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A B S T R A C T

Inorganic arsenic is among the major contaminants of groundwater in the world. Worldwide population-based
studies demonstrate that chronic arsenic exposure is associated with poor cognitive performance among children
and adults, while research in animal models confirms learning and memory deficits after arsenic exposure. The
aim of this study was to investigate the long-term effects of environmentally relevant arsenic exposure in the
myelination process of the prefrontal cortex (PFC) and corpus callosum (CC). A longitudinal study with repeated
follow-up assessments was performed in male Wistar rats exposed to 3 ppm sodium arsenite in drinking water.
Animals received the treatment from gestation until 2, 4, 6, or 12months of postnatal age. The levels of myelin
basic protein (MBP) were evaluated by immunohistochemistry/histology and immunoblotting from the PFC and
CC. As plausible alterations associated with demyelination, we considered mitochondrial mass (VDAC) and two
axonal damage markers: amyloid precursor protein (APP) level and phosphorylated neurofilaments. To analyze
the microstructure of the CC in vivo, we acquired diffusion-weighted images at the same ages, from which we
derived metrics using the tensor model. Significantly decreased levels of MBP were found in both regions to-
gether with significant increases of mitochondrial mass and slight axonal damage at 12months in the PFC.
Ultrastructural imaging demonstrated arsenic-associated decreases of white matter volume, water diffusion
anisotropy, and increases in radial diffusivity. This study indicates that arsenic exposure is associated with a
significant and persistent negative impact on microstructural features of white matter tracts.

1. Introduction

Myelination of axons is one of the main processes that shape brain
structural and functional maturation throughout life. Developmental
myelination is a complex but orderly process that occurs in predictable
topographical and chronological sequences (Andersen, 2003). The
multilamellar extension of membrane from oligodendrocytes, which
wraps around axons, enhances the propagation of action potentials and
is therefore essential for the proper function of neural circuits
(Barkovich, 2000). Myelination is also an important form of brain
plasticity since it is modifiable by experience (Mount and Monje, 2017)
and environmental factors, especially early in life, but continuing until
the fourth decade in humans (Lebel et al., 2012). Consequently, ab-
normal myelination or pathological loss of myelin can lead to a severe
loss of function including motor and sensory dysfunction (McKenzie
et al., 2014), neurobehavioral and cognitive impairments, psychiatric
disorders (Paus et al., 2008; Takahashi et al., 2011), and neurodegen-
eration (Nasrabady et al., 2018).

Over the past decades, interactions between psychosocial, genetic,
and environmental factors that may modify white matter have been
extensively investigated. Abundant literature demonstrates that en-
vironmental toxicants such as arsenic interfere with brain plasticity,
disturbing cognitive processes; however, direct evidence of their effect
on myelination is scarce (Cabral-Pinto et al., 2018). Poor cognition,
decreased visuospatial skills, affected memory and attention, as well as
mood disorders, have been reported as consequences of human arsenic
exposure in the pediatric population (Calderón et al., 2001; Wasserman
et al., 2014), through adolescence and adulthood (Tsai et al., 2003),
and in geriatric patients (O'Bryant et al., 2011). This neurological im-
pact attracts attention because arsenic is considered one of the most
hazardous chemicals to which millions of people are exposed world-
wide, mainly through its presence in groundwater (WHO, 2016). Al-
terations induced by arsenic at different levels of neural signaling that
may underlie cognitive deficits have been demonstrated in vivo and in
vitro (Tyler and Allan, 2014), and some studies have specifically ad-
dressed myelination in animals.
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Toxic effects induced by inorganic arsenic have been demonstrated
in myelinated nerve fibers of prefrontal cortex (PFC), optic nerve, and
retina of the rat (Rai et al., 2013), and in the fibers of the striatum
(Zarazúa et al., 2010; Ríos et al., 2012). These studies do not disclose,
however, whether myelin alterations are taking place in parallel with
axonal damage. At environmentally relevant exposure levels, arsenic
impairs energy generation required for axonal transport and alters the
expression of neurofilaments in cell cultures (Aung et al., 2013a;
Chandravanshi et al., 2018). Exposed rats show accumulation of amy-
loid precursor protein (APP), which is a marker of impaired axonal
transport, and oxidative damage has been reported in neural mem-
branes (Niño et al., 2018). It is therefore plausible that both axons and
myelin are targets of arsenic exposure.

As a form of plasticity contributing to cognitive processes, myeli-
nation requires a closer analysis under arsenic exposure. By combining
imaging techniques and histological assessments, microstructural
changes can be evaluated in key structures related to cognitive per-
formance. Among them, the corpus callosum (CC) contains axonal fi-
bers that mediate interhemispheric transfer of information across the
PFC. Researchers have proposed, based on the large amounts of in-
formation transferred back and forth between the two hemispheres via
the CC, that the degeneration of white matter architecture or “structural
disconnection” could be one of the key factors underlying the cognitive
decline associated with arsenic (Raz and Rodrigue, 2006). Therefore,
the aim of this study was to investigate the long-term effects of en-
vironmentally relevant arsenic exposure in the myelination process of
the PFC and CC.

The rat model of arsenic exposure resembles human developmental
exposure. In this model, rats are exposed to arsenic from gestation to
4months of age through drinking water (approximately 0.4 mg/kg/
day), first to the dams and continuing after weaning. In this model,
neurochemical, epigenetic and behavioral alterations have been pre-
viously demonstrated (Martínez et al., 2011; Zarazúa et al., 2006). Also,
similar doses of arsenic result in alterations of synapse structure, im-
paired learning, and long- and short-term memory, evaluated through
performance in the Y maze and Morris water maze (Jing et al., 2012;
Luo et al., 2009). The Wistar rat is best suited to analyze the possible
arsenic effects on myelination, since every developmental myelin stage
is well characterized (Bockhorst et al., 2008). Briefly, axons at 5 post-
natal days (PND) are in a “pre-myelinating” state (Prayer et al., 2001),
whereby axonal electrical activity increases the production or release of
growth factors responsible for the proliferation of oligodendrocyte
precursor cells (Miller, 2002). After reaching a maximal rate of myelin
accumulation near PND 20 (Downes and Mullins, 2014), central
structures show nearly complete myelination around PND 24, and the
process follows the volume and cell number changes that the rat brain
experiences until the third month (Markham et al., 2007; Willing and
Juraska, 2015). From 3 to 12months of age myelin content remains
stable, although myelination continues in the PFC, followed by an age-
related decline afterwards (Mengler et al., 2014; Wang et al., 2020). At
2 and 3 months of age, white matter volume is higher in male than in
female rats, but no available data indicate whether this tendency per-
sists at older age (Willing and Juraska, 2015). According to this back-
ground, 2-, 4- and 6-month-old male animals were studied, since the
major period of myelination of white matter tracts lies between birth
and 4months, while cortical myelination continues at least until
6 months. Twelve month-old rats were also studied as a final point of
mature myelin status in rodents (Wang et al., 2020). Microstructural
changes in rat CC and PFC were analyzed using magnetic resonance
imaging (MRI), in parallel with evaluation in tissue of myelin and ax-
onal damage markers. Mitochondrial mass was also estimated as an
essential adaptive/stress response designed to maintain the function of
demyelinated axons.

2. Materials and methods

2.1. Housing and experimental groups

All animal procedures were performed according to the National
Institute of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80–23) revised in 1996. Animals were main-
tained on a 12 h/12 h inverted light/dark cycle at 22–23 °C and 40–50%
humidity with access to food and water ad libitum. They were accli-
mated to this environment for at least one week before being used in the
study. A total of 16 primigravid female Wistar rats (200–250 g) were
placed in cages at a proportion of 1 female: 1 male per cage and ran-
domly assigned to two groups of 8 couples each. From mating and
during the entire course of pregnancy, one group received drinking
water containing 3mg/L sodium arsenite (Sigma-Aldrich, Saint Louis,
MO) corresponding to approximately 0.3 to 0.4mg/kg/day (No
Observed Adverse Effect Level for Wistar rat is 0.4–0.9mg/Kg/day;
ATSDR, 2007), and the control group had access to deionized water.
Males were retired 10 days after mating, and dams continued receiving
arsenite after birth in drinking water throughout the period of lactation.
Offspring (n=30 males per group) were weaned at 4 weeks and housed
in groups of 6–8 males. Although behavioral and neurochemical arsenic
effects have been indistinctly shown in male and female rats (Zarazúa
et al., 2010; Martínez et al., 2011; Niño et al., 2018), for this study
including 6- and 12-month-old animals, only males were selected given
the sex differences reported for adolescent and adult rats in the white
matter and PFC (Willing and Juraska, 2015; Markham et al., 2007). The
experimental group continued under arsenic exposure in drinking water
until sacrifice at 2, 4, 6, or 12months of age. At each time point, im-
munohistochemical and histological experiments were performed in
3–4 rats per group, while 4 animals per group were employed for
Western blot analysis. Diffusion tensor imaging (DTI) was performed in
two rats per group, and the same animals were longitudinally assessed
at each time point.

2.2. Histology

2.2.1. Immunohistochemistry
Rats were deeply anesthetized with sodium pentobarbital and per-

fused through the left cardiac ventricle with 4% paraformaldehyde in
0.1 M phosphate buffer. Fixed brains were removed, kept in paraf-
ormaldehyde during 24 h, and embedded in paraffin. Five micrometer
coronal slices containing the PFC, CC, and the anterior commissure
(Paxinos and Watson, 2007) were mounted in electrocharged slides. For
epitope recovery, tissue sections were submerged in Diva Decloaker
(Biocare Medical LLC, Concord, CA) solution at 100 °C in a pressure
cooker for 3min. After 15min with 0.3% hydrogen peroxide (H2O2),
they were incubated in a humidity chamber at room temperature to
block nonspecific background staining (Background Sniper; Biocare
Medical), and endogenous biotin and biotin-binding proteins (avidin/
biotin blocking kit; Vector Laboratories Inc., Burlingame, CA) were
always followed by rinses with TBS-tween. Primary antibodies anti-
myelin basic protein (MBP; Santa Cruz Biotechnology Inc., CA; 1:500)
or anti non-phosphorylated neurofilaments (SMI-32 Covance; Emery-
ville, California; 1:200) were incubated overnight at 4 °C. After in-
cubation, a universal biotinylated linked antibody (DAKO, Carpinteria,
CA, USA) was incubated for 30min, followed by streptavidin-HRP
complex (DAKO) for 30min. Sections were developed with diamino-
benzidine substrate using the avidin−biotin horseradish peroxidase
system (Vector Laboratories Inc., Burlingame, CA). Negative controls
consisted of tissue sections treated without the primary antibody. The
sections were analyzed with an Olympus microscope equipped with a
digital camera (AmScope, Irvine, CA).

2.2.2. Luxol Fast Blue (LFB) staining
To evaluate demyelination in the CC, 3 sections per brain were
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acquired. Five micrometer coronal sections were deparaffinized with
xylene and rehydrated using decreasing grades of ethanol. Briefly,
sections were transferred to LFB solution at 56 °C overnight, rinsed in
ethanol and distilled water followed by staining differentiation using
lithium carbonate solution (Merck, Germany) for 15 s to distinguish
white matter from gray matter (Ríos et al., 2009). Slides were rinsed
twice in xylene (Merck) and mounted with Entellan (Merck). Images
were obtained with an Olympus microscope equipped with a digital
camera (AmScope).

2.3. Image analysis and semi-quantification

A rat brain atlas was used to identify the anatomical location for
each of the regions of interest for MBP and LFB. MBP positivity was
quantified using Image J software; images were converted to a 256 Gy-
level scale (8 bits), and intensity values were obtained using thresh-
olding operations where only pixels within a given range of colour in-
tensity and size were included for analysis. For evaluation of LFB
images, 3 sections per animal were selected at 200×magnification, and
the surface area covered with LFB staining was quantified using a
densitometric scanning procedure. All the images were calibrated for
distance, colour, and area before their analysis.

2.4. Western blot analysis

The left PFC and CC of each animal were collected for protein ex-
traction after dissection. Tissue was homogenized in extraction buffer
(sucrose 320mM, HEPES 10mM and EDTA 2mM) supplemented with
protease inhibitors, mechanically homogenized, and spun at
12,000 rpm. Protein samples (50mg) were loaded. Total proteins were
separated on a 12% SDS-PAGE gel and transferred onto polyvinylidene
difluoride membranes (PVDF). Membranes were blocked with 5%
nonfat milk before being incubated (Bio-Rad, Hercules, CA) overnight
at 4 °C with primary antibodies against MBP (1:1000; Santa Cruz,
Biotechnology Inc., CA), mitochondrial mass (VDAC; 1:1500; Santa
Cruz), amyloid protein precursor (APP; 1:1000; Santa Cruz) and β-actin
(1:1000; Santa Cruz). β-actin was used as a loading control. After rin-
sing, membranes were incubated with horseradish peroxidase-con-
jugated secondary antibodies (1:2500) for 1 h at room temperature. The
blots were then visualized using the enhanced chemiluminescence kit
(Pierce, Rockford, IL, USA), and signals were detected using medical
blue-sensitive X-ray films. The films were digitalized, and the protein
intensities were quantified using Image J software.

2.5. Diffusion tensor imaging

All images were acquired at the National Laboratory for Magnetic
Resonance Imaging (Institute of Neurobiology, Universidad Nacional
Autónoma de México). Imaging was performed with a 7 T Bruker
Pharmascan 70/16US imaging system (Pharmascan, Karlsruhe,
Germany) using a rat head 2×2 array coil, with animals placed in the
prone position. Animals were anesthetized during imaging with 1–1.5%
inhaled isoflurane, kept over a heating pad and maintained under re-
spiratory and body temperature monitoring. DTI data sets were ac-
quired with a coronal orientation using a segmented echo planar pulse
sequence (2 segments); Fiel-of-view=25.6× 25.6mm2, ma-
trix= 146×146 (yielding in-plane resolution of 0.175mm per side),
25 slices (thickness of 1mm), TE= 22.91ms, TR=2 s, with diffusion
sensitization in 64 unique directions, each with b values of 650, 1200,
and 2000 s/mm2 (δ/Δ=3/9ms); 5 volumes without diffusion sensiti-
zation (i.e., b= 0 s/mm2) were acquired prior to the diffusion weighted
volumes.

2.5.1. Image analysis
All functional analyses were done with MRtrix3 software version 3.0

(https://www.mrtrix.org/). All images were inspected for artifacts,

gross motion, and structural abnormalities. Preprocessing of the diffu-
sion weighted imaging data sets included: 1) denoising using a method
based on principal component analysis (Veraart et al., 2016), 2) cor-
rection for motion and eddy-current induced distortions by registering
each volume to the average b=650 s/mm2 volume using a linear
transformation with 12 degrees of freedom, and 3) correction for in-
tensity inhomogeneities by first estimating the bias field in the average
b=0 s/mm2 volume using the N4 algorithm (Tustison et al., 2010),
which was then used to modulate each volume. The tensor model
(Basser et al., 1994) was estimated using an iteratively reweighted
linear least squares method for the preprocessed DWI data sets, from
which we derived fractional anisotropy (FA), apparent diffusion coef-
ficient (ADC), radial (RD= λ1) and axial (AD= (λ2+ λ3)/2) diffu-
sivity maps. Tensor-derived metrics were extracted from a manually
drawn region of interest (ROI) that encompassed the medial portion of
the CC (Paxinos and Watson, 2007). The CC volume (mm3) of each rat
was then calculated as the voxel size multiplied by the number of vo-
lumes of each voxel in the ROI supplied. Average values per metric per
animal were recorded.

2.6. Statistical analysis

Most data had a normal distribution and were expressed as
means± standard deviation. The differences between the means were
analyzed using Student's t-test or a two-way analysis of variance
(ANOVA), followed by Tukey's post hoc test analyses to determine the
significance of specific comparisons. To determine differences among
groups of the MBP intensity in PFC, since the resulting values were not
normally distributed, a nonparametric Friedman test followed by
Mann–Whitney U pairwise comparisons were performed. To obtain
significant differences between groups as large as 2 standard deviations,
a level of significance of 0.05 and a 90% power in two-sided tests were
considered, and the number of animals per group was equal to or larger
than 4. The data were statistically evaluated using GraphPad InStat
software version 3.06.

3. Results

3.1. Cortical myelin-deficient axons and increased mitochondrial mass
under arsenic exposure

Cortical myelin observed by MBP immunohistochemistry showed a
tendency to decrease from young to late adulthood in control animals
(Fig. 1B). A similar pattern was observed in arsenic-exposed animals [F
(3, 24) = 2.207]. While a significantly lower presence of MBP analyzed
through immunohistochemistry was found at 2months [F (1, 24) =
24.72; p < .05]; Fig. 1B), Western blot data showed a lower myeli-
nation status of arsenic-exposed animals at both 2 and 4months [F (1,
24) = 141.3, *p < .05, Fig. 1C and D]. According to the increased
energy demand to maintain electric potentials under demyelination,
mitochondrial mass in the PFC was significantly greater in the arsenic
group than in the control group [F (1, 24) = 164.8, *p < .05;
**p < .01, Fig. 1C and E].

3.2. Severe hypomyelination of the corpus callosum in arsenic-exposed
animals

Analysis of CC revealed persistent and considerably lower myelin
content in animals exposed to arsenic throughout adulthood. First, MBP
immunohistochemistry showed an age-related decrease in the control
group at 6 and 12months of age (Fig. 2A and B), while the arsenic-
exposed animals had lower immunopositivity levels at 2, 4, and
6months of age [F (1, 24) = 256.1, *p < .05; Fig. 2B]. Also, myelin
presence evidenced by LFB histochemistry revealed a persistent de-
crease in control animals and lower values in experimental animals at 2,
4, and 6months [F (1, 24) = 50.37; *p < .05; Fig. 2C and D].
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Densitometric measurement of immunoblots demonstrated that MBP
content was significantly lower in the arsenic group than in the control
group at all time-points studied, Fig. 2F [F (1, 24) = 255.3; *p < .05,
**p < .01 or ***p < .001, two-way ANOVA and Tukey's post hoc test;
n=4].

3.3. In vivo longitudinal assessment of the corpus callosum microstructure

DTI revealed microstructural abnormalities throughout adulthood
in the rats exposed to arsenic. Fig. 3A summarizes the in vivo differences
between the CC from control and arsenic-treated animals at 12months
of age. Diffusion tensors are visualized as ellipses colored according to
their orientation, overlaid on the corresponding FA map. Control ani-
mals show very elongated diffusion tensors (indicating high FA), as
compared to the tensors in the exposed animals (showing low FA).
Fig. 3B illustrates the reduced CC volume in the arsenic animals as
compared with the controls at all ages. The considerable reductions of
FA are due to increased RD, with a concomitant increase of ADC
(Fig. 4A-D). Little effect was observed in AD.

3.4. Axonal damage in fiber tracts under arsenic exposure

Given that the main differences in myelin were observed in young
rats (2 months), axonal damage was examined at this condition through
immunohistochemistry against non-phosphorylated neurofilaments and

quantification of cortical APP accumulation. The results of this assess-
ment were contrasted with identical tests at 12months, since in late
adulthood the myelination state was similar in arsenic and control
groups. The anterior commissure showed similar immunostaining pat-
terns similar to those seen in the CC in both groups, with a slight in-
crease of immunopositivity and irregular tracts at 12months (Fig. 5A
and B). In the PFC, where individual pyramidal neurons can be ob-
served, axons run in a more homogeneous and regular pattern in the
control group than in the arsenic group at both ages (Fig. 5C). Axon
trajectories in the arsenic group seem tortuous and, in some cases, in-
terrupted. The presence of axonal damage is also suggested by a sig-
nificant increase of cortical APP at 12months (*p < .05).

4. Discussion

This study provides relevant in vivo and ex vivo evidence of struc-
tural changes and modifications of myelin composition associated with
chronic arsenic exposure. Significantly lower levels of MBP im-
munostaining and LFB staining in the CC together with decreased CC
volume measured by MRI demonstrate that the myelin sheath is a target
of arsenic. Also, decreased cortical myelination was found accompanied
by increased mitochondrial mass. These alterations were present in
exposed rats at 2 to 12months of age, which roughly correspond to
adolescence, youth, and adulthood in humans. Connectivity defects
caused by these subtle changes in brain white matter certainly

Fig. 1. Cortical myelination and mitochondrial mass are targets of arsenic exposure. A. Cerebral cortex photomicrographs of MBP immunohistochemistry. A-D
control group, E-H arsenic-exposed group. Original magnification: 200×. B. Quantification of MBP immunopositivity showing a significant effect of arsenic exposure
at 2 months of age (*p < .05, nonparametric Friedman test). C. Western blot of mitochondrial mass and MBP normalized by β-actin. D and E. Densitometric analysis
expressed as mean ± SD of arbitrary units showing significant effects of arsenic exposure at 2 and 4months of age [F = 164.8, F = 141.3; *p < .05 or **p < .001,
two-way ANOVA followed by Tukey's post hoc test; n=4].
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contribute to arsenic-related cognitive deficits observed in animal
models and exposed populations. A limitation of these results is that we
did not evaluate the effect of arsenic on female rats. The literature
suggests that females may be more susceptible to metal neurotoxic ef-
fects than males (Llop et al., 2013).In the case of human arsenic studies,
poorer mental health was reported in females residing in arsenic af-
fected areas (Syed et al., 2012). Two studies evaluated the neurode-
velopment effects in girls by arsenic. One of them found that exposure
during prenatal and postnatal periods was inversely related to verbal
and full-scale IQ in females (1.5 and 5 years; Hamadani et al., 2011).
Signes-Pastor et al., (2019) suggested that exposure to arsenic during
pregnancy was related to greater birth length and weight among fe-
males. In addition, experimental studies reported hyperactivity in fe-
male animals and decreased dopamine presence at wider exposure le-
vels than the same effects in males (Bardullas et al., 2019). Sex
differences were also reported in rats when learning deficits associated
with the brain cholinergic system were explored (Yadav et al., 2011).
Taken together, these reports suggest that it cannot be established
whether our findings in males would be similar in female rats. It could
be even speculated that the degree of injury in females might be worse

than that observed in male rats. Clearly, sex related differences in ex-
posure and health effects caused by arsenic and other substances re-
quiere considerable focus in the future (Singh et al., 2018).

The longitudinal analysis of myelin presence in the PFC and CC, the
largest myelinated tract of the brain, allows the observation of the
process through two windows. It is clear that demyelination is more
evident in the CC whereby myelin formation was mostly completed at
2months, the first time point analyzed in this work. In this structure,
myelin levels seem to remain stable, although at significantly different
values between the control and the exposed group along the 12-month
observation period. In contrast, we presume that the myelination of
intracortical axons is a more dynamic process throughout this period.
Arsenic-exposed animals either lack the capacity to build myelin at the
same level as control rats or arsenic is attacking the myelin sheaths as
they form (Fig. 1B and C). In this context, we interpret the significant
increase of mitochondrial mass at 2months of age as a compensatory
reaction to the increased energy demand of chronically demyelinated
axons (Fig. 1D). Accordingly, axonal damage is still not observed in
these young animals (Fig. 4A). VDAC is a protein abundantly present in
the outer mitochondrial membrane, which acts as a co-transporter of

Fig. 2. Severe decrease of myelin levels in the corpus callosum of arsenic-exposed animals. Myelin visualized in the corpus callosum (CC) through MBP im-
munohistochemistry (light brown, panel A), and in Luxol fast blue (LFB, dense blue, panel C). Original magnification: 200×. B. Comparison of MBP staining of
coronal CC in control and arsenic-exposed groups revealing significant demyelination [F = 256.1, *p < .05, two-way ANOVA and Tukey's post hoc test]. D. Average
LFB demyelination scores (mean ± SD) [F = 50.37, *p < .05]. E. Example MBP immunoblots normalized with β-actin. F. Western blot densitometric analysis
showing a lower amount of MBP at all time-points studied associated with arsenic exposure. Data are displayed as arbitrary units and represent mean ± SD [F =
255.3; *p < .05, **p < .01 or ***p < .001, two-way ANOVA and Tukey's post hoc test; n= 4]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3. Tensor diagram and volume decrease of the corpus callosum of arsenic-exposed animals. A. RGB-FA maps of rat brain from 2months (bottom left) to
12months (bottom right). FA maps are based on the fiber direction (blue, caudal-rostral; red, left-right; and green, dorsal ventral). Image zoomed into the small ROI
shows the diffusion tensor ellipses; brighter colors indicate higher relative anisotropy. B. Comparison of CC volume at all ages tested. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Trend lines for the evolution of tensor-derived metrics following exposure to arsenic. Comparison of FA, ADC, RD, AD in the middle of the corpus callosum
(marked in yellow, Fig. 3) between 2 control and 2 arsenic-exposed animals with repeated follow-up in vivo assessments (2, 4, 6, or 12months). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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energy metabolites ATP/ADP (Rostovtseva and Colombini, 1996;
Colombini, 1979; Fang and Maldonado, 2018), controlling the efficient
energetic cross-talk between mitochondria and the rest of the cell, a
critical function for neurons to meet their dynamic energy requirements
(Camara et al., 2017). Brain volume is a marker for macroscopic
structural changes (Quallo et al., 2009), which is also influenced by the
number or diameter of axons (Perge et al., 2012). With these results, it
is therefore reasonable to consider that the decreased CC volume
(Fig. 3B) is related to the decreased myelin content observed in Fig. 2
and axon diameter. This is the first study that demonstrates a decrease
in white matter volume related to arsenic exposure.

Bristow and collaborators demonstrated that axonal mitochondrial
enzyme activity is significantly reduced following the developmental
myelination of human and rabbit optic nerve tissue (Bristow et al.,
2002), indicating that myelinated axons are more energy efficient.
Therefore, demyelinated axons would be expected to compensate by
upregulating energy production. In this study, the hypomyelination
induced by arsenic in the PFC was concomitant with the increased
expression of the VDAC at 2–4months. This compensatory increase,
however, was temporary and did not last until 12months of age. At this
time-point, the reduced presence of myelin was further accompanied by
axonal damage, revealed by a strong SMI-32 reactivity and APP accu-
mulation (Fig. 5D).

The ability of the PFC to react against the energetic deficit induced
by arsenic is also demonstrated in other animal models. Kadeyala et al.
observed a significant induction of glutathione-S-transferase (GST) ac-
tivity in the PFC of PND 21, PND 28, and 3-month-old rats, suggesting a

counteracting mechanism adopted to eliminate arsenic (Kadeyala et al.,
2013). In a transgenic mouse model exposed to arsenic, the increased
presence of antioxidant enzymes allowed a more efficient removal of
reactive oxygen species in the PFC than in other brain regions (Niño
et al., 2019). Nevertheless, the prolonged energy deficit resulted in both
severely reduced ATP levels and protein aggregation. Altogether, these
results indicate that increased mitochondrial mass is an adaptation re-
quired to maintain/restore conduction in hypomyelinated axons, and
strongly suggest that prolonged arsenic exposure disrupts cortical
myelination processes despite compensatory cellular responses.

The joint in vivo and ex vivo findings obtained in the CC also describe
a chronic hypomyelination that will certainly lead to defective com-
munication and contribute, together with the observed cortical altera-
tions, to the cognitive deficits associated with chronic arsenic exposure.
Myelination of human white matter tracts continues throughout late
gestation and after birth in areas such as the hippocampus, PFC, and
striatum (Lebel et al., 2012; Gilmore et al., 2018). These structural
changes are reflected in an increase in head circumference (Jensen and
Holmer, 2018).

Several studies report a reduction of newborn birth weight and head
circumference concomitant with high levels of maternal arsenic ex-
posure (Zhong et al., 2019; Wai et al., 2019); also, deficits of cognitive
functions in pre-school and school-aged exposed children have been
widely demonstrated (Karim et al., 2019). Previous work has shown
that arsenic exposure in rats from gestation throughout lactation and
development until the age of 4months alters the morphology of nerve
fibers in the corpus striatum and decreases the availability of methyl

Fig. 5. Increased markers for axonal damage under arsenic exposure. SMI-32 immunopositivity patterns in the corpus callosum (A), anterior commissure (B), and
PFC (C) in control and arsenic-exposed rats at 2 and 12months of age. D. Representative images of Western blot showing the amyloid precursor protein (APP;
110 kDa) in the PFC of the indicated groups. Semi-quantitation of immunoblots analyzed by densitometry; data are presented as arbitrary units and represent
mean ± SD, *p < .05 versus control, Student's t-test.
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groups required for phospholipid synthesis (Ríos et al., 2012; Zarazúa
et al., 2010). In addition to the MBP decrease demonstrated by im-
munohistochemistry and Western blot (Fig. 2), hypomyelination in this
study was also confirmed by MRI and DTI analysis.

Measures of DTI likely reflect that both the degree of demyelination
and the compactness of the myelin layers contribute to diffusion tensor
changes associated with arsenic exposure (Aung et al., 2013b). The lack
of significant differences of AD between groups suggests that axons
were not severely affected by arsenic exposure, although APP accu-
mulation, a sign of axonal damage, was observed at 12months of age
only in the arsenic group. These findings indicate that myelin itself, or
the myelination process, is an arsenic target rather than an aberrant
axonal structure. Given that oxidative stress is a core feature of arsenic-
exposed models (Mochizuki, 2019), our working hypothesis is that
oligodendrocyte precursor cells, which are highly sensitive to oxidative
stress, are affected by arsenic, as it has been demonstrated for rats ex-
posed to methyl mercury and for human and rat neural progenitor cells
exposed to arsenite (Rai et al., 2013; Masjosthusmann et al., 2019). The
potential joint contribution of oligodendrocytes and their precursor
cells to this hypomyelination process deserves further examination. In
this context, it is important to examine if the initial increase of mi-
tochondrial mass in response to demyelination could also substantially
contribute to generating oxidative stress and further compromise oli-
godendrocyte myelinating functions.

In conclusion, myelin alterations are an important feature of arsenic
neurotoxicity. These alterations could be the result of at least three
well-demonstrated effects of arsenic, namely oxidative stress, epige-
netic alterations, and chemical signaling disturbances.
Hypomyelination and poor connectivity, in addition to contributing to
cognitive deficit, may lead to neurodegeneration later in life.
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