(g) ± SE
AM

Tracheal 

disease

Lung 

disease

Carbon 

in BALT

Carbon 

in AM

BALT size 

(mm2) ± SE

BALT:lung 

size ratio

Westminster 2019 13 40-45 462 ± 48 9 4 72 574 ± 18 15.23 4/12 5/13 5/10 1/10 0.13 ± 0.04 0.002

Greenwich 2020 20 35-40 200 ± 0 11 9 NA 533 ± 17 12.4 1/18 7/20 0/15 1/20 0.23 ± 0.03 0.003

Haringey 2019 19 35-40 246 ± 41 7 12 87 589 ± 17 12.24 1/14 4/19 3/19 5/19 0.27 ± 0.05 0.003

Richmond 2019 9 30-35 976 ± 92 7 2 100 552 ± 17 12.74 2/9 1/8 1/7 1/9 0.24 ± 0.07 0.002
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A total of 45 squirrels (17 Females and 28 Males) were sampled in two rural sites and three urban 445 

sites (Table 2). Penrhyn Castle was the most rural site and had the highest global DNA methylation 446 

levels while urban sites in Camden and Richmond had the lowest (Supplementary Table S32; 447 

Figure 4 a, b). The effects of air pollution on lung global methylation were formally tested using a 448 

series of GLMMs with NO2, distance from and A-road, urban/rural site, age, sex and weight as fixed 449 

effects. NO2, distance from an A-road and weight were corelated and therefore tested separately 450 

(Table 3). The top models (based on ΔAIC < 2) contained NO2, urban/rural site, sex, and weight as 451 

explanatory variables (Table 3). However, none of the fixed effect variables were strongly 452 

supported (Supplementary Table 4). Lung global DNA methylation does not vary consistently with 453 

air pollution metrics.However, pooled rural and urban locations showed no significant difference in 454 

mean lung global DNA methylation levels (Wilcoxon-Mann-Whitney test: w = 238; p-value = 0.94); 455 

between males and females (Wilcoxon-Mann-Whitney test: w = 244; p-value = 0.73) or between 456 

different age categories (Wilcoxon-Mann-Whitney test: w = 212; p-value = 0.66). DNA methylation 457 

levels were not predicted by distance to an A-road (DNAm: slope = - 0.061; SE = 0.49; t-value = - 458 

1.25; p-value = 0.90) and there was a not-significant trend towards higher methylation levels in rural 459 

females compared to urban females, that was not reflected in males (Interaction between location 460 

and sex: slope: 2.54; SE = 1.43; t-value = 1.76; p-value = 0.08; Figure 4a). Global DNA Methylation 461 

levels also did not vary between young and old individuals in rural or urban sites (age by site 462 

interaction: slope = - 0.69; SE = 0.77; t-value = - 0.90; p-value = 0.37; Figure 4b).  463 

 464 

Table 3 Models used to test the effects of air pollution on lung global methylation levels. Models 465 

selected on lowest delta AIC (> 2). Sex, weight, NO2 experienced per site in the year before the 466 

cull and urban/rural populations were used as fixed effects as well as the interaction between the 467 

latter and sex. 468 

 469 

 470 

Table 2 Lung global DNA methylation results 471 

summary table for 45 grey squirrels sampled between 2015-2017 in two rural and three urban 472 

sites, including NO2 pollution levels, number of male and female squirrels and squirrel weight (g)..  473 

 474 

 475 

Model formula AIC ΔAIC

DNA Methylation~Sex 195.21 0.00

DNA Methylation~Weight 195.25 0.04

DNA Methylation~NO2 195.28 0.07

DNA Methylation~Urban/rural population 195.42 0.21

DNA Methylation~Urban/rural population*Sex 195.75 0.54

DNA Methylation~Sex+Weight 196.97 1.76
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 476 

Number of individual squirrels sampled (N) and range of annual NO2 pollution (in µL/m³) in each 477 

site. The average distance in meters from trap-site to the closest A-road (Distance to A-road) with 478 

standard error (SE) and whether the site is in an urban (U) or rural location (R). Number of sampled 479 

males (M) and females (F), percentage of individuals older than 49 weeks (% adults) and average 480 

body weight in gramsms (Weight (g)) with SE of sampled individuals per site. Average lung 481 

methylation level with SE per site.  482 

 483 

Site

Year N
Range of 

NO² µl/m³

Distance 

to A-road 

(m) ± SE

U M F
% 

adults

Weight (g) 

±SE

Average 

mDNA 

±SE

Penrhyn Castle 2015 12 >20 1020 ±0 R 6 6 60 540 ±20 3.8 ±1.1

Alice Holt 2017 12 >20 754 ±84 R 6 6 80 497 ±41 3.2 ±1.2

Greenwich 2017 4 35-40 190 ±31 U 4 0 50 462 ±57 3.2 ±0.6

Camden 2017 2 40-45 262 ±0 U 0 2 100 596 ±4 3.1 ±2.7

Richmond 2017 15 30-35 649 ±28 U 12 3 80 572 ±11 3.1 ±0.6



 484 

Figure 4 Boxplot showing median lung DNA methylation levels in (a) male and female individuals 485 

inhabiting urban and rural sites, with 25th and 75th percentiles and whiskers showing maximum and 486 

minimum values, and in (b) young and old individuals inhabiting urban and rural sites. Young 487 

individuals range from 0-27 weeks of age and old are older than 49 weeks of age.  488 

 489 

 490 

Discussion 491 

 492 

Overall, urban grey squirrel populations exposed to traffic-related air pollution (TRAP) have a high 493 

prevalence of lung and tracheal diseases. However, weWe found no evidence for a significant 494 

difference in lung or tracheal disease prevalence between urban populations living across a 495 
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gradient of air pollution or evidence for significant differences between urban and rural populations 496 

of grey squirrels in levels of lung DNA methylation. However, populations with a higher exposure 497 

to TRAP from Westminster in central London had a significantly higher number of alveolar 498 

macrophages and a tendency for reduced BALT size with a higher number of black carbon particles 499 

than the populations exposed to lower TRAP levels in London. This indicates that grey squirrels 500 

are exposed to and respond to urban air -pollution, but we cannot definitively link it to disease 501 

prevalence without extending this study to measure prevalence of lung and tracheal diseases in 502 

rural populations with much lower air pollution exposure levels than those in urban settings. 503 

 504 

Black carbon in BALT and alveolar macrophages is used as a standard metric of direct individual 505 

exposure by inhalation of TRAP in humans (Bai et al., 20154) and laboratory species (Decaesteker 506 

et al., 2021). In humans, black carbon in alveolar macrophages is usually assessed using 507 

bronchoalveolar lavage (BAL), as more invasive sampling is not possible (Bai et al., 2015). In this 508 

study, we found limited evidence of black carbon inhalation with 18% of squirrels showing black 509 

carbon particles in the BALT and 17% of squirrels showing black carbon particles in alveolar 510 

macrophages. However, black carbon loading of the alveolar macrophages was minimal. Black 511 

carbon particles tended to be found in a larger proportion of individuals from Westminster (50% of 512 

individuals had black carbon in the BALT) and Haringey populations (26% of individuals had black 513 

carbon in alveolar macrophages). Both populations are closer to major roads when compared to 514 

the Richmond population. However, the Greenwich population had very little evidence of black 515 

carbon in either the BALT or alveolar macrophages, despite also being close to high traffic areas. 516 

Our samples have very low levels of black carbon compared to those from human studies in 517 

London, UK (Brugha et al., 2014; Nwokoro et al., 2012) and tree sparrows (Passer montanus) in 518 

the Hebei province of China (Li et al., 2021). Potentially due to differences in sampling technique, 519 

with alveolar macrophages in BALT likely presenting higher black carbon loading than those fixed 520 

in histopathology tissue. Humans and their companion animals (such as pet dogs) may also 521 

experience higher exposure and accumulation levels as they are more closely associated with 522 

major roads and live longer (Calderón-Garcidueñas et al., 2001) than grey squirrels that have a 523 

level of buffer from inhabiting the tree canopies in green spaces of urban areas (Merrick et al., 524 

2016). 525 

 526 

Exposure to vehicle emissions induces an inflammatory response in the airways and lungs of 527 

humans, laboratory species and companion animals (Clarke et al., 1999; Hiraiwa & van Eeden, 528 

2013; Reif, 2011). Characterised by neutrophil, lymphocyte, and mast cell influx into the airways as 529 

these form the first line of cellular defence of the mammalian lung (Kelly & Fussell, 2015). Here, we 530 

show a significantly higher number of alveolar macrophages in the lungs of squirrels living in more 531 

polluted areas of central London (Westminster), when compared to populations with lower TRAP 532 



exposure. This indicates that squirrels in this area are responding to external airborne agents. In 533 

wild populations, exposure to urban air pollution has been shown to increase the number of 534 

circulating alveolar macrophages (Lorz & López, 1997; McArn et al., 1974; Steyn & Maina, 2015), 535 

also lower the number of lung lamellar bodies (Lorz & López, 1997) and have no effect on lung 536 

oxidative damage (Isaksson et al., 2009)  in birds. Experimental exposure to TRAP also suppressed 537 

reduced T-cell mediated immune response in the skin of European starlings (Sturnus vulgaris, 538 

(North et al., 2017). Therefore, it is likely that exposure to TRAP induces a heightened alveolar 539 

macrophage response or a combination of TRAP exposure and disease susceptibility in the 540 

Westminster squirrel population. 541 

 542 

Stress and inflammation associated with urban living (Isaksson, 2015) and exposure to TRAP elicits 543 

epigenetic changes, specifically DNA methylation in humans, laboratory, and wild animals (Ji & 544 

Khurana Hershey, 2012; Jiang et al., 2014; Romano et al., 2017) and linked to accelerated ageing 545 

(Ward-Caviness 2016). Generally, exposure to TRAP leads to hypomethylation in exposed tissues 546 

(Baccarelli et al., 2012; Ji & Khurana Hershey, 2012; Ding et al., 2016). Due to the ease of sampling, 547 

the bulk of previous studies in humans and mice models have focused on blood samples, with a 548 

negative association with TRAP exposure reported in both global DNA methylation, and that of 549 

repetitive DNA elements such as LINE1 and Alu (Ding et al., 2016). DNA methylation patterns tend 550 

to be cell specific (Rider & Carlsten 2019), and hence we tested global DNA methylation directly in 551 

lung tissue as more likely to be impacted directly by air born pollutants. However, we found no 552 

difference in lung global DNA methylation levels between urban and rural populations of grey 553 

squirrels.  Potentially site-specific changes in methylation may have occurred and gone undetected 554 

due to the lack of specificity of the laboratory techniques used in this study. However, this lack of 555 

differentiation between sites does reflect findings from a study conducted on Wistar rats (Rattus 556 

norvegicus), who were subjected to variable degrees of traffic pollution. The rats exposed to the 557 

highest level of PM presented with demethylation in the iNOS promoter in blood, but no difference 558 

in lung tissue (Tarantini et al., 2009; Ding et al., 2016). Due to the respiratory effects associated 559 

with TRAP exposure, it is highly unlikely that DNA methylation is completely unaffected. However, 560 

changes in methylation patterns may occur in specific regions or genes rather than globally. Further 561 

study is required to fully understand to the gene-specific epigenetic consequences of TRAP 562 

exposure on the lungs. 563 

 564 

Exposure to TRAP has been shown to directly affect tracheal epithelium, shorten airway cilia 565 

(Llacuna et al., 1996) and lead to the development of lung carcinomas (Reymão et al., 1997) in wild 566 

rodent populations. We did not find any difference in the prevalence of disease among London 567 

populations of grey squirrels. However, overall prevalence of tracheal (13% of individuals) and 568 

localised lung disease (28% of individuals) across these urban populations is high compared to 569 



other studies of wild squirrels in less urbanised and rural areas in the UK (Blackett et al., 2018; 570 

Shuttleworth et al., 2015; Simpson et al., 2013). In rural areas of Jersey and Channel Islands 571 

(Blackett et al., 2018) and Anglesey in Wales (Shuttleworth et al., 2015), only 2% and 20% of red 572 

squirrels (Sciurus vulgaris), showed signs of unspecific respiratory disease, respectively. On the 573 

Isle of Wight, Cumbria, Scotland, and Jersey, 35.2% of red squirrels showed pulmonary lesions 574 

associated with protozoan infection (Simpson et al., 2013). However, in the rural population of the 575 

Finlayson’s squirrel (Callosciurus finlaysonii) localised lung disease was found in 69% of 576 

individuals, but no evidence of respiratory diseases, which was attributed to infection (Latta et al., 577 

2015). Therefore, further research is required to understand the relationship between infection and 578 

TRAP exposure in the development of lung disease in urban squirrel populations. 579 

 580 

Conclusions 581 

As urban areas expand and encroach on wildlife habitats, the impact of urban stressors such as air 582 

pollution on wildlife health is becoming more apparent. In this study, we show that urban 583 

populations of grey squirrels are exposed and respond to air pollution and have a high prevalence 584 

of respiratory diseases. However, more, larger-scale and long-term studies are needed to 585 

understand the exposure to specific air pollutants, and differences in toxicity, as well as assessing 586 

a wider range of potential responses to air pollution and disease outcomes across a wider range of 587 

organs.  588 
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As urban areas expand and encroach on wildlife habitats, the impact of urban stressors such as air 598 

pollution on wildlife health is becoming more apparent. In this study, we show that urban 599 

populations of grey squirrels are exposed and respond to air pollution and have a high prevalence 600 

of respiratory diseases. However, more, larger-scale and long-term studies are needed to 601 

understand the exposure to specific air pollutants, and differences in toxicity, as well as assessing 602 

a wider range of potential responses to air pollution and disease outcomes across a wider range of 603 

organs.  604 
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 610 

Conclusions 611 

As urban areas expand and encroach on wildlife habitats, the impact of urban stressors such as air 612 

pollution on wildlife health is becoming more apparent. In this study, we show that urban 613 

populations of grey squirrels are exposed and respond to air pollution and have a high prevalence 614 

of respiratory diseases. However, more, larger-scale and long-term studies are sorely needed to 615 

understand the exposure to specific air pollutants, and differences in toxicity, as well as assessing 616 

a wider range of potential responses to air pollution and disease outcomes across a wider range of 617 

organs.  618 
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