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BEHAVIOURAL AND ELECTROPHYSIOLOGICAL CHANGES
CAUSED BY SUBCHRONIC LEAD EXPOSURE IN RATS
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ABSTRACT: Male Wistar rats were treated per os through gavage with 80.0, 160.0 and 320.0 mg/kg
lead (in form of lead acetate) for 4, 8 and 12 weeks. The changes of certain behavioural features
(exploratory horizontal and vertical amibulation scores, grooming in an open field situation) as
well as of some parameters of the spontancous (electrocorticogram, ECoG) and evoked elecirical
activity in the somatosensory, visual and auditory cortical foci, and also the conduction velocity
and refractory periods of peripheral nerve were analyzed. Treated animals showed a significant
time-dependent reduction of horizontal exploratory activity and a dose- and time-dependent
reduction of grooming behaviour. The electrophysiological data showed that each investigated
parameter changed in a dose- and time-dependent manner: increased mean ECoG frequencies
accompanied by decreased mean amplitudes, lengthened latencies and durations of evoked
potentials, decreased conduction velocity and increased refractory periods were observed. By the
end of the 12-week treatment period, changes were significant in the highest, or in the two higher
dose groups. The results suggest that the subchronic, low-level exposure by lead has, after a 4 to
12-week treatmemnt, clear effects on behaviour as well as on spontancous and evoked clectrical
activity of the rats’ nervous system.

KEY worRDS: Lead acetate, open field behaviour, electrocorticogram, cortical evoked potentials,
conduction velocity, refractory period, rat

INTRODUCTION

Lead is one of the most important pollutants being present in the whole environ-
ment. Not only occupationally exposed persons, but practically the entire popula-
tion can be continuously exposed to it, especially in highly industrialized areas
{WHO, 1989, Trotter, 1990). Both acute and chronic lead exposure can cause be-
havioural and neurological disorders in animals as well as in humans. Impairment
of learning processes with involvement of dopaminergic, cholinergic, and glutamin-
ergic neurotransmitter systems, decreased attention, response speed, manual dexter-
ity, perceptual-motor speed and visual perception have been reported (Cory-
Sltechta, 1995, Tang et al.,, 1995). Beside these effects high order central activity,
related functional expressions like changes of EEG, of motor and sensory evoked
potentials, and of nerve conduction velocity, etc. have also been found, together
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with structural disorders like encephalopathy, nerve demyelination, etc. (Bordo et
al., 1982, Seppalainen, 1984, Lille et al., 1988, 1994). Human epidemiologicat in-
vestigations showed that these alterations can appear in larger populations, espe-
cially in children who have higher susceptibility to lead exposure (Otto et al., 1985,
Needleman et al, 1990, Davis, 1990, Winneke et al. 1990, 1994, Winneke 1995},

The aim of this study was to investigate the simultaneously occurring behav-
jioural and neurophysiological effects of a subchronic, relatively low-level lead ex-
posure, and to define the measured functional changes as sensitive biomarkers of
early alterations of the brain.

METHODS

In our experiments, 10-week old male Wistar rats (10 per group, altogether 120
rats) were used. The animals were kept under conventional standard housing condi-
tions (temperature 20-22°C, humidity 60-70 %, 12-hours light-dark cycle) and fed
with standard rodent chow (Research Institute of Laboratory Animals, G6dolls,
Hungary). Food and water were available ad libitum.

The rats were treated, in a 5 days per week schedule, through gavage with 80.0,
160.0, and 320.0 mg/kg b.w. lead as lead acetate (C4HgO4Pb - 3H>0; mol.wt 379.33;
purity: 99.5 %, supplied by REANAL, Hungary), dissolved in distilled water and ad-
ministered in 1 ml/kg b.w. volume for 4, 8 or 12 weeks. Control rats received the same
volume of distilled water. The animals were observed daily for symptoms of intoxica-
tion (e.g. salivation, shivering, muscle tonus, etc.), body weight was registered weekly.

BEHAVIOURAL INVESTIGATION

For the investigation of motility and exploration an automatized open field (OF)
was used (ACTIFRAME, Gerb Electronic, Berlin, Germany). By means of infrared
sensors (IR) located at two different levels, horizontal as well as vertical exploratory
activity or motility was electronically registered. The size of the OF was 40x40x40
cm, the distance between the sensory elements was 1.11 cm. Sensors for vertical
movements (rearing) were located 10 cm above the floor, The sampling rate of IR
signals was organized by an intelligent interface and the signals were stored in
digital form by a PC. Every intermission of an infrared sensor resulted in an electric
impulse registered by the interface as a count used for further computational
estimation of the behavioural changes exhibited by the individual in the open field
box. Automatic data collection for every animal occurred during a 10-minute
session between 8:00 am. and 2:00 p.m. in a sound proofed room following ha-
bituation of the animals to the laboratory situation. Illumination of the floor of the
OF was about 1042 Ix, background white noise (about 40 dB} was provided by a
cooler fan. Computing of the behavioural data was done by a special PC program
(ARNO, Dr. J. Wolffgramm, Dept. Psychopharmacology, Free University Berlin,
Germany).
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ELECTROPHYSIOLOGICAL INVESTIGATION

The electrocorticograms (ECoGs) and sensory evoked potentials were recorded 1 to
2 days after the behavioural investigations. The rats were anaesthetized with ure-
thane (1000.0 mg/kg i.p.; Bowman and Rand, 1980) and placed in a stereotaxic
frame. The skull was opened and silver electrodes were placed onto the left primary
somatosensory, visual and auditory cortical areas (Parl, Ocl1B, Tel areas, after
Zilles, 1982). 30 minutes later ECoGs from each area were simultaneously recorded
for 5 minutes. The analyzed ECoG parameters were: mean amplitude, mean fre-
quency, activity of the frequency bands {power spectrum) and the “CoG index” the
ratio of the slow (delta+theta) and fast (beta;+beta;) bands expressing the distribu-
tion of ECoG waves in a sensitive marker (Dési, 1983). The recorded ECoGs were
also analyzed by a Waterfall program (Cambridge Electronic Ltd., UK).

The cortical evoked potentials were recorded by the same electrodes. Somato-
sensory (electric shock) stimulation was carried out by a pair of electrodes pricked
into the whiskery part of the skin. The parameters of the rectangular stimuli were:
1 Hz, 3-4 V, 0.2 msec. Visual stimulation was performed by flashes (1 Hz, 60 lux)
directed to the contralateral eye via an optical fiber. Acoustic stimulation was per-
formed by clicks (1 Hz, 40 dB), produced by a small earphone put into the contra-
lateral ear of the rat. The recorded evoked potentials (n=50) were averaged by a
computer program (Cambridge Electronics Ltd., UK). Latency and duration of the
averaged evoked potentials were measured off line, on the screen.

The conduction velocity of the peripheral nerve (tail nerve) was measured by the
modified Miyoshi methed; instead of 37 °C, recording was done at 21-22 °C (Mi-
voshi and Goto, 1973). The relative and absolute refractory periods were deter-
mined and studied according to Anda et al. (1984).

Following the recording, the rats were overdosed with urethane and certain
internal organs (brain, liver, heart, lung, kidneys, thymus, and adrenal glands)
were welghed; the relative organ weights were calculated as related to the brain
weight.

The lead concentration in the different organs (brain, etc.) will be measured in
the near future.

During the whole study, the principles of the Ethical Committee for the Protec-
tion of Animals in Research of the University were strictly followed.

STATISTICS

The distribution of data was checked for normality by Kolmogorov-Smirnov test.
Behavioural effects were analyzed by uni- and/or multivariate ANOVA following
square root transformation of the data by a 3 x 4 design for equal cell content or
by nonparametric Kruskal-Wallis ANOVA. Electrophysiological data were ana-
lyzed by a one-way ANOVA with subsequent post hoc analysis of group differ-
ences by the use of LSD test. A probability level of p<0.05 was accepted as
significant.
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RESULTS

General toxicology

A reduction of body weight was observed only in the 12-week group (p<<0.0284,
Table I). The relative weight of the kidneys showed a dose-dependent increase
(p<0.0173). The relative weight of the thymus decreased dose- (p<<0.0260) and
time-dependently (p<<0.001). Weights of other investigated organs (liver, heart,
lung, spleen, adrenals) in the treated animals did not significantly differ from that in
the controls. No clinical signs of lead intoxication were observed during the treat-
ment of up to 12 weeks in any group.

TABLE 1. Relative organ weights

Dose

Treatment i) Relative organ weights®

liver lung " heart  kidney spleen  thymus adr.gland

4 weeks Control 7.51 1.06 0.60 1.33 0.34 0.24 (.03

+0.41 +0.04 £0.03 +0.05 +0.04 =003 +0.001

80.0 7.45 1.04 0.62 1.33 0.33 0.22 0.03

=0.35 +0.03 £0.04 £0.05 +0.03 £0.03 =0.001

160.0 7.44 1.00 0.61 1.34 0.34 0.21 0.03

033  +0.05 =003 £0.06 =0.03 =0.03 +0.002

320.0 7.44 1.04 0.60 1.37 0.31 0.22 0.02

+0.26  +0.04 x0.03 +0.07 x0.03 x0.04 +0.002

8 weeks Control 7.50 1.05 0.62 1.35 0.31 0.24 0.03

+036  +0.04 x0.04 007 004 =003 £0.003

80.0 742 1.03 0.63 1.37 0.32 0.23 0.03

033 002 £0.03 =0.06 +£0.03 003 =0.002

160.0 7.44 1.04 0.61 1.40 0.32 0.22 0.03

+0.32 +0.05 =004 004 002 =003 =£0.001

320.0 7.41 1.04 0.61 1.43 0.32 0.22 0.03

+£026 004 003 006 +0.04 003 =+0.003

12 weeks Control 7.54 1.06 0.61 1.33 0.33 0.22 0.03

033  +007 2003 005 £0.03 =003 =0.002

80.0 7.45 1.04 0.60 1.40 0.32 021 0.03

+0.31  +0.03 004 =006 +0.03 £0.03 0.002

160.0 7.43 1.01 0.60 1.42% 0.31 0.20 0.03

+(.43 +0.05 =0.03 =0.04  +0.04 +0.04 £0.001

320.0 7.40 1.00 0.59  1.53%=* 0.34 0.18* 0.03

+0.39  +0.05 =0.05 006 £0.03 £0.02 =0.003

*p<0.05, **p<0.01 (comparéd to the 12-week control)
= Relative organ weight: absolute organ weight (g) / absolute brain weight (g), (Mean = SD)
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Figure 1. Dose-dependent decrease at week 12 of total horizontal ambulation
activity (squared columns) (A) and of grooming activity (dashed colunms)} as well
as treatment time dependent decrease of horizontal ambulation (squared colums)
and of grooming activity (B); Ordinates: counts of fotobeams intermissions by the
animal expressed as counts; abscissa — duration of treatment (A); doses of lead (B);
error bar: SD; significance: *p<0.05, **p<0.01.
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Figure 2. Changes of the average ECoG frequency in the three cortical foci (A —
somatosensory; B — visual; C — auditory). Ordinate: ECoG frequency; abscissa:
weeks of lead treatment, error bar: SD; insert: control and treatment doses;
significance: * p<0.05.
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Figure 3. Changes of the ECoG indices. (A — somatosensory; B — visual: C —
auditory). Ordinate: index values; abscissa: weeks of lead treatment, error bar:
SD; insert: control and treatment doses; significance: *p<0.05, **p<0.01.
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Figure 4. Changes of evoked potential latency (A — somatosensory NI wave; B —
visual N2 wave; C — auditory NI wave). Ordinate: latency; abscissa: weeks of lead
treatment, error bar: SD; insert: control and treatment doses; significance:
*p<0.05, **p<0.01.
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Behavioural findings

There was a clear time-dependent decrease of horizontal ambulation (i.e. a hypo-
activity) (p<<0.0002) and a dose- (p<<0.0002) as well as time-dependent (p=<<0.0001;)
decrease of grooming activity (Fig. 14, B). Resting in the corner of the OF de-
creased with the treatment time (p<<0.0063) and with the dose (p<<0.0382). Interest-
ingly, vertical exploratory activity (rearing), running speed or visits to the centre of
the OF did not show any significant change on lead exposure.

Electrophysiological findings

The average amplitude of the somatosensory, visual and auditory ECoGs underwent
a dose- and time-dependent decrease but this was not significant even in the group
treated with the highest dose (p>0.05, NS in all cases).

The mean frequency of the somatosensory ECoG also increased in a dose-
and time-dependent manner, with significant differences after a 12-week treat-
ment with the highest dose (p<<0.0298; Fig. 24). In the visual and auditory ECoGs
the average frequency did not differ significantly from the controls either except for
the highest dose group after 12-weeks of treatment (visual — p<<0.0435, auditory
—p<0.0476; Fig. 2B, C). ;

Considering the so-called ECoG index, treatment with the highest dose of
lead resulted in a significantly lower somatosensory ECoG index after 8 weeks
(p<0.0291) and after 12-week (p<0.0074); the medium dose resulted in similar
decrease only after a 12-week treatment (p<<0.026; Fig. 3A). Index of the visual
ECoG decreased significantly in the group which received the highest dose for 12-
week (p<<0.0256; Fig. 3B). In the auditory focus, the index was also lowered by all
three doses but the change was significant only with the highest dose by the end of
the 12 weeks treatment (p<<0.0388; Fig. 3C).

The alterations of cortical electrical activity demonstrated by the ECoG indices
were also seen in the simple power spectra of the recordings from the three cortical
sensory centres but this kind of analysis did not show marked changes: the slow
wave part (delta and theta) was slightly decreased and the fast wave part (beta; and
beta,) increased a bit in all dose groups at all treatment lengths (p>0.05, NS in all
cases). 7

Comparing the identical parameters of the ECoGs recorded from the three corti-
cal areas on the basis of dose or of treatment duration, no significant differences
were found (p>0.05, NS in all cases).

The durations and latencies of the cortical evoked potentials following lead
treatment increased in a dose- and time-dependent manner.

In the somatosensory evoked potentials the latency of the waves increased in all
dose and treatment duration groups. The differences of wave N1 became significant
at the two higher doses by the end of the 12-week period (p<<0.0203) and, in case of
the highest dose, also after 8 weeks (p<<0.0219; Fig. 44). The intervals between
individual peaks were also lengthened but these differences were not significant
(p>0.05, NS in all cases).
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Figure 5. Changes of the impulse conduction in the peripheral nerve. Ordinate: A —
conduction velocity; B — relative refractory period; C — absolute refractory period;
abscissa: weeks of lead treatment, error bar: SD; insert: control and treatment
doses; significance: *p<0.05, **p<0.01
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The latencies of the waves of the visual evoked potentials all increased. In case
of N2 wave the changes became more and more expressed in each treated group by
the end of the 12-week treatment, but a significant prolongation was seen only at
the top dose (p<<0.0243; Fig. 3B). Like in case of somatosensory evoked potentials,
longer durations between the peaks were also observed but were not significant
{(p>0.05, NS in all cases).

The latencies of the waves in the auditory evoked potential were all longer than
the control values. In case of the highest dose, the difference of N1 wave was sig-
nificant after 12 weeks (p<<0.039; Fig. 4(). Lengthened, but not significantly
longer, interpeak durations were also observed (p>0.05, NS for all doses and
treatment intervals).

The conduction velocity of the peripheral nerve (Fig. 54) was significantly low-
ered by the two higher lead doses when administered for 8 or 12 weeks (8 weeks —
p<0.0321; and p<0.0276; 12 weeks — p<<0.0067; and p<.0.00436). The relative
and absolute refractory periods in these groups became also significantly longer
(relative: 8 weeks: p<0.0372, and p<<0.02897; 12 weeks: p<(.0072, and p<0.0192;
absolute: 8 weeks: p<0.0321, and p<0.0259; 12 weeks: p<0.0023, and p<0.0198;
Fig. 5B, ()

DISCUSSION

The experimental resulis of the neurobehavioural testing demonstrate several clear
measurable changes of behavioural outcomes of the subchronic lead exposure. The
main result was the demonstration of hypoactivity considering horizontal exploration
in the OF and grooming activity. Lead at low doses affect the neurotransmitter system
of rats with significant changes mainly on dopaminergic and serotonergic levels. The
most sensitive part of the brain (beside any others) is the nucleus accumbens (Kala
and Jadha, 1995). Especially monkeys exposed to lead during pregnancy showed a
negative shifting of the acquisition process in leamning experiments in their adult lives
{Newland et al., 1994). Similar behavioural deficits are also seen in children when
exposed to lead exhibiting later in their life a slower sensorimotor and visual-motor
development and having long-lasting deficits in cognitive performance (Goyer, 1996).
The hypoactivity seen in our experiments may resuit at large extent to changes in the
dopamine neurotransmitter system (Svensson et al., 1994),

Electrophysiological observations show that all of the analyzed ECoG and
evoked potential parameters underwent dose- and time-dependent changes. Altera-
tions of the spontaneous electrical activity caused by lead have already been pub-
lished in the literature. When rat dams were treated with 0.3 % lead acetate in
drinking water during the 16™-23" days of gestation or 1°-8" and 9"-16" days of
nursing, depression of the 6—7 Hz part of the hippocampal EEG, but no consider-
able change in the cortical EEG was found in the offspring at the age of 42-45 days
(Burdette and Goldstein, 1986). Significant reduction of the spectral power was
observed during slow wave sleep on the motor cortex and hippocampal EEG of the
rats treated with 400 ug/kg lead acetate through gavage for 60 days (Kumar and
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Desiraju, 1992). In wakeful state, only activity of the theta and alpha bands was
diminished.

it has been reported that several pathological changes are associated to a certain
concentration of the accumulated lead in the brain (Kostial et al, 1978, Cory-
Slechta et al., 1983, Cory-Slechta and Pokora, 1991, Collins et al., 1992); in our
experiments the changes of the spontaneous activity were clearly proportional to the
internal lead doses, as the alterations of ECo0Gs recorded from different cortical
areas were dependent on treatment dose and time.

Similar to our findings, both occupational lead exposure of workers (Sborgia et
al., 1983, Araki et al,, 1987, Murata et al., 1987) and environmental exposure of
children (Lilienthal et al., 1990) resulted in changes of the cortical eveked poten-
tials (increased latencies, etc.). Likewise in monkeys, lead exposure manifested in a
lengthening of auditory evoked potentials (Lilienthal and Winneke, 1996). In this
context, results of the animal experiments show similar tendencies as human epi-
demiological data do.

As all latencies and durations of the sensory evoked potentials changed in our
experiments, it seems obvious that lead affected each of the investigated sensory
pathways. The dose- and time-dependency unequivocally indicates that these effects
are to be ascribed to lead exposure. The significant changes of the peripheral func-
tion studied showed the neurotoxic effect on the peripheral nerves.

The above mentioned changes of behaviour and neurophysiology might be ex-
plained by the effect of lead on certain neurotransmitter (e.g. cholinergie, dopamin-
ergic, GABAergic) systems (Bressler and Goldstein, 1991). Low doses of lead in-
crease the release of acetylcholine from presynaptic nerve endings (Suszkiv et al,,
1984, Shao and Suszkiv, 1991) and, as a consequence, cause excitation of the
spontaneous activity of the brain being expressed in a higher average EEG fre-
quency (Bringman, 1995) and possibly accompanied by disturbances of orientation
thereby leading to hypoactivity in the OF. Several studies have proven that lead
induces changes in the dopamine metabelism and in dopaminergic receptor sensi-
tivity thus altering brain functional processes (Lasley, 1992, Struzynska and Rafa-
lowska, 1994). This process may have its final expression in the decreased groom-
ing activity, too. The ECoG changes in our experiments (increased mean frequency,
decreased index) being signs of excitation of the gross electrophysiological activity,
could also correlate with these neurotransmitter mechanisms. Beside those, how-
ever, other processes may also play a role in the altered function of the sensory
pathways. It has been described that lead acts on the voltage-dependent Ca’' and
Ca™*-activated K" channels thereby affecting the ion transport through the neuron
membrane (Audesirk and Audesirk, 1991, Reuveney and Narahashi, 1991, Leinders
and Vijenberg, 1992) slowing down the conduction of the action potential and,
consequently, increasing the latency of the evoked potentials as well as the relative
and absolute refractory periods.

It is well known that the results of animal experiments cannot in general be di-
rectly transferred to man. ln the Central and Eastern European countries, the level
of chronic lead exposure, originating from vehicle emission and industry, is rela-
tively high thus the risk of behavioural and functional neurotoxic effects cannot
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be neglected. Monitoring only the biochemical changes in body fluids caused by
low level lead exposure (blood lead level, DALA in urine, etc.) is, however, not
appropriate if one has to detect the subchronic effect of such lead exposures
which may cause only minimal observable behavioural and/or neurophysiological
changes.

The implementation of sensitive but at the same time non-invasive functional
screening methods, based on functional biomarkers such as behavioural investiga-
tions, EEG monitoring and measurements of cortical evoked potentials, and the
decision making considering risk assessment are very important requirements in
order to detect this type of early intoxication with lead and/or other heavy metals at
population level.

ACKNOWLEDGEMENT

The study was supported by the Hungarian OTKA grant N° T016735.

REFERENCES

ANDA, E., DURA, G. and LORINCZI, . (1984). “Effects of carbon monoxide on the peripheral
nerves.” (In Hungarian) Egészségtudomany 28:270-277,

ARAKI, S., MURATA, K., and AONO, H. (1987). “Ceniral and peripheral nervous system
dysfunction in workers exposed to lead, zinc and copper: a follow-up study of visual and
somatosensory evoked potentials.” Int. Arch. Occup. Environ. Health. 59:177-187.
AUDESIRK, G., and AUDESIRK, T. (1991). “Effects of inorganic lead on voltage-sensitive
calcium channels in NIE-115 neuroblastoma cells.” Neurotoxicology 12:519-528.

BORDO, B., MASSETTO, N., MUSICCO, I. M., FILIPPINI, G., and BOERI, R. (1982).
“Electrophysiologic changes in workers with ‘ow’ bloed lead levels.” Am. J. Ind. Med. 3:23-32.

BOWMAN, W, C., and RAND, M. J. (Eds.): Textbook of Pharmacology. Blackwell Scientific
Publications. Oxford 1980, p. 715.

BRESSLER, J. P, and GOLDSTEIN, G. W. {1991). “Mechanism of lead neurotoxicity.”
Biochem. Pharmacol. 41:479-484.

BRINGMANN, A. (1995). “Topographic mapping of the cortical EEG power in the unrestrained
rat: peripheral effects of neuroactive drugs.” Arch. Ital. Biol. 133:1-16.

BURDETTE, L. J., and GOLDSTEIN, R. {(1986). “Long-term behavioral and electrophysiological
changes associated with lead exposure at different stages of brain development in the rat.” Dev.
Brain Res. 29:101-110.

COLLINS, M. F,, HRDINA, P. D., and WHITTLE, E. (1992). “Lead in blood and brain regions
of rats chronically exposed of low doses of the metal.” Toxicol. Appl. Pharmacol. 65:314-322.

CORY-SCHLECHTA, D. A., WEISS, B, and COX, C. (1985). “Performance and ex-
posure indices of rats exposed to low concentrations of lead.” Toxicol. Appl. Pharmacol.
78:291-299.

CORY-SCHLECHTA, D. A., and POKORA, M. I. (1991). “Behavioral manifestations of pro-
longed lead exposure initiated at different stages of the life cycle: I. Schedule-controlled respond-
ing.” Neurotoxicology 12:745-760.



208 - 1997; 3(3): BEHAVIOURAL AND ELECTROPHYSIOLOGICAL EFFECTS OF LEAD

CORY-SLECHTA, D. A. (1995). “Relationships between lead-induced learning impairments and
changes in dopaminergic, cholinergic, and glutaminergic neurotransmitter system functions.”
Annu. Rev. Pharmacol. Toxicol. 35:391-415.

DAVIES, J. M. (1990). “Risk assessment of the developmental neurotoxicity of lead.” Neuro-
toxicology 11:285-291.

DESL, L (1983). “Neurological investigation of pesticides in animal experiments.” Neurobehav.
Toxicol. Teratol. 5:503-517.

GOYER, R. A. (1996). “Results of lead research: prenatal exposure and neurological
consequences.” Envir. Health Persp. 104:1050-1034.

KALA, S. V., and JADHAR, S. V. (1995). “Region-specific alterations in dopamine and
serotonine metabolism in brains of rats exposed to low levels of lead.” Neurotoxicology
16:297-308.

KOSTIAL, K., KELLO, D., and JUGO, S. (1978). “Influence of age on metal metabolism and
toxicity.” Environ. Health Perspec. 25:81-86.

KUMAR, M. V., and DESIRAJU, T. (1992). “EEG spectral power reduction and learning
disability in rats exposed to lead through postnatal developing age.” Indian J. Physiol. Pharmacol.
36:15-20.

LASLEY, S. M. (1992). “Regulation of dopaminergic activity, but not tyrosine hydroxylase, is
diminished after chronic inorganic lead exposure.” Neurotoxicology 13:625-35.

LEINDERS, T., and VIJENBERG, H. P. M. (1992). “Ca"" dependence of small Ca -activated K*
channels in cultured N1E-115 mouse neuroblastoma cells.” Pfliigers Arch, 422:223-232.

LILIENTHAL, H., WINNEKE, G,, and EVERT, T. (1990). “Effects of lead on neurophysiologic-
al and performance measures.” Environ. Health Perspect. 89:21-25.

LILIENTHAL, H., and WINNEKE, (. (1996). “Lead effects on the brain stem auditory evoked
potential in monkeys during and after the treatment phase.” Neurotoxicol. Teratol. 18:17-32.

LILLE, F., HAZEMANN, P., GARNIER, R., and DALLY, S. (1988). “Effect of lead and mercury
intoxication on evoked potentials.” Clin. Toxicol. 26:103-116.

LILLE, F., MARGULES, S., FOURNIER, E., DALLY, S., and GARNIER, R. (1994). “Effects of
occupational lead exposure on motor and somatosensory evoked potentials.” Neurotoxicology
15:679-684.

MIYOSHI, T., and GOTO, L. (1973). “Serial in vivo determinations of nerve conduction
velocity in rat tails. Physiological and pathological changes.” Electroenceph. Clin. Neuro-
physiol. 35:125-131.

MURATA, K., ARAKI, S, and AONO, H. (1987). “Visual and brainstem auditory evoked
potentials in lead-exposed workers.” Jpn. J. EEG EMG. 15:16-21.

NEEDLEMAN, H. L., SCHELL, A., BELLINMGER, D., LEVITON, A., and ALLRED, E. N.
(1990). “The long-term effects of exposure to low doses of lead in childhood.” New Eng. J. Med.
322:83-88.

NEWLAND, M. C., YEZHOU, S., LODGBERG, B., and BERLIN, M. (1994). “Prolonged
behavioral effects of in utero exposure to lead or methyl mercury: reduced sensitivity to changes
in reinforcement contingencies during behavioral transitions in a steady state.” Toxicol. Appl.
Pharmacol. 126:6-135.

OTTO, D., ROBINSON, G., BAUMANN, S., SCHROEDER, S., MUSHAK, P., KLEINBAUM,
D., and BOONE, L. (1985). “5-year follow-up study of children with low-to-moderate lead
absorption: electrophysiological evaluation.” Environ. Res. 38:168-186.

REUVENY, E., and NARASHIL, T. (1991). “Potent blocking action of lead on voltage-activated
calcium channels in human neuroblastoma cells SH-SYSY.” Brain Res. 545:312-314.



CENTRAL EUROPEAN JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL MEDICINE - 1997; 3(3): - 209

SBORGIA, G., and ASSENATOQ, G. (1983). “Comprehensive neurophysiological evaluation of
lead-exposed workers.™ In: Neurobehavioral Metheds in Qccupational Health (Eds: Gilioli M.,
Cassito M., and Foa M.) Pergamon, London, pp. 283-294.

SHAQ, 7., and SUSZKIW, J. B. (1991). “Ca2(")-surrogate action of Pb2" on acetylcholine
release from rat brain synaptosomes.” . Neurochem. 56:568-574.

STRUZYNSKA, L., and RAFALOWSKA, 1. {1994). “The effect of lead on dopamine, GABA
and histidine spontaneous and KCl-dependent releases from rat brain synaptosomes.” Acta
Neurobiol. Exp. Warsz. 54:201-7.

SUSZKIW, 1., TOTH, G., MURAWSKY, M., and COOPER, G. P. (1984). “Effects of Pb and Cd
on acethylcholine release and Ca movements in synaptosomes and subcellular fractions from rat
brain and Torpedo electric organ.” Brain Res. 323:31-46.

SVENSON, K, A, CARLSON, A, HUFF, R. M., KLING-PETERSEN, T., and WATERS, N.
(1994). “Behavioral and neurochemical data suggest functional differences between dopamine D2
and D3 receptors.” Europ. 1. Pharmacel. 263:23 5-243.

TANG, IL, W, LIANG, Y., X, HUJ, X., H., and YANG, H., G. (1995). “Alerations of monoamine
metabolites and neurebehavioural function in lead-exposed workers.” Biomed. Environ. Sci.
8:23-29,

TROTTER, R. T. (1990). “The cultural parameters of lead poisoning: A medical anthropologist’s
view of intervention in environmental lead exposure.” Environ. Health Persp. 89:79-84.

WHO: “Lead — Environmental aspects.” Environmental Health Criteria, N° 85, Geneva, 1989.

WINNEKE, G. (1993). “Endpoints of developmental neurotoxicity in environmentally exposed
children.” Toxicol. Lett. 77:127-136.

WINNEKE, G., BROCKHAUS, A., EWERS, U., KRAMER, U., and NEUF, M. (1990). “Results
from the European multicenter study on lead neurotoxicity in children; implications for risk
assessment,” Neurotoxicol. Teratol. 12:553-359.

WINNEKE, G., ALTMANN, U., KRAMER, U., TURFELD, M., BEHLER, R., GUTSMUTHS,
F.. I, and QLD, M. {1994). *Neurobehavioral and neurophysiological observations in six year old
children with low lead levels in East and West Germany.” Neurotexicology 15:705-714.

ZILLES, K. The cortex of the rat. A stereotaxic atlas. Springer Verlag, Berlin-IHeidelberg-New
York—Tokyvo, 1982.



