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Chronic encephalopathies induced by mercury or
lead: aspects of underlying cellular and molecular
mechanisms

Lars Ronnback, Elisabeth Hansson

Abstract
Long term exposure to low doses ofmercury or
lead can induce neurasthenic symptoms with
slight cognitive deficits, lability, fatigue,
decreased stress tolerance, and decreased
simultaneous capacity. After exposure to
higher concentrations permanent neuro-
psychological deficits can be seen. The present
paper gives a new idea of possible molecular
mechanisms underlying the symptoms.
Impairments of astrocyte function are proba-
bly important, especially due to their capacity
to regulate the ionic and amino acid concentra-
tion in the extracellular micromilieu, brain
energy metabolism, and cell volume. Recent
results have shown that these functions are
under monoaminergic control. Aspects of
therapy are outlined.

Long term exposure to mercury may give rise to a

syndrome of tremor, variable limb weakness, and
ataxia due to damage of cells in the cerebellum. Also,
personality changes often characterised by fatigue,
stress intolerance, insomnia, irritability, and
sometimes impairment ofconcentration capacity and
of short term memory can be seen. The patients often
complain of decreased simultaneous capacity and
impairments in their ability to talk to several people
at the same time. They also complain of increased
sensitivity to sound. Similarly, exposure to low doses
of lead for long periods can give rise to neurasthenic
symptoms.'`5 The symptoms are important as they
profoundly impair the patient's capacity to work.
The nervous system is a primary target for many
toxic substances but the anatomical origins of the
symptoms are at present not fully understood, al-
though neuronal networks in large parts of the
cerebral cortex are believed to be affected.

Little is known about biochemical correlates with

behaviour, probably due to the prominent functional
specialisation and cellular heterogeneity even in
small brain regions. Neural tissue has a profund
specialisation for excitability, which is the basis for
brain functions. To establish and maintain this high
degree of excitability it is of utmost importance that
the extracellular environment is stable. This is
especially important as neurones and synapses are
densely packed and thus the activity of neurones
could affect the activity of other neurones. It thus
seems appropriate that half of the brain's volume
does not consist ofexcitable cells but ofnon-excitable
glial cells. These cells have the capacity to isolate
neuronal systems and to regulate the neuronal
microenvironment. A large mass of evidence now
exists showing that astroglia, which constitute the
bulk of the glial cells in the cerebral cortex, develop
abilities to regulate the extracellular environment of
neurones. This ability places these cells in the
adaptably important position of changing that
environment and therefore modulating the excita-
bility of many neurones simultaneously. Further-
more, these cells have a prominent capacity for
oxidative metabolism and they are also considered
important for the regulation of brain volume. Recent
research has shown that these functions are under
adrenergic control and has placed the astroglial cells,
as well as neurones, in the position ofpossible targets
for noradrenergic transmission.67 It was known
many years ago that both mercury and lead
accumulate in astrocytes and affect their function."'

Astrocyte anatomy, properties, and functions
Astrocytes constitute more than half of the cell
number in the cerebral cortex of higher mammals."4
They have long processes that surround blood ves-
sels and synapses, form a continuous subpial and
subependymal layer, surround neuronal surfaces,
and form a network with other astrocytes by means of
gap junctions. These gap junctions are a prominent
feature of astrocytes in the brain and many lines of
evidence suggest that astrocytes are electrically
coupled to each other. "' In fact, there is evidence
for a calcium channel'819 that could regulate the
permeability ofgap junctions. Recently, Cornell-Bell
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and coworkers20 showed that glutamate induced
increases in cytoplasmic free calcium propagate as
waves with the cytoplasm of individual astrocytes
and between adjacent astrocytes in confluent cul-
tures. Those propagating waves of calcium suggest
that networks of astrocytes may constitute a long
range signalling system within the brain. The Ca"+
waves may propagate between the cells by passage of
a second messenger through the gap junctions.
Potential mediators of the signalling postulated by
Cornell-Bell et al2" include the inositol phosphates
(for example IP,), some other inositol phosphate
metabolites, the Ca"+ ion itself, and the flow of
electric current. Furthermore, astrocytes possess
voltage sensitive ion channels, such as sodium and
chloride channels2' and several types of potassium
channel, including one that is calcium dependent,22
and ion channels regulated by glutamate.2' Various
oscillatory and non-oscillatory Ca2+ responses of
astocytes to glutamate have been found.2024 Because
nerve terminals that release glutamate are close to
astrocytic membranes, neuronally released
glutamate may trigger Ca2+ responses in astrocytes in
situ.
The cells have several important roles in the

mammalian brain. For example, it is generally con-
sidered that astrocytes are involved in the mainten-
ance of the external K+ concentration,2' guidance of
migrating neurones, inactivation of neurotransmit-
ters,27 28 antigen presentation to macrophages,28 and
induction of the blood brain barrier."' The astroglial
cells produce and secrete trophic factors for the
neurones"3 and if they are severely damaged,
neuronal survival might be affected. The cells are
differentiated in various brain regions, and there
seems to be a great heterogeneity among the
astrocytes.'2'6 Most of our present knowledge about
properties of astroglial cells have come from studies
of cell culture (fig 1).

Membrane receptors on astroglia
Astrocytes in culture possess receptors for many
neurotransmitter substances. Most of those studied
so far are linked to cyclic AMP or inositol phosphates
as second messengers.32 37 38 Astroglial 13-adreno-
ceptors are mainly of the 0, subtype.39 They are
coupled to adenylate cyclase, which leads to increases
in cyclic AMP.40"2 Astrocytes also possess a2-
adrenoceptors that mediate an inhibition of cyclic
AMP accumulation in the cells.4'4' Because a2-
adrenoceptors inhibit the production of cyclic AMP
induced by f-receptor stimulation, it is likely that
both a2-and f-adrenoceptors are expressed on the
same cell4' and they probably contribute to the
control of intracellular cyclic AMP concentrations.
There is strong evidence that the a,-receptor

subtype is linked to stimulation of inositol phos-
pholipid metabolism on astrocytes grown in primary

culture. "47 a,-Receptor activation thus results in
mobilisation and entry of calcium and activation of
protein kinase C. The work by Pearce and cowork-
ers46 showed a stimulation of phosphoinositide
hydrolysis achieved by 5-hydroxytryptamine (5HT)
and we showed the presence of 5HT2 receptors on
astrocytes in primary culture from the cerebral
cortex, striatum, hippocampus, and brain stem with a
stimulation of turnover of phosphoinositides.'

ARE THE RECEPTORS LOCALISED ON THE SAME CELL?
Recent results using single cell microspec-
trofluorimetry with calcium indicator dyes have
shown that the a, ,B, and 5HT receptors can be
expressed on the same astroglial cell.49 Thus it seems
that mosaics of receptors are present on the
astrocytes. Furthermore, the second messengers of
these receptors communicate with each other
through intramembrane signals. Peptides, such as
vasoactive intestinal peptide (VIP), and noradren-
aline were found to act synergistically to increase

:e X~~~~~~~~~~~~~~~~4T, .
4

Figure 1 Astroglial cells grownfor 14 days in primary
culturefrom newborn rat cerebral cortex. The cells are flat
with a central nucleus. They are extensively characterised
from a biochemical point of view. For details see'2.
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aline and 5HT can evoke glycogenolysis and that
noradrenergic control of glycogen metabolism is
exerted through both a- and f-receptors.5354
Furthermore, an increased extracellular K+ concen-
tration increased astroglial glycogenolysis." It has
also been found that f-receptor activation stimulates
glucose uptake into astroglial cells56 and that
noradrenaline stimulates oxidative metabolism in
astrocytes but not in neurones in culture.57 Interest-
ingly, Magistretti and Schorderet' suggested that
the activation of the noradrenergic system together
with VIPergic neurones causes potentiated cyclic
AMP and glycogenolytic responses to produce
metabolic "hot spots" in the cerebral cortex to cope
with localised increases in neuronal activity.

Glutamate and y-aminobutyric acid (GABA) are
two of the most extensively distributed amino acid

Glutamate uptake after (xi
receptor stimulation

300 -

Figure 2 Schematic drawing of an astrocyte with contacts
with two synaptic regions, one using glutamate as transmitter
and the other using GABA. The astrocyte can register the
release of transmitterfrom the presynaptic terminal, the
transmitter activity in the synaptic spatium, and also the
electrical activation of the postsynaptic site. As each
astrocyte has contact with several synaptic regions via its
extensive processes, one cell can register synaptic activities in
many neuronal systems. Stimulation of5HT2 receptors
potentiates the fl-receptor induced increase in cyclic AMP
and the a,-receptor induced increase in inositol phosphates.
For details, see 47. Furthermore, there are interactions
between the a- and P-adrenoceptors and the uptake carriers
for GABA and glutamate (see also fig 3) and between the f-
and 5HT, receptors and taurine uptake. For details, see 61.

cyclic AMP in the cerebral cortex.5'5 5-Hydroxy-
tryptamine, which has no effect on the formation of
cyclic AMP, potentiated the ,B-adrenergic stimula-
tion of adenylate cyclase.47 The inositol monophos-
phate (IP1) response after simultaneous stimulation
with the a, agonist phenylephrine and 5HT was
significantly larger than the sum of the individual
phenylephrine and 5HT effects. Clonidine, an a,
agonist, known to lower cyclic AMP,43 potentiated
the 5HT stimulated formation of IP1 considerably.
Our observation that adrenergic and serotonergic
receptors on astrocytes interact are in line with the
concept of receptor receptor crosstalk as a means of
processing extracellular information (fig 2).

Astroglial receptor function
Brain glycogen is stored predominently in
astrocytes.5" It has been shown that both noradren-
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Figure 3 Noradrenaline regulation ofglutamate and y-
aminobutyric acid (GABA) uptake in astroglial enriched
primary culturesfrom newborn rat cerebral cortex. At low
NA concentrations the GABA uptake is increased and the
Glu uptake is decreased through #-receptor activation. At
higher NA concentrations, the GABA uptake is unaffected
whereas the glutamate uptake is increased through a,-
receptor activation. For details, see 61
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Locus (

Figure 4 Schematic drawing of the projections from the
locus coeruleus, the main origin of noradrenaline, to the
cerebral cortex.

transmitters in the cerebral cortex. Excitatory amino
acid systems using glutamate as transmitter are

widely distributed in the cerebral cortex and in
subcortical regions,59 especially in the hippocampus,
frontal cortex, and in regions associated with sensory

function-for example, the superior colliculus and
the cochlear nucleus. Glutamate is removed from the
extracellular space around synapses by an Na'-
dependent high affinity uptake into both glia and
neurones. Astroglial cells possess receptors and
uptake carriers for glutamate and GABA6' and the
uptake of glutamate by astroglia is considered to be
sufficient to account for all glutamate released by
neurones. It is generally thought that one role of
astrocytes is to accumulate glutamate by active
transport. The capacity for GABA uptake is, how-
ever, rather low. It has therefore been questioned
whether this uptake has any physiological role com-
pared with the reuptake capacity of GABAergic
neurones. The glutamate and GABA carriers in
astrocytes are controlled by noradrenaline (figs 2 and
3). 61 Thus at low f,-adrenergic stimulation, there is
an increased GABA uptake and a decreased gluta-
mate uptake into astrocytes whereas at higher con-

centrations of the fl-agonist both GABA and
glutamate uptakes are at the control value. At high
noradrenaline concentrations, glutamate uptake is
increased, mediated through activation of the a,-
receptors. It was also shown that the adrenoceptors
regulate the intracellular enzymatic activity of
glutamic oxaloacetate transaminase, glutamine syn-

thetase, and y-aminobutyric acid a-ketoglutarate
28transaminase.

Mercury or lead in chronic low doses: bio-
chemical aspects of neurasthenic symptoms
The noradrenergic system is thought to play an
important part in attention processes and in respon-
ses to stress. Noradrenaline is present in high con-
centrations in the cerebral cortex.6263 The main
source is the locus coeruleus in the brain stem (fig 4).
The noradrenergic innervation of the cerebral cortex
is composed of fine axons, organised predominantly
in a plane parallel to the pial surface and spanning a
vast expanse of the cortex.626465

Noradrenaline in low or moderate concentrations
(fig 5A) increases astroglial GABA uptake through p-
receptor activation. This leads to a decrease in
extracellular GABA which, in turn, results in a
decreased inhibition and the possibility of a higher
level of transmission in neighbouring synapses and a
higher excitation of the postsynaptic membranes.
Increased extracellular K+, the normal result of
neuronal depolarisation, triggers both pump activity
and also astrocytic metabolism of glucose and
glycogen.5 66 Metabolites are formed such as
pyruvate and a-ketoglutarate, which are released to
the neurones. Also, lactate is formed and this leads to
a decrease in pH. Together with the active uptake of
K+ and Cl- by Na+ dependent processes, cell volume
is increased.6770 In addition, an increased glucose
uptake and an increased glycogen and glucose break-
down are directly induced by fl-receptor activa-
tion.567' It should be noted that astroglial GABA
uptake is of high affinity and low velocity72 and
therefore regulation of GABA uptake by astrocytes
probably has a minor role in synaptic activity that is
more modulatory in nature. f-Receptor stimulation
also leads to a diminished glutamate uptake, which
might allow transmitter release to generate a higher
glutamate concentration at the postsynaptic site.
Furthermore, a reduction of the uptake could
increase the resting extracellular glutamate concen-
tration with the result that synaptically released
glutamate produces a larger postsynaptic response.
Accumulated extracellular glutamate has been shown
to induce glyconeogenesis with an increase in
glycogen and a decrease in glucose utilisation.
Although it has been shown that gluconeogenesis
does not play any prominent part in the central
nervous system, it might to some extent build up
local energy or energy rich substances in neighbour-
ing neuronal systems. If required, it might on the
other hand, serve as a self regulating system to
decrease the metabolism and thereby inhibit
neuronal activity. After some period, regulatory
mechanisms probably lead to an increased GABA
release and, if the uptake is still high, some modula-
tion ofthe synaptic activity could be expected. On the
other hand, if the noradrenaline concentration is
further increased, the GABA uptake through #-
receptor activation (at higher concentrations) will
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A. Low ca, and ,B-receptor activation of the astrocyte

B. High a., and 3-receptor activation of the astrocyte

Figure 5 Schematic drawing of a glutamatergic synapse
with pre and postsynaptic membranes and an astroglial
process. Even an inhibitory synapse is shown with GABA as

the transmitter. The glial process expresses adrenergic as well
as 5HT2 receptors.
(A) At [ow noradrenaline concentration the astroglial
GABA uptake is increased and the glutamate uptake is
decreased via activation of astroglial f-adrenoceptors. The
result will be an increased synaptic activity in the excitatory
synapse. Furthermore, #-receptor activation leads to
increased glucose uptake and increased oxidative metabolism.
There is also an increase in cell volume.
(B) At high noradrenaline concentration the astroglial
GABA uptake is at the control level whereas the glutamate
uptake is increased. The neuronal excitability increases (see
text). Stimulation of the a,-receptor potentiates the p-
receptor activated energy metabolism and the cell volume
increases further.

decrease to control (ordinary) levels, leading to the
previous degree of inhibition.
At higher noradrenaline concentrations (fig 5B),

a,-receptor activation results in an increased uptake
of glutamate. This might be important in the state of
high extracellular glutamate, which in itself
mediates: (1) a high Ca2+ uptake into both neurones

and glial cells with resultant low extracellular Ca2+

concentrations and thereby increased neuronal
excitability73 74; (2) a glial depolarisation with
increased extracellular K + that results in a decreased
glial uptake of glutamate; and (3) an increase in
volume with a decreased extracellular space and a
further increase in the extracellular concentration of
glutamate. Furthermore, a,-receptor stimulation has
been shown to potentiate the fl-receptor activated
glycogenolysis.5 Thus both neuronal excitability and
astroglial metabolism increase, and so also does the
cell volume. Hence, activation of astroglial adrener-
gic receptors might stimulate neurotransmission by
regulation of the extracellular milieu and also the
astroglial energy metabolism. The resultant decrease
in pH and increase in cell volume with decreased
extracellular space and increased tortuosity73 might
be factors of importance in the self regulation of the
stimulation.
What happens after exposure to low doses of

mercury or lead? It has been shown that both
mercury and lead inhibit the astroglial capacity to
take up glutamate75 76 (fig 6) and even low concentra-
tions will inhibit the activity of glutamine synthe-
tase,7"78 the enzyme that converts glutamate to
glutamine in astroglia.W If there is a slowly progress-
ing disturbance of astroglial glutamate uptake, or
glutamine synthetase activity, or both, then synaptic
glutamate transmission will decrease to compensate
and less glutamate will probably be released. A
decreased neuronal activity mostly results in an up-
regulation ofsurface receptors79 ' and it might be that
the glutamate receptors will become more sensitive.
Under all circumstances cortical glutamate transmis-
sion probably decreases with a secondary decrease in
transmission in other cortical neurotransmitter sys-
tems. As a regulatory consequence, the activity ofthe
locus coeruleus will decrease to some extent and as far
as can be expected from the role of cortical noradren-
aline activity this might correspond to the symptoms
that these patients report, namely, fatigue and
lowered alertness.
The problems that appear if there is a prominent

noradrenergic activation in this situation with a
decreased astroglial uptake of extracellular glutamate
can be pronounced. The glutamate concentration
rises rapidly either in the whole cortex or locally. Cell
volume probably increases and it seems that the
biochemical changes correspond to the clinical situ-
ation of insufficiency, lability, and headache.

If on the other hand there is a less prominent
noradrenergic activation then it is more probable that
the glutamate transmission does not work effectively
or distinctly due to delays in uptake from the synaptic
space. This might lead to difficulties in activating
many synapses in parallel. As cell volume probably
increases somewhat the extracellular space decreases,
which further augments the difficulties. These might
be the biochemical correlates with the clinical situ-
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Figure 6 High affinity uptake of 'Hglutamate in astroglial
primary culturesfrom rat cerebral cortex and hippocampus
after incubation for 60 minutes in HgCl, or PbCl, orfor 30
minutes in CH3HgCl in the concentrations l0t-l05M.
There is a decrease in glutamate uptake, more prominent in
the hippocampus, even at the low mercury or lead
concentrations. Similar results were obtainedfrom cultures
incubatedfor six days at 10M of the respective metal salt
with changes of the medium every day.
*p < 0-05; **p < 0-01 compared to control; Student's t
test. For details, see76.

ation of diminished simultaneous capacity, often
reported by the patients.

Noradrenaline in very low concentrations may, on
the other hand, lead to a diminished inhibition by an
increased astroglial uptake of GABA mediated by
stimulation of fl-receptors. This will "push the

system" and prevent the glutamate receptors from
being down regulated too much. Furthermore, a
slight fl-receptor activation increases metabolism. In
this context, it is interesting to take into account that
stimulation of 5HT2 receptors on astroglial cells
potentiate the f-receptor activated cyclic AMP.47
Furthermore, it was shown that 5HT, receptor
activation to some extent stimulated the a,-receptor
induced formation of inositol phosphate. Hypo-
thetically, it might thus be valuable in the clinical
situation to have a slight noradrenaline and a slight
5HT activation even though more specific receptor
stimulation is required.
Exposure to even higher mercury or lead concen-

trations might severely affect astroglial uptake and
give rise to a prominent increase in extracellular
glutamate concentration. As high extracellular
glutamate is cytotoxic8" sensitive neurones might be
damaged, especially neurones in the CAI region in
the hippocampus,82 resulting in memory disturban-
ces and other permanent cognitive deficits.

Conclusions
Recent research on astroglia characteristics carried
out mostly on cell culture models has shown that
these cells, intimately associated and intermingled
with other neuroglia and with neurones, serve impor-
tant functions in regulating the extracellular
microenvironment, including neuronal excitability
and metabolism. The cells serve supportive and
protective functions towards the neurones and they
have a great capacity for regulation of volume. From
this view, a behavioural model is presented that
enlightens cellular and molecular mechanisms
hypothetically underlying symptoms of non-focal
encephalopathy such as increased fatigue, stress
intolerance, and a slightly decreased cognitive
capacity. The hypothesis presented is based on many
lines of evidence suggesting that astroglia are targets
for noradrenergic and serotoninergic activation and
thereby regulate the neuronal extracellular milieu
including amino acids-for example, glutamate-
and ions-for example, Ca2, K+, and C1 -, and Na+.
Impairment of these astroglial functions, especially
the high affinity glutamate uptake, by mercury or
lead might lead to a less distinct glutamate transmis-
sion and a glutamate "overflow" that could result in
the clinical symptoms. At higher metal concentra-
tions the astroglial glutamate uptake is impaired even
more and the extracellular glutamate might reach
concentrations that are cytotoxic to neurones. Some
brain regions, especially the CAl pyramidal cells in
the hippocampus are especially vulnerable, probably
due to their high density of N-methyl-D-aspartate
receptors. Slight noradrenaline and 5HT activation
may help the clinical situation.
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