Polish Journal of Environmental Studies Vol. 11, No. 4 (2002), 307-314

Effect of Organic Mercury Exposure
During Early Stage of Ontogenic Development
on the Central Dopaminergic System in Adult
Rats
A. Durczok, R. Szkilnik, R. Brus, P. Nowak, L. Labus, J. Konecki1, K. Drabek1,
G. Kuballa1, W. Rycerski1, K. Mengel2
Department of Pharmacology and 1 Department of Histology and Embriology,
Medical University of Silesia, 41-808 Zabrze, H. Jordana 38, Poland
2
Department of Pharmacology, Institut of Pharmacology and Toxicology, University of Heidelberg,
68169 Mannheim, Germany

Received: 4 January, 2002
Accepted: 13 February, 2002

Abstract
Organic mercury (CH3HgCl) with metal concentration 5 ppm in tap water was applied to rats suckling
their newborn for the first 21 days of life. A second group of young rats took the mercury in their tap water
5 ppm from the 22nd to the 43rd day of postnatal life. Control rats drank tap water only. In 2-month-old
male rats the following behavioral study was performed after saline or specific central dopamine receptor
agonists and agonists apply (quinpirole, SKF-38393, haloperidol, SCH-23390): irritability, yawning behavior,
oral activity, locomotion, exploratory activity, and catalepsy. In the striatum and frontal cortex of three
examined groups the biogenic amines levels (DA, DOPAC, HVA, 3-MT, 5-HT, 5-HIAA, NA) were estimated by means of HPLC/ED technique, and DA and 5-HT turnover.
The effect of quinpirole (a central dopamine D2 receptor agonists) was also examined on (3H)glucose uptake
in discrete parts of the brain. It was shown that mercury affected behavioral changes after dopaminergic
agents apply to adult animals when exposed in the period from the 22nd to 43rd day of postnatal development. Biochemical changes (biogenic amines level, turnover and (3H)glucose uptake) were more pronounced in adult animals exposed to mercury via mother's milk (1st to 21st day of life). In light of the above
we conclude that early postnatal exposure of rats to organic mercury modulates activity of the central
dopamine neurotransmitter system.
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Introduction
Mercury is a highly neurotoxic agent in both animals
and humans. It is a contaminant of the environment due
to its natural abundance and industrial use. For centuries
it was an ingredient of drugs such as diuretics, antibacCorrespondence to: Prof. R. Brus

terials, antiseptics, skin ointments and laxatives. Mercury
also has a number of industrial uses; therefore, poisoning
from occupational exposure and from environmental pollution continues to be an area of concern. Mercury exists
in a metallic form (elemental mercury) and as salts, in
two states of oxidation: as monovalent mercurous inorganic salts (e.g. mercurous chloride, or calomel) or as
divalent mercuric salts (such as organic compounds).
The first serious medical signal concerning mercury

308

Durczok A. et al.

intoxication originated in the city of Minamata Gay in
Japan, where residents were poisoned by methyl mercury
after eating local poisoned fish [9, 10, 17]. Other incidents of human poisoning from the inadvertent consumption of mercury-treated grains have occurred in
Pakistan, Ghana and Guatemala, with a very serious outbreak occurring in Iraq in 1972, where alkyl-mercury salts
were used as fungicides [5].
Toxic effects of mercury in humans depend on the
chemical form of the metal digested, and on length of
exposure. Elemental mercury is not particularly toxic
when swallowed, because of its low absorption from the
gastrointestinal tract. However, inhaled mercury vapors
are absorbed through the lungs, and then oxidized in the
erythrocytes by catalase to form toxic compounds [30].
Gastrointestinal absorption of inorganic salts of mercury
is approximately 10% of the amount ingested, while organic salts are much better absorbed (90%), because they
are lipid soluble [20]. Another source for mercury in the
body are dental amalgams [6]. Mercury can be released
mostly during chewing and inhaled or absorbed in the
gastrointestinal tract and transferred to the different tissues and organs, and also passed to the milk.
The major effects of mercury in humans are nephrotoxic and neurotoxic [20] as mercury and organic salts
easily cross the blood-brain barrier [18]. Clinical manifestations of neurotoxic effects are parathesia, ataxia, neurasthenia, vision and hearing loss, spacity and tremor, and
consequently coma and death.
Prenatal and early periods of postnatal life are the
most sensitive stages for mercury intoxication, and were
firstly identified by Warkany and Hubbard [38] as acrodynia ("Pink Disease"). All forms of mercury easily
cross the placenta, and concentration of the metal in fetal
tissues is the same or even higher as in selected tissues of
maternal origin, such as erythrocytes and brain [25, 34].
Mercury is also easy excreted to milk, a source of metal
for suckling babies. Developing central nervous systems
in mammals is supersensitive to the toxic effects of mercury [39], and many macroscopic and microscopic abnormalities in brains of children and of animals are related
to intrauteral mercury exposure. Data on the effects of
mercury on central neurotransmitters' systems, mostly
dopaminergic and cholinergic, is scarce [11].
Previously we examined the effect of exposure of
pregnant rats to inorganic salt of mercury (HgCl2) 50
ppm in their drinking water on the central dopamine system in adult offspring [19, 33]. The aim of the present
study was to examine the effects of methyl mercury exposure on the reactivity of the central dopaminergic system
and biogenic amine levels in adult rats that had been
exposed to mercury during two periods of postnatal life
via mother's milk (1st to 21st day of postnatal life) or in
their drinking water from the 22nd to 43rd day of life.
Since glucose is the major source of energy for the body,
uptake of tritiated glucose in those animals was also
examined.

Material and Methods
Rats and schedule. Pregnant Wistar rats weighing
200-220 g each were used in the present study. The rats

were housed in a well-ventilated room, thermostated to
22 ± 2°C, and under a 12 h light: 12 h darkness cycle, and
got free access to pelleted food (Altromin, Lage, Germany) and tap water. The local Bioethic Committee for
Animal, Medical University of Silesia approved the experiments. All animals tested were carried out in accordance with NIH regulation of animal care, as described in
"Principles of laboratory animal care".
From the first day of their delivery rats started to drink
tap water containing 0 (control) or 5 ppm methyl mercury
chloride, CH3HgCl (Sigma Chemicals, St. Louis, MO,
USA). Offsprings stay with mother till the 21st day of
postnatal life, and by this were exposured to mercury via
mother's milk mostly. Righting reflex and time of eye
opening of the newly born pups was controlled daily. On
the 22nd day male rats were separated from their mothers
and kept three per cage until 2 months old. During this
time they got free access to pelleted food and tap water.
The third group of 22-day-old male rats started to
drink tap water with CH3HgCl containing 5 ppm of mercury for the next 3 weeks (till the 43 day of life). Then
rats started to drink tap water only. All behavioral and
biochemical examinations (except righting reflex and eye
opening) were performed when animals reached
2 months.
Behavioral Study
Righting reflex. Each rat was repeatedly placed on
its back. When the rat managed to fully rotate, and to
place its four paws on the grid, we defined it as "reflex
was developed". This procedure was performed each day,
starting from the first day of postnatal life, until the day
when all rats acquired this reflex.
Time of eye opening. Each day, starting on the 10th
postnatal day, each rat was examined for eye opening,
and the percent of rats with open eyes was recorded. The
last examination was performed when all rats exhibited
open eyes.
In two-month-old male rats of three groups (exposured to mercury from 1st to 21st day of postnatal life
- mostly via mother's milk, exposed from 23rd to 43rd
day of postnatal life via drinking water and control) the
following behavioral parameters were measured:
Irritability was evaluated according to Nakamura
and Thoenen [32].
Yawning behavior was evaluated by administration
of quinpirole, according to Kostrzewa and Brus [21, 22].
Rats were placed in individual transparent cages in
a quiet, well-ventilated and well-illuminated room. They
were allowed to acclimatize to the lab environment for
one hour, and then each rat was injected IP with saline,
1 ml/kg. The number of yawns per rat were counted for
exactly 60 minutes, and then each rat was injected IP with
a low dose (0.0125 mg/kg) of quinpirole, a selective central D2 receptor agonist, and was observed for an additional 60 minutes. The same male rats were challenged
on subsequent days with increasing doses of quinpirole:
0.025, 0.05 and 0.1 mg/kg, one dose per day, and were
observed the same way. Quinpirole is known to be associated with selective induction of yawning activity in rats
[21].
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Oral activity was evaluated by SKF-38393 (a selective central Di receptor agonist) as reported [13, 23]. The
rats were allowed to acclimatize in their transparent
cages as above, and were injected IP with saline, 1.0
ml/kg. The number of oral movements (chewing episodes) was counted for one minute every 10 minutes,
over a period of 60 minutes, beginning 10 minutes after
saline injection. Then each rat was injected IP with a low
dose (0.03 mg/kg) of SKF-38393 and observed for an additional 60 minutes as above. The same rats were challenged IP on subsequent days with increasing doses of
SKF-38393 (0.1, 0.3 and 1.0 mg/kg), and were observed
the same way.
Locomotor activity. Rats were individually placed in
transparent glass cages 48x26x36 cm, and were allowed to
acclimatize for 30 minutes. Then 1.0 ml/kg saline was
injected IP to rat of each group, and 10 minutes later
locomotor activity (time each rat spent walking, sniffing,
grooming and rearing) was recorded in seconds, during
10 minutes. After completing the observation, rats were
injected IP with quinpirole 2.0 mg/kg or with SKF-37393
3.0 mg/kg. Observation of locomotor activity was repeated
as above.
Exploratory activity. Rats were injected IP with
either quinpirole 2.0 mg/kg IP, SKF-38393 3.0 mg/kg IP
or saline 1.0 ml/kg IP. Ten minutes later each rat was
placed on the center of a wooden platform, 100 cm
square. The flat platform had 4 rows of 4 holes each,
7 cm in diameter and 20 cm apart. The number of times
(during a three-minute period) that each rat stuck its
head beneath the interaural line, into any hole, was
counted and recorded [12].
Cataleptogenic activity was evaluated as described
by Kostrzewa and Kastin [24], using 0.5 mg/kg IP of
haloperidol, a selective central D2 antagonist, 0.5 mg/kg
IP SCH-23390, a selective central Di receptor antagonist,
or saline. Each rat in its turn was placed on a 25x50 cm
wire mesh screen, forming lxl cm squares, and inclined
by 60° to the horizontal plane. The time (in seconds)
taking each rat to move any paw along at least one screen
division was recorded, with 60 seconds the maximum
time allowed to stay. Results were the sum of five
measurements taken at 15, 30, 45, 60 and 90 min after
saline 1.0 ml/kg IP, haloperidol 0.5 mg/kg IP or
SCH-23390 0.5 mg/kg IP injection.
Glucose uptake. Two-month-old male rats of three
examined groups were divided into two subgroups and
injected IP with saline 1.0 ml/kg, or with the dopamine
agonist quinpirole 2.0 mg/kg. This was followed 15 minutes later by an IP injection of 6-3H-D-glucose (Amersham Radiochemicals, Pittsburgh, PA, USA; 41
Ci/mmol), at a dose of 500 µCi/kg BW. Rats were sacrificed 15 minutes after administering the tritiated glucose. Brains were immediately excised and placed on ice,
and the striatum, cerebral cortex, hippocampus, thalamus
with hypothalamus and cerebellum separated, weighed
and placed in 20-ml scintillation vials. One ml
Soluene-350 (Packard Inc., Downers Grove, Ill., USA)
was added to each vial, and the tightly closed vials were
incubated at 37°C for 38 hours, until the tissues were
completely solubilized. In addition, the following tissues
were sampled for counting of radioactivity: heart and
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tongue muscle, liver, kidney, salivatory gland and buccal
mucose membrane.
Ten ml of scintillation cocktail (Dimilume-30,
Packard Inc., Downers Grove, IL., USA) were then added. The vials were briefly vortexed and counted in
a scintillation counter (Liquid Scintillation Counter:
DSA 14091, Wallac, Finland). Mean ± SEM of DPM
(desintegration per minute) per 100 mg of wet tissue
were calculated for each group.
Catecholamine assay. Two-month old male offsprings from all three study groups were sacrificed by
guilliotine, and their brains were immediately excised and
placed on ice. The striatum and frontal cortex were separated, placed on dry ice, weighed and stored at -70°C,
pending assay. Dopamine (DA) and its metabolites 3,4dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), 3-methoxytyramine (3-MT), and 5-hydroxytryptamine (5-HT), 5-hydroxyindolacetic acid (5HIAA) and noradrenaline (NA) were assayed by an
HPLC/ED technique [28, 37].
Dopamine and 5-hydroxytryptamine turnover.
Control and experimental rats were injected with m-hydroxybenyzlhydrazine dichloride (NSD-1015) 100 mg/kg
IP (an aromatic amino acid decarboxylase inhibitor) [8].
Thirty minutes later the rats were decapitated, skulls
opened and brains excised. Corpus striatum was excised
and stored in -70°C until assayed. Then L-dihydroxyphenyl-alanine (L-DOPA) and 5-hydroxytryptophane (5-HTP) were assayed by HPLC/ED [28, 37].
The levels of amino acids were expressed in ng/g of wet
tissue, and synthesis rate of DA and 5-HT were calculated in nmol/g/h [8].
Chemicals. Quinpirole, SKF-38393, SCH-23390 and
standards samples for biogenic amines assay were purchased from Sigma Chemicals, St. Louis, MO, USA,
while haloperidol was bought from Polfa Chem. Co.
Statistical analyses. An analysis of variance
(ANOVA) and the post-ANOVA test of Neuman-Keuls
were used to test the differences between groups for significance. A "p" value of 0.05 or less was used to indicate
a significant difference.

Results
The eye opening of mercury-intoxicated rats was delayed as compared to rats drinking tap water (results not
presented).
Irritability in rats that were exposed, from 22nd to
43rd day of postnatal life to 5 ppm mercury in their
drinking water, was significantly higher after SKF 38393
3.0 mg/kg IP only, as compared to respective control: 2.44
± 0.24 vs 1.44 ± 0.29 scores respectively (p < 0.05).
Quinpirole induced yawning behavior in a dose-dependent manner, in both control and mercury exposed
rats. The number of yawns after quinpirole 0.1 mg/kg IP,
in mercury-pretreated rats, was significantly higher as
compared to the control and mercury pretreated during
first three weeks of postnatal life (Fig. 1).
When SKF-38393 was administered at doses 0.03 and
0.1 mg/kg IP, the number of oral movements increased to
a higher extent in mercury exposured during 23rd to 43rd
day of postnatal life animals. SKF-38393 1.0 mg/kg IP
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and SKF 38393 3.0 mg/kg IP attenuated this activity, but
quinpirole exerted the strongest effect as compared to
SKF 38393. Effects were more expressed in the rats exposured to mercury mostly via mother's milk.

Fig. 1. Effect of mercury 5 ppm exposure in different periods of
postnatal life of rats on number of yawns induced with quinpirole
in adult animals (n = 9).
Explanation: o-o Control; x-x Mercury exposure during lst-21st
day of postnatal life; A-A Mercury exposure during 22nd-43rd
day of postnatal life.
* p < 0.05

induced significantly lower number of oral movements in
those rats exposured via mother's milk as compared to
control (Fig. 2).

Fig. 2. Effect of mercury 5 ppm exposure in different periods of
postnatal life of rats on number of oral movements induced with
SKF 38393 in adult animals (n = 9). Explanation as in Figure 1.

Locomotion (time in seconds each rat spent walking,
sniffing, grooming and rearings during 10 min observation) was significantly higher (p < 0.05) in adults exposed
to mercury during the first three weeks of postnatal life
as compared to exposure via milk and control (243.5
± 43.7; 188.3 ± 40.6 and 117.1 ± 42.9 seconds respectively). Quinpirole 2.0 mg/kg IP significantly (p < 0.05) intensified locomotion in all three examined groups to a higher
extent in rats exposed to mercury in the second period of
postnatal life (319.4 ± 87.1; 492.1 + 45.3 and 348.0 ±
68.3 seconds respectively; differences significant to respective controls). SKF 38393 3.0 mg/kg IP significantly
decreased the locomotion in control and second mercury
exposed group of adult rats. (16.5 + 11.6; 49.0 ± 19.6 and
221.1 ± 40.6 seconds respectively).
Exploratory activity (number of peepings during 3 minutes of observation) after saline injection was similar in
three examined groups (Fig. 3). Quinpirole 2.0 mg/kg

Fig. 3. Effect of mercury 5 ppm exposure in different periods of
postnatal life of rats on the exploratory activity expressed as a
number of peepings during 3 minutes of observation in adult
animals (n = 9). * p < 0.05-7/1; 8/2, 9/3; + p < 0.01 - 4/1, 5/2,
6/3.

Haloperidol 0.5 mg/kg IP induced similar cataleptogenic effect in all three groups of rats (72.5 ± 10.5; 83.3
+ 21.3 and 87.7 ± 15.0 seconds respectively). SCH-23390
0.5 mg/kg IP significantly (p < 0.05) increased catalepsy
in rats exposed to mercury during 22nd to 43rd day of
postnatal life as compared to those exposed via mother's
milk and control (201.7 ± 16.6; 155.4 ± 33.8 and 143.4
± 25.2 seconds, respectively).
In rats exposed to mercury during the first 3 weeks of
postnatal life uptake of (3H)glucose in the brain expressed in DPM/100 mg of wet tissue was lower as compare to the control or exposured to mercury in the second period of postnatal life (22nd-43rd day) (Tab. 1).
Quinpirole 2.0 mg/kg IP in statistically increased (3H)glucose uptake in all examined parts of the brain only in the
rat exposed to mercury via mother's milk (lst-21st day).
Quinpirole 2.0 mg/kg IP did not modify (3H)glucose uptake in control and mercury exposed animals during 22nd
to 43rd day of postnatal life. In the liver and heart muscle
the decreased (3H)glucose uptake was observed in 2month-old rats exposed to mercury via mother's milk
only (Tab. 1). In buccal mucose the decreased (3H)glucose uptake was noticed in the group of rats exposed to
mercury in the second period (22nd-43rd day).
Mercury decreased the dopamine, DOPAC and HVA
level in the cortex and increased 3-MT level in the striatum of 2-month-old rats exposed during the first
3 weeks of postnatal life as compared to control (Tab. 2).
Exposure to mercury during the first 21 days decreased
dopamine turnover in the striatum of adult rats (Tab. 3).

Discussion
Mercury is transported through the blood-placenta
and blood-milk barriers, and is therefore available to the
fetuses and the pups during pregnancy and nursing
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Table 1. Effect of mercury 5 ppm exposure in different periods of postnatal life of rats on (3H)glucose uptake in the brain and peripheral
organs of adult animals (DPM/100 mg of wet tissue; n = 4-5), x ± SEM.

* p < 0.05 as compare to the respective control

respectively, in higher concentrations than in mothers'
body [15, 16, 34, 36]. Organic compounds, because their
lipophylic properties easily cross the blood-brain barrier,
are excreted to milk. Therefore, we selected models of
organic mercury intoxication of developing rats in two
different periods. The method of exposure was also different. In the first period (1st to 21st day) mostly via
mother's milk, and in the second (22nd to 43rd day)
straight from tap water. The reason for choosing neurotransmitters-induced behavioral parameters as criteria
stems from the fact that the fetal and developing brain is
susceptible to the toxic effects of mercury [29], and that
the uptake of mercury by the young rat brain is greater
than in an adult [1]. It has been demonstrated that mercury interferes with synaptic mechanisms of release of
some neurotransmitters, and is responsible for the impairment in various neurotransmitters' systems, such as
the GABAergic and cholinergic ones [7, 11, 39].
The central nervous system has a variety of receptor
subtypes of the dopamine D1 and D2 types. As both types
of dopamine receptors are involved in behavioral, neurological and psychotic disorders, many of their agonists
and antagonists have been used for treating mental disturbances. In addition, selective agonists such as
SKF-38393 and quinpirole, and antagonists such as
haloperidol and SCH-23390, have been widely used as
pharmacological tools. SKF-38393 is an agonist of the Di
receptor-induced oral activity in rats [23, 31]. Quinpirole
is an agonist of the D2 receptor, which is involved in
yawning activity [21]. For this reason we have used the
oral activity and yawning parameters induced by
dopamine agonists, for assessing the reactivity of
dopamine receptors following prenatal exposure to mercury.

The present study indicates that reactivity of D2 receptor in the rats that had been exposed to 5 ppm mercury mostly during the later period of development increased to the dose of the activating drug quinpirole, but
only in the highest dose used. SKF-38393 (being an agonist of the D1 receptor) also induces greater reaction in
animals exposed to mercury during 22nd to 43rd postnatal day. In animals exposed to mercury via mothers'
milk reactivity to SKF 38393 was lower as exposed as oral
activity. There were also differences between control and
mercury-pretreated rats in locomotor and exploratory activities after administration of dopamine agonists. In addition, mercury caused changes in DA, DOPAC, HVA
and 3-MT levels in selected parts of the brain of animals
exposed with mercury during the first 21 days of postnatal life, only.
There is not too much data concerning the effect of
mercury on the central dopaminergic system. Reynolds
and Pitkin [34] reported that HgCl2, 4 mg/kg/day, administered orally to rats from their 2nd to 60th day of postnatal life, caused an increase in DA and NA, and decreased acetylcholine levels in selected parts of the brain,
but not in the striatum. When mercury was applied during the first three weeks of postnatal life, a decreased
uptake of labeled DA and NA in brain synaptosomes was
noticed [34].
Inhalation of mercury vapors decreases locomotor
and exploratory activities, and the ability of learning different tasks in rats [2, 3]. Lehotzky et al. [26] administered methoxy-ethyl-mercury chloride 2.0, 0.62 or 0.02
mg/kg orally to rats between 7-15 days of their pregnancies, and reported on the 90th day of age of their offsprings, a decrease in their ability to learn passive avoidance reflex. Similar results were reported by others
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Table 2. Effect of mercury 5 ppm exposure in different periods of postnatal life of rats on biogenic amines level in the brain of adult
animals (ng/g of wet tissue; n = 5-6), x + SEM.

* p < 0.05 as compare to the control

Table 3. Effect of mercury 5 ppm exposure in different periods of postnatal life of rats on L-DOPA and 5-HTP level (ng/g of wet tissue),
and dopamine (DA) and 5-hydroxytryptamine (5-HT) turnover in the brain's striatum of adult animals (nmol/g of wet tissue/1 hour; n =
5-6), x ± SEM.

* p < 0.05 as compare to the control

[35]. Cuomo et al. [11] tested 22-day-old offspring of
mothers that had been exposed prenatally to mercury,
and recorded increased locomotor activity after apomorphine administration. They also recorded increased binding of 3H-spiperone in the striatum. This latter fact can
be explained by an increase in DA receptor density in the
brain of rats prenatally exposed to mercury, which in turn
is expressed as supersensitivity of dopamine receptors.
Our present and previous findings [19, 33] partially confirm the above-cited results, suggesting that early postnatal exposure to mercury changes the functions of the
central dopamine system in adult rat.

Molecular mechanisms of mercury's neurotoxic effect
is intensively examined. Its reaction with sulfur groups of
many enzymes also disturbs nucleic acid synthesis [14].
Mercury induces free oxygen radical formation, which
are cytotoxic [27]. In the neurotoxic mechanism of mercury, astrocytes seems to play an important role. They are
first in the brain where metal is cumulated and then influence negatively on development of neurons and their
function [4].
Glucose is a main source of energy for the brain and
some peripheral tissues. In the present study we have
noticed that rats exposed to mercury in the early period
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of postnatal life (1st to 21st day) did affect glucose uptake in the brain and in some peripheral tissues of adult
rats. The central neuronal system, kidney, and liver are
targets for the toxic effects of mercury, as this metal
cumulates in them [20, 29]. An agonist of the central
dopamine receptor - quinpirole, modified the glucose
uptake in examined parts of the brain and confirmed the
changes in activity of the central dopaminergic system
after exposure to mercury. This also confirms our previous study where prenatal exposure of rats with inorganic
mercury (HgCl2) also changed (3H)glucose uptake in
adult offspring, when agonist of the central dopamine D3
receptors 7-OH-DPAT was applied [33]. From above we
conclude that early postnatal exposure of rats to organic
mercury modulate activity of the central dopamine neurotransmitter system.

Acknowledgements
This study was supported by grant No. NN-2-061/01
awarded by the Medical University of Silesia (RB). The
authors wish to thank Mrs. U. Mikolajun, W. Tramer and
B. Medrek for their excellent technical assistance, and
Ms. M. Gajdzik for preparing the manuscript.

References
1. AMIN-ZAKI L., EL-HASSANI S., MAJEED M.A., CLAR
KSON T.W., DOHERTY R.A., GREENWOOD K.R. Stu
dies of infants postnatally exposed to methylmercury. J.
Pediatr. 85, 81, 1974.
2. ARCHER T. Behavioral retardation in the neuropathology
of neonatal retardation. APMIS (Suppl.) 40, 35, 1993.
3. ARCHER T., FREDRIKSON A. Functional changes im
plicating dopaminergic system following perinatal treat
ments. Der. Pharmacol. Ther. 18, 201, 1992.
4. ASCHNER M., KIMELBERG H.K. Astrocytes: Potential
modulators of heavy metal-induced neurotoxicity. In: Toxi
cology of Metals. Biochemical Aspects. (Goyer R.A., Cherian M.G. eds.). Sringer-Verlag 587-608, 1996.
5. BAKIR F., DAMLUJI S.F., AMIN-ZAKI L., MARTADHA
M., KHALIDI A., AL-RAWI N.Y, TIKRITI S, DHAHIR
HI., CLARKSON T.W, SMITH J.C., DOHERTY R.A.
Methylmercury poisoning in Iraq. Science 181, 230, 1973.
6. BERGMAN M. Side-effects of amalgam and its alternatives:
local, systemic and environmental. Int. Dent. J. 40, 4, 1990.
7. CAGIANO R., DE SALVIA M.A., RENNA G., TORTELLA E., BRAGHIROLI D., PARENTI C, ZANOLI P.,
BARDOLINI M, ANNAU Z, CUOMO V. Evidence that
exposure to methyl mercury during gestation induces behav
ioral and neurochemical changes in offspring of rats. Neurotoxicol. Teratol. 12, 23, 1990.
8. CARLSON A., DAVISON J.N., KEHR W., LINDQUIST
M., ATACK C.V. Simultaneous measurement of tyrosine
and tryptophan-hydroxylase activity in brain in vivo, using an
inhibitor of the aromatic amino acid decarboxylase. Nannyn-Schmiedeberg's Arch. Pharmacol. 275, 153, 1972.
9. CLARKSON T.W. Pharmacology of mercury compounds.
Ann. Rev. Pharmacol. 12, 375, 1972.

313
10. CLARKSON T.W. Mercury toxicity. In Essential and Toxic
Trace Elements in Human Health and Disease. Alan R. Liss,
Inc. pp 631-643, 1988.
11. CUOMO V, AMBROSI L., ANNAN Z., CAGIANO R,
BRUNELLO N., RACAGNI G. Behavioral and neur
ochemical changes in offspring of rats exposed to methyl
mercury during gestation. Neurobehav. Toxicol. Teratol. 6,
249, 1984.
12. FILE S.E., POPE J.H. The action of chlorpromazine on ex
ploration in pairs of rats. Psychopharmacol. 37, 249, 1974.
13. GONG L., KOSTRZEWA R.M., FULLER R.W., PERRY
K.W. Supersensitization of the oral response to SKF-38393
in neonatal 6-hydroxy-dopamine-lesioned rats is mediated
through a serotonine system. J. Pharmacol. Exp. Ther. 261,
1000, 1992.
14. GOYER R.A. Toxic effects of metal. In: Casarret and
Doull's Toxicology. The Basic Science of Poisoning. (Amdur
M.D., Doull J., Klassen D.D., eds.). Pergamon Press,
623-680, 1991.
15. GREENWOOD M.R., CLARKSON T.W., DOHERTY
R.A., GATES A.H., AMIN-ZAKI L., EL-HASSANI S.,
MAJEED M.A. Blood clearance half-time in lactating and
non-lactating members of a population exposed to methyl
mercury. Environ. Res. 16, 48 (abstract), 1978.
16. HAMADA R, ARIMURA K, OSAME M. Maternal-fetal
mercury transport and fetal methylmercury poisoning, In
Metal Ions in Biological Systems (Sigel A and Sigel H, eds.).
Marcel Dekker Inc., pp 405-420, 1997.
17. HAMADA R., OSAME M. Minamata disease and other
mercury syndrome. In: Toxicology of Metals (Chang L.W.,
ed.), Lewis Publishers, 337-351, 1996.
18. KERPER L.E., BALLATORI N., CLARKSON T.W.
Methylmercury transport across the blood brain barrier by
an amino acid carrier. Am. J. Physiol. 262, R761, 1992.
19. KISZKA W, SZKILNIK R., DURCZOK A., BRUS R. Re
activity of the central dopamine receptors in rats prenatally
exposured to mercury, estimated by behavioral methods.
Conference on Metabolism of Drugs and Xenobiotics.
Bukowina-Tatrzanska, May 31 - June 2. Abstract Book 19
(Abstract P-I-3), 2000.
20. KLASSEN CD. Heavy metals and heavy-metal antagonists.
In: Goodman and Gilman;s The Pharmacological Basis of
Therapeutics (Hardman L.E., ed.) McGraw-Hill, 1649-1671,
1995
21. KOSTRZEWA R.M., BRUS R. Is dopamine-agonist in
duced yawning behavior a D3 mediated event? Life Sci. 48,
PL-129, 1991.
22. KOSTRZEWA R.M., BRUS R. Ontogenic homologous
supersensitization of quinpirole-induced yawning in rats.
Pharmacol. Biochem. Behav. 39, 517, 1991.
23. KOSTRZEWA R.M., GONG I. Supersensitized D, recep
tors mediate enhanced oral activity after neonatal
6-OH-dopamine. Pharmacol. Biochem. Behav. 39, 677,
1991.
24. KOSTRZEWA R.M., KASTIN A.J. Tyramine-MIF-1 at
tenuates development of tolerance to spiperone-induced
catalepsy in rats. Brain Res. Bull. 31, 707, 1993.
25. KUHNERT P.M., KUHNERT B.R., ERHARD P. Com
parison of mercury levels in maternal blood, fetal cord
blood, and placental tissues. Am. J. Obstet. Gynecol. 139,
209, 1981.
26. LEHOTZKY K., SZEBERENYI J.M., UNGRARY G.,
KISS A. Behavioral effects of prenatal methoxy-ethyl-mer-

Durczok A. et al.

314

27.

28.

29.

30.

31.

32.

33.

cury chloride exposure in rat pup. Neurotoxicol. Teratol. 10,
471, 1988.
LUND B.O., MILLER D.M., WOODS J.S. Mercury-in
duced H2O2 production and lipid peroxidation in vivo in rat
kidney mitochondria. Biochem. Pharmacol. 11, S181, 1991.
MAGNUSSON O., NILSSON L., WESTERLAND D. Sim
ultaneous determination of dopamine, DOPAC and
homovanillic acid. Direct injection of supernatants from
brain tissue homogenate in a liquid chromatography-electrochemical detection system. J. Chromatogr. 221, 237,
1980.
MASSARO E.J. The developmental cytotoxicity of mercur
ials. In: Toxicology of Metals. Biochemical Aspects (Goyer
R.A. and Cherian M.G., eds.). Springer-Verlag, pp
1047-1081, 1996.
MOGOS L., HALBACH S., CLARKSON T.W. Role of
catalase in the oxidation of mercury vapor. Biochem. Phar
macol. 27, 1373, 1978.
MURRAY A.M., WADDINGTON J.L. The induction of
grooming and vacuous chewing by a series of selective Dl
dopamine receptor agonists; two directions of D!/D2 interac
tion. Eur. J. Pharmacol. 160, 377, 1989.
NAKAMURA K, THOENEN H. Increased irritability,
a permanent behavior change induced in the rat by intraven
tricular administration of 6-OH-dopamine. Psychopharm.
24, 359, 1972.
NOWAK P., KISZKA W., SZKILNIK R., BRUS R.,
KONECKI J. Biogenic amines level and (3H)glucose uptake
in the brain of rats prenatally exposured to mercury. Confer-

34.

35.

36.

37.

38.
39.

ence on Metabolism of Drugs and Xenobiotics. Bukowina
Tatrzanska, May 31 - June 2. Abstract Book 20 (Abstract
No. P-I-4), 2000.
REYNOLDS W.A., PITKIN R.M. Trans-placental passage
of methyl-mercury acid and its uptake by primate fetal tis
sues. Proc. Soc. Exp. Biol. Med. 148, 523, 1975.
RODGERS D.A., HOLSON R.R., FERGUSON S.A, ALI
S.F., SOLIMAN M.R.I. Effects of mercuric chloride expo
sure in rats. Part I. Behavioral changes observed during open
field, and complex maze evaluation. Arch. Environm. Contam. Toxicol. 28, 17, 1996.
SKERFVING S. Mercury in women exposed to methylmercury through fish consumption, and their newborn babies
and breast milk. Bull. Environ. Contam. Toxicol. 41, 475,
1988.
WAGNER J., VITALI P., PELFREYMAN M.G, ZRAIKA
M., HOUT S. Simultaneous determination of 3,4-dihydroxyphenylalanine, 5-hydroxytryptophan, dopamine, 4-hydroxy-3-methoxyphenylalanine, norepinephrine, 3,4-dihydroxyphenylacetic acid, homovanillic acid, serotonine, and
5-hydroxy-indolacetic acid in rat cerebrospinal fluid and
brain by high-performance liquid chromatography with elec
trochemical detection. J. Neurochem. 38, 1241, 1982.
WARKANY J, HUBBARD D.M. Mercury in the urine of
children. Lancet 1, 829, 1948.
ZANOLI P., TRUZZI C, VENERI C, BRAGHIROLI D,
BARALDI M. Methylmercury during late gestation affects
temporarily the development of cortical muscarinic recep
tors in rat offspring. Pharmacol. Toxicol. 75, 261, 1994.

