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ABSTRACT

Heavy metals exposure causes multi-systemic pathologies in biological systems. Due to their genotoxic
effects, some of these anomalies have been reported to transcend to unexposed generations. Vanadi-
um, a transition metal, crosses the blood brain barrier, causing neuroinflammatory and demyelinating
lesions with neurobehavioural inadequacies in exposed subjects. There are however scarce scientific
information on vanadium neurotoxicity over generations of exposed subjects. This study explored the
effects of vanadium exposure on the body weight, neurobehavioural (open field and negative geotaxis
tests) and neurohistological changes (Purkinje cell, astroglial and myelin histoarchitecture) in three
consecutive generations — two exposed generations (G1 and G2) and one withdrawal generation (G3),
of mice. Neonatal pups of BALB/c mice in G1 and G2, were treated with sodium metavanadate every
48 h, first via lactation from post natal day (PND) 1-14, and later intraperitoneally (PND 15-21) for
males; PND 15-45 for female pups till they were mated with unexposed males. The G3 pups were not
treated with sodium metavanadate. The vanadium treated pups had irregular body weight gain. In all
the studied generations (G1-3), there were reduced locomotor and exploratory activities, and dimin-
ished motor and vestibular function compared to the controls. Furthermore, there was multilayering and
pyknosis of the cerebellar Purkinje cells, moderate to marked astrogliosis and generalized demye-
lination in the corpus callosum, hippocampus (CA1-4 and the dentate gyrus), cerebral cortex, thalamus
and cerebellum. This study revealed that effects of vanadium exposure including neurobehavioural
anomalies, astrogliosis, demyelination and cerebellar Purkinje cell pathology can persist across multi-
ple generations, including generation not initially exposed.
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metals studies is vanadium. Vanadium is a ubiquitous

INTRODUCTION

Environmental pollution by heavy metals like lead,
cadmium, mercury, vanadium, iron, zinc, manganese,
aluminum, nickel, and cobalt, has been on the rise
since the advent of industrialization (Briffa et al.
2020). The multi-systemic toxicopathology and
genotoxic effects of these heavy metals have been
proven via experimental and clinical studies in
exposed subjects (Ciranni et al. 1995; Martinez-
Zamudio and Ha 2011; Timothy and Williams 2019;
Kocadal et al. 2020). Of interest among these heavy

transition metal that is of great industrial and biphasic
biological importance (Rehder 2016). About 80% of
the world produced vanadium is used in the steel
industry, production of fertilizer, pesticide, glass,
ceramic, pigment, redox battery, as well as in nuclear
applications (Emsley 2011; Imtiaz et al. 2015).
Biologically, vanadium compounds have dual effects
depending on the quantity of exposure. It is essential
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in trace amounts (0.05 yM) with broad pharmacologi-
cal activities (Preet et al. 2005) and toxic in excess
(>10pM) (Das et al. 2012).

Vanadium compounds are naturally released into the
environment through volcanoes, continental dusts,
sea salts spray, and forest fires (Nriagu 1990). In
addition to these natural sources, anthropogenic
activities especially burning of fossil fuels, spillage of
crude oil, and industrial processes have largely
contributed to the release of vanadium in levels that
are toxic to biological systems (Duce and Hoffman
1976; Igado et al. 2008; Emsley 2011). Humans and
animals alike are therefore at risk of exposure to toxic
levels of vanadium compounds via inhalation,
ingestion or skin absorption since they are present in
and can accumulate in foods (Habib and Ibrahim
2011), water (Rehder 2012), soil (Khan et al. 2011)
and air (Imtiaz et al. 2015). Transplacental
(Underwood 1971; Li et al. 2019) and lactational
(Soazo and Garcia 2007; Olopade et al. 2011)
exposure of vanadium compounds to embryos and
neonates, respectively have been reported in
developmental neurotoxicity chiefly characterized by
neurobehavioural deficits, astrogliosis, and
demyelination (Olopade et al. 2011; Mustapha et al.,
2014; Azeez et al. 2016). In the last two decades,
restive communities like the Arabian Gulf and the
Niger Delta region of Nigeria have witnessed crude
oil burning (a potential source of atmospheric
vanadium) on an increasingly large scale (Haider et
al. 1998: Todorich et al. 2011), thereby putting the
population at risk of vanadium inhalation and toxicity.
Although the transgenerational effects of intoxication
by other heavy metals have been studied extensively
in Caenorhabditis elegans (Yu et al. 2013; Zhang and
Yu 2020; Wei et al. 2020; Zhang et al. 2021) and
zebra fish (Carvan et al. 2017; Chen et al. 2017; Tian
et al. 2021), there however remains very little to no
scientific information on transgenerational effects of
vanadium toxicity in the mammalian brain. Therefore,
this present study investigated the neurotoxic effects
of vanadium exposure via lactation and intraperiton-
eal injection over two consecutive generations of
mice, and its subsequent withdrawal in the third. The
effect of vanadium on body weight, neurobehaviour,
Purkinje cell, astroglial, and myelin histoarchitecture
were determined across the three generations of
study, up to the early postnatal period (PND 21) of
the mice..

MATERIALS AND METHODS

Experimental Animal Handling

Twenty pregnant BALB/c mice were obtained from
the mice colony established in the animal holding
facility of the Neuroscience Unit, Department of
Veterinary Anatomy, Faculty of Veterinary Medicine,
University of Ibadan, Nigeria. They were housed
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individually in plastic cages with wood shavings as
beddings in the same facility under natural environ-
mental parameters of temperature (27-30°C), humidi-
ty (81-89%) and a 12 h light/dark cycle. They were
fed pelleted rat feed and water was provided ad
libitum. Animals were humanely handled, as not to
cause undue pain.

Ethical Approval

This study was performed in line with the National
Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH 1996). All experiments were
approved and carried out in accordance with the
guidelines of the Animal Care and Use Research
Ethics Committee (ACUREC) of the University of
Ibadan, and the ethical approval code number for this
experiment being UI-ACUREC/20/040.

Experimental Design

The nursing mice (n=10) with their pups (7 + 2 pups
per dam) were randomly assigned into two groups:
control and vanadium (treated) (n=10 nursing dams).
These groups were maintained for three generations
(G1-3) with G1 being the offspring of the initial preg-
nant dams. The experimental regimen described
below and depicted in Figure 1 was followed for the
two groups in the first two generations (G1 and G2)
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* v/w, i.p, 48hrly with BW taken
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Fig. 1: Schematics outlining the materials and meth-
ods. The green “X”: Cessation of vanadium treatment for
the third generation; BW: Body weight; V/W: Volume per
weight; §: Male; @: Female

while the two groups in the third (G3 — withdrawal
group) were not treated.

Thus, in groups 1 (Control) and 2 (vanadium), the
nursing mice were respectively, administered sterile
water (at volumes corresponding to the dose rate of
sodium metavanadate) and sodium metavanadate
(Santa Cruz Biotechnology, Inc. USA, 3 mg/kg in
sterile water), every 48 h intraperitoneally (i.p), from
PND 1-14. After day 14, their pups were subsequent-
ly treated in the same manner as their dams (PND
15-21 for male and 15-44 for female pups).
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The female pups in the experimental groups of pre-
ceding generations were allowed to breed on PND 45
with adult males selected from the pool of breeders in
the animal holding facility to give rise to successive
generations. Each time gap between generations
was 21 + 2 days. The G3 female offspring were not
bred because the experiment terminated with the
third generation. Treatment for the G1 and G2 fe-
males in each group was paused during mating and
gestation period for 21 + 2 days until the first day
after parturition (PND 1).

All the pups in the two groups across the three gen-
erations (G1-3) were weighed using a pocket-sized
electronic weighing balance (0.01 g precision) (Bijoux
Sterling Electronic Scales, China) every 48 h, from
PND 1-21.

The male pups, in each group across the three
generations, were subjected to neurobehavioural
tests (open field test and negative geotaxis) on PND
21 and were sacrificed on PND 22.

Neurobehavioural Tests

The 21-day old male pups (n = 8 pups per group) in
the three generations (G1-3), were subjected to
neurobehavioural tests: Open field test (OFT) and
negative geotaxis (NG) before sacrifice on PND 22.
The two tests were administered as described by
Olopade et al. (2011).

Open Field Test: Each pup was placed in the centre
of a white square wooden box (120 x 120 cm?). The
floor was divided into 20 cm? squares drawn in black
ink, with a 20 cm? square in the centre. The mice
were allowed to move freely around the open field to
explore the environment for 5 min. In between tests,
the box was thoroughly dry cleaned with 70% ethanol
to remove odour cues that might affect mice behav-
iour in subsequent tests. The mice movements were
recorded using a phone camera attached to a make-
shift stand and sets of observations as described by
Brown et al. (1999), and were later manually ana-
lysed. The following parameters were recorded: Line
crossing, centre square entries, centre square dura-
tion, rearing, grooming, freezing and defecation.

Negative Geotaxis: Each mouse was placed in the
middle of a wooden slab (30 cm x 45 cm), inclined
45° to the surface plane, in a head down position and
the latency to turn 180° to a head up position was
measured. Three replicates were performed for each
animal, with successive trials done after all the ani-
mals had completed previous trials, so that enough
rest was ensured. The wooden slab was cleaned with
70% ethanol after each test. This test reflects ves-
tibular function, and motor development and activity.

Tissue Collection and Processing

The male pups, at PND 22, were anaesthetized by
intraperitoneal injection of ketamine hydrochloride (50
mg/kg). Quick cervical decapitation was done once
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there was non-response to pedal stimulation. The
brains of the animals were quickly removed over dry
ice as described by Olopade et al. (2011), and fixed
in 10% neutral buffered formalin for 48 h, after which
they were transferred into 0.1% sodium azide in
phosphate buffered saline (PBS) and stored at 4°C.
Coronal and mid-sagittal sections of the brains were
dehydrated in increasing grades of alcohol, cleared in
xylene, embedded in paraffin and 5 pm thick sections
were cut using a rotatory microtome (HM 330, Mi-
crome, Germany).

Haematoxylin and Eosin (H & E) Stain

Sections were prepared for H & E stain as previously
described by Igado et al. (2020). Brain sections
mounted on slides were dewaxed in two changes of
xylene, thereafter rehydrated in decreasing grades of
alcohol (100%, 90%, 80%, 70% and 50%) then
rinsed in distilled water. The sections were immersed
in haematoxylin for 25 min, rinsed in tap water until
water was clear, and were transferred to eosin stain
for 2 min. Sections were rinsed, and the slides were
dehydrated in ascending grades of alcohol (50 %, 70
%, 80 %, 95 %, and 100 %). Sections were then
cleared in xylene, mounted with dibutylphthalate
polystyrene xylene (DPX) (Atom Scientific, UK) and
cover-slipped with glass slips.
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Fig. 2A-F: The average body weight (A — C) and relative
body weight gain (D — F) in pups by generations. Body
weight (A — C) was recorded from PND 1 — 21, while relative
body weight gain (D — F) was calculated from PND 3 — 21, in
vanadium and control groups of G1, G2 and G3 (n = 50 — 80
pups per group per generation). Statistically significant
differences between control and vanadium groups for G1
and G2 are indicated on the graphs as * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001. There was no observa-
ble difference in body weight and weight gain in G3.
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Immunohistochemistry

The brains were processed for immunohistochemistry
as described by Usende et al. (2016). Briefly, the cut
sections were placed in the oven for 10 min at 60°C
to soften the wax, then dewaxed in two changes of
xylene and rehydrated in decreasing grades of etha-
nol. Antigen retrieval was done in 10mM citrate buffer
(pH 6.0) for 25 min, at 98°C, with subsequent peroxi-
dase quenching in 3% H,O,/methanol for 20 min.
Slides were washed in 1% PBS and blocked in 2%
PBS milk for an hour in a humidity chamber. All
sections were probed with anti-myelin basic protein
(MBP) mouse monoclonal antibody for myelinating
oligodendrocytes (1:500, Abcam) and anti-GFAP
rabbit polyclonal antibody for astrocytic morphology
(1:1000, Abcam) (diluted in 1% PBS milk) overnight
at 4°C. Detection of bound antibody was done using
appropriate HRP-conjugated secondary antibodies in
Vecta-stain kit (Vector Labs) according to manufac-
turer’s protocol. Reaction product was enhanced with
3,3’-diaminobenzidine (DAB, 1:25 dilution) for 2-5
min, with subsequent dehydration and clearing in
ethanol and xylene respectively. The slides were
mounted with DPX, cover-slipped and allowed to dry
on the bench.

Microscopy

Brain sections were viewed under Leica DM 500 light
microscope (Leica Microsystems, Wetzlar, Germany).
Images were captured under the same lighting condi-
tions using an in-built camera system (Leica ICC50
E) linked to a laptop computer.

Data Analysis and Statistics

The body weight and behavioural tests’ data were
analysed using the Student's t test on GraphPad
Prism® 7 software for Windows. Myelin basic protein
(MBP) intensity was analysed using the free soft-
ware, Imaged. Values obtained were subjected to a
two-way ANOVA. All data were presented as mean £
SEM and p < 0.05 was considered statistically signifi-
cant.

RESULTS

Body Weight

In the first generation (G1), no difference was ob-
served in the body weight of the pups during the early
lactation period (PND 1-11) in the control and vana-
dium groups. However, at the early onset of post-
natal period when the pups started receiving sodium
metavanadate intraperitoneally, there was a statisti-
cally significant reduction (p < 0.05) in both average
body weight (Fig. 2A) and relative weight gain (Fig.
2D) from PND 13-19, compared to the control pups.
In the second generation (G2), there was statistically
significant reduction (p < 0.05) in both average body
weight (Fig. 2B) and relative weight gain (Fig. 2E) of
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the pups in the vanadium group during the first week
of life (PND 1-7), followed by a period of no differ-
ence (PND 9-19) until PND 21 when there was a
significant reduction in average body weight relative
to the controls.

In the third (withdrawal) generation (G3), there was
neither significant difference between the average
body weights (Fig. 2C) nor the relative weight gain
(Fig. 2F) of the untreated vanadium and control
groups in all the studied post-natal timelines.
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Fig. 3A-H: The open field test and negative geotaxis pa-
rameters analyzed across G1, G2 and G3. Vanadium groups
in all the three generations had reduced locomotion, exploration
and increased anxiety compared to controls. Vanadium groups
except the third generation took more time to turn against
gravity compared to controls (n = 8 pups per group per genera-
tion). * p <0.05, ** p < 0.01

Behavioural Tests

Open Field Test: In the OFT, there were overall
decreased locomotor activities across all the three
generations of vanadium (treated and withdrawal)
groups compared to the controls. This was shown by
significant reduction (p < 0.05) in number of lines
crossed through all the generations (G1-3) of vanadi-
um group compared to their respective controls (Fig.
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3C). Furthermore, statistical comparison (using
unpaired Student’s t test) between the vanadium and
control groups within each generation, showed only
the G2 vanadium treated group having significant
difference, with reduction (p < 0.01) in counts of
centre square entry (Fig. 3B), line crossing (Fig. 3C)
and rearing (Fig. 3D). Other parameters did not show
any statistically significant difference (p>0.05) in the
G2 and G3.

In addition, an observable increase in freezing time
was noticed for vanadium treated groups in G1 and
G2 compared to their controls, while there was no
observable difference in the withdrawal G3 groups
(Fig. 3E). There was also an observable increase in
the number of faecal bolus voided from G1 to G2
vanadium groups compared to their respective con-
trols. Howbeit, no faecal bolus was voided in G3
groups (Fig. 3G).

o . G3(VANADIUM) |
- g - Al

Fig. 4: The cerebella sections showing the Purkinje cell
layer. There is multilayering or stratification (red arrow) and
pyknosis (red arrowhead) in the Purkinje cell layer of vanadi-
um groups compared to the single layered, healthy Purkinje
cell layer (black arrow) in control groups. H&E staining

Negative geotaxis: In G1, there was a statistically
significant increase (p < 0.001) in the time taken
(longer latency) to exhibit righting reflex against
gravity in the vanadium group compared to control.
There was also an observable (but not statistically
significant) increase in time taken to turn against
gravity in G2 vanadium group relative to the control,
but there was almost equal latency between the G3
(withdrawal) mice and the control (Fig. 3H).

Haematoxylin and Eosin (H & E) Stain

In comparison to their respective controls, G1 vana-
dium group showed multilayering of the Purkinje
cells, in multiple foci (Fig. 4B). G2 vanadium group
showed pyknotic Purkinje cells and extended areas
of Purkinje cell layer loss (Fig. 4D). In the G3 with-
drawal group, the Purkinje cells, although generally
appearing normal, had an area of bi-stratification and
very few regions of loss, relative to G2 vanadium
group (Fig. 4F).

Immunohistochemistry

Glial Fibrillary Acid Protein (GFAP): GFAP im-
munostaining showed moderate to marked astrocytic
activation or reactivity (astrogliosis) in the hippocam-
pal CA1 region (Fig. 5A-D) and in the polymorphic
layer of the dentate gyrus (Fig. 6A-D) of the G1 and
G2 vanadium treated groups respectively compared
to the resting astrocytes in controls. Moreover, the
astroglial reactive changes observed in the G3 vana-
dium withdrawal group waned, compared to the
marked reactivity observed in the G2 vanadium
group. Despite this, moderate astroglial reactivity was
observed in the hippocampal CA1 region (Fig. 5F)
and in the polymorphic layer of the dentate gyrus
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Fig. 5: The sections of hippocampal CA1 region. Reac-
tive astrocytes (red arrows) with reactive cell bodies (red
arrow heads) were observed in the stratum radiatum of the
CA1 region in all vanadium groups across the three genera-
tions compared to resting/unreactive astrocytes (black
arrows) in respective controls. Note the increased number of
astrocytes in all the vanadium groups. GFAP immunohisto-
chemistry
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(Fig. 6F) of the G3 withdrawal group compared to the
control (Fig. 5E and 6E).

Characterizing the observed astrogliosis in all the
vanadium (treated and withdrawal) groups showed
increased expression of astrocytic population with
thick, intensely stained astrocytic processes and
reactive cell bodies. In addition, thick astroglial pro-
cesses were observed to span across the granular
layer of the dentate gyrus in the vanadium groups
compared to the thin and faintly stained processes in
their respective controls (Fig. 6A—F).

1 (VANADIUM)

G1(CONTROL)

Fig. 6: The dentate gyrus sections. Reactive astrocytes
(red arrows) with reactive cell bodies (red arrowheads) were
observed in the polymorphic layer of the DG vanadium
groups in all the three generations compared to rest-
ing/unreactive astrocytes (black arrows) in controls. Notice
the thick astrocytic processes in the granular layer (asterisks
in boxes) of vanadium groups relative to the thin and less
stained processes in controls. GFAP immunohistochemistry

Myelin Basic Protein (MBP): Myelin basic protein
immunohistochemistry revealed demyelination in the
portions of the corpus callosum adjacent to the
hippocampal CA1 region of the vanadium groups

Lijoka et al.

Nig. J. Neurosci. 13(4): 119-131.2022

intensity showed statistically significant difference
between the control and vanadium groups of G1 and
G2 (Fig. 7G).

Demyelination was also observed in the cerebellar
white matter tract (arbor vitae) of the G1 and G2
vanadium treated groups compared to relatively
normal controls (Fig. 8A-D). There was however, no
observable difference in the intensity of myelin stain-
ing of the cerebellar white matter in the G3 vanadium
withdrawal and control groups (Fig. 8E and F). Quan-
titative analysis of intensity with Imaged did not show
any statistically significant difference between the
control and vanadium groups of G1-3, in spite of the
obvious pallor observed visually in the G2 vanadium-
treated group (Fig. 8G).

G1 (CONTROL)

G2 (CONTROL)

G MBP (Hippocampal CA1)

= VANADIUM

Mean staining intensity
&

G1 G2 G3
Generations

Fig. 7: The areas around hippocampal formation. Regions of
demyelination in the corpus callosum (red arrows) of vanadium
groups are compared with similar regions of rich myelin staining
(black arrows) in controls. These regions are shown in insets.
Notice the myelin pallor in the hippocampal formation (dotted
lines), thalamic region (asterisk), and in the cerebral cortex (a).
G is the myelin quantifications of the CA1 region. There was
observable but not statistically significant difference in the mean
to be most affected (compared to other vanadium staining intensity between the vanadium treated and control
groups) by the demyelination effects of vanadium in groups across the three generations). MBP immunohistochem-
the same brain regions as above (Fig. 7F). Statistical istry

analysis (quantitative analysis) of ImageJ results of

(treated and withdrawal) in all the three generations
(G1-3), relative to the rich myelin staining in their
respective controls. Similarly, there was generalized
demyelination in the granular layer of the dentate
gyrus, the pyramidal layer of the hippocampal CA1-3
regions, the cerebral cortex and in the thalamus (Fig.
7A-F). G3 vanadium withdrawal group was observed
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DISCUSSION

The dosage of vanadium (3 mg/kg) used in this study
has been proven by previous studies to result in
neurobehavioural, neurohistological and neurochemi-
cal changes (Garcia et al. 2004; Igado et al. 2012,
2020). Consistent with previous reports on vanadium
neurotoxicity were cognitive deficits and histoarchi-
tectural changes; although variations in body weight
changes have also been reported.
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Fig. 8: The cerebellar white matter tract (arbor vitae). A—F
show regions of the arbor vitae in the vanadium groups (red
box) compared with almost corresponding regions in the
control (black box). Notice the myelin pallor in the insets of
G1 and G2 vanadium groups compared to those of the
control. There was no observable difference in MBP staining
intensity between the G3 vanadium group and its control. G
is the myelin quantifications of the cerebellar tracts. There
was no observable difference in the mean staining intensity
between the vanadium treated and control groups in the first
and third generations while the difference between the
groups in the second generation was not statistically signifi-
cant). groups relative to the thin and less stained processes
in controls. MBP immunohistochemistry
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Vanadium altered body weight negatively in exposed
generations. In the first generation, there were signif-
icant reductions in body weights from PND 13-19
unlike in PND 1-11. These results may be ascribed
to the reduced toxic dose of vanadium through lacta-
tion. It may also be due to the buffering effect the
mother's milk might have against the adverse cata-
bolic activities of vanadium, before they were directly
exposed to the vanadium on PND 14-21. Vanadium-
induced weight loss observed between PND 13-19
has been reported to be caused by vanadium-
induced anorexia (Wang et al. 2001) and the ability of
vanadium to alter multiple metabolic processes
(Roldan and Altamirano 1990; Léonard and Gerber
1994), including anabolic protein synthesis in ex-
posed subjects. The findings in the present study are
similar to the reports of Mustapha et al. (2014) and
Azeez et al. (2016) who respectively, exposed mice
pups to 3 mg/kg of vanadium on PND 1-21 (via
lactation every 24 h) and PND 1-90 (via lactation
every 24 h for the first 21 days, then i.p thrice a week
for 3 months). In these two studies, it is note-worthy
that vanadium caused no effect on the body weight of
pups in the first two postnatal weeks of exposure
(PND 1-14). Howbeit, significant reduction in body
weights relative to the control was observed between
PND 15 and 21 (Mustapha et al. 2014), and in both
studies, the reduction spanned to PND 45, and in the
third month of experimentation (PND 65-86) as
reported by Azeez et al. (2016). These reports are at
variance to the reports of no significant difference in
the body weight after exposing 14-day old mice to 3
mg/kg vanadium for 14 days. This reported variance
might be due to the age of commencement of expo-
sure, duration of exposure and rate of exposure as
suggested by Igado et al. (2020).

The second-generation vanadium pups had signifi-
cantly lower body weights in the first week of life
(PND 1-7) and in PND 21 compared to their controls.
In between these period of low body weights, was a
period of no significant difference, spanning from
PND 9-19. The period of no significance could be
attributed either to the attenuating effect of the dams’
milk on weight loss or the pups’ resistance to vanadi-
um effects in possible low dose exposure in milk via
hermetic response. Hermetic, a process in which
exposure to a low dose of a chemical agent or envi-
ronmental factor that is damaging at higher doses
induces an adaptive beneficial effect on the cell or
organism with initial homeostatic disruption (Mattson
2008). The reduction in body weight of the G2 vana-
dium pups observed in the first week of life suggests
vanadium accumulation in the tissues, including the
liver, kidney, spleen, muscles, brain, lungs and bones
(Rehder 2013) of the dams: Possibly by in utero
transfer of vanadium to pups and concurrent weight
loss effect on the offspring. This is because the G2
dams were exposed to vanadium while they were

pups.
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The withdrawal vanadium group of the third genera-
tion had no significant reduction in body weight
throughout the study timeline in comparison with
matched controls. This could be explained as a
consequence of withdrawal of vanadium and its
weight-loss effects from the system of the G3 pups.
Vanadium caused neurobehavioural deficits across
multiple  generations. There was decreased
locomotion and exploration in the OFT; a common
measure of exploratory behaviour and general
activity in rodents (Gould et al. 2009). Reduced line
crosses, rearing, grooming time, centre square entry
and duration indicate reduced locomotion, exploration
and increased anxiety (Mustapha et al., 2014).
Furthermore, high counts of faecal bolus and
increased freezing time suggests increased anxiety.
Although not statistically significant (p>0.05), the
higher value for freezing time in G1 vanadium groups
relative to the G2 and G3 may indicate adaptation
and recovery respectively.

In the present study, there was decreased locomotor
and exploratory activity in the two vanadium and
vanadium withdrawal groups (G1-3) compared to the
controls. This was typified by a statistically significant
reduction in line crosses and rearing through all the
generations. The reduced line crosses and rearing
counts in the vanadium groups, including the
withdrawal G3 group, may be attributed to vanadium-
induced muscular weakness (Olopade et al. 2011). In
addition, the neurobehavioural deficits in unexposed
G3 vanadium group suggests either a lingering
presence of vanadium in their system with attendant
neurobehavioural deficits or vanadium-induced
genotoxicity (Owusu-Yaw et al. 1990) to critical
genes required for neuromuscular functions. The
present findings, especially for G1 and G2 vanadium
treated groups, are in line with the reports of Soazo
and Garcia (2007), Olopade et al. (2011), Mustapha
et al. (2014), Azeez et al. (2016) and Igado et al.
(2020) on the functional deficits in vanadium treated
animals. Similar to the findings in the withdrawal G3
group, heavy metals (cadmium, copper, lead, zinc,
mercury) toxicity in C. elegans and zebrafish (Danio
rerio) caused transgenerational neurobehavioural
effects in unexposed progenies (Yu et al. 2013;
Carvan et al. 2017). In another study on the
zebrafish, cadmium chloride caused locomotor
deficits, disruption of neurotransmitters and alteration
of expression of genes responsible for nervous
functions in progenies of exposed parents (Tian et al.
2021).

There was alteration of motor function in negative
geotaxis, a reflex test that assesses motor
development and vestibular function by measuring
the latency for an animal to reposition itself when
placed head down on a plane inclined at 45°
(Olopade et al. 2011). In this study, the latency to
turn against gravity was observed to reduce down the
generation with G1 vanadium treated group having
the longest latency and G3 vanadium withdrawal
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group having the shortest latency. The G1 and G2
vanadium treated groups had longer latency relative
to their controls, while the latency for the G3
vanadium withdrawal group was observed to be
almost equal with that of control.

The longer latencies in the G1 and G2 might be due
to vanadium-induced muscle weakness (Olopade et
al. 2011) in exposed animals as the pups displayed a
reluctance to turn against gravity when placed head
down on the inclined plane. Also, demyelination of
cerebellar white matter and possible demyelination of
vestibulocochlear nerve and projection pathways (like
corticospinal, tectospinal tracts), all of which are
responsible for vestibular function and visuospatial
balance, might be responsible for the longer latency
observed. These findings in the G1 and G2 vanadium
group is congruent with the reports of Olopade et al.
(2011) and Mustapha et al. (2014) for neonatal
murine models. The neurobehavioural variation
observed in the G3 suggests either a hormetic
response to vanadium toxicity as observed in C.
elegans’ gst-4 induced resistance to increasing or
accumulating doses of mercury at toxic levels
(Helmcke and Aschner 2010), or withdrawal of
vanadium and its neurobehavioural effects.
Vanadium caused histopathological changes in
cerebellar Purkinje cells. Purkinje cells are large
GABAnergic inhibitory neurons and are the only
output neurons from the cerebellar cortex (Fonnum
and Lock 2000). The Purkinje cells are formed from
the ventricular zone (of the fourth ventricle) during
embryonic development, and they migrate into the
developing cerebellum to form a stratified layer of
about six cells thick after which they are transformed
into a single layer by PND 3-4 (Fonnum and Lock
2000; Sergaki and Ibanez 2017).

Histopathological changes, including stratification and
pyknosis of the Purkinje cell layer were observed in
the vanadium exposed groups (G1 and G2) and
withdrawal group (G3). These abnormal findings has
been previously reported in vanadium-exposed
neonatal mice (lgado et al. 2020), and have been
attributed to vanadium-altered cell migration and
vanadium-induced neuronal cell death (Igado et al.
2012; Igado et al. 2020). These Purkinje cell
pathologies  corroborate the locomotor and
neurobehavioural  deficits observed in the
neurobehavioural tests as cerebellum is key for
muscular functions in movement and coordination
(Schmahmann 2019). Purkinje cell death with
resultant reduction in its population has been
reported in offspring of non-human primates
administered ethanol during pregnancy (Bonthius et
al. 1996). Stratification of Purkinje cell layer has also
been reported in lead poisonings in mice (Jaarsma et
al. 2014) and in goats (Jubril et al. 2019).

Vanadium caused reactive changes in the glial cells
across multiple generations, resulting in astrogial
reactivity in all the generations. Astrocytes, being one
of the first responders in central nervous system
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insults (Olopade et al. 2011; Folarin et al. 2017a), is
triggered into a reactive state by reactive oxygen
species (Sofroniew 2009; Sofroniew and Vinters
2010), which vanadium generates intracellularly (Sasi
et al. 1994; Haider et al. 1998; Garcia et al. 2005;
Scibior and Kurus 2019).

In the present study, vanadium exposed groups (G1
and G2) had moderate to marked astroglial reactivity
respectively in the CA1 region of their hippocampi
and in the polymorphic layer of their dentate gyri.
Moreover, fibres of reactive astrocytes were more
obvious in the granular layer of the dentate gyrus
than in the controls. The marked reactivity in G2
might imply an accumulative effect of vanadium
exposure from the previous generation (G1). It is
however interesting to note the sharp reduction in
astrocytic reactivity in the untreated G3 vanadium
group compared to that observed in the G2, which
supports the gradual withdrawal of vanadium and its
subsequent toxic effects from the system in the
withdrawal group (G3). It also suggests that intense
astrogliosis might be short-lived in unexposed
offspring of individuals previously exposed to the
metal. Astroglial reactions observed in G1 and G2
vanadium group is similar to the ones reported by
Olopade et al. (2011); Mustapha et al. (2014); Azeez
et al. (2016) and Igado et al. (2020) in neonatal mice
irrespective of the age of commencement of
vanadium exposure, even though these studies did
not report any form of vanadium accumulation over
generations. Reduction in intensity of astroglial
reactivity, as observed in the unexposed G3
vanadium group, has been reported in cases of
vanadium withdrawal (Folarin et al. 2017a).

There was generalized demyelination in all the
generations. The brain is susceptible to lipid
peroxidation because it contains a high amount of
polyunsaturated fatty acids, high aerobic metabolism
and relatively low level of antioxidant enzymes (Wang
and Michaelis 2010). Vanadium causes membrane
lipid depletion by inducing oxidative stress (Folarin et
al. 2017b), and by activating the calcium-dependent
phospholipase A2 (Korbecki et al. 2015). Neonate
murine brains are particularly more susceptible to the
effects of vanadium on myelin because the
proliferation of oligodendrocytes is completed 1-2
weeks after birth. Running concurrently with this
proliferative phase is a rapid myelination phase (6-30
days after birth) (Simone et al. 2010). It was therefore
no coincidence in the present study that MBP
immunohistochemistry revealed generalized
demyelination in the region of the corpus callosum
around the CA1 hippocampal area, the hippocampal
formations, the cerebral cortices and in the thalami of
the vanadium treated and withdrawal groups (G1-3)
relative to the rich myelin staining in the matched
controls. The lack of recovery in the withdrawal group
might be due to damage to genes responsible for
oligodendrocyte development and function. The
hippocampal formation has been reported to be one
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of the sites of neurogenesis (Fares et al. 2019;
Abdissa et al. 2020) and it plays a major role in
memory and learning (Dhikav and Anand 2012).
Generalized demyelination of the granular neurons of
the dentate gyri, the pyramidal neurons of the
hippocampus, and the cerebral cortices of the pups in
all the vanadium treated groups (G1 and G2), most
especially in the withdrawal group (G3) suggests
higher chances of memory and learning impairments
with attendant reduction in the rate of neurogenesis
relative to the controls. In the same vein,
demyelination of the thalamus across all the
vanadium groups and withdrawal group might affect
the relaying of neural information, and could further
explain the neurobehavioural deficits observed in
them.

Moreover, there was moderate to marked
demyelination, with reduced branching of the white
matter in the cerebellum of the G1 and G2 vanadium
groups respectively. The marked demyelination
reaction in the cerebellum of the G2 vanadium group
corroborates the possibility of the effects of
compounded vanadium exposure from the previous
G1 generation. Further, corroborating these
neurohistological findings in the vanadium treated
groups are the reduced locomotion activity in the
OFT, and the longer latency in the negative geotaxis.
These results substantiate the hypothesis of
vanadium-induced demyelination made for
neurobehavioural deficits (Mustapha et al. 2014),
possibly, of nerves responsible for toning of skeletal
muscle and spatial balance for movement. In contrast
to the pallor observed in the cerebellar white matter
of G1 and G2 vanadium treated groups, G3
withdrawal group had myelin staining intensity close
to that of their control counterparts. These results
further buttress the negative geotaxis observations
for G3 and the aforementioned hormetic effect.
Surprisingly in G3 vanadium withdrawal group, the
rate of demyelination around the hippocampal areas
were worse compared to the cerebellar arbo vitae.
This difference in the rate of demyelination might be
due to either an earlier recovery of the arbo vitae
from the demyelinating effect of vanadium or the
vanadium-induced damage of myelinated neurons in
the hippocampal formation and surrounding regions.
It is therefore suggested that unexposed offspring
from parents exposed to vanadium might not show
obvious locomotor neurobehavioural changes
compared to unexposed population but might have
retarded cognitive functions.

The regions of hypomyelination were observed to
coincide with areas of astrocytic activation just as
reported by Azeez et al. (2016) in mice. These
findings are similar to those reported by Soazo and
Garcia (2007), Olopade et al. (2011), Todorich et al.
(2011), Mustapha et al. (2014) and Igado et al.
(2020) in vanadium treated murine models. Tian et al.
(2021) reported alterations of genes responsible for
nervous functions in unexposed progenies of
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zebrafish parents exposed to cadmium chloride, a
compound of heavy metal.

The MBP immunohistochemistry is a basic test to
assess demyelination. The visual evidence of severe
demyelination in G2 cannot be denied in spite of the
statistically insignificant results. More sensitive tests
shedding light on the effects of the study on
myelinated axons, oligodendrocytes and oligodendro-
cyte precursor cells, amongst other tests, may give a
more wholistic result. Further experiments intend to
shed light on the questions raised in this current
study.

Conclusion

In conclusion, this study showed that astrogliosis and
generalized demyelination in key brain regions
occurred in unexposed offspring of exposed maternal
generations with accompanying neurobehavioural
deficits and possible memory and learning
perturbations. This is of crucial health importance in
the susceptible and vulnerable populace (like those
living in the Niger Delta region of Nigeria, or the
Arabian  Gulf), whose offspring might show
phenotypic signs of vanadium toxicity even in the
absence of exposure. Based on these, it can be
hypothesized that longer exposures to higher doses
of vanadium over more than two generations might
either result in more adverse effects down the
generations or lead to resistance through a hormetic
response. Either way, there exists an open window
for incidences of neurodegenerative diseases
through damage of the genes critical for nervous
development. This is of great importance in younger
and newer generations as damaged genes can be
inherited. There is therefore a need to further
investigate the molecular mechanism(s) of
generational vanadium toxicity and the effects of
transplacental vanadium transfer to foetus during
gestation in vanadium exposed dams.
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