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ABSTRACT

Air pollution has been associated with neuroinflammatory processes and is considered a risk factor
for the development of neurodegenerative diseases. Volcanic environments are considered
a natural source of air pollution. However, the effects of natural source air pollution on the central
nervous system (CNS) have not been reported, despite the fact that up to 10% of the world’s
population lives near a historically active volcano. In order to assess the response of the CNS to such
exposure, our study was conducted in the island of Sao Miguel (Azores, Portugal) in two different
areas: Furnas, which is volcanically active one, and compared to Rabo de Peixe, a reference site
without manifestations of active volcanism using Mus musculus as a bioindicator species. To
evaluate the state of the astroglial population in the dentate gyrus in both samples, the number
of astrocytes was determined using immunofluorescence methods (anti-GFAP and anti-GS). In
addition, the astrocytic branches in that hippocampal area were examined. Our results showed
an increase in GFAP+ astrocytes and a reduction in GS+ astrocytes in Furnas-exposed mice
compared to animals from Rabo de Peixe. In addition, astrocytes in the dentate gyrus of chronically
exposed animals exhibited longer branches compared to those residing at the reference site. Thus,
reactive astrogliosis and astrocyte dysfunction are found in mice living in an active volcanic
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environment.

Introduction

There are currently numerous human settlements in
the vicinities of volcanoes attributed to some benefits
obtained from volcanic activity such as the richness of
soil nutrients or tourist attractions. The Ring of Fire in
the Pacific Ocean, the island arc systems of Southeast
Asia, the Azorean, and the Hawaiian oceanic archipe-
lagos are some examples of these human settlements
(Small and Naumann 2001). Various investigators
reported that the health of people residing close to
an active volcano is threatened by the particular envir-
onmental characteristics of volcanism (Amaral and
Rodrigues 2011; Durand and Grattan 2001; Hansell,
Horwell, and Oppenheimer 2006; Hansell and
Oppenheimer 2004; Horwell 2007; Weinstein,
Horwell, and Cook 2013). Usually, the communities
concern is mainly focused on those threats arising
from the volcano explosive activity; however, little is
known regarding the disrupting biological effects of
toxic gases or particulate matter (PM) released by the
volcanic systems, not only during an eruption episode

but also through fumarolic fields and soil degasifica-
tion during the volcano quiescent phases. Due to the
growing awareness regarding human health effects
from chronic exposure to degassing volcanic activity,
some investigators identified hydrothermal regions
like the Azores islands (Amaral and Rodrigues 2007;
Linhares et al. 2015; Rodrigues, Arruda, and Garcia
2012), Miyakejima Island (Ishigami et al. 2008;
Iwasawa et al. 2015), Hawaii (Tam et al. 2016),
Iceland (Kristbjornsdottir and Rafnsson 2012) and
New Zealand (Bates et al. 2015).

The Azores archipelago (Portugal) is formed by
nine volcanic islands, some of which exhibit numer-
ous manifestations of active volcanism. The largest
one, Sdo Miguel Island has three major active volca-
nos: Sete Cidades, Fogo, and Furnas. Furnas volcano
activity is characterized by hydrothermal manifesta-
tions such as fumarolic fields, thermal and cold carbon
dioxide (CO,)-rich springs and soil degasification.
Furnas volcano primary components of total gaseous
emissions include vapor (H,0O) and CO, (Amaral and
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Rodrigues 2011), but radon (***Rn), hydrogen sulfide
(H,S), and other gases are also released into the envir-
onment. Carbon dioxide emissions are approximately
1000 tonnes/day (Viveiros et al. 2010). This is an
asphyxiant gas also considered as an activator of
inflammatory processes (Coakley et al. 2002;
Norozian et al. 2011). Several investigators demon-
strated that CO, inhalation leads to a blood-brain
barrier (BBB) disruption and therefore, to brain
edema (Cameron, Davson, and Segal 1969;
Clemedson, Hartelius, and Holmberg 1958; Cutler
and Barlow 1966; Huang et al. 2013; Pakulski 1998).

In Furnas village, the indoor **’Rn is usually at
a higher concentration than the recommended by
the World Health Organization (WHO) (Silva et al.
2015). This radioactive gas is considered as the second
leading cause of lung cancer (Tracy et al. 2006). Radon
is also known to induce DNA damage (Linhares et al.
2016; Rodrigues, Arruda, and Garcia 2012; Tong et al.
2012) and immune system alterations (Nagarkatti,
Nagarkatti, and Brooks 1996), related to the appear-
ance of brain tumors in exposed communities
(Brauner et al. 2013) and neurological disorders
(Bolviken et al. 2003; Groves-Kirkby et al. 2006).
Finally, H,S is also generally emitted by the volcano
and noted to be harmful at low doses initiating cyto-
chrome oxidase inhibition and thus disrupting elec-
tron chain transport. Heart and nervous tissue are the
most affected due to their high oxygen demand
(WHO 2003). In addition to gases, Furnas volcanic
environment releases several toxic metals that are
bioavailable for animals and humans. Amaral et al.
(2007) found that mice residing in Furnas showed
a significantly higher load of aluminum (Al), cad-
mium (Cd), lead (Pb), and zinc (Zn) in lung, liver, or
kidney, than animals captured at Rabo the Peixe or in
other heavily polluted areas. Amaral et al. (2007) also
demonstrated a concomitant increase in apoptosis
and metallothioneins production in mice exposed to
the active volcanic environment. Further, Ferreira
etal. (2015) reported that mice from Furnas possessed
higher loads of several metals, including Cd, Pb, mer-
cury (Hg), nickel (Ni), and chromium (Cr) compared
to Rabo de Peixe individuals. With respect to the
human population living in Furnas Village settled
inside the volcano crater, men displayed higher con-
centrations of several metals in hair than men from
Santa Maria (an island without any volcanic activity),
regardless their age (Amaral et al. 2008).

Apart from other metals, gaseous elemental mer-
cury (Hg") is also released by volcanic activity into
the atmosphere (Gustin, Lindberg, and Weisberg
2008; Selin 2009). Bagnato et al. (2018) estimated
the amount (9,6 x 107> t d™') of gaseous (Hg")
released by the Furnas volcano in a small study
area of 0.04 km”. Recently, Navarro-Sempere et al.
(2020) found appreciable amounts of Hg deposits
in blood vessels, white matter, and some cells of the
hippocampus in wild mice that resided within the
caldera of the Furnas volcano, warning for the
possibility of being a causative factor of neurode-
generative diseases (Farina et al. 2013; Tiffany-
Castiglioni and Qian 2001)

The association between air pollution and neuro-
degenerative diseases has only recently been estab-
lished (Jayaraj et al. 2017) and the effects of
volcanogenic air pollution have thus far not been
examined. Considering that the dimension of volcanic
emissions of certain gases is comparable to anthropo-
genic ones (Hansell and Oppenheimer 2004) and
more than 44 million of individuals residing within
10 km of an active volcano (Holmberg and Small
2015), it is important to determine the influence of
volcanogenic pollutants on the central nervous sys-
tem (CNS).

Air pollution affects the brain through different
paths including molecular, cellular, and inflammatory
(Genc et al. 2012). The toxic gases and other air con-
taminants induce the production of proinflammatory
cytokines that reach the CNS through the brain-blood
barrier (BBB) or directly through the olfactory epithe-
lium. These neuroinflammatory processes trigger
a response in the brain glial cells, which constitute
the immune system in the CNS. Astrocytes, the most
abundant glial cell type of the CNS, are responsible for
(1) maintaining brain homeostasis, (2) providing
metabolites to neurons, (3) synapses monitoring, (4)
regulating the extracellular balance of ions and neuro-
transmitters, and (5) taking part in BBB maintenance
and permeability (Sofroniew 2009). Astrocytes are
immunocompetent cells and therefore, respond to
CNS injuries by activating and producing cytokines
or initiating the immune adaptive responses
(Cordiglieri and Farina 2010; Farina, Aloisi, and
Meinl 2007). Certain cytokines, such as tumor necro-
sis factor alpha (TNF a), ciliary neurotrophic factor
(CNTE), or interleukin 6 (IL-6) induce astrocytic acti-
vation. This activation is not a single none-or-all
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response, but a multifaceted process involving mod-
ifications in gene expression and cell morphology.
Astrocytic activation is controlled in a time- and con-
text-dependent way, which indicates that this process
might play a beneficial role but might also lead to
harmful effects.

The activation and proliferation of this glial popu-
lation was noted in several neurodegenerative diseases:
Alzheimer’s (AD), amyotrophic lateral sclerosis
(ALS), multiple sclerosis, and Parkinson’s disease
(PD) (Abdelhak et al. 2018; Eddleston and Mucke
1993; Maragakis and Rothstein 2006; Niranjan 2014;
Sofroniew and Vinters 2010). Therefore, astrocytes
proliferation and its presence in the reactive form
suggest that neuroinflammatory processes may be
taking place since astrocytes are considered active
players in neuroinflammation (Colombo and Farina
2016).

Two important astrocytes hallmarks are the pre-
sence of glutamine synthetase (GS) and glial fibrillary
acidic protein (GFAP). One of the fundamental roles
of astrocytes is to protect neurons from excitotoxicity,
collecting excess ammonia and glutamate from the
extracellular space through the GS pathway. Thus,
alterations in this enzyme expression suggest changes
in astrocytic function that might affect neuronal activ-
ity (Son et al. 2019; Sudrez, Bodega, and Fernandez
2002). In contrast, GFAP is a protein marker of the
astrocytes intermediate filaments and overexpression
arises in response to CNS insults (Abdelhak et al. 2018;
Colombo and Farina 2016; Lana et al. 2017; Niranjan
2014; Sofroniew 2009; Steward, Kelley, and Torre
1993), including those derived from air pollution as
was demonstrated by Calderén-Garciduenas et al.
(2008).

Sofroniew and Vinters (2010) recognized the pre-
sence of reactive astrocytes in the hippocampus during
inflammation. The dentate gyrus (DG), a region of
hippocampal formation with a regular organization of
its principal cell layers, is used as a model system for
many facets of modern neurobiology (Amaral and
Lavenex 2007) and further, it is the first region where
all sensory modalities come together and play a critical
role in learning and memory. This area seems mark-
edly affected by volcanogenic pollutants since
Navarro-Sempere et al. (2020) reported the existence
of intracellular deposits of mercury in DG cells.
Considering the characteristics of active volcanic
environments, we hypothesize that chronic exposure

to hydrothermal hazardous emissions could be a risk
factor for brain neuroinflammatory processes and
neurodegenerative diseases, associated with astrocyte
proliferation and dysfunction. For that purpose, we
have studied the hippocampal dentate gyrus of wild
mice (used as surrogate species), since it is a vulnerable
structure to neuroinflammatory processes and neuro-
degenerative diseases (Hedden and Gabrieli 2004;
Small et al. 2002), such as Alzheimer’s disease (Li
et al. 2008; Rodriguez et al. 2008) or Parkinson’s dis-
ease (Marxreiter, Regensburger, and Winkler 2013).

Material and methods
Animals

Mus musculus was the species selected to perform
this study because these animals are found in both
active and inactive volcanic environments and
shares the habitat with humans. Several investiga-
tors demonstrated that field-captured specimen
studies are the best option to evaluate the influence
of environmental exposure to pollutants, as there
are discrepancies with lab research due to the ani-
mal diets, behavior, or contaminants mix (Forsyth
2001; Tersago et al. 2004).

Specimen collection and study sites

Mice were captured on the Sao Miguel Island, the
largest of the archipelago of the Azores (Portugal),
formed by three major active central volcanoes (Sete
Cidades, Fogo, and Furnas) (Figure 1a,b). Two groups
of Mus musculus were caught alive in two different
locations (Figure 1b): Furnas village (exposed group)
and Rabo de Peixe village (control group).

Furnas village has a population of about 1500 inha-
bitants and is located inside the Furnas volcano crater.
Volcanic activity in Furnas village is currently marked
by several hydrothermal manifestations including soil
diffuse degassing, thermal and cold carbon dioxide
(CO,)-rich springs and fumarolic fields (Viveiros
et al. 2010).In this village, approximately 58% of the
buildings are located above anomalous soil CO, dif-
fuse degassing of volcanic-hydrothermal origin
(Viveiros et al. 2010; 2012). Fumarole gaseous emis-
sions are predominantly comprised of water (steam),
and CO,, H,S, H,, N,, O,, CH,, and Ar are present in
lower concentrations (Ferreira et al. 2005); soil gas
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Figure 1. Map of the Azores Archipelago. (a) Morphotectonic features of the Azorean archipelago. White dashed circle indicates the
S. Miguel Island; (b) Map of S. Miguel Island and study areas. 1 — Furnas, 2 — Rabo de Peixe; white dashed circles represent the main
volcanic complexes of: ¢ - Sete Cidades, d- Fogo, e — 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=10df2279f9684e4a9f6a7f08
febac2a9. Attribution information to both ESRI and other data providers illustrated in the Figure.

emissions are essentially CO, and **’Rn (Silva et al.
2015; Viveiros et al. 2010). In addition, the active
degassing areas contribute to the continuous input of
volatile metals into the atmosphere (Bagnato et al.
2014; 2018; Durand et al. 2004).

Rabo de Peixe is a rural village with 5000 inha-
bitants located 24 km away from Furnas and has no
active manifestations of volcanism since the seven-
tieth century (Carvalho 1999) or significant anthro-
pogenic pollution sources.

Ten mice (Furnas, N = 5; Rabo de Peixe, N = 5)
were caught using mouse traps at both locations.
The individuals were kept alive for the shortest
possible time (up to 24 hr) before euthanasia with
isofluorane. Upon reaching an optimal anesthesia
level, mice were transcardiacally perfused with
phosphate saline buffer followed by 4% paraformal-
dehyde (PFA). Subsequently, mouse brains were
extracted and fixed in 4% PFA overnight. For each
mouse, the following data were collected: body
weight, gender, and age. The age of each mouse

was determined based upon dry crystalline lens
mass as described by Quere and Vincent (1989).

Experimental procedures were approved by the
University of the Azores. All procedures were carried
out in strict accordance with the recommendations of
the European Convention for the Protection of
Vertebrate Animals used for Experimental and
Other Scientific Purposes (ETS 123), directive 2010/
63/EU and Portuguese law (DL 113/2013).

Histological processing and immunofluorescence

The brains were paraffin embedded and 4 um sagittal
sections were cut using a microtome (Microm HM
340E). Immunofluorescence assay was carried out
in selected sections containing the hippocampus.
Samples were incubated with primary antibodies,
anti-GFAP (HPA056030, Sigma Aldrich Co.), and
anti-glutamine synthetase (G2781, Sigma Aldrich
Co.) at 1:200 overnight at 4°C. The next day, sections
were washed and incubated with the secondary
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antibody (SAB4600310, Sigma Aldrich Co, 1:500),
for 2 hr at room temperature with agitation.
Subsequently, sections were washed several times,
dried, and covered in the dark with Vectashield
medium (Vector Laboratories, Burlingame CA,
USA) containing DAPI to counterstain nuclei.

Quantitative analysis

Zeiss confocal laser scanning microscope was
employed to take confocal hippocampal scans at 20x
magnification, every 0.5 pm z-step and mounted in an
orthogonal projection using Zen Blue software. Three
coronal sections spaced by 150 pm were analyzed
keeping constant pinhole, contrast, and brightness.
The region of interest (ROI) for the tests was hippo-
campal dentate gyrus (DG) where two separate sub-
areas were examined: polymorphic layer (PL) and
granular layer (GL) (Figure 2). Areas of GL and PL
were measured in um?” and later expressed in mm® to
calculate the number of immunopositive cells
per mm?®. All quantifications and counts were con-
ducted blindly and independently by three different

researchers using the Image]J software and the results
were averaged. Three GFAP+ astrocytes were ran-
domly selected in each subarea (PL and GL) to mea-
sure the length of the four astrocyte principal branches
in all animals from both study areas. This analysis was
carried out blindly using Image]J software and results
averaged.

Statistical analysis

The concentration of GFAP+ and GS+ astrocytes
and length of astrocyte branches in each subarea
were compared between both mice populations,
using Student’s t-test and the level of significance
was set at p < .05. Graph Pad Prism was used to
perform all statistical analysis (Graph Pad Software
Inc., La Jolla, CA, USA).

Results

The average age (in days) of mice was similar between
studied groups (112 * 8, Furnas village; 133 + 9; Rabo
de Peixe). No statistical difference in weight was found

Figure 2. Representative image of the region of interest (ROI). Dentate gyrus was divided in two parts: granular layer (GL, gray area)

and polymorphic layer (PL, gridded area). Scale Bar: 50 pum.



218 (&) A.NAVARRO ET AL.

between studied groups (13,25 + 0.79 g, Furnas village;
14.52 + 0.41 g; Rabo de Peixe).

Astrocytes were identified using fluorescent immu-
nostaining for GFAP and GS aiming to determine the
presence of neuroinflammation processes in those
mice chronically exposed to the active volcanic envir-
onment. As illustrated in the representative images of
Figures 3-6, astrocytes were immunolabeled with
anti-GFAP antibody (Figure 3) and anti-GS antibody
(Figure 5) and counted separately in GL and PL in
Furnas and Rabo de Peixe mice.

GFAP quantification in dentate gyrus

A qualitative increase of GFAP fluorescence intensity
was noted in the DG from Furnas compared to Rabo
de Peixe mice (Figure 3). Regarding the quantifica-
tion, the number of GFAP positive cells was higher in
individuals from Furnas than those from Rabo de

Peixe in both PL (1405,60 + 64,33 cells/mm? vs.
992,66 + 56,88 cells/mm?®) and GL (1678,30 + 91,12
cells/mm? vs. 1148,39 + 37,79 cells/mm?) (Figure 4).
A significant elevation was found in the number of
astrocytes in both PL (+41.6%) and GL (+46.14%)
(Figure 4).

Glutamine synthetase in dentate gyrus

A diminished GS fluorescent intensity in Furnas
samples was observed when compared to Rabo de
Peixe (Figure 5). Quantitative analysis showed that
the number of GS+ astrocytes was less in DG from
Furnas than Rabo de Peixe animals, both in PL
(955,39 + 31,39 cells/mm® vs. 1201,55 + 66,47
cells/mm?) and GL (1321,92 + 62,37 cells/mm? vs.
1546,17 + 50,34 cellsymm?). This reduction in the
number of GS+ astrocytes was significant in PL
(=20.49%) and GL (-14.5%) (Figure 6).

Figure 3. GFAP immunofluorescence in mice dentate gyrus from Furnas (a) and Rabo de Peixe (b). Scale bar: 100 um. (c) Amplified inset
image from (a). Scale bar: 20 um. (d) Amplified inset image from B. Scale bar: 20 um. Note a qualitative difference in GFAP expression
between Furnas (a, ¢) and Rabo de Peixe (b, d) samples. GL, granular layer; PL, polymorphic layer.
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Figure 4. Quantitative analysis of GFAP+ astrocytes in polymorphic layer (a) and granular layer (b). In both dentate gyrus areas, number
of GFAP+ astrocytes were significantly more numerous in Furnas mice than Rabo de Peixe animals (Student’s t-test, *p < .05). Data

represented in the graph bars are expressed as mean + SE.

m

Figure 5. Photomicrographs of GS immunofluorescence in the dentate gyrus of the individuals caught in Furnas (a) and those living in
Rabo de Peixe (b). Scale bar: 100 um. (c) Magnification of the framed area in A. Scale bar: 20 um (d) Magnification of the framed area in
B. Scale bar: 20 um. There is a marked qualitative difference in the number of GS+ astrocytes between Furnas (a, ¢) and Rabo de Peixe

(b,d) mice. GL, granular layer; PL, polymorphic layer.
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Figure 6. Quantitative analysis of GS+ astrocytes in polymorphic layer (a) and granular layer (b) of the dentate gyrus in study animals.
The number of astrocytes GS+ was significantly less numerous in Furnas mice than in those from Rabo de Peixe (Student’s t-test;

*p <.05). Data represented in the graph bars were expressed as mean + SE.

Astrocytes branches morphological analysis

The length of four main branches of randomly GFAP
+ selected astrocytes was determined utilizing a mag-
nified image (Figure 7), both in PL and in GL and

compared. The astrocytes from mice caught in Furnas
exhibited longer branches than those from Rabo de
Peixe in both ROI subareas: the PL (13,29 um +
1,37 um vs. 9.04 pm * 0.49 pm) and GL (12,76 um +

Figure 7. Magnification of two GFAP+ astrocytes found in the dentate gyrus of mouse from Furnas (a) and one from Rabo de Peixe (b).
This image is a schematic representation of the method used to measure 4 principal branches of the GFAP+ astrocytes. Scale bar: 5 um.
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1,32 um vs. 8,82 um * 0.48 pm). This difference in
principal branches length was significant in PL (+47%)
and GL (+45%) (Figure 8).

Discussion

Data demonstrated the presence of reactive astroglio-
sis in the DG of the hippocampus attributed to living
in an active volcanic environment. The hippocampus
has been considered a target structure for neurotoxic
agents as abuse of drugs, neuroactive virus, or envir-
onmental pollutants (Harry and D’Hellencourt 2003;
Walsh and Emerich 1988). It is of interest that the DG
seems to be affected by a chronic exposure to volcano-
genic air pollution (Navarro-Sempere et al. 2020).
Consequently, it is an ideal structure to examine dif-
ferent astroglial dysfunction processes. Further, it is
well established that astrocytes are highly differen-
tiated cells that contribute to the proper functioning
of a healthy CNS, in addition to responding to damage
and disease through a process termed reactive astro-
gliosis (Sofroniew 2009). Pekny, Wilhelmsson, and
Pekna (2014) identified two prominent hallmarks
that are produced in reactive astrogliosis: (1) hyper-
trophy of the astrocytic branches and (2) upregulation
of the intermediate filament proteins, especially

GFAP. The animals captured in Furnas village dis-
played a significant rise in the number of GFAP+
astrocytes and branches morphological changes com-
pared to mice caught in the control area, Rabo
de Peixe, in which astrocytes exhibited normal
morphology.

Sofroniew and Vinters (2010) suggested several
molecules that activate the process of reactive astro-
gliosis including the tumor necrosis factor alpha
(TNF a), which plays an important role in the
activation of inflammation (Zhang et al. 2010).
Recently Camarinho et al. (2019) demonstrated
that this pro-inflammatory cytokine is overpro-
duced in the exposed mice in this same volcanic
area; consequently, TNFa might reach the brain by
crossing the BBB and activating astrocytes.

Living in volcanic areas with hydrothermal activity,
where concentrations of CO, are elevated, might
result in an increase of this gas in the blood, a phe-
nomenon known as hypercapnia. Furnas village is an
example of a volcanic area where environmental CO,
concentrations exceed the limits established by the
Occupational Safety and Health Administration
(OSHA) of the USA (Amaral and Rodrigues 2011).
Hypercapnia produces an elevation of nitric oxide
synthase (NOS) in brain isoforms and, consequently,
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Figure 8. Analysis of the principal branches of GFAP+ astrocytes. Mice from Furnas showed significantly longer branches than
individuals from Rabo de Peixe in polymorphic layer (a) and granular layer (b) (Student’s t-test; *p < 0,05). Data represented in the

graph bars were expressed as mean + SE.
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the amount of the nitric oxide (NO) in the brain
increases (Peebles et al. 2008). In addition, NO,
which is a powerful vasodilator, enhances cerebrovas-
cular flow adversely affecting the BBB and thus blood
vessels dilate giving rise to the disunity of BBB tight
junctions (Thiel and Audus 2001). These processes
yield an elevation in barrier permeability whereby
multiple molecules and toxins might reach the brain
parenchyma while do not occur in normal conditions.

It is well known the CNS is highly susceptible to the
harmful effects of reactive oxygen species (ROS)
(Patasz et al. 2019), another group of molecules
described by Sofroniew and Vinters (2010) as capable
of triggering astrogliosis. Several investigators sug-
gested that NO synthesized by the neural NOS
(nNOS) deactivate the GS enzyme (Gorg et al. 2005;
McBean et al. 1995; Mifiana et al. 1997) and attenuate
glutamate uptake by astrocytes (Sudrez, Bodega, and
Fernandez 2002), leading to reactive astrogliosis. It is
known that astrocytes are responsible for 80-90% of
glutamate uptake (Rose et al. 2018; Rose, Verkhratsky,
and Parpura 2013) to protect neurons from excito-
toxic damage by rapidly converting glutamate to glu-
tamine, using GS enzyme (Muse et al. 2001). The
activity and expression of this enzyme might be
diminished in the presence of TNFa (Kazazoglou
et al. 1996; Zou et al. 2010). Data demonstrated that
TNFa affects glutamate uptake by astrocytes through
the negative regulation of glutamate transporters
(Sitcheran et al. 2005; Wang et al. 2003). If glutamate
uptake is adversely affected, apart from the toxicity
derived from reaching a high level of extracellular
glutamate, many metabolic pathways might be
impaired and thus, uptake is a critical step for a well-
functioning brain.

Our results demonstrated that mice chronically
exposed to an active volcanic environment exhibited
a significant reduction in the number of astrocytes GS
+/mm” compared to those from the control area
which may reflect astrocyte dysfunction. Therefore,
the amount of GS enzyme in the DG from mice
residing in Furnas village is less, a fact that may be
due to an increase in production of NO and TNFa
derived from the exposure to a high CO, environment
and other volcanogenic pollutants, such as Rn**%, H,
S or Hg’. As indicated previously, the GS enzyme
exerts a neuroprotective role against glutamate and
ammonia excess, preventing its accumulation in the
synaptic cleft. Our findings showed that animals

chronically exposed to volcanogenic contaminants
exhibit a decrease in GS enzyme and, consequently,
it is conceivable that these animals accumulate extra-
cellular ammonia since it is not metabolized by GS.
Further, ammonia is known to be as an agent capable
of activating astrocytes (Sofroniew and Vinters 2010).

Data demonstrated that chronic exposure to
active volcanic environments triggers an astroglio-
sis reactive response and astrocyte dysfunction in
the DG. Previously investigators reported that
astrocyte reactivity plays an adaptive role, enabling
restoration of system homeostasis, limiting tissue
damage, and coping with acute stress. In such cases,
an increase in neuronal death was observed and
tissue degeneration was exacerbated (Faulkner
et al. 2004; Myer et al. 2006) or repair of the BBB
is impaired (Bush et al. 1999). Nevertheless, if this
response persists over time as it might be possible
in individuals from Furnas village, a situation of
continuous stress and chronic neuroinflammation
might appear and then, play an important role in
the pathogenesis of neurodegenerative diseases
(Kempuraj et al. 2016). Acute neuroinflammation
is critical in eliminating toxins, infective agents,
and dead cells to protect the CNS from damage or
repair (Russo and McGavern 2015; 2016). In con-
trast, long-term inflammatory reactions, with
a high level of proinflammatory mediators and
active glial cells, perform opposite functions, lead-
ing to emergence or progression of neurodegenera-
tive pathologies (Zheng, Zhou, and Wang 2016). In
fact, several studies showed the role of the reactive
astrogliosis in the pathogenesis of neurodegenera-
tive diseases, including Alzheimer (Nagele et al.
2004; Tarkowski et al. 2003), Parkinson’s (Liu,
Gao, and Hong 2003; Song et al. 2009) or multiple
sclerosis (Hostenbach et al. 2014; Kempuraj et al.
2016).

Conclusions

Our data demonstrated that chronic exposure to vol-
canogenic pollutants is associated with reactive astro-
gliosis and astrocyte dysfunction. The appearance of
reactive astrogliosis in hippocampal DG was accom-
panied by a significant decrease in GS, a key enzyme
for neural protection against excitotoxic damage in
exposed mice. Consequently, a neuroinflammatory
response may occur and sustained over time, and
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subsequently trigger the appearance of different neu-
rodegenerative pathologies. Our findings highlight the
importance of monitoring the neurological health of
those inhabitants chronically exposed to volcanogenic
contaminants since such exposure is associated with

health hazards in the brain.
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