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Neuroprotective Effects of Melatonin Against Neurotoxicity Induced
by Intrahippocampal Injection of Aluminum in Male Wistar Rats:
Possible Involvement of Oxidative Stress Pathway

OussaMA ZGHARI*, MouLouD Lamtal, SOFIA AZIRAR, MOHAMED YASSINE EL-Brouzi, Hajar
BENMHAMMED, ABOUBAKER EL-HESsNI, AL1 OuicCHOU, ABDELHALEM MESFIOUI

Laboratory of Biology and Health, Neurosciences, Neuroimmunology and Behaviour Unit, Faculty of Science, Ibn
Tofail University, Kenitra, Morocco.

Abstract | Aluminum (Al) is a well-established neurotoxicant, affecting various regions of the brain and causing many
neuropathological and neurobehavioral abnormalities as well as oxidative stress (OS). Conversely, melatonin (MEL)
has been considered as an antidepressant, anxiolytic substance and protects neurons from OS. The present study was
designed to evaluate the neuroprotection effect of MEL against Al neurotoxicity and OS in male Wistar rats. Rats
received an intraperitoneal and/or a single intrahippocampal injection of NaCl, MEL or AICI.. Before two weeks of
intrahippocampal surgery period, MEL (4 mg/kg) was intraperitoneally injected (Group II and Group IV). Thereafter,
control group (group I) received 2 ul NaCl (0.9%) and groups III and IV received 2 pl AICL, (2 mg/kg) intracerebrally
into the right ventral hippocampus. Five days after treatment period, all the rats were subjected to the neurobehavioral
tests. The animals were then decapitated and the hippocampus was removed. Biochemical parameters of OS and the
histology of Cornu Ammonis 3 (CA3) area of the hippocampus were evaluated. The results clearly showed that Al
induced anxiety and depressive-like behaviour and cognitive impairment. In the hippocampus, Al also increased the
levels of lipid peroxidation (LPO) and nitric oxide (NO) and reduced the activity of superoxide dismutase (SOD) as
well mediates brain damage in CA3 hippocampal area. These alterations were reversed by MEL. It can be concluded
that, by exerting its properties against the oxidative action of this metal in the hippocampus, MEL may play a potential
role in protecting against the behavioral and histopathological alterations induced by Al.
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INTRODUCTION produce affective and cognitive disorders in rat brain
(Lamtai et al., 2018, 2019, 2020a, b, 2021; El-Brouzi et

luminum (Al) neurotoxicity is a major factor al., 2020). Neurodegenerative diseases such as Alzheimer’s
influencing affective and cognitive disorders (Zghari disease (AD) have also been linked to Al exposure (Esparza
et al., 2018). A growing body of literature suggests that et al., 2018).
heavy metals, including cadmium, copper and nickel,
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After chronic exposure, there are reports that Al crosses
the blood-brain barrier (BBB) and accumulates in the
hippocampus, the striatum and the cerebral cortex.
Additionally, investigations have reported that Al
promotes oxidative stress (OS) in these areas and causes
substantial neuronal and synaptic damage, especially in the

hippocampus (Maya et al., 2016).

Much scientific investigation has focused on developing
new prevention approaches against the neurotoxic effects
of heavy metals. Of particular interest for this research,
melatonin (MEL) has been described as an effective
antidepressant and anxiolytic substance (Ouakki et al.,
2013).This neurohormone is mainly produced in the pineal
gland (Bubenik and Konturek, 2011). In several brain
regions, it binds to MEL-specific receptors on neuronal
membranes. MEL is well known for its low toxicity and
BBB permeability. Additionally, it is a powerful antioxidant
and may protect against Al-induced neurotoxicity (Esparza

et al., 2018).

The aim of this study was to evaluate whether pretreatment
with MEL could modulate the affective and cognitive
disorders and brain damage produced by a single
intrahippocampal injection of Al into male Wistar rats and

the implication of OS.

MATERIALS AND METHODS

ANIMALS AND EXPERIMENTAL CONDITIONS

A total of 28 male Wistar rats from the Faculty of Life
Sciences, Ibn Tofail University, initially weighing 250 + 50g
were chosen as the animal model in this study. They were
placed in plastic cages, with stainless steel cover, in four
groups of seven animals each, with two subgroups of four
rats in one cage and three rats in the other. The experiments
were conducted under standard temperature (21+1°C) and
photoperiod LD12/12 (12h light/dark). Animals were
given free access to food and water ab /ibitum. All animal
procedures were approved by the University Animal
Experiments Ethics Committee and were performed in
accordance with the Animal Scientific Procedure.

Rats  were injected  intraperitoneally  and/or
intrahippocampally with physiological saline, Aluminum
chloride (AICL) (SEGMA-ALDRICH) orMEL (SIGMA
France). Before two weeks of intrahippocampal surgery
period, MEL (4 mg/kg) was injected intraperitoneally
(Group II and Group 1IV). After this period, control group
was microinjected with 2 ul of NaCl (0.9%) and groups I11
and IV were intracerebrally injected with 2 pl of AICL, (2
mg/kg) into the right ventral hippocampus as follows:

*  Control: Rats treated with normal saline (0.9%)

*  MEL group: Rats given MEL at the dose of 4 mg/kg
Al group: Rats injected with AICL at the dose of 2

mg/kg
* Al + MEL group: Rats received 2 mg/kg of AICL, + 4
mg/kg of MEL.

STEREOTAXIC SURGERY AND INJECTION PROCEDURES
'The protocol that has been adapted for stereotactic surgery
is the one of (Ferry and Vogt, 2014). Using the bregma
as reference, our right ventral hippocampal target is
located according to the following stereotactic coordinates:
Anteroposterior (AP): -2.4 mm; mediolateral (ML): + 1.6
mm; dorsoventral (DV): - 3.4 mm (Paxinos and Watson,
2007).

The rats were injected with 2 pul of AICL, or saline using a
Hamilton syringe with a 0.3 mm diameter cannula. This
was done at a rhythm of 1 pl/min for 2 minutes, then left
in place for 2 minutes to permit passive diffusion through.
Finally, to limit the reflux along the injection route, the
cannula was then slowly withdrawn.

To facilitate physiologic recovery, rats were caged
individually for 5 days immediately after intrahippocampal
surgery. A series of neurobehavioral tests were then
performed on the rats.

NEUROBEHAVIORAL TESTS

ANXIETY-LIKE MEASUREMENT

Open field test (OFT): The OFT is used to assess the
rats-anxiety-like behavior following the administration of
Al (Gentsch et al., 1987; Carola et al., 2002). When the
ten-minute test begins, the rats were gently placed in the
center of the apparatus (100-L x 100-W x 40-H c¢m) and
its behavior was videotaped for subsequent analysis. The
quantified parameters were the time spent in the center
area (TCA), the number of returns to the center (NRC)
and the number of total squares (NTS). TCA and NRC
perimeters are seen as indicator of anxiety. While the
NTS parameter is a reliable index of locomotors activity.
The device was cleaned between each rat with 7% alcohol
solution to remove odor clues.

ELEVATED pLUS MAZE (EPM)

'The EPM is a model of anxiety-like behavior in rats brought
about by novelty and repulsion due to the elevation and the
illumination of the maze (2 open arms (50 x 10 c¢m), 2
closed arms (50 x 10 x 40 cm), and a central region (10
x 10 c¢m)) (Naranjo-Rodriguez et al., 2000). The test was
carried out on the 2™ day following the OFT. At the start
of the five-minute test, rat ware placed on the central area
of the labyrinth in front of an open arm and its behavior
like number of entries in open arms (EOA), the time
spent in these arms (TOA) and the number of full entries
into the arms (TAE) was recorded for later analysis. The
TOA and EOA parameters were reported as the criteria
of open space-induced anxiety-like behavior. Whereas the
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total number of the entries into all arms provides general
locomotors activity. 7% alcohol was used to clean the
apparatus prior to the introduction of each rat to eliminate
any lingering olfactory cues.

DEPRESSION—LIKE MEASUREMENT

ForceDp sWiIMMING TEST (FST)

'The FST, also known as behavior despair test, is an excellent
maze used to evaluate the depressive-like behavior in
rodents (Porsolt et al., 1978). The Five-minute swimming
sessions were conducted by placing the rat in a transparent
cylindrical glass (50 cm high and 30 cm in diameter)
filled with purified water (35 cm, 23+2°C) to forcing it
to swim while the camera is recording it for later analysis
to determine the immobility times (TIM). An increase
in TIM parameter is related to depressive-like behavior

(Porsolt et al., 1978; Benabid et al., 2008).

COGNITIVE MEASUREMENT

Y-MAZE TEST

Spatial working memory was tested by the Y-maze
spontaneous alternation test (Sierksma et al., 2014). When
the eight-minute test begins, each rat was placed on the
central area of the apparatus and allowed to explore freely
through the three arms (A, B and C; 61 x 35 x 12 cm3)
and the sequences of arms entries was recorded (ie.,
ACBCABACABCABAC, etc.) and calculated by the
following formula: Spontaneous alternation% = [(Number
of alternations)/(Total arms entries-2)] x 100. Spontaneous
alternation behavior, which reflects the spatial working
memory, has been defined as the entry into the three
different arms when making consecutive choices. Between
each examination and to eliminate the remaining olfactory
signs, the maze was cleaned using 7% alcohol solution.

MORRIS WATER MAZE TEST

The morris water maze (IMorris, 2008) are used to evaluate
cognitive functions related with learning and memory in
rodents. It consisted of a big round water tank (110 cm in
diameter and 20 cm high) that was filled with opaque water
and maintained a temperature at 22°C. The apparatus was
divided into four quadrants of equal area with a circular
platform (13 cm high, 9 ¢cm in diameter), submerged 0.5
cm beneath the water surface and placed at the center of
the northeast zone. the test is carried out in two phases:
Acquisition and probe trial (Wong and Brown, 1984). At
the first phases (4 trials/day for 4 days), each rat was placed
individually into the water maze facing the wall of the
pool and allowed to locate the hidden platform within a
maximum swimming time of 60 seconds. If the rat couldn’t
locate the platform, we guided it and let it stay there for 10
s. On the fifth day, rats were tested for spatial memory in a
60 s probe trial (Kahloula et al., 2014).

At the end of the tests, the rats were decapitated and
their brains were removed and prepared for biochemical
examination and histological analysis.

BI1OCHEMICAL EXAMINATION

The biochemical examination is based on the measurement
of oxidative stress markers in the hippocampus, of which
lipid peroxidation (LPO), nitric oxide (NO) and superoxide
dismutase (SOD) activity have been selected. This requires
preparing hippocampal supernatants by carefully isolating
hippocampal tissue on ice, homogenizing in phosphate

bufferatpH 7.4 and centrifuging for 10 minutes at 1500rpm.

The LPO assay was analyzed according to the method of
(Draper and Hadley, 1990) by measuring thiobarbituric
acid reacting substances (TBARS) in the cells (expressed
as pmol/g hippocampal tissue). Absorbance at 535 nm
was used to measure the TBARS (Freitas et al., 2004).
The activity of NO (expressed as pmol/g of hippocampal
tissue) was evaluated according to the method of (Chao et
al., 1992), while the activity of SOD (expressed as U/g of
hippocampal tissue) was assayed by the Beauchamp and
Fridovich method (Beauchamp and Fridovich, 1971).

HISTOLOGICAL ANALYSIS

To evaluate the histology of CA3 area of the hippocampus,
brains were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4 (Freire et al, 2012).
Subsequently, hippocampal sections (30 mm slices) were
cut with a vibratome (VT 1000 S, Leica Microsystems). The
sections were then mounted on gelatinized slides, stained
with cresyl violet, dehydrated and cover slipped. The CA3
area was selected for light microscopy at x 20 magnification
(Optika microscope, Italy). Photomicrographs were then
taken and analyzed using Image] software (Zhu et al,,
2015; Bittencourt et al., 2022). Figure 1 is an outline of the
experimental protocol for all steps of the study

STATISTICAL ANALYSIS

To determine the differences between the experimental
groups regarding behavioral, biochemical and histological
data, which are presented as meanz=standard error of the
mean (S.E.M.), statistical analysis was performed using
SPSS version 22 software (IBM Corp., Armonk, NY,
United States), by two-way ANOVA with Tukey’s test for
post hoc comparisons and ANOVA repeated measures for
the MWM test. When p<0.05, differences were considered

significant.

RESULT'S AND DISCUSSION

ErrECTS OF AL AND MEL ON THE LEVELS OF ANXIETY-
LIKE MEASURED IN THE OFT
The study’s findings revealed that Al administration
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induced an anxiogenic action in the OF'T, characterized by
a substantial reduction in the TCA and NRC parameters
in comparison with control animals (p<0.001 and p<0.01,
respectively), and that MEL treatment reduced this action
(p < 0.01), with no changes in the NTS parameter which
representing locomotors activity (p > 0.05) (Table 1).

Table 1: Effect of treatment with Aluminum (2 mg/kg)
and melatonin (4 mg/kg) on total amount time spent
in the center (TCA), number of return into center area

(NRC); and number of total squares (NTS) determined in
the open field test in male Wistar rats.

Groups TCA(S) NRC NTS

Control ~ 22.28+03.59 15.43+02.30 114.29+13.89
MEL 22.00+03.27%* 16.71+03.99%* 118.14+13.73
Al 09.29+02.81"  07.71+£02.69°  106.86+12.69
Al+MEL 17.29+03.90%  15.00+03.74*  117.00+20.36

Results are represented as mean + SEM. *p < 0.05 vs. control

group; and *p < 0.05 vs. Al treated group

ErrecTs oF AL AND MEL ON ANXIETY LEVELS
MEASURED IN EPM

In addition to the TCA and NRC in OFT, the Al
administration modified another parameters indicative
of anxiety-like behavior, the TOA and EOA indicators
in EPM, which were significantly reduced in comparison
with control groups (p < 0.001 and p < 0.05, respectively).
However, following the administration of MEL, TOA
and EOA were significantly increased as compared to Al
groups (p < 0.001). Besides, the TEA was unaffected in all
groups (p > 0.05) (Table 2).

Table 2: Effect of treatment with Aluminum (2 mg/kg)
and melatonin (4 mg/kg) on the total amount of time
spent in exposed arms (TOA); number of entries in
exposed arms (EOA); and total number of arms entries
(TEA) determined in the elevated plus maze test in male
Wistar rats.

Groups TOA(S) EOA TEA

Control 61.29 £ 07.87 03.86 £+ 01.35 06.57 + 01.27
MEL 59.86 + 10.07 *#* 02.57 + 00.98  05.29 + 02.06
Al 31.29+07.78™ 01.43+01.81" 05.57 + 03.46
Al + MEL 55.43 +10.49# 03.29 £ 02.14 07.71 £ 01.80

Results are represented as mean = SEM. *p < 0.05 vs. control

group; and *p < 0.05 vs. Al treated group.

ErrecTts oF AL AND MEL ON DEPRESSIVE-LIKE
PERFORMANCES MEASURED BY FST

As depicted in Figure 2, Al administration significantly
increased the TIM when compared to control animals (p
< 0.001). Furthermore, treatment with MEL reduce this
depress genic effect induced by decreasing significantly the
TIM as compared to Al-treated groups (p < 0.001).
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Figure 1: Experimental design of all methodological
steps of the study. (A) Sample description of experimental
groups and exposure to NaCl (0.9%) or AICL; (B) after
the intrahippocampal injection, rats were submitted to
the behavioral tests assessment through Open Field test
(OFT), Elevated Plus Maze (EPM), Forced Swimming
Test (FST), Y-maze and Morris Water Maze (MWM) test;
(C) The animals were euthanized and the hippocampus
was taken; (D) Thereafter, oxidative stress markers
(lipid peroxidation (LPO), nitric oxide (NO) levels, and
superoxide dismutase (SOD) activities) and (E) histology
of CA3 area of the hippocampus were evaluated.
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Figure 2: Effect of treatment with Aluminum (2 mg/kg),
melatonin (4 mg/kg), and their combination on immobility
time (TIM) expressed in seconds in forced swimming test
in male Wistar rats. Results are represented as mean *

SEM. *p < 0.05 vs. control group; and *p < 0.05 vs. Al-
treated group.

AL AND MEL EFFECTS ON MEMORY

Y-MAZE TEST

Statistical analysis demonstrated that the Al intoxicated
rats group had a lower % of alternation when compared
to control animals (p<0.001). Furthermore, the MEL
administration was able to reverse the decrease in the % of
alternation percentage (p<0.001), as illustrated in Figure 3.

MORRIS WATER MAZE
Figure 4A revealed that male rats treated with Al
showed longer escape latencies were in comparison with

control group (p < 0.01). Conversely, exposure to MEL
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ameliorated the effects of Al (p > 0.05). Furthermore, in
the probe test, the % of time spent in the correct quadrant
was significantly reduced following Al administration as
compared to control (p < 0.001). However, the increase by

Al was abolished by MEL (p < 0.001) (Figure 4B).
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Figure 3: Effects of Al (2 mg/kg) and melatonin (4 mg/
kg) on percentage of alternation measured in Y-maze test
in male Wistar rats. Results are represented as mean =
SEM. *p < 0.05 vs. control group; and *p < 0.05 vs. Al-
treated group.
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Figure 4: Effects of Al (2 mg/kg) and melatonin (4 mg/kg)
on memory performance measured in MWM test in male
Wistar rats. (A) Latency to reach the hidden platform on
each of the 4 days of learning phase. (B) Percentage of time
spent in the correct quadrant. Results are represented as
mean * SEM. *p < 0.05 vs. control group; and *p < 0.05 vs.
Al-treated group.

Table 3: Effect of melatonin treatment on Al induced
oxidative stress in the hippocampus of male Wistar rats:
thiobarbituric acid reactive substances (TBARS) content,
nitric oxide (NO) and superoxide dismutase (SOD)

activities.

Groups TBARS (nmol NO (pmol/gof  SOD (Units/g

/g of tissue tissue) of tissue)
Control 12.82+00.27 2617.08+228.63 01.55+00.05
MEL  13.62+03.11%* 2213.09+30.18%*  01.44+00.04**
Al 26.96+00.58" 9027.51+494.93™ 00.54+00.04™
Al+ 17.80+02.45* 5388.73+217.48™* (1.30+00.05 7##*
MEL

Values are expressed as mean = S.E.M. *p < 0.05 vs. control

group, and *p < 0.05 vs. Al treated group.

AL AND MEL EFFECTS ON OXIDATIVE STRESS
The OS markers were determined in the hippocampus of

all animals, as represented in Table 3. Statistical analysis
showed that Al rats have higher levels of TBARS and NO
(p < 0.001) and lower activity of SOD (p < 0.001) than
control groups. Moreover, MEL administration reduce
Al provoked-OS an cell damage in the hippocampus by
reducing the LPO and NO levels (p < 0.01) and enhancing
the SOD activity (p < 0.001) in comparison with the Al-

treated animals.

HiSTOPATHOLOGICAL RESULTS

Statistical analysis in Figure 5 showed that, in CA3
hippocampal area, the number of intact pyramidal neurons
is significantly reduced following Al administration in
comparison with control animals (p < 0.01). Interestingly,
MEL totally prevented the number of intact pyramidal
neurons decrease caused by Al (p < 0.05). Additionally, in
control and MEL groups, a normal histological appearance
was observed in the histopathological analyses of the CA3
pyramidal neurons illustrated in Figure 6. In contrast,
compared to control animals, the Al group showed
neuronal loss and cellular disorganization. These cellular
lesions caused by this metal were attenuated following
MEL administration.
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Figure 5: Effect of Al (2 mg/kg), MEL (4 mg/kg) and
Al+MEL on the number of neurons in 0.18 mm? area
of CA3 region of hippocampus in male rats. Results are
represented as mean + SEM. *p < 0.05 vs. control group;

and *p < 0.05 vs. Al-treated group.

(A) |

Figure 6: Light micrographs of hippocampus with cresyl
violet staining in the control (A), MEL (B), Al (C) and
Al+MEL (D) groups in CA3 cell layer of hippocampus in

male rats. Bar represents 100pm.
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The interest of this study was to determine the
neuroprotective effect of MEL on anxiety, depression,
cognitive dysfunction, OS level and hippocampal CA3
morphological assessment by intrahippocampal Al
injection in male Wistar rats.

To our knowledge, in the literature, poorly experiments
on intrahippocampal Al injection have been realized and,
for the first time, a complete study was carried out in this
experiment, covering neurobehavioral, biochemical and
histological aspects to investigate neurotoxic effects of
Al and protective properties of MEL against Al-induced

neurotoxicity.

Based on neurobehavioral tests, our data clearly
demonstrate that, into the right ventral hippocampus, a
single intrahippocampal injection of Al causes anxiety-
like, depressive-like and cognitive disorders. These results
are in line with an earlier publication by our team, which
found that chronic administration of Al at very low doses
(0.125, 0.25, 0.5 and 1 mg/kg) for 8 weeks in female
and male Wistar rats induced anxiety, depression and
promoted working memory impairment (Zghari et al.,
2018). Recent study have also shown similar results (Auti
and Kulkarni, 2019). As well, in Wistar rats treated with
Al lactate intragastrically for 12 weeks, Al causes cognitive
dysfunction and negatively affects spatial learning capacities
(Sharma et al., 2013). Another study by Tair et al. (2016)
reported that chronic intraperitoneal Al exposure for 90
days causes anxiety in the OFT. The same results were
observed in male Prague Dawley rats who received for 5

weeks an intraperitoneal injection of AICIL, at 70 mg/kg
(Ali et al., 2016).

In addition, based on biochemical assay for markers of
OS in hippocampal tissues, our data clearly demonstrate
that Al-induced brain OS, this is due on the fact that Al
exposure significantly elevated TBARS and NO levels
whereas reducing SOD activity. Our results are in total
agreement with recent published data (Auti and Kulkarni,
2019; Shaik et al., 2019). Similarly, the reports of Al-
Amin et al. (2019) are in line with our results in which
Al treatment enhanced the level of LPO and NO in the
hippocampus as well as a decrease in antioxidant status.
Although, some authors have reported elevated SOD
activity (Benyettou et al., 2017) or unchanged TBARS
levels in the hippocampus (Sdnchez-Iglesias et al., 2009).
We note that the apparently conflicting findings in the
literature may be explained by the use of various chemical
forms of Al exposure and/or routes of administration.

Because the mechanism of Al neurotoxicity is poorly
understood, the results obtained in this study open a
path of reflection to explain the origin of anxiety-like,
depression-like and memory impairment and that these

neurobehavioral changes may be related to OS. LPO
is considered as a key biomarker of oxidative damage,
an increase in this parameter reflects the onset of OS.
Commonly, the increased LPO level is, at least in part,
due to a reduction in antioxidant enzyme activity such as
SOD, catalase and glutathione which play an important
part in fighting the damage caused by free radicals in
the brain (Abdel-Moneim et al., 2013). Furthermore, Al
provides a favorable environment for ROS generation by
increasing the intracellular concentration of free form
of iron and accelerates iron-mediated lipid peroxidation
induced neuronal damage (Berihu et al., 2015). As well,
Al may induce microglia and astrocytes to produce NO
(Zaky et al., 2013). The reduction in antioxidant enzymes
activities and the high levels of free radicals such as NO
induce oxidative damage in the mitochondria (Lin and
Beal, 2006), leading to cell damage and death (Xu et al.,
2010) and consequently altered behavior.

On the other hand, MEL pretreatment has both anxiolytic
and antidepressant effects and a positive effect on memory
and learning in rat. In addition, MEL was found to reduced
Al induced-OS and cell damage in the hippocampus
by reducing LPO and NO levels and enhancing SOD
activity. These results are in line with the current literature,
which shows that MEL could counteracts anxiety-like,
depressive-like, cognitive disorders and OS in Wistar rats
(Garcia-Santos et al., 2012; Corrales et al., 2013; Zhang
et al., 2013; Allagui et al., 2014). As well, Al-Olayan et
al. (2015) reports that treatment with MEL (10 mg/kg)
for 7 days, decreased LPO and NO levels and increased
antioxidant enzymes activities in brains of Al treated
rats. By reducing OS and inhibiting mitochondrial cell
death pathways, MEL might protect against Al-induced

neurotoxicity.

The literature suggests that MEL is an antioxidant
and a potent direct scavengers free radical, prevents
overproduction of free radicals, OS and neuronal damage
by enhancing the activity of various antioxidant enzymes
(Reiter et al., 2001). In addition, MEL or its metabolites
can detoxify ROS such as ONOO (Koh, 2008; Reiter et
al., 2008), and prevent the neurons from LPO damage by
up-regulates the gene expression of antioxidant enzymes
like SOD and CAT (Reiter et al., 2013). As well as, MEL
reducing the NO levels by enhancing the enzymatic
activity of NO synthase (NOS) which leads to a down-
regulation of pro-oxidant enzyme gene expression, such as

NOS (Tan et al., 2007).

Histological ~analysis showed that AICl induced
progressively more severe changes in the hippocampus
compared to the control group, characterized by
disorganized pyramidal cell and reduced CA3 neuron
density. Interestingly, MEL administration reduced brain
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damage and improved affective and cognitive outcome as
observed in behavioral studies.

CONCLUSIONS AND
RECOMMENDATIONS

In conclusion, the data from the present study support the
observation that Al causes anxiety, depression, memory
impairment and brain damage in the hippocampus
characterized by pyramidal cell disorganization and
reduced neuronal density in the CA3 area which are
associated to OS. However, MEL ameliorates/prevents
the Al-provoked behavioral alterations in Al-exposed
rats. This finding has been linked to the regulation of the
levels of OS markers in the hippocampus. Further research
is needed to determine the exact mechanisms by which

MEL responds.

Our work has yielded interesting results and could be

continued in various research directions, leading to a

better understanding the exact mechanisms of action of

the interaction between MEL and Al. This work opens up
many perspectives.

* Expanding the number of brain areas studied, as
aluminum accumulates in different regions besides
the hippocampus in the striatum and cortex, as these
structures are involved in brain pathologies such as
anxiety, depression and memory disorders.

*  Determine the concentrations of MEL and Al in the
brain tissue, since both molecules cross the BBB, to
determine the concentration that accumulates after
chronic intraperitoneal administration and to compare
it with the intracerebral administration, especially
for Al, to determine the concentration that can alter
behaviour,inducing oxidative stress,neurodegeneration
in the brains of rats and ultrastructural changes in the
neurons of the hippocampus.

* Perform immunohistochemical the
hippocampus and other brain structures, and
measuring various neurotransmitters involved in
affective and cognitive disorders, including serotonin,
dopamine and acetylcholine.

studies of
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