
Alzheimer's Disease: X-ray Spectrometric Evidence of Aluminum 

Accumulation in Neurofibrillary Tangle-Bearing Neurons 

Abstract. The elemental content of neurons of the hippocampus was studied by a 
combination of scanning electron microscopy and x-ray spectrometry in autopsy- 
derived brain tissue from three cases of senile dementia (Alzheimer type) and three 
nondemented elderly controls. Foci of aluminum were detected within the nuclear 

region of a high percentage of neurons containing neurofibrillary tangles from the 
cases of senile dementia as well as the elderly controls. The adjacent normal-appear- 
ing neurons from both groups of patients were virtually free of detectable aluminum. 
These findings suggest that the association of aluminum to Alzheimer's disease ex- 
tends to the neuronal level. 

The neurofibrillary tangle (NFT), 
since its original description by Alzhei- 
mer (1) in 1907, has been considered one 
of the principal miscroscopic features 
seen in the brains of individuals with 
senile dementia, Alzheimer's type 
(SDAT). The NFT is readily observed 
with the light microscope after silver im- 
pregnation staining and consists of paral- 

lel arrays of thickened, coarse, argyro- 
philic fibers within the neuronal cyto- 
plasm. Studies of tissue obtained at 
autopsy show a striking correlation be- 
tween the degree of clinical dementia 
and the extent of NFT formation in the 
hippocampus (2). Although small num- 
bers of NFT's are encountered in the 
brains of nondemented elderly individ- 

uals, the density of NFT's in the hippo- 
campus of patients with SDAT is 6 to 40 
times greater than that of nondemented 
age-matched subjects (3). The pathogen- 
esis of this cellular alteration, as well as 
that of SDAT itself, remains undeter- 
mined. 

In 1973, Crapper and co-workers (4) 
reported the presence of increased 
amounts of aluminum in the brains of 
four individuals with SDAT. Their study 
was stimulated by the observations in 
rabbits (5) of the induction of neurofibril- 
lary degeneration on direct exposure of 
central nervous system tissues to alumi- 
num salts. The aluminum concentrations 
measured by Crapper et al. were ex- 
tremely small, 7 to 9 ug of aluminum per 
gram (dry weight) of brain tissue in af- 
fected individuals compared to 2 ,tg/g in 
normal brain tissue. There was consid- 
erable regional variation in the aluminum 
concentration with increased amounts 

Fig. 1. Scanning electron micrograph-backscattered electron imaging of modified Bielschowski silver-stained section of the hippocampus, show- 
ing several NFT's and a senile plaque. Fig. 2. Scanning electron micrograph-secondary electron surface image (a) and backscattered 
electron image (b) of neuron containing a NFT (hippocampus-modified Bielschowski stain). Fig. 3. Scanning electron micrograph-back- 
scattered electron image of a silver-stained neuron containing a NFT. Points A and B indicate the areas subjected to elemental analysis. Partial x- 
ray energy spectra are shown below corresponding to these two points. Note the prominent peaks for aluminum and silicon present in point A but 
not detected in point B. The counting time was 100 seconds. Fig. 4. Scanning electron micrograph-backscattered electron image of a silver- 
stained neuron with a NFT. A line scan is passed through the nuclear region. The above tracing demonstrates the distribution of energy detected 
along the line scan at the x-ray wavelength characteristic for aluminum. Note the focal intranuclear concentration of aluminum. 
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Table 1. Percentage of neurofibrillary tangle-containing neurons and normal-appearing cells 
demonstrating the presence of magnesium, aluminum, or silicon. SDAT, 60 neurons from three 
cases (34 neurons with NFT's, 26 without); N-dE, nondemented elderly patients, 60 neurons 
from three cases (9 with NFT's, 51 without). A cell is considered positive if any of the four sites 
of analysis (four intranuclear, four cytoplasmic) show the presence of a peak corresponding to 
the Ka energy emission of either magnesium, aluminum, or silicon. 

Cells positive (percent) 

NFT Magnesium Aluminum Silicon 

SDAT N-dE SDAT N-dE SDAT N-dE 

Nucleus 
Present 52.9 + 8.6 100 91.2 + 4.9 88.9 + 10.5 50.0 + 8.6 11.1 - 10.5 
Absent 3.8 + 3.7 62.7 + 6.8 3.8 + 3.7 5.9 + 3.3 30.8 + 9.1 2.0 ? 2.0 

Cytoplasm 
Present 52.9 + 8.6 100 29.4 + 7.8 11.1 + 10.5 29.4 + 7.8 0 
Absent 3.8 ? 3.7 49.0 ? 7.0 3.8 + 3.7 2.0 + 2.0 34.6 + 9.3 7.8 ? 3.8 

present predominantly in the areas con- 
taining the most prominent senile 
changes (frontal and temporal cortex and 
hippocampus). A subsequent report (6) 
provided aluminum concentrations from 
brains from ten additional patients with 
senile dementia as well as nine normal 
brains derived from nondemented indi- 
viduals. The results refined the initial 
findings and provided further regional 
correlation of excess aluminum to areas 
of the brain containing large numbers of 
NFT's. Aluminum assays were per- 
formed by atomic absorption spectrome- 
try with ashing of the tissues. Because of 
the destructive nature of the analytic 
procedure, Crapper et al. (6) were un- 
able to further localize the aluminum 
within the tissues. Attempts to confirm 
Crapper's observations have been unsuc- 
cessful (7), and the association of alu- 
minum to SDAT remains controversial. 

Scanning electron microscopy in con- 
junction with x-ray spectrometry is an 
extremely sensitive method for the iden- 
tification and localization of elemental 
constituents of biological tissues (8, 9). 
We now report on the use of this analytic 
procedure for the determination of the 
elemental content of neurons in the hip- 
pocampus of three cases of SDAT and of 
three elderly nondemented individuals 
(10). 

Sections (20 ,um) were cut on a cryo- 
stat from Formalin-fixed blocks of the 
hippocampus, stained with a modified 
Bielschowski silver impregnation tech- 
nique, mounted onto pure carbon disks, 
and viewed in a scanning electron micro- 
scope (JEOL JSM-35). On the basis of 
the secondary electron surface image, 20 
neurons were selected from the Som- 
mer's sector of Ammon's horn. By 
means of back-scattered electron imag- 
ing (BEI) (11), the NFT's and the senile 
plaques within the tissues were identified 
by the bright appearance of the argyro- 
philic regions. The combination of the 
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silver impregnation staining and BEI 
provides an image that is comparable to 
routine neurohistologic preparations 
(Figs. 1 and 2). Each preselected neuron 
was then evaluated by BEI for the pres- 
ence or absence of a NFT (Fig. 2). 

Under standardized conditions of ac- 
celerating voltage (25 kV) and beam cur- 
rent (1 x 10-9 A), four sites within the 
nuclear region, each measuring 0.5 ,um in 
diameter, were chosen for elemental 
analysis by means of an energy dis- 
persive x-ray spectrometer (Kevex 7000 
series). Four sites within the perikaryal 
cytoplasm were selected for similar ele- 
mental analysis. X-rays from each site 
were collected for 100 seconds, and the 
resulting energy spectra were examined 
for peaks related to the Ka energy emis- 
sion of magnesium, aluminum, and sili- 
con (12) (Fig. 3). 

In the three cases of SDAT, a total of 
34 neurons containing NFT's and 26 neu- 
rons without NFT's were selected and 
analyzed as described. From the three 
nondemented elderly patients, 51 neu- 
rons without NFT's and 9 neurons with 
NFT's were analyzed (Table 1). Of neu- 
rons with NFT's examined in the cases 
of SDAT, 91.2 percent demonstrated a 
peak for aluminum within the nuclear re- 
gion, whereas aluminum was essentially 
not detected (3.8 percent positive) in the 
adjacent normal-appearing neurons. In 
the few NFT-containing neurons from 
the three elderly nondemented individ- 
uals, aluminum peaks were identified 
within the nuclear region in eight of nine 
cells (88.9 percent) but were rarely en- 
countered (5.9 percent positive) in the 
normal-appearing neurons examined in 
these cases. Although silicon was detect- 
ed within the tangle-bearing neurons of 
the cases of senile dementia, this ele- 
ment was also encountered in the non- 
tangled neurons. Silicon was rarely seen 
in the cells of the nondemented individ- 
uals. Magnesium was rather ubiquitous 

in all cell types except for the nontangled 
neurons of the SDAT cases. Data from 
the cytoplasmic regions closely paral- 
leled that of the nuclei, except that the 
percentages of aluminum-positive cells 
were much lower (Table 1). 

The accumulation of aluminum in the 
nuclear region of tangle-bearing cells ap- 
pears to be focal. Of the determinations 
made within the nuclear region of tangle- 
bearing cells, only 38.4 percent demon- 
strated a peak for the presence of alumi- 
num. The focal nature of the aluminum 
concentrations could also be demon- 
strated by evaluating many of the same 
tangle-bearing neurons by wavelength x- 
ray spectrometry, a technique which 
more closely resolves adjacent elemental 
peaks (8). Using a wavelength x-ray 
spectrometer, we confirmed the pres- 
ence of focal aluminum concentrations in 
the nuclear region of NFT-bearing cells 
in all three senile cases (Fig. 4). 

Our findings indicate an association of 
focal intranuclear accumulation of alumi- 
num with the presence of neurofibrillary 
degeneration in the hippocampal neu- 
rons of cases of SDAT. A similar associ- 
ation is suggested by the data on the oc- 
casional NFT-containing neurons of the 
hippocampus of elderly nondemented in- 
dividuals. Adjacent normal-appearing 
neurons from both groups of patients are 
free of detectable aluminum. 

With the use of similar electron probe 
methods, focal concentrations of silicon 
and aluminum have been detected within 
the senile plaques of cases of SDAT (13). 
Aluminum, although present on much of 
the earth's surface, has no known biolog- 
ic function and is not considered essen- 
tial to the diet (14). Aluminum also has 
been implicated as a neurotoxin in the 
encephalopathy associated with long- 
term hemodialysis or so-called "dialysis 
dementia." Although the brains of pa- 
tients with this condition are reported to 
have aluminum concentrations 12 times 
greater than normal, neurofibrillary de- 
generation has not been demonstrated 
(15). The precise nature, location, and 
extent of aluminum accumulation within 
cases of dialysis dementia as well as neu- 
rons with NFT's encountered in senility 
and various other neuropathologic con- 
ditions requires further investigation. 
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Wilson's disease (hepatolenticular de- 
generation) is an autosomal recessively 
inherited metabolic dysfunction of cop- 
per metabolism (1). It is caused by ex- 
cessive deposition of copper in various 
organs and, if untreated, the disease is 
invariably fatal. However, all the clinical 
manifestations can be prevented if the 
disease is diagnosed before functional 
impairment occurs (2). The onset of 
symptoms is usually in late childhood or 
early adulthood. The classical symptoms 
are Kayser-Fleischer rings, neurologic 
dysfunction, liver cirrhosis, and hypoce- 
ruloplasminemia. These symptoms may 
be absent in childhood. This, coupled 
with the absence of a simple noninvasive 
test, make early diagnosis of this dis- 
order difficult (3). 

The basic biochemical defect of Wil- 
son's disease is still unclear. Abnormal- 
ities of the structure and metabolism of 
ceruloplasmin have been suggested (4). 
However, no confirmatory evidence has 
been found. Several investigators have 
suggested that metallothionein from the 
liver of patients with Wilson's disease 
has an abnormally high copper affinity 
(5); others have isolated a low-molecu- 
lar-weight copper binding protein and 
found it to have a different quantity of 
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pressed in cultured skin fibroblasts d 
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model for studying the pathogenesis 
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Mutant Cell Repository (GM 32, 33 
Cell cultures from individuals matchc 
according to age and sex were used 
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Genetic Expression of Wilson's Disease in Cell Culture: 
A Diagnostic Marker 
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