Can L-carnitine prevent Cadmium-Induced Damage of the
Developing Hippocampus?
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ABSTRACT

Background: Cadmium is used in everyday life aspects. Hippocampus plays important role in the memory process and could
be affected by cadmium exposure. L-carnitine is antioxidant, its role in neuroprotection is still not known.

Aim of Work: To assess effects of pre- and postnatal cadmium exposures on structure of principle cells (pyramidal and
granular) of hippocampus in albino rats, and the potential role of L-carnitine.

Material and Methods: Pregnant female albino rats were used and divided into two major groups: I- Pregnancy and II-
Lactation, each was further equally subdivided into 4 subgroups: Group la- Control. Group Ib- received cadmium from
pregnancy day (PD)10 until delivery. Group Ic- received L-carnitine from PD7 until delivery. Group Id- received both
L-carnitine from PD7 + cadmium from PD10 until delivery. Group Ila- Control. Group IIb- received cadmium from day 0-21.
Group Ilc- received L-carnitine from day 0-21. Group IId- received both L-carnitine+cadmium from day 0-21. Cadmium
chloride was given orally by gastric lavage 4 mg/kg bodyweight/day. L-carnitine dose was given as 200 mg/kg/day orally by
gastric lavage. The hippocampal specimens were collected from twelve male offspring of both age subgroups (newborn and
21 day old; 96 rats total) and were processed for light, electron microscopy and morphometry.

Results: In cadmium received rats principle cells showed degenerative changes as pyknosis, cytoplasmic vacuoles, damaged
mitochondria, indentation of nuclear membrane, and the morphometric data showed highly significant reduction in principle
cells number and decreased principle cell layer thickness as compared to control. In cadmium+L-carnitine received rats the
principle cells showed a very few swollen cells with little vacuoles, mildly dilated rough endoplasmic reticulum, and the
morphometric results were improved approaching those of the control.

Conclusion: cadmium damaged principle cells of dentate gyrus, CA3 and CA1 fields of the rat hippocampus. L-carnitine

reduced the cadmium-induced neuronal damage.
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INTRODUCTION

Cadmium is a toxic agent that has many health hazards
on human systems and is considered to be a human
carcinogen classified as a Group B1 carcinogen by the
environmental protection agency (EPA)!N. The central
nervous system is especially vulnerable to damage during
early neonatal development™™. Cadmium can pass to the
fetus via the placenta and was also detected in milk during
lactation®*31. Cadmium can enter our bodies through many
ways, Food is generally the largest source of cadmium
exposure. Cadmium levels in some foods can be increased
by the application of phosphate fertilizers or sewage sludge
to farm fields!®.. The major food groups that contribute to
the most cadmium exposure are rice, grains, shellfish, sea
food, meat and vegetables!”!. Inhalation is another important
source of cadmium exposure as it is released in the air
during the manufacture of numerous industrial products as
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pigments, coatings, rechargeable batteries, plastic products
and alloys*’l. Smoking is another important source of
cadmium exposure!'?l,

The hippocampus is a part of the limbic located in the
medial temporal lobe of the brain'!!. It plays important role
in the formation of recent memories!'?. Development of
the hippocampus in rats begins prenatally and continues
postnatally. It was found that neurons in the rat hippocampal
formation (the dentate gyrus and the hippocampus) are
born over a protracted period, from gestational day G 15
into adulthood?.

L-carnitine has an antioxidant effect and this is
attributed to its capability of fatty acid oxidation in the
mitochondria to obtain energy!'#!. L-carnitine is capable of
crossing the placental barrier during pregnancy and to be
excreted in milk of lactating mothers!!®l. Accordingly, the
aim of this study is to demonstrate the effects of cadmium
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and L-carnitine on the principle cells of the dentate gyrus,
CAl and CA3 fields of the hippocampus of newborn
(pregnancy group) and suckling rats (lactation group).

MATERIAL AND METHODS

Ethics statement

Handling and care of animals conformed to the
guidelines, being in compliance with current national and
international laws and policies (NIH Guide for the Care
and Use of Laboratory Animals, NIH publication no. 85—
23, 1985, revised 1996). The experiments were conducted
to minimize the number of animals used and suffering
caused by the procedures applied in the present study.

Animals

Albino rats were used in the present study. Through
the experiment, the animals were maintained at the animal
house under controlled conditions 12h:12h dark/light
cycle, normal room temperature and normal humidity
and supplied with standard pellet food and tap water.
Cadmium chloride was given at a dose of 4 mg/kg/day
dissolved in water and was given orally by gastric lavage
daily!'®). Cadmium dose is considered sublethal according
tol!”). L-carnitine was given at a dose of 200 mg/kg/day
orally by gastric lavage daily according to!'*]. The animals
were divided into 2 groups:

Group I: In this group, 16 female adult albino rats
were mated with 8 male adult albino rats, appearance of
vaginal plug was considered as day zero of pregnancy.
The males were removed from the cages and the females
were subjected to the experiment. The pregnant group was
subdivided equally into 4 subgroups: Group Ila- Control
group: They received no treatment. Group Ib- Cadmium
was given at 10th day of pregnancy and was continued
daily through the whole period of pregnancy until delivery.
Group Ic- (sham control): L-carnitine was given at 7" day
of pregnancy and continued daily through the whole period
of pregnancy until delivery. Group Id- Cadmium was given
at 10th day of pregnancy while L-carnitine was given at 7th
day of pregnancy and both were continued daily through
the whole period of pregnancy until delivery.

Group II: In this group, 16 female adult albino rats were
mated with 8 male adult albino rats. The experiment and
treatment started immediately after birth and continued
through the whole period of lactation (21 days). Lactation
group was subdivided equally into 4 subgroups: Group
ITa- Control group: They received no treatment. Group IIb-
Cadmium was given daily to the mothers from day 0 to day
21. Group Ilc- (sham control): L-carnitine was given daily
to the mothers from day 0 to day 21. Group IId- Both drugs
were given daily to the mothers from day 0 to day 21.

Twelve male rats offspring of both age groups in each
of the above subgroups (96 rats total) were sacrificed at
the end of experiment and studied by different methods
(light and electron microscopic study and morphometric
study). In this study six rats were used in each subgroup

of both age groups for light microscopic study. The brains
were quickly removed, fixed in Bouin’s solution for 48
hours, dehydrated, embedded in paraffin and the blocks
were cut serially in the coronal plane at a thickness of 5
um. The sections were processed for: gallocyanin chrom
alum stain. Also, six rats were used from the control
and experimental subgroups of both ages for electron
microscopy of the granular cells of the dentate gyrus and
pyramidal cells of hippocampus. The semithin sections
were stained with toluidine blue and the ultra-thin sections
(450-500 A°) were stained with uranyl acetate and lead
citrate®”. Stained ultrathin sections were examined by
Jeol-JEM- 100 CXII Electron Microscope.

Morphometric studies

In this work the thickness and cell count of granule
cells in dentate gyrus and pyramidal cells in CA1 and CA3
regions were measured. Estimation of thickness of the
granular cell layer of the dentate gyrus and pyramidal cell
layer of CA1 and CA3 fields was done for both groups. Cell
count was done by using the Image Analyzer "soft imaging
system-Olympus company". The cell count was done on
an area of 12360 um? for the granular cells of the dentate
gyrus and for the pyramidal cells in the CA3 field and
CALl field in all the studied groups. Data were presented as
mean + SD. Statistical analysis of data was tested for
significance using one way ANOVA and posthoc test
"Tukey's" through the computerized statistical package
"SPSS"U. Finally, significance was considered according
to the P-value level of significance: P > 0.05 — no
significance. P < 0.05 — significant. P < 0.01 — highly
significant.

RESULTS

Newborn rats

Dentate gyrus

Group Ia: Light microscopic study of the newborn
hippocampus showed the dentate gyrus granular cell layer
composed of densely packed granule cell bodies with small
oval to round nuclei (Plate 1.a). The ultrastructural study
of the granule cell showed that it has rounded nucleus
with clumps of chromatin. The cytoplasm had a lot of
mitochondria and free ribosomes. Rough endoplasmic
reticulum cisternae were also present (Plate 1.b).

Group Ib: Light microscopic study of the dentate
gyrus showed that some granule cells were swollen with
vacuolated cytoplasm and darkly stained nuclei (Plate 1.c).
Electron microscopic study of the granule cells in this group
demonstrated the presence of chromatin condensation of
the nucleus. The cytoplasm showed marked loss of free
ribosomes, and had dilated rough endoplasmic reticulum
and damaged mitochondria (Plate 1.d).

Group Ic: Light microscopic study of the granular
cell layer in the dentate gyrus showed that the granule
cells were densely packed resembling those of the control
(Plate 1.e), thus, Group Ic specimens were not processed
for EM study.
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Group Id: Light microscopic study of the granular
cell layer in the dentate gyrus showed normal appearance
of the majority of the granule cells. A few cells appeared
swollen with vacuolated cytoplasm and darkly stained
nuclei (Plate 1.f). The ultrastructural study of the granule
cell of this group revealed rounded nucleus with condensed
chromatin. The cytoplasm contained mitochondria,
abundant free ribosomes and dilated rough endoplasmic
reticulum (Plate 1.g).

CA3 Field

Group Ia: Examination of CA3 field of the newborn
hippocampus by light microscopy showed the stratum
pyramidale composed of several layers of pyramidal
neurons. The pyramidal neurons at this age were relatively
small and densely packed. The cells had rounded vesicular
nuclei (Plate 2.a). The ultrastructural study showed
pyramidal cells nuclei with fine granular chromatin and
prominent nucleoli. The cytoplasm was rich in organelles
as free ribosomes, mitochondria and rough endoplasmic
reticulum cisternae (Plate 2.b).

Group Ib: Light microscopic study of the stratum
pyramidale of CA3 field showed some of the pyramidal
neuronswithvacuolated cytoplasmanddarkly stainednuclei.
Apparent decrease in the overall cell density of pyramidal
neurons was observed (Plate 2.¢). The ultrastructural study
of CA3 pyramidal neurons demonstrated the presence of
nuclear chromatin condensation, and the cytoplasm had
many vacuoles, damaged mitochondria and marked loss of
free ribosomes (Plate 2.d).

Group Ic: The pyramidal cells of the stratum
pyramidale were arranged in several layers. The cells had
vesicular nuclei and prominent nucleoli resembling those
of the control (Plate 2.e).

Group Id: Examination of the stratum pyramidale of
CA3 field showed most of the pyramidal neurons with
vesicular nuclei. A very few cells had darkly stained nuclei
and vacuolated cytoplasm (Plate 2.f). EM examination
of CA3 pyramidal neurons revealed rounded nuclei with
fine dispersed granular chromatin. The cytoplasm was
rich in free ribosomes, rough endoplasmic reticulum and
mitochondria. A few cytoplasmic vacuoles were also seen
(Plate 2.g).

CAl Field

Group Ia: Semithin sections showed that the stratum
pyramidale of CA1 field of the newborn hippocampus was
composed of several layers of closely packed pyramidal
neurons. In the stratum pyramidale, two zones were
distinguished, a deep band of well differentiated pyramidal
cells with large spherical nuclei, and a superficial band
composed of small spindle shaped less differentiated cells
(Plate 3.a). The ultrastructural study of the deep pyramidal
cell showed rounded nucleus with evenly distributed
chromatin and prominent nucleolus. The cytoplasm
was rich in free ribosomes, mitochondria and rough
endoplasmic reticulum cisternae (Plate 3.b).

Group Ib: Examination of the stratum pyramidale of
the CA1 field showed pyramidal neurons with vacuolated
cytoplasm and small-sized pyknotic nuclei (Plate 3.c).
Electron microscopic examination of CAl pyramidal
neuron demonstrated the presence of some chromatin
clumps in the nucleus. The cytoplasm had vacuoles of
variable sizes, dilated rough endoplasmic reticulum,
lysosomes, and few free ribosomes (Plate 3.d).

Group Ic: The CAl field shows the pyramidal cells
were densely packed and arranged in several rows similar
to those of the control (Plate 3.e).

Group Id: Light microscopic study of the stratum
pyramidale of the CAl field showed several layers of
closely packed pyramidal neurons with a few degenerating
cells (Plate 3.f). The ultrastructural study showed
pyramidal cells nuclei were euchromatic with fine granular
chromatin. The cytoplasm contained numerous free
ribosomes, mitochondria, a few vacuoles and a few dilated
rough endoplasmic reticulum (Plate 3.g).

Presynaptic terminals

Group Ia: The presynaptic terminal making contact
with pyramidal neurons showed the presence of synaptic
vesicles of variable sizes and shapes, and mitochondria with
well defined cristae (Plate 4.a). Group Ib: Ultrastructural
study of presynaptic terminal making contact with
pyramidal neuron demonstrated marked loss of synaptic
vesicles and the presence of damaged mitochondria (Plate
4.b). Group Id: EM examination of the presynaptic terminal
making contact with the pyramidal cell showed synaptic
vesicles of variable sizes and shapes (Plate 4.d).

21 day rats
Dentate gyrus

Group Ila: The light microscopic study of the 21
day rat hippocampus showed nearly mature appearance
with increased thickness of granular cell layer (Plate 5.a).
The granule cells had rounded nuclei and were arranged
in several rows in the granular cell layer. The molecular
layer lied superficial to the granular cell layer while the
polymorphic layer was located deep to it (Plate 5.a). EM
showed the granule cell containing rounded euchromatic
nucleus. The cytoplasm was rich in mitochondria, free
ribosomes and rough endoplasmic reticulum (Plate 5.b).

Group IIb: Light microscopic study of granular cell
layer showed many cells had darkly stained nuclei with
vacuolated cytoplasm (Plate 5.c). The granular cells
ultrastructure revealed condensation of chromatin in the
nucleus with irregularity and indentation of its nuclear
membrane. The cytoplasm showed damaged mitochondria,
vacuolization, and loss of ribosomes (Plate 5.d).

Group Ilc: Light microscopic examination of the
granular cell layer of the dentate gyrus showed cells
arranged in several rows and had rounded nuclei similar
to those of the control (Plate 5.¢). Therefore, Group Ilc
specimens were not processed for EM study.
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Group IId: Light microscopic study of granular
cell layer of the dentate gyrus showed the majority
of granular cells had rounded vesicular nuclei. A few
granular cells showed vacuolization of the cytoplasm
(Plate 5.f). The ultrastructural study of the granular cell
showed euchromatic nucleus, surrounded by cytoplasm
contained numerous mitochondria, free ribosomes, rough
endoplasmic reticulum and a few lysosomes (Plate 5.g).

CA3 field

Group IIa: Semithin sections showed the pyramidal
cell layer in CA3 field of the 21 day rat hippocampus was
composed of several layers of closely packed pyramidal
neurons with vesicular nuclei and prominent nucleoli
(Plate 6.a). The ultrastructural study showed pyramidal
cells with large rounded euchromatic nuclei with regular
nuclear envelope. The cytoplasm had many mitochondria,
free ribosomes and rough endoplasmic reticulum
(Plate 6.b).

Group IIb: Light microscopic study showed many
pyramidal cells in the CA3 field had darkly stained nuclei
and vacuolated cytoplasm (Plate 6.c). The ultrastructural
study of the pyramidal cell showed nuclear condensation
of chromatin, and the cytoplasm had many vacuoles of
variable sizes, degenerated mitochondria and marked loss
of free ribosomes (Plate 6.d).

Group Ilc: The pyramidal neurons of CA3 field were
closely packed, triangular in shape with vesicular nuclei
similar to those of the control (Plate 6.e).

Group IId: Light microscopic study of the stratum
pyramidale of the CA3 field of the hippocampus showed
pyramidal neurons with vesicular nuclei. A few cells
with pyknotic nuclei and vacuolated cytoplasm were
also found (Plate 6.f). The ultrastructural study of CA3
pyramidal cell showed euchromatic nucleus with widely
distributed granular chromatin. The cytoplasm contained
many mitochondria, rough endoplasmic reticulum, free
ribosomes and a few lysosomes (Plate 6.g).

CAI field

Group Ila: Light microscopic study of the pyramidal
cell layer in CAlfield of the 21 day rat hippocampus
demonstrated that pyramidal cells had spherical or oval
nuclei and were closely packed in several layers. The
pyramidal cells had apical dendrites which projected into
stratum radiatum (Plate 7.a). The ultrastructure of the
pyramidal cell showed an oval nucleus with prominent
nucleoli. The nucleus had fine granular chromatin that was
widely distributed. The cytoplasm was rich in mitochondria,
free ribosomes, rough endoplasmic reticulum that was
arranged in the form of broad cisternae stacked one on top
of the other (Plate 7.b).

Group IIb: Light microscopic study of the pyramidal
cell layer of the CAl field showed majority of its cells
with darkly stained nuclei and vacuolated cytoplasm
(Plate 7.c). The ultrastructural study of CAl pyramidal

neuron showed peripheral condensation of nuclear
chromatin.  The cytoplasm  contained damaged
mitochondria, dilated rough endoplasmic reticulum
cisternae, and many vacuoles (Plate 7.d).

Group Ilc: The pyramidal CA1 neurons had rounded
or oval nuclei with prominent nucleoli (Plate 7.e). The
structure of pyramidal neurons of CAl field of this group
was closely similar to that of the control.

Group IId: Examination of the stratum pyramidale of
CAl field of the hippocampus showed most of the pyramidal
neurons had oval vesicular nuclei with prominent nucleoli
(Plate 7.1). The ultrastructural study of CAl the pyramidal
cell showed an oval nucleus with fine granular chromatin
and prominent nucleoli. The cytoplasm contained rough
endoplasmic reticulum, free ribosomes and numerous
mitochondria and a few lysosomes (Plate 7.g).

Presynaptic terminals

Group Ila: The ultrastructure of presynaptic terminal
making contact with the pyramidal cell demonstrated
the presence of many synaptic vesicles of variable sizes
(Plate 8.a). Group IIb: EM study of the presynaptic terminal
making contact with the pyramidal neuron revealed
marked decrease in the amount of the synaptic vesicles
(Plate 8.b). Group IId: The presynaptic terminal making
contact with the pyramidal neuron had many synaptic
vesicles of variable shapes and sizes, and appeared closely
similar to that of the control (Plate 8.d).

Morphometric results
Dentate gyrus

Granular cell layer thickness
Group I (Newborn rats)

In Group Ia: the thickness of granular cell layer of
dentate gyrus was 51.02+7.36 while it was found to be
40.41+6.25 in Group Ib. This difference was statistically
highly significant (P < 0.01). In Group Ic: the granular
cell layer thickness was 50.25+7.84, with statistically
insignificant reduction as compared to the control
(P > 0.05). In Group Id: the thickness was 43.55+5, with
statistically highly significant reduction as compared to the
control (P < 0.01). There was no statistically significant
difference in the granular cell layer thickness of Group Id
when compared to Group Ib (P > 0.05) (Histogram 1).

Group 11 (21 day rats)

In Group Ila: the thickness of granular cell layer of
dentate gyrus was 70.48+6.26 while it was 44.38+6.35
in Group IIb. This difference was statistically highly
significant (P < 0.01). In Group Ilc: the granular cell layer
thickness was 71.12+6.19, with statistically insignificant
increase as compared to the control (P > 0.05). In Group
IId: the thickness was 67.88+5.37, with statistically
insignificant reduction as compared to the control
(P > 0.05). There was statistically highly significant
increase in the granular cell layer thickness in Group IId
when compared to Group IIb (P < 0.01) (Histogram 1).
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Granular cell count
Group I (Newborn rats)

In Group la: the number of granular cells in dentate
gyrus per area of 12360 p? was 149.7545.81 while it was
116.89+6.13 in Group Ib. This difference was statistically
highly significant (P < 0.01). In Group Ic: the granular cell
number was 151.72+6.31, with statistically insignificant
increase as compared to the control (P> 0.05). In Group Id:
the granular cell number was 144.22+5.23, with statistically
insignificant reduction as compared to the control
(P > 0.05). There was statistically highly significant
increase in the granular cell number in Group Id when
compared to Group Ib (P < 0.01). (Histogram 2).

Group II (21 day rats)

In Group Ila: the number of granular cells in dentate
gyrus per area of 12360 u? was 91.47+4.53 while it was
found to be 58.14+6.49 in Group IIb. This difference was
statistically highly significant (P < 0.01). In Group Ilc: the
number of granular cells was 92.97+2.90, with statistically
insignificant increase as compared to the control (P> 0.05).
In Group IId: the granular cell number was 95.56+6.26,
with statistically insignificant increase as compared to the
control (P> 0.05). There was statistically highly significant
increase in the granular cell number in Group IId when
compared to Group IIb (P < 0.01) (Histogram 2).

CA3 field
Pyramidal cell layer thickness
Group I (Newborn rats)

In Group Ia: the thickness of stratum pyramidale of
CA3 field was 117.75+£23.72 while it was 83.67+12.68
in Group Ib. This difference was statistically highly
significant (P < 0.01). In Group Ic: the thickness was
112.78+13.46, with statistically insignificant reduction
as compared to the control (P > 0.05). In Group Id: the
thickness was 117.39+14.19, with statistically insignificant
reduction as compared to the control (P > 0.05). There
was statistically highly significant increase in thickness of
stratum pyramidale in Group Id when compared to Group
Ib (P <0.01) (Histogram 3).

Group II (21 day rats)

In Group Ila: the thickness of stratum pyramidale
of CA3 field was 67.82+5.28 while it was found to be
44.92+5.71 in Group IIb. This difference was statistically
highly significant (P < 0.01). In Group Ilc: the thickness
was 68.39+3.40, with statistically insignificant increase as
compared to the control (P> 0.05). In Group IId: the
thickness was 63.78+3.47, with statistically insignificant
reduction as compared to the control (P > 0.05). There
was statistically highly significant increase in thickness of
stratum pyramidale in Group IId when compared to Group
IIb (P < 0.01) (Histogram 3).

Pyramidal cell count

Group I (Newborn rats)

In Group la: the number of pyramidal cells in CA3
field per area of 12360 p? was 147.5345.92 while it was
76.67+7.11 in Group Ib. This difference was statistically
highly significant (P <0.01). In Group Ic: the pyramidal cell
number was 146.25+7.93, with statistically insignificant
reduction as compared to the control (P > 0.05). In Group
Id: the number of pyramidal cells was 145.58+5.21, with
statistically insignificant reduction as compared to the
control (P> 0.05). There was statistically highly significant
increase in the pyramidal cell number in Group Id when
compared to Group Ib (P <0.01) (Histogram 4).

Group II (21 day rats)

In Group Ila: the number of pyramidal cells in CA3
field per area of 12360 p* was 59.42+3.32, while it was
found to be 35.56+4.46 in Group IIb. This difference was
statistically highly significant (P < 0.01). In Group Ilc: the
pyramidal cell number was 61.584+2.29, with statistically
insignificant increase as compared to the control
(P > 0.05). In Group IId: the number of pyramidal cells
was 59.00+3.79, with statistically insignificant reduction as
compared to the control (P > 0.05). There was statistically
highly significant increase in the pyramidal cell number
in Group IId when compared to Group IIb (P < 0.01)
(Histogram 4).

CAl field
Pyramidal cell layer thickness
Group I (Newborn rats)

In Group la: the thickness of stratum pyramidale of
CA1l field was 101.95+12.15 while it was found to be
76.95£10.06 in Group Ib. This difference was statistically
highly significant (P < 0.01). In Group Ic: the thickness
was 116.31£11.30, with statistically highly significant
increase as compared to the control (P < 0.01). In Group
Id: the thickness was 114.63+£20.66, with statistically
highly significant increase as compared to the control
(P < 0.01). Moreover, there was statistically highly
significant increase in thickness of stratum pyramidale
in Group Id when compared to Group Ib (P < 0.01).
(Histogram 5).

Group II (21 day rats)

In Group Ila: the thickness of stratum pyramidale
of CAl field was 52.37+3.83 while it was found to be
41.1945.60 in Group IIb. This difference was statistically
highly significant (P < 0.01). In Group Ilc: the thickness
was 53.10+4.20, with statistically insignificant increase
as compared to the control (P > 0.05). In Group IId: the
thickness was 53.47+4.86, with statistically insignificant
increase as compared to the control (P > 0.05). There was
statistically highly significant increase in thickness of
stratum pyramidale in Group IId when compared to Group
IIb (P < 0.01). (Histogram 5).
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Pyramidal cell count
Group I (Newborn rats)

In Group la: the number of pyramidal cells in CA1
field per area of 12360 p* was 114.94+6.47 while it was
71.00+6.22 in Group Ib. This difference was statistically
highly significant (P <0.01). In Group Ic: the pyramidal cell
number was 117.61+6.62, with statistically insignificant
increase as compared to the control (P > 0.05). In Group
Id: the number of pyramidal cells was 115.06+£9.21, with
statistically insignificant increase as compared to the
control (P> 0.05). There was statistically highly significant

Group 11 (21 day rats)

In Group Ila: the number of pyramidal cells in CA1
field per area of 12360 p? was 35.67+2.15 while it was
found to be 24.814+3.45 in Group IIb. This difference was
statistically highly significant (P < 0.01). In Group Ilc: the
pyramidal cell number was 37.5842.12, with statistically
insignificant increase as compared to the control
(P > 0.05). In Group IId: the number of pyramidal cells
was 34.78+2.50, with statistically insignificant reduction as
compared to the control (P > 0.05). There was statistically
highly significant increase in the pyramidal cell number

increase in the pyramidal cell number in Group Id when in Group IId when compared to Group IIb (P < 0.01)

compared to Group Ib ( < 0.01) (Histogram 6). (Histogram 6).
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Plate 1: a: A photomicrograph of a semithin section of the dentate gyrus of the hippocampus of newborn control rat showing the granular cell layer (GL).
The granule cells are densely packed and have rounded nuclei (arrow heads). The ectal limb (Ec), endal limb (En), and crest (C) parts of the dentate gyrus
are also seen (Toluidine blue, x400). b: A transmission electron micrograph of a granule cell of the dentate gyrus of newborn control rat showing the granule
cell with a rounded nucleus (N) and chromatin clumps. The surrounding cytoplasm contains numerous mitochondria (M), rough endoplasmic reticulum (rER)
and free ribosomes (R). (TEM, x10000). c: A photomicrograph of a semithin section of the dentate gyrus of the hippocampus of newborn rat treated with
cadmium showing the granular cell layer (GL). Some granule cells appear swollen with vacuolated cytoplasm (arrows). Other cells have small-sized pyknotic
nuclei (open arrows). (Toluidine blue, x400). d: An electron photomicrograph of the granule cell in newborn rat treated with cadmium. The nucleus (N) of cell
shows chromatin condensation. The cytoplasm appears to be rarified. It has big vacuoles (V), some dilated rough endoplasmic reticulum (rER) and damaged
mitochondria (M). Marked loss of free ribosomes (R) can be observed. (TEM, x10000). e: A photomicrograph of a coronal section of the dentate gyrus of
the hippocampus of newborn rat treated with L-carnitine alone showing granular cell layer (GL). It contains densely packed granule cells (arrow heads). The
molecular layer (ML) and polymorphic layer (PL) are also seen. (Gallocyanin, x400). f: A photomicrograph of a semithin section of the dentate gyrus of the
hippocampus of newborn rat treated with both cadmium and L-carnitine showing the granular cell layer (GL), ectal limb (Ec), endal limb (En), and crest (C)
parts of the dentate gyrus. The majority of granule cells appear densely packed and have rounded nuclei (arrow heads). Note the presence of a few cells with
vacuolated cytoplasm and darkly stained nuclei (arrows). (Toluidine blue, x400). g: An electron photomicrograph of the granule cell of the dentate gyrus of
newborn rat treated with both cadmium and L-carnitine. It shows the granule cell with a rounded nucleus (N) and condensed chromatin. The surrounding
cytoplasm contains mitochondria (M), many free ribosomes (R) and dilated rough endoplasmic reticulum (rER). (TEM, x10000).
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Plate 2: a: A photomicrograph of a semithin section of CA3 field of the hippocampus of newborn control rat showing the stratum pyramidale (SP) in which
the cells are arranged in several layers. The pyramidal neurons are densely packed (arrow heads). They have rounded vesicular nuclei with prominent nucleoli.
(Toluidine blue, x400). b: An electron photomicrograph of the pyramidal cells of the CA3 field of newborn control rat. It shows the pyramidal cells with
rounded nucleoli (N), fine granular chromatin and prominent nucleoli (nu). The cytoplasm contains numerous mitochondria (M) and many free ribosomes
(R). Some rough endoplasmic reticulum (rER) cisternae are also present. (TEM, x3600). c: A photomicrograph of a semithin section of the CA3 field of the
hippocampus of newborn rat treated with cadmium. It shows the presence of many pyramidal cells in the stratum pyramidale (SP) with vacuolated cytoplasm
(arrows). Some cells have small-sized pyknotic nuclei (open arrows). (Toluidine blue, x400). d: An electron photomicrograph of a pyramidal cell in CA3 field
in newborn rat treated with cadmium. The nucleus (N) shows chromatin condensation. The cytoplasm contains many vacuoles (V) of variable size. Note the
decrease in the amount of free ribosomes (R) and the presence of damaged mitochondria (M). (TEM, x3600). e: A photomicrograph of a coronal section of
the CA3 field of the hippocampus of newborn rat treated with L-carnitine alone showing the stratum pyramidale (SP) contains densely packed pyramidal
cells. The cells have vesicular nuclei with prominent nucleoli (arrow heads). They appear closely similar to those of the control group. (Gallocyanin, x400).
f: A photomicrograph of a semithin section of CA3 field of the hippocampus of newborn rat treated with both cadmium and L-carnitine showing the stratum
pyramidale (SP) in which most of the pyramidal neurons are having vesicular nuclei with prominent nucleoli (arrow heads). Note the presence of a few cells
with vacuolated cytoplasm and darkly stained nuclei (arrow). (Toluidine blue, x400). g: An electron photomicrograph of the pyramidal cell of CA3 field of
newborn rat treated with both cadmium and L-carnitine. It shows the pyramidal cells have rounded nuclei (N) with fine dispersed granular chromatin. The
surrounding cytoplasm contains dilated rough endoplasmic reticulum (rER), free ribosomes (R), lysosomes (L) and some vacuoles (V). (TEM, x3600).
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Plate 3: a: A photomicrograph of a semithin section of CA1 field of the hippocampus of newborn control rat showing the stratum pyramidale (SP) in which
pyramidal cells are arranged in several layers. The pyramidal neurons can be distinguished into two zones, the deep zone showing well differentiated cells with
vesicular nuclei (arrow heads), while the superficial zone showing spindle shaped less differentiated cells (open arrow heads). (Toluidine blue, x400). b: An
electron photomicrograph of the pyramidal cell of the CA1 field of newborn control rat showing an oval euchromatic nucleus (N). The surrounding cytoplasm
has mitochondria (M), free ribosomes (R) and rough endoplasmic reticulum (rER). (TEM, x3600). c: A photomicrograph of a semithin section of the CA1
field of the hippocampus of newborn rat treated with cadmium showing the stratum pyramidale (SP) containing pyramidal neurons of which some appear
swollen with vacuolated cytoplasm (arrows), while other pyramidal neurons appear with small-sized pyknotic nuclei (open arrows). (Toluidine blue, x400). d:
An electron photomicrograph of a pyramidal cell in CA1 field in newborn rat treated with cadmium. The nucleus (N) shows chromatin clumps. The cytoplasm
shows dilated rough endoplasmic reticulum (rER), lysosomes (L), vacuoles of variable size (V), and marked loss of free ribosomes (R). (TEM, x3600). e: A
photomicrograph of a coronal section of the CA1 field of the hippocampus of newborn rat treated with L-carnitine alone showing the stratum pyramidale (SP)
containing densely packed pyramidal cells arranged in several layers (arrow heads) resembling those of the control group. The stratum oriens (SO) and stratum
radiatum (SR) are also seen. (Gallocyanin, x400). f: A photomicrograph of a semithin section of CA1 field of the hippocampus of newborn rat treated with both
cadmium and L-carnitine showing the stratum pyramidale (SP) in which the majority of pyramidal neurons having vesicular nuclei (arrow heads). A few cells
with pyknotic nuclei are seen (open arrows). (Toluidine blue, x400). g: An electron photomicrograph of the pyramidal cell of CA1 field of newborn rat treated
with both cadmium and L-carnitine. It shows the pyramidal cells with round to oval nuclei (N). The surrounding cytoplasm is rich in organelles as mitochondria
(M), and free ribosomes (R). Note the presence of dilated rough endoplasmic reticulum (rER) and a few vacuoles (V). (TEM, x3600).
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Plate 4: a: An electron photomicrograph showing presynaptic terminal (arrow) making synaptic contact with a pyramidal cells of newborn control rat. The
presynaptic terminal has a lot of synaptic vesicles (SV) and mitochondria (M). (TEM, x14000). b: An electron photomicrograph shows presynaptic terminal
(arrow) making synaptic contact (arrow head) with pyramidal cell in newborn rat treated with cadmium. Note the marked decrease in the amount of synaptic
vesicles (SV) and presence of damaged mitochondria (M). (TEM, x14000). d: An electron photomicrograph showing synaptic contact (arrow head) between
presynaptic terminal (arrow) and pyramidal cell of newborn rat treated with both cadmium and L-carnitine. Note that the presynaptic terminal is filled with
many synaptic vesicles (SV). (TEM, x14000).
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Plate 5: a: A photomicrograph of a semithin section of the dentate gyrus of 21 day old control rat showing the granule cells are arranged in several rows in the
granular cell layer (GL). The granule cells have large rounded vesicular nuclei (arrow heads). Note that the molecular layer (ML) is superficial to the granular
cell layer (GL), while the polymorphic layer (PL) lies deep to it. (Toluidine blue, x400). b: An electron photomicrograph of the granule cells of the dentate
gyrus of 21 day old control rat. It shows the granule cell with a round to oval euchromatic nucleus (N). The cytoplasm contains numerous mitochondria (M),
rough endoplasmic reticulum (rER) and free ribosomes (R). (TEM, x10000). c: A photomicrograph of a semithin section of the dentate gyrus of 21 day old rat
treated with cadmium. It shows the granular cell layer (GL) had majority of its granule cells with darkly stained nuclei (arrows). Some cells have vacuolated
cytoplasm and small-sized nuclei (open arrows). (Toluidine blue, x400). d: An electron photomicrograph of the granule cell in 21 day old rat treated with
cadmium showing degeneration with chromatin condensation of the nucleus (N) and indentation of the nuclear membrane (arrows). The cytoplasm shows
many vacuoles (V), marked loss of free ribosomes (R) and damaged mitochondria (M). (TEM, x10000). e: A photomicrograph of a coronal section of the
dentate gyrus of the hippocampus of 21 day old rat treated only with L-carnitine showing granular cell layer (GL) in which the granule cells appear normal
with large round vesicular nuclei and prominent nucleoli (arrow heads). (Gallocyanin, x400). f: A photomicrograph of a semithin section of the dentate gyrus
of 21 day old rat treated with both cadmium and L-carnitine. It shows granule cells with large round vesicular nuclei and prominent nucleoli (arrow heads) in
the granular cell layer (GL). Note the presence of a very few cells with small-sized nuclei and vacuolated cytoplasm (arrow). (Toluidine blue, x400). g: An
electron photomicrograph of the granule cell of the dentate gyrus of 21 day old rat treated with both cadmium and L-carnitine. It shows the granule cell with
an euchromatic nucleus (N) and prominent nucleoli. The cytoplasm contains numerous mitochondria (M), rough endoplasmic reticulum (rER), free ribosomes
(R) and a few lysosomes (L). (TEM, x10000).
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Plate 6: a: A photomicrograph of a semithin section of CA3 field of the hippocampus of 21 day old control rat showing the stratum pyramidale (SP). The
pyramidal neurons are triangular in shape. They have large rounded vesicular nuclei (arrow heads) with prominent nucleoli. (Toluidine blue, x400). b: An
electron photomicrograph of the pyramidal cells of the CA3 field of 21 day old control rat showing pyramidal cell with rounded nucleus (N) and evenly
distributed fine granular chromatin. The cytoplasm contains mitochondria (M), free ribosomes (R) and rough endoplasmic reticulum cisternae (rER). (TEM,
x3600). c: A photomicrograph of a semithin section of CA3 field of 21 day old rat treated with cadmium. It shows many of the pyramidal cells in the stratum
pyramidale (SP) have darkly stained nuclei and vacuolated cytoplasm (arrows). (Toluidine blue, x400). d: An electron photomicrograph of a pyramidal cell in
CA3 field in 21 day old rat treated with cadmium showing chromatin condensation of the nucleus (N). The cytoplasm has many vacuoles (V) of variable sizes,
degenerated mitochondria (M) with apparent decrease in free ribosomes (R). (TEM, x3600). e: A photomicrograph of a coronal section of the CA3 field of
the hippocampus of 21 day old rat treated with L-carnitine showing stratum pyramidale (SP) in which the pyramidal cells appear normal with large vesicular
nuclei and prominent nucleoli (arrow heads). (Gallocyanin, x400). f: A photomicrograph of a semithin section of CA3 field of 21 day old rat treated with both
cadmium and L-carnitine showing the majority of cells with large vesicular nuclei and prominent nucleoli (arrow heads) in the stratum pyramidale (SP). A few
cells have pyknotic nuclei and vacuolated cytoplasm (open arrow). (Toluidine blue, x400). g: An electron photomicrograph of the pyramidal cell of CA3 field
of 21 day old rat treated with both cadmium and L-carnitine showing the pyramidal cell with rounded euchromatic nucleus (N). The surrounding cytoplasm
contains numerous mitochondria (M), rough endoplasmic reticulum (rER), free ribosomes (R) and a few lysosomes (L). (TEM, x3600).
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Plate 7: a: A photomicrograph of semithin section of CA1 field of the hippocampus of 21 day old control rat showing the stratum pyramidale (SP) in which
the pyramidal cells have large oval vesicular nuclei (arrow heads) with some prominent nucleoli. The apical dendrites (D) are seen emerging from the cells
passing toward the stratum radiatum (SR). (Toluidine blue, x400). b: An electron photomicrograph of the pyramidal cells of the CA1 field of 21 day old control
rat showing an oval nucleus (N) with nucleoli. The cytoplasm is rich in mitochondria (M), rough endoplasmic reticulum (rER) and free ribosomes (R). (TEM,
x3600). c: A photomicrograph of a semithin section of CA1 field of 21 day old rat treated with cadmium showing the stratum pyramidale (SP) with the majority
of its pyramidal neurons have darkly stained nuclei and vacuolated cytoplasm (arrows). (Toluidine blue, x400). d: An electron photomicrograph of a pyramidal
cell of CA1 field of 21 day old rat treated with cadmium showing nucleus (N) with peripheral chromatin condensation. The cytoplasm contains many vacuoles
(V), damaged mitochondria (M), some dilated rough endoplasmic reticulum cisternae (rER) and apparent decrease in free ribosomes (R). (TEM, x3600). e: A
photomicrograph of a coronal section of the CA1 field of the hippocampus of 21 day old rat treated with L-carnitine showing the stratum pyramidale (SP) with
pyramidal neurons have large oval vesicular nuclei (arrow heads). (Gallocyanin, x400). f: A photomicrograph of a semithin section of CA1 field of 21 day old
rat treated with both cadmium and L-carnitine showing the stratum pyramidale (SP) in which the pyramidal cells have large oval vesicular nuclei (arrow heads).
Prominent nerve processes (P) emerge from the cells and pass toward the stratum radiatum (SR). (Toluidine blue, x400). g: An electron photomicrograph of the
pyramidal cell of CALl field of 21 day old rat treated with both cadmium and L-carnitine showing the pyramidal cell with an oval nucleus (N) and prominent
nucleoli. The surrounding cytoplasm contains numerous mitochondria (M), rough endoplasmic reticulum (rER), free ribosomes (R) and a few lysosomes (L).
(TEM, x3600).
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Plate 8: a: An electron photomicrograph showing synaptic contact (arrow head) between the presynaptic terminal (arrow) and the pyramidal neuron of 21
day old control rat. The presynaptic terminal have many synaptic vesicles (SV) of variable sizes and mitochondria (M). (TEM, x14000). b: An electron
photomicrograph showing synaptic contact (arrow head) between presynaptic terminal (arrow) and pyramidal neuron of 21 day old rat treated with cadmium.
The presynaptic terminal has marked decrease in the amount of the synaptic vesicles (SV). (TEM, x14000). d: An electron photomicrograph showing synaptic
contact (arrow head) between the presynaptic terminal (arrow) and a process of pyramidal neuron of 21 day old rat treated with both cadmium and L-carnitine.
The presynaptic terminal has many synaptic vesicles (SV) of variable sizes and mitochondria (M). Note that it is closely similar to the control. (TEM, x14000).
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DISCUSSION

On entering the body, cadmium will have its detrimental
effects on lungs®?, reproductive system!**, liver®¥, bone!>’,
nervous system and kidneys?. Once it enters the body no
treatment can eliminate it?”. Food is generally the largest
source of cadmium exposure. The major food groups that
contribute to the most cadmium exposure are rice, grains,
shellfish, sea food, meat and vegetables!”). Occupational
exposure is an important source of cadmium exposure as
cadmium is released in the air during the manufacture of
numerous industrial productst’®]. L-carnitine was used in
our study as an antioxidant protecting against mitochondrial
injuryt?®,

The present study demonstrated the effects of cadmium
and L-carnitine on the granule cells of the dentate gyrus
and on the pyramidal cells of the CA1 and CA3 fields of
the hippocampus (principle cells) of newborn and infant
rats. Our study showed that with increased age, the cells
changed from densely packed small cells at newborn age
to mature cells that have distinct shape and arrangement at
21 day age. These findings are in agreement with previous
research™.

In this study, electron microscopic examination of
the principle cells of the three studied regions of the
control group revealed the normal structure of the granule
and pyramidal cells which showed euchromatic nuclei
with their fine granular chromatin and the surrounding
cytoplasm was rich in organelles including abundance
of free ribosomes, rough endoplasmic reticulum and
mitochondria. This observation is similar to earlier studies
reported normal principle neurons in hippocampus of adult
albino ratsP?. In our study the synaptic terminals appeared
to contain numerous vesicles, which are responsible for
neurotransmitters releasel*'32.

In the present research, the histological examination
of the cadmium treated group of both ages (newborn and
21 day postnatal) revealed the presence of degenerative
changes in the principle cells. Some cells had pyknotic
nuclei, while other cells showed vacuolated cytoplasm
with darkly stained nuclei. In the newborn rats, these
results agrees with previous researchers who reported that
cadmium can cross the placental blood barrier causing
cell damage in the newborns®. Regarding the 21 day old
group, our results are in accordance with an earlier study
indicating the ability of cadmium to be excreted in the
milk of the lactating Wistar rats!*. Furthermore, the results
of this study are in line with those of a previous research
that showed the effect of cadmium on 22 day old rats and
reported the presence of degenerative changes in the form
of necrosis and atrophy of the hippocampal pyramidal
cells®,

In our study, the electron microscopic examination
of cadmium treated rats showed principle cells with
degenerative changes in the form of nuclear membrane
indentation with condensed nuclear chromatin, damaged
mitochondria, vacuolations, dilated rough endoplasmic

reticulum, rarified cytoplasm, and reduction in the number
of'synaptic vesicles at the presynaptic terminals. Indentation
of the nuclear membrane and chromatin condensation were
attributed to direct toxicity of cadmium on neuronal cellsB!.
The mitochondrial damage is closely connected with ion
homeostasis since a massive rapid influx of calcium into the
cell occursB¥. Cadmium affects phosphorylation-oxidative
enzymes and disrupts energy cycles in the mitochondrial®s!.
The presence of cytoplasmic vacuolations and dilated
rough endoplasmic reticulum could be explained by
the lipid peroxidation®*¢37, Cadmium induces lipid
peroxidation by stimulating the production of superoxide
anions, and by inhibiting antioxidants such as glutathione
peroxidase and superoxide dismutase, thus accumulation
of free radicals occurs, damaging the cell and producing
chronic diseases®™!. The reduced number of presynaptic
vesicles caused by cadmium decreases the abilities of
nerve conduction and learning and memory?”32. Cadmium
neurotoxicity might be caused by impaired neurogenesis,
resulting in markedly reduced neuronal differentiation and
axonogenesis, leading to neuronal cell death®. Previous
research studies revealed that cadmium accumulation
prior to and at birth can cause irreversible changes in the
brain[**40],

Cadmium can induce microvessel injury which is
attributed to oxidative stress®?’#!l. Cell membrane damage
as well as other organelles destruction are followed by an
increase in the sodium permeability which exceeds the
capacity of ion pump to extrude sodium?'*¢!, Accumulation
of'sodium in the cell leads to an increase in its water content
leading to swelling.

In this work L-carnitine was given alone to the third
experimental group (sham control) and the histological
results were more or less similar to those of the control.
This proves that L-carnitine has no adverse effect on the
hippocampal structure!'®). In this study, using L-carnitine
together with cadmium (third experimental group) revealed
the protective effect of L-carnitine. The majority of the
principle cells in the three studied regions had normal
appearance with only few cells with darkly stained nuclei
and vacuolated cytoplasm. The study of the ultrastructure
of principle cells revealed improved results with presence
of a few vacuoles, lysosomes and mildly dilated rough
endoplasmic reticulum. L-carnitine also improved the
degenerative changes in the synaptic terminals and this
is attributed to its capability to restore the changes in the
phospholipid membrane that occurred due to cadmium
toxicity!*?. L-carnitine plays important role in B-oxidation
of fatty acids since it transfers long-chain acyl groups
from fatty acids into mitochondrial matrix to generate
ATP™I], and prevents mitochondrial injury caused by
oxidative stress!'>'84443 Other researchers detected the
protective effect of L-carnitine on the hippocampus from
the damaging effects of the formaldehyde!'. The healing
capacity of L-carnitine was highlighted by a previous study
showed that L-carnitine restored choline acetyltransferase
activity in the hippocampus of rats with partial unilateral
fimbria-fornix transection*®.
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In the newborn rats, the results agree with those of a
previous research confirming the capability of L-carnitine
to cross the placental blood barrier and reaching the brain
of the developing rats providing their protective effects!!!.
In the 21 day rats, the administration of L-carnitine with
cadmium, L-carnitine showed a protective effect on the
infants when given to their lactating mothers and this is
supported by an earlier study!.

The present morphometric study demonstrates that the
normal thickness of the granular cell layer of the dentate
gyrus of 21 day old control rats ranging from 60-80 um®".
The intake of L-carnitine alone showed no difference as
compared to the control. The morphometric results also
showed that cadmium decreased the measured parameters
when compared to those of the control group. The
administration of L-carnitine in association with cadmium
improved the measured parameters that almost approached
the normal values of the control groupt®.

CONCLUSION

Through our study it is concluded that cadmium had
toxic effects on the hippocampus in the new born albino
rats as it could cross the placental barrier and in the 21 day
old albino rat as it could be excreted in milk. Our study
also revealed that L-carnitine is protective against the toxic
effects of cadmium in both ages as it is capable of crossing
placental barrier and excreted in milk.

RECOMMENDATION

It is recommended to pay attention to the toxic effects
of cadmium especially for industrial society with high
concentration of cadmium in their environment and
we propose treatment with L-carnitine as a protective
substance for cadmium poisoning especially for pregnant
and lactating women to protect the developing brains of
their growing babies. Also it is proposed to modulate the
use of phosphate fertilizers that become the largest source
of cadmium toxicity.
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