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Abstract

In earlier studies of our laboratory and in several other reports, alterations in the electrical activity of the cortex of experimental animals on

subchronic mercury (Hg) administration were described. In the present work, simultaneous changes in the spontaneous and stimulus-evoked

cortical activity elicited by acute administration of inorganic Hg were evaluated with the aim of finding any correlation of the two, possibly

giving insight into the mechanism of the alterations. In young adult male Wistar rats, spontaneous cortical, as well as stimulus-evoked cortical

and peripheral nervous activity was recorded, before and after acute administration of 3.5 and 7.0 mg/kg Hg2+ ip. The effects of Hg2+

appeared within 10 min and most became significant over 3 h. On the cortex, slowed spontaneous activity, as well as increased amplitude and

latency of the evoked potentials (EPs) was seen, and in the periphery, decreased nerve conduction velocity. These alterations seemed to be

consistent with a separate cortical and peripheral axonal effect of Hg.
D 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Mercury—traditionally an occupational risk factor, but

present nowadays in various elements of the environment

due to human activity—is one of the heavy metals known to

be harmful for the nervous system.

The neurotoxic effects of mercury (Hg) in humans are

variable, from neuromuscular disorders [21] to abnormali-

ties of the higher nervous functions [44]. In occupational

exposure to inorganic Hg, alterations of the cortical electri-

cal activity have been reported, both in form of slowed

electroencephalogram (EEG) [34], as amplitude increase of

the somatosensory evoked potential (EP) [26] and delayed

waves in the brainstem auditory EP [11].

In animal experiments, the neurotoxic effect of Hg has

been described at several levels of organisation. At the

molecular level, Hg—in both inorganic and organic

form—was found to affect a range of ion channels in the

peripheral and central nervous system [40]. Calcium ho-

meostasis, an important factor of normal neuronal function,
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was also disturbed by Hg2+ [9], via interfering with Ca

uptake of the endoplasmic reticulum [15]. Elevated level of

the transmitters noradrenaline [17], and dopamine and

serotonin [24] were observed in rats treated with Hg2+ .

Ligand binding of muscarinic receptors was inhibited by Hg

compounds in rat cortical neuronal membranes in vitro [6].

At the level of organs, damage to motor axons by mercuric

chloride was described [32].

Inorganic salts of Hg are generally supposed to have low

penetration across the blood–brain barrier [2]. It has been

observed, however, that the barrier itself is damaged as soon

as 1 h after administration of an Hg dose comparable to ours

(6 mg/kg ip [41]). Using up to 10 mg/kg HgCl2 ip [30] Hg

deposits in cortical and spinal neurons of rats were ob-

served. Likewise, deposited Hg was found in the postmor-

tem dissected brains of miners exposed to inorganic Hg

[22].

Earlier studies of our group were aimed at Hg effects on

the cortical activity. In rats with subchronic HgCl2 treatment

(0.4 and 1.6 mg Hg2+/kg, five times a week per os, 4 to 12

weeks), alterations in the spontaneous [10] and stimulus-

evoked [33,38] cortical activity were found. It has remained

unclear, however, how alterations in different forms of

macroscopic activity are related among each other and
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how they are derived from the above-mentioned neuronal or

subneuronal effects of Hg. Increased spontaneous cortical

activity, together with depressed EPs, as seen in our earlier
Fig. 1. Somatosensory cortical responses evoked by whisker stimulation and the

corresponding to the pre-treatment state (0th measurement, left) and 160 min after

the two main peaks (A and B) and the latencies, between the stimulus artefact (ar

peak latency (C) and 2nd peak latency (D) of the cortical evoked potential. Absc

measurement is the pre-administration average. Ordinate: Relative change of the p

meanF S.E.M. Linear regression lines fitted by EXCEL.
work, was a reasonable constellation (see Discussion), but

was established by group comparison (treated vs. control),

that is, indirectly. In the present work, by measuring the
time trend of the Hg2+ -induced changes. (A) Original records of the EP

treatment (8th measurement, right). The amplitude was measured between

row) and A or B. (B–D) Time trend of the peak-to-peak amplitude (B), 1st

issa: Time in 20 min increments from the administration of HgCl2, the 0th

arameter plotted, unity is the pre-administration average. The bars represent



L. Pecze et al. / Neurotoxicology and Teratology 26 (2004) 131–137 133
simultaneous alterations in the spontaneous and stimulus-

evoked cortical activity during the effect of acute HgCl2
treatment in rats, our aim was to see in a more direct way if

these alterations were correlated and to what extent.
2. Materials and methods

The experiments were done on adult male Wistar rats

(f 350 g body weight) in groups of eight animals each (7.0

mg/kg Hg2+ , 3.5 mg/kg Hg2+ and control). In urethane (1000

mg/kg body weight) [3] anaesthesia, the head of the rats was

clamped in a stereotaxic frame and the left hemisphere was

exposed. Wounds were sprayed with 10% lidocaine and the
Fig. 2. Tail nerve compound action potentials and the time trend of its changes indu

left) and 160 min after treatment (8th measurement, right). Amplitude (B) was me

onset latency (arrow). (B–C) Time trend of the amplitude and the calculated cond

fitted curves are of second order.
exposed cortex was covered with warm paraffin oil. After

f 1-h recovery, silver recording electrodes were placed on

the somatosensory projection area of the whiskers (barrel

field) [43] and of the tail of the animal. The corresponding

peripheral sites (whiskery skin and base of tail) were stimu-

lated by electric pulses (f 4 V, 0.05 ms, 1 Hz). Recording

and evaluation of the electrical activity was PC-based using

the NEUROSYS software (Experimetria, UK). The pattern of

recording consisted of a 5-min electrocorticogram (ECoG)

taken from both areas simultaneously, followed EPs recorded

by applying one train of 20 stimuli to each of the peripheral

sites. These records were averaged, and the latency and

amplitude of EP measured. From the ECoGs, band activity

(standard, delta to gamma) [20] was automatically deter-
ced by Hg2+ . (A) Original records in pre-treatment state (0th measurement,

asured between the main peaks. Conduction velocity (C) was based on the

uction velocity on Hg2+ administration. Plotted as in Fig. 1, except that the
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mined and the so-called ECoG index calculated (relation of

the low and high frequencies in the recorded ECoG,

delta + theta/beta1 + beta2). During tail stimulation, com-

pound action potential of the tail nerve was also recorded,

and its latency and amplitude measured. This pattern was

repeated every 20 min. After at least four control records, Hg

(7.0 or 3.5 mg/kg Hg2+ ) was administered (HgCl2 dissolved

in distilled water to 1 ml/kg administration volume) via a

peritoneal cannula and further eight records were taken (the

last one at 160min after administration). Control rats received

the same amount of pure distilled water. The dose of 7.0 mg/

kg was chosen on the basis of earlier experiments with

different multiples of the dose (1.6 mg/kg), which proved

to have a significant effect in subchronic exposure [10,33,38].

The time span of the whole experiment was determined by the

general state of the animals, which usually began to deteri-

orate after f 5 h of anaesthesia (judged on the parameters of

untreated controls). Consequently, the doses had to be high

enough to elicit a clear effect in about 2 h.
Fig. 3. Records of spontaneous cortical activity and the time trend of the ECoG ind

(upper trace) and 160 min after 7.0 mg/kg Hg2+ administration (lower trace). (B) T

Correlation diagram of the ECoG index (abscissa) and the EP amplitude (ordinate).

kg Hg2+ group. Linear regression line fitted.
Temporal trend of the parameters recorded was visualised

on ‘‘parameter value by time’’ correlation plots, which

indicated the gradual appearance of clear-cut differences

between the parameters (amplitude, latency and EEG index)

of the control vs. treated groups. Significance of these

differences was tested by means of the General Linear

Model (GLM) of the SPSS software (SPSS, Chicago, IL,

USA), which uses univariate ANOVA to test regression.

Group was taken as fixed variable, time as covariate, and the

significance of group and time effect was observed. For post

hoc analysis, LSD was used. Possible correlation between

different parameters was tested by generating parameter to

parameter plots in EXCEL.
3. Results

Acute treatment with inorganic Hg had a clear effect on

the spontaneous and stimulus-evoked cortical activity.
ex on Hg2+ administration. (A) Ten-second sections of the ECoG in control

ime trend of the ECoG index on Hg administration. Plotted as in Fig. 1. (C)

Pre-administration and postadministration absolute values from the 7.0 mg/
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In case of the cortical response evoked by whisker

stimulation (Fig. 1A), Hg effect was primarily seen on the

amplitude. On dosage of 7.0 mg/kg Hg2+ ip, there was a clear

increase in the response amplitude (before Hg: 1.79F 0.18

mV, 160 min after 7.0 mg/kg Hg: 5.48F 0.17 mV; group

meanF S.E.M.), which started immediately after adminis-

tration and developed over the recording period [GLM:

F(2,21) = 60.6, P < 0.001] (Fig. 1B). Dosage with 3.5 mg/

kg Hg2+ caused only a nonsignificant (LSD: ns) increase in

the cortical response amplitude. The effect on the latency was

less expressed. The peak latency of both main waves of the

EP increased significantly (LSD: P < 0.05) on dosage of 7.0

mg/kg Hg2+ ip (for the 1st peak, before Hg: 10.76F 0.14 ms,

160 min after 7.0 mg/kg Hg: 11.94F 0.15 ms) but not on 3.5

mg/kg Hg2+ ip [GLM: 1st peak: F(2,21) = 66.3 P < 0.001;

2nd peak: F(2,21) = 44.0, P < 0.001] (Fig. 1C,D).

The change of the cortical response evoked by stimula-

tion of the tail was similar but less strong. The amplitude

increased both in the groups given 3.5 (LSD: ns) or 7.0 mg/

kg Hg2+ [LSD: P < 0.05; GLM: F(2,21) = 15.1, P < 0.001].

The latency times showed no significant change [GLM:

F(2,21) = 2.9, P> 0.05].

On the tail nerve action potential, Hg2+ caused an ampli-

tude decrease and a latency increase; the latter corresponding

to a slower conduction velocity (Fig. 2). With 7.0 mg/kg

Hg2+ , a slight, hardly significant increase of the amplitude

was seen, followed by gradually evolving clear decrease

(before Hg: 3.215F 0.30 mV, 160 min after 7.0 mg/kg Hg:

1.331F 0.23 mV) which was significant (LSD: P < 0.05).

The effect of 3.5 mg/kg Hg2+ on the amplitude decrease was

also significant [GLM: F(2,21) = 10.0, P < 0.001; LSD:

P < 0.05 for both doses]. The decrease of the conduction

velocity (before Hg: 15.42F 0.31 m/s, 160 min after 7.0 mg/

kg Hg: 13.26F 0.87 m/s) was significant in both treated

groups [GLM: F(2,21) = 17.3, P < 0.001].

Mercury caused a shift to lower frequencies in the

spontaneous cortical activity (Fig. 3A) at both recording

sites. According to the formula given in Materials and

methods, this resulted in increased ECoG index values. As

seen in Fig. 3B, there was a slow shift also in the ECoG

index of the control animals. Compared to that, the effect of

7.0 mg/kg Hg2+ was significant [GLM: F(2,21) = 4.8,

P < 0.05; LSD for high dose: P < 0.05] (Fig. 3B). There

was a significant [R2 = 0.744, F(7) = 20.3, P < 0.01] correla-

tion between the alteration of the spontaneous cortical

activity (ECoG index) and the EP amplitude. These two

alterations evolved in parallel and were manifest only in

animals treated with the higher dose of Hg2+ , as shown by

the correlation diagram (Fig. 3C).
4. Discussion

In the work presented, a clear correlation was demon-

strated between the changes of spontaneous cortical activity

(ECoG) and cortical sensory EPs recorded from rats acutely
treated with inorganic Hg. Following exposure to inorganic

Hg compounds, accumulation of Hg within the CNS has

been demonstrated [1,22,30], in spite of the tendency of both

Hg + and Hg2+ to bond to plasma proteins. Time course and

amount of Hg accumulation in the rats’ brain was not

determined in our experiments. Literature data showed that

a comparable dose (6 mg/kg HgCl2 ip) affected the blood–

brain barrier within 1 h [41] and Hg was deposited in cortical

cells in 18 h [16]. Conversion to elementary Hg [13] may

have contributed to deposition in the brain.

In animal experiments, including those done earlier at

our department [10,33,38], different heavy metals caused a

variety of functional changes in the central and peripheral

nervous system. However, a comprehensive mechanistic

explanation of the alterations seen has been generally

missing.

Evoked potentials seem usable to asses CNS functions of

a human or animal organism exposed to Hg [23]. In the

present study, the amplitude of the cortical-evoked response,

on stimulation of the whiskers and of the tail, increased. The

latency of the potentials evoked by whisker stimulation also

increased significantly, but no significant change of the

latency of the EP from the tail was seen. In chloralkali

workers subject to low-level long-term exposure to airborne

inorganic Hg, changes in different EPs were described [7],

which were similar to those found by us in rats (increased

latency and amplitude). EEG performed in the same occu-

pational group showed significantly slower rhythms and

more attenuated amplitudes than in the EEG of unexposed

controls [34]. In five patients with Minamata disease (oral

methyl-Hg poisoning), short-latency somatosensory EP

studies revealed complete absence of the N20 wave com-

ponent (while the N9, N11, N13, N14 components were

normal). Three of these patients showed marked cortical

atrophy localised to the central sulci on CT studies consis-

tent with these results [42]. In case of workers exposed to

different forms of Hg (e.g., mercuric oxides and phenyl

mercuric acid) it was demonstrated that slowing of the

median motor nerve conduction velocities correlated with

increased levels of Hg in blood and urine, as well as with

increased prevalence of neurological symptoms [25,39]. In

our experiments, Hg caused an amplitude decrease and a

latency increase of the tail nerve action potential, the latter

corresponding to a slower conduction velocity.

The observed amplitude increase of EPs and the shift of

ECoG frequencies correspond to a diminished spontaneous

activity of the cortex. This is likely due to some specific

effect of Hg2+ (and not to a general toxic effect on the

cortex where both spontaneous and stimulus-evoked activity

would probably be reduced). The basal cortical activity is

under cholinergic modulation [29], by ACh released from

ascending fibres and acting on muscarinic receptors. Inor-

ganic Hg can influence this cholinergic activation by inhib-

iting choline acetyltransferase [14] and by decreasing

agonist binding on the muscarinic cholinoceptors [35],

resulting in reduced activating influence acting on the
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cortical neurons [12]. Under conditions of decreased spon-

taneous cortical activity, the amplitude of evoked responses

generally increases, as has been described in animals [19]

and humans [8,18,36].

The excitatory input producing the cortical EPs is gluta-

matergic. Uptake of glutamate by astrocytes, a major factor

in terminating its excitatory and, potentially, excitotoxic

action [28,37], is inhibited by HgCl2 at low doses [4]. This

might play a role in central nervous system toxicity of Hg,

in general [5,27], and may explain the increase of EPs under

acute Hg2+ influence as we now have found, and its

decrease in subchronic application, as described in our

earlier works [31].

Acute exposure of rats to inorganic Hg in the present

study was found to affect spontaneous cortical, as well as

stimulus-evoked cortical and peripheral nervous activity.

The alterations seen seem to be consistent with a separate

cortical (slowed spontaneous activity, increased EP ampli-

tudes) and axonal (longer latencies of stimulus-evoked

cortical and peripheral waves) effect. This finding indicates

the necessity of further studies to elucidate the mechanism

and localisation of these effects.
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