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Abstract

Young adult male Wistar rats (24/group) were treated for 5 weeks with methyl mercury(ll)chloride (corresponding to 0.5 and 2kgngHg
b.w., control: distilled water) by gavage, followed by a 19 weeks post-treatment period. Spontaneous motility, psychomotor performance and
sensorimotor gating was repeatedly tested, electrophysiological recordings done, in the rats throughout the whole experiment.

Decreased horizontal open field activity, reduced number of “noise positive” startle responses, as well as increase of startle response onset
latency and peak time, and decrease of peak amplitude, was seen in the treated animals. Most changes disappeared in the post-treatmel
period.

In the spontaneous cortical and hippocampal activity, altered distribution of the frequency bands was seen after 5 weeks of treatment but not
at the end of the post-treatment period. Hippocampal population spikes in the treated animals were depressed and showed less potentiation
which effect was still present 19 weeks after finishing the treatment. The duration of the sensory cortical evoked potentials was shorter than
in the controls. In the treated rats, tyrosine hydroxylase-immunoreactive boutons in the substantia nigra pars reticulata were shrunk; blood
and brain Hg levels were significantly higher and decreased only slowly.

Considering the continuous presence of low levels of mercurials in the human environment, effects of this kind may be supposed as the
background of some human neurobehavioral abnormalities.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by MEM most probably by a postsynaptic mechaniduan
and Atchison, 1994 In the extracellular space, glutamate
In the exposure of the population to organic mercury (Glu) level is likely to increase, as suggested by the MEM-
compounds, phenyl mercury in dispersion wall paints and induced inhibition of Glu uptakeXschner et al., 2000and
methyl mercury (MEM) as contaminant in food of sea (and conversion to glutamind&von and Park, 2003n astrocytes.
freshwater) origin are the most important sources. Within Muscarinic ACh receptors in the rat brain, and especially in
the organism, dealkylation can occugdllagher and Lee, the hippocampus, increased in humber in animals with oral
1980 so that both organic and inorganic forms of Hg must MEM exposure Coccini et al., 200§ possibly leading to
be taken into account when investigating toxic effects. altered memory and psychomotor functions. Extracellular
MEM was found to affect several of the known transmit- level of dopamine (DA), a transmitter with a crucial role
ter systems. Hippocampal population spikes (generated byin extrapyramidal motor control and in several elements of
glutamatergic transmission) in in vitro slices were reduced behavior, was increased by systemic MEM treatmé&arg
et al., 1997, probably due to the action of MEM on the

* Corresponding author. Tel.: +36 62 545 119; fax: +36 62 545 120. DA transporter karo et al., 2002aand/or, indirectly, toa
E-mail addressppp@puhe.szote.u-szeged.hu (A. Papp). glutamatergic mechanisnfrdro et al., 2002b GABAergic
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transmission, involved in sensorimotor regulation and loco-
motor activity (Koch et al., 200pis also known to be affected

by MEM (Yuan and Atchison, 1994 The effects of MEM

on C&* homeostasidenny and Atchison, 199@nay influ-

and Pharmacology 19 (2005) 785-796

a week, with methylmercury chloride (GHgCI; analytical
grade, Aldrich). The animals were housed under conventional
conditions (22—24C, 12 h light/dark cycle with light starting
at6:00a.m.,uptofourratsin one cage). Standard rodent chow

ence neural functions via the mentioned transmitter systemsand drinking water was given ad libitum.

or by direct action. MEM-dependent block of mitochondrial
Ca-ATPasekKreitas et al., 1996causes increase of cytosolic
C&" levels, affecting the gating function of ion channels.

Three groups of rats were used, consisting of 24 animals
each, one receiving 2.0 mg/kg b.w. MEM (high dose group),
another receiving 0.5 mg/kg, and a third, control group re-

The behavioral methods used in the present experimentceiving distilled water. MEM was dissolved in distilled wa-
(see below) are known to be sensitive in detecting changes inter b.w. to 1 ml/kg administration volume, pH neutralized as
the above-mentioned transmitter systems. There have beenpecessary, and administered by gavage. All 24 animals in the
in fact, several publications on the effect of mercury exposure groups received the same treatment for 5 weeks (1st to 5th
on behavioral outcomes in rats (open fidkiissi et al., 1997 treatment weekTable ). From each group, 12 animals were
T-maze:Zenick, 1974 open field and several maze types: kept, without treatment, for further 19 weeks (1st to 19th
Fredriksson et al., 1996These, however, provided no cor- post-treatment week) to see the elimination of MEM; and
relation with morphological and physiological parameters, were used for the behavioral tests before, during and after
and included no follow-up in the after-exposure period. In the treatment period; and for electrophysiological recording
the present study, a comprehensive analysis of MEM effectsat the end of the post-treatment period. From the other 12 rats
on functions of the nervous system was attempted; by oral per group, seven were used for electrophysiological record-
exposure of rats for 5 weeks with two doses, which proved ing in the 1st, and three in the 4th, post-treatment week, and
to be toxicologically relevant in behavioral endpoints in dif- two went for tyrosine hydroxylase immunochemistry at the
ferent settings from prenatdfiedriksson et al., 1996; Rossi  end of the 5th treatment week. Blood and brain (cortex and
et al., 1997 to young adult Coccini et al., 200D Observa- hippocampus) samples were taken in the 1st, 4th and 19th
tions were continued for a long post-treatment period, and post-treatment week.
two doses of d-amphetamine (d-AM), a dopaminerigc ago-  During the whole study, the principles of the Ethical Com-
nist, were applied to detect possible alterations in the neu-mittee for the Protection of Animals in Research of the Uni-
rotransmitter systems. A spectrum of endpoints was inves- versity were strictly followed.
tigated, from mercury levels (in the blood, cortex and hip-
pocampus) and histological changes (tyrosine hydroxylase
immunoreactivity in the substantia nigra pars reticulata) to ;
cortical electrophysiological (ECoG, evoked potential) and gating tests
behavioral (open field activity, acoustic startle response, pre-
pulse inhibition) alterations.

2.2. Open field, startle response and psychomotor

The animals’ spontaneous motor behavior was first tested;
in the Oth week (before commencing MEM administration),
then in the 5th treatment week, and the 12th post-treatment
week (17th week of the experiment); on the 12 animals per
group defined aboveTéble ). The rats were brought to
the test room for accommodation 30—40 min before testing.
Open field (OF) activity was investigated in 10-min sessions

Male Wistar rats (obtained at the University’'s Breeding between 9.00a.m. and 2.00 p.m. Horizontal motiliy (run
Center, 10 weeks old, 16010 g b.w.) were treated, 5daysin length), and vertical (rearing) as well as local (grooming)

2. Methods

2.1. Animals and treatment

Table 1
Time scheme of the experiment in the pre-treatment week and in the treatment and post-treatment period

Investigations Number of investigated animals per group over the whole course (0-24th weeks) of the experiment

Pre-treatment  Treatment period Post-treatment period

Oth 1st-4th  5th Ist 2nd-3rd 4th 5th-11th 12th 13th 14th  15th 16-18th  19th
Open field - - - - - 0.5d-AM12 - 15d-AM12 - -
ASR/PPI 12 - 12 - - - 12 - - - -
TH-IR - - - 2 - - - - - - - - -
Electrophys. - - - 7 - 3 - - - - - - 10
Blood Hg level — - - - - - - - - -

g 3 3 6

Tissue Hg level

Tests and investigations performed are indicated in the column of the corresponding week. There were three groups (high dose, low dose amestigateal) in
the number in the cells show the number of animals used in the different tests. Abbreviations: ASR/PPI, acoustic startle response and priiquuldé-inhib
IR, brain tissue sampling for tyrosine hydroxylase immunhistochemistry; electrophys., electrocorticogram (ECoG) and evoked potentiald Eg)teviel,
blood sampling from tail vein for Hg level determination; tissue Hg level, cortex and hippocampus sampled for Hg level determination; d-AM,alvangphet
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activity, was detected by arrays of infrared LEDs and sensorsNagymajényi, 1999 was calculated. Cortical evoked poten-
(ACTIFRAME, Gerb Electronic, Berlin, Germany) around tials were recorded subsequently via the same electrodes.
a 40 cmx 40 cmx 40 cm OF box. lllumination at the floor = Somatosensory stimulation was done by a pair of needles
of the OF was 15-25lux, with ca. 40dB white background inserted into the whiskery skin, using square electric pulses
noise. The animals were placed into the center of the open(1 Hz, 3—4V, 0.05 ms). Visual stimulation was performed by
field box and their activity was recorded for 10 min. flashes (1 Hz, ca. 60 lux) delivered from a flashbulb via an

In the 13th and 15th post-treatment week (18th and 20th optical fiber directly into the contralateral eye of the rat. For
weeks of the experiment), the same rats tested before wereacoustic stimulation, clicks (1 Hz, ca. 40dB) from a small
i.p. injected with 0.5 or 1.5 mg/kg b.w. of d-AM, respectively. earphone were applied into the contralateral ear of the rat.
Fifteen minutes later, their OF activity was recorded again. All stimuli were just supramaximal and well above back-

Acoustic startle response (ASR) is a fast involuntary con- ground. Fifty stimuli of each modality per rat were applied
traction of facial and body muscles evoked by sudden andand the evoked activity recorded. After averaging, latency
intense acoustic stimulKpch, 1999, and prepulse inhibi-  and duration of the main waves was measured manually.
tion (PPI) is the normal suppression of the startle response For recording hippocampal activity, a steel needle record-
by a preceding stimulus and is used as an operational measuréng electrode (ca. 1 ) was inserted into the left hippocam-
for early sensorimotor gating mechanisrBsd{ff and Geyer, pal CAl region (stereotaxic coordinates: AB, L 2, V
1990. ASR and ASR with PPI were tested, following the 2-3;Paxinos and Watson, 198ZPopulation spikes (result-
OF test, on the same dayable 1), using the ResponderX ing from simultaneous discharge of numerous neurons on a
(Columbus Instruments, Ohio, USA) equipment (plexiglass synchronous inputindersen et al., 199 1were elicited by
chamber of 16 cnx 28 cm, 18 cm high, with a piezo force  stimulating the perforant path (AP6, L 4.5,V 4) by a bipolar
transducer in the bottom). steel electrode at 0.3 Hz.

Parameters of the eliciting (base) acoustic stimulus were  All recording of spontaneous and evoked activity and their
5000 Hz, 110dB and 200 ms, for the pre-stimulus, 1000 Hz, off-line analysis was performed by a PC using the NEU-
73dB and 500ms (preceding the eliciting stimulus with ROSYS 1.11 software (Experimetria Ltd., UK).
200ms). One animal at a time was put into the box, and, . ) .
after 10 min accommodation, 10 stimuli per session were ap-2-4- TYrosine hydroxylase-immunreactivity (TH-IR)
plied with a fixed interval of 15s, then, after 15-min rest,
another 10 with prepulse. In both tests, a whole-body twitch

resulting in more than 50g force to the cage floor was ac- activity a suitable indicator of disturbances in e.g. the

cepted as “noise positive response”, of which latency, time to . . .
dopaminergic system. Two animals per group were, at

ggﬁ;{;ﬂ;ﬁ%gfﬁgﬂﬁ?ﬁ)I\Ilé?jriymaegscured' Stimulation andthe end of the 5th treatment week, transcardially perfused

first with ice-cold saline, then with 4% paraformaldehyde
solution for 10 min. The brains were removed and postfixed
overnight, cryoprotected by 30% sucrose in phosphate
buffer for 16 h, and sectioned on a freezing microtome
. at 50pnm thickness. The free floating coronal sections of
and three per group in the 4th, post-treatment week (from L . . .

the substantia nigra region were stained using a common

those 12 not used for behavioral testing); and in the 19th . : ] . ;
ost-treatment week on 10 animals per group of those hav_lmmunhlstoc_h emlc_al procedu_re against tyrosine hydr_ox-
P ylase (Rabbit anti-TH, Chemicon, 1:5000). The reaction

ing undergone the behavioral tests. The animals were anaes; - "\ icualized with the avidin-biotin—peroxidase com-
thetized with 1009 mg/kg urethane i.@dwman and Rand, plex plus 3,3-diaminobenzidine, and intensified by nickel
1980, the left hemisphere was exposed by removing the bony (ABC-DAB/nickel method)
skull, and the rat was put aside for at least 30 min for recovery :

. : The size of TH-IR boutons in the substantia nigra pars
covered with a warm cloth. The recording room was shaded . .
and low-noise. reticulata was measured by means of a digital system (SONY

. . .. 950-P CCD camera, Flashpoint 128 frame grabber and Image
For recording spontaneous and evoked cortical activity, : . : L
o . ) : ?’ Pro Plus 4.0 image analysis software) using a 4bjective
the animal's head was fixed in a stereotaxic frame and sil- o s . .
: (atthis high magnification different optical planes of the same
ver electrodes were placed on the primary somatosensory,

) . . 'section could be examined). Boutons, being in focus and rec-
visual and auditory areas. Electrocorticogram (ECoG) was . ? .
. ognized and measured by the program as single objects, were
recorded from the three sensory areas simultaneously for

. . . selected for determination of cross-sectional areas. In each
15min. From the recordings, the relative spectral power experimental aroun 450—500 boutons were analvzed
of the frequency bands: delta, 0.5-4 Hz; theta, 4-7 Hz; al- P group yzed.

pha, 8-13Hz; betal, 13-20 Hz; beta2, 20-30Hz; gamma,2.5. Tissue mercury level determination

30-50Hz Kandel and Schwartz, 198%vas electronically

determined. For group to group comparison, “ECoG in- Blood samples were collected in the 1st, 4th and 19th
dex”: activity ratio of [delta + theta]/[betal + betaZ}&si and week of the post-treatment period from three, three and six

Tyrosine hydroxylase is a key enzyme of catecholamine
biosynthesis Kalsner and Westfall, 1990making TH

2.3. Electrophysiological investigations

These were done on seven animals per group in the 1st,
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animals of each group, respectivellable 1. The tail vein variables). One-way ANOVA was used to evaluate the results
was punctured and blood was taken to heparinized vacutain-of ASR/PPI, Hg level determination, electrophysiological
ers of 7.0 ml capacity (Becton-Dickinson, BD367735). All recordings, TH histochemistry, and OF (in the pre-treatment
blood samples were stored &t@ until analyzed. and treatment periods). The confidence level was always

When the electrophysiological recording was finished set to p<0.05. Post hoc analysis of group differences
(1st, 4th and 19th post-treatment week), the animals werewas performed by Scheffe’'s test; group comparisons
sacrificed with an overdose of Nembutal. The thorax was following the Kruskal-Wallis test were performed by the
opened and the animals were transcardially perfused with Mann-WithneyU-test (also hergy<0.05). For the statistical
500 ml saline to remove blood from the organs. The brain analysis, Statistica for Windows 4.0 software package was
was removed whole, without the meninges, and was, un-used.
der a stereomicroscope, halved and dissected to isolate
the hippocampus. The whole hippocampus and 0.3g of
the cortex was taken as sample, kept-at8°C until
analyzed.

Total mercury was determined at the accredited labora- 3 1. Blood and tissue mercury levels
tory of the National Center for Public Health, Budapest. The
samples were digested in 2 ml concentrated nitric acid, with  The |evels of total mercuryug/g) in the blood and brain
0.5 ml hydrogen peroxide added for cortex and hippocampus.(cortex and hippocampus) samples of the MEM-treated
Total mercury content was measured by cold vapor atomic and control animals were measured three times during the
absorption photometry. post-treatment periodréble 2. Blood level in the low and
high dose group was in the 1st post-treatment week about 40
and 160 times higher, respectively, than in the controls. Later
during the post-treatment period, Hg levels decreased a lot

The number of animals giving “noise positive response” but the difference between the high dose and control group
in the ASR and PPI tests was evaluated with the2Chi remained significant even in the 19th post-treatment week.
test. The distribution of other data was checked for nor- In the cortex samples, the metal level difference between
mality by the Kolmogorov—Smirnov test. Depending on treated and control animals, and the rate of elimination,
the distribution, the statistical analyses were carried out was comparable to what was seen in the blood. In the
by two-way ANOVA or Kruskal-Wallis one-way ANOVA  hippocampus, Hg concentrations were less (but still sig-
for the open field results in the post-treatment period nificantly) elevated versus control and the elimination was
(with MEM dose and d-AM administration as independent faster.

3. Results

2.6. Statistics

Table 2
Total mercury levels {g/g, meant S.D.) in blood, cortex and hippocampus samples at various times during the post-treatment meniachi{er of
animals/group)

Hg® (ng/g) in:

Weeks of the post-treatment period

1st (1=3) 4th h=3) 19th 6=6)
Mean+ S.D. Significance Meatt S.D. Significance Meatt S.D. Significance
Blood
Control 0.2633+ 0.035 F(2,6)=706.8, 0.2000+ 0.085 F(2,6)=91.5, 0.0135+ 0.007 F(2,15)=29.5,
p<0.001 p<0.001 p<0.001
0.5 mg/kg 10.8233t 1.954™ 1.5900+ 0.036 0.1222+ 0.031
2.0mglkg 42.1467F 1.4907 ### 4.5667+ 0.693™ ### 0.4197+ 0.159™ ###
Hippocampus
Control 0.1783+ 0.083 F(2,6)=42.5, 0.13004+ 0.105 F(2,6)=8.2, 0.1446+ 0.128 F(2,15)=0.26,
p<0.001 p<0.05 p>0.05
0.5 mg/kg 0.6200 0.072™ 0.2533+ 0.015 0.1015+ 0.117
2.0mgl/kg 0.6633t 0.057" 0.4467+ 0.129 0.1135+ 0.065
Cortex
Control 0.0250+ 0.005 F(2,6)=38.9, 0.02474+ 0.005 F(2,6)=103.8, 0.02144+ 0.012 F(2,15)=2.78,
p<0.001 p<0.001 p>0.05
0.5 mg/kg 2.1233t 0.637" 0.2800+ 0.027™ 0.0155+ 0.009
2.0mglkg 2.9133t 0.329™ 0.4767+ 0.061™ ## 0.0331+ 0.019

* p<0.05 treated vs. control group.
** p<0.001 treated vs. control group.
# p<0.01 high vs. low dose.
## n<0.001 high vs. low dose.
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(A) versus control rats was significarfeo(24=8.53, p<0.01;

- high dose versus contrgh<0.01, low dose versus control,
1200 T p<0.05).

1000 The effect on the vertical activity was simildfig. 1B).

800 The decrease in rearing activity in the MEM-treated ani-
mals was significant in the 5th treatment weBl £4=3.47;
p<0.05; high dose versus contrpl< 0.05). The decreasing
trend of the local motor activityHig. 1C) was not significant.

The OF sessions repeated in the 12th post-treatment week
(17th week of the experiment) showed that the effect on the
horizontal activity disappeared fullyFig. 1A, third versus
second column). On the vertical activityig. 1B), the differ-

120 ences between the values of the treated and control groups
indicated that some effect of MEM may have remained al-
T though significance was no more present.

These records were used as controls versus those taken in
the 13th and 15th post-treatment week (18th and 20th weeks
of the experiment), when the effect of d-AM on the open
field activity of the control and MEM-treated rats was stud-
ied (Fig. 1A-C, columns for 17th experimental weeks and
later). In the 13th post-treatment week, 0.5 mg/kg d-AM was
given to the rats i.p., which caused no significant alteration in
the rearing and horizontal activity of the MEM treated rats,

©) compared either to the untreated control group or to the data
600 of the same group before d-AM administration.

In the 15th post-treatment week, 1.5mg/kg d-AM was
applied. In the low dose (but not the high dose) group, this
caused significant increase (versus control) in the horizontal
(F2,24=5.67,p<0.01; low dose versus contrgi< 0.01) and
significant decrease in the vertickb(24= 3.54,p<0.05, low
dose versus contrgh< 0.05) activity.

In the horizontal activity, comparison of the data of the
12th, 13th and 15th post-treatment week revealed a significant
effect of the MEM doseR2 72=9.74,p< 0.001) and of d-AM
administration £2,70=57.12,p<0.01).

Fig. 1. Open field performance ((A) horizontal activity [running]; (B) ver- In the vertical activity, comparison of data from the same
tical activity [rearing]; (C) local activity [mostly grooming]) in the pre- period as above also showed significant MEM dose depen-

treatment week, and in the treatment and post-treatment period, in control _ . .
and MEM-treated rats. Meah S.D.,n=12/group. Abscissa: number of ex- dence EZ 72=3.25,p<0. 05) and d-AM administration de

perimental weeks: 0 (pre-treatment week), 5 (5th treatment week), 17, 18, PendenceKz 72=35.05,p<0.001).

20 (12th, 13th, and 15th post-treatment weeks);Tsdste 1for the course of

experiment. Ordinate: (A) length run, cm; (B) counts, rearing; (C) counts, 3.3, Acoustic startle response and psychomotor gating
local activity (note different scales).<0.05, ** p<0.01 treated vs. con-
trol group. Bar pattern: controf); low dose (0.5 mg/kg)# ) ; high dose

(2.0mg/kg) V).
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The number of ASR reactions (see Sec®ad) is given in
Fig. 2 By the end of the 5th treatment week, MEM signifi-
cantly (Chf =30.73,p<0.001) decreased the animals’ reac-
3.2. Open field activity tivity on the eliciting stimulus Fig. 2A) but seemed to turn

the inhibiting effect of the prepulse into facilitatioRig. 2B;

The effect of MEM was seen on each of the elements of Chi?=20.85,p<0.001). In the 7th post-treatment week, the
OF behavior studied. effects were largely reversed but without a clear dose depen-
The OF performance of the treated and control groups dence Fig. 2C; Ch? = 7.40,p<0.10). The anomalous effect
was compared separately in the Oth and 5th treatmentof the prepulse, however, remained, but only in the low dose

weeks, and in the 12th, 13th and 15th post-treatment weeksgroup Fig. 2D; Chi=15.58,p<0.01).

(17th, 18th and 20th week of the experimehiy. 1). As The measured parameters of the ASR motor reaction of
seen inFig. 1A (left two columns), a clear-cut decrease the control and MEM-treated animals are summarized in
of horizontal activity developed during the 5 weeks of Table 3 In the 5th week of MEM treatmenTéble 3), the
MEM treatment. In the 5th week, the difference of treated onset latency of the ASR increased in a dose-dependent way
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Fig. 2. Number of noise-positive startle responses given on 110 dB acoustic stimulus without (A and C) and with (B and D) prepulse inhibition, in the 5th
treatment week (top) and in the 7th post-treatment week (bottom); in control, low dose (0.5 mg/kg) and high dose (2.0 mg/kg) MEM treated rathdvine bars s
the distribution of ratsr(= 12/group) according to the number of responses (03¥%; 67, {)) ; 8-10, @)) given on 10 consecutive stimuli.

(F2,27=10.46,0<0.001; high dose versus contrpk 0.001; and versus low dosg<0.001). The startle response peak
and high versus low dosg<0.01). MEM in 2.0mg/kg amplitude decreased in the both treated groups, but for the
dose caused also a significant rise of the ASR peak timehigh dose this was significanF{ ,7=4.29, p<0.05; high
(F2,27=9.53,p<0.001; high dose versus contr@l< 0.05; dose versus contrgh< 0.05).

Table 3
Parameters (meah S.D.) of the acoustic startle response (ASR) without and with prepulse inhibition (PPI); in the 5th week of MEM treatment (A) and in the
7th post-treatment week (B)

(A) Startle response in the 5th treatment week Control MEM
0.5mg/kg 2.0mg/kg
ASR
Onset latency (ms) 20.2F% 2.12 =12) 21.21+ 1.82 1=10) 24.4+ 2,11 ## (n=8)
Peak time (ms) 27.8% 2.24 n=12) 26.71+ 2.19 =10) 30.92+ 1.60 ## (n=8)
Peak amplitude (g) 257.08 127.60 =12) 177.43+ 84.21 0=10) 129.83+ 52.37 (n=8)
PPI
Onset latency (ms) 23.22 2.59 f=9) 18.05+ 0.76™ (n=10) 21.39+ 1.15%# (n=10)
Peak time (ms) 28.44 2.49 1=9) 24.91+ 1.08™ (n=10) 26.59+ 1.04 1=10)
Peak amplitude (g) 116.85 45.43 1=9) 239.94+ 139.50 (n=10) 147.74+ 38.02 1=10)

(B) Startle response in the 7th post-treatment week

ASR
Onset latency (ms) 18.42 1.89 h=11) 18.91+ 1.72 H=10) 19.30+ 1.70 =9)
Peak time (ms) 26.34 2.14 (=11) 27.071+ 0.92 (1=10) 28.32+ 1.23 (n=9)
Peak amplitude (g) 341.9% 167.50 6=11) 362.56+ 138.50 1=10) 425.99+ 196.40 6=9)
PPI
Onset latency (ms) 21.4% 1.78 h=11) 19.61+ 1.74 (1=10) 20.42+ 2.07 (1=8)
Peak time (ms) 27.66 1.49 h=11) 26.14+ 1.23 (n=10) 27.53+1.13 (1=8)
Peak amplitude (g) 185.06 74.25 o=11) 233.78+ 125.90 1=10) 246.56+ 138.60 1=8)

Onset latency, peak time and peak amplitude were determined from the time course of the force exerted by the startled animal on the piezo ferda transduc
the cage bottom (n, number of investigated animals in the group).
* p<0.05 vs. control.
** p<0.001 vs. control.
#* p<0.01 high vs. low dose.
### n<0.001 high vs. low dose.
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With prepulse, the response peak amplitude in the low significantly reducedH> 26=4.19,p<0.05; low dose versus
dose group was significantly highefy26=5.04,p<0.05; control,p<0.05).
low dose versus controp<0.05). It was also greater than
without prepulse in the same group. There was also a signifi-3.4. Effects on electrophysiological parameters
cantdecrease in peak tinféy(2=11.03p<0.001) and onset
latency €2,26=24.14,p<0.001) of the responses obtained  The effect of MEM on the ECoG was the most clear-cut
with prepulse in the low dose group (in the high dose group, (although below significance) in the visual cortex. The power
the changes showed the same trend without being significant) spectrum in the treated rats showed a decrease in the delta,
In the 7th post-treatment weeRKeble B8), ASR ampli- and increase in the beta2 and gamma, bands at the end of
tude and onset latency was no more significantly different the treatment period (1st post-treatment week). In the 19th
between the treated and control animals. Peak time, hOW-post_treatment week, these changes were no more present
ever, was still significantly longer in the high dose group (Fig.3A and B). In the basal activity of the hippocampal CA1
(F2,27=5.05,p<0.05; high dose versus contrpk 0.05). By region Fig. 3D and E), non-significant decrease was seen
this time, no significant differences remained in the latency in the delta, theta and alpha, and non-significant increase in
and amplitude of the ASR with PPl in the treated groups ver- the gamma bands, which effects also disappeared by the end
sus control, only the peak time of the low dose group was of the post-treatment period. The ECoG index (see Section
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Fig. 3. Power spectrum of the spontaneous activity in the visual cortical area, in the 1st (A), and 19th (B) post-treatment wees. Dlean 10 per group.
Abscissa: standard frequency bands. Ordinate: relative power by band (in percentage of the total activity). (C) ECoG index values (2% Settigorisual
cortex activity in the 1st and 19th post-treatment weeks. Abscissa: weeks of the post-treatment period. Ordinate: index value. (D and E) Rowgssipectr

A and B) of the hippocampal CAL1 activity in the 1st (D) and 19th (E) post-treatment week. (F) Index values, as in (C), of the hippocampal activitrBar pat
as inFig. 1L * p<0.05 treated vs. control group.
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(A)

1,4

SS lat. VIS dur. AUD lat.

SS lat. S8 dur. VIS lat. VIS dur. AUD lat. AUD dur.

Fig. 4. Relative changes (treated/control) of the latency and duration of cortical evoked potentials in the 1st (A) and 19th (B) post-treatrivtEamesiD.
n=10 per group. Abscissa: parameters (SS, somatosensory; VIS, visual; AUD, auditory; lat., latency; dur., duration). Ordinate: relativeeztedgeofip
average]/[control group average], error bars calculated with the same ratio. Bar patteFigad.iri p<0.05 treated vs. control group.

2.3 proved to be a more sensitive indicator of MEM effects was only partial recovery. In the auditory EP, the duration

on spontaneous activity, signalizing significant change in the decrease became stronger by the end of the post-treatment

visual arealtig. 3C; F2 27=3.51,p<0.05; high dose versus  period, and a significant increase of latency in the high dose

control,p<0.05, low dose versus contrpl< 0.05) and inthe ~ group appeared.

hippocampusKig. 3F; F2 27=3.76,p<0.05; low dose versus Amplitude and latency of the hippocampal population

control,p< 0.05—the effect of the high dose fit in the trend spikes were weakly influenced by 1st post-treatment week

but was non-significant due to large standard deviation). All (Fig. 5A). Their potentiation by a train of frequent stimuli

changes of the spontaneous activity largely disappeared afte(Fig. 3B) was, however, significantly impaired by the high

the elimination period. dose MEM §2,27=4.06,p<0.05; high dose versus control,
The latency of the cortical sensory evoked potentials p<0.05).

(Fig. 4A and B) showed minor, inconsistent changes in the 1st

post-treatment week. Significant decrease was seen, howeve.5. Histochemical alterations

in the duration of the somatosensofRp 7=4.27,p<0.05;

high dose versus contrgh,<0.05; low dose versus control, In order to find possible structural correlates of changes
p<0.05) and visualK 7= 13.45,p<0.001; high dose ver-  in the dopaminergic system (reflected in the behavioral
sus controlp<0.001; low dose versus contrpl< 0.01) EP. alterations) the morphology of TH-immunoreactive neurons

In the somatosensory response, the changes of the duratiomvas analyzed. In the number of TH-labelled (thus, dopamin-
fully disappeared during elimination. In the visual EP, there ergic) cells, no differences were found in the substantia nigra
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Fig. 5. The effect of MEM on the hippocampal population spike. (A) Rel-
ative change (treated/control ashkig. 4) of amplitude and latency of the
hippocampal population spike, in the 1st post-treatment week. MéaD.,
n=10 per group. Ordinate as kfig. 4. (B) Change of amplitude of the pop-
ulation spike, elicited by tetanizing stimulation. Ordinate: group averages
(meant S.D.,n=10 per group) of posttetanic/pretetanic values. Bar pattern
as inFig. 1 * p<0.05 treated vs. control group.

compacta region. In the reticular part, morphometric anal-
ysis of the TH-reactive boutons was done and it was found
that, following mercury treatment, there was a significant

793
4. Discussion

The measured total concentrations of mercury in blood
and brain Table 2 indicate that the treatment was effective
i.e. the introduced amount of MEM was mostly absorbed
and followed its known distribution within the bodR¢dier
and Kates, 1988 Literature data confirm that organic mer-
cury compounds are almost completely (90%) absorbed after
ingestion because of their high lipid solubilitArfgle and
Mcintire, 1974. After absorption, MEM easily penetrates
the blood-brain barrier and accumulates in the brain. MEM
in the CNS has a biological half-life measured in days or
weeks Aschner and Aschner, 1900

In humans, following fatal acute or chronic MEM poison-
ing, the amount of mercury absorbed was found 28 and 17%,
respectively Friberg and Mottet, 19891n male Wistar rats,
treated on five consecutive days with 10 mg/kg MEM, the
brain total Hg level on the 3rd and 10th days following the
lastadministration was 14 and {18/g (Yasutake etal., 1998

In our study, the rats’ total blood Hg levels were, after
treating the rats with lower MEM doses (0.5 and 2.0 mg/kg)
for 5 weeks, several hundred times higher than in the controls
(Table 2, and a massive deposition of Hg was seen in the
cortex and hippocampus. Measurements of total Hg on the 1st
and 4th weeks of the post-treatment phase showed different
rates of elimination from the blood and the brain. This lasting
presence, and effect of MEM, may be due to deposition of Hg
in the brain in (partly) inorganic formHfiberg and Mottet,
1989 the CNS half life of which is much longer than that of
MEM (Aschner and Aschner, 1920

A number of transmitter systems have been involved in the
explanation of MEM neurotoxicity, such as the dopaminer-
gic, serotonergic, GABAergic, cholinergic and glutamatergic

decrease in the bouton size. This could be observed also irPNes: each knownto interact with cortical and subcortical cen-

animals treated with low dose of MEM. Interestingly, the
higher dose did not result in further decreaBeg( 6).
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777
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Fig. 6. Size of TH-immunoreactive boutons in the reticular part of the sub-
stantia nigra, expressed as the cross sectional area @tedh), in brain
samples taken at the end of the 5th treatment week. Abscissa: groups. Or
dinate: bouton aregym?. Bar pattern as ifFig. 1 ** p<0.01 treated vs.

control group.

ters of motor control. In the alterations of the vertical and hor-
izontal motility (dose-dependent significant decre&sg, 1),
effects of MEM on the serotoninergic and dopaminergic
transmissionKaro et al., 199)/can be expressed. In rats, the
mesolimbic (running from the ventral tegmental area to corti-
cal structures and responsible for motivation) and the nigros-
triatal dopaminergic system, playing (directly or indirectly)
an important role in extrapyramidal motor control and senso-
rimotor integration, were found to be affected by HRpé&si

et al., 1997. The modifying effect of d-AM on the observed
action of MEM also supports the involvement of DA. Pass-
ing the blood-brain barrier, d-AM (in the doses applied by us)
increases the release of catecholamines, including DA, from
the synaptic endings in the nigrostriatal pathw&jatkson

et al., 1988, and in the mesolimbic/mesocortical pathways
(Alexander etal., 19900ur 5-week MEM exposure possibly
led to depletion of DA and loss of efficacy of dopaminergic
transmission. In such a situation, the sensitivity of the postsy-
naptic DA receptors could increase which would explain why,
in the animals treated with d-AM, spontaneous exploratory
activity returned to or beyond control level. The effect of
MEM onthe DA transporter has abiphasic, increase-decrease
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dose dependenc&c¢hweri, 199% which is a possible ex-  previous experimentezér and Papp, 2002ACh is one of
planation of the missing or anomalous dose-dependence ofthe transmitters of the projection from the pedunculopontine
certain effects (e.g. in the open field) in our experiments.  tegmental nucleus to the caudal pontine reticular nucleus, a

Shrinkage of dopaminergic boutons (indicating DA de- part of an inhibitory pathway which mediates the reduction in
pletion;Faro et al., 199)in the substantia nigra pars reticu- magnitude of the ASR by PPI. In the MEM-treated animals,
lata (SNR) in the rats after 5 weeks MEM treatment further higher number of “noise positive” responses under prepulse
supports this hypothesis. SNR, connecting the dorsal andapplication (thatis, reduced inhibitory modulation of the star-
ventral striatum with the thalamus, superior colliculus and tle response) and shortened onset latency and peak time was
pontomedullary brainstem, has a strategic role in locomo- seen (although with no clear dose-dependence). THé Hg
tor activity (stereotypes), and in the sensorimotor regulation sensitivity of hippocampal muscarinic receptors is extraor-
of behavior by a tonic nigroreticular GABAergic inhibitory  dinarily high (Coccini et al., 200Pwhich is in line with the
projection to the dorsal and ventral striatal neurdkdsch decrease of locomotion and with the stronger alteration of
et al., 2000. The number of TH-immunoreactive cells them- hippocampal versus cortical spontaneous activity (suggested
selves was, on the contrary, not different in the control and by the changes of the frequency spectra) seenin MEM-treated
MEM-treated animals, similarly to the findings &fossi rats in the present study.
etal. (1997) As to the cortical activity, the primary event was likely

In the regulation of locomotor activity and ASR/PPI, the the shift of the spontaneous activity to higher frequencies,
functional connections of the dorsal and ventral hippocam- due (at least partly) to the effect of MEM on the ascend-
pus (the Hg content of which was significantly elevated after ing cholinergic modulation. Decreased extracellular DA level
5 weeks MEM administrationifable 2 with the amygdala, (see above) may also have contributed to this frequency al-
nucleus accumbens and prefrontal cortex have also been imieration {forobyov et al., 2008 The general depression of
plicated Zhang et al., 200R In the rat, ASR is primarily  cortical evoked responses (longer latency and shorter dura-
mediated by a glutamatergic excitatory pathway comprising tion in the treated rats) may be a consequence of increased
the cochlear root nucleus and the caudal pontine reticular for-high-frequency spontaneous activity, a state when intracor-
mation, projecting to facial, cranial and spinal motoneurons tical connections predominate over thalamocortical input
(Lee etal., 1995 The dorsal and ventral cochlear nuclei, the (Rémond and Lesvre, 1967. Reduced glial glutamate up-
ventrolateral tegmental nucleus and the lateral superior olivetake induced by HgAschner et al., 200Ccould, in the end,
form late components of the pathwakoch, 1999. In the lead to desensitization of the postsynaptic Glu receptors on
ventral tegmental area, DA-containing neurons are thoughtcortical neurons, contributing to the reduction of evoked cor-
to play (by connection of D2 and GABAreceptors) an  ticalresponsesinamore specific way. Slowed axonal conduc-
important role in motivation, emotion, and ASR amplitude tionand increased synaptic delay due toion channel effects of
(Gifkins et al., 2002 The prepulse inhibition (PPI) is un- MEM (Sirois and Atchison, 1996nay also have contributed
der strong tonic influence of the dopaminergic transmission to the altered evoked potentials. Increased spontaneous and
in the nucleus accumben8lansbach et al., 1938Reversal decreased evoked cortical activity was observed in our earlier
of the PPI, as was seen in our work, was described in the studies with inorganic mercury, to&¢hulz et al., 1997 In
literature (from lead-treated rat§ommissaris et al., 2000  humans, latency changes of brainstem auditory evoked po-
and was explained by altered dopaminergic modulation in tential were found to correlate with body burden of both metal
the nucleus accumbens of the GABAergic pathway to the and organic mercuryQounter et al., 1998
ventral pallidum responsible for decrease in the ASR by PPI
(Swerdlow et al., 1990

Reduced OF activity and decreased number of “noise-
positive” ASR responses, together with increased ASR on- 5. Conclusion
set latency and peak time in the rats after 5 weeks MEM
administration, pointed to the involvement of the serotoner-  The results of the present study demonstrated the rela-
gic system. Serotonin receptors (1A and 1B) indeed modu- tionship between subtoxic MEM exposure, mercury levels in
late startle reactivity in ratdNanry and Tilson, 1989 The blood and parts of the brain (cortex and hippocampus), and
serotonin-1B receptor is predominantly located on neurons of neurobehavioral alterations. Interestingly, during treatment
various brain regions including motor control centers (basal the animals receiving the higher dose, while during elimina-
ganglia) and structures involved in mood control (central grey tion those having received the lower dose showed stronger
and hippocampudylaroteaux et al., 1992and its inhibition effects (OF, ASR/PPI). The behavioral alterations can be due

(Boschert et al., 1994or absencelirks et al., 200) re- to the effect of MEM on neurotransmitter systems. The in-
sults indirectly in altered modulation of startle reactivity and volvement of the dopaminergic system was indicated by the
threshold. effect of d-AM, and by the morphological alteration of the

The effect of Hg on the cholinergic system may explain boutons in the SNR. However, further systems (serotoner-
the diminished reactivity of the treated animals in the ASR gic, GABAergic, glutamatergic and cholinergic) may also be
test Fibiger, 199}, and the decrement of memory foundina involved.
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It was also found that cessation of exposure and decreas+aro, L.R., do Nascimento, J.L., Alfonso, M., Duran, R., 2002a. Mecha-
ing brain levels of mercury were not necessarily paralleled by ~ nism .Of a(?tion of methylmercury on in vivo striatal dopamine release.
normalization of the affected functions Suggesting that neu- Possible involvement of dopamine transporter. Neurochem. Int. 40,

. ’ 455-465.
rotoxic gffects OfIOWdOS_eMEM exposure may be presentfor Faro, L.R., do Nascimento, J.L., Alfonso, M., Duran, R., 2002b. Pro-
alongtime even after ellmlnatlo_n of the toxicant,and may be  tection of methylmercury effects on the in vivo dopamine release
detectable by direct recording (like ECoG or ASR/PPI)orby by NMDA receptor antagonists and nitric oxide synthase inhibitors.
provoking an underlying process of the observable reaction  Neuropharmacology 42, 612-618.

(Iike in case of d-AM). Although the analogyis not direct. ef- Fibiger, H.C., 1991. Cholinergic mechanisms in learning, memory and
} dementia: a review of recent evidence. Trends Neurosci. 14, 220-

fects similar to those described above may be supposedinthe .,
background of human, neurobehavioral abnormalities, con- gredriksson, A., Dencker, L., Archer, T., Danielsson, D.R.G., 1996. Prena-
sidering the continuous presence of low levels of mercurials  tal coexposure to metallic mercury apour and methylmercury produce
in the human environment. interactive behavioural changes in adult rats. Neurotoxicol. Teratol.
18, 129-134.
Freitas, A.J., Rocha, J.B.T., Wolosker, H., Souza, D.O.G., 1996. Effects
of Hg?* and CHHg* on C&" fluxes in rat brain synptosomes. Brain
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