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Abstract Air pollutants (either of natural or anthro-

pogenic origin) represent a considerable environmen-

tal risk to human health by affecting the respiratory

system and causing respiratory disorders. In this study,

we investigate the effects of chronic exposure to

hydrothermal emissions on the nasal cavity of mice

since it is the first and the most exposed region of the

respiratory system. This study, carried in S. Miguel

Island, Azores—Portugal, used Mus musculus as a

bioindicator species. Mice were captured in an area

with non-eruptive active volcanism (Furnas Village)

and another area without volcanism (Rabo de Peixe,

reference site). The hydrothermal emissions present at

Furnas Village are characterized by the continuous

release of several gases (CO2, H2S,
222Rn) along with

metals (e.g. Hg, Cd, Zn, Al) and particulate matter into

the environment. We test the hypothesis whether

chronic exposure to this specific type of pollution

causes epithelial morphometric, mucosecretory and

neuronal alterations on the nasal cavity. Thickness

measurements were taken in the squamous, respiratory

and olfactory epithelia. The relative density of cell

types (basal, support and neurons) was also assessed in

the olfactory epithelium and the mucosecretory activ-

ity was determined in the lateral nasal glands,

Bowman’s gland and goblet cells. Mice chronically

Capsule Chronic exposure to hydrothermal emissions causes
epithelial and mucosecretory alterations in the nasal cavity.
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exposed to hydrothermal emissions presented thinner

olfactory epithelia and lesser mucous production,

which could result in loss of olfactory capabilities as

well as a decrease in the protective function provided

by the mucous to the lower respiratory tract. For the

first time, it is demonstrated that, in mice, this specific

type of non-eruptive active volcanism causes epithe-

lial and mucosecretory alterations, leading to the loss

of olfactory capabilities.

Keywords Air pollution � Mus musculus � Non-
eruptive volcanism � Hydrothermal emissions � Nasal
cavity � Histomorphometry

Abbreviations

AB/PAS Alcian Blue (2.5 pH)/ Periodic Acid Schiff

GEM Gaseous Elemental Mercury

BowGl Bowman’s Gland

GobCell Goblet Cell

H&E Haematoxylin and Eosin

LaNaGl Lateral Nasal Gland

OlfEpi Olfactory Epithelium

ResEpi Respiratory Epithelium

SquEpi Squamous Epithelium

VomOrg Vomeronasal Organ

FOI Functional Olfactory Index

FR Furnas (Figures only)

RP Rabo de Peixe (Figures only)

Introduction

Air pollution is a worldwide phenomenon recognized

by the governmental authorities as a major public

problem and a growing environmental concern to

human health (Maynard et al., 2017). This growing

concern includes air pollutants of anthropogenic and

natural origin. Among the later, worldwide volcanoes,

by yearly emitting around 150 million tons of carbon

dioxide (CO2) and other air contaminants (Amaral &

Rodrigues, 2011), represent an important environ-

mental risk with an unknown health impact to the 10%

of the human population that inhabit areas with active

volcanism (Hansel and Oppenheimer, 2004).

The Azorean archipelago (Portugal) is located in

the North Atlantic Ocean, where the Eurasian, African

and American lithospheric plates meet (Fig. 1a)

(Searle, 1980). Because of this tectonic scenario

(Fig. 1b), the island of S. Miguel is volcanically

active and has three major active central volcanoes

(Sete Cidades, Fogo and Furnas) (Guest et al., 1999).

The volcanic complex of Furnas (Fig. 1c, d) is in the

eastern part of the island. In this volcanic complex,

volcanic activity is characterized by the occurrence of

several hydrothermal emissions (non-eruptive vol-

canic manifestations). The hydrothermal emissions

include phenomena like soil diffuse degassing, hot and

cold CO2-rich water springs and active fumarolic

fields (Viveiros et al., 2010). Among the gaseous

emission, it is possible to find large amounts of CO2

[around 1000 tons per day (Viveiros et al., 2010)],

hydrogen sulphide (H2S), hydrogen fluoride (HF), the

radioactive gas radon (222Rn) (Silva et al., 2015) and

GEM (Gaseous Elemental Mercury) (Bagnato et al.,

2018). Exposure to the asphyxiant gas CO2 has been

proven to be related to increased inflammatory

processes (Coakley et al., 2002). Radon is considered

the main source of human exposure to any type of

radioactivity (Hendry et al., 2009), and although

considered to be the second leading cause of lung

cancer by IARC (IARC, 1988), only recently a few

studies have focused on 222Rn exposure and its

associated health risks in hydrothermal regions (Krist-

bjornsdottir & Rafnsson, 2013; Linhares et al.,

2015, 2017). Exposure to GEM has been previously

linked to neuropathologies (Navarro-Sempere et al.,

2020). Most of these studies have been performed

either in human populations or mice from Furnas

volcanic complex. Inhabiting this volcanically active

environment has proven to cause: in humans, DNA

damage (Linhares et al., 2018; Rodrigues et al., 2012),

respiratory dysfunctions (Linhares et al., 2015), higher

risk of several types of cancer (Amaral et al., 2006)

and chronic bronchitis (Amaral et al., 2007a); and in

cFig. 1 Map of the Azores Archipelago. a Location of the

Azores archipelago in the Atlantic Ocean; b morphotectonic

features and geographical groups of the Azores archipelago—

red line defines approximately the separation of each plate based

on the morphological expression of each structure; c map of S.

Miguel Island and study area; dmap of the volcanic complex of

Furnas. Basemap aerial view backgrounds by ESRI ArcGIS

online. ‘‘World Imagery’’ [basemap]. ‘‘World Imagery Map’’.

Last updated 11/06/2020. https://www.arcgis.com/home/item.

html?id=10df2279f9684e4a9f6a7f08febac2a9. Attribution

information to both ESRI and other data providers shown in the

figure
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mice, increased levels of heavy metals in the lungs,

kidneys and liver (Amaral et al., 2007b), lung injury

and lung structural remodelling (Camarinho et al.,

2013, 2019a) and, pulmonary lesions consistent with

asthma and chronic bronchitis (Camarinho et al.,

2019b). These studies evidence the necessity to further

explore the hazardous effects of chronic exposure to

hydrothermal emissions, its pollutants and their ability

to act synergistically. The above-mentioned studies in

mice were mainly focused on the hazardous effects on

the lower respiratory tract; hence, it is imperative to

study the upper respiratory tract to fully understand

Fig. 2 Schematic representation mice nasal cavity and of the

studied sections (T1–4): a right nasal passage of the mice nose

with septum removed; b ventral view of the mice hard palate

region, with the lower jaw removed; lines represent indicate

surfaces of transverse tissue blocks (T1–4) that were selected for

microscopy examination; c cross-sectional representation of

T1–4; OlfEpi—olfactory epithelium, ResEpi—respiratory

epithelium, SquEpi—squamous epithelium, LaNaGl—lateral

nasal glands. Drawings and schematics based on the works of

Corps et al., 2010 and Young et al., 1981)
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how this specific type of air pollution affects the whole

respiratory system.

The hazardous effects of chronic exposure to

hydrothermal emissions on the nasal cavity have

never been reported. Therefore, the purpose of this

study is to characterize the histological effects on the

nasal epithelium and glands of Mus musculus (the

chosen bioindicator species) chronically exposed to

the hydrothermal emissions in the volcanically active

location of Furnas (Azores—Portugal).

Materials and methods

Study design and mice populations

Two sets of M. musculus were live-captured (using

live-catch mousetraps) at two different locations: one

village with hydrothermal emissions (Furnas Village,

n = 10) and another village without any type of

volcanic activity (Rabo de Peixe Village, n = 20). The

study location, volcanic characteristics, main

hydrothermal emissions and the reason of choice to

use Mus musculus as a bioindicator species have been

previously described in detail by Camarinho et al.

(2019a, b).

Animal necropsies and tissue processing

The live caught mice were weighted, gender identified

and then euthanized. Mice age was calculated follow-

ing the methodology of Quéré and Vincent (1989).

Mice euthanization was performed ensuring a painless

death with the use of isoflurane. Right after the

euthanization, followed by the necropsy, the head

from each mouse was removed from the carcass and

the lower jaw, skin, muscles, eyes and dorsal cranium

were detached. The anterior cranium was then

immersed in 4% formaldehyde and stored for 24 h

for fixation. Following fixation, the anterior craniums

were decalcified in a 10% EDTA (pH = 7.2) solution

for 3 days in an oven set at 37 8C , then rinsed in

distilled water followed by standard histological

routine processing for paraffin embedding. One

paraffin block containing the whole head was made

for each mouse, and four specific anatomical locations

were selected for light microscopy, following the

methodologies of Young (1981) and Corps et al.

(2010).

Briefly, the proximal section (T1) was sectioned

immediately caudal to the upper incisive teeth; the

middle section (T2) was sectioned at the level of the

incisive papilla of the hard palates; the third nasal

section (T3) was sectioned at the level of the second

palatal ridge; and the most caudal nasal section (T4)

was sectioned at the level of the intersection of the

hard and soft palates (Fig. 2).

We made two sets of histological slides. Each set

contained four slides (one slide of each T region) with

several 4 lm thickness sections of each M. musculus.

One set of slides was stained with haematoxylin and

eosin (Martoja and Martoja-Pierson, 1970), as a

standard procedure for general tissue architecture

observation and comparisons; and the other set was

stained with Alcian blue (pH 2.5)/periodic acid Schiff

(AB/PAS) to identify acidic and neutral mucous

substances stored in mucus-secreting cells of the

airway surface epithelium, of the cells underlying the

lateral nasal glands (LaNaGl) and of the Bowman’s

gland cells (BowGl).

Epithelium thickness measurements

Measurements of the respiratory epithelium (ResEpi)

and olfactory epithelium (OlfEpi) were taken in all

sections (T1, T2, T3 and T4) with the AB/PAS

staining. Squamous epithelium (SquEpi) was only

measured in T1 since it is only present in this

section. These measurements were taken with a

200 9 magnification.

For each individual, two areas of each type of

epitheliumwere selected for the measurements, one on

the right side of the nasal cavity and the other on the

left. Five measurements were taken in each part of the

epithelium selected from the basal lamina to the top of

the cilia (T2, T3 and T4) or the upper layer of the

squamous epithelium (T1).

Density of cell types in the olfactory epithelium

The density of cell types (basal, support and neuron

cells) in the olfactory epithelium was performed in

section T3, on the lining of the second ethmoid

turbinate. The slides stained with H&E were used for

these measurements since it is more appropriate to

distinguish the nuclei of basal cells, support cells and

olfactory receptor neurons. The distinction of these

cellular types was based on the location of the nuclei:
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nuclei from support cells are aligned in a single apical

row through the epithelium, nuclei from basal cells are

found lying just on top of the lamina propria, and all

the nuclei in the middle-upper layers correspond to the

olfactory receptor neurons (Murdoch & Roskams,

2007). Cell type counting in section T3 was performed

within a selected area of the epithelium (mean =

8732,8 lm2, minimum = 5680,3 lm2 and maxi-

mum = 12,614,3 lm2 values of the measured areas),

using a 400 9 magnification. Six areas were

measured per individual, three on the left side and

three on the right side.

Area measurements in the lateral nasal glands

Measurements of the surface of the LaNaGl were

taken in T3 slides stained with AB/PAS, with a

25 9 magnification. From each gland section, the

total area was measured, along with the serous area

(PAS ? ?) and the mucous one (PAS ±). Two

Fig. 3 Epithelial morphometric measurements of OlfEpi,

ResEpi and SquEpi on section T1 of mice captured at: Rabo

de Peixe (a, b, g) and Furnas (b, e, h). Histograms representing

the mean epithelial thickness measurements of the OlfEpi-T1 c;

ResEpi-T1 d and SquEpi-T1 e. Bars represent the standard

errors. Locations with different letters are significantly different

at p = 0.05 (Student’s t-test). Scale bars = 25 lm
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measurements were obtained per individual, one on

the left gland and the other on the right gland. Both the

serous (PAS ? ?) and the mucous (PAS ±) areas

were calculated separately and a ratio of proportions

[(PAS ? ?)/(PAS ±)] was then calculated.

Secretory activity of the Bowman’s glands, goblet

cells and lateral nasal glands

Photographs of the lamina propria under the OflEpi,

taken at a 200 9 magnification, were made in all

individuals to observe the activity of the BowGls.

A semi-quantitative evaluation of the BowGls

activity was performed by stain intensity and scored

1 to 3: 1—low activity: nomucus AB/PAS stained (see

Fig. 8a); 2—medium activity: mucus mildly AB/PAS

stained (see Fig. 8b); 3—high activity: mucus inten-

sely AB/PAS stained (see Fig. 8c). The secretory

activity of the goblet cells (GobCells) within the

respiratory epitheliumwas also observed and scored in

the same way as BowGls. Additionally, the distribu-

tion of the GobCells in the respiratory epithelium was

evaluated and scored as follows: 1—\ 20% of the area

of ResEpi occupied by GobCells, 2—21–50% of the

area of ResEpi occupied by GobCells, 3—[ 50% of

the area of ResEpi occupied by GobCells. Finally, the

activity of the serous part of the LaNaGl was also

evaluated and scored as follows: 1—\ 20% of the

cells with the cytoplasm full of secretory granules (see

Fig. 7f); 2—21–80% of the cells with the cytoplasm

full of secretory granules (see Fig. 7g); 3—[ 80% of

the cells with the cytoplasm full of secretory granules

(see Fig. 7h)]. For all these evaluations in the T3, the

AB/PAS slides were used.

All measurements were taken using the software

Image Pro-Plus 5.0 by MediaCybernetics� connected

to a Leica� DM1000 microscope (Cambridge, UK).

Statistical analysis

Statistical analysis was performed using SPSS version

25.0 (SPSS Inc., Chicago, IL, USA). All the quanti-

tative data were analysed using the Student’s t-test,

and when required, data were transformed by SQRT

Fig. 4 Epithelial morphometric measurements of OlfEpi and

ResEpi on section T2 of mice captured at: Rabo de Peixe (a,
b) and Furnas (b, e). Histograms representing the mean

epithelial thickness measurements of the OlfEpi-T2 c and

ResEpi-T2 d. Bars represent the standard errors. Locations with
different letters are significantly different at p = 0.05 (Student’s

t-test). Scale bars = 25 lm
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(x ? 0.5) to normalize the data. For the semi-quan-

titative data, the Mann–Whitney was used. The level

of significance was set at p B 0.05.

Results

The sex ratio of mice captured at both locations was

similar (&50%). No significant differences were

found in the weight of mice from both locations

(13.59 ± 0.93 g, Furnas; 13.47 ± 0.46 g, Rabo de

Peixe; t(28) = 0.14; p = 0.893) as well as in their age

Fig. 5 Epithelial morphometric measurements of OlfEpi at T3

of mice captured at: a Rabo de Peixe and b Furnas. Histograms

representing the mean epithelial thickness measurements of the

OlfEpi-T3 c; bars represent the standard errors. Locations with

different letters are significantly different at p = 0.05 (Student’s

t-test). Histograms representing the differences on the density of

cell types in OlfEpi-T3 d and the percentage of each cell type in

OlfEpi-T3 e; locations with different letters are significantly

different at p = 0.05 (Mann–Whitney test). Scale bars = 25 lm

Fig. 6 Epithelial morphometric measurements of ResEpi at T4

of mice captured at: a Rabo de Peixe and b Furnas. Histograms

representing the mean epithelial thickness measurements of the

ResEpi-T4 c. Bars represent the standard errors. Locations with
different letters are significantly different at p = 0.05 (Student’s

t-test). Scale bars = 25 lm
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Fig. 7 Histograms representing the total area of the LaNaGl

(C), areas of serous part (PAS ? ?) and the mucous part

(PAS ±) (D) and the relative area of serous part (PAS ? ?) and

the mucous part (PAS ±) (E) of mice captured at: A—Rabo de

Peixe and B—Furnas. Locations with different letters are

significantly different at p = 0.05 [C, D and E (Student’s t-test)].

Histogram representing the activity of the LaNaGl (I). The

magnitude of the activity has been classified in 3 levels: 1—

\ 20% of the cells with the cytoplasm full of secretory granules

(F); 1—20–80% of the cells with the cytoplasm full of secretory

granules (G); and 3—[ 80% of the cells with the cytoplasm full

of secretory granules (H). Locations with different letters are

significantly different at p = 0.05 (Mann–Whitney test). Scale

bars: (A and B) = 250 lm; (F, G and H) = 15 lm
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(178 ± 25 days, Furnas; 220 ± 14 days, Rabo de

Peixe; t(28) = - 1.60; p = 0.12).

Epithelium thickness

Section T1: The OlfEpi-T1 was significantly thicker in

mice from Furnas when compared to Rabo de Peixe

(115.94 ± 1.32 lm and 102.28 ± 1.11 lm, respec-

tively, t(278) = - 5.729, p\ 0.001; Fig. 3a, b and c).

The ResEpi-T1 was significantly thinner in mice from

Furnas when compared to Rabo de Peixe

(26.13 ± 0.30 lm and 32.02 ± 0.41 lm, respec-

tively, t(288) = 8.426, p\ 0.001; Fig. 3d, e and f)

as well as the SquEpi-T1 (18.72 ± 0.41 lm and

20.84 ± 0.36 lm, respectively, t(283) = 3.080,

p = 0.002, Fig. 3g, h and i).

Section T2: The OlfEpi-T2 was significantly thin-

ner in mice from Furnas when compared to Rabo de

Peixe (65.66 ± 0.69 lm and 69.57 ± 0.42 lm,

respectively, t(286) = 3.808, p\ 0.001; Fig. 4a, b

and c) as well as the ResEpi-T2 (28.17 ± 0.35 lm and

29.73 ± 0.38 lm, respectively, t(288) = 2.071,

p = 0.039; Fig. 4d, e and f).

Section T3: The OlfEpi-T3 was significantly thin-

ner in mice from Furnas when compared to Rabo de

Peixe (40.44 ± 1.09 lm and 53.00 ± 0.62 lm,

respectively, t(253) = 8.377, p\ 0.001; Fig. 5a, b

and c). The thickness of ResEpi-T3 did not present

significant differences between the studied groups

(p[ 0.05, t test; SM—Table 1).

Section T4: The thickness of OlfEpi-T4 did not

differ significantly between the studied groups

(p[ 0.05, t test; SM—Table 1). The ResEpi-T4 was

significantly thicker in mice from Furnas when

compared to Rabo de Peixe (30.74 ± 0.49 lm and

28.31 ± 0.36 lm, respectively, t(238) = - 4.093,

p\ 0.001; Fig. 6a, b and c).

Density of cell types in the olfactory epithelium

(T3)

The number of basal cells per area (lm2) at OlfEpi-T3

was significantly higher in mice from Furnas when

compared to Rabo de Peixe (8.54 9 10–4 ±

3.41 9 10–5 and 7.01 9 10–4 ± 2.19 9 10–5, respec-

tively, t(147) = - 3.736, p\ 0.001; Fig. 5d), as well

as the number of support cells per area (lm2)

(2.00 9 10–3 ± 9.91 9 10–5 and 1.91 9 10–3 ±

5.05 9 10–5, respectively, t(147) = - 2.648, p =

0.010; Fig. 5d). However, the number of olfactory

Fig. 8 Histograms representing the distribution of the levels of

activity of the BowGl (D), located under the OlfEpi-T3. The

activity has been classified in 3 levels: low activity, no mucus

AB/PAS stained a; 2—medium activity, mucus mildly AB/PAS

stained b; 3—high activity, mucus intensely AB/PAS stained

c. Black arrows represent the Bowman’s Gland secretory unit.

Locations with different letters are significantly different at

p = 0.05 (Mann–Whitney test). Scale bars = 25 lmF
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neurons per area (lm2) at OlfEpi-T3 did not differ

significantly between both studied groups (p[ 0.05,

t test; Fig. 5d, SM—Table 1).

Area of the lateral nasal glands

The LaNaGl total area (lm2) was significantly larger

in mice from Furnas when compared to Rabo de Peixe

(1,144,183 ± 34,691 and 1,006,604 ± 25,627,

respectively, t(272) = - 5.796, p\ 0.001; Fig. 7a, b

and c).

The PAS ± portion area of the LaNaGl was

significantly larger in the mice from Furnas when

compared to Rabo de Peixe (527,740.5 ± 35,241.58

and 431,340.3 ± 25,900.67, respectively;

t(207) = - 2.201, p = 0.029; Fig. 7d). The area of

the PAS ? ? portion of the LaNaGl did not differ

significantly between both studied groups (p[ 0.05;

Fig. 7d, SM—Table 1). The relative percentage of

area occupied by the serous part (PAS ? ?) and

percentage of area occupied by mucous part (PAS ±)

in the LaNaGl did not differ significantly between

studied groups (p[ 0.05; Fig. 7e).

Secretory activity of the Bowman’s glands, goblet

cells and lateral nasal glands

The distribution of the levels of activity in BowGl was

significantly different between both mice groups

(U = 41.50, p = 0.012, Fig. 8), being lower in Furnas

(Mdn = 2) when compared to Rabo de Peixe

(Mdn = 3).

The level of activity of GobCells did not differ

significantly between both studied groups (U = 2487,

p = 0.005).

The level of activity of PAS ? ? in the LaNaGl

was significantly lower in mice from Furnas (Mdn =

2) when compared to Rabo de Peixe (Mdn = 3)

(U = 35.50, p = 0.005; Fig. 7f, g, h and i).

Discussion

Several studies in mice have revealed a link between

the inhalation of toxins and neurotoxic, inflammatory

and mucosecretory responses in the nasal airways

(Camargo Pires-Neto et al., 2006; Chamanza &

Wright, 2015; Corps et al., 2010; Harkema et al.,

2006; Islam et al., 2006). Despite the previously found

evidence about the hazardous consequences of chronic

exposure to volcanogenic air pollution in humans

(Amaral et al., 2006, 2008; Linhares et al., 2015;

Rodrigues et al., 2012; Tam et al., 2016) and animals

(Amaral & Rodrigues, 2011; Amaral et al., 2007b;

Camarinho et al., 2013; Camarinho et al., 2019a;

Camarinho, et al., 2019b), no study has ever been

conducted in the nasal cavity.

In this study, we evaluated several morphometric

parameters of the nasal cavity epithelium and the

mucosecretory responses of the mucosal glands.

Overall, our results showed that the mice captured in

the volcanically active environment (Furnas Village)

presented concerning values in histomorphometrical

data and mucosecretory activity. Our results clearly

showed a thinner respiratory and squamous epithelium

(T1) in Furnas individuals (Figs. 3 and 4), particularly

in T1 and T2 sections. However, in T4 the ResEpi was

significantly thicker in Furnas mice. These results

pinpoint a possible higher impact of the hazardous

pollutants on the anterior region of the nasal cavity (T1

and T2) rather than the posterior one (T4).

The GobCells are found within the ResEpi and their

major function is to lubricate and protect the epithe-

lium (Jaramillo et al., 2018; Thornton et al., 2008).

Previous studies have found that chronic exposure to

irritant substances or compounds causes hypersecre-

tion of GobCells (Rogers, 2007; Thornton et al., 2008;

Widdicombe &Wine, 2015), but the glands responses

depend on the type of irritant substance or compound.

Nevertheless, our results showed no differences in the

secretory activity of the GobCells between both sites.

This difference could be because the complex mixture

of air pollutants present at hydrothermal emissions is

distinct from the air pollutants of anthropogenic

source or smoking activity. Nonetheless, since that

the ResEpi in mice from Furnas was generally thinner,

GobCells are most probably smaller and thus the total

mucus volume secreted would be inferior in Furnas

individuals. Less mucous secretion could represent a

higher exposure of the epithelium to toxics, which in

turn causes more damages that are translated into a

thinner epithelium, leading, again, to less mucus

volume and so on, creating a loop of negative effects.

The OlfEpi showed an opposite tendency since it

was possible to find more severe differences in the T3

posterior region, but also affecting T2 (Figs. 4, 5).

Mice from Furnas were exposed to hydrothermal

emissions that consist mainly of gases. These gases
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could have a higher impact in these distal sections of

the nasal cavity since they reach more easily the

posterior regions. Such gases might alter the pH or

dissolve into the mucus causing cellular damage and

toxicity in these deeper areas of the nasal cavity. Such

hypothesis is reinforced by the significantly lower

thickness of the OlfEpi found in Furnas’ mice in T2

and T3 (Figs. 4, 5) since these mice were chronically

exposed to hydrothermal emissions (considered to be

an acidic environment). The fact that these effects did

not extend to T4, deeper in the nasal cavity, might

have to do with the gases’ ability to be dissolved on the

way and, consequently, the concentrations that reach

T4 are too low to cause toxicity.

Atrophy of the OlfEpi after chronic exposure to

inhaled toxicants has already been reported by Corps

et al. (2010) and Harkema et al. (2006). However, in

this study, the OlfEpi in the T1 section behaved

contrarily to the other sections. T1 epithelium was

thicker in Furnas individuals and, the epithelium of the

other sections (T2–4) was thicker in Rabo de Peixe

individuals. Despite these differences, in both popu-

lations, the OlfEpi in T1 was thicker than in the other

sections (almost twice the thickness). The fact that the

T1 epithelium is thicker in Furnas can be explained by

two proposed mechanisms: (i) A negative feedback—

mice from Rabo de Peixe inhabit near quarries

(Amaral et al., 2007b), therefore they could be

exposed to increased amounts of PM10 (Particulate

Matter B 10 lm) and PM2,5 (Particulate Mat-

ter B 2,5 lm) that could affect primarily the anterior

region (T1) and thus reduce the thickness of its OlfEpi.

In this case scenario, the epithelium from Furnas

would be considered ‘‘normal’’ when compared to

mice from Rabo de Peixe (in which the PM exposure

would cause a thinner epithelium); (ii) A positive

feedback—the presence of high volumes of gases from

the hydrothermal emissions (e.g. H2S, CO2,
222Rn)

might have affected the sensorial cells of the mice

from Furnas, meaning that the OlfEpi of the

vomeronasal organ (VomOrg) by being overloaded

with several toxic gases, tends to proliferate to

compensate the diminishing olfactory capacity (thus

resulting in a thicker OlfEpi). The VomOrg is an

olfactive organ present in some animals (not present in

humans) to sense pheromones, and it possesses some

cellular and structural differences. Unlike the OlfEpi

from the remaining areas, the OlfEpi from the

VomOrg does not have a basal cell layer, and its

neurons do not have cilia (Chamanza&Wright, 2015).

Although the first proposed hypothesis cannot be

completely ruled out, the second hypothesis is con-

sistent with the observations of Chamanza and Wright

(2015), who detected basal cell hyperplasia in the

OlfEpi that had been prolongedly injured.

The number of nuclei of basal and support cells per

area was significantly higher in the OlfEpi (T3 section)

from Furnas’ mice when compared to the Rabo de

Peixe (Fig. 5). Such results suggest that these cells

have a greater cellular turnover in Furnas individuals,

since that the basal cells serve as the stem cells for the

support cells and the olfactory neurons (Chamanza &

Wright, 2015). This might also be an indicator of a

high cell proliferation rate, possibly explaining the

differences in the density of neurons in the OlfEpi

between the studied sites. Given that one of the

functions of support cells is to protect the neurons, this

might be the reason they were replicating faster in the

mice from Furnas. Despite this fact, the OlfEpi was

thinner in Furnas (Fig. 5), which could also be the

result of an inferior number of neurons. A loss in the

number of olfactory sensory neurons was also

observed by Islam et al. (2006) in nasal epithelium

from mice exposed to satratoxin G. Therefore, to fully

understand such effects, we developed a Functional

Olfactory Index (FOI), being FOI = (n8 neurons/Area)
/Mean of Epithelium thickness). The resulting calcu-

lated FOIs for the mice from Rabo de Peixe and Furnas

were 0.476 and 0.359, respectively, reflecting a

possible loss in the capacity of olfaction in mice from

Furnas (despite the fact of the probably higher cell

proliferation rate in the OlfEpi of Furnas’ mice).

The BowGls from Furnas’ mice were not as active

as those from Rabo de Peixe [Fig. 8; Mdn = 3 (Rabo

de Peixe), Mdn = 2 (Furnas)]. One of the functions of

these glands is to dissolve the odorants before they

contact the cilia of the olfactory neurons, meaning that

a decreased secretion could contribute to a loss of

olfaction (Jafari et al., 2010). Both facts combined

[(the decrease in BowGl secretion and the decrease in

the number of neurons in the individuals from Furnas

(according to the calculated FOI)], might produce a

synergic effect resulting in a loss of olfactory capacity.

It is also possible that the GEM inhalation could have a

negative effect in the olfactory neurons, since that Hg

is neurotoxic. In fact, Navarro-Sempere et al. (2020)

found much more mercury deposits in the brain blood

vessels, white matter and some cells of the
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hippocampus of mice chronically exposed to the

hydrothermal emissions of Furnas volcano than in the

individuals not exposed. Similarly, Camarinho et al.,

2021 found a large abundance of Hg deposits in the

lungs of mice captured at Furnas Village, while no

presence of Hg was observed in mice captured at Rabo

de Peixe. These combined results of these studies

suggest that there is a possibility that the olfactory

neurons could be affected through direct damage

during inhalation or indirect damage, through the

bioaccumulation of GEM in the lung that then enters

the bloodstream causing toxicity to other organs.

Future studies should be considered in this particular

matter, since that the several mechanisms involved in

both possibilities are yet unclear.

The LaNaGl possesses two components: PAS ?

? (serous) and PAS ± (mucous), which exhibit

different properties. The serous secretion contains

bactericidal and antimicrobial agents, while mucous

secretion creates a gel on the surface of the epithelium

to maintain a proper viscosity and might contain

antimicrobial agents (Chamanza & Wright, 2015;

Widdicombe & Wine, 2015). The LaNaGl were 20%

larger in mice from Furnas when compared to mice

from Rabo de Peixe, but only the mucous component

(PAS ±) presented hypertrophy in Furnas mice

(Fig. 7). However, the relative percentage of the

mucous component (PAS ±) concerning the total area

of the gland was not significantly different between the

two studied populations. Even though the serous part

(PAS ? ?) did not differ significantly in size, its

activity (secretion) was significantly higher in mice

from Rabo de Peixe than in mice from Furnas. On

average, our results show that more than 80% of cells

presented the cytoplasm full of secretory granules in

mice from Rabo de Peixe, but in mice from Furnas, the

average of cells with the cytoplasm full of secretory

granules was between 21 and 80%. We calculated the

amount of secretion (Serous Area*Activity mean), and

we concluded that it was 23% higher in mice from

Rabo de Peixe. Our data is consistent with the findings

of Widdicombe and Wine (2015) that revealed that

individuals suffering from chronic bronchitis, because

of persistent irritation, presented inflammation and an

increase in the gland size. Some studies have already

linked chronic exposure to volcanic activity in Furnas

with chronic bronchitis in humans and mice (Amaral

et al., 2007a; Camarinho et al., 2019b), making the

combined results of the previous studies consistent

with the larger mucous component observed in mice

from Furnas. Another study in mice nasal cavity by

Corps et al. (2010) also described hypersecretion of

the LaNaGl from mice exposed to intranasal instilla-

tion of roridin A toxin; however, in this study, no

distinction was made between the two types of

secretion. Regarding the serous activity of the

LaNaGl, it is possible that the hazardous properties

of the hydrothermal emissions directly affect the

serous cells, causing atrophy in the serous component.

Furthermore, Fukuda et al. (2008) described that

knockout mice for the receptors responsible for the

secretion of the LaNaGl showed nasal inflammation

and a decrease in olfactory capacity. These conse-

quences of the LaNaGl misfunction could cause a

synergic effect with the lower number of olfactory

neurons and the lower secretion activity of BowGls

observed in Furnas’ mice, ultimately leading to a loss

of the capacity of olfaction. In addition, the inferior

serous secretion activity of the LaNaGl in mice from

Furnas could have left the lower airways more

exposed to the effects of air contaminants, causing

inflammation and extensive damage in the mice lungs,

as observed in other previous studies (Camarinho

et al., 2019a, b).

Conclusions

This study showed the hazardous potential of

hydrothermal emissions on the respiratory and olfac-

tory epithelia of the nasal cavity. Results showed that

non-eruptive active volcanism clearly alters the histo-

morphometry of the nasal cavity in mice. The atrophy

presented in the three analysed epithelia along with the

altered mucosal components could leave the lower

airways more vulnerable to air pollutants, making the

individuals from Furnas more susceptible to develop

respiratory pathologies. These individuals could also

be suffering the loss of olfactory capabilities due to the

observed differences in the cell types of the olfactory

epithelium. The results of this study revealed the

necessity to further study these effects in humans that

are chronically exposed to air pollutants in hydrother-

mal areas.
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