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Abstract
Hpypothesis: Several studies implicated aluminium in the pathogenesis of
many neurodegenerative disorders especially Alzheimer disease,
although the underlying histopathological changes in the brain were not
clear with many controversies. Objective: So we aimed to elucidate these
histological, immunohistochemical and ultrastructural changes that
might occur in the rat brain after aluminium exposure. Materials and
methods: In this study we used 18 adult male albino rats divided into 2
groups; a control group and an experimental group taking 600 mg/ kg
aluminium chloride orally daily for 4 weeks. At the end of the fourth
week, samples from the frontal cortex were obtained and stained with
H&E, and glial fibrillary acidic protein (GFAP). Other samples were
processed for electron microscopic examination. Morphometric study
was done for GFAP immunostaining. Results: The group taking 600 mg/
kg aluminium chloride showed decreased body weight and had developed
some neurological symptoms. Routine H&E revealed presence of some
shrunken pyramidal cells with pyknotic nuclei; immunoreactivity for glial
fibrillary acidic protein (GFAP) was decreased compared to control
group. Ultrastructurally; some neurons showed shrunken nuclei, swelling
and damage of the mitochondria and dilated saccules of Golgi apparatus
and endoplasmic reticulum with the appearance of vacuolated areas in

the cytoplasm with splitting of myelin sheath and degeneration of some
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nerve fibres. Conclusion: Aluminium in high doses can cause alterations

in neurons and nerve fibers with decreased immunoreactivity for GFAP

in astrocytes in the brain, so further studies would be needed to evaluate

the effects of chronic exposure in apparently healthy individuals.
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Introduction

Aluminum hydroxide Al (OH); was widely used in nonprescription
antacids and buffered aspirins, in cosmetic and antiperspirant
preparations, also (Al) compounds were wused to prevent
hyperphosphatemia in patients suffering from renal failure . Tap water
might contain aluminum either naturally or because (Al) has been added
in the treatment process as aluminum sulfate A1, (SO4);. The amount of
aluminum in diet was small compared to the amount of aluminum in
pharmaceutical products, such as in antacids, dialysis fluid and some
vaccines 2.

From human dietary balance studies; it was clear that most of the
ingested Al was unabsorbed as 76-98 % of it was excreted in feces while
the minimal absorbed part was excreted through the renal pathway. So the
greatest danger occurs when there was overload of aluminum intake with
minimal clearance in patients with impaired renal function .

Increased amounts of (Al) have been reported in the brain of subjects
suffering from Alzheimer's disease “*. Uremic persons represented a
population at risk for aluminum-related dementia. Prolonged dialysis with
aluminum-containing dialysates, possibly combined with oral treatment
with aluminum hydroxide to control hyperphosphatemia, produced a
characteristic neurotoxicity syndrome which was referred to as “dialysis

s (6)

dementia . Some epidemiologic studies suggested an association

between aluminum from drinking water and dementia "*”). While others

failed to find an association ‘%',



Studies on the role of aluminum-containing products (antacids and
antiperspirants) and Alzheimer’s disease had reported both positive and
negative results !>,

Immunohistochemical markers were found to be useful in
characterizing the progression of Al induced neurotoxicity. Glial
fibrillary acidic protein (GFAP) was found to be a structural protein
composed of intermediate filaments synthesized in astrocytes ?.
Changes in GFAP levels have been proposed as an index of toxicant-

(15)

induced reactivity “ . Progressive gliosis has also been found in

Alzheimer’s disease and aging brain !*'”.

In this study we aimed to examine the histological,
immunohistochemical and ultrastructural alterations in the frontal cortex
due to aluminum exposure in rats.

Materials and methods

In this study we used 18 male albino rats 200- 250 gm body weight
divided into 2 groups.

Group I: formed of 6 rats putting each three rats in one cage, this
group served as control group. Each animal was given 5 ml tap water by
oesophageal tube daily for 4 weeks.

Group II: formed of 12 rats putting each three rats together in one
cage. Each rat was given 600 mg/ kg aluminum chloride '¥ dissolved in
5 ml tap water by oesophageal tube daily for 4 weeks. All animals have
free access to food and water ad libitum.

At the end of the fourth week, rats (from the control and
experimental aluminum treated groups) were anesthetized with thiopental
sodium, and then intracardiac saline irrigation of rats was done followed
by formalin perfusion. The brains were dissected out, fixed in formalin,
and then embedded in paraffin. Some specimens were fixed in

gluteraldehyde and prepared for electron microscopic study.
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Histological study: Sections were cut at 6 microns and stained with
H& E for routine histological examination.

Immunohistochemical study: Staining was performed for glial
fibrillary acidic protein (GFAP) as an indicator for glial reactivity.
Primary antibodies monoclonal mouse anti-GFAP were purchased from
Dako (Carpenteria, CA, U.S.A.). Sections were treated with 0.01 M
citrate buffer (pH 6.0) for 10 minutes to unmask antigen "'”. Sections
were incubated in 0.3% H,0, for 30 min to abolish endogenous
peroxidase activity before blocking with 5% horse serum for 1-2 h.
Slides were incubated with the primary antibody (1:500 monoclonal
mouse anti-GFAP) at 4°C for 18-20 h and after washing, they were
incubated with biotinylated secondary antibodies (ABC kit, 1: 200) and
then with avidin—biotin complex. Finally, sections were developed with
0.05% diaminobenzidine. Slides were counterstained with hematoxylin
before mounting.

Morphometric Study: The data were obtained by using “Leica Qwin
500” image analyzer computer system (England). We measured the
relative area percent and the relative optical density for GFAP
immunoreactivity.

Statistical Analysis:

Five fields per slide and five slides per animal were studied to collect
data, and then statistical analysis of the results of morphometry was
performed on an IBM PC using the statistical software “Excel”. Results
were expressed as mean £ SEM values. Comparison between the groups
was made using (t-test: two samples for means). Results were considered
significant when probability (p) was <0.05.

Electron microscopic examination:

After anaesthesia, intracardiac perfusion with fixative solution (2.5%

glutaraldehyde in 0.1M cacodylate buffer, pH 7.4) was done for some
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animals from the experimental aluminum treated and control groups.
Small tissue blocks (1 mm® volume) were taken from the frontal cortex.
Fixed in the same fixative solution for 2.5 h and washed in the same
buffer for 18 h. They were then post fixed in 2% osmium tetroxide in 0.1
M cacodylate buffer (pH 7.4) for 1 h. After dehydration in ethanol and
propylene oxide, samples were embedded in Epon. Ultrathin sections
were double stained with uranyl acetate and lead citrate, and examined
using transmission electron microscope “”.
Results

General appearance

By the end of the third week of treatment, animals treated with 600
mg aluminum/ kg/ day showed statistically significant decrease in the
body weight (table 1) and developed some neurological symptoms in the
form of loss of appetite, decreased activity, forward head tilt and
hemiplegic's gait in some animals.

Histological and immunohistochemical results

In the control group, staining with H&E showed the general
histological structure of cerebral cortical layers which were the molecular
layer that was seen to be formed of parallel fibers and few cells between
the fibers; then the outer granular layer which appeared to be formed of
small granular and stellate nerve cells; after that the outer pyramidal layer
which was formed of medium sized pyramidal cells; then the inner
granular layer with its small stellate nerve cells; and the inner pyramidal
layer with its large sized pyramidal cells; and lastly the polymorphic cell
layer having different types and sizes of nerve cells. In all these layers the
neurons appeared with large nuclei and basophilic cytoplasm while
smaller glia cells were scattered in between neurons and also blood
vessels lined by simple squamous epithelium could be demonstrated

(Figs. 1& 2). In the group taking 600 mg aluminum/ kg/ day, some of
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pyramidal cells were shrunken and had deeply stained pyknotic nuclei
(Fig. 3).

Immunohistochemical results:

Immuno-staining for glial fibrillary acidic protein (GFAP) in the
control group showed astrocytes with different branching patterns of
reactive processes (Fig. 4), while the immuno-staining for glial fibrillary
acidic protein (GFAP) in aluminium treated group showed milder
reactivity (Fig. 5). The relative optical density and relative cell area
percent of immunolabeled cells with GFAP was found to be significantly
decreased as detected with the morphometric image analysis and
statistical analysis (p<0.05) tables (2 & 3).

Ultrastructural results

In the control group, the normally appearing large pyramidal cells
with large euochromatic nuclei could be observed. These cells were rich
in different organelles as mitochondria, rough endoplasmic reticulum,
ribosomes, Golgi apparatus and lysosomes (Fig. 6). In addition to that
parts of the nerve fibers which were either myelinated or unmyelinated
fibers appeared with electron dense synaptic contacts, the axon terminal
contained mitochondria and synaptic vesicles indented by dendritic spines
(Fig. 7).

In the group taking 600 mg/ kg the ultrastructural study revealed that
some pyramidal cells showed irregular nuclear envelop with irregular
distribution of chromatin, while the cytoplasm showed many vacuolated
areas while the myelin sheath around showed splitting and degeneration
in some nerve fibers (Figs. 8 & 9). There was also swelling and damage
of the mitochondria and dilated saccules of Golgi apparatus and
endoplasmic reticulum with the appearance of many heterolysosomes and
autolysosomes (Fig. 9). The granular cells with smaller nuclei were also

affected as the cytoplasm showed significantly decreased electron density
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with the presence of markedly swollen mitochondria, markedly dilated

rough endoplasmic reticular cisterna and many clear vesicles with the

appearance of many primary and secondary lysosomes (Fig. 10).
Discussion

Many studies found an association between oral exposure to
aluminum and an increased risk of Alzheimer’s disease “".In contrast,
several studies did not find a significant association between aluminum
exposure and the risk of Alzheimer’s disease "'” '". In an attempt to
develop an animal model of aluminum overload, rats were co-exposed to
massive amount of citrate, compared to normal human citrate intake, so
enhancing rat’s brain uptake of aluminum, thus inducing histological
alterations in the brain *?. Similarly, the brain alterations were observed
after administration of aluminum fluoride in drinking water which was
prepared to form an optimum fluoro-aluminum level capable of crossing
the gut and vascular brain barriers .

Numerous mechanistic studies of aluminum neurotoxicity have been
performed but no single unifying mechanism has been identified .

In this study we examined the effect of aluminum intoxication on
frontal cortical histological structure and immuno-histochemical study of
the glial fibrillary acid protein (GFAP) expression in rats as well as the
ultrastructural alterations in the frontal cortex. We found that aluminum
caused shrinkage of many pyramidal cells and their nuclei became
pyknotic. While the glial marker (glial fibrillary acidic protein (GFAP)
showed decreased reactivity in aluminum treated group than control
group, also the relative optical density and reactive cell area percent of
immunolabeled cells with GFAP was found to be significantly decreased.
There was great similarity between aluminum induced neurotoxicity and

aging effects, so aluminum might induce acceleration of the aging



process and might cause apoptotic changes in the neurons and glia cells
(25)

There was also in vitro increased expression of apoptosis markers

@9 n addition to that, aluminum can

under the effect of aluminum
induce degeneration of astrocytes via apoptosis resulting in neuronal
death and that this toxicity was critical in determining neuronal

degeneration and death *”

. Aluminum can also induce atrophy and
apoptosis of the neurons in cerebral cortex and hippocampus *®. This
was similar to our results that shrunken pyramidal cells nuclei might be
due to apoptotic changes. In contrast to that, other studies found that
apoptosis did not appear to be a major cause of cell death from aluminum
toxicity %),

Lower level of GFAP following aluminum treatment was described
in cell culture systems using isolated astrocytes derived from newborn rat
cerebral cortex ©°. Gene transcription of GFAP in human neocortical
astrocytic nuclei has been found to be inhibited by nanomolar
concentrations of aluminum ©". These results were in agreement with the
results obtained in our study suggesting that a significant component of
aluminum toxicity might be related to astrocytic changes as evident by
decreased (GFAP) reactivity. Another study showed that aluminum had
no effect on GFAP mRNA expression in rabbits @

Moreover, after in vitro exposure of intact rat brain to aluminum,
selective astrocytic necrosis has been reported to be induced, as judged by
disappearance of anti-GFAP reactivity ©*.

On the other hand, enhanced expression of GFAP levels reflecting
reactive gliosis has been recently described in rabbit frontal cortex 40
days after intravenous administration of aluminum lactate ©*. While
intracisternal dosing of aluminum chloride to rabbits has shown no

change of GFAP levels after long-term treatment ©°.
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These apparent discrepancies might be due to difference in GFAP
expression in response to aluminum among various species and might be
dose related or associated with other factors as citrate metabolism. In the
rabbit, a species susceptible to aluminum induced neurofibrillary

degeneration ©®

, reactive astrogliosis occurs, but in the rat aluminum can
induce encephalopathy in the absence of neurofilamentous aggregates.
So, decreased GFAP production could reflect astrocytic dysfunction
rather than an inflammatory response ©”. Another explanation might be
that the induction and maintenance of GFAP and its mRNA were by
separate mechanisms, which were responsive to differing types of tissue
damage V. These discrepancies could be due to sequences of astroglial
response starting from reactive gliosis with hyperactivity to combat the
toxic insult, but with continuous exposure or high doses, failure of
astroglial resistance to the toxic insult might lead to decreased reactivity
followed by death.

The aluminum-related responses of GFAP was paralleled by the
finding that the activity of glutamine synthetase, an astroglial enzyme,
was depressed in the same area and at the same time that GFAP levels
were reduced. The time course of changes both in levels of GFAP and in
glutamine synthetase activity suggests that they took place in a gradual
and progressive manner. So reduced levels of this enzyme might be an
important mechanism of aluminum effect on astrocytic GFAP expression
(38)

The ultrastructural changes observed in our study in the neurons
revealed degenerative changes in the neuronal organelles without an
inflammatory response similar to apoptosis as evident by the irregular
nuclear envelop in some pyramidal cells with abnormal chromatin
distribution, vacuolation of cytoplasm, disruption of organelles as

mitochondria, rough endoplasmic reticulum and increased lysosomal
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activity in addition to splitting of myelin sheath. These results were in
accordance with the recorded ultrastructural degenerative manifestations
in the brain in patients with dialysis encephalopathy due to aluminum
overload ®.  So, evidences were accumulating that apoptosis might be
responsible for the neuronal loss associated with aluminum toxicity

.. . . 40
similar to some other neurodegenerative disorders “°.

Tables

Table 1 - Average body weight changes
body weight Group I (control) | Group II (alum) p value
averagexSEM | 247.7+1. 0747 228.75+0.858778 0.001188*

Marked differences™: significant at p <0 .05
Table 2 - relative optical density of GFAP positive cells

mean optical density=SEM | Group I (control) | Group II (alum) | p value

GFAP 0.9234+0.001 0.55+0.018 0.000027*

Marked differences*: significant at p <0 .05
Table 3 - area percent analysis of GFAP positive cells

||mean area Group I (control)Group II (alum)p value
IGEAP 6.11+0.497 1.598+0.305  |0.0038*
Marked differences*: significant at p <0 .05

Figures

(Fig. 1): showing the general histological structure of cerebral cortical
layers which are the molecular layer (Mol), the outer granular layer
(O_Gr), the outer pyramidal layer (O_Py), the internal granular layer
(I Gr) and the internal pyramidal layer (I Py) with its large sized
pyramidal cells. Group 1. H&E x100

(Fig. 2): showing the cells in the inner pyramidal layer with the large
sized pyramidal cells with open face nuclei (thick arrows) and scattered
neuroglia cells (thin arrows) while the blood capillaries lined by simple

squamous epithelium could be demonstrated (arrow heads). The large
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sized pyramidal cells with open face nuclei are demonstrated with higher
magnification in the insert. Group I. H&E x400 & insert x1000

(Fig. 3): showing shrunken pyramidal cells with darkly stained pyknotic
nuclei (thick arrows) in the inner pyramidal layer, with scattered
neuroglia cells (thin arrows) in addition to the blood capillaries lined by
simple squamous epithelium (arrow heads). The shrunken pyramidal cells
with darkly stained pyknotic nuclei are demonstrated with higher
magnification in the insert. Group II. H&E x400 & insert x1000

(Fig. 4): showing the positive immunostaining for glial fibrillary acidic
protein in glia cells (arrows). Group I. GFAP immunostaining X400

(Fig. 5): showing diminished immunostaining for glial fibrillary acidic
protein in glia cells (arrows). Group II. GFAP immunostaining X400
(Fig. 6): showing a pyramidal cell nucleus (N) with electron lucent
euchromatin, the dendritic pole of the nucleus is wrinkled (curved arrow)
and capped by a small Nissle body and also lysosomes and residual body
could be observed (dashed arrows). There are also mitochondria (thick
arrows), saccules of rough endoplasmic reticulum (thin arrows), and
scattered free ribosomes. A neighbouring nerve fibre (F) could also be
demonstrated. Group I. TEM x8000

(Fig. 7): showing different organelles in neuron and nerve fibers (F)
which are either myelinated or unmyelinated fibers with electron dense
synaptic contacts (arrow heads). The axon terminal contains mitochondria
and synaptic vesicles indented by dendritic spines (axodendritic synapse)
(D). Group I. TEM x8000

(Fig. 8): showing pyramidal cell with an irregular nucleus (N) and
irregular distribution of chromatin, while the cytoplasm was vacuolated.
It 1s surrounded by myelinated nerve fibers from neighbouring neurons

with splitting of myelin sheath (arrows). Group II. TEM x8000
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(Fig. 9): showing pyramidal cell with normally appearing nucleus (N)
with clear nucleolus, swollen and partially damaged mitochondria (thin
arrows) and dilated saccules of Golgi apparatus (G) in addition to the
presence of many heterolysosomes (thick arrows) and autolysosomes
(arrow head) and also degeneration of some nerve fibers (dashed arrows).
Group II. TEM x8000

(Fig. 10): showing a markedly swollen granular cell, surrounded by parts
of neurons rich in mitochondria, the granular cell cytoplasm shows
significantly decreased electron density and contains clear vesicles (V)
and numerous markedly dilated perinuclear rough endoplasmic reticular
cisterna (thin arrows) and markedly swollen mitochondria (M) with the

appearance of many lysosomes (thick arrows). Group II. TEM x8000
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