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Vanadium is a transitional metal with an ability to generate reactive oxygen species in the biological system. This work was designed
to assess memory deficits in mice chronically exposed to vanadium. A total of 132 male BALB/c mice (4 weeks old) were used for the
experiment and were divided into three major groups of vanadium treated, matched controls, and animals exposed to vanadium
for three months and thereafter vanadium was withdrawn. Animals were tested using Morris water maze and forelimb grip test at
3,6, 9, and 12 months of age. The results showed that animals across the groups showed no difference in learning but had significant
loss in memory abilities after 3 months of vanadium exposure and this trend continued in all vanadium-exposed groups relative
to the controls. Animals exposed to vanadium for three months recovered significantly only 9 months after vanadium withdrawal.
There was no significant difference in latency to fall in the forelimb grip test between vanadium-exposed groups and the controls
in all age groups. In conclusion, we have shown that chronic administration of vanadium in mice leads to memory deficit which is

reversible but only after a long period of vanadium withdrawal.

1. Introduction

There has been an increased awareness of accumulating levels
of toxic metals in the atmosphere and their relationship with
health [1-4]. More pertinent in this regard is the increasing
wave of neurodegenerative diseases and the roles that metal
exposure may be playing in the pathogenesis of these diseases
[5]. Vanadium is a transitional metal of atomic number 23.
The metal has outer orbitals that contain eleven electrons
in shell 3 and two electrons in shell 4. This arrangement
allows for numerous electronic exchange reactions and con-
sequently the formation of a wide range of organic and
inorganic complexes that contains vanadium in different
oxidation states [6]. Vanadium and its agents are important
in several industrial processes. Vanadium is used to improve
the hardness, malleability, and fatigue resistance of steel [7];
and vanadium alloys are highly valued in the production
of aerospace products [8]. In addition, vanadium agents
are utilised in the production of glass, pigments, varnishes,

reducing agents, and inks [8] and in fertilizers production
[9] amongst others. Vanadium is widely distributed in the
environment [10] with exposure to the metal occurring
through vanadium mining sites and as contaminants during
the mining of some heavy metals [8]. In addition, vana-
dium is released into the atmosphere through forest fires,
volcanic emissions, and burning of fossil fuels in vanadium-
contaminated crude as seen in Venezuela, the Arabian Gulf,
the Gulf of Mexico, and the Nigerian Niger Delta [1, 6, 11].
Vanadium has been reported as the most abundant trace
metal in petroleum samples [12] and accumulates in the soil,
groundwater, and vegetation, being consumed by animals
and humans [13]. The study of the neurotoxic profile of vana-
dium has been on the rise in recent years [14-17]. Behavioral
changes associated with vanadium exposure include lethargy,
tremor, anger hostility, depression-dejection, and various
locomotor deficits [10, 14, 15]. In fact, Naylor [18] reported
raised levels of vanadium in different body samples of manic
and depressed patients while Avila-Costa et al. [19] reported
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FIGURE I: Effect of intermittent vanadium (VAN) treatment for three months on learning and memory in mice: 12 male mice were exposed
thrice a week for three months to VAN (3 mg/kg b.w.) with equal number and age matched controls. The ability to learn the location of the
hidden platform was unperturbed because they gradually spent shorter times to locate the platform with successive training trials. There
was no statistically significant difference between the groups in their learning ability (a) however; the length of time in target quadrant
(***P < 0.001) and annulus crossings of the VAN group (**P < 0.01) were significantly decreased when compared to the controls ((b) and

().

time dependent loss of dendritic spines, necrotic like cell
death, and profound alterations in the hippocampal CAl
neuropile. Few studies have however reported progressive
memory loss induced by vanadium exposure. Most animal
experiments on behavioral deficits involving vanadium expo-
sure have been based on acute exposure while in reality many
patients occupationally [6] and environmentally [1] exposed
to vanadium are so exposed for decades or even a life time.
This work is designed to assess memory deficits in rats
chronically exposed to vanadium.

2. Materials and Methods

2.1. Animal Design. A total of 132 male BALB/c mice (4
weeks old) were used for the experiment which covered a
period of 12 months. The animals were assigned to one of
the following animal groups: vanadium- (V-) treated, with-
drawal, and control groups. Animal experiments were done
in accordance with University of Ibadan Ethical Research

Committee guidelines for use of research animals. V-treated
group consisted of four subgroups of twelve separate animals
each. The subgroups are designated as VAN3, VAN6, VAN,
and VANI2. The mice (from 4 weeks old) were injected with
3 mg/kg b.w./day of vanadium (sodium metavanadate), i.p.
thrice a week for 3, 6, 9, and 12 months. After the treatment,
the animals in each group (n = 12) were subjected to
behavioral analysis which included test for cognitive and
memory function by using Morris water maze and forelimb
grip strength tests; these were carried out on every animal in
each group. Withdrawal group consisted of a total of three
groups of 12 animals each. The subgroups are designated as
W3, W6, and W9. The mice (from 4 weeks old) were injected
with 3 mg/kg b.w./day of vanadium (sodium metavanadate),
i.p. thrice a week only for the first three months and then
vanadium administration was stopped. After the treatment,
the animals in each group were subjected to behavioral analy-
sis which included tests for cognitive and memory function as
mentioned earlier 3(W3), 6(W6), and 9(W9) months after
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FIGURE 2: Effect of intermittent vanadium (VAN) treatment for six months on learning and memory in mice: 12 male mice were exposed
thrice a week for six months to VAN (3 mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 6-month-old mice (C6, VAN6, and W3) were able to learn the
location of the hidden platform and there was no statistically significant difference among the groups in their ability to learn (a) however; the
memory retention of the V6 group was significantly decreased when compared to the control group (*P < 0.05) ((b) and (c)).

the vanadium treatment had been withdrawn. Control group
consisted of four subgroups of twelve different animals each.
The subgroups are designated as C3, C6, C9, and Cl12. The
mice (from 4 weeks old) were injected with sterile water, i.p.
thrice a week for 3, 6, 9, and 12 months which was volume
matched with the V-treated group. After the treatment, the
animals were subjected to behavioral analysis which included
test for cognitive and memory function as mentioned earlier
in V-treated group.

2.2. Behavioral Tests

2.2.1. Forelimb Grip Strength Test. This test involves the
forepaws of the mice being placed on a horizontally sus-
pended wire (measuring 2 mm in diameter and 1 m in length),
placed one meter above a soft bedding-filled landing area. The
latency to fall (i.e., length of time each mice was able to stay

suspended before falling off the wire) was recorded with a
stopwatch. A maximum time of 2 minutes was given to each
mouse after which it was removed and each mouse had two
trials. This test reflects muscular strength and balance in the
animals [20, 21].

2.2.2. Modified Morris Water Maze Test. The modified Morris
water maze is a circular pool of water (110 cm in diameter,
30cm in height) with a hidden circular escape platform
(12 cm in diameter) which the mouse must learn its location
using contextual and visual cues. This tests hippocampal-
dependent spatial learning and memory in rodents [22, 23].
The task is based on the principle that rodents are highly
motivated to escape from a water environment by the fastest,
most direct route. The pool was marked North, South, East,
and West and the hidden platform was placed in a particular
spot. Each mouse was dropped into the pool and expected to
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FIGURE 3: Effect of intermittent vanadium (VAN) treatment for nine months on learning and memory in mice: 12 male mice were exposed
thrice a week for nine months to VAN (3 mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 9-month-old rats (C9, VANY9, and W6) were able to learn
the location of the hidden platform with no statistically significant difference among them (a). However, there was a statistically significant
decrease in memory retention in vanadium (***P < 0.001) and withdrawal ("*P < 0.01) groups relative to control ((b) and (c)). The W6
group showed some recovery ((b) and (c)) in comparison to the VAN9 group but was still significantly less than the controls.

find the platform, and the length of time it takes to find the
platform was recorded. If it did not find the platform after 60
seconds, the mouse was guided to the platform and allowed
to stay there for 15 seconds. Each mouse went through three
trials per day for two consecutive days. This test is a measure
of the learning ability of the mouse. On the third day, a single
probe trial was given to test the mouse’s spatial memory in
the water maze while the platform was removed. Its memory
of the initial location of the escape platform was tested by
measuring the time it spent in the target quadrant and the
number of times it crossed the island zone where the platform
was initially located. This latter record is a test of its memory
ability. The test was recorded manually by two observers
using a stopwatch. The Morris water maze was introduced
as an instrument with particular sensitivity to the effects of
hippocampal lesions in rodents [23, 24].

3. Results

The results obtained in this study are as described in Figures
1-5. Animals across the groups show no difference in learning
abilities but significant loss in memory abilities after 3
months of vanadium exposure and this trend continued in
all vanadium-exposed groups relative to control (Figures 1-
4). Animals exposed to vanadium for three months after
which treatment was withdrawn recovered significantly only
9 months after vanadium withdrawal. There was no sig-
nificant difference in latency to fall in the forelimb grip
test between vanadium-exposed groups and their respective
controls in all age groups. There was however a signifi-
cant reduction in latency to fall in vanadium withdrawal
group W6 (nine months old) relative to their controls
(Figure 5).
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FIGURE 4: Effect of intermittent vanadium (VAN) treatment for twelve months on learning and memory in mice: 12 male mice were exposed
thrice a week for twelve months to VAN (3 mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 12-month-old rats (C12, V12, and W9) were able to learn the
location of the hidden platform with no statistically significant difference among them. However, there was statistically significant decrease

EEES

in memory retention in V12 (*P < 0.05 and

P < 0.001) relative to controls ((b) and (c)). The W9 group showed a remarkable recovery in

memory retention being significantly higher (P < 0.01) than the V12 (b) and were comparable to the controls.

4. Discussion

In this study, vanadium administration led to significant loss
in memory abilities as early as 3 months after exposure and
this was consistent till 12 months. Previous studies using the
Morris water maze have reported reduced memory scores
after metal exposures. Haider et al. [25] showed a dose
dependent impairment in memory function in cadmium-
treated rats relative to controls and Lu et al. [26] demonstrated
significantly longer escape latency in manganese exposed rats
when compared to controls. There are reports of behavioral
deficits after vanadium exposure [16, 17, 27]; however, few
have reported on memory deficits using the Morris water
maze. In addition, our data showed that long term vanadium
exposure (3-12 months) leads to significant memory deficits
which persist long after exposure has stopped. This could
have implications for people who are occupationally or
environmentally exposed to vanadium over a long period of

time. Of note is the huge population in the Arabian Gulf and
Nigerian Niger Delta who have been exposed for decades to
vanadium-contaminated crude burning in relatively confined
ecosystem [1]. A striking observation in this study is the
significant improvement in memory scores observed in mice
exposed to vanadium for 3 months after a withdrawal period
of 9 months, but not earlier. This implies the reversibility
of vanadium mediated effects in the brain after vanadium
withdrawal, despite being only after along withdrawal period.
A reversal of tissue damaging effects (not the brain) of vana-
dium after withdrawal has been reported by Olopade et al.
[28]. Barker et al. [29] reported that previous benzodiazepine
users will likely experience benefits of improved cognitive
functioning after withdrawal but will not experience full
restitution of functions; similarly, deficits resulting from
vanadium exposure though reversible could take a long time
before full restitution is obtained. Also, observed in this study
was the fact that although vanadium exposure led to memory
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FIGURE 5: Effect of intermittent vanadium (VAN) treatment for
twelve months on learning and memory in mice: 12 male mice
each were exposed thrice a week for three, six, nine, and twelve
months to VAN (3 mg/kg b.w.) with equal number and age matched
controls. The withdrawal group were exposed to VAN for three
months but replaced with water thereafter. All the groups of 3-
12-month-old mice were subjected to forelimb grip test with 6—
12 months reported here. There was no significant difference in
latency to fall in the forelimb grip test between vanadium-exposed
groups and their respective controls in all age groups. There was
a significant reduction in latency to fall in vanadium withdrawal
group W6 (** P < 0.01) relative to their controls.

deficits, the ability of the mice to learn was largely unaffected.
All the groups of mice were capable of learning the spatial
location of the escape platform, shown by the progressive
reduction observed in escape latency with subsequent trials.
However, in contrast to controls, the vanadium-exposed
mice were impaired in their ability to remember the escape
position during the probe trial. Impaired spatial retention of
vanadium-exposed mice during the probe trials was observed
by comparison of annulus crossings over the trained position
and time spent in trained quadrant. The Morris water maze
(MWM) is a test of spatial learning which is assessed across
repeated trials and reference memory which is determined
by preference for the platform area when the platform is
absent (probe trial). There is extensive evidence of its validity
as a measure of hippocampal-dependent spatial navigation
and reference memory [30] and its specificity as a measure
of place learning. Consolidation of memory requires a fully
functional hippocampus which converts the working/short
term memory into long term memory [31]. This long term
potentiation seems to be the focus of neurological deficit
observed in vanadium-exposed mice as they showed a sig-
nificantly reduced ability to consolidate the memory of the
location of the escape platform. Consolidation of memory is
dependent on phosphorylation of hippocampal mitogen acti-
vated protein kinase (MAPK)/ERK and subsequent synaptic
plasticity [32]. Standing on the premises that hippocampal
ERK phosphorylation has been shown to be required during
recent spatial learning and memory, Leon et al. [33] reported
that its inhibition leads to failure of consolidation of memory,
though it did not affect spatial acquisition. We propose that
the deficit in memory consolidation observed in vanadium-
exposed mice is due to a disruption in this process. Vanadium
exposure has been found to lead to the loss of dendritic
spines and necrotic-like cell death in the hippocampus [19]
and this could also be the possible cause. The recovery seen
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in withdrawal group after 9 months could be related to adult
neurogenesis or a plastic reorganization of neuronal networks
compensating for possible early neuronal losses [34]. The
forelimb grip test did not show any significant changes in
the vanadium-exposed animals relative to controls. Though
forelimb grip test has shown reduced muscular strength after
vanadium exposure, the difference was not significant. It
seems that long term vanadium exposure may not affect
muscular activity and coordination to a large degree. A
human study by Charles et al. [35] did not provide evidence
that occupational exposure to pesticides, solvents, and metals
adversely affected hand-grip strength in the studied popula-
tion. The histological analysis of the different brain regions of
these mice is ongoing in our laboratory and this will hopefully
shed more light on the pathogenesis of memory loss seen in
this study. In conclusion, we have shown that chronic admin-
istration of vanadium in mice leads to memory deficits which
are reversible only after a long period of vanadium with-
drawal.

5. Conclusion

This work has shown that mice exposed to vanadium over
a period of time exhibited no difference in learning abilities
but had significant loss in memory acumen after 3 months of
exposure.

Our work also revealed that the memory deficit induced
by chronic administration of vanadium in mice is reversible
but only after a long period of vanadium withdrawal.

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgment

The authors acknowledge the support of Bassir Thomas
Foundation to Oluwabusayo Folarin.

References

[1] J. O. Olopade and J. R. Connor, “Vanadium and neurotocixity:
areview;, Current Topics in Toxicology, vol. 7, pp. 33-39, 2010.

[2] J. J. Wirth and R. S. Mijal, “Adverse effects of low level heavy
metal exposure on male reproductive function,” Systems Biology
in Reproductive Medicine, vol. 56, no. 2, pp. 147-167, 2010.

M. Corradi and A. Mutti, “Metal ions affecting the pulmonary
and cardiovascular systems,” Metal Ions in Life Sciences, vol. 8,
pp. 81-105, 2011.

[4] K.Jomova and M. Valko, “Advances in metal-induced oxidative
stress and human disease,” Toxicology, vol. 283, no. 2-3, pp. 65—
87, 2011.

[5] S. Modgil, D. K. Lahiri, V. L. Sharma, and A. Anand, “Review:
role of early life exposure and environment on neurodegener-
ation: implications on brain disorders,” Translational Neurode-
generation, vol. 3, article 9, 2014.

[6] T. I. Fortoul, V. Rodriguez-Lara, A. Gonzélez-Villalva et al.,
“Inhalation of vanadium pentoxide and its toxic effects in a
mouse model,” Inorganica Chimica Acta, vol. 420, pp. 8-15, 2014.

[3



Oxidative Medicine and Cellular Longevity

(7]

(8]

(9]

(10]

(11]

(12]

(16]

(17]

(20]

[21

D. G. Barceloux, “Vanadium,” Journal of Toxicology: Clinical
Toxicology, vol. 37, no. 2, pp. 265-278,1999.

R. R. Moskalyk and A. M. Alfantazi, “Processing of vanadium: a
review,” Minerals Engineering, vol. 16, no. 9, pp. 793-805, 2003.
J. J. Rodriguez-Mercado and M. A. Altamirano-Lozano, “Vana-
dium: pollution, metabolism and genotoxicity;,” Revista Interna-
cional de Contaminacion Ambiental, vol. 22, no. 4, pp. 173-189,
2006.

P. N. Saxena, J. Arya, N. Saxena, and A. Shukla, “Vanadium
intoxication in albino rat based on haematobiochemistry and
behaviouristic changes,” International Journal of Environmental
Engineering and Management, vol. 4, no. 4, pp. 293-300, 2013.
M. M. Sasi, S. S. Haider, M. El-Fakhri, and K. M. Gwarsha,
“Microchromatographic analysis of lipid protein and occur-
rence of lipid peroxidation in various brains area of vanadium
exposed rats. A possible mechanism of vanadium neurotoxic-
ity,” Neurotoxicology, vol. 15, no. 2, pp. 413-420, 1994.

E A. C. Amorim, B. Welz, A. C. S. Costa, E. G. Lepri, M. G. R.
Vale, and S. L. C. Ferreira, “Determination of vanadium in
petroleum and petroleum products using atomic spectrometric
techniques,” Talanta, vol. 72, no. 2, pp. 349-359, 2007.

K. Pyrzynska and T. Wierzbicki, “Determination of vanadium
species in environmental samples,” Talanta, vol. 64, no. 4, pp.
823-829, 2004.

H. Li, D. Zhou, Q. Zhang et al., “Vanadium exposure-induced
neurobehavioral alterations among Chinese workers,” Neuro-
Toxicology, vol. 36, no. 10, pp. 49-54, 2013.

O. Mustapha, B. Oke, N. Offen, A.-L. Sirén, and J. Olopade,
“Neurobehavioral and cytotoxic effects of vanadium during
oligodendrocyte maturation: a protective role for erythropoi-
etin,” Environmental Toxicology and Pharmacology, vol. 38, no.
1, pp. 98-111, 2014.

J. O. Olopade, I. O. Fatola, and E. E. Olopade, “Vertical adminis-
tration induces behavioural and neuro morphological changes:
protective role of vitamin E,” Nigeria Journal of Physiological
Sciences, vol. 26, pp. 55-60, 2011.

M. Soazo and G. B. Garcia, “Vanadium exposure through lac-
tation produces behavioral alterations and CNS myelin deficit
in neonatal rats,” Neurotoxicology and Teratology, vol. 29, no. 4,
pp. 503-510, 2007,

G. J. Naylor, “Reversal of vanadate-induced inhibition of Na-K
ATPase: a possible explanation of the therapeutic effect of car-
bamazepine in affective illness,” Journal of Affective Disorders,
vol. 8, no. 1, pp. 91-93, 1985.

M. R. Avila-Costa, T. I. Fortoul, G. Nifio-Cabrera et al., “Hip-
pocampal cell alterations induced by the inhalation of vana-
dium pentoxide (V,0;) promote memory deterioration,” Neuro
Toxicology, vol. 27, no. 6, pp. 1007-1012, 2006.

K. L. K. Tamashiro, T. Wakayama, R. J. Blanchard, D. C. Blan-
chard, and R. Yanagimachi, “Postnatal growth and behavioral
development of mice cloned from adult cumulus cells,” Biology
of Reproduction, vol. 63, no. 1, pp. 328-334, 2000.

N. Van Wijk, E. Rijntjes, and B. ]. M. Van De Heijning, “Perinatal
and chronic hypothyroidism impair behavioural development
in male and female rats,” Experimental Physiology, vol. 93, no.
11, pp. 1199-1209, 2008.

M. Shabani, M. Nazeri, S. Parsania et al., “Walnut consumption
protects rats against cisplatin-induced neurotoxicity,;” Neuro-
Toxicology, vol. 33, no. 5, pp. 1314-1321, 2012.

R.D’Hooge and P. P. De Deyn, “Applications of the Morris water
maze in the study of learning and memory;, Brain Research
Reviews, vol. 36, no. 1, pp. 60-90, 2001.

[24]

[26]

[27]

(30]

(34]

(35]

L. Golchin, L. Golchin, A. A. Vahidi, and M. Shabani, “Hip-
pocampus and cerebellum function following imipenem treat-
ment in male and female rats: evaluation of sex differences
during developmental stage,” Pakistan Journal of Biological
Sciences, vol. 16, no. 4, pp. 151-159, 2013.

S. Haider, L. Anis, Z. Batool et al.,, “Short term cadmium
administration dose dependently elicits immediate biochemi-
cal, neurochemical and neurobehavioral dysfunction in male
rats,” Metabolic Brain Disease, vol. 30, no. 1, pp. 83-92, 2015.
C.-L. Lu, S. Tang, Z.-]. Meng et al., “Taurine improves the
spatial learning and memory ability impaired by sub-chronic
manganese exposure,” Journal of Biomedical Science, vol. 21, no.
1, article 51, 2014.

B. Todorich, J. O. Olopade, N. Surguladze, X. Zhang, E. Neely,
and J. R. Connor, “The mechanism of vanadium-mediated
developmental hypomyelination is related to destruction of
oligodendrocyte progenitors through a relationship with fer-
ritin and iron,” Neurotoxicity Research, vol. 19, no. 3, pp. 361-373,
2011.

J. Olopade, O. Owolabi, O. Aina, and S. Onwuka, “The effect
of alpha tocopherol on body organs of neonatal rats exposed
to vanadium,” Journal of Applied Sciences and Environmental
Management, vol. 15, no. 1, pp. 5-8, 2011.

M. J. Barker, K. M. Greenwood, M. Jackson, and S. F. Crowe,
“Persistence of cognitive effects after withdrawal from long-
term benzodiazepine use: a meta-analysis,” Archives of Clinical
Neuropsychology, vol. 19, no. 3, pp. 437-454, 2004.

R. G. M. Morris, “An attempt to dissociate ‘spatial-mapping’
and ‘working-memory’ theories of hippocampal function,” in
Neurobiology of the Hippocampus, W. Seifert, Ed., pp. 405-432,
Academic Press, New York, NY, USA, 1993.

A.D. Redish and D. S. Touretzky, “The role of the hippocampus
in solving the Morris water maze,” Neural Computation, vol. 10,
no. 1, pp. 73-111, 1998.

E. R. Kandel, “The molecular biology of memory storage: a
dialogue between genes and synapses,” Science, vol. 294, no.
5544, pp. 1030-1038, 2001.

W. C. Leon, M. A. Bruno, S. Allard, K. Nader, and A. C. Cuello,
“Engagement of the PFC in consolidation and recall of recent
spatial memory;” Learning and Memory, vol. 17, no. 6, pp. 297-
305, 2010.

D. E Wozniak, R. E. Hartman, M. P. Boyle et al., “Apoptotic
neurodegeneration induced by ethanol in neonatal mice is
associated with profound learning/memory deficits in juveniles
followed by progressive functional recovery in adults,” Neurobi-
ology of Disease, vol. 17, no. 3, pp. 403-414, 2004.

L. E. Charles, C. M. Burchfiel, D. Fekedulegn et al., “Occu-
pational and other risk factors for hand-grip strength: the
Honolulu-Asia Aging study,” Occupational and Environmental
Medicine, vol. 63, no. 12, pp. 820-827, 2006.



