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A B S T R A C T

Lead (Pb) is a ubiquitous environmental and industrial pollutant with worldwide health problems. The present
study was designed to investigate the neurotoxic effects of Pb in albino rats and to evaluate the ameliorative role
of garlic as well as Spirulina maxima against such toxic effects. Forty adult male rats were used in this in-
vestigation (10 rats/group). Group I: served as control, Group II: rats received lead acetate (100mg/kg), Group
III: rats received both lead acetate (100mg/kg) and garlic (600mg/kg) and Group IV: rats received both lead
acetate (100mg/kg) and spirulina (500mg/kg) daily by oral gavage for one month. Exposure to Pb acetate
adversely affected the measured acetyl cholinesterase enzyme activity, oxidative stress and lipid peroxidation
parameters as well as caspase-3 gene expression in brain tissue (cerebrum and cerebellum). Light and electron
microscopical examination of the cerebrum and cerebellum showed various lesions after exposure to Pb which
were confirmed by immunohistochemistry. On the other hand, administration of garlic and spirulina con-
comitantly with lead acetate ameliorated most of the undesirable effects. It could be concluded that, the adverse
effects induced by lead acetate, were markedly ameliorated by co-treatment with S. maxima more than garlic.

1. Introduction

In recent years, the environmental contamination by heavy metals
has increased drastically along with the rapid development of modern
industry. The excessive amount of heavy metals in animals feed and
feed stuffs are often due to human actions, resulting from either agri-
cultural or industrial production or accidental or deliberate misuse (Al-
Mzaien et al., 2015). Among these metals is lead (Pb), which has in-
creased substantially during the last few years in both urban and
periurban areas (Ahmed Refat and Abass, 2011). It is still added to
many commercial products including paints, eye cosmetics, gasoline,
enamels and water pipes (Sansar et al., 2011). Lead has extensive
multifaceted action on both human and animal health with a broad
range of physiological and biochemical dysfunctions (Gurer and Ercal,
2000). It is a cumulative toxicant that virtually affects multiple body
systems including the neurological, hematological, gastrointestinal,
cardiovascular and renal systems (Lamidi and Akefe, 2017). Compared
to other organ systems, the nervous system appears to be the most
sensitive and chief target for lead induced toxicity (Singh et al., 2017).
With the increase in human life expectancy, the incidence of age-related
neurodegenerative disorders such as Parkinson’s disease, Alzheimer’s

disease and Huntington’s disease has also increased (Borgesius et al.,
2011). Despite decades of study, the exact mechanism of action of lead,
a potent neurotoxic agent, has not been full elucidated and needs more
declaration. One of the most suggested mechanisms of lead is the in-
duction of apoptosis (Pulido and Parrish, 2003). As lead is a multi-
target toxicant, it exerts a toxic manifestation by oxidative free radicals
over production that mediates the disruption of the delicate pro- and
antioxidant balance existing in mammalian cells (Lamidi and Akefe,
2017). Recently, several anti-oxidative approaches have been proposed
to reduce the symptoms of lead toxicity (Mabrouk et al., 2016). In this
regard, several studies have exhibited the antioxidant activities of nu-
merous natural products against many toxic metals (Morgan et al.,
2018). Plants have always been the sources of substantial medicines
since time immemorial. Currently there is a huge movement and em-
phasis towards scientifically and clinically unlocking the value of tra-
ditional phyto-medicines in the service of humanity as well as con-
trolling and treating diseases (Flora et al., 2012a). Allium sativum, or
commonly known as garlic, is a versatile vegetable and medicinal plant
credited to have remarkable pharmacological properties (Shalaby and
Hammoda, 2015). It is a good source of dietary phytochemicals, has the
ability to enhance detoxification of foreign compounds (El-Demerdash
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et al., 2005), defending against free radical damage and protecting
different organs against oxidative stress as well as inflammatory injuries
in many experimental models (Salem and Salem, 2016). Extensive
studies have shown garlic to be significantly effective against heavy
metals poisoning (Sadeghi et al., 2013). Moreover, the beneficial effects
of garlic and its constituents on neuronal physiology and brain func-
tions have been begun to emerge in wide range (Mathew and Biju,
2008). Spirulina is referred to free-floating filamentous microalgae with
spiral characteristics of its filaments (Deng and Chow, 2010). Among
large number of spirulina species, Spirulina maxima is most intensively
investigated. Spirulina species are edible with high nutritional more-
over potential therapeutic values (Deng and Chow, 2010). The nutri-
tional value of spirulina is well-known by its richness in all the 3 types
of micronutrients, proteins, lipids and carbohydrate as well as phyto-
nutrients and trace minerals (El-Tantawy, 2016; Ghaeni and Roomiani,
2016). Accordingly, it has been declared that spirulina could modify
many toxicity problems induced by drugs, chemicals (Lu et al., 2010)
and heavy metals (Banji et al., 2013). Extensive studies have been
proven that spirulina owns several nutritional and pharmacological
properties (Sharoud, 2015). Despite the above pharmacological and
therapeutic properties of garlic and spirulina, there is a dearth of lit-
erature about the possible protective role of garlic or spirulina against
the harms of lead acetate-induced neurotoxicity. Therefore, the present
study aimed to determine whether Allium sativum or Spirulina maxima
can ameliorate Pb-induced neurotoxic damage.

2. Materials and methods

2.1. Chemicals

Lead acetate trihydrate powder (CH3 COO)2 Pb·3H2O (Lupa, Indian)
was purchased from El-Mekawy Company. Garlic as dried garlic
powder 200mg in each tablet (standardized to contain not less than
0.45% allicin) from ATOS pharma, was grounded and suspended in
distilled water. S. maxima was obtained as a green odorless, water-so-
luble, fresh flakes from Agriculture Research Center, Cairo, Egypt. It
contains protein (61.3%), carbohydrates (20%), lipid (5.8%), gamma
linolenic acid (14% of total fatty acids), linoleic acid (8.7% of total fatty
acids), β-carotene (1500mg/Kg), α-tocopherols (150mg/Kg), iron
(1300mg/Kg), zinc (26mg/Kg), copper (11mg/Kg) and moisture
(5.2%). It was dissolved in distilled water.

2.2. Experimental protocol and animal grouping

A total of forty male albino rats, weighting about 180–200 g were
obtained from the breeding unit of The Veterinary Hygiene and
Management Department, Faculty of Veterinary medicine, Cairo
University. These animals were housed in plastic cages at room tem-
perature and exposed to 12 h light/dark cycle. They had access to
standard rodent laboratory diet and drinking water ad libitum
throughout the whole experimental period. The institutional animal
care and use committee (IACUC) of Cairo University approved the
protocol of the experiment (IACUC protocol no. CU-II-S-61-17). Animal
experiments conformed to the guidelines of the National Institutes of
Health (NIH). After two weeks of acclimatization period, they were
randomly assigned into four equal groups (each containing 10 animals)
according to dietary treatments applied for one month: Rats from group
I (Gp I) served as untreated control and were fed with the standard diet
and normal drinking water; rats from the other three groups were orally
treated with lead acetate (100mg/kg/day) according to Al-Mzaien
et al. (2015) and animals in (Gp III) & (Gp IV) were additionally treated
with 600mg/kg/day A. sativum and 500mg/kg/day S. maxima re-
spectively for one month. All the treatments were administrated by
gastric gavage. The animals were observed daily for signs of toxicity
throughout the experimental period.

2.3. Sample collection and preparation

At the end of the experiment, the animals were sacrificed by cervical
dislocation under light anesthesia. The brain samples were collected
and stored for further analysis.

2.4. Biochemical investigation

Both cerebrum and cerebellum samples were homogenized in 10%
(W/V) cold phosphate buffer pH 7.4 and centrifuged at 4000 rpm for
20min. The resulting supernatant was used for biochemical assess-
ments. Malondialdehyde (MDA) was estimated according to Ohkawa
et al. (1979). The MDA level was determined by thiobarbituric acid
reactive substances (TBARS) formation and measured spectro-
photometrically at 532 nm. Superoxide dismutase (SOD) enzyme ac-
tivity was determined according to Nishikimi et al. (1972). Catalase
(CAT) enzyme activity was determined by a colorimetric method ac-
cording to Aebi (1984). Acetyl cholinesterase (AChE) enzyme activity
was measured according to Knedel and Böttger (1967). Protein level
was determined spectrophotometrically at 595 nm using bovine serum
albumen protein standard according to Bradford dye-binding assay
(Bradford, 1976). All those parameters were assayed in both cerebrum
and cerebellum using commercial assay kits from bio-diagnostic com-
pany, Egypt.

2.5. Quantitative real-time PCR for caspase-3 gene

Approximately 100mg of either cerebrum or cerebellum tissues
were used for total RNA extraction using total RNA Extraction Kit
(Vivantis, Cat. No. GF-TR- 050). Concentration and purity of total RNA
samples were measured by Nanodrop. Approximately 2 μg of total RNA
was reverse transcribed using reverse transcriptase enzyme (RT) in a
20ml reaction mixture containing oligo-(dT)-primer, Rnase inhibitor,
dNTP mix and 5X reaction buffer (Omniscript RT kit, Invitrogen). The
mRNA expression level of the apoptotic gene caspase-3 gene was de-
termined using real-time quantitative polymerase chain reaction (qRT-
PCR). Sybr green master mix (Thermo Scientific) was used according to
standard protocol, and the primers were designed using Primer 3 soft-
ware; Caspase-3 forward primer: 5'- CAT GCA CAT CCTCAC TCG TG -3',
reverse: 5'- CCC ACT CCC AGT CAT TCC TT -3'. The cDNA was am-
plified by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C
for 30 s and extending at 72 °C for 30 s. The Beta-actin gene was am-
plified during the same reactions to serve as a reference gene according
to Rashad et al. (2018). Duplicate plates were tested, and cycle
threshold (Ct) values were used to calculate the gene/ Beta-actin ratio,
with a value of 1.0 used as the control (calibrator). The normalized
expression ratio was calculated using the 2−ΔΔCt method as described
by Livak and Schmittgen (2001).

2.6. Histopathological examination

2.6.1. Light microscopy
At the end of experiment, the whole brain tissues were rapidly ob-

tained from the rats in different groups and immediately fixed in 10%
neutral buffered formalin (NBF) for (24–48 h). After proper fixation, the
samples were dehydrated in ascending dilutions of alcohol. Specimens
were cleared in xylene, embedded in paraffin and cut at 4 μm to obtain
paraffin sections. De-waxed serial sections were subjected to be studied
by hematoxylin and eosin stain for histopathological examination
(Bancroft and Gamble, 2008).

Four point scoring system (ordinal method) was used to express the
degree of severity of the observed histopathological alterations in both
cerebral and cerebellar tissues as follows: normal histological structure
(-), mild (+), moderate (++) and severe (+++) damage. 5 slides
from 5 different rats from each group were examined for grading of the
following pathological injuries: neuronal degeneration and necrosis,
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perineuronal vacuolation and edema, perivascular (Virchow-Robin)
space, cerebral and cerebellar hemorrhage and congestion of blood
vessels. The severity of various pathological lesions in different groups
of rats was assigned according to the number of affected slides as well
as the number of affected regions within the same slide. The individual
score for each animal was determined and then the mean score for each
group was calculated for various pathological injuries (Haridy et al.,
2014; Chaâbane et al., 2017).

2.6.2. Immunohistochemical examination for caspase-3
Immunohistochemistry was performed on paraffin sections and

mounted on positively charged slides for detection caspase-3 as a
marker for apoptosis using avidin-biotin-peroxidase complex (ABC)
method (Hsu et al., 1981). Antibodies used in immunohistochemistry
(IHC) include: anti-caspase-3 antibody and active (cleaved) form pro-
duced in rabbit (AB3623, EMD Millipore). Briefly, brain sections were
incubated with antibodies mentioned above and the reagents required
for ABC method (Vectastain ABC-HRP Kit, Vector Laboratories) were
added. Each marker expression was labeled with peroxidase and co-
lored with diaminobenzidine substrate (DAB, Sigma) for detection of
antigen-antibody complex.

Immunohistochemically stained sections were examined using Leica
Qwin 500 analyzer computer system (Leica Microsystems, Switzerland)
in Faculty of Dentistry, Cairo University. The image analyzer was ca-
librated automatically to convert the measurement units (pixels) pro-
duced by the image analyzer program into actual micrometer units.
Caspase-3 immunostaining were measured as area % in a standard
measuring frame in five fields in each group using magnification (x400)
by light microscopy transferred to the screen. The areas showing cas-
pase-3 positive brown immunostaining were chosen for evaluation re-
gardless the intensity of staining. Mean value and standard deviation
were obtained for each specimen.

2.6.3. Electron microscopy
Brain tissues (cerebellum and cerebral cortex) from each group were

immediately placed in 3% glutaraldehyde in 0.1M phosphate buffer for
a few hours and post fixed in 1% osmium tetroxide for one hour.
Semithin Sections (1 μm) were prepared and stained with toluidine
blue. Ultrathin sections of 50 nm were cut by an ultra-microtome from
selected areas, were contrasted with uranyl acetate and lead citrate and
were photographed with transmission electron microscope (JEOL 1010)
at the Regional Center for Mycology and Biotechnology (RCMP), Al-
Azhar University.

2.7. Statistical analysis

The results were expressed as mean ± SD. Data were analyzed
using one-way analysis of variance (ANOVA) to determine the sig-
nificance of the mean between the groups followed by LSD post hoc test
(SPSS 16.0). P-value<0.05 was considered statistically significant.

3. Results

3.1. Oxidative stress parameters

A significant elevation in MDA level was observed in both cerebrum
and cerebellum from lead-exposed rats (Gp II) as compared with control
(Gp I) group. On the other hand, administration of garlic (Gp III) or
spirulina (Gp IV) revealed a significant decrease in MDA levels by
38.1% and 48.28% for cerebrum and by 38.94% and 47.95% for cer-
ebellum, respectively (Fig. 1A). Concerning the oxidative stress markers
levels, significant reductions in brain SOD and CAT activity were de-
tected in lead-exposed rats compared with those of control group
(Fig. 1B & C). In contrast the garlic co-treatment significantly retrieved
those altered levels of the antioxidants by 30.6% in cerebrum and
30.98% in cerebellum for SOD and by 19.73% in cerebrum and 20.14%

in cerebellum for CAT, respectively. While spirulina co-treatment sig-
nificantly retrieved those altered levels of the antioxidants by 44.09%
in cerebrum and 44.11% in cerebellum, respectively, for SOD and by
26.46% in cerebrum and 27.06% in cerebellum, respectively, for CAT.

3.2. Acetylcholinesterase enzyme activity

Gp II treated with lead showed a significant decrease in the AChE
activity in the brain tissues as compared to the Gp I (Fig. 2). On the
other hand, the co-administration with garlic (Gp III) /or spirulina (Gp
IV) induced significant elevation in cerebrum and cerebellum AChE
activity by 39.68% and 43.95% and by 54.73% and 60.49%, respec-
tively as compared to Gp II. These results indicated that both garlic and
spirulina had partial recovery effect on brain AChE activity.

3.3. Quantitative real-time PCR for caspase-3 gene

To determine the effects of lead on cell apoptosis in both cerebrum
and cerebellum, we investigated the expression of apoptosis factor
caspase-3 mRNA gene expression (Fig. 3). As showed in the obtained
results, lead intoxication (Gp II) significantly promoted up-regulation of
apoptosis related gene Caspase-3 compared to (Gp I) in both cerebrum
and cerebellum. Co-administration of spirulina down regulates the
Caspase-3 expression by 69.8% in cerebrum and 62.12% in cerebellum.
While, garlic reduced the expression level by 38.8% in cerebrum and
37.87% in cerebellum (Fig. 3).

3.4. Histopathology and immunohistochemistry

3.4.1. Light microscopical examination
3.4.1.1. A. Cerebrum. Cerebral cortex from (Gp I) showed normal
structure and distribution of neurons (Fig. 4A & B), deep to this layer
cerebral white matter composed of unmyelinated nerve fibers going to
and coming from the cortex.

The microscopic examination of cerebral stained sections from (Gp
II) revealed deleterious histopathological changes in all layers as
compared with (Gp I). It showed congested and edematous meninges.
Brain edema was evidenced by dilated Virchow-Robin spaces (Fig. 4
C).The neuropil among the neurons and neuroglia cells showed sever
vacuolation of variable sizes either single or multiple with perineural
and perivascular edema (Fig. 4D & 4E). The blood capillaries revealed
disruption of their wall. Both pyramidal and granular cells were af-
fected. Some pyramidal cells were shrunken with some dystrophic
changes in the form of pyknotic hyperchromatic nuclei and wide peri-
neural spaces (Fig. 4D). While other neurons were shrunken and loss of
their process with hyperbasophilia and dark stained nuclei. Neuronal
degeneration, chromatolysis and basophilic coagulative necrosis were
observed in most sections with or without neurophagia (Fig. 4E) (see
Table 1).

On the other hand, examination of (Gp III) showed noticeable im-
provement in the histological architecture. The neuropil was still va-
cuolated with some perineural and perivascular space. Some pyramidal
cells were shrunken, distorted with pyknotic nuclei and pericellular
halos while others appeared normal. Other neurons were faintly
stained, vacuolated, loss of their Nissl granules with karyolysis
(Fig. 5A).

Examination of cerebral sections obtained from (Gp IV) revealed
considerable improvement in neurocytes, neuroglia as well as neuropil
with absence of meningitis. Most neurocytes appeared nearly normal as
in control group with central large vesicular nuclei that contained one
or two nucleoli and peripheral distribution of Nissl granules (Fig. 5B).
Hardly found affection in the neuroglia.

3.4.1.2. B. Cerebellum. Examination of cerebellar sections obtained
from control group revealed normal histological architecture. It
composed of folia which contained a central core of white matter
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covered by a cortex of gray matter. The cerebellar cortex showed
trilaminar arrangement of neurons; outer molecular layer, inner
granular layer and a row of Purkinje cell layer in-between (Fig. 6A).
Light microscopic examination of (Gp II) showed spongiosis of
molecular layer. Purkinje layer was the most affected layer showing
degenerated Purkinje cells with dystrophic changes in the form of
shrunken cells with irregular outlines and pyknotic hyperchromatic
nuclei. Some cells appeared dark with hyperbasophilia while others loss
their Nissl substances with widening perineural spaces (Fig. 6B). There
was substantial reduction in overall population of Purkinje cells when
compared with control group. Both granular and neuroglia cells were

darkly stained when compared with control group. White matter
showed sever demyelination with axonal swelling indicated with
sever vacuolation. On contrary, examination of sections from (Gp III)
revealed improvement of the histopathological alterations in cerebellar
tissues except pyknosis of few Purkinje cells with some perineural
spaces and vacuolation in both Purkinje layer and white matter
(Fig. 6C). On the other hand, (Gp IV) showed nearly normal structure
similar to control group with well-defined Purkinje cells and ill-defined
perineural spaces and vacuolation (Fig. 6D).

3.4.2. Immunohistochemistry
Immunohistological sections from control group stained for caspase-

3 revealed negative immunostaining reaction in all areas of the cerebral
and cerebellar cortex. On the other hand, remarkable number of
apoptotic neurons and neuroglia cells showed strong positive im-
munoreactivity (brown immunoreaction staining of both nucleus and
cytoplasm) in lead exposed animals when compared with control group;
where sections from animals co-treated with garlic demonstrated a
clear reduction in the caspase-3 positive apoptotic cells. Meanwhile, the
concurrent administration of Spirulina with lead acetate revealed
nearly all neurocytes and neuroglia cells with negative im-
munoreactivity except very few cells (Figs. 7 and 8). Likewise, data
analysis showed that lead-exposed group displayed a significant in-
crease in the number of caspase-3 positive cells in the cerebral and
cerebellar cortex compared with control group. These percentage

Fig. 1. Protective influence of garlic or spirulina on the oxidative stress parameters against lead acetate induced neurotoxicity. Values are presented as mean ± SD
(n=5 rats / group). Data were expressed as means ± S.D. Groups having different letters are significantly different.

Fig. 2. Protective influence of garlic or spirulina on Acetylcholinesterase en-
zyme activity against lead acetate induced neurotoxicity. Values are presented
as mean ± SD (n= 5 rats / group). Data were expressed as means ± S.D.
Groups having different letters are significantly different.

Fig. 3. Graphical representation of mRNA expression of caspase-3 gene in different experimental groups in both cerebrum and cerebellum regions estimated by qPCR.
Data are represented as mean± SD (n= 5 rats / group). Different superscripts are significantly different from each other.
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significantly decreased in the number in the cerebral and cerebellar
cortex of -garlic-treated groups by 64.92% and 60.62%, -spirulina-
treated group by 80.81% and 78.55%, respectively (Fig. 9).

3.4.3. Electron microscopy
3.4.3.1. A. Cerebrum. Ultra structure examination of cerebral section
from control group revealed normal cytoarchitecture. Neurons
exhibited large electron lucent nuclei with well-defined nucleuolus.

The cytoplasm displayed numerous rER, polysomes and tubular or
spherical mitochondria with well-defined cristae (10 A, B and C). Also,
neuroglia cells appeared with large nuclei and scanty cytoplasm
supporting other neurons. Nuclei contained dispersed chromatin and
peripheral arranged heterochromatin (10 A). Blood vessels were
engorged with blood (10C). The surrounding neuropil showed
multiple myelinated and unmyelinated nerve fibers, neuroglia cells
and blood capillaries. The myelinated nerve fibers had regular compact
myelin sheath.

Ultrastructure examination of cerebral section from Gp II illustrated
neurons with sever degeneration. Some neurons showed shrinkage in
the nuclei with different degree of pyknosis and invaginations of their
outlines with wide perinuclear spaces. Their cytoplasm contained di-
lated rER and swollen vacuolated mitochondria with complete loss of
cristae (Fig. 10D). Other degenerated neurons revealed nuclear con-
densation and their vacuolated cytoplasm displayed swollen mi-
tochondria with disrupted cristae. Myelinated nerve fibers were also
noticed with splitting and irregular arrangement of myelin sheath
(Fig. 10E). Blood vessels were congested and surrounded with markedly
enlarged processes of astrocytes. Some myelinated nerve fibers ap-
peared with regular myelin sheath while other were observed with ir-
regular discontinuous myelin (Fig. 10F).

Ultrastructure examination of cerebral section from Gp III exhibited
some neurons with nearly normal structure while others were still de-
generated. Some cells appeared with large spherical euchromatic nuclei
and their cytoplasm contained rER and mitochondria with well-defined
cristae. Other cells appeared with pyknotic nuclei and vacuolated cy-
toplasm. Myelinated nerve fibers with regular myelin sheath were also
noticed (Fig. 11A). Another nerve cells exhibited spherical nuclei with
clumps of peripheral heterochromatin and dilated rER. The neuropil
contained many nerve fibers with irregular interrupted myelin sheath
(Fig. 11B). Blood vessels were congested with blood and surrounded
with markedly enlarged feet of astrocytes (Fig. 11C).

Ultrastructure examination of cerebral section from Gp IV demon-
strated nearly normal neurons similar to Gp I. Some neuron observed
with large spherical electron lucent nucleus and well-defined cyto-
plasmic organelles. The axon hillock and initial part of axon were no-
ticed with regular distribution of neurofilament (Fig. 11D). Other
neuron appeared with dense cytoplasm contained large euchromatic
nucleus with well-defined nucleolus, abundant rER, many free

Fig. 4. A photomicrograph showing the cere-
bral cortex in different groups of rat. A & B:
Control group showing neurons with large,
rounded or ovoid, open face nuclei and normal
distribution of cytoplasm. C: Lead-exposed
group showing edema, congestion, and he-
morrhage of the meninges (circle arrow),
perivascular and pericellular spaces (star). D:
Lead-exposed group revealed shrunken pyr-
amidal cell with pyknotic hyperchromatic nu-
cleus and densely stained cytoplasm (arrow).
The neuropil showed persistent vacuoles of
variable size (edema) (chevron). Perivascular
and pericellular spaces were noticed (star). E:
Lead-exposed group illustrating neuronal de-
generation as different neurons were darkly
stained, irregular, distorted and shrunken, loss
of their process with dark stained nuclei and
hyperbasophilia (double arrow). Some cells
showed chromatolysis with coagulative ne-
crosis (triangle). Also, vacuoles (chevron),
perivascular and perineural spaces were ob-
served (star) (H & E).

Table 1
Microscopic scoring of neuropathological lesions in different groups of rats.
Scoring was classified according to severity of lesions into: (-) none, (+) mild,
(++) moderate and (+++) severe damage (n=5 rats/ group).

Gp I Gp II Gp III Gp IV

Neuronal degeneration and necrosis – +++ ++ +
Perineuronal vacuolation and edema – +++ ++ +
Perivascular (Virchow-Robin) space – +++ ++ +
Cerebral and cerebellar hemorrhage – ++ – –
Congestion of blood vessels – ++ + –

Fig. 5. A photomicrograph showing the cerebral cortex in different groups of
rat. A: Garlic co-treated group revealed some neurons were apparently normal
(arrow) while others were degenerated with chromatolysis and necrosis (double
arrow). Residual vacuolations (chevron) and perineural spaces (star) were also
noticed. B: Spirulina co-treated group showed nearly normal morphological
appearance of neurons (arrow) as in control group (H & E).
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ribosomes and mitochondria (Fig. 11E). The surrounding neuropil ex-
hibited multiple nerve fibers either myelinated with regular compact
myelin sheath or unmyelinated (Fig. 11F).

3.4.3.2. B. Cerebellum. The ultrastructure examination of cerebellar
sections of Gp I was similar to the normal electron microscopic pictures.
Purkinje cells were characteristically very large neurons observed in-
between molecular and granular layers (Fig. 12A). Their nuclei
appeared large contained electron lucent, homogeneously dispersed
euchromatin and small granules of heterochromatin with well-defined
nucleolus. Their cytoplasm was abundant and contained well-
developed Golgi apparatus, rER, polyribosomes and numerous
mitochondria (Fig. 12B). Cells of granular layer were aggregated in
groups with their membranes contiguous to each other. Some cells
revealed cytoplasm with few mitochondria, few rER, ribosomes and
rounded or ovoid euchromatic nuclei with small peripheral
heterochromatin. While other cells were characterized by electron
dense nuclei with clumped heterochromatin. Their processes were
extending along the cell membrane of other cells of granular layer.
Furthermore, myelinated nerve fibers were also observed with regular
myelin sheath (Fig. 12C).

The ultrastructure examination of cerebellar sections of Gp II re-
vealed several degenerative changes. Purkinje cells appeared as dark
neuron with marked degenerative cytoplasm including disintegrated
and dilated endoplasmic structures, vacuolated mitochondria and py-
knotic nuclei. Moreover, pericellular and perivascular spaces were ob-
served (Fig. 12D). The granular layer demonstrated some cells with
shrunken electron dense nuclei, some irregularities in nuclear

membrane and perinuclear spaces (Fig. 12E) while other cells appeared
with vacuolated disintegrated cytoplasm and peripheral condensation
of heterochromatin in their nuclei (Fig. 12E and F). Mitochondria were
observed with pronounced degenerative changes. Some mitochondria
resembled double-contoured, balloon-like electron-lucent vacuoles
while others were appeared with partial or complete loss of cristae.
Myelinated nerve fibers were also noticed with splitting discontinuous
myelin sheath and irregular distribution of neurofilament (Fig. 12F).
The white matter revealed cells with vacuolated cytoplasm and dif-
ferent degree of pyknosis. Many myelinated nerve fibers observed with
vacuolation and loss of myelin sheath (Fig. 12G).

Ultrastructure examination of cerebellar sections from Gp III illu-
strated some changes of partial recovery. Purkinje cells appeared nearly
normal with abundant cytoplasm contained well-developed organelles
and euchromatic nuclei with invaginated envelope for a variable dis-
tance forming either shallow indentation or deep invagination
(Fig. 12H). The white matter exhibited cells with vacuolated cytoplasm,
many ribosomes, mitochondria with well-defined cristae and nucleus
with dispersed chromatin and peripheral heterochromatin. Moreover,
many myelinated nerve fibers were noticed with regular myelin sheath
and some with discontinued one (Fig. 12I).

The ultrastructure examination of cerebellar sections of Gp IV did
not demonstrate any substantial differences with control group espe-
cially granular cell layer (Fig. 12J). Cells of granular layer showed
abundant cytoplasm contained numerous rER, polyribosomes, mi-
tochondria with well –defined cristae and large ovoid euchromatic
nuclei (Fig. 12K) while other showed nuclei with fine dispersed chro-
matin and clumps of peripheral heterochromatin (Fig. 12L).

Fig. 6. A photomicrograph showing the cerebellar cortex in dif-
ferent groups of rat. A: Control group showing trilaminar ar-
rangement of neurons in the form of outer molecular layer (ML),
middle Purkinje layer (PL) and inner granular layer (GL). B: Lead-
exposed group showing shrunken pyknotic darkly stained Purkinje
cells (arrow) with perineural halos (star). The molecular layer
showed spongiosis (chevron) while cells of granular layer were
darkly stained. C: Garlic co-treated group revealed nearly normal
Purkinje cells but with residual perineural spaces (star) and va-
cuolation in molecular layer. D: Spirulina co-treated group
showed Purkinje cells resemble to control with large vesicular
central nucleus, prominent deeply stained nucleolus and baso-
philic granular cytoplasm (arrow) (H & E).

Fig. 7. A photomicrograph showing the immunohistochemical
staining of caspase-3 expression of the cerebral cortex in different
groups of rat. A: Control group showing negative im-
munoreactivity in both neurons and neuroglia cells. B: Lead-ex-
posed group demonstrating strong positive immunoreactivity. C:
Garlic co-treated group revealing some cells were caspase-3 posi-
tive while others were negative. D: Spirulina co-treated group
showing most of the cells were caspase-3 negative and very few
cells were positive with weak reaction (Caspase-3).
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4. Discussion

A number of research studies have revealed that exposure to lead is
extremely dangerous and results in a variety of neurological dis-
turbances (Singh et al., 2017). Regarding our results of the oxidative
stress markers, it was observed that lead acetate administration had an
adverse effect on oxidative stress markers in addition to concomitant
reduction in CAT and SOD enzymes activity in brain tissue compared to
control which suggesting that the oxidant /antioxidant balance in brain
tissue of rats was disrupted by lead administration (Singh et al., 2017).
MDA is a substantial oxidation product of peroxidation of poly-
unsaturated fatty acids. Consequently, escalated MDA level is an es-
sential LPO indicator (Durak et al., 2010) which is an index for oxi-
dative stress damaging the cell membrane and altering membrane
fluidity. The recorded significant increase in MDA level following lead
exposure are in accordance with those obtained by Wang et al. (2013)

Fig. 8. A photomicrograph showing the immunohistochemical
staining of caspase-3 expression of the cerebellar cortex in dif-
ferent groups of rat. A: Control group showing negative caspase-3
expression. B: Lead-exposed group demonstrating strong positive
immunoreactivity especially in Purkinje cells. C: Garlic co-treated
group revealing some cells were caspase-3 positive while others
were negative. D: Spirulina co-treated group showing most of the
cells were caspase-3 negative and very few cells were positive with
weak reaction (Caspase-3).

Fig. 9. A photomicrograph showing the area percentage of caspase-3 immune-
reactivity of the cerebral and cerebellar cortex in different groups of rat. Values
are presented as mean ± SD (n=5 fields / group). Data were expressed as
means ± S.D. Groups having different letters are significantly different.

Fig. 10. Electron micrographs of cerebral sec-
tions from different groups of rats. A: Gp I
showed nerve cell (NC) with large euchromatic
nucleus (N), normal nuclear envelope, nu-
merous rER, polyribosomes (R) and spherical
mitochondria (M) with well-defined cristae.
Supporting neuroglia cells (SC) with large nu-
cleus (N), scanty cytoplasm. B: Gp I demon-
strated neuron with large electron lucent nu-
cleus (N), well-defined nucleolus (arrow),
normal nuclear membrane (NM), rER and
elongated mitochondria with well-defined
cristae (M). C: Gp I illustrated some neuron
with euchromatic nucleus (N) and other with
dispersed chromatin and peripheral hetero-
chromatin (N), numerous rER and spherical
mitochondria (M). Blood vessel (B.V.) was en-
gorged with blood. D: Gp II revealed shrunken
nuclei (N) with different degree of pyknosis,
invaginations in their outlines (arrow), wide
perinuclear spaces (chevron), dilated rER and
swollen vacuolated mitochondria with com-
plete loss of cristae (M). E: Gp II revealed de-
generated neuron with nuclear condensation
(N), vacuolated cytoplasm (V), swollen mi-
tochondria (M) with disrupted cristae. Notice
the myelinated nerve fiber (MNF) with splitting
with irregular arrangement of myelin sheath
(arrow). F: Gp II showed blood vessel (B.V.)

surrounded with markedly enlarged processes of astrocytes (star). Some myelinated nerve fibers (MNF) appeared with regular myelin sheath (arrow) while other
were with irregular discontinued myelin (double arrow).
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and Abdulmajeed et al. (2016). This elevation may be attributed to the
formation of highly reactive hydroxyl (OH) radical which abstracts a
hydrogen (H) ion from a fatty acid resulting in the formation of a fatty
acid radical. The cumulative effect of these radicals results in the
weakening of membrane integrity of cells leading to cellular damage
(Thuppil and Tannir, 2013). The generation of free radicals is asso-
ciated with the enhanced oxidative stress following exposure to lead
(Singh et al., 2017). The significant reduction in SOD and CAT activity
after lead exposure comes in accordance with Al-Mzaien et al. (2015)
and Abdulmajeed et al. (2016). This inhibition may be attributed to
lead which exists as a bivalent cation and has electron sharing abilities
resulting in covalent attachments with –SH groups of various anti-
oxidant enzymes such as SOD, CAT and GPx (Ercal et al., 2001; Patra
et al., 2011). The brain tissue is particularly vulnerable to oxidative
stress because of its high oxygen consumption rate, low mitotic rate,
richness in unsaturated lipids content, relatively high abundance of
redox-capable transition metal ions, and relatively low availability of
antioxidant enzymes compared with other organs and extended axonal
morphology (Khalaf et al., 2012). These factors perhaps explain why
lead exposure affects brain more than any other organ. Cognition
functions and motor activities of the brain are controlled by acet-
ylcholine, AChE and choline acetyl transferase. The effects of lead ex-
posure on brain functions was assessed by evaluation of AChE activity,
a pivotal enzyme involved in cholinergic neurotransmission. In addi-
tion, it is also known that the vital role of this enzyme in diseases with
an increasing incidence in the elderly population, like Alzheimer dis-
ease (Richetti et al., 2011). In the present study, upon lead acetate a
progressive decrease in ACHE activity in brain tissue was observed and
our findings are in line with those mentioned by Ani et al. (2007). In-
hibition of ACHE enzyme activity can be due to a deficiency of the
enzyme synthesis by the inhibitory action of toxicants (El-Demerdash
and Elagamy, 1999). It has been shown that lead has chemical simi-
larity to calcium which allows lead access to critical cellular pathways,
particularly within the mitochondria and in second messenger systems,
where it competitively antagonizes calcium action (Onunkwor et al.,
2004). Lead also has been shown to reduce enzyme activity including
AChE and Na+/K+ ATPase activity. Therefore, lead probably changes
the binding kinetics of Na+/K+ ATPase activity that plays an original

role in linking the extracellular signals to intracellular at the neurons
and also affects cholinergic transmission (Yallapragada et al., 2003).
Lead may act in a mimetic role and activate the calcium mediated sy-
naptic vesicle release mechanisms. In addition, lead competes with
calcium for common binding sites and is incorporated into calcium
transport systems in the nervous system, where it is important for
neurotransmitter release and regulation (Devi et al., 2005). Ad-
ditionally, Pb interfering with Ca2+ calmodulin mediated neuro-
transmitter release and this responsible for behavioral impairment (Gill
et al., 2003; Abeer, 2012).

Suszkiw (2004) showed that Pb affected both the release and re-
uptake of several neurotransmitters controlled by voltage-gated Ca2+

channels. Pb, also, causes hyper-phosphorylation and α-synuclein ac-
cumulation, leading to the enhancement of type I (apoptosis) and type
II programmed cell death (autophagy) (Zhang et al., 2012). To de-
termine the mechanism of Pb-induced apoptosis, we examined the ex-
pression of apoptotic protein caspase-3. Lead intoxication, in the pre-
sent study, caused marked increase in neural caspase-3 gene expression
and protein which was consistent with previous report (El-Tantawy,
2016). Apoptosis induced by lead may be attributed to ROS–mediated
mitochondrial damage and disruption of mitochondrial permeability
resulting in release of cytochrome C and caspase activation (Orrenius
et al., 2007). Continuous lead exposure over a long time will make ROS
and antioxidants within the body become imbalanced, thus leading to
oxidative stress. Oxidative stress will destroy DNA, and then stimulate
apoptosis through intrinsic pathways. Flora et al. (2007) stated that
lead can resemble calcium increase intracellular metabolism which is
able to stimulate mitochondrial depolarization which induced release of
cytochrome C that soon binds with Apaf-1, activate caspase-9, and ac-
tivate caspase-3 as an executor caspase, and finally, apoptosis occurs
(Flora et al., 2007). This is supported by Xu et al. (2006) and Ahmed
et al. (2013) who found that lead elicits DNA damage and apoptosis,
accompanied by an increase in the Bax/Bcl-2 ratio and caspase-3 ac-
tivity. Kiran Kumar et al. (2009) showed that lead induces region-spe-
cific response of expression in apoptotic proteins; Bcl-2 and caspase-3.
Indeed, extensive experimental studies have reported of lead induced
selective apoptosis in rat brain (Dribben et al., 2011).

Examination of brain sections by light and electron microscopy, in

Fig. 11. Electron micrographs of cerebral sec-
tions from different groups of rats. A: Gp III
exhibited nearly normal neuron with large
spherical euchromatic nucleus (N), well-devel-
oped rER and mitochondria (M) with well-de-
fined cristae. Other shrunken cell was observed
with pyknotic nucleus (N) and vacuolated dis-
soluted cytoplasm (V). Notice myelinated nerve
fiber (MNF) with regular myelin sheath.
Fig. 11B demonstrated nerve cell with dilated
rER and spherical nucleus (N) with clumps of
peripheral heterochromatin. The neuropil con-
tained many nerve fibers with irregular inter-
rupted myelin sheath (arrow). Fig. 11C showed
congested blood vessel (B.V.) and surrounded
with enlarged feet of astrocytes (star). D: Gp IV
demonstrated nearly normal neuron with large
spherical electron lucent nucleus, well-defined
cytoplasmic organelles, axon hillock and initial
part of axon (A) with regular distribution of
neurofilament. Fig. 11E showed cell with dense
cytoplasm contained large euchromatic nucleus
(N), well-defined nucleolus (arrow), abundant
rER, many free ribosomes (R) and mitochon-
dria (M). F: Gp IV illustrated neuropil with
multiple nerve fibers either myelinated with
regular myelin sheath (arrow) or un-
myelinated.
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our study, did not demonstrate substantial differences among rats in
control and spirulina co-treated groups and it was similar to the normal
cytoarchitecture while those of garlic co-treated group showed some
affections. On the other hand, lead administration displayed histolo-
gical alterations in the meninges, neurons, neuroglia as well as neuropil
of the brain tissues in association with several apoptotic changes. These
results are in harmony with (Al-Mzaien et al., 2015; Naqi, 2015) who
established that lead produced neuropathological and biochemical al-
terations in the brain causing severe damage. All these changes were
associated with positive caspase-3 reaction in most neurons with dif-
ferent degrees of astrogliosis. Our results showed that Pb-exposed ani-
mals exhibited brain edema which might be attributed to the disruption
of blood brain barrier (BBB) function leading to disturbance in blood
dynamics and escape of the fluid to the nervous tissue and these find-
ings agree with Al-Mzaien et al. (2015). Extensive previous studies
explained that the first step in the Pb neurotoxic effects might be pri-
marily related to damage to the permeability of BBB through up reg-
ulation and activation of the transient receptor potential canonical
channel TRPCI/TRPC4 channels in rat brain endothelial cells (Balbuena
et al., 2012; Tobwala et al., 2014) suggested that BBB dysfunction is a
contributing mechanism in lead neurotoxicity in a vitro model of the
BBB. Yan et al. (2003) and O’Donnell et al. (2004) found that ischemia-
related edema involves stimulation of brain Na-K-Cl co-transporter
system facilitating edema formation and swelling of endothelial tissue

cells. Thus, it is possible that those mechanisms contribute to the brain
edema observed in this study. Since perivascular pericytes, astrocytes
and adipocytes play a substantial role maintaining the function of the
BBB (Xu and Ling, 1994; Guzik et al., 2007), perivascular swelling
determined in Pb-exposed rats may represent swollen astrocytes, peri-
cytes or adipocytes resulting in disruption of the BBB functions.

Abbott et al. (2006) reported that following lead exposure, astro-
cytes secrete variety of inflammatory cytokines into surrounding tis-
sues, which further mediate the immune response including activation
of microglia and macrophages and induce alternative adverse reactions
which might eventually result in the destruction of BBB tight junctions.
It has been hypothesized that inflammatory cytokines induce produc-
tion of matrix metalloproteinases that degrade the extracellular matrix
and basement membrane, in astrocytes, resulting in increased perme-
ability of the BBB (Rosenberg, 2001). Astrocytes maintain the trans-
endothelial electric resistance (TEER) of the BBB (Siddharthan et al.,
2007). Kim et al. (2013) showed that lead toxicity in the BBB or brain
microvascular endothelial cells might influence tight junction proteins.
Balbuena et al. (2011) reported that lead reduces the expression of tight
junction proteins and lowers TEER, causing changes in ion permeability
at the BBB and brain interstitial fluid ion regulation. By penetrating the
BBB, lead accumulates in astroglia cells, disrupting myelin sheath for-
mation. Even in very little concentrations, lead affects neural excitation
and memory-related neurotransmitter activity (Bressler et al., 1999;

Fig. 12. Electron micrographs of cerebellar
sections from different groups of rats. A: Gp I
showed Purkinje cell (Pc) was in the vicinity
cells of granular layer (GL). B: Gp I revealed
Purkinje cell with large electron lucent nucleus
(N), well-defined nucleolus (Nu), abundant
cytoplasm, rER, polyribosomes and numerous
mitochondria (M). C: Gp I illustrating different
cells of granular layer and myelinated nerve
fibers with regular myelin sheath. D: Gp II ex-
hibited degenerated Purkinje cell (Pc), disin-
tegrated cytoplasm, shrunken pyknotic nucleus
(N), pericellular and perivascular spaces (S). E:
Gp II exhibited cells with granular layer with
shrunken electron dense nuclei (N), some irre-
gularities in nuclear membrane and perinuclear
spaces (S) while others appeared with vacuo-
lated cytoplasm (V). Myelinated nerve fibers
also noticed with splitted myelin sheath
(arrow). F: High magnification on one de-
generated cell from Gp II revealed vacuolated
disintegrated cytoplasm (V), swollen mi-
tochondria with partial loss of cristae (M), nu-
cleus (N) with peripheral condensation of het-
erochromatin. Also, some mitochondria (M)
resembled double-contoured with balloon-like
electron-lucent vacuoles were observed.
Myelinated nerve fibers were also noticed with
discontinuous myelin sheath (arrow) and irre-
gular distribution of neurofilament. G: Section
of white matter from Gp II revealed nuclei (N)
of cells with different degree of pyknosis and
dissoluted cytoplasm. Many myelinated nerve
fibers observed with vacuolation (V) and loss of
myelin sheath (arrow). H: Gp III illustrated
nearly normal Purkinje cell with abundant cy-
toplasm contained well-developed organelles
and euchromatic nucleus (N) with invaginated
envelope (arrow). Fig. 12I demonstrated cell in

white matter with vacuolated cytoplasm (arrow), many ribosomes, mitochondria with well-defined cristae (M) and nucleus with dispersed chromatin and peripheral
heterochromatin (N). Moreover, many myelinated nerve fibers were noticed with regular myelin sheath and some with discontinued one (double arrow). J: Gp IV
showed aggregated cells of granular layer were in groups with their membranes contiguous to each other and myelinated nerve fibers with regular myelin sheath. K
and L: Gp IV illustrated cells from granular layer with abundant cytoplasm contained many rER, polyribosomes (R), mitochondria (M) with well-defined cristae and
large ovoid euchromatic nucleus (N) (12 K) or with heterochromatic nucleus (N) (12 L).
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Kim et al., 2015).
These vascular changes might impair nutrition and oxygen supply to

both cerebral and cerebellar tissues. As neurons require relatively large
quantities of O2 due to their high metabolic rate (Gold et al., 2004). The
degenerative changes observed in the neurons in addition to nuclear
changes in the form of darkening and shrinking (pyknosis), abnormal
chromatin distribution or nuclear fading (karyolysis) were seen in our
study reflected a certain phase of apoptosis. These cells are considered
metabolically inactive and in some instance dying cells. It might be due
to ischemia resulting from substantial abnormalities in the capillary
wall with subsequent disorders in the structural elements of the BBB
(Donald et al., 2001). Biosynthesis and function of neuronal mi-
tochondria activity is affected by lead with disruptive effects on sy-
naptic transmission in the brain. Furthermore, lead affecting brain cells
via excitotoxicity and apoptosis (Hel.Poblenz et al., 2000).

Most distorted cells appear with irregular outline and loss of the
shape these changes can be correlated with the cytoskeletal dis-
organization observed by electron microscope. These cells manifested
major ultrastructural changes in most organelles indicating cell de-
generation. The increase of cytosolic calcium and alteration in mi-
tochondrial permeability next to oxidative stress can cause mitochon-
drial injury which reflected on its function leading to rapid
degeneration of the cells (Afifi and Embaby, 2016).

Mitochondrial alterations are observed as swollen vacuolated mi-
tochondria with partial or complete loss of cristae which may be related
to oxidative stress. The observed mitochondrial changes may be con-
sidered as early manifestation of apoptosis and an adaptive process to
undesirable environments because of excess exposure of the cell to free
radicals at the extent of intracellular organelles (Wakabayashi, 2002). It
has been found that lead exposure interferes with astrocyte functions
leading to the insufficient supply of energy from astrocytes to neurons
as it causes morphological and functional changes in astrocytic mi-
tochondria (Struzyñska et al., 2001). Mitochondrial dysfunction in as-
trocytes affects the survival of motor neurons (Cassina et al., 2008).
Moreover, Lepper et al. (2010) stated that lead can bind to the sulf-
hydryl group of creatine kinase and pyruvate kinase and decrease their
activity resulting in an insufficient supply of pyruvate and lactate from
astrocytes to neurons. Lead can also act on cytochrome C and adenosine
triphosphate synthase to cause dysfunction of the mitochondrial elec-
tron transport chain and generation of free radicals (Maiti et al., 2010).
Accumulation of free radicals and ROS might impede the supply of
energy to neurons eventually causing neuronal apoptosis (Lepper et al.,
2010; Flora et al., 2012b; Mousa et al., 2015). It may be suggested that
these observed alterations in the cellular integrity are due to excess Pb
stored in the interneuronal spaces that inhibits oxygen utilization, thus
reducing the production of the required level of ATP and modifying the
morphology of the neuron to compensate for the available amount of
energy present (Baranowska-Bosiacka and Hlynczak, 2003; Maiti et al.,
2010). One of the pivotal role of astrocytes is to respond to injury via an
intricate process known as reactive gliosis, which causes cellular da-
mage or loss of normal neuroprotective functions in the CNS following
injury, trauma, or disease (Aguzzi et al., 2013). Ultimately, the dis-
torted shrunken cells seemed to be a result of damage structural and
functional biosynthesis of cell proteins, nucleic acids, certain enzymes
and various neurotransmitters (Carageorgiou et al., 2004).

Regarding the cytoplasmic vacuolation in the neurons of the Pb-
treated rats and some of garlic-treated group (Gp III); it was a result of
LPO theory, in addition to damage of the cell membrane as well as
membranes of other damaged organelles from exposure to free radicals
(Zarnescu et al., 2008). Such damage is specifically followed by an
increase in the sodium permeability which surpasses the capacity of
pump to extrude the sodium resulting in its accumulation within the
cell followed by an increase in water content and swelling of the cell
(Afifi and Embaby, 2016). The vacuolation in the surrounding neuropil
might be attributed to the cells shrinkage and retraction of their pro-
cesses secondary to cytoskeletal affection leaving pericellular spaces.

They are indicative of neuronal death and are symmetrical with neu-
ronal necrosis as seen in early stages of ischemic, hypoxic/ischemic,
hypoglycemic and excitotoxic states (Auer and Sutherland, 2002). Scott
et al. (2008) showed that the neuropil vacuoles represent the swollen
neuronal processes and presynaptic nerve endings whereas the cyto-
plasmic vacuoles correspond with swollen mitochondria.

The axons changes were recorded as a component of a neuronal
injury while the myelination’s disruption was attributed to the changes
in myelin basic protein secondary to membrane damage and axonal
degeneration. Demyelination can occur as a response to axonal de-
generation or secondary to the oxidative stress while dysmyelination
was attributed to high water content in degenerating nerve causing
intramyelinic edema and edematous splitting at various levels of the
myelin lamella (Manzo et al., 1996). Watenaux et al. (2009) showed
that the free radicals potentially deteriorate the oligodendrocytes and
neurons causing damage to cell membrane and impairment of myeli-
nation.

Our study revealed several morphological changes in myelin of
lead-exposed rat as well as degenerating myelin which signified by
vacuoles in the myelin sheaths. These changes come in accordance with
that of Dabrowska-Bouta et al. (2004) and Xu et al. (2009). Several
mechanisms have been suggested such as diminished myelin associated
lipids (Krigmann et al., 1972), myelin basic protein (Zawia and Harry,
1996) and myelin integral protein enzyme CNPase (Dabrowska-Bouta
et al., 2004). The production and maintenance of myelin is essential to
normal function of the CNS. Even small changes in myelin indices could
lead to changes in conduction speed and signal timing which is critical
for the proper function of integrated neuronal circuits (Felts et al.,
1997). Altered fibers and overall myelin structure has been associated
with a subsidence in cognitive function (Peters, 1996) and can influence
motor function (Mattay et al., 2002). In addition, myelin abnormalities
may lead to reduce propagation of nerve impulse (Hernández-Fonseca
et al., 2009). Garlic-treated group (Gp III) still revealed ultrastructural
alterations in myelin formation suggesting that the oligodendrocytes
were not able to fully compensate the defect in myelination induced by
lead.

Regarding the neuroglia, the enlarged processes of astrocytes may
be attributed to lipid peroxidation theory and an increase in the sodium
permeability resulting in its accumulation within the cell followed by
increase in water content in the cell leading to its swelling (Panickar
and Norenberg, 2005). The astrocytes were considered the primary cells
involved in the regulation of the immune response to pathological
processes in the brain (Liu et al., 2011). These cells played a critical role
in neurotransmitter uptake and metabolism, neurotransmitter receptor
expression, neurotrophic factor-secretion, secretion of extracellular
matrix protein and maintenance of the extracellular balance of ions
(Afifi and Embaby, 2016).

In the present study, the co-administration of spirulina with lead
acetate resulted in a good degree of restoration of the altered levels of
the investigated oxidative stress markers as detected by a significant
reduction in MDA with the reversion of inhibited antioxidant enzymatic
system (SOD and CAT), pronounced improvements in the ACHE activity
and significantly reduced the elevated levels of caspase-3 observed in
the lead-treated group (down regulation of caspase-3 gene expression).
These results are in a harmony with those of Ponce-Canchihuamán et al.
(2010); Gargouri et al. (2012); El-Tantawy (2016) and Khalil et al.
(2018). Furthermore, examination of specimens obtained from animals
treated with Pb concomitantly with spirulina showed remarkable im-
provement in the nerve cells and neuroglia and hardly ever the affected
cells are noticed. These findings are in agreement with Gargouri et al.
(2012) and Khalil et al., (2018). The protective effect of spirulina
against Pb-induced oxidative stress could be attributed to its anti-
oxidant contents, high degree of free radical scavenging activity and
suppression of LPO. As spirulina contains many functional bioactive
ingredients including phenolic phytochemicals (Jensen et al., 2015;
Machu et al., 2015), phycobiliprotein C-phycocyanin (Finamore et al.,
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2017), carotenoid, omega-3 and omega-6 polyunsaturated fatty acids,
gamma-linolenic acid and complex of vitamins with antioxidant prop-
erties (Chopra and Bishnoi, 2008). The metallo-protective role of spir-
ulina may be attributed due to the presence of β-carotene which has
been suggested to be powerful single oxygen quenching, free radical
scavenging and chain breaking during lipid LPO (Bangeppagari et al.,
2014). For instance, selenium-containing phycocyanin from spirulina
has strong free radical scavenger action against superoxide, hydrogen
peroxide radical (Huang et al., 2007; Chu et al., 2010) which then
enhance the macromolecular damage following the loss of neuronal
function (Tobon-Velasco et al., 2013). Moreover, phycocyanins were
found to act as neuroprotectants in rats treated with kainite, protecting
the cerebellum against the oxidative stress-induced apoptosis (Hirata
et al., 2000). Exogenous antioxidant such as β-carotene, ascorbic acid
and α-tocopherol can be effective on neuronal cell protection due to the
effect of ROS on neuronal cell damages and fast consumption of en-
dogenous scavenging antioxidants (Varshosaz et al., 2014). Ad-
ditionally, Santos et al. (2008) showed that ascorbic acid exerted neuro-
protective action through decreasing LPO and increasing catalase ac-
tivities. Furthermore, spirulina is recognized by its high digestible
protein content (60–70% by dry weight) (Kulshreshtha et al., 2008).
Indeed, spirulina is rich in many trace minerals (selenium, magnesium
and manganese) which are essential cofactors for the different isoforms
of the metalloenzymes. Therefore, it has a potential therapeutic agent
for treating oxidative stress-induced diseases (Ghaeni and Roomiani,
2016).

Khalil et al. (2018) observed that spirulina supplementation could
reduce lead levels in both blood and brain tissue in rats which was
mostly related to the chelating capacity of spirulina for heavy metals
(Elshazly et al., 2015; Bashandy et al., 2016). Indeed, spirulina has a
rapid lead adsorption rate and high lead adsorption capacity and it
enhances the elimination of heavy metals from the body (Banji et al.,
2013). Spirulina ameliorated the effects of Pb on the brain tissue by
facilitating the displacement of lead, resulting in reduced Pb accumu-
lation in the body, through its potential antioxidant efficacy via its
radical-scavenging ability (Banji et al., 2013). In addition to, ascorbic
acid as a component of spirulina showed to curtail lead-induced oxi-
dative stress and decreasing intestinal absorption as well as increasing
renal lead clearance (Haridy et al., 2014). Besides, spirulina's restora-
tion potency in the brain tissue was reliable even in terms of bio-
chemical and histopathological outcomes. This implies that spirulina
could serve as a biologically effective therapeutic agent that can en-
hance cell survival in the rat brains through caspase–3 down-expression
and cell death suppression.

The biochemical data together with histopathological observations
from Gp III have pronounced the efficiency of co-treatment with garlic
to partially rescue brain from lead-induced damage. Garlic adminis-
tration reversed the alterations induced by lead acetate in the MDA,
antioxidant enzymes, ACHE activity, caspase-3 gene expression and
these findings were similar to those in the previous studies (Yassin,
2005; Haridy et al., 2014; Manoj Kumar et al., 2016; Nasr et al., 2017;
Saleh et al., 2018).

The protective role of garlic may be mediated through several ac-
tions; firstly by the prevention of LPO due to its thiol-containing com-
pounds such as S-allyl cysteine (Massadeh et al., 2007), secondly,
through prevention of excessive free radicals production due to its or-
gano-sulfur, flavonoid aglycones and phenolic compounds contents,
and these may be responsible for the antioxidant capabilities (Bozin
et al., 2008), thirdly, through enhancing cellular antioxidant enzymes
and activation of oxidant induced transcription factors due to its con-
tent of diallyl sulfide (Abdel-Daim and Abdou, 2015; Salem and Salem,
2016). Besides these properties, the other efficiency of garlic is perhaps
due to the presence of compounds have free carboxyl (C]O) and amino
(NH2) groups in their structure (Taji et al., 2012). These biologically
active compounds might chelate lead as they can easily permeate
phospholipid membranes and reduce intracellular lead to enhance its

excretion from the body resulting in reduced lead accumulation in soft
tissue and blood (Haridy et al., 2014; Ebrahimzadeh-Bideskan et al.,
2015). Previous studies revealed that administration of A. sativum has
prophylactic efficacy in reducing the Pb burden in blood (Sadeghi et al.,
2013; Saleh et al., 2018) and brain tissue (Manoj Kumar et al., 2016;
Saleh et al., 2018) in lead-exposed animals. Furthermore, garlic extract
enhanced the lead excretion in the urine and the feces of the exposed
rats (Haridy et al., 2014). In addition to chelation, sulfur-containing
amino acids such as S-allyl cysteine and S-allyl mercapto cysteine also
prevent the gastrointestinal tract lead absorption, resulting in reduced
blood lead level (Zhai et al., 2015; Haridy et al., 2014). Organo-sulfurs
in garlic extract are known to neutralize H2O2 (Ide et al., 1997) and
scavenge superoxide radicals (Kim et al., 2001), thereby preventing
H2O2 induced cell damage. The prophylactic efficacy might be due to
association of lipophilic organo-sulfur compounds of garlic with lead,
resulting in its partial removal (Senapati et al., 2001). The antioxidant
influence of garlic against lead induced toxicity in different tissues was
reported (Manoj Kumar et al., 2016). In addition, our investigation
showed that garlic co-administration reduced the elevated levels of
caspase-3 induced by lead administration. Nasr et al. (2017) observed
that garlic supplementation significantly down regulating the expres-
sion of proapoptotic marker proteins caspase-3 and Bax. These because
garlic contained more than 200 chemical compounds including volatile
oil with sulphur-containing allicin, allin, ajone, allinase, peroxidase and
myrosinase (Hossain et al., 2014). By further investigation using im-
mune-histochemistry, sections from Gp II revealed many apoptotic
neurons with a strong positive reaction while spirulina co-treatment or
garlic co-treatment showed their ameliorative effect.

5. Conclusion

Spirulina as well as garlic administration exhibited an ameliorating
effect on the lead-induced neurotoxicity but spirulina had more effec-
tive protection than garlic. So, it is recommended that awareness should
be focused on spirulina and antioxidants supplement; particularly in
geographical areas where lead contamination is expected, as important
protective measure for the neurotoxicity. Considering the mild degen-
erative changes still observed in some cells in this work, further in-
tensive experimental and clinical study may be required to adjust the
dose and time of treatment.
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