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Abstract

Experimental evidence suggests that monoamine oxidase B (MAO-B) and muscarinic cholinergic 

receptors (mAChRs) are involved in the pathogenesis of neurotoxicity caused by methylmercury 

and polychlorinated biphenyls (PCBs). Blood samples from 7-year-old exposed children were 

analyzed for platelet MAO-B and lymphocyte mAChRs as potential markers of exposure to these 

neurotoxicants. The blood neurotoxicity biomarkers were compared with prenatal and current 

exposures and with neuropsychological test results. Both biomarkers showed homogeneous 

distributions within this cohort (mAChR, range 0.04–36.78 fmol/million cells; MAO-B, 0.95–

14.95 nmol mg−1 protein h−1). No correlation was found between the two biomarkers and either 

blood neurotoxicant concentrations or clinical findings. MAO-B and mAChR sensitivity may not 

be sufficiently high to assess early, subclinical responses to low/moderate methylmercury and/or 

PCB exposure, whereas these markers are significantly altered in sustained exposure scenarios, as 

shown by clinical studies in drug addicts or patients treated with psychopharmacological agents.
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Introduction

Among the neurotoxicants known to cause developmental brain damage in humans are 

methylmercury (MeHg) and polychlorinated biphenyls (PCBs), both occurring widely as 

seafood contaminants (Castoldi et al. 2008, Jacobson & Jacobson 1997). However, even for 

these pollutants, the dose–response relationships are unclear, particularly in relation to 

concomitant exposures, and the specific identity of PCB congeners causing the PCB-

associated neurotoxicity remains to be determined. While the overall health significance of 

developmental neurotoxicity has been poorly documented so far, it is clear that permanent 

and serious brain damage can occur as a result of exposures occurring early in life, i.e. 

prenatally and during early postnatal life (Rodier 1994, Rice & Barone 2000, Grandjean & 

Landrigan 2006).

Studies of neurobehavioural endpoints in children exposed to PCBs or MeHg show that 

persistent deficits during infancy and school age are associated with transplacental exposure 

as an indication that the fetal brain is a sensitive target organ for the toxic effects of these 

compounds (Grandjean & Landrigan 2006). A birth cohort established in the Faroe Islands, 

a fishing community in the North Atlantic Ocean, showed mercury-related 

neuropsychological deficits, especially in the domains of language, attention and memory, 

and to a lesser extent in visuospatial and motor functions (Grandjean et al. 1997). These 

associations may have been augmented by concomitant exposure to PCBs, which may affect 

similar neurobehavioural endpoints (Grandjean et al. 2001, Stewart et al. 2003).

Evaluating the effects of exposure to combinations of neurotoxicants is extremely difficult 

in epidemiological studies. In this respect, parallel studies correlating exposure parameters 

and indicators of neural cell function may represent a promising strategy. Several 

biochemical and molecular parameters measurable in peripheral blood cells have been 

investigated as non-invasive surrogate markers for particular CNS alterations associated 

with neuropsychiatric disorders or induced by neurotoxicants (Manzo et al. 1996, 2001). 

Examples of these peripheral markers include the cholinergic muscarinic receptors 

(mAChRs) in lymphocytes and the enzyme activity of monoamine oxidase-B (MAO-B) in 

platelets (Manzo et al. 2001).

The cholinergic system is a sensitive target for MeHg neurotoxicity (Yuan & Atchison 1993, 

Limke et al. 2004). In vitro experiments have indicated that MeHg acts as a strong 

competitive inhibitor of radioligand binding to mAChRs in the rat (Castoldi et al. 1996) and 

human brain tissue (Basu et al. 2005). Brain mAChRs share several pharmacological 

characteristics of similar receptors present on lymphocytes and parallel changes in the 

density of mAChRs have been shown to occur in lymphocytes and brain tissue following 

exposure to pharmacological agents and neurotoxicant chemicals acting at the cholinergic 

system (Coccini et al. 2000, Costa et al. 1990, Fitzgerald & Costa 1993). MeHg was shown 

to alter cerebral mAChR density both in brain and lymphocytes following repeated oral 

administration to adult rats with changes in peripheral mAChR binding even preceding those 

observed in brain (Coccini et al. 2000, 2006). Moreover, perinatal MeHg exposure can 

enhance the lymphocyte mAChR density in rats (Coccini et al. 2007a), thus supporting the 

use of this endpoint as a peripheral marker of MeHg-induced cerebral cholinergic alterations 
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in the developing organism. It has been shown that rat brain mAChRs can also be affected 

by PCBs during development (Eriksson et al. 1991, Coccini et al. 2006, 2007b). Notably, 

co-exposure to MeHg and either PCB153 or PCB126 had the same effect on the cerebral 

mAChRs as exposure to each compound alone (Castoldi et al. 2006).

Both MeHg and PCBs may also affect MAO activity, which is implicated in the degradation 

of monoamine neurotransmitters, and which plays an important role in neurochemical 

regulation of behaviour. The MAO-B isoenzyme is the predominant form in the human 

brain and the sole type present in human platelets. The amino acid sequences of MAO-B in 

both platelets and brain are identical (Chen et al. 1993), and the biochemical and 

pharmacological characteristics of the enzyme are also similar in the two tissues (Donnelly 

& Murphy 1977). For these reasons, platelet MAO has been widely used as a model of 

central neuronal function and a peripheral marker to investigate neurological and psychiatric 

disorders (Wyatt et al. 1973, Fowler et al. 1982, Whitfield et al. 2000, Coccini et al. 2002). 

In laboratory models, MeHg was shown to inhibit MAO activity both in vivo and in vitro 

(Chakrabarti et al. 1998, Beyrouty et al. 2006), and prenatal exposure to PCB77 depressed 

postnatal development of MAO activity in whole rat brain (Vincent et al. 1992). Recent 

studies indicated that perinatal exposure to MeHg or PCB153 induces regional alterations of 

the rat central dopaminergic and serotonergic systems at weaning, but the combined 

treatment with MeHg and PCB153 does not exacerbate the neurochemical effects of the 

individual compounds (Castoldi et al. 2006).

In the present study, lymphocyte mAChRs and MAO-B activity have been investigated in 7-

year-old children from a Faroese birth cohort, wherein prenatal exposures to MeHg and PCB 

had already been characterized (Steuerwald et al. 2000).

Material and methods

The Faroese birth cohort (n = 182) was established in 1994–95 and consisted of singleton 

term births. The studies adhered to the Declaration of Helsinki and have been performed 

after approval of the Faroese ethical review committee. All subjects participating in the 

clinical studies have been included after parental written informed consent. Of the original 

182 cohort members, 177 were eligible for participation in the 7-year examinations, and 166 

agreed to participate (94%). A total of 159 children (76 boys, 83 girls) completed their 

examinations at 7 years of age with a voluntary blood sample for the exposure analyses and 

for the determination of biochemical markers.

Exposure assessment

Because both prenatal and postnatal exposures may be of concern, exposure assessment 

utilized previous analyses of maternal serum and milk for PCBs and maternal hair and cord 

blood for mercury (Steuerwald et al. 2000). The blood collected from the children at age 7 

years was analyzed for mercury (whole blood) and PCBs (serum). To avoid dependence on 

PCB congeners that would be non-detectable in some samples, the total PCB concentration 

was calculated as the sum of the major PCB congeners 138, 153 and 180 multiplied by 2 

(Grandjean et al. 2001). Total Hg determination in blood was assessed following the 

procedure previously described (Grandjean et al. 2005).
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Neurochemical markers

Lymphocyte mAChR binding and platelet MAO-B activity were measured in 139 and 137 

blood children samples, respectively, without knowledge of exposure levels or other relevant 

data. Parallel in vitro assays using platelets or lymphocytes from healthy subjects were 

performed to determine the lowest-observed-adverse-effect-level (LOAEL) values and 

concentration–response curves for MAO-B and mAChRs in cell preparations treated with 

MeHg and various PCB congeners. The analyses were performed according to the 

Certification programme for the quality assurance UNI EN ISO 9001:2000 in laboratory 

medicine.

Isolation and long-lasting storage of blood cells—Blood was collected in EDTA 

tubes and immediately processed to isolate lymphocytes for mAChR binding or platelets for 

MAO-B activity as previously described (Coccini et al. 2005). The lymphocytes were re-

suspended in the freezing solution (90% plasma obtained from autologous blood kept on ice 

+ 10% dimethylsulfoxide (DMSO)), while the platelet-rich plasma (PRP) was diluted with 

10% DMSO. Immediately after, the cells were gradually frozen at −80°C for 24 h and 

thereafter stored in liquid nitrogen.

Chemicals—[3H]-Quinuclidinyl benzilate ([3H]QNB) (49 Ci mmol−1) and scintillation 

fluid Biofluor were obtained from NEN Life Sciences Products (Boston, MA, USA), 

while 14C-PEA (ethyl-1-14C-phenylethylamine hydrochloride, 41.8 mCi mmol−1) from Du 

Pont de Nemours (Florence Italy). All the other chemicals were purchased from Sigma-

Aldrich (Milan, Italy).

The PCBs used for the in vitro studies (PCB-28, PCB-77, PCB-105, PCB-115, PCB-153 and 

4-OH-CB-107) were synthesized and provided by Dr Åke Bergman (Department of 

Environmental Chemistry, Stockholm University).

Determination of lymphocyte muscarinic receptor binding—On the day of the 

analysis, lymphocytes were thawed in a thermostatic bath at 37°C, diluted with Hank’s +2% 

of fetal bovine serum (FBS) + DNasi 3 U ml−1, centrifuged (10 min at 2000 rpm) and the 

pellet resuspended in Hank’s buffer. Lymphocytes were counted using the Coulter Counter 

(Instrumentations Laboratory, Milan, Italy). Binding of the specific muscarinic antagonist 

[3H] QNB to lymphocytes was performed as described by Coccini et al. (2005) with slight 

modifications. Briefly, one million lymphocytes were incubated, in the presence or absence 

of 100 μM atropine, with 27 nM [3H] QNB in Hank’s buffer (0.5 ml total volume) using 96-

well plates. Following 60 min incubation at 27°C, the reaction was stopped by adding 2 ml 

of ice-cold phosphate-buffered saline (PBS). Samples were rapidly filtered through Unifilter 

GF/C 96-well plates using a Unifilter cell harvester (Packard, Milan, Italy) and washed three 

times with ice-cold PBS. Then Unifilter plate wells were air dried and counted for 

radioactivity in 100 μl of Microscint (Packard) in a Top Count NXT (Packard) scintillation 

counter. Each sample was assayed in triplicate and data were expressed as fmol 10−6 cells.

Determination of platelet MAO-B activity—On the day of the analysis, PRP was 

thawed and the platelets were isolated by centrifugation at 500 g for 10 min, re-suspended in 
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Na+/K+ phosphate buffer (5 mM) pH 7.4 and counted by Coulter Counter (Instrumentations 

Laboratory, Milan, Italy). Following centrifugation at 16000 g for 10 min, the pellet was re-

suspended in the same Na+/K+ phosphate buffer supplemented with 5% bovine serum 

albumin, 10 mM dithiothreitol and 2.5 mM EDTA, homogenized for 20 s, and further 

diluted with buffer to a concentration of 20 × 106 platelets/0.4 ml. The activity of MAO-B 

was determined radiochemically in duplicate samples as described by Coccini et al. (2002) 

using 10 μM 14C-PEA as the substrate. Specific activity was determined in the presence of 

100 μM pargyline hydrochloride. The reaction mixture contained 0.4 ml of tissue 

homogenate in a final assay volume of 1 ml. The reaction was started by addition of the 14C-

PEA and stopped by adding 0.25 ml HCl (4 N) after a 10 min-incubation at 37°C. 

Deaminated reaction products were toluene-extracted and the radioactivity contained in a 1-

ml aliquot of the organic phase was counted by a scintillation counter. The activity of the 

enzyme was expressed as nmol mg−1 protein h−1. The mean platelet protein concentrations 

in platelet homogenate were 0.187 ± 0.029 mg ml−1.

In vitro studies on control blood cells—Platelets or lymphocytes obtained from 

control healthy subjects (enrolled from the blood donor centre of the IRCCS Policlinico S. 

Matteo Hospital, Pavia, Italy) were treated in vitro with MeHg or selected PCB congeners to 

determine the LOAEL and concentration–response relationships for the biochemical 

parameters (MAO-B and mAChRs) tested. These studies included experiments examining 

the concentration–response curves for individual PCB congeners in the presence/absence of 

a fixed concentration of MeHg. Pilot concentration–response assays with MeHg alone (from 

10 nM to 1 mM) were performed to define the suitable fixed MeHg concentration 

([3H]QNB-binding inhibition or MAO-B activity inhibition not higher than 20–40%) to be 

used for the combined exposure experiments (Coccini et al. 2007a). Application of MeHg 

alone inhibited the in vitro 3H-QNB binding to lymphocyte mAChRs with IC50 value (mean 

± SE) of 5.0 ± 0.9 μM, while the inhibitory effect of MeHg on MAO-B activity was 

negligible. Based on these results MeHg concentrations of 1 μM and 1 mM were used for 

the combined in vitro MeHg–PCBs studies of mAChRs and MAO-B, respectively. PCB 

congeners and 4-OH-PCB-107 were tested at concentrations ranging from 10 nM to 100 

μM. The IC50 values (the concentration necessary to reduce specific binding of [3H]QNB or 

MAO-B activity by 50%) for individual compounds alone and in combination with a fixed 

amount of MeHg, were calculated from concentration–response curves in which percentage 

inhibition was plotted against the natural logarithm of the molar PCB concentration.

Internal quality control—A pooled human lymphocyte or platelet preparation, taken as 

the internal quality control, was tested in each assay along with the unknown samples as a 

measure of quality assurance. The intra-assay variation (CV) was < 10% for MAO-B 

activity and 10–20% for mAChR binding calculated on assayed n = 3–6 replicates of 

different aliquots of the same platelet or lymphocyte pool. The coefficient of variation for 

the interassay precision ranged between 10 and 20% for both tests.

Neuropsychological tests

Examinations were conducted using an extensive neurodevelopmental test battery similar to 

the one employed in a previous prospective epidemiology study (Grandjean et al. 1997). The 
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neuropsychological tests were selected, based on past experience, to cover several functional 

domains thought to be vulnerable to developmental neurotoxicity:

• Lateralization: square checking;

• Language: WISC-R Similarities, Boston Naming Test, NEPSY Speeded Naming;

• Spatial: NEPSY Route Finding, Stanford-Binet Copying, WISC-R Block Designs;

• Attention, Concentration and Executive: WISC-R Digit Spans, California Verbal 

Learning – Children trial 1, NES2 Continuous Performance Test, NEPSY Auditory 

Attention and Auditory Response;

• Manual-Motor: NES2 Finger Tapping, Santa Ana pegboard;

• Learning & Memory: California Verbal Learning – Children, Stanford-Binet 

Copying recall.

In addition, the Neurological Optimality Scale was determined (Steuerwald et al. 2000).

Statistical analysis

Standard descriptive statistics were applied to raw and transformed values for mAChRs and 

for MAO-B and exposure data. Exposure and neurochemical data were compared by 

regression analysis. The results of neurobehavioural outcomes, biomarkers and prenatal 

MeHg and PCB exposures were evaluated in separate multiple regression analyses with 

confounder correction. We adjusted for effects of the child’s age, sex, preferred hand when 

writing, maternal Raven score and the Home score. Tasks performed on a computer were 

also adjusted for the child’s experience with computer games. Standardized coefficients (in 

regard to the standard deviation) were calculated as previously described (Grandjean et al. 

1999).

Results

Neurochemical markers and toxicant exposure

The lymphocyte mAChR binding and platelet MAO-B activity measured in the blood of 

Faroese children are shown in the Figures 1 and 2. The distributions of mAChR binding in 

girls (n = 66) and boys (n = 73) are illustrated in Figures 1A and B, respectively. mAChR 

binding was similar in girls and boys ranging from 0.05 to 35.91 fmol/million cells in girls 

and from 0.04 to 36.78 fmol/million cells in boys. Both genders also exhibited similar 

distribution for MAO-B activity (Figure 2A, B), the values ranging from 1.57 to 14.95 and 

from 0.95 to 14.57 nmol mg−1 protein h−1 for girls (n = 67) and boys (n = 70), respectively.

As described previously (Steuerwald et al. 2000), analysis of Hg in maternal hair indicated 

levels above 10 μg Hg g−1 (50 nmol g−1) in 15 samples (10.4%) from this cohort, a limit 

thought to be associated with a definite risk of fetal neurotoxicity. The highest concentration 

was more than 100-fold greater than the lowest. Cord blood concentrations likewise showed 

a wide range (Table 1). The sum of all PCB congeners detected in maternal serum showed a 

geometric mean of 1.12 μg g−1 lipid, with a wide range of 0.04–18.4 μg g−1 (Table 1). For 

comparison, available data from general population groups in the European Union generally 
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indicate PCB concentrations below 0.5 μg g−1 lipid in serum and milk (IPCS 1993). Thus, 

the birth cohort includes moderate exposures with a built-in control group with low-level 

exposure.

Distribution summaries of the exposure and neurochemical markers are given in Table 1. No 

correlation (by regression analysis) was found between any of the exposure parameters and 

the neurochemical markers examined.

Neuropsychological outcomes and markers of exposure and of neurotoxicity

The neuropsychological endpoints evaluated in this cohort indicated Hg-associated deficits 

similar to those observed in the previous cohort study, with minimal evidence of 

interference from PCB exposure ( unpublished data).

The correlation of neuropsychological data with neurotoxicity markers was estimated using 

multiple regression methods with adjustment for potential confounders. MAO-B and 

mAChR did not require log transformation and a linear dose-effect function was assumed 

for these variables. Table 2 shows the test score change in percent of test score standard 

deviation associated with a one unit increase exposure. The associations with 

neuropsychological outcomes did not show any significant correlations for the MAO-B 

results or for the mAChRs.

Results of in vitro studies on control blood cells

Lymphocyte mAChR binding—The LOAEL and IC50 concentrations of MeHg toward 

to mAChRs were 1 μM and 5 μM, respectively. As shown in Figure 3A, there were no 

significant differences between the individual PCBs tested regarding their IC50 values and 

these values were not modified by addition of MeHg. The IC50 PCB values were 

considerably high (from 20 to 60 μM) indicating a negligible direct effect of these agents on 

mAChR binding either in the presence or absence of MeHg. The LOAEL values toward 

mAChRs were 0.1 μM for PCB-77 and 1 μM for PCB-28, PCB-105, PCB-118, PCB-153 

and 4-OH-PCB-107, respectively (regardless of the presence of MeHg).

Platelet MAO-B—Most of the compounds tested had a modest effect on MAO-B activity 

with IC50 values ranging from 30 to 50 μM. No effect was observed in samples treated with 

PCB-153 (Figure 3B). The direct action of PCBs and PCB–MeHg mixtures on MAO-B 

activity was negligible even in preparations treated with MeHg at concentrations up to 1 

mM. The PCB LOAEL values toward MAO-B were 1 μM for PCB-105 and 10 μM for 

PCB-28, PCB-77, PCB-118 and 4-OH-PCB-107, respectively. These values were not 

modified by MeHg addition.

In summary, the in vitro data indicated that the PCB congeners and 4-OH-PCB-107 have a 

modest or negligible direct effect on lymphocyte mAChR binding as well as on platelet 

MAO-B activity.
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Discussion

In this study, two neurochemical blood markers (mAChRs and MAO-B) were measured in a 

cohort of 7-year-old children with widely different degrees of MeHg exposure. The results 

indicated no association of either of these markers with Hg exposure or a series of 

neuropsychological endpoints similar to those examined in a previous study in children at 7 

years of age (Grandjean et al. 1997). Similarly, no association was observed when PCB 

levels were taken into consideration as exposure markers for the statistical analyses. 

Previous animal studies have provided convincing evidence that both monoaminergic and 

cholinergic systems are sensitive targets for MeHg and PCB neurotoxicity (Johansson et al. 

2007, Castoldi et al. 2008a, b). The results of the present study suggest that peripheral 

MAO-B and mAChRs may be not sensitive enough for assessing subclinical effects of 

MeHg and/or PCBs at low/moderate exposure conditions.

In contrast, the bulk of human literature data has indicated typical alteration of these 

parameters when used as peripheral indicators of the brain neurochemistry changes 

associated with neuropsychiatric disorders (Danielczyk et al. 1988, Perry & Hodges 1999, 

Sandler et al. 1981) and drug dependence (Anthenelli et al. 1995, Sullivan et al. 1990, 

Coccini et al. 2002, Snell et al. 2002), or as predictors of pharmacological response in 

subjects treated with psychotropic drugs and other classes of pharmaceutical agents 

(Eriksson et al. 2006, Muck-Seler et al. 2008).

Low platelet MAO activity has been associated with a variety of pathologies including 

schizophrenia, obsessive-compulsive states, borderline personality disorder (Kaneda et al. 

2001, Meltzer & Zureick 1987, Murphy & Wyatt 1972, Arrojo et al. 2007, Verkes et al. 

1998), pathological gambling (Blanco et al. 1996) and bulimia (Carrasco et al. 2000). 

Inhibition of MAO activity can affect learning and memory (Gelowitz et al. 1994, 

Holschneider et al. 2001). Other studies have indicated alteration in platelet MAO-B activity 

in Alzheimer’s (AD) and Parkinson’s diseases (Riederer et al. 2004) and posttraumatic stress 

disorders (Pivac et al. 2007). Altered lymphocyte mAChR binding has been reported in AD 

(Tayebati et al. 1999, 2001), Parkinson’s (Rabey et al. 1991) and Meniere’s diseases 

(Masuyama et al. 1996), as well as in Gilles de la Tourette syndrome (Rabey et al. 1992). 

There is convincing evidence that changes in these peripheral blood cell parameters often 

mirror a defective balance of central neurotransmitter systems (Manzo et al. 2001, Oreland 

et al. 2007). Notably, brain cholinergic and monoaminergic pathways are known to be 

critically involved in cognitive function, learning, attention and affective behaviour as well 

as in neurodevelopmental processes (Leblond et al. 2002, Griffin et al. 2003, Prado et al. 

2006, Wess et al. 2007).

There are also examples of application of platelet MAO-B as a indicator of 

neurotransmission changes in subjects exposed to occupational or environmental 

neurotoxicants. A cross-sectional study of boat plant workers demonstrated that MAO-B in 

the platelets was inversely related to styrene exposure (Checkoway et al. 1994). A 

relationship between platelet MAO-B and Hg exposure was described in adults from a fish-

eating population living along the St Lawrence River (Lake St Pierre, Quebec, Canada) 

(Stamler et al. 2006). In these subjects, a negative association was established between 
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platelet MAO-B activity and blood-Hg concentrations above 3.4 μg l−1 (75th percentile) but 

no attempts were made to determine whether or not the low MAO activity was associated 

with neurological changes. In our previous studies, a variety of neuropsychological 

endpoints (identical to those tested in the present cohort) were examined in Faroese children 

prenatally exposed to MeHg (Grandjean et al. 1997). The total range of Hg concentrations in 

blood were 0.9–351 μg l−1 and 0.26–39.9 μg l−1 for cord blood and child blood, respectively. 

This cohort included children with high Hg levels also showing neurobehavioural 

alterations.

Significant changes in platelet MAO-B activity and lymphocyte mAChRs have also been 

described in laboratory animals treated with relatively high doses of MeHg and other 

chemicals. For example, cerebral and lymphocyte mAChR binding was similarly modified 

by treatments with cholinergic agonist or antagonist drugs (Costa et al. 1990) as well as by 

MeHg (Coccini et al. 2000) and organophosphorus insecticides (Fitzgerald & Costa 1993). 

Changes in mAChRs were also observed in developing rats exposed perinatally to MeHg 

(Coccini et al. 2007a) or to mixtures of MeHg and PCBs (Coccini et al. 2007b). In other 

experiments, reduced brain MAO-B was observed in weaning rats that had been exposed to 

MeHg alone or in combination with PCB-153 (Castoldi et al. 2006). The perinatal MeHg 

dose that produced changes in cholinergic and aminergic systems was 1 mg MeHg kg−1 

daily whereas treatment with 0.5 mg MeHg kg−1 daily was ineffective. The Hg 

concentrations measured in weaning rats given 1 mg MeHg kg−1 daily were 1.5–2.8 ppm in 

the brain (Coccini et al. 2007b) and 1.3 ± 0.4 μg ml−1 in the blood (Coccini et al. 2007a). 

These concentrations were 45–260 times higher compared with Hg levels found in cord 

blood and 7-year-old children blood of the present cohort (27.6 and 5.27 ppb, respectively).

These observations suggest that the ability of MeHg to alter central and peripheral markers 

of neurotransmission may vary according to exposure levels. This is also indicated by our in 

vitro experiments. In lymphocytes directly exposed to MeHg in vitro, the LOAEL and IC50 

values of MeHg toward mAChRs were 1 μM and 5 μM, respectively. Co-exposure with 

various PCB congeners (both dioxin and non-dioxin-like congeners) did not modify the in 

vitro response of mAChR to MeHg. Notably, Hg levels in the order of about 5 μM were 

measured in rat brain and blood after in vivo perinatal exposure to 1 mg MeHg kg−1 daily 

(Coccini et al. 2007a, b).

The variability of the biomarkers cannot be ascribed as one of the major reason for the lack 

of association with the blood Hg levels which comprise a wide range of values, including 

those similar or even higher to the benchmark dose lower limits (NRC 2000), for instance 

≥58 ppb for Hg in cord blood and ≥ 12 ppm for Hg in maternal hair. Indeed, the use of these 

biomarkers have been shown to be appropriate for evaluating and monitoring abusable or 

pharmaceutical drugs in several clinical settings.

To our knowledge, this work is one of the few examples of application of biomarkers of 

neurotoxicity to human exposure in a non-occupational setting. The study investigated a 

large number of subjects by validated techniques that were applied in compliance with 

standard Quality Assurance System criteria of clinical chemistry.
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However, there are some limitations in the study to be considered. First, our experiments 

have focused on total mAChR density while specific mAChR subtypes are likely implicated 

in central nervous system (CNS) disorders (Wess et al. 2007). Second, confounding factors, 

such as genetic variables (Oreland & Fowler 1982, Oreland et al. 2007, Dick et al. 2007, 

Gosso et al. 2006) that are known to affect these biochemical parameters in 

neuropsychological illness, may have contributed as response modifiers of the children 

exposed to MeHg. As already discussed, MAO-B and mAChRs are useful in a medical 

setting when applied to corroborate clinical findings in patients suffering from frank nervous 

system disorders or to evaluate and monitor the effect of pharmaceutical or abusable drugs. 

Our data suggest that these markers may exhibit insufficient sensitivity when used in 

epidemiological studies assessing the effects of retrospective low-level exposure to 

neurotoxicants, especially if variability in exposure over time and between individuals of the 

population studied is large.

Finally, age-dependent variables need to be considered. The precise time point at which 

peripheral MAO-B and mAChRs may become predictive of neuropsychological outcomes in 

children (noticeable later in life) is uncertain. Ideally, these neurochemical parameters (and 

their correlation with neuropsychological outcomes) should be determined both at early (e.g. 

cord blood) and late time points in the same subject. This approach would be useful to avoid 

artefactual results due to the blood cell turnover in exposures that have occurred at 

vulnerable time windows (for example in utero) years before biochemical testing.
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Figure 1. 
Muscarinic receptor (mAChR) binding in lymphocytes from the Faroese children. (A) 

Females (n = 66), min–max: 0.05–35.91 fmol/million lymphocytes. (B) Males (n = 73), 

min–max: 0.04–36.78 fmol/million lymphocytes.
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Figure 2. 
Monoamine oxidase B (MAO-B) activity in platelets from the Faroese children. (A) Females 

(n = 67), min–max: 1.57–14.95 nmol mg−1 protein h−1. (B) Males (n = 70), min–max: 0.95–

14.57 nmol mg−1 protein h−1.
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Figure 3. 
IC50 (microM) values for each polychlorinated biphenyl (PCB) and 4-OH-PCB-107 in the 

presence or absence of a fixed concentration of methylmercury (MeHg). (A) Muscarinic 

cholinergic receptor (mAChR) binding in human lymphocytes. The fixed concentration of 

MeHg was 1 microM. The results are the mean of two separate experiments in which the 

samples were run in triplicate. (B) MAO-B activity in human platelets. The fixed 

concentration of MeHg was 1 mM. The results are the mean ± SE of three separate 

experiments in which the samples were run in triplicate. N.E., no effect for PCB-153 was 

observed.
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