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Aluminum Neurotoxicity: An Experimental Perspective 
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Aluminum neurotoxicity represents a serious consideration for 
a number of medical, industr ial  and environmental scient ists.  A 
variety of studies have suggested that aluminum may be sequestered 
from the environment and ingested via the food and water supply 
(CAMPBELL et al .  1957; MAYER & ULLRICH 1976; ABRAHAMSON et al. 
1976). As i t  has been demonstrated that AI3+ is not lost  once i t  
has been taken up into brain tissue (DEBONI et al. 1974; CRAPPER 
1976), continued exposure may lead to a gradual increase in the 
brain burden of this metal cation. 

The neurotoxicity of A1 3+ was f i r s t  established when D~Iken 
(1877) injected aluminum tar t rate into rabbits and found that they 
developed neuronal degeneration in d i f ferent  parts of the brain. 
Changes in the CNS following systemic administration of A13+ salts 
were described by SEIBERT & WELLS (1929), and the epileptogenic 
effect of aluminum hydroxide paste was described by KOPELOFF et al. 
(1942). More recently, aluminum has been implicated as a toxic 
agent in senile dementia of the Alzheimer type (CRAPPER et al. 
1973, 1976; PERL & BRODY 1980; HETNARSKI et al .  1980); i t  is a 
problem of therapeutic importance for dialysis patients receiving 
aluminum hydroxide gels (ALFREY et al. 1976); and the antiper- 
spirant action of aluminum salts remains a subject of several 
opposing hypotheses to explain the mechanism of the i r  drying action 
(HOLZLE & ~G~L~N 1979). Furthermore, the neurotoxicity of alu- 
minum is of part icular  importance to individuals in geographical 
regions where soluble AI3+ salts are believed to be leached out 
of the soil by acidic rain conditions result ing from atmospheric 
pollutants (JOHNSON 1979; CRONAN & SCHOFIELD 1979). Recent 
studies by YATES et al .  (1980) demonstrate that intracisternal  
inject ion of aluminum salts in rabbits produced altered levels 
of cholinergic enzyme ac t iv i ty  in selected nuclei of the brain. 

Our laboratory has carried out a number of preliminary 
experimental studies on the neurotoxicity of aluminum chloro- 
hydrate [AI2(OH)5Cl.2H20 ] and demonstrated s igni f icant  alterations 
in several biochemical parameters of the nervous system, part icu- 
la r l y  the cholinergic neurotransmission system. These results are 
reviewed below in synopsis form and discussed subsequently with 
part icular  emphasis on the apparent necessity for a comprehensive 
study of the neurotoxici ty of aluminum salts. 
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I .  Noncompetitive Inhibi t ion of Purif ied Acetylcholinesterase by 
Aluminum Chlorohydrate: 

Measurements of altered ac t iv i ty  of soluble acetylcholinesterase 
from eel (E. electr icus) e lect r ic  organ by the inorganic cations 
aluminum, scandium and yt t r ium demonstrated that these ions are non- 
competitive enzyme inhib i tors.  AI3+ inhibited enzyme ac t iv i ty  at al l  
substrate and inh ib i to r  concentrations studied. Inhibi t ion by A13+ 
was not sensitive to the active s i te-spec i f ic ,  competitive ligand 
physostigmine or to calcium, a peripheral site-binding act ivator 
cation. Inhibi t ion by another peripheral site-binding noncompetitive 
inh ib i to r ,  decamethonium, was not altered by A13+. Aluminum appears 
thus to interact with a d is t inc t  class of peripheral anionic sites on 
ACHE. Recent studies by TEAGARDEN et al. (1981) on the physicochemical 
properties of A1 chlorohydrate confirm our suggestion that the large 
predominantly polycationic species in this sal t  may interact with the 
y-peripheral s i tes, thought to be highly hydrophobic sites (ROUFOGALIS 
& QUIST 1972) on ACHE. These studies, discussed in detai l  in a recent 
publication (MARQUIS & LERRICK 1982), suggest a possible mechanism 
for AI3+ neurotoxicity via alterations of the major postsynaptic 
enzymes of cholinergic neurotransmission. 

2. The Effects of Environmental Aluminum on the North American 
Bullfrog 

This study was designed to examine the possible relationships 
between the effects of soluble aluminum salts and acidic pond water 
conditions on the cholinergic enzymes, choline acetyltransferase 
(ChAc) and AChE in brain homogenates of amphibians. North American 
bullfrogs (Rana catesbeiana) weighing between I00 and 300 g, were 
raised in pond water at pH 4.6, 5.6 and 6.6 containing aluminum 
chlorohydrate at 5 x IO-6M and 5 x ~O-5M, and in a control environ- 
ment, pH 5.6, without added aluminum. 

The pH conditions were chosen to represent the normal acid i ty 
of rainwater, usually well below neutral because of atmospheric car- 
bonic acid-producing gases, and one pH unit on either side of the 
control. The AI3+ levels were chosen on the basis of so lub i l i t y  
l imi ts and published concentrations measured in the acidi f ied lakes 
of the Adirondack Mountains (SCHOFIELD 1978). 

For the quantitat ive ion analyses and enzyme studies, the animals 
were sacrif ied by decapitation, the brains removed on ice, suspended 
in ll6mM Tris buffer, pH 7.3 (0.2 mg wet weight/ml) and homogenized 
with a teflon/glass homogenizer. The homogenate was used for ChAc 
and AChE assays and for quantitative analysis of Na +, K + and Ca 2+ 
by ion-specif ic electrodes and elemental A1 by atomic absorption 
spectroscopy of n i t r i c  acid digests of the tissue homogenates 
(YATES et al. 1980). In v i t ro  studies in which A13+ was added 
d i rect ly  to the brain tissue homogenates (pH 7.3) of unexposed bul l -  
frogs, were compared to the in vivo treatments. Protein determinations 
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were car r ied out by the method of LOWRY et a l .  (1951); AChE was 
assayed by the pH-stat method (MARQUIS & WEBB 1974); and ChAc 
by the method of FONNUM (1975). 

TABLE 1 

Acety lchol inesterase a c t i v i t y  in brain t issue homogenates of 
bul l  frogs raised in bathing environments of  varied pH and 

A1 chlorohydrate concentrat ions 

In Vivo Studies 

pH BATH AI3+(M) 

4.6 

AChE A c t i v i t y  
(~mol s/hr/mg protei  n) 

0 8.2 + 1.3 (6) 
5 x 10-6 7.7 • 0.8 (2) 
5 x 10 -5 8.5 -+ 0.2 (3) 

5.6 

6.6 

0 13.2 _+ 0.4 (2) 
5 x 10 -6 13.1 • 0.9 (2) 
5 x 10 -5 9.3 -+ 0.5 (2) 

0 5.2 + 0.7 (3) 
5 x 10-6 6.0 + 0.5 (3) 
5 x 10 -5 7.4 + 0.4 (3) 

In V i t ro  Studies 

7.3 
0 8.5 + 0.I  (2) 
5 x 10-6 7.7 -+ 0.6 (3) 
5 x 10 -5 I0.0 -+ 0.2 (2) 

(n) = number of  f rog brains assayed 

Non-paired t - t e s t s  ind icate s i g n i f i c a n t  changes in enzyme a c t i v i t y ,  
p < 0.05, in 5 x IO-5M AI3+, in v i t r o ,  as well as in the in vivo 
studies at pH 5.6 and pH 6.6, 5 x lOZ5M AI3+, p < 0.02. 

The Al3+-enriched pond water environment produced no 
measurable changes in the levels of ChAc in the brain t issue of 
homogenates in e i the r  the in vivo or in v i t r o  treatments. Brain 
AChE a c t i v i t y ,  however, was a l tered in a pH-dependent and concen- 
t rat ion-dependent fashion. The resu l ts  are summarized in Table I .  
The animals raised at pH 4.6 showed general ly  very poor health and 
survived only 7-10 days. Nonetheless, brain AChE levels in these 
animals were not a l tered by the presence of A13+ in the bathing 
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environment. Exposure to pH 5.6 and 6.6 did not s ign i f i can t l y  
reduce the v i a b i l i t y  of the animals. At e i ther pH level,  A1 ~+ 
did not a l te r  the level of CNS AChE ac t i v i t y .  Exposure to 5 x 
IO-5M aluminum chlorohydrate at pH 5.6 resulted in a 25% decrease 
in AChE ac t i v i t y ,  while exposure to th is  higher dose at pH 6.6 
resulted in a s l igh t  elevation of enzyme ac t i v i t y  over the un- 
exposed controls. Notably, control enzjnne levels were markedly 
lower at the higher pH. 

TABLE 2 

Quantitative analysis of ionic calcium and elemental 
aluminum in brain t issue homogenates of bul l f rogs 
maintained in bathing environments with varied pH 

and A1 chlorohydrate concentrations 

pH 
Bath Brain Ca2+ (~g/g wet wgt.) Brain A1 (ng/g wet wgt.) 
AI3+(M) Week 1 Week 4 Week 7 Week 1 Week 4 Week 7 

5.6 0 433 185 70 3 70 41 
5 x 10-6 ND 971 60 113 442 ND 
5 x 10 -5 ND 260 I00 ND ND 138 

6.6 0 455 ND 217 ND ND 158 
5 x 10-6 250 60 73 6 5 256 
5 x 10 -5 

ND = not determined 

Quantitative analyses of ionic Ca 2+ and elemental A1 are 
summarized in Table 2. Each data point represents a single frog 
brain. While the concentrations of A1 in the total  brain appeared 
to increase with time of exposure to A1 chlorohydrate, the con- 
centrations of Ca 2+ apparently decreased. Preliminary micrographs 
indicate that the brain burden of A1 can be visualized by the f luo-  
rescent Morin stain (DEBONI et al .  1976) in these animals. Although 
too few animals and too few repl icate measurements are available to 
indicate speci f ic  toxic effects of aluminum in these studies, the 
preliminary data are su f f i c i en t l y  suggestive to warrant a more 
extensive study. 

3. Brain Aluminum and AChE in Adult Rats and Newborn Offspring 
Raised on Aluminum-Enriched Drinking Water 

Studies were carried out on both adult and newborn rats to 
determine whether there is accumulation of A1 and al terat ions of 
AChE ac t i v i t y  in the brain of rats exposed to the cation via 
dietary intake as well as in the nursing of fspr ing of these animals. 

46 



A colony of adult white rats (Charles River, CD, Sprague-Dawley 
derived) was fed ad l ib  standard lab chow (Agway RMH 3000) and 
ad l ib  drinking water. Half the animals drank normal f i l te red  
tap water (<Ippm AI) and hal f  drank only tap water containing 
0.06% (6.2mM) or 0.12% (12.4mM) A1 chlorohydrate (Aldrich Chem. Co.). 

TABLE 3 

Quantitative analysis of elemental aluminum acetylcholinesterase 
ac t i v i t y  in total  brain tissue of newborn rats 

Age [AI 3+] Brain A1 Protein + Brain A1 AChE + 
(days) maternal (total ( total  mg (~g/mg (mmols x 10-4/ 

drinking ~g) in protein) hr/mg protein 
water supernatant) in supernatant) 

8 0 (<Ippm) (8) 3.0• 30,2• 0.I0 6.37• (8) 

0.06% (2) I . I •  26,8• 0.04 4.74• (6) 

0.12% (3) 1.7• 24.7• 0.07 3.46• (6) 

15 0 (<Ippm) (8) 5.8• 53.4• 0. I I  5.90• (8) 

0.06% (2) 3.6• 52.8• 0.07 3.30• (5) 

0.12% (6) 2.0• 57.2• 0.04 4.10• (12) 

22 0 (<Ippm) (7) 3.7• 62.0• 0.06 6.50• (12) 

0.06% (3) 2.5• 74.4• 0.03 3.30• (7) 

0.12% (6) 3.0• 77.4• 0.04 3.90• (12) 

+Proteins and enzyme ac t i v i t y  were determined on a I0,000 x g 
supernatant of the total  brain homogenate. 

*Due to a loss of samples, proteins were determined in duplicate 
on only 2 samples. 

(n) = number of samples assayed. 
ANOVA on brain A1 levels = no s igni f icant differences 
ANOVA on brain AChE levels = Fag e = 0.37 (N.S.); Fdose = 15.93" 

Animals on similar diets were mated and offspring were 
sacrif iced at 8, 15 and 22 days of age. AChE ac t iv i ty  and 
elemental A1 were analyzed in whole brain homogenates using the 
same procedures described above for the frog brain studies, ex- 
cept that the enzyme and protein assays were done on a I0,000 x g 
supernatant of the whole brain homogenate. The data are summarized 
in Table 3. Analysis of variance on these data indicate no signi-  
f icant differences in the brain A1 levels as a function of age 
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or maternal drinking water composition. There are also no s ign i -  
f icant  differences in the brain AChE ac t i v i t y  simply as a function 
of age; but there is a marked decrease in AChE ac t i v i t y  wi thin each 
age group as a function of maternal exposure to AI. I t  is not clear 
whether the altered enzyme levels can be correlated d i rec t l y  with 
exposure to A1 or with altered developmental processes in these 
rat  pups. 

TABLE 4 

Analysis of elemental aluminum and acetylcholinesterase 
ac t i v i t y  in total  brain t issue of adult rats maintained 
for 28 days with drinking water containing background 

levels, 0~06% or 0.12% aluminum chlorohydrate 

[Al 3+] of Brain A1 AChE 
drinking water ( total  ug) (mmols x lO-4/hr/mg 
.... protein in supernatant) + 

0 (<Ippm) 3.1 ( I )  6.73 • 0.09 (2) 

0.06% 5.1• (3) 7.27 • 0.17 (2) 

0.12% 6.7 ( I)  8.60 • 0.49 (4) 

+Proteins and enzyme ac t i v i t y  were determined on a lO,O00 x g 
supernatant of the total  brain homogenate 

(n) = number of brains assayed. 

Similar analyses were carried out on brain t issue from adult 
rats maintained for 28 days with drinking water containing back- 
ground levels (<Ippm), 0.06% or 0.12% A1 chlorohydrate. These 
data are summarized in Table 4 and suggest a s ign i f i cant  increase 
in both total  brain AI and AChE ac t i v i t y  with increased consumption 
of A1 chlorohydrate. Also, the Al-dr inking adults consumed, on 
the average, the same volume of water as did the controls. I t  is 
thus l i ke l y  that A1 can accumulate in the mammalian brain via 
dietary exposure and that th is accumulation may resul t  in a s igni -  
f icant  a l terat ion of chol inergic neurotransmission. 

The need for more comprehensive studies of aluminum neurotoxici ty 
is strongly indicated by the results presented above. The effects 
of dietary exposure to AI sal ts should be examined in adult mammals, 
pregnant females, and the i r  of fspr ing. A1 should be analysed in 
fetal  and placental t issue, as well as in speci f ic  brain regions of 
the animals. These studies also suggest the need to carry out be- 
havioral analyses for short term memory function in adults and for 
the development of motor and learning functions in the offspr ing. 
In addit ion to the enzymes of chol inergic neurotransmission, a 
variety of physiological ion levels should be monitored as well as 
renal, cardiac, and, in par t icu lar ,  parathyroid functions. 

48 



ACKNOWLEDGMENTS 

The author is deeply grateful to Andrew J. Lerrick for his 
sk i l l fu l  technical assistance and organizational ab i l i t ies .  This 
work was supported in part by the U. S. Army Research Office 
(DAAG 29-81-K-0130), the National Science Foundation (#SOS525046) 
and the National Insti tute of Mental Health (#MH 35155). 

REFERENCES 

ABRAHAMSEN, G.: Impact of acid precipitation on forest and freshwater 
ecosystems in Norway. SNSF Project, NISK, 1432 Aas-NLH, Norway, 
37-63 (1976). 

ALFREY, A.C., LEGENDRE, G.R. & KACHY, W.D.: New Engl~ Jo Med~ 294: 
184 (1976). 

CAMPBELL, I.R., CASS, J.S., CHOLAK, J. & KEHOE, R.A.: Arch. of Ind. 
Health 15:359 (1957). 

CRAPPER, D]-R.: Aging, Vol. I I I .  Neurobiology of aging. Ed. R. D. 
Terry & S. Gershon, Raven Press, New York, 405 (1976). 

CRONAN, C.S. & SCHOFIELD, C.L.: Science 204:304 (1979). 
DEBONI, U., SCOTT, J.W. & CRAPPER, D.R.: Histochemie 40:31 (1974). 
DEBONI, U., OTVOS, A., SCOTT, J.W. & CRAPPER, D.R. Ac~Neuropathol. 

35:285 (1976). 
FONNUM, F.: J. Neurochem. 24:407 (1975). 
HETNARSKI, B., WISNIEWSKI, H-T.M., IQBAL, K., DZlEDZIC, J.D. & LAJTHA,A. 

,, Ann. Neurol. 7:489 (1980) 
HOLZLE, E. & KLIGMAN, A.M.: Ji Soc. Cosm. Chem. 30:279 (1979). 
JOHNSON, N.M.: Science 204:497 (1979). 
KOPELOFF, L.M., BARBERA, S.E. & KOPELOFF, N.: Amer~ J. Psychiat. 98: 

881 (1942)~ 
LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L. & RANDALL, R.J.: J. Biol. 

Chem. 193:265 (1951). 
MARQUIS, J.K. & WEBB, G.D.: Biochem. Pharmacol. 23:3459 (1974). 
MARQUIS, J.K. & LERRICK, A.J.: Biochem. PharmacoT~. (in press, 1982) 
MAYER, R. & ULLRICH, B.: Proc of the First Internat. Symposium on 

acid precipitation & forest ecosystems. Dept. of Agriculture, 
Washington, D.C. 737 (1976). 

PERL, D.P. & BRODY, A.R.: Science 208:297 (1980). 
ROUFOGALIS, B.D. & QUIST, E.E.: Molec. Pharmacol. 8:41 (1972). 
SCHOFIELD, C.L. Bioscience 28:472 (1978). 
SEIBERT, B.& WELLS, H.: Arch--~Pathol. 2:230 (1929)o 
TEAGARDEN, D.L., RADOVICH, J.F., WHITE,-J.L. & HEM, S.L.: J. Pharmac, 

Sci. 70:762 (1981). 
YATES, C.M., SIMPSON, J., RUSSELL,D. & GORDON, A.: Brain Res. 197:269 

(1980). 

Accepted April 27, 1982 

49 


