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Abstract

This study describes alterations in the nervous system resulting from chronic administration of the fluoroaluminum complex (AIF;) or
equivalent levels of fluoride (F) in the form of sodium—fluoride (NaF). Twenty seven adult male Long—Evans rats were administered one
of three treatments for 52 weeks: the control group was administered double distilled deionized drinking water (ddw). The aluminum-treated
group received ddw with 0.5 ppm AlF; and the NaF group received ddw with 2.1 ppm NaF containing the equivalent amount of F asin
the AIF; ddw. Tissue aluminum (Al) levels of brain, liver and kidney were assessed with the Direct Current Plasma (DCP) technique and
its distribution assessed with Morin histochemistry. Histological sections of brain were stained with hematoxylin & eosin (H& E), Cresyl
violet, Bielschowsky silver stain, or immunohistochemically for g-amyloid, amyloid A, and IgM. No differences were found between the
body weights of rats in the different treatment groups athough more rats died in the AIF; group than in the control group. The Al levels
in samples of brain and kidney were higher in both the AlF; and NaF groups relative to controls. The effects of the two treatments on
cerebrovascular and neuronal integrity were qualitatively and quantitatively different. These alterations were greater in animals in the

AlF; group than in the NaF group and greater in the NaF group than in controls. © 1998 Elsevier Science B.V.
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1. Introduction

Epidemiological studies have raised the possibility that
prolonged exposure to duminum (Al) in drinking water,
perhaps as low as 0.1 ppm, may represent a risk factor for
aging-related neurological impairments [4,23,24,33,34,42,
47,48,52,60,71,72,75,76,80]. In determining the effects of
chronic exposure to Al in the drinking water it is important
to consider the factors that enhance or inhibit the bioavail-
ability of Al and its effects on the nervous system
[1,19,25,30]. One such factor is the nature of the Al
complex and its speciation after ingestion. Schroeder et al.
[61] has hypothesized that when fluoride (F) and Al are
both present in drinking water they will form fluoroalu-
minum complexes (AlF;) in the stomach that, compared to
their ionic forms, exhibit increased transport into the
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bloodstream and likely across the blood—brain barrier
(BBB). This possibility was investigated by Varner et al.
[78] who examined the behavioral and morphological ef-
fects of 45 weeks ingestion of the AlF; in double-distilled
water provided for drinking. They administered either 0.5
ppm, 5.0 ppm, 50 ppm AlF; in the drinking water to male
Long—Evans rats 4-5 months of age. One of their most
remarkable findings was that animals administered the
lowest dose of AlF; (0.5 ppm) exhibited a greater suscepti-
bility to illness and higher mortality than animals adminis-
tered higher levels (5 ppm, 50 ppm) of Al. The reasons for
the selective high mortality rate following this dose are
unknown. Histological examination of the brains of the
Al-treated animals revealed a significant reduction in the
number of cellsin areas CA1 and CA3 of the hippocampus
in the AlF;-treated groups relative to the control group, but
no differences were found among the groups of rats receiv-
ing different concentrations of AlF;. Qualitatively, two
patterns of anomalies were observed in the AlF; groups:
(1) argentophilic cells prominent in CA1, CA3, dentate
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gyrus, and neocortex, and (2) increased aluminum-fluores-
cence present throughout the brain and cerebral blood
vessels. The latter histological pattern was consistent with
the finding that the level of Al in the brains of the AlF;
animals was almost double that of the control animals as
indicated by the Direct Current Plasma (DCP) technique.
Although dramatic behavioral differences were not ob-
served during the ingestion of AlF;, the increased Al
content of the brain together with the observed morpholog-
ical anomalies are likely results of the enhanced access of
Al to the cerebrovasculature and the brain.

One possible reason for the increased infections and
mortality of animals in the 0.5 ppm AlF; group rests on
the assumption that the toxic agent of importance was the
fluorine and its absorption or its effects were antagonized
by the higher levels of Al found in the higher doses of
AlF;. Al, at certain levels, has the capacity to decrease F
uptake and reduce signs of F toxicity [77,78]. If tissue F
levels were the primary determinant in the increased infec-
tions and mortality, then the lower amount of Al at the 0.5
ppm level of AlF; may have been insufficient to reduce F
uptake. A number of the other possibilities, however, may
also account for the severity of effects occurring in the
lowest dose group. To help understand the results of this
earlier experiment, we undertook the present study to
compare the effects of the 0.5 ppm AlF; with a compara-
ble level of F administered alone in the form of NaF. A
concentration (2.1 ppm) of NaF was used that contained
the same amount of F as 0.5 ppm AlF;.

As in the origina AlF; studies by Varner et a. [77,78],
the Al levels in samples of the brain, kidney, and liver
were determined by the DCP and the pattern of distribu-
tion of Al was assessed histochemically in brain, kidney,
liver and spleen. Morphological alterations were character-
ized in the hippocampus and neocortex. Cerebrovascular
integrity was assessed with IgM immunostaining. Since Al
may influence amyloid deposition, we also compared the
pattern of B-amyloid and amyloid A immunostaining.
Pathological evaluations of kidney, liver and spleen were
also conducted.

2. Materials and methods

2.1. Animals

Twenty-seven male, Long—Evansrats, 3.5 to 4.5 months
of age at the start of the treatment schedule were used. The
animals were divided into three groups (nine rats/group)
and individually housed throughout the experiment. All
subjects were from a stock colony at Binghamton Univer-
sity and maintained on a 12:12 h light:dark schedule. Food
was provided ad libitum except when testing was con-
ducted in a behaviora task that required food deprivation.

During such periods, food was removed from the cages for
18-20 h prior to testing (weeks 24 to 27). Water was
available ad libitum. Prior to the beginning of treatment,
animals had access to tap water which had non-detectable
(<50 ppb) Al levels. Depending on group assignment,
treatment consisted of double-distilled drinking water (ddw)
buffered to a pH of 7.0, 0.5 ppm AlF; in ddw or 2.1 ppm
NaF, with the latter two treatments having the same F
molar concentration (see Section 2.2). Exposure to the
treated water continued for 52 weeks. Body weights were
recorded weekly for the first 10 weeks and then biweekly
throughout the remainder of the experiment.

2.2. Preparation of AlF; and NaF solutions

The 2.1 ppm concentration of NaF was selected to
provide the same F~ as available from AlF; and took into
consideration the method of producing the AlF; solution,
i.e., the addition of the aluminum nitrate and sodium—fluo-
ride (NaF) to ddw in a mole ratio of 1:6 (Al:F) as well as
the variety of Al species formed. Stoichiometric calcula
tions indicate the predominant species formed to be AlF;
and AIF, [82] and that alevel of 2.1 ppm of NaF provides
a comparable level of F~ as present in the drinking water
of AlF; group. In this paper, the term AlF; will be used to
represent all of the species formed.

2.3. Tissue samples

Brain, kidney, liver, and spleen were recovered for
processing from all of the animals that died during the
course of the study. At the termination of the experiment,
the surviving animals were sacrificed with a lethal dose of
sodium pentobarbital (Nembutal, Abbott L aboratories). The
brains were removed and a 6 mm coronal block corre-
sponding to a region extending from 2 mm to 8 mm from
bregma was immersed in 10% formalin. The remaining
frontal and cauda blocks of the brain, as well as blocks of
kidney and liver, were frozen for DCP analysis of the Al
content [82]. Additional blocks of kidney, liver and spleen
were immersed in 10% formalin for histological process-

ing.
2.4. Aluminum tissue levels

The amount of Al in samples of brain and kidney were
determined by the method of Horvath and Huie (1995) for
analysis of high fat biological tissues. Tissue samples were
homogenized and digested with Utrex HNO3 and fed
through a nebulizer into an atomic emission spectrometer
(Fisons model SS7). An analytic mode was used to detect
emission intensity at 396.152, corresponding to Al. The
unit was calibrated to a resolution of 0.006 nm and detec-
tion limit of 2 ppb. This approach detects both free and
bound Al.
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Fig. 1. Cumulative deaths over the course of the experiment.

2.5. Histology

Fixed tissue samples were embedded in paraffin and
sectioned at 8 wm. Sections of brain, kidney and spleen
were stained with hematoxylin & eosin (H& E) or with the
Morin aluminum-fluorescence method [14] with a Cresyl
violet counterstain. Additional coronal sections of the brain
were stained with a modified Bielschowsky silver stain or
immunohistochemically labeled with antisera specific for
IgM, B-amyloid, or amyloid A.

All sections processed for immunohistochemistry un-
derwent the same initial steps used in preparing the paraf-
fin-embedded tissue for processing, sectioning deparaf-
finization, rehydration. All incubations were carried out in
a humidified chamber at room temperature and except
where noted all washes were carried out in Tris buffer,
pH = 7.2 (TBS). To confirm that the presence of labeling
was due to the primary antibody, additional slides were
processed without the primary antibody, without the sec-
ondary antibody or without either the primary or secondary
antibodies. Additional sections underwent a methanol /hy-
drogen peroxide pretreatment to abolish endogenous per-
oxidase activity. All secondary antibodies were from Elite
ABC Kits, Vector Laboratories.

For immunolabeling with B-amyloid antisera, slides
were pretreated with concentrated formic acid for 3 min
[41], rinsed, incubated with 10% blocking serum (10%
normal horse serum and TBS) for 1 h, and then incubated
overnight with a primary antisera specific for g-amyloid
(dilution 1:100, mouse monoclonal, Dako). Sections were
then washed, incubated 1 h with the biotinylated secondary
antibody, washed again and then incubated with the
avidin—biotin horseradish peroxidase complex for 30 min.
The sections were then washed and the peroxidase |abel
was visualized with cobalt—nickel intensified diaminoben-
zidine. The procedure for amyloid A antisera (dilution
1:100, monoclonal mouse, Dako) was the same as the

procedure for B-amyloid antisera, except that the pretreat-
ment with formic acid was omitted. The procedure for the
IgM antisera (dilution 1:100, rabbit polyclonal, Jackson
ImmunoResearch) was the same as for amyloid A except
0.1 M phosphate buffer (pH = 7.2) was used instead of
TBS.

2.6. Morphological evaluations

All counts and ratings were conducted by three individ-
uals, two of whom were always blind to the treatment of
the rats from whom the tissues came. For the distribution
of Al-fluorescence demonstrated with the Morin method,
ranking was based on overal intensity and extent of
florescence across a 400 X 400 um field in specific re-
gions of brain, kidney and spleen. Three grades of Morin
produced fluorescence (1 = low, 2 = moderate, 3 = high).
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Fig. 2. The amount of aluminum ( wm) in brain and kidney tissue (g) as
determined by DCP analysis.
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Fig. 3. Photomicrographs of the glomeruli of the kidney. Note Bowmans space surrounding the glomerulus of the control and the infiltration of this space
in the treated groups. Magnification = 250 X . Row 1 = Control, Row 2 = NaF, Row 3 = AlF;.
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Ranking of immunohistochemical label for IgM, pB-
amyloid, and amyloid A was based on the amount of
immunoreactivity present in 800 X 800 um fields of the
particular region of interest (0 = none, 1 = low, 2 = high).

The assessment of neuronal integrity focused on the
superior parietal cortex, hippocampus and dentate gyrus
from coronal sections taken at levels in which the dorsal,
but not ventral, hippocampus was present. Observations of
H & E-stained sections were made in a 250 X 250 um area
of the particular region of interest. The following charac-
teristics were considered indicative of neurona injury in
H& E-stained sections: the number of neurons having
clumped and darkened chromatin, hyperchromasia, exten-
sive vacuolation, pyknosis, ‘ghost-like' appearance (i.e.,
well demarcated neurona outlines with faint, barely de-
tectable structure). These characteristics are traditionally

used as indices of necrosis. A rating of 0 was given to an
area when few or no cells in the area showed these
characteristics. A rating of 1 was given when between 10
and 50% of the cells showed signs of abnormality. A
rating of 2 was given when over half of the neurons in the
field showed signs of abnormalities.

Neurons were rated and counted as normal if they were
normal in shape with dispersed chromatin and prominent
nuclel. The assessment of the damaged areas is expressed
as observed freguencies of norma cells or cells with
various degrees of abnormality. All neocortical layers in
each hemispheres were examined. This rating was then
converted to percentages and presented as such in the
figures. Percentages are based on the number of observed
frequencies in each category divided by the group total (n)
and then multiplied by 100. For example, if in a group of
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Fig. 5. Photomicrographs illustrating examples of ratings of neuronal
injury in the hippocampus. Row 1= Control, Row 2 = NaF, Row 3=
AlF;.

10 animals in which only 2 subjects meet a specified
criterion for a certain category (i.e., normal cells), then the
percent occurrence for that category would be 20%.

The density of neuronsin layers 2, 3, 4, 5, and 6 of the
neocortex on both sides of the brain were counted in
sections stained with Cresyl violet stain using a 350 X 200
um field for each sample. An image from a Magnavox
video camera mounted on Nikon microscope was dis-
played on Sony Trinitron television and a clear plastic
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Fig. 6. Frequency of neuronal abnormalities in the neocortex. Data are
expressed as percent of occurrences within the rating scale.
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3.1. General condition of the animals

A progressive general decline in appearance of the AlF;
animals was noted throughout the experiment. In addition
to the yellowing of the hair that occurs with age, the hair
of animals in the AlF; group became sparse revealing the 104
underlying skin which was dry, flaky, and of a copper
color. Although the body weights did not differ among the ?
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Fig. 9. Photomicrographs IgM immunoreactivity in the cortex of the right hemisphere. Magnification = 250 X . Row 1 = Control, Row 2 = NaF, Row
3=AlF;.
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3.2. Aluminum levels in DCP tissue samples

The brains of the AlF; and NaF groups had higher
levels of Al compared to controls (F(2,14) = 9.793, p <
0.01, Fisher LSD, p < 0.05, Fig. 2). The kidneys of the
AlF; group exhibited elevated Al levels compared to both
the control and NaF groups [F(2,16) = 7.265, p < 0.01]
(Fisher LSD, p<0.05, Fig. 2). There was no difference
between the treatment groups in Al levels in the liver.

3.3. Distribution of aluminum in sections stained with
Morin method

Al-fluorescence in sections of the brain was exclusively
associated with vasculature where it occurred as deposits
within the lumen, within endothelia cells, and in the
adventitia. This type of Al-fluorescence was also detected
in the brains of control animals as well as those of animals
receiving either treatment. In all groups there were consis-
tent treatment-related differences in the intensity and ex-
tent of Al-fluorescence. Greater amounts of fluorescence
were observed to occur in the deeper layers of the neocor-

tex and in the hippocampus of the left hemisphere than in
the right. Ratings by observers blind to the experimental
groups confirmed the AlF; group exhibited greater fluores-
cence in layer 6 of the left hemisphere than the controls
[ X2(2) =6.741, p<0.03]. Greater Al-fluorescence also
occurred in layer 5 of the left hemisphere of the AlF;
group compared to the same region of brains from the NaF
group [ X2(2) = 7.187, p<0.03] and controls [ X%(2) =
9.479, p < 0.01]. CA3 and CA4 regions of the hippocam-
pus of the left hemisphere of the brains from the AlF;
group also exhibited increased fluorescence compared to
controls [ X2(2) = 6.741, p < 0.04].

In the kidney, while some Al-fluorescence was detected
within glomeruli and tubules, substantially more fluores-
cence was associated with vasculature. The only
treatment-related increase in Al-fluorescence detected in
the kidney was that associated with the vasculature and
reached significant amounts only when the AIF; group was
compared with controls [ X?(2) = 13, p < 0.01].

In the liver, Al-fluorescence could be detected in the
sinuses and blood vessels of all animals. The only signifi-
cant difference between treatment groups, however, was a
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Fig. 10. Alterations of IgM immunolabeling in the neocortex. Data are expressed as percent of occurrences within the rating scale.
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Fig. 11. Photomicrographs of B-amyloid immunoreactivity in the vessels of the thalamus of the right hemisphere. Magnification = 250X . Row
1 = Control, Row 2 = NaF, Row 3 = AlF;.
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reduction of Al-fluorescence associated with the vascula
ture in the NaF group compared to the control group
[ X2(2) = 7.143, p< 0.03].

3.4. Morphological assessments of kidney, liver and spleen

In the kidney, glomerular hypercellularity and mesan-
gia proliferation was apparent in animals from both the
NaF and AlIF; treatment groups (Fig. 3). Congruent with
the glomerular changes was deposition of protein in the
tubules (Fig. 4). There was a significant increase in the
extent of monaocyte infiltration in the animals treated with
AIF, compared to controls [ X?(2) = 8.31 p < 0.05].

No differences among the groups were observed in the
liver. All hepatocytes appeared normal in shape displaying
the typical rounded appearance with demonstrable nuclei
and chromatin. Sinusoids, venules, and vessels all ap-
peared normal.

While there was some infiltration of the marginal zones
of the spleen by reactive lymphocytes in both AlF; and
NaF groups, no consistent pattern of treatment-related
pathological alterations was apparent.

3.5. Morphological assessment of neuronal integrity

Neuronal integrity was assessed in the neocortex and
hippocampus and particular attention was paid to possible
hemispheric localization of effects. There were more mod-
erately damaged and grossly abnormal cells in areas CA1
and CAA4 of the right hippocampus in the AlF; group than
in the control group [ X2(2) = 6.533, p<0.04; X?(2) =
7.098, p < 0.03] (Fig. 5). The differences between these
groups in the left hippocampal region were not statistically
significant.

In neocortical layers 2 and 3 of the right hemisphere, a
significant difference was found between the AIF; and the
NaF groups. The AlF; group had more moderately dam-
aged cells than the NaF group which had more normal
cells [ X2(2)=6.11, p<0.04] (Fig. 6). In neocortical
layers 2 and 3 of the left hemisphere, the AlF; group had
more abnormal cells [ X?(2) = 8.171, p < 0.02] than did
controls. Corresponding increases in the frequency of nor-
mal appearing cells were observed in neocortex of control
animals. No differences among the groups were found in
the cells of layer 6 in either hemisphere.

In addition to differences in the frequency of abnormal
neurons there were also differences between the treatment
groups in neuronal density in the hippocampus and neocor-
tex. In the hippocampus, neuronal density was decreased
in area CA3 in the left hemisphere of the AIF; group
relative to controls[ F(2,19) = 3.631, p < 0.05; Fisher LSD
post hoc, p < 0.05] (Fig. 7). No significant differences in
neuronal density were found among groups in areas CA1l
and CA4 in either hemisphere. There was a significant
decrease in neuronal density of neocortical layers 2 and 3
in the left hemisphere of AlF; group relative to the con-

trols and to the NaF groups [F(2,19) = 3.981, p < 0.04,
Fisher LSD p < 0.05] (Fig. 8). Significant reductions of
cell density were found in layers 5 and 6 of the AIF; group
compared to controls in the left hemisphere [ F(2,19) =
4.137, p<0.03; F(2,18) =4.307, p<0.03]. No differ-
ences were detected in layer 4 of the left hemisphere
among the groups. No significant differences were found
among any of the groups in the right hemisphere of any
layers of neocortex.

3.6. Integrity of the cerebrovasculature

In control animals, the localization of IgM was largely
restricted to the vascular lumen (Fig. 9), indicative of the
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integrity of the BBB to IgM. Staining of the neuronal
parenchyma in the AlF; and NaF groups was significantly
increased in the right hemisphere [AIF,: X?%(2) = 7.252,
p <0.03, NaF: X?2(2)=9.905 p<0.01] (Fig. 10). No
differences were found among the groups in the IgM
immunoreactivity in the left hemisphere. Minor amounts of
IgM immunostaining was detectable in the hippocampus
and dentate gyrus but there were no significant differences
among the groups.

Differences in the amount of immunoreactivity for g-
amyloid relative to that for amyloid A were most promi-
nent in the vasculature of the dorsal thalamus (Figs. 11 and
12). The control group had few instances of immuno-
reactivity while the tissue of animals from the AIF; group
demonstrated a bimodal distribution of reaction product—
the animals had an absence of reaction product staining or
a high level. A significant difference was found between
the AlF; and the control group in the lateral posterior
thalamic areas in both hemispheres [left: X2(2) = 6.171,
p < 0.05; right: X?2(2) = 8.914, p < 0.01]. The NaF group
also differed significantly from the control group in the
right lateral posterior thalamic area: the controls demon-
strated low immunoreactivity while rats in the NaF group
had either no or high levels of immunoreactivity [ X2(2) =
9.266, p < 0.01].

4. Discussion

As found in our previous study [77,78], a high mortality
rate resulted from the chronic administration of 0.5 ppm of
AlF; to rats in their drinking water. Since, in the present
study, the administration of NaF alone did not produce a
similar mortality rate, this effect does not appear to be
directly related to F intake. Additional characterization will
be necessary to determine if the role of differential injury
to several organ systems contributed to the increased mor-
tality at the lower doses of AlF;.

The AlIF; animals presented an unusual appearance;
their hair was sparse and the underlying skin was discol-
ored. The presence of a copper color hypermelanosis may
be indicative of several disease conditions among which is
chronic renal failure [10]. Histological evidence of
glomerular distortions and other signs of kidney disorders
were found in animals in both the AlF; and NaF groups,
although expressed differently. It is possible that physio-
logical aterations in kidney function, not related to histo-
logical evidence of injury, were greater in the AIF; group
than the NaF group. The overall Al content of the kidneys
in the AlF; group was nearly double that found in the NaF
and control groups. Since the kidney is critica to the
elimination of both Na and Al, such aterations may have
influenced the body burden of these elements, detoxifica
tion in general, as well as homeostasis of a variety of
important ions, such as calcium. It is also possible that the

skin changes seen in the present experiment and in our
previous study in the 0.5 AlF;-trested animals came from
disorders of organ systems other than the kidney.

Both the AlF; and NaF groups had increased brain Al
levels relative to controls. The Al level in the NaF group
was double that of controls and the Al level in the AlF;
group was even greater. The Al detected in the controls
and NaF groups is most likely due to the presence of this
element in the rat chow. Reported estimates of the Al
content in Purina Rodent Laboratory Chow range from 150
ppm to 8300 ppm Al [22] (L. Goldberg, Personal commu-
nication, 1994; W.J. Horvath, Personal communication,
1994). These data indicate that normal rat chow provides
the Al availability for al animals, including the controls.
Flouride also commonly occurs in food and water. They
are amost completely and quickly absorbed from the
gastrointestinal tract [38,44,46,69]. In the present experi-
ment the AIF; in the drinking water was prepared to form
optimally a fluoroaluminum species capable of crossing
the gut and vascular barriers. It is possible that the NaF-
treated group was able to form some amount of a AlF; also
capable of becoming bioavailable.

In general, the reduction of neurona density in the
neocortex of the left hemisphere was more prominent in
the AIF; group than the NaF and control groups. Cellular
abnormalities in the form of chromatin clumping, en-
hanced protein staining, pyknosis, vacuolation, and the
presence of ghost-like cells were also more common in the
AlF; group in the left hemisphere. These alterations are
consistent with the previously reported finding of marked
argentophilic pyramidal neurons in layers 3 and 5 of the
neocortex and in the pyramida cell layers of the hip-
pocampus in cats administered intracerebroventricular Al-
chloride [13]. In the present study, vascular Al-fluores-
cence was more pronounced throughout most structures of
the left hemisphere of the AlF; group. The hippocampus
was an exception to these conditions, abnormalities were
found only in areas CA1 and CA4 of the right hemispheres
of both treatment groups. In addition, the right hippocam-
pus had higher levels of Al-induced fluorescence than the
eft.

A variety of cellular mechanisms could underlie the
association between regional Al accumulation and regional
patterns of neuronal injury. These include transferrin trans-
port (Tf), calcium homeostasis and second messenger sys-
tems, alterations in neuronal cytoskeleton, and alterations
in the cerebrovasculature. Tf transports certain metals into
the cells by a receptor-mediated endocytosis at the Tf-re-
ceptor complex located on plasma membranes [49,58]. It
has been shown that Al binds to Tf and can gain access to
cells in the brain via the Tf-receptor system [22,58]. Neu-
rotoxic reactions to Al may also result from disruption of
ion homeostasis and second messenger systems, in particu-
lar G-proteins [29,35,39,50,51,54,59,64,65,70]. The activa
tion of G-proteins in turn initiate a chain of reactions
beginning with adenylate cyclase, CAMP, and protein ki-
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nases that ultimately result in increased phosphorylation of
various substrates. G-proteins are involved in the regula
tion of ion channels, metabolism, gene expression, and
cytoskeletal structures via second messenger systems. A
variety of mechanisms have been proposed by which Al
may aters the neuronal cytoskeleton [26,27,53,65,66,
73,74,79].

The deposition of Al in the cerebrovasculature, may
also contribute to the observed neuronal injury by altering
the BBB or cerebral blood flow. Examination of the
immunoreactivity of IgM in the brain revealed that both
AlF; and NaF groups had increased levels of 1gM in the
cortex of the right hemisphere as compared to the contrals.
Serum proteins, such as IgM and other antibodies, are
typically excluded from neuronal tissue by the BBB [8,9].
The increased immunoreactivity of IgM in the present
study may be indicative of a compromise in the BBB,
consistent with the observation that Al-chloride (10-100
mg kg1, i.v.) can alter the BBB of mice possibly through
changes in lipophilicity or potentiation of existing trans-
port mechanisms [5,6].

There are striking parallels between Al-induced alter-
ations in cerebrovasculature those associated with
Alzheimer's disease (AD) and other forms of dementia.
Alteration in the BBB can also promote inflammation
involving activated microglia which may be preferentialy
associated with the amyloid plagquesin AD [2,11,45,62,63].
Brain capillaries of patients with AD and of many aged
individuals are found to be distorted and often contain
amyloid deposits; the primary cause of these distortions is
unknown [3,15,31,32]. These capillary distortions can dis-
rupt blood flow patterns, atering cerebral metabolism and
if sustained, contribute to progressive degeneration of neu-
rons. Studies of AD and other dementing disorders have
shown that microvascular abnormalities display a regiona
and laminar specificity in accordance with neuronal degen-
eration patterns, suggesting that the alterations in the cere-
brovasculature may be a primary event in neurodegenera
tive disease [11]. Accumulation of B-amyloid has been
found in the cerebrovasculature and spina cord vascula-
ture of elderly persons both those with and without AD.
The deposition seems to be correlated with age and may be
a direct consequence of the development of blood vessel
abnormalities [31,37,38]. Vascular tissue produces B-
amyloid and the vascular deposition of amyloid may result
from alterations in the basement membrane of blood ves-
sels that frequently occur with aging [36,37]. Whether
amyloid is a causative factor in neurodegeneration
[28,29,62,63] or a secondary consequence of injury
[31,40,43,57], Al appears to have the capacity to influence
the distribution and properties of amyloid
[7,12,16,18,20,21,40,43,55,63,67]. In the present study ani-
mals in both the AlF; and NaF groups exhibited a bimodal
distribution of vascular B-amyloid in both hemispheres of
the lateral posterior thalamus, it was either absent or
present in high levels in both treated groups. This increase

in vascular amyloid thalamus may be causaly related to
the neuronal degeneration found in its major target, the
superior parietal cortex. In contrast, the control group
expressed consistently only low levels of immunostaining
—a unimodal distribution. While the presence of low
levels of B-amyloid in the controls may be the result of a
natural continuing, but limited, production of the protein
throughout life [31,63], the bimodal distribution of g-
amyloid in our AlF; and NaF-treated rats, however, re-
mains a puzzle.

While the present results do not address the causa
mechanisms of Al-induced neural degeneration, they do
demonstrate that ingested Al reaches the brain, and in such
animals there exists evidence of neura injury. While the
small amount of AlF; in the drinking water of rats required
for neurotoxic effects is surprising, perhaps even more
surprising are the neurotoxic results of NaF at the dose
given in the present study (2.1 ppm). Since dietary sources
of F are additive in animals [44,46,69]; perhaps for the
animals in the NaF group, the F in their chow together
with their drinking water exceeded tolerable levels. F has
diverse actions on a variety of cellular and physiological
functions including the inhibition of a variety of enzymes,
a corrosive action in acid mediums, hypocalcemia, hyper-
kalemia, and perhaps cerebral impairment [5,46,69]. Few
chronic toxicity studies of F, however, have included
extensive histological characterization of injury to the brain.
In most reports of chronic F toxicity, the data provided are
usualy limited to weight loss, dental and skeletal changes,
indicators of carcinogenesis, and damage to soft tissues
[10,17,44,56,68,81]. The results of the present study indi-
cate that more intensive neuropathol ogical evaluations of F
effects on brain may prove to be of value.

In summary, chronic administration of AlF; and NaF in
the drinking water of rats resulted in distinct morphologi-
cal aterations in the brain, including effects on neurons
and cerebrovasculature. Further studies of AlF; and NaF
are needed to establish the relative importance of a variety
of potential mechanisms contributing to the observed ef-
fects as well as to determine the potential involvement of
these agents in neurodegenerative diseases.
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