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Neurotoxic effects of selected metals
by Arne Wennberg, MD1

WENNBERG A. Neurotoxic effects of selected metals. Scand J Work Environ Health 1994;20 spe­
cial issue:65-7 1. A chemical is considered to be neurotoxic if it is capable of inducing a consistent
pattern of neural dysfunction or lesion in the nervous system. Several metals are known as neuro­
toxic. Among them, four have been selected as being especia lly important from the occupational point
of view, lead, manganese, aluminum, and mercury. All four have proved to be neurotoxic even though
the toxic mechanisms may be unclear or unknown. This paper reviews the recent ly published docu­
mentation on the neurotoxic properties of these metals, from the general as well the occupational point
of view.

K EY TERMS - aluminum, lead, manganese, mercury, review.
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In 1992 a Nordic expert group published gu ide ­
lines for eva luating neurotoxicit y ( I) . Neurotoxicity
was defi ned in the followi ng way : A chemica l is con­
sidered to be neu ro toxic if it is capable of inducing
a co nsistent patte rn of neura l dysfunc tion or lesion
in the nervo us sys tem . In the asses sment of neu ro­
toxicit y, the fo llowing six levels were suggested for
co nsideratio n: (i) reversibl e subjective symptoms,
(ii) irreversib le subjective symptoms, (iii) biochem­
ical changes, (iv) physiological or behavioral chang­
es, (v) neurological changes, and (vi) morphologi­
cal changes. Observat ions on levels 4- 6 were sug­
ges ted to give sufficient evidence for neurotoxicity,
whi le levels 1-3 co uld indicate limited evidence. It
should be stressed that biochemical changes alone
co uld never give sufficient, but on ly limited , evi­
dence for neurotoxici ty.

Figure 1. Number of nerve cells during a normal life-span.
Critical level indicates the limits for reserve capacity of the
nervous system with respect to "normal" behavior during life.
Number of nerve cells reaches its maximum (100 x 109) at
birth and decreases continuously thereafter .
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Since the begin ning of industrialization in Western
co untries at the end of the last ce ntury , certain met­
als have been know n to be toxic in different ways ,
and some of them with specificity to the nervous sys­
tem (ie, neurotox ic) .

The meaning of the co nce pt " neurotox ic" can be
debated. Damage to the nervou s system has often
severer co nsequences than toxic effec ts to other sys­
tems because of the special properties of the nerv­
ous system. It is well known that the basic functional
unit of that system, the ner ve cell or the neu ron , can­
not multiply itself during a lifet ime. Thereby it dif­
fers from most ce lls in the bod y. The number of
nerve cell s, esti mated to be around 100 bill ion at the
time of birth, decl ines slow ly during one's life. The
reser ve capacity of the system is, however, large and
the nervous system can, in normal subjects, perform
adequately for norm al social dem and s unt il the end
of life. Fig ure I offers a sc hematic presen tat ion of
this process, and it ca n be assumed that toxic dam ­
age in ea rly life can have consequences much later,
when a critical level could be reac hed.

The fun cti on of the neu ron is complicated and
shown sch em atically in figure 2. A toxic co mpo und
could affli ct one or several part s of the functiona l
sys tem and thereby cause dysfu nct ion of the who le
ce ll. To understand the clinical pictu re of a toxi c ef­
fec t, knowledge of the basic mec hanisms is impor­
tant on the ce llular level.

In order to determine whethe r a compound is neu­
rotox ic, it is important to have rules for judg ing neu­
rotoxici ty (ie, how ca n neu rot oxicit y be demon­
strated).

Reprint requests to: Dr A Wennberg, Department of Neu­
romedicine , Nationa l Institute of Occupational Health, 5­
171 84 Solna, Sweden .
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Central nervous system
Behavioral deficits after lead exposure have been re­
lated to limbic system dysfunction, the hippocampus,

Nerve transmission
Nerve transmission could be affected by lead. Within
the catecholaminergic nervous system, lead exposure
has been demonstrated to cause alteration in the con­
centrations of noradrenaline and dopamine in addi­
tion to alterations in the enzymes tyrosine hydroxy­
lase and phenylethanolamine-N-methyl transferase
(6). Lead caused a decrease in the activity of the rate­
limiting enzyme of catecholamine syntheses in me­
dian eminence, periventricular nuclei, and anterior
hypothalamus, but not in other nuclei, a finding in­
dicating that this effect may be regionally specific
(7). In rats prenatally or postnatally exposed to lead,
the norepinephrine and gamma aminobytyric acid
levels were decreased while the glutamate and tyro­
sine levels were increased. Glutamate decarboxylase
activity was decreased and monoamine oxidase ac­
tivity was increased. No such effects were found
in adult rats, and it thus seems that the brains of
young rats are more sensitive to lead than those of
adults (8). It has also been shown that chronic lead
exposure affects dopamine receptor activity (9).

Lead has been shown to reduce monoamine oxi­
dase and acetylcholinesterase activity in fish brain
and also to decrease the gamma aminobutyric acid
level and increase histamine and serotonin, as an in­
dication of impairment of brain neurotransmitter
function (10). Another study demonstrated an in­
creased level of dopamine after exposure to lead (II).

Acethylcholine transmission, in particular the syn­
thesis and release of acethylcholine, has been dem­
onstrated to be impaired by lead exposure (12).

Lead also blocks the response mediated by the
postsynaptic nicotinic receptor at a relatively low
concentration (13).

Glia and myelin
Both astroglia and oligodendroglia cells seem to be
sensitive to lead (14). Astroglia can serve as a pro­
tective function in the brain by acting as a lead de­
pot. In addition glutamine synthetase activity in as­
troglial cells has been found to be affected in chron­
ically exposed animals. In a study on fetal guinea pig
the blood levels of aminolevulinic acid dehydratase
were decreased and zinc protoporphyrin IX was in­
creased, and these findings were regarded as bio­
chemical evidence for the alteration of neuroglial
function at low levels of lead (15) and may point to
the nervous system of the fetus as an important tar­
get of lead.

Morphological effects on astroglial cells have also
been demonstrated after exposure to low levels of
lead (16).

Peripheral nerve demyelination has been demon­
strated in several animal studies (17).
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Certain metals or metal compounds have long been
known as neurotoxic. For some of them, the neuro­
toxic effect is regarded as critical (ie, the effect that
appears at the lowest concentration compared with
other effects). This is the case for aluminum, lead,
manganese, and mercury. For mercury and lead, re­
nal effects are also considered critical. These four
metals have played an important role in occupation­
al health already for a long time. The neurotoxicity
of aluminum and manganese has been much debat­
ed recently, while the neurotoxicity of lead is well
established and the exposure levels often well under
control on the individual level.

Figure 2. Schematic presentation of a nerve cell. Framed
on the left side of the figure are the functional structures,
and the corresponding functions are shown on the right side
of the figure.(eNS = central nervous system; PNS = periph­
eral nervous system)

Nerve cells
The intracellular calcium ion concentration has been
found to be elevated by lead exposure (4), and this
phenomenon provides evidence for the role of cal­
cium in mediating the neurotoxicity of lead.

Lead also destroys microtubules and microtubu ­
lar formation within the nerve cells (5).

Lead

Lead has long been known as neurotoxic (2). Its tox­
icity was described already in antiquity (3) and has
even been discussed as an important factor in the
devastation of the Roman empire. The nervous symp­
toms following lead exposure are multiple, involv­
ing the peripheral nervous system with paresis and
sensory disturbances and the central nervous system
with encephalopathy with ataxia, coma, and convul­
sions.
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and the amygdala (18). Dysfunction of the dorsal hip­
pocampu s, as measured by a deficit in acquisition
and retenti on, was found in both maternall y and per­
manently lead-exposed rats, an indication of the long­
lasting effect of early lead exposure (19).

Long-term low-level exposure to lead has been
shown to cause a decrease in spatial learnin g and
short-time memory (20).

A study on extracellularly evoked responses in
hippocampal neurons indicated that lead acts pre­
synaptica lly on these cells (21).

Autonomic nervous system
In workers with blood lead level s of 16-60 (mean
34) mg· lOa ml" [77-290 (mean 164) ~mol ·

100 ml'] , the variations in the R-R interval were
reduced (22).

Electrophysiology
Visual evoked potentials were affected in monkeys
exposed pre- and postnat ally to lead (23).

In peripheral nerves, dysfunction could be dem­
onstrated by a slowing of nerve conduction velocity
if the blood level of lead was above 70 mg . 100 ml'
(338 umol . 100 ml' ) (24).

Lead workers with blood lead levels below 65 mg .
100 ml' (314 umol . 100 ml' ) showed prolonged
latencies of visual and somatosensory evoked poten­
tials and P-300 event-related potentials and also
decreased motor and sensory conduction velociti es
in peripher al nerves; these find ings were related to
lead absorp tion (25). In addition auditory evoked po­
tenti als in the brainstem have increased interpeak la­
tencies in workers with a mean blood lead level of
47.5 mg· 100 ml' (229 umol ·100 ml") (26).

Behavior
In a study on humans, blood lead levels of 30­
64 mg · 100 ml' (145-309 um ol . 100 ml-') were
shown to affect psychological performan ce, but the
effects were reversible , as measured two years later
(27).

It seems to be important to keep the blood lead
level below 50 mg . 100 rnl' (24 1 umol . 100 ml:'),
and after the blood lead level is reduced psychomet­
ric performance improv es (28). In a study on chil­
dren five years of age, higher postnatal blood lead
levels were associated with poorer performan ce on
all cognitive developmental subscales in the used test
battery (29).

In monke ys, blood lead level s of 3-25 mg·
100 ml: ' (14- 121 umol - 100 ml') at birth and a
steady level of 3- 13 mg· 100 mi l (14-63
umol . 100 ml' ) after the age of 200 d detrimental­
ly affect the results of performance tests at the age
of three years , a finding indicating that these levels
are neurotoxic (30).
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Genetic effects
The genetic effects of lead have been demonstrated
in the rat , in which lead caused a dramatic increase
in the pro-opiornelanocortin mRNA concentration,
which was reversible and depend ent on prolon ged
lead exposure (31). It was suggested that this find­
ing could be evidence of early environmental influ­
ence and the expre ssion of neuropeptide genes in the
brain.

Children
In a study on children, the tooth lead concentratio n
was examined, and a high-level group (> 18.7 mg·
g' : > 90 urnol . g-I) was compared with a low-level
group «5 mg · g-I; <24 umol . g'). Differences were
found for some intelligence tests and psychometric
tests, even after contro l for socioeconomic status
(32). Similar result s have been reported in another
study, in which intelligence scores correlated with
the lead level in teeth (33). In schoolchildren, lead
absorption was related to impaired psychological test
performance and difficulties at school (34).

An Australian study showed no effects on children
whose umbilical cord blood levels were in the range
of 0-29 mg· 100 rnl' (0- 140 umol . 100 rnl")
(35). In another study (36) early postn atal blood
lead levels at 10-25 mg · 100 ml" (48-121 umol .
100 ml' ) were assoc iated with low mental develop­
ment among childre n in lower socioeconomic strata.

In a European multic enter study on children from
eight countries , some behavioral test s showed a
significant relati on to the blood lead level [which
was in the range of 5-60 mg· 100 ml' (24­
290 umol . 100 ml-' )]. The association with psycho­
metric intell igence was poor and only borderl ine
(37).

Conclusions
Lead affects the nervous system on many levels: cell
metabol ism, membranes, nerve transmission, myelin
formation. In addition, it also causes a breakd own
of the blood-brain barrier (38). In adults, the criti­
cal level of lead in blood seems to be about 30­
40 mg · 100 ml' (145- 193 umol · 100 ml' ) for ad­
verse effects on the peripheral and centra l nervous
system in sensitive subje cts (2). Children are more
susceptible than adults, and the ir crit ical blood
lead level seems to be 5-10 mg· 100 rnl' (24­
48 umol ·100 ml" ).

Manganese

The neurotoxic effects of exposure to manganese can
be acute and mainly psychiatric (known as manga­
nese madness) or chronic with symptoms similar to
Parkinson' s disease with tremor , rigidit y, and brady­
kines ia (slow movements).

67



Scand J Work Environ Health 1994, vol 20, special issue

Ner ve transmission and nerve cells

Manganese increases dopamine autoxidation (39­
41 ). Thi s reaction, which seems to be irreversible
(42) , is probably one of the mechanisms behind the
clinical picture of manganism with symptoms simi­
lar to those of Parkinson disease.

Mang anese causes a reduction in striatal dopamine
concentrations, and manganese tox icity has been
found to be diminished by treatment with drugs that
reduce the striatal dopamine turnover rate (43) .

Apart from effects on dopamine, manganese has
also been shown to decrease levels of gamma amino­
butyric acid and substance P in striatal cells, and also
impair energy metabolism by decreasing adenosine­
5-triphosphate and increasing the lactate level. These
findings indicate an impairment in ox idati ve metab­
olism (44 ).

Manganese inhibits, in an irreversible way, glu­
tathione-S-transferase, a finding which suggests that
manganese can cause an interneuronal accumulation
of cytotoxic compounds (45) .

Brain
Monkeys given manganese for 16 months developed
signs of poisoning as unsteady gait and hyperactivi­
ty. Signs indicating degeneration of the dopamine
nerve endings in the striatum ha ve been shown in
such animals, and by magnetic resonance imaging it
has been shown that manganese accumulates in the
globus pallidus, putamen, and caudate nucleus (46).

Neurophysiology
In subjec ts exposed to low level s of mangane se, a
slowing of alternating movements in the hand s has
been shown as an early indication of impairment in the
functi on of the extrapyramidal nervous sys tem (47) .

Behavior
In workers exposed to manganese level s of less than
I mg . m' (18 umol . rrr') , an effect on performance
was found in several psychometric test s (48). Such
workers also showed an increase in neur opsychiat­
ric symptoms (49).

Conclu sions
Manganese acts by interaction with nerve transmis­
sion in dopaminergic nerve cells in the basal gan­
glia of the brain and thereby produces symptoms sim­
ilar to parkinsonism. It also affects cell metabolism
by impairing the oxidative metaboli sm in the same
area.

Aluminum

From the human aspect , the most important effect of
aluminum exp osure is a pos sibl e relati on to Alz­
heimer' s disease or dementia similar to Alzheimer' s
disea se, first discu ssed as a complication to dial ysis
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therapy in cases of chronic renal failure. Howe ver ,
so far, no epidemiologic studies have proved any re­
lationship between aluminum exposure and Alz­
heimer's disease (50, 51).

Amyotrophic lateral sclerosis has also been sug­
gested to be related to aluminum exposure. However,
even for this disease nothing has been proved, and
the reasons for connecting aluminum to amyotroph­
ic lateral sclerosis are vague (52).

Membran es

Aluminum has been shown to impair tran smembrane
di ffusion , and it changes selectively saturable tran s­
port sys tems without disrupting the inte gr ity of the
membranes or altering the hemodynamics of the cen­
tral nervou s sys tem. Alum inum is also capable of
membrane function at the blood-brain barrier and
thereby acts as a membrane toxin (53).

Nerve cells
Aluminum causes neurofibrillary degeneration in dif­
fere nt areas of the brain. A prominent neuropatho ­
logical findin g in Alzheimer' s disease is called "neu­
rofibrillary tangle. " Howe ver the neurochemical pro­
file of aluminum into xication shows both similari­
ties and discrepancie s to that of Alzheimer' s disease
(54).

Cyclic adenosine-5-triphosphate synthesis has
been found to be sensitive to aluminum, and this ef­
fect persists at least two weeks after the administra­
tion of aluminum . Modulation of the metabolism of
cyclic nucleotides seems to playa role in the neuro­
toxicity of aluminum (55) . Irre versible acti vati on of
adenylate cyclase has been suggested as a mechanism
behind thi s phen omenon (56) . Another demonstrat­
ed effect of aluminum is the inhibition of glutamate
release, a findin g suggesting an alteration of calcium
channel functi on that indic ates multiple targets for
aluminum-induced alterations of neuronal function
(57).

Nerve transmission

Aluminum is known to be tran sported by the iron
tran sport protein transferrin . In chronic dial ysi s pa­
tients with renal failure it has been shown that the
density of aluminum was high in forebrain areas with
high tran sferrin receptor density, even in cases in
which the brain gross level of aluminum was within
the norm al range [<4 mg· g dry weight: ' (19 umol .
g dry weightt j] . In such cases, there seems to be a
redistribution of iron , with the highest concentration
in the globus pallidus, whi ch is an area with low
transferrin receptor capacity. This finding indicates
that the distribution of neuropathological cha nges
see n in dialysis encephalopathy, as well as in Alzhe­
imer ' s disease, refl ects the distribution of tran sfer­
rin receptors (58) .

Aluminum also seems to interfere with acetylch o­
line transmission. Thirty minut es after an intravenou s



injecti on of aluminum chlori de , a signifi ca nt reduc­
tion in cho line acetyltra ns fe rase was found in the
basal for ebrain and hippocampus, while acetylcho­
lin esterase was increased in cauda te nuclei (59) .

Behavior
Aluminum given to rabbits produced behavior dis­
turbances, and it was shown that the brain co ntent
of aluminum was highest in the fro ntal gray and hip ­
pocampal areas. It was also sho wn that the beh av­
iora l toxic effects we re greate r in adult and old ani­
ma ls than in yo unge r ones (60).

An alum inum-induced reduction of choline acetyl­
transferase in the brain has bee n show n to be relat­
ed to impaired learn ing ability (6 1).

In hem od ialysis pati ents, an increasing aluminu m
level has been show n to be associated with decreas­
ing performance on neurocogn itive tests, but only for
subj ects with low premorbid intelligence. Subjects
with higher intell ectual capacity thus seem to com­
pen sate for neu rocognitive dysfunctions (62).

Concl usions
Aluminum is a pote nt neu rotoxic age nt when in con­
tact with nerve tissue. However it is not eas ily ab­
sorbed fro m the gas trointes tina l tract , and therefore
it ca n be used in high doses for the antiaci dic treat ­
ment of gastritis and gas tric ulcers. The toxic effects
are not sufficientl y kno wn , and the connecti ons wit h
diseases like dementia and motor neuron diseases are
still not cle ar. Aluminum int erferes with cell metab­
olism, cell membranes, and ner ve transmission .

Mercury

The cl inical find ings foll owin g ex pos ure to organic
mercury are cha rac terized by ce rebe llar ataxia, vis­
ual disturbance, and senso ry disturbance (63). The
most common sy mptom afte r exposure to inorganic
merc ury (inha latio n of me rcury vapo rs or du st ) is
tremor.

Ne rve cells

Mercury causes an alteratio n of ce ll metabolism with
a reduction in ade nos ine-5 -tri phos phate co nte nt in
brai n tissue and a decreased rate of total protein syn­
thes is in brai n cell s (64) .

Anothe r sig n of thi s effect is perturbati on in the
aminoacylatio n of tR NA (65) .

Mercury has bee n show n to ind uce an increase in
calcium ion s, and also an increase in inosi to l phos­
phate levels in ce rebe llar neuron s (66) .

Exposure to mercury ca uses detectable levels in
the nerves, but not in myelin membranes or in mem­
brane packing (67).

Mercury has bee n dem on strated to accumulate in
lower motor neu rons in the spi nal co rd, probably due
to ret rograde axo na l tran sport after uptake in motor
ner ve term inals (68) .
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Clinical fi ndings
Workers expos ed to mercury vapor giving a mean
blood level of 2.4 mg . 100 ml- I (12 um ol . 100 mJ-I)
showed postu ral and inten tion al han d trem or (69).

Workers with lon g-term ex pos ure to a mercury
co nce ntra tio n of 0.033 mg . rrr' (0. 16 urnol . m") in
air dev eloped decreased performance on behavior
tests for reaction time, finger tapping, mental arith­
metic , and attention (70) .

Conclusion
Th e mech an ism beh ind brain dysfuncti on followi ng
mercury int oxic at ion is pro ba bly an effec t on ner ve
cell metabolism. The main target see ms to be the cer ­
ebe llum, but other s ites , for ex amp le, anter io r roo t
ce lls , may be imp ortant.
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