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Aim of this thesis 

The overall aim of this thesis was to investigate if low dose co-exposure to a 
variety of environmental agents can cause interactions that in turn affect 
behavior, learning and memory abilities, and the cholinergic system in mice. 
The more specific aims of this thesis were:  

� To study whether the interaction between ortho-substituted PCB 52 
and PBDE 99 can induce persistent behavioral defects in adult 
mice. 

 

� To study whether the interaction between ortho-substituted PCB 
153 and MeHg can cause persistent defective neurobehavior, and to 
analyze the amount of Hg in the brain after exposure. 

 

� To study whether the interaction between co-planar PCB 126 and 
MeHg can induce persistent behavioral derangement, alter learning 
and memory abilities, and affect the cholinergic system. 

 

� To study whether the interaction between PBDE 99 and MeHg can 
induce persistent behavioral defects to spontaneous behavior, learn-
ing and memory abilities, and affect the cholinergic system. 

 

� To study whether the interaction between �-radiation and MeHg 
can cause persistent defective neurobehavior, and alter learning and 
memory abilities. 
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Introduction                           

The focus points of this thesis are the neurotoxic effects caused by co-
exposure to different toxic environmental agents during a critical period of 
the brain’s rapid growth and development in neonatal mice.   

Toxic agents prevalent in our environment 
Persistent hazardous environmental contaminants are present in our envi-
ronment. Many of these contaminants are well-known persistent organic 
pollutants (POPs) like PCBs and DDT. The toxicity of a hazardous com-
pound, is dependent on the nature of the compound its chemistry and stereo-
chemistry, the amount of exposure, the route of exposure of the compound, 
its and the stage of the organism’s life at which the exposure occurred. All 
compounds have the potential to cause harm given optimal circumstances. 
Exposure to potentially hazardous persistent compounds can occur from the 
time of fertilization of the zygote throughout an entire lifetime. Toxic expo-
sure of the embryos/fetuses during the gestational period occurs through the 
mother’s intake of toxic substances. A classic example of prenatal develop-
mental neurotoxicity is fetal alcohol syndrome (Niccols, 2007). Numerous 
agents both persistent and non-persistent have been shown to cause devel-
opmental neurotoxic defects when exposure coincides with a critical period 
of the brain’s rapid development (Eriksson, 1997).  

Neurodevelopmental effects caused by prenatal and childhood exposures to 
contaminants are currently in the spotlight for research. This increased atten-
tion to these issues is in part due to the increase in developmental disabilities 
(Schettler, 2001). Several epidemiological studies show that exposure to 
environmental pollutants during early human development can have delete-
rious effects on cognitive development in childhood (Saint-Amour et al., 
2006; Schantz et al., 2003). Such exposure may also be involved in the slow, 
induction of neurodegenerative disorders and /or interfere with the normal 
aging process. Toxic agents are seldom found alone in our environment. 
That is why it is important to investigate how combinations/mixtures of dif-
ferent chemicals interact and what damage they cause to an organism. 
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Epidemiological studies have shown a discrepancy between children in the 
Faeroe Islands and children in the Seychelles with regard to neuropsy-
chological defects during early development (Davidson et al., 2006; Grand-
jean et al., 2001; Myers and Davidson, 1998). Children in the Faeroe Islands 
had greater defects. Both populations have a high consumption of MeHg 
contaminated fish. However, in the Faeroe Islands the children also were 
exposed to PCBs via the mother’s dietary consumption of whale meat and 
blubber. An explanation for this difference in neuropsychological defects 
such as learning disabilities and IQ deficits during early development in 
children could be due in part to the presence of PCBs in addition to MeHg in 
the Faeroe Islands. If this hypothesis holds true it raises the question how 
many other chemicals can impact us by such interactions. It could be that 
low doses of certain chemical mixtures can cause developmental neurotoxic 
effects in combination, whereas the substances alone at the same doses do 
not.  

Polychlorinated biphenyls (PCBs) 
PCBs are amongst the most known POPs and are a universally found envi-
ronmental contaminant. First industrially manufactured in 1929, PCBs were 
not detected in environmental samples until 1966 (Jensen, 1966). PCBs were 
originally produced as non-flammable alternatives to mineral oils for capaci-
tors and transformers in the electrical industry. They have been used in a 
wide variety of commercial and industrial products such as hydraulic- and 
heat transfer fluids, dielectric fluids in capacitors, transformers, plasticizers, 
lubricants and flame retardants (Hutzinger et al., 1974). PCBs were manu-
factured in complex mixtures including many congeners that differ from 
each other in the position and number of chlorine substitutions (Apostoli et 
al., 2003; Carpenter, 1998). The different PCB congeners have a variety of 
biological activities and toxicities in a number of organ systems as a result of 
their different configurations (Carpenter, 2006). Due to their extreme stabil-
ity and lipophilic characters these compounds are widespread throughout our 
environment and bio-accumulated in the food chain.  

PCBs can be transferred easily from mother to offspring through breast milk 
and, to a minor extent cross the placental barrier (Vodicnik, 1986; Vodicnik 
and Lech, 1980). PCBs have been reported to suppress immune responses 
and decrease host resistance (Lavoie and Grasman, 2007; Silkworth et al., 
1984; Yilmaz et al., 2006). Polychlorinated biphenyls are uterotropic 
(Hansen et al., 1995). Several epidemiological studies show neurodevelop-
ment impacts caused by PCBs. Prenatal exposure to PCBs in humans can 
produce developmental neurotoxic effects and cause psychomotor delays, 
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delayed cognitive development and I.Q. deficits (Fein et al., 1984; Jacobson 
and Jacobson, 1996; Jacobson et al., 1990; Patandin et al., 1999; Schantz et 
al., 2003; Stewart et al., 2000). Lake Michigan and Lake Ontario studies 
examined neurodevelopmental parameters in children prenatally exposed to 
PCBs and found fish consumption to be associated with reduced perform-
ance on the Neonatal Behavioral Assessment Scale (Jacobson et al., 1984; 
Lonky et al., 1996). The Ontario study also linked behavioral changes to 
prenatal PCB exposure (Stewart et al., 2000; Stewart et al., 2003).  A study 
from the Netherlands showed that prenatal exposure to PCBs was linked to 
lower psychomotor scores in 3 month-old infants (Koopman-Esseboom et 
al., 1996). Exposure via breast milk to PCBs and dioxin was linked to de-
creased psychomotor scores at 7 months of age (Koopman-Esseboom et al., 
1996). Results for PCBs from a German cohort suggest that postnatal expo-
sure through breast milk can lead to cognitive deficits (Winneke et al., 
1998). PCBs can cause chloracne as seen in Japan in 1968 and in Taiwan in 
1979 when rice cooking oil was contaminated with PCBs (Fischbein et al., 
1982; Yu et al., 2000).  

Commercial mixtures of PCBs can cause behavioral aberrations and change 
neurotransmitter metabolism in animals according to experimental studies 
(Seegal, 1996; Seegal and Shain, 1992; Seegal and Schantz, 1994). PCB 
exposure during development can cause persistent changes to hippocampal 
plasticity (Gilbert, 2003; Gilbert et al., 2000). Monkeys and rodents exposed 
to PCBs during the pre- or early postnatal period have been reported to cause 
alterations in cognitive performance (Rice, 1998; Rice and Hayward, 1997; 
Roegge et al., 2000; Schantz, 1996). Long-term neurobehavioral changes 
due to commercial mixtures of PCBs and to single congeners are found in 
mice, rats, and monkeys (Eriksson, 2007; Tilson and Harry, 1994; Tilson et 
al., 1990). Some of the neurobehavioral changes seen in experimental ani-
mals are memory disabilities, learning disabilities, impaired motor skills, and 
altered spontaneous behavior.  

PCB 153 and PCB 52 
PCB 52 (2,2´5,5´-tetrachloribiphenyl) and PCB 153 (2,2´4,4´5,5´-
hexachlorobiphenyl) are both ortho-substituted PCBs. 
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Figure 1: General structure of ortho-PCBs 

One of the most widespread PCB congeners found in the environment is 
PCB 153 (Longnecker et al., 2003). PCB 153 is also amongst the most abun-
dant PCBs found in human tissue. It is sometimes used as a marker for the 
total PCB burden. Previous studies on neonatal exposure to PCBs 153 and 
52 have been shown to cause persistent aberrations to spontaneous behavior, 
affect learning and memory abilities, and affect the number of cholinergic 
nicotinic receptors in mice (Eriksson and Fredriksson, 1996; Eriksson et al., 
2000). Studies have shown that the ortho-substituted PCB (PCB 153) can 
affect both the release of hormones and/or the pituitary content (Desaulniers 
et al., 1999; Khan and Hansen, 2003).  

PCB 126 
PCB 126 (3,3´4,4´,5-pentachlorobiphenyl) is a co-planar PCB. 

  

 

Figure 2: General structure of PCB 126 

Binding to the Ah receptor and induction of aryl hydrocarbon hydroxylase 
(AHH) and ethoxyresorufin O-deethylase (EROD), co-planar PCBs such as 
PCB 126 are considered to be amongst the most toxic PCBs congeners (Safe, 
1984; Safe, 1993). Exposure to PCB 126 during development is known to 
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disrupt postnatal concentrations of thyroid hormones (Rice, 1998; Seo et al., 
1995). Maternal exposure to PCB 126 in rats can cause low-frequency hear-
ing loss in offspring (Crofton and Rice, 1999). Co-planar PCB (PCB 126) 
can affect both the release of hormones and/or the pituitary content 
(Desaulniers et al., 1999; Khan and Hansen, 2003). Previous studies on co-
planar PCBs 77, 126, and 169 show that neonatal exposure can cause persis-
tent aberrations to spontaneous behavior, can affect learning and memory 
abilities, and affects the cholinergic nicotinic receptors in mice (Eriksson and 
Fredriksson, 1998; Eriksson et al., 1991). 

Polybrominated diphenyl ethers (PBDEs) 
A new group included in POPs is brominated flame retardants (BFRs) (de 
Boer et al., 1998; Sellström et al., 1993). The BFRs include the polybromi-
nated diphenyl ethers (PBDEs), polybrominated biphenyls (PBBs) (WHO, 
1994), and hexabromocyclododecane (HBCDD) (WHO, 1995). PBDEs are a 
group of chemicals with 209 congeners and have a large number of positions 
where bromine can bind onto the two phenyl rings. The PBDEs have a low 
vapor pressure at room temperature and are highly lipophilic. 

  

Figure 3: General structure of PBDEs 

PBDEs primarily are used as flame-retardant additives in polymers for the 
production of variety of electrical appliances, synthetic textile coatings, wire 
and cable insulation, etc. (WHO, 1994). PBDEs are demonstrably present in 
the global environment (de Boer et al., 1998; de Wit, 2002). They have been 
found in samples taken from diverse sources, e.g. sediments (Sellström et al., 
1993), fish (Asplund et al., 1999), and humans (Klasson-Wehler et al., 1997; 
Schecter et al., 2005; Sjodin et al., 2003). Due to the lipophilic characteris-
tics of PBDEs, they tend to accumulate in adipose tissue. Several reports on 
PBDEs in human milk have appeared. It has been estimated that PBDE ex-
posure in humans is mainly due to dietary intake (73%) and to inhalation of 
indoor air (27%) (Harrad et al., 2004).  
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A breast-milk monitoring program in Sweden has shown that, over the 
course of 20-30 years (1972-97), the earliest organochlorine concentrations 
decreased by half, whereas PBDE levels have doubled every 5 years 
(Meironyte et al., 1999; Norén and Meironyté, 2000). A similar increase was 
observed in a time-trend study in Japan (1973-2000), where the sum of 
PBDEs in human milk was of a magnitude similar to that in the Swedish 
study (Akutsu et al., 2003). It was recently reported that mother’s milk in the 
USA contains some of the highest levels of PBDEs worldwide, some 10-100 
times when compared with Sweden and Japan (Schecter et al., 2003; Schec-
ter et al., 2005). The body burdens for PBDEs are also approaching those for 
PCBs (Johnson-Restrepo et al., 2005; Morland et al., 2005).  

In vitro studies have shown that PBDEs can interfere with second messenger 
systems and calcium homeostasis (Kodavanti and Derr-Yellin, 2002; Koda-
vanti and Ward, 2005). It has been shown that DE-71 has anti- androgenic 
activity causing a delay of puberty in male rats via inhibition of androgens 
binding to the androgen receptor (AR) (Stoker et al., 2005). Developmental 
exposure to PBDEs can affect thyroid function. PBDEs have been proposed 
as endocrine disruptors. The deca-BDE is the main congener produced, but 
congeners with lower molecular weights, e.g. PBDE 99, are amongst the 
most commonly found PBDE-congeners present in our environment and are 
the most commonly detected in human tissue (Mazdai et al., 2003). The 
European Union has recently banned the use of PBDEs, with the exception 
of deca-BDE for the production of new electric and electronic products 
(KemI, 2003). Starting January 2007, Sweden has banned the use of deca-
BDE (SFS, 1998). Exposure to PBDE 99 in neonatal rodents has been shown 
to disrupt spontaneous behavior, cause a loss of habituation, impair learning 
and memory abilities, alter response in the adult cholinergic system and de-
crease the amount of cholinergic nicotinic receptors in the hippocampus 
(Eriksson et al., 2001; Eriksson et al., 2002). 

Methyl mercury (MeHg) 
Mercury is methylated by microbial reactions in sediment and is more 
bioavailable than inorganic mercury (Wood et al., 1968). Methyl mercury is 
lipid soluble and is more soluble in myelin than its inorganic salts. Methyl 
mercury (MeHg) is neurotoxic and the toxicity is nonspecific. The toxicity 
seen for MeHg is most likely mediated by numerous reactions with no single 
critical target. Injured neurons eventually die due to exposure which leads to 
widespread neuronal injury. It is known that MeHg´s high affinity for thiol 
groups can cause structural and functional alterations to proteins and pep-
tides with cystein (Sanfeliu et al., 2003).  
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Maternal exposure to high levels of methyl mercury can cause neurological 
damages in children as seen in Japan in the 1950s and 1960s through con-
sumption of fish from severely polluted waters, in Iraq in the 1970s after 
grain was contaminated with a methyl mercury fungicide and used for bak-
ing bread, and more recently in children exposed to low levels of MeHg in 
New Zealand (ATSDR, 1999; Shipp et al., 2000). Human exposure to 
methyl mercury is primarily through consumption of seafood and marine 
mammals. Most of the MeHg is eliminated from the body by demethylation. 
MeHg exists in the body as water-soluble complexes mainly attached to 
sulpher atoms in thiol ligands. The free concentration of MeHg in a biologi-
cal system is very low. MeHg enters the endothelial cells of the brain-blood 
barrier as a complex with L-cystein (Aschner and Clarkson, 1988). MeHg 
has been shown to accumulate in astrocytes inhibiting glutamate uptake 
(Aschner et al., 2007). It has been shown that MeHg can inhibit lymphocyte 
functions including proliferation, cytokine production and apoptosis.  

The human response to exposure varies both with the severity of exposure 
and the individuals age at the time of exposure. High dose exposure to mer-
cury as was seen in Japan in the 50s and 60s caused loss of hearing, muscle 
weakness, tremors, mental retardation, and visual impairments in adults.  In 
adults the damage to the brain caused by mercury was found in the visual 
cortex and the granule layer of the cerebellum. However, mercury damage to 
the immature central nervous system is more dispersed, and being immature 
the damage is also seen at lower exposure levels.  

Exposure of high doses of methyl mercury to the embryo/fetus in utero can 
cause abnormal neural migration, organization of brain nuclei, and layering 
of neurons in the cortex. Low exposure doses of MeHg can manifest as vi-
sion and hearing deficiencies, and as delayed speech and walking abilities. 
Methyl mercury has been reported to affect both male and female reproduc-
tive capacity. Studies show that MeHg affects the cholinergic neurotransmis-
sion. Mercury can diminish choline acetyltransferase activity (Kobayashi et 
al., 1979; Omata et al., 1982), acetyl cholinesterase activity (Tsuzuki, 1981), 
and choline uptake (Bondy et al., 1979; Kobayashi et al., 1979). MeHg has 
also been shown to affect the muscarinic acetylcholine receptors in a variety 
of species including humans (Basu et al., 2005; Basu et al., 2006). 

Gamma radiation (�) 
In our environment, mammals (including humans) are exposed to low doses 
of ionized radiation as well as to environmental toxicants. Risk assessment 
for ionized radiation in humans has predominately focused on cancer. Ioniz-
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ing radiation interferes to a high degree with cell proliferation. Therefore 
biological systems with a high fraction of proliferating cells have high radia-
tion responsiveness. The genetic effects caused by exposed parents to ion-
ized radiation can be manifested as developmental disorders such as fetus 
death, malformation or sterility, increased sensitivity to carcinogenic agents, 
and an increased cancer risk. However the sensitivity is also determined by 
differentiation, cell migration, and the radiation effects on these biological 
processes. Whole-brain irradiation of humans and animals has been shown to 
cause vascular damage, demyelination, white matter necrosis, and cognitive 
alterations (Brown et al., 2005; Crossen et al., 1994; Schultheiss et al., 
1995). It is known that exposure during gestation to ionized radiation 
(Benekou et al., 2001; Cockerham and Prell, 1989; ICRP, 2003) can give 
rise to neurotoxicological and neurobehavioral effects in mammals. These 
effects are modified apoptosis and changes in nerve growth factors, among 
others. A recent study has indicated that low doses of ionized radiation to the 
brain during infancy (for cutaneous haemangioma before the age of 18 
months) influence cognitive ability in adulthood (Hall et al., 2004). 

Effects on brain growth and development have emerged from studies at Hi-
roshima and Nagaski (ICRP, 2003).The cohort of more than one thousand 
individuals for whom the uterine doses have been estimated, has been strati-
fied into three major groups depending on exposure severities. A total of 30 
cases of severe mental retardation in children exposed in utero has been re-
ported. Mechanisms for mental retardation are thought to be the production 
of dose-dependant and lack of functional connections of neurons in the brain 
cortex. This also is thought to be the cause of the downward shift of the IQ 
distribution. Some of the information was obtained from patients who re-
ceived radiotherapy, implying high doses and dose rates (UNSCEAR, 2001). 
Animal studies also indicate that gestational exposure, during the embryonic 
or early fetal period, to 1-2 Gy affects apoptosis and nerve growth factors of 
fetuses (Benekou et al., 2001; Bolaris et al., 2001). Moderate doses of ioniz-
ing radiation can cause mutagenesis and carcinogenesis. Exposure in the 1 
Gy range has been associated with cancer in 4.5% of patients, 1% will de-
velop leukemia (UNSCEAR, 2000), and studies on mice indicate that an 
increased mutation frequency in spermatogonia (Russell and Kelly, 1982). 

Interactions between �-radiation and other chemicals have been studied. 
Some of these interactions are beneficial in for the case of caffeine and �-
radiation. Caffeine has been reported to change several cellular responses 
including cell cycle delays, induction of chromosomal aberrations and cell 
killing after exposure to ionizing radiation (Kihlman et al., 1971; Puck et al., 
1997; Walters et al., 1974). Caffeine eliminates gamma-ray induced G2-
phase delay in human tumor cells but not in normal human cells (Mitra et al., 
2002). Another study also shows that an interaction can occur between 
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gamma-irradiation at doses between 0.25 and 1Gy together with a DNA 
alkylating agent ethyl methanesulfonate (EMS) (Stopper et al., 2000) result-
ing in damage to DNA.   

Brain Development 
Mammalian development is a vulnerable process; disruptions can lead to a 
variety of malfunctions and disabilities. Neurogenesis is the development 
and maturation of the central nervous system (CNS). This is an intricate and 
highly complex process that relies on a predetermined plan for the different 
brain structures and for the connections between the various parts of the 
brain. The development of the CNS can be crudely divided into two major 
stages. Part of the first stage involves early embryonic brain development. 
The brain takes on its general adult shape and precursors of the brain’s neu-
rons and glia proliferate during this period. Exposure to toxic agents or 
xenobiotics can cause malformation during this evolving stage. This embry-
onic stage occurs during the first two months of gestation and composes 
20% of the entire gestational period in humans. The same embryonic stage in 
mice composes 80% of the entire gestational period. 

The second major stage of the brain’s development is referred to as the brain 
growth spurt (BGS) (Davison and Dobbing, 1968). The BGS is the time 
when rapid developmental and biochemical changes appear, transforming a 
feto/neonatal brain into a mature adult brain (Coyle and Yamamura, 1976; 
Davison and Dobbing, 1968; Fiedler et al., 1987). The time frame for the 
brain growth spurt occurs at different times for different species. For humans 
this period begins during the third trimester of pregnancy and continues for 
the first two years of the child’s life. For mice and rats this period is neonatal 
occurring after birth, continuing the first three to four weeks after birth, and 
peeks around postnatal day 10. During the BGS the brain undergoes several 
fundamental phases, such as axonal and dendritic outgrowth, the establish-
ment of neural connections, synaptogenesis, proliferation of glia cells fol-
lowed by myelinization, and acquisition of new motor and sensory faculties 
(Bolles and Woods, 1964; Davison and Dobbing, 1968; Kolb and Whishaw, 
1989).  Increasing concentration of brain lipids and biosynthesis occur pri-
marily in the myelin sheaths during the BGS. Rats and mice peak in sponta-
neous motor behavior during the BGS period (Campbell et al., 1969).  

In several mammalian species rats, mice and humans the BGS coincides 
with the lactation period. In the case of PCB exposure it is known that the 
major body burden is transferred to the offspring in the beginning of lacta-
tion for a short period of time. Only a minor amount of PCBs is transferred 
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through transplacental transport (Gallenberg and Vodicnik, 1989; Vodicnik 
and Lech, 1980).  

Low dose exposure to persistent and non-persistent environmental com-
pounds during neonatal brain development can cause irreversible damage to 
brain function and behavior in adult mice. The same doses of environmental 
compounds given to adult mice do not induce irreversible changes to brain 
function or behavior. Several studies have shown that low-dose exposure of 
environmental toxic agents such as PCBs (Eriksson, 2007), DDT (Eriksson, 
1992), BFRs (Eriksson et al., 2001; Viberg et al., 2004) in addition to well-
known neurotoxic agents such as nicotine (Eriksson et al., 2000; Nordberg et 
al., 1991), organophosphorous compounds (Ahlbom, 1995) and 1-methyl-4-
phenyl-1, 2,3,6-tetrahydropyridine (MPTP) (Fredriksson et al., 1993), during 
the BGS in neonatal mice can lead to disruption of the adult brain function, 
and to an increased susceptibility to toxic agents as adults. These effects are 
induced during a defined period of the BGS in mice around postnatal day 10 
(Ahlbom, 1995; Ahlbom et al., 1994; Eriksson, 1992; Eriksson et al., 2000).  

The cholinergic system  
The cholinergic system is one of the major transmitter systems in the brain. 
It is associated with many physiological processes and consciousness be-
cause it is connected to memory, learning, audition and vision (Fibiger, 
1991; Karczmar, 1975; Nabeshima, 1993; Paterson and Nordberg, 2000; 
Perry et al., 1999). There are two major modulatory cholinergic systems in 
the brain, the pontomesencephalotegmental cholinergic complex and the 
basal forebrain complex. The basal forebrain complex consists of cholinergic 
neurons dispersed among several related nuclei at the core of the telencepha-
lon. Three major pathways originate from the medial septal nuclei providing 
most of the innervations of the hippocampus, the diagonal band of Broca and 
the basal nucleus of Meynert, both of which innervate the cortex (Bear, 
1996). The cholinergic receptors in the cerebral cortex and hippocampus 
have a cental role. Receptors can act as guides during neuronal growth 
(Lipton and Kater, 1989; Perry et al., 1999). 

The role of acetylcholine in cognitive function is well known. Acetylcholine 
(ACh) is synthesized by the enzyme choline acetyltransferase (ChAT). ACh 
is hydrolysed upon its release to choline and acetate by cholinesterases. 
There are two different forms of cholinesterases with selectivity towards 
acetylcholinesterase (AChE) or butyrylcholinesterase (BuChE). Acetylcho-
line can both promote and prevent apoptosis depending on developmental 
stage. Interfering with the cholinergic signaling during development may 
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disrupt the final architectural assembly of brain regions containing choliner-
gic zones (Hohmann and Berger-Sweeney, 1998). Studies have shown that if 
nicotinic or muscarinic antagonists block the cholinergic transmission, it can 
impair learning and memory abilities in both animals and humans (Fibiger, 
1991; Newhouse et al., 1992). 

Behavior is a major function whereby animals adapt to changes in the envi-
ronment. Changes in behavior can be evidence for chemical pollution of our 
natural environment. Behavior is an important endpoint for studying envi-
ronmental toxicants in mammals because it can reveal effects on the nervous 
system. Spontaneous behavior is dependent on integration of sensory input 
to motor output. This reveals the capability of animals to habituate to their 
novel environment, integrating new information with that previously attained 
and is a measure of cognitive function. The cholinergic involvement in be-
havior is well-known (Narahashi et al., 2000; Russell and Kelly, 1982). The 
cholinergic system is implicated in regulating general brain excitability dur-
ing arousal and sleep-wake cycles, and the basal forebrain complex plays a 
special role in learning and memory functions (Bear, 1996). It has been sug-
gested that this system in particular is involved in the aging processes 
(Bartus et al., 1982). 

Studies on the basal forebrain complex led to the discovery that these cells 
are among the first cells to die during the course of Alzheimer’s disease 
(AD) (Braak and Braak, 1997). AD is characterized by a progressive and 
profound loss of cognitive functions (Kraybill et al., 2005). Cholinergic neu-
rons are severely affected in the brains of AD patients. The biochemical 
findings include selective reductions in ACh levels and choline acetyltrans-
ferase activity in the hippocampus and cerebral cortex (Nordberg, 1992; 
Nordberg, 1999; Perry, 1986). Reduction in levels of nAChR �3 and �4 sub-
units in the hippocampus and temporal cortex along with reduction of the �7 
subtype in the hippocampus were found in patients with AD compared to 
age-matched controls (Guan et al., 2000). The cholinergic system also is 
involved in several other neurological and neurodegenerative disorders, such 
as Parkinson’s disease, schizophrenia and epilepsy. Consistent losses of cho-
linergic innervations and nicotinic receptors have been measured in brain 
tissue in AD and Parkinson’s patients (Hellstrom-Lindahl et al., 1999; Nord-
berg, 1993; Paterson and Nordberg, 2000).  

Many studies have shown through behavior in rats that different cholinergic 
agonists and antagonists affect memory and learning (Levin et al., 2002). 
Spatial learning tasks, dependent on external cues for their solution, have 
been found to be highly sensitive to central cholinergic dysfunctions (Levin 
et al., 2002; Riekkinen et al., 1990; Sutherland et al., 1982).   
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Nicotinic receptors 
The cholinergic receptors can be divided into two groups, nicotinic and mus-
carinic (Dale, 1914). Both groups of receptors are activated by acetylcholine. 
Nicotine and muscarine are agonists to acetylcholine for the receptors. The 
�-bungarotoxin originates from the snake Naja siamensis. This neurotoxin 
binds specifically to nicotinic cholinergic receptors (Cooper, 1996). This 
snake toxin was used to aid the isolation of the nicotinic receptor. Functional 
nAChRs have been found in the cerebral cortex in mice as early as embry-
onic day 10. Subunits �3, � 4and �7 were found and the nAChRs were able 
to mediate calcium signals (Atluri et al., 2001). In the mouse and rat brain, 
after nicotine and acetylcholine binding sites originate they rapidly increase 
during late gestation (Hellstrom-Lindahl and Court, 2000; Larsson, 1985; 
Slotkin et al., 1987). Immediately after birth there is a notable decline in 3H-
nicotine binding followed by a gradual incline during the postnatal period. 
This incline continues until adult levels are reached on PND 28. The num-
bers of acetylcholine binding sites vary and decline from embryonic day 18 
until PND 1. Adult levels are achieved on PND 7 (Zhang et al., 1990). The 
high expression of nAChRs during early development indicates the impor-
tance of nicotinic receptor signaling for the brain’s structural maturation for 
mice. Due to �7 nAChR’s high Ca2+ permeability, it is proposed to be of 
special interest during this development (Ghosh and Greenberg, 1995; Wong 
and Ghosh, 2002). The �7 nAChRs are widely expressed throughout the 
mammalian brain and have been implicated in cognitive function and neuro-
protection (Seo et al., 1995).  

The nicotinic acetylcholine receptors are transmitter-gated ion channels. 
These receptors belong to a family of homologous receptors that include 
glycine, NMDA, GABA and 5-HT3 receptors (Karlin, 2002). Neuronal nico-
tinic receptors (nAChR) are made up of two types of subunits, � and �. 
There are nine different forms of � (�2-�10) and three forms of � (�2-�4). 
These subunits have a regional distribution in the rodent brain (Lucas-
Meunier et al., 2003). The subunits are assembled in a variety of combina-
tions and confer different structural and pharmacological properties of the 
nAChR subtype. In the mammalian brain the majority of nAChRs consist of 
�4 (together with �2), �3 or �7 subunits (Paterson and Nordberg, 2000). The 
subunits form a pentameric cationic channel. The wide presynaptic and pre-
terminal distributions of the nAChRs in neocortical, hippocampal and cere-
bellar regions in the brain are linked to the modulation of various transmitter 
release processes including ACh, dopamine, GABA, serotonin and gluta-
mine. The nAChRs are particularly permeable to Na+ and Ca2+ ions (Ghosh 
and Greenberg, 1995; Wong and Ghosh, 2002). Presynaptic nicotinic recep-
tors mainly modulate neurotransmitter release, and postsynaptic receptors 
mediate a small minority of fast excitatory transmission by inducing a fast 
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cationic inward current (Dani, 2001). Ligand binding studies for nicotinic 
receptors are described as having at least three separate binding sites in the 
human brain. These sites are referred to as super high-, high-, and low-
affinity sites. The affinities for these sites vary depending on different 
ligands. The most common nAChRs in the brain are the �4�2 nAChR sub-
type that binds nicotine with high affinity and the �7 nAChR that binds �-
bungarotoxin (Dani, 2001; Karlin, 2002). A single neuron often expresses 
several nAChR subtypes. Nicotinic receptors are present in a variety of brain 
structures, particularly the thalamus, cortex, striatum, hippocampus, and 
cerebellum (Court et al., 2000; Paterson and Nordberg, 2000).       

Muscarinic receptors 
The muscarinic receptors (mAChRs) are a heterogenous group of receptors. 
They are G-protein coupled and exhibit a slow response time (Caulfield, 
1993). These receptors are transmembrane proteins located on the surface of 
neurons. The G-proteins act directly on ion channels or are linked to a vari-
ety of second messenger systems (Cooper, 1996). Five different subtypes of 
receptor proteins called M1-M5, have been cloned and sequenced (Lucas-
Meunier et al., 2003).The muscarinic receptor proteins have seven trans-
membrane helices with extracellular amino terminus and an intracellular 
carboxy terminus. The subtypes have been classified pharmacologically 
according to their affinity for different antagonists (Caulfield, 1993; Watson 
and Eglen, 1999). 

The muscarinic receptors can exert both excitatory and inhibitory effects on 
the cholinergic synapses. This is achieved by modulating the conductance of 
K+ and Ca2+ ion channels and coupling to several intracellular second mes-
sengers (Caulfield, 1993). Subtypes M1, M3 and M5 stimulate the phospho-
inositol pathway and subtypes M2 and M4 are coupled to the inhibition of 
adenylate cyclase (Lucas-Meunier et al., 2003). The distribution of the M1, 
M4 and M5 mAChR subtypes are mainly expressed in the CNS in the frontal 
and limbic areas of the brain. The M2 and M3 mAChRs distribution is more 
widely expressed in the periphery and CNS (Bymaster et al., 2003; Levey, 
1993). The classic muscarinic antagonists atropine and QNB do not distin-
guish between the subtypes, but bind to all equally well (Cooper, 1996). 

 

 

 



 24 

MATERIALS AND METHODS 

More comprehensive descriptions of the materials and methods are presented 
in the individual papers. 

Chemicals 
To conduct this thesis the polychlorinated biphenyls, 2,2’5,5’-
tetrachloribiphenyl (PCB 52), 2, 2’, 4, 4’, 5, 5’-hexachlorobiphenyl (PCB 
153), 3, 3’, 4, 4’, 5-penta chlorobiphenyl (PCB 126), and 2, 2’, 4, 4’, 5-penta 
bromodiphenyl ether (PBDE 99) were given as a gift from Professor Åke 
Bergman at the Department of Environmental Chemistry, University of 
Stockholm, Sweden. Methyl mercury (methyl mercuric chloride, Merck) was 
purchased from KEBO, Sweden. Gamma radiation (30Co) was administered 
at The Svedberg Laboratory, Uppsala University. �-Bungarotoxin, N-
[propionyl-3H]-propionylated (61.0Ci/mmol) was purchased from Amer-
sham, U.K. and �-Bungarotoxin was obtained from Sigma, U.S.A. 

The different substances of PCBs (52, 153 and 126), PBDE (99), and MeHg 
were dissolved in a mixture of egg lecithin (Merck, Darmstadt, Germany) 
and peanut oil (Oleum arachidis) (1:10) and then sonicated with water to 
yield a 20% (w:w) fat emulsion. The use of a 20% fat emulsion vehicle was 
chosen in order to obtain a physiological appropriate absorption and distribu-
tion (Keller and Yeary, 1980; Palin et al., 1982). The fat content of mouse 
milk is approximately 14%. 

Animals 
In these studies male NMRI mice were used for comparison with the labora-
tory’s earlier studies on developmental neurotoxic effects of PCB, PBDE  
(Eriksson, 2007; Eriksson and Fredriksson, 1996; Eriksson et al., 1991; 
Eriksson et al., 2001; Viberg et al., 2004) and MeHg (unpublished, Eriks-
son). Pregnant NMRI mice were purchased from B&K, Sollentuna, Sweden. 
Following parturition, each litter, adjusted within 48h to eight to twelve mice 
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by euthanasia of remaining pups, was kept together with its respective 
mother in a plastic cage housed in a room with an ambient temperature of 
22°C and a 12h light: 12h dark cycle. At an age of 10 days, pups were ex-
posed to the vehicle or the test compounds. To keep litters and conditions 
standardized and as close to normal as possible during the neonatal period, 
we exposed both sexes. At the age of 4 weeks male mice were weaned and 
were placed and raised in groups of four to seven in a room for male mice 
only and at conditions described above. The animals were supplied with 
standardized pellet food (Lactamin, Stockholm, Sweden) and tap water ad 
libitum. 

Treatment 
For all the experiments carried out in this thesis, animals received a single 
oral dose of PCB 52, PCB 153, PCB 126, PBDE 99, MeHg, or a single ex-
posure to �-radiation on PND 10. Mice serving as controls, received 10ml/kg 
body weight (bw) of 20% fat emulsion vehicle in the same manner as the 
treatment groups.  

Study I: NMRI mice were exposed to 2,2’,5,5’-tetrachlorobiphenyl (PCB 
52) 0.4 mg (1.4 μmol)/kg bw, 4.0 mg (14 μmol)/kg bw; 2,2´,4,4´,5-
pentabromodiphenylether (PBDE 99) 0.8 mg (1.4 μmol)/kg bw, 8.0 mg (14 
μmol)/kg bw; and co-exposure PCB 52 0.4 mg /kg bw + PBDE 99 0.8 mg 
(1.4 μmol + 1.4 μmol)/kg bw. 

Study II: NMRI mice were exposed to 2,2’,4,4’,5,5’-hexachlorobiphenyl 
(PCB 153) 0.5 mg (1.4 μmol)/kg bw; methyl mercury (MeHg) 0.08 mg/kg 
bw, 0.4 mg/kg bw, 4.0 mg/kg bw; and co-exposure  PCB153 0,5 mg/kg bw + 
MeHg 0.08 mg/kg bw; PCB 153 0.5 mg/kg bw + MeHg 0.4 mg/kg bw or 
PCB 153 0.5 mg/kg bw + MeHg 4.0 mg/kg bw. 

Study III: NMRI mice were exposed to 3,3’,4,4’,5-pentachlorobiphenyl 
(PCB 126) 0.046 mg (0.14 μmol)/kg bw, 0.46 mg (1.4 μmol)/kg bw, methyl 
mercury, 0.4 mg/kg bw and 4.0 mg/kg bw and co-exposure PCB126 0,046 
mg/kg bw + MeHg 0.4 mg/kg bw or 4.0 mg/kg bw, PCB 126 0.46 mg/kg bw 
+ MeHg 0.4 mg/kg bw or 4.0 mg/kg bw. 

Study IV: NMRI mice were exposed to 2,2’,4,4’,5-pentabromdbiphenyl 
ether (PBDE 99) 0.8 mg (1.4 μmol)/kg bw, methyl mercury, 0.4 mg/kg bw 
and 4.0 mg/kg bw and co-exposure PBDE 99 0,8 mg/kg bw + MeHg 0.4 
mg/kg bw or PBDE 99 0.8 mg/kg bw + MeHg 4.0 mg/kg bw. 
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Study V: NMRI mice were exposed to gamma radiation 0.2 and 0.5 Gy, 
methyl mercury 0.4 mg/kg bw and 4.0 mg/kg bw, and co-exposure �-
radiation 0.2 Gy + MeHg 0.4 mg/kg bw, �-radiation 0.2 Gy + MeHg 4.0 
mg/kg bw, �-radiation 0.5 Gy + MeHg 0.4 mg/kg bw, �-radiation 0.5 Gy + 
MeHg 4.0 mg/kg bw. 

Behavioral tests 
Spontaneous behavior 
Animals were observed for spontaneous behavior in all studies.  
Study I: male NMRI mice were tested at 4 and 6 months of age.  
Study II: male NMRI mice were tested at 2 and 4 months of age. 
Study III: male NMRI mice were tested at 2 and 4 months of age. 
Study IV: male NMRI mice were tested at 2, 4 and 6 months of age. 
Study V: male NMRI mice were tested at 2 and 4 months of age.  
A total of 8 mice, randomly selected from 3-4 different litters, were tested 
once only and the tests were performed between 8 and 12 a.m. under the 
same ambient light and temperature as the housing conditions. Motor activ-
ity was measured over 3×20 min in an automated device consisting of cages 
(40×25×15 cm) placed within two series of infrared beams (low level and 
high level) (Rat-O-Matic, ADEA Elektronik AB, Uppsala, Sweden) 
(Eriksson, 2007; Fredriksson, 1994). The cages were placed in individual 
sound-proofed boxes with separate ventilation.  

Locomotion: registered when the mouse moved horizontally through the 
low-level grid of infrared beams. Rearing: vertical movement was registered 
at a rate of 4 counts per second, whenever and as long as a single high-level 
beam was interrupted, i.e. the number of counts obtained was proportional to 
the time spent rearing up. Activity: a pick-up (mounted on a lever with a 
counterweight) with which the test cage was in contact registered all types of 
vibrations within the test cage, i.e. those caused by mouse movements, shak-
ing (tremors) and grooming. 

Swim maze 
The Morris water swim maze was used in three studies.  
Study III: male NMRI mice were tested at 4 months of age. 
Study IV: male NMRI mice were tested at 5 months of age. 
Study V: male NMRI mice were tested at 5 months of age.  
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The swim maze behavioral test was performed in male mice at the age of 
four/five months.  The swim maze behavioral test conducted was modeled 
after the Morris water maze type (Morris, 1981) and previously described by 
Eriksson and Fredriksson (1996). The maze consists of a grey circular con-
tainer 103 cm in diameter. It was filled with water to depth of 15 cm from 
the brim and a water temperature of 23°C. In the middle of the north quad-
rant a metal mesh platform 12 cm in diameter, was submerged 1cm below 
the water surface. The relative positions of the observer and the Morris maze 
pool were the same throughout the course of the swim maze test. The behav-
ioral test was performed for five consecutive days to test the mouse’s spatial 
learning ability to obtain the location of the platform for the first four days, 
trials 1-20. On the fifth day the platform was relocated to the opposite quad-
rant and the mice were tested on their relearning abilities; otherwise the pro-
cedure was identical. Each mouse was placed on the platform for 20s and 
then released in the south position with its head pointed towards the wall of 
the container. The mice had 30s to locate the submerged platform and be-
tween each trial the mouse rested for 20s on the platform. The times to reach 
the platform were measured by the observer; total search time for the five 
trials was set to 150s. 

Radial arm maze 
The radial arm maze behavioral test was performed in study IV. Male mice 
were randomly selected from 3 to 4 litters and tested at five months of age. 
The radial maze constituted of 8 arms (8×35 cm, surrounded by a 1.5 cm 
border) radiating from a circular platform (diameter 20 cm) (Eriksson and 
Fredriksson, 1996). The maze was raised 60 cm off the floor. Each arm was 
baited 3 cm from its outer ending wall by placing a small food pellet (5 mg) 
behind a low barrier preventing the animal from seeing if a specific arm is 
baited or not. The animals were tested on three consecutive days, one trial 
per day. The tests were performed during the daytime between 9 am and 3 
pm. The mice had free access to water but were deprived of food 24h before 
the initial trial. The first two days of the radial arm maze was used to accus-
tom the mice to the test environment and to the maze itself. Only data from 
the final performance were used for analyses. The start of each trial began 
with the mouse placed on the central platform always facing the same direc-
tion. The trial was terminated after 10 min or as soon as the mouse had eaten 
all eight food rewards. To perform well at this task, the mice had to store 
information continuously about which arm(s) had already been visited dur-
ing a particular trial and which had not (working-memory, storing trial-
specific information). The behavioral measures recorded were: the time to 
find all eight pellets and the number of errors, error being defined as reenter-
ing an arm where the food pellet had already been devoured.  
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Elevated plus maze 
The elevated plus-maze behavioral test was performed in study III; male 
mice were tested at the age of four months. This test is based on the assump-
tion that mice prefer to be in an enclosed environment, compared with an 
open space. This test provides information concerning anxiety-like behavior 
in these animals. The test procedure as conducted according to Lister (1987) 
measures the number of entries made into the open arms and time spent 
there. The plus-maze apparatus consists of two diametrically open arms 
(white floor with no wall, 30×6 cm) and two perpendicular enclosed arms 
(black floor with walls, 30×6×30 cm) mounted 50 cm above the floor. The 
animals were tested between 09:00 and 14:00. A test mouse was placed on 
the central platform (white floor, 6×6 cm) of the apparatus, facing ‘north’ of 
the closed arms. A video camera was used to monitor the animal’s behavior. 
The number of entries into the open and the closed arms in addition to the 
time spent on each of the arms were measured for a total of 5 min. Arm entry 
was defined as the placement of all four paws on the arm of the maze.  

Hg Analysis 
The Hg analysis was performed in study II; male and female mice were 
orally exposed on postnatal day 10 to MeHg (0.08 mg, 0.4 mg and 4.0 
mg)/kg body weight and co-exposure PCB153 (0.5 mg/kg body weight) + 
MeHg (0.08 mg/kg body weight), PCB 153 (0.5 mg/kg body weight) + 
MeHg (0.4 mg/kg body weight), or PCB 153 (0.5 mg/kg body weight) + 
MeHg (4.0 mg/kg body weight). Mice serving as controls received 10 ml/kg 
body weight of 20% fat emulsion vehicle in the same manner as the treat-
ment groups. Five male mice from each treatment group were sacrificed 
after 24 hours. The brain was removed and analyzed for Hg content. Flame-
less atomic absorption spectrophotometry was used to quantify the content 
of Hg in the samples (detection limit 0.1ng Hg/sample). Prior to analysis, 
organic samples were digested under pressure in metallic bombs under the 
influence of acid and heat (2 ml concentrated HNO3, 1h at 175°C). The 
analysis was conducted by MeAna-Konsult (Uppsala, Sweden). 

Receptor assays 
The male mice were terminated by decapitation a week following the com-
pletion of the behavioral tests in studies III and IV. The brain was dissected 
on an ice-cold plate into cerebral cortex and immediately placed on dry ice 
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and stored at -80°C until assayed. A crude synaptosomal P2 fraction (Gray 
and Whittaker, 1962) was prepared from the cerebral cortex. The protein 
content was between 2.0-3.0 mg/ml for the cerebral cortex and hippocampus 
[measured according to (Lowry et al., 1951)]. 

The nicotinic receptor assay was performed by measuring tritium labeled �-
bungoratoxin ([3H] �BTX). The specific binding was carried out following 
the method of Falkeborn (1983) as described by Viberg (2003). Aliquots of 
the P2 fraction (50 μl) were incubated with 20 μl �-bungoratoxin ([3H] 
�BTX) for 120 min at 25° C in NaKPO4 buffer (pH 7.40) in a total volume 
of 200 μl. To measure non-specific binding, parallel samples were incubated 
with 20 μl bungoratoxin (BTX). Each binding was determined in triplicate. 
Incubation was terminated by centrifugation at 20,000 × g for 5 min. The 
pellet was washed with 200 μl ice-cold NaKPO4 buffer and then transferred 
in mini-scintillation vials and left overnight to dissolve the pellet in one mil-
liliter of Aquasafe 300+ scintillation fluid (Zinsser Analytic, Ltd., U.K.) 
Four milliliters of Aquasafe 300+ scintillation fluid was added to each vial 
and radioactivity was determined in a liquid scintillation analyzer (Packard 
Tri-Carb 1900 CA) after the samples had been kept in the dark for 8h. Spe-
cific binding was determined by calculating the difference in the amount of 
[3H] �BTX bound in the presence versus absence of �BTX. 

Statistical analysis 
Spontaneous behavior  
The spontaneous behavioral test data were subjected to a split-plot ANOVA 
(analysis of variance), and pair-wise testing was performed using a Tukey 
HSD (honestly significant difference) test or Duncan’s test (Kirk, 1968) for 
all studies in this thesis (Studies I, II, III, IV, V).  

Habituation capability 
A ratio was calculated from the spontaneous behavior test between the per-
formance period 40-60 min and 0-20 min for the three different variables--
locomotion, rearing and total activity-- for the following studies: study I, 
study III, study IV, and study V. The following equation was used: 100 × 
(counts locomotion 40-60 min/counts locomotion 0-20 min), 100 × (counts 
rearing 40-60 min/counts rearing 0-20 min), and 100 × (counts total activity 
40-60 min/counts total activity 0-20 min). These ratios were used to analyze 
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any change in habituation capability between 2-month old and 4-month old 
mice. The data was subjected to a two-way ANOVA. 

Swim maze  
For studies III, IV, and V, the total time of the five trials of each day, from 
day 1 to 4, were subjected to a split-plot ANOVA and pair-wise testing be-
tween the different treatment groups was performed with Duncan’s test. 
Statistical analysis for the behavioral data of day 5 was submitted to paired t-
test (difference between trial 1 and trial 5) and one-way ANOVA with pair-
wise testing between the treated and vehicle treated groups, using Duncan’s 
test.  

Radial arm maze 
The data from day three were subjected to one-way ANOVA with pair-wise 
testing using Duncan’s test in study IV. 

Elevated plus-maze 
The data from the elevated plus-maze in study III was analyzed by a one-
way ANOVA and Duncan’s test. 

Hg Analysis 
ANOVA (one-way) was used to evaluate the Hg data in the brain, kidney 
and lever after 24h exposure in study II.  

[3H]-�-Bungarotoxin 
The data from [3H]-�-bungarotoxin binding analysis were processed with 
one-way ANOVA and pair-wise testing using Duncan’s test (studies III and 
IV).   
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RESULTS AND DISCUSSION 

Neurobehavioral effects found observed in spontaneous 
behavior tests 

This thesis investigated the developmental neurobehavioral effects on neona-
tal mice caused by the co-exposure to different compounds: PCBs, PBDE, 
MeHg, and �-radiation. These studies demonstrate that co-exposure to envi-
ronmental agents during a defined critical period of the brain’s rapid growth 
and development can interact and increase defective developmental behav-
ior, and affect learning and memory abilities.  

Behavior is an important endpoint in studies on the effects of environmental 
toxicants on the nervous systems of mammals and can be a useful tool in 
exploring whether toxicants can interact to cause exacerbated behavioral 
alterations in an additive or synergistic manner. Spontaneous behavior de-
pends on the integration of sensory input into motor output. Spontaneous 
behavior reveals the animal’s ability to habituate to a novel environment and 
integrate new information with that previously attained. It can thereby be a 
measure of cognitive function. Habituation is defined here as a decrease in 
locomotion, rearing, and total activity as a response to the diminishing nov-
elty of the test chamber during the 60 min test period.  

Study I investigated whether an alteration could occur in spontaneous be-
havior due to neonatal co-exposure to a single oral dose of PCB 52 (1.4 
μmol/kg bw) and PBDE 99 (1.4 μmol/kg bw) in mice. Spontaneous behavior 
was observed in mice both four and six months after exposure. A decrease in 
activity was displayed throughout the 60 min period for the control group. 
This decrease in activity is a normal spontaneous behavior profile that shows 
that habituation was evident for the control mice. The individual compounds 
PCB 52 (1.4 μmol/kg bw) alone and PBDE 99 (1.4 μmol/kg bw) alone did 
not have an effect on spontaneous behavior. Mice co-exposed to PCB 52 + 
PBDE 99 showed an interaction effect displaying hypo-activity during the 
initial 20 min and hyper-activity during the final 40-60 min. The observed 
effect of co-exposure to PBDE 99 and PCB 52 was more pronounced than 
the fivefold higher dose of PCB 52 (14 μmol/kg bw). To investigate if the 
spontaneous behavioral effects worsen with age, the habituation ratio was 
between 4-month old and 6-month old mice. The habituation ratio was cal-
culated between the performance period 40-60 min and 0-20 min for the 
three different variables locomotion, rearing and total activity. The calcu-
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lated habituation capability showed that the effects seen on spontaneous 
behavior increased over time. 
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Figure 4. Spontaneous behavior in 4-month- old mice exposed on neonatal day 10 to 
a single oral dose of PCB 52 (0.4 or 4.0 mg/kg bw), PBDE 99 (0.8 or 8.0 mg/kg 
bw), PCB 52 + PBDE 99 (0.4 + 0.8mg/kg bw), or the 20% fat emulsion vehicle. 
Statistical analysis: ANOVA with split-plot design and pairwise testing with Tukey 
HSD test. A= p�0.01 vs vehicle; a= p�0.05 vs vehicle; B= p�0.01 vs. PCB 52 (0.4 
mg/kg bw); b= p�0.05 vs. PCB 52 (0.4 mg/kg bw); C= p�0.01 vs. PCB 52 (4.0 
mg/kg bw); c= p�0.05 vs. PCB 52 (4.0 mg/kg bw); D= p�0.01 vs. PBDE 99 (0.8 
mg/kg bw); d= p�0.05 vs. PBDE (0.8 mg/kg bw) 

In study II neonatal mice were co-exposed to PCB 153 (1.4 μmol/kg bw) 
and MeHg. The spontaneous behavioral data for mice neonatally co-exposed 
on postnatal day 10 to a single oral dose of PCB 153 + MeHg (0.4 mg/kg 
bw) show significantly defective spontaneous behavior in both 2-month old 
mice and in 4-month old mice. Mice exposed to PCB 153 + MeHg (0.4 
mg/kg bw) were evidently hypoactive during the initial 20 min time period 
and hyperactive in the final 20 min period, thereby showing defective ha-
bituation. Notably, this study shows that the neurotoxic effects are as pro-
nounced as the effects caused by a ten times higher dose of MeHg alone. 
Both the combination PCB 153 + MeHg (0.4 mg/kg bw) and a ten times 
higher dose of MeHg cause a similar hypoactive condition during the first 20 
min and a hyperactive condition during the last 20 min period. A previous 
study by Eriksson (1996) has reported that a 10 times higher dose (14 
�mol/kg bw) of ortho-substituted PCB 153 can cause defective spontaneous 
behavior and reduced habituation. A single dose per body weight of 1.4 
�mol, corresponding to 0.41 mg PCB 153, sometimes modulates the adult 



 34 

spontaneous behavior (Eriksson, 2007; Eriksson and Fredriksson, 1996). In 
an earlier dose-response study with MeHg (unpublished, Eriksson) it has 
been shown that neonatal exposure to MeHg (0.41 mg/kg bw) is near a 
threshold to alter adult spontaneous behavior. MeHg at a dose of 4.0 mg/kg 
bw clearly causes a defective spontaneous behavior accompanied with re-
duced habituation or lack of it.  

Thus study II indicates that the presence of PCB 153 together with MeHg 
during a critical stage of brain development, where the sole compounds are 
near a threshold to induce neurotoxic effects, can interact to induce an effect 
that is similar to 10 times the single dose of MeHg and also similar to a 10 
times higher dose of PCB 153. Although not enough different concentrations 
were used for the doses to statistically distinguish between additive or syner-
gistic effects, study II plus earlier data on PCB 153 and MeHg suggest that 
PCB 153 and MeHg can act synergistic in the low dose range, but not in the 
high dose range.  

Previous studies on co-exposure to PCB and MeHg show that these com-
pounds can interact when exposure occurs during the gestational and lacta-
tion period. The study by Roegge and co-workers (2004) indicated defective 
motor skills caused by co-exposure to a commercial PCB mixture (Aroclor 
1254) and MeHg, suggesting an effect on the cerebellum. Coccini and co-
workers (2006) indicated that the muscarinic cholinergic receptors in the 
cerebellum were affected by co-exposure to PCB 153 and MeHg. A study by 
Widholm and coworkers (2004) showed that co-exposure to PCB (Aroclor 
1254) and MeHg had a minor effect on the cognitive function but no signifi-
cant exacerbated effect was seen in co-exposed animals for spatial alteration 
tasks. However, all of these studies show that the differences observed are 
between control animals and co-exposed animals. There were no significant 
differences between the co-exposed animals and PCB or MeHg singly.  

In agreement with Study II, in vitro studies have shown interactions be-
tween PCBs and MeHg to have significantly altered dopamine concentra-
tions in rat brains synergistically from co-exposure to PCB plus MeHg when 
compared to PCB alone or to MeHg alone (Bemis and Seegal, 1999).  
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Figure 5. Spontaneous behavior in 4-month-old mice exposed on postnatal day 10 to 
a single oral dose of PCB 153 (0.51mg/kg body weight), MeHg (0.08, 0.4 or 
4.0mg/kg body weight), PCB153+MeHg (0.51+ 0.08, 0.4 or 4.0mg/kg body weight), 
or the 20% fat emulsion vehicle. Statistical analysis, ANOVA with split plot design 
and pair-wise testing with Tukey HSD test. A=p�0.01 vs vehicle; a=p�0.05 vs vehi-
cle; B=p�0.01 vs PCB 153; b=p�0.05 vs PCB 153; C=p�0.01 vs MeHg (0.08mg); 
c=p�0.05 vs MeHg (0.08mg); D=p�0.01 vs MeHg (0.4mg); d=p�0.05 vs MeHg 
(0.04mg); E=p�0.01 vs MeHg (4.0mg); e=p�0.05 vs MeHg (4.0mg); F=p�0.01 vs 
PCB 153+MeHg (0.08mg); f=p�0.05 vs PCB 153+MeHg (0.08mg); G=p�0.01 vs 
PCB 153+MeHg (0.4mg); g=p�0.05 vs PCB 153+MeHg (0.4mg). 

Study III shows that co-planar PCB (PCB 126) also can interact with 
MeHg. The spontaneous behavioral data for neonatal mice co-exposed on 
post-natal day 10 to a single oral dose of PCB 126 (0.46 mg/kg bw) + MeHg 
(4.0 mg/kg bw) showed a significantly disrupted spontaneous behavior in 
both 2-month old mice and in 4-month old mice. Spontaneous behavior was 
affected by exposure to PCB 126 (0.46 mg/kg bw) alone, or to MeHg (4.0 
mg/kg bw) alone but not to the same extent as with the co-exposed mice. 
This indicates that there is an interaction between PCB 126 and MeHg. The 
behavioral pattern for PCB 126 (0.46 mg/kg bw) + MeHg (4.0 mg/kg bw) 
was similar to the observed pattern in study II, displaying a hypo-active 
condition in the initial 20 min time frame and a hyperactive condition in the 
final 40-60 min thereby showing reduced habituation capability. This pattern 
also was present in mice co-exposed to PCB 126 (0.46 mg/kg bw) + MeHg 
(0.4 mg/kg bw), and PCB 126 (0.046 mg/kg bw) + MeHg (4.0 mg/kg bw) 
but not as pronounced as in the mice given PCB 126 (0.46 mg/kg bw) + 
MeHg (4.0 mg/kg bw). No interaction effect was seen for PCB 126 (0.046 
mg/kg bw) + MeHg (0.4 mg/kg bw); these mice showed similar habituation 
as the control mice.  

In the spontaneous behavior test a reduction in activity was observed during 
the first 20 min period for neonatal mice exposed to PCB 126 (0.46 mg) and 
MeHg (4.0 mg) compared to control mice. It is conceivable that the reduc-
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tion in activity during the initial 20 min period of this test might have re-
sulted from increased anxiety attributed to a novel environment. Depression-
like behavior has been observed in mice after developmental exposure to 
MeHg (Onishchenko et al., 2007). In the study by Onishchenko the depres-
sion-like behavior was gender specific, affecting only male mice. An ele-
vated plus-maze test was performed to study anxiety-like behavior. This test 
did not reveal any difference between any of the groups (control, PCB 126, 
MeHg, or co-exposure) regarding the number of entries in the open arm ar-
eas or the time spent in the open arm areas. The results from the elevated-
plus maze showed no observed anxiety-like behavior for any of the treatment 
groups. 

 

 

 

 

 

 

 

Figure 6. Spontaneous behavior in 4-month-old mice exposed on post neonatal day 
10 to a single oral dose of PCB 126 (0.046 or 0.46 mg/kg bw), MeHg (0.4 or 4.0 
mg/kg bw), PCB153+MeHg (0.046 or 0.46 + 0.4 or 4.0 mg/kg bw), or the 20% fat 
emulsion vehicle. Statistical analysis, ANOVA with split plot design and pair-wise 
testing with Duncan’s test. The height of each bar represents the mean ± SD of eight 
animals. A=p�0.01 vs vehicle; a=p�0.05 vs vehicle; B=p�0.01 vs PCB 126 (0.046 
mg/kg bw); b=p�0.05 vs PCB 126 (0.046 mg/kg bw); C=p�0.01 vs PCB 126 (0.46 
mg/kg bw); c=p�0.05 vs PCB 126 (0.46 mg/kg bw); D=p�0.01 vs MeHg (0.4 mg/kg 
bw); d=p�0.05 vs MeHg (0.04 mg/kg bw); E=p�0.01 vs MeHg (4.0 mg/kg bw); 
e=p�0.05 vs MeHg (4.0 mg/kg bw); F=p�0.01 vs PCB 126 (0.046 mg/kg 
bw)+MeHg (0.4 mg/kg bw); f=p�0.05 vs PCB 126 (0.046 mg/kg bw)+MeHg (0.4 
mg/kg bw); G=p�0.01 vs PCB 126 (0.046 mg/kg bw)+MeHg (4.0 mg/kg bw); 
g=p�0.05 vs PCB 126 (0.046 mg/kg bw)+MeHg (4.0 mg/kg bw); H= p�0.01 vs 
PCB 126 (0.46 mg/kg bw)+MeHg (0.4 mg/kg bw); h= p�0.05 vs PCB 126 (0.46 
mg/kg bw)+MeHg (0.4 mg/kg bw). 

In study IV, neonatal mice were co-exposed to PBDE 99 (1.4 μmol/kg bw) 
+ MeHg (0.4 mg/kg bw) on PND 10 displayed a significantly changed spon-
taneous behavioral pattern compared to the control, PBDE 99, and MeHg 
(0.4 mg/kg bw) exposed mice. Mice exposed to PBDE 99 + MeHg (0.4 
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mg/kg bw) were obviously hypo-active early in the 60 min test period and 
became hyper-active toward the end. This defective spontaneous behavior 
was present in 2-, 4-, and 6-month old animals indicating a permanently 
modified habituation capability. This clearly shows an interaction between 
PBDE 99 and MeHg. An important finding was that the developmental neu-
rotoxic effects on spontaneous behavior after PBDE 99 + MeHg (0.4 mg/kg 
bw) were not different than ten times higher doses of MeHg (4.0 mg/kg bw). 
In mice receiving the higher dose of MeHg (4.0 mg/kg bw) together with 
PBDE 99, there was no additional effect observed. Spontaneous behavior 
and habituation were also defective in neonatal mice exposed to the high 
doses of MeHg (4.0 mg/kg bw). These observations for the high doses of 
MeHg (4.0 mg/kg bw) were also seen in studies II, III, and IV. This indi-
cates that within the low-dose range the interaction effect on spontaneous 
behavior and habituation capability appears to be synergistic and the effect is 
sustained. This observation was also found in study II. This shows similari-
ties in the spontaneous behavior patterns between co-exposure to ortho-
substituted PCB 153 + MeHg and PBDE 99 + MeHg.   

 

 

 

 

 

 

 

Figure 7. Spontaneous behavior in 4-month-old mice exposed on postnatal day 10 to 
a single oral dose of PBDE 99 (0.8 mg/kg bw), MeHg (0.4 or 4.0 mg/kg bw), PBDE 
99 + MeHg (0.8 + 0.4 or 4.0 mg/kg bw), or the 20% fat emulsion vehicle. Statistical 
analysis, ANOVA with split plot design and pair-wise testing with Tukey HSD test. 
A=p�0.01 vs vehicle; a=p�0.05 vs vehicle; B=p�0.01 vs PBDE 99; b=p�0.05 vs 
PBDE 99; C=p�0.01 vs MeHg (0.4 mg/kg bw); c=p�0.05 vs MeHg (0.4 mg/kg bw); 
D=p�0.01 vs MeHg (4.0 mg/kg bw); d=p�0.05 vs MeHg (4.0 mg/kg bw); E=p�0.01 
vs PBDE 99 + MeHg (0.4 mg/kg bw); e=p�0.05 vs PBDE 99 + MeHg (0.4 mg/kg 
bw). 

In study V, the interaction between �-radiation and MeHg was evaluated. 
The spontaneous behavioral data for neonatal mice exposed on post-natal 
day 10 to ionized radiation + MeHg showed a significantly disrupted sponta-
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neous behavior in both 2-month old mice and in 4-month old mice. The con-
trol mice, mice receiving �-radiation (0.2 Gy), and MeHg (0.4 mg/kg bw) 
had a similar spontaneous behavior pattern and habituation. The groups of 
mice exposed to (0.5 Gy) and mice exposed to MeHg (4.0 mg/kg bw) had a 
hypo-active condition during the initial 0-20 min and a hyper-active condi-
tion during the finial 40-60 min. The mice co-exposed to ionized radiation 
(0.2 Gy) + MeHg (0.4 mg/kg bw), (0.2 Gy) + MeHg (4.0 mg/kg bw), (0.5 
Gy) + (MeHg 0.4 mg/kg bw), and (0.5 Gy) + MeHg (4.0 mg/kg bw) had a 
hypo-active condition in the beginning 0-20 min and a hyper-active condi-
tion in the last 40-60 min compared to mice given the vehicle, �-radiation 
(0.2 Gy and 0.5 Gy), and MeHg (0.4 and 4.0 mg/kg bw). In all these expo-
sure groups there was an interaction between �-radiation and MeHg. A pre-
vious study from our laboratory on ionized radiation (unpublished) has 
shown this type of defective habituating spontaneous behavior for neonatal 
exposed mice (0.5 Gy) at both two and four months of age.  

 

 

 

 

 

 

 

Figure 8. Spontaneous behavior in 4-month-old mice exposed on post neonatal day 
10 to a single oral dose of MeHg (0.4 or 4.0 mg/kg bw), �-radiation (0.2 or 0.5 Gy), 
MeHg + �-radiation (0.4 or 4.0 mg/kg bw + 0.2 or 0.5 Gy), or the 20% fat emulsion 
vehicle. Statistical analysis, ANOVA with split plot design and pair-wise testing 
with Duncan’s test. The height of each bar represents the mean ± SD of eight ani-
mals. A=p�0.01 vs vehicle; a=p�0.05 vs vehicle; B=p�0.01 vs MeHg (0.4 mg/kg 
bw); b=p�0.05 vs MeHg (0.4 mg/kg bw); C=p�0.01 vs MeHg (4.0 mg/kg bw); 
c=p�0.05 vs MeHg (4.0 mg/kg bw); D=p�0.01 vs �-radiation (0.2 Gy); d=p�0.05 vs 
�-radiation (0.2 Gy); E=p�0.01 vs �-radiation (0.5 Gy); e=p�0.05 vs �-radiation (0.5 
Gy); F=p�0.01 vs MeHg (0.4 mg/kg bw) + �-radiation (0.2 Gy); f=p�0.05 vs MeHg 
(0.4 mg/kg bw) + �-radiation (0.2 Gy); G=p�0.01 vs MeHg (0.4 mg/kg bw) + �-
radiation (0.5 Gy); g=p�0.05 vs MeHg (0.4 mg/kg bw) + �-radiation (0.5 Gy); H= 
p�0.01 vs MeHg (4.0 mg/kg bw) + �-radiation (0.2 Gy); h= p�0.05 vs MeHg (4.0 
mg/kg bw) + �-radiation (0.2 Gy). 
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In all the studies for this thesis, it was observed that the effects of interaction 
were present between PCB 52 + PBDE 99, PCB 153 + MeHg, PCB 126 + 
MeHg, PBDE 99 + MeHg and �- radiation + MeHg. These effects were seen 
as defective spontaneous behavior pattern. It was shown that this defective 
behavior worsened over time for mice co-exposed to ortho-substituted PCB 
52 + PBDE 99 and co-planar PCB 126 + MeHg. In the other studies for co-
exposure to ortho-substituted PCB 153 + MeHg, PBDE 99 + MeHg and �-
radiation the defective behavior was sustained over time. 

Observed effects on learning and memory abilities 

To perform well in a radial arm maze, mice have to store information con-
tinuously about which arm(s) have already been visited during a particular 
trial and which have not (working-memory, storing trial-specific informa-
tion). In study IV, a radial eight-arm maze test was performed to aid in 
evaluating mice exposed to PBDE 99 and MeHg. The maze test indicated a 
significant change for the times and number of errors made to acquire all 
eight pellets for co-exposed mice to PBDE 99 + MeHg (0.4 and 4.0 mg/kg 
bw) and also mice exposed to MeHg (4.0 mg/kg bw). Mice co-exposed to 
PBDE 99 + MeHg (0.4 mg/kg bw) took more time to acquire all eight pellets 
as compared to the compounds by themselves as well as to the control group, 
indicating an effect of interaction. The mice given the highest dose of MeHg 
(4.0 mg/kg bw) and the combination dose of PBDE 99 + MeHg (4.0 mg/kg 
bw) took more time to acquire all pellets compared to the mice given the 
vehicle, PBDE 99, and MeHg (0.4 mg/kg bw). All treatment groups made 
more errors compared to the vehicle group, except for the mice given MeHg 
(0.4 mg/kg bw).  

The Morris swim maze test was performed to provide information about 
spatial learning abilities and relearning abilities. This maze test was per-
formed in study III, IV, and V. In study III, the exposure groups used were 
control groups, PCB 126 (0.46 mg/kg bw), MeHg (4.0 mg/kg bw) and co-
exposure groups PCB 126 (0.46 mg/kg bw) + MeHg (4.0 mg/kg bw). All 
mice improved their ability to locate the platform during the acquisition pe-
riod for the spatial learning abilities measured from day 1 to day 4. During 
this acquisition period the animals co-exposed to PCB 126 (0.46 mg) + 
MeHg (4.0 mg) spent more time locating the submerged platform compared 
to mice exposed to vehicle. This time lag also was seen for the mice exposed 
to PCB 126 (0.46 mg) and MeHg (4.0 mg). To study re-learning abilities the 
platform was relocated by reversal trials on day 5. Control mice took longer 
time for the initial trial on day 5 compared with the final trial on day 4. This 
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is a normal behavior because the relocation of the submerged platform 
causes the mice to initially begin their search near the previous platforms 
location. The control mice quickly improved their ability to find the new 
location of the platform, indicating normal relearning abilities. The co-
exposed mice PCB 126 (0.46 mg/kg bw) + MeHg (4.0 mg/kg bw) took more 
time to find the platform than the control mice and the mice exposed to PCB 
126 (0.46 mg/kg bw), or to MeHg (4.0 mg/kg bw). This indicates an interac-
tion effect for the relearning abilities.  

 

 

 

 

 

 

 

Figure 9. The Morris maze was preformed in 5-month-old NMRI male mice exposed 
to a single oral dose of PCB 126, MeHg, combination dose of PCB 126 and MeHg, 
or a vehicle (20% fat emulsion) on PND 10. Spontaneous behavior showed treat-
ment × time effects. The swim maze behavioral data, day 1-4 was submitted to an 
ANOVA using a split-plot design with Duncan’s test. Day 5 was analyzed by a one-
way ANOVA and Duncan’s test. The data showed a treatment effect day 1-4, con-
trol<PCB126 1.4, MeHg 4.0, PCB126 1.4+ MeHg 4.0. Relearning on day five 
showed treatment effect, control<PCB 126 1.4, MeHg 4.0<PCB126 1.4+ MeHg 4.0. 

In study IV, the Morris maze test showed that during the acquisition period 
of spatial learning abilities measured from day 1 to day 4, all mice improved 
their ability to locate the platform. The control group exhibits normal spatial 
learning abilities. Mice exposed to PBDE 99 and MeHg (0.4 and 4.0 mg/kg 
bw) took longer to locate the platform on day 3 and day 4 compared to con-
trol mice. The mice co-exposed to low doses of PBDE 99 + MeHg (0.4 
mg/kg bw) took more time to find the platform compared to control mice as 
well as mice exposed to PBDE 99, and MeHg (0.4 mg/kg bw) separately. 
This indicates that there is an interaction effect since the co-exposed mice 
deviate not only from the control animals but also from the individual ex-
posed animals. The mice co-exposed to PBDE 99 + MeHg (4.0 mg/kg bw) 
also showed defective spatial learning abilities. 
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On day 5 when the platform was relocated to study relearning by reversal 
trials, the control mice showed normal relearning abilities. The mice exposed 
to PBDE 99 and MeHg (0.4 mg/kg bw) showed similar relearning abilities as 
the control mice. The co-exposed mice to PBDE 99 + MeHg (0.4 mg/kg bw) 
took longer to find the relocated platform than the individual exposed groups 
PBDE 99, MeHg (0.4 mg/kg bw) and the control groups. These findings 
indicate an interaction effect for these co-exposure animals for relearning 
abilities. Defective relearning abilities was also seen for mice co-exposed to 
PBDE 99 + MeHg (4.0 mg/kg bw) and mice exposed to MeHg (4.0 mg/kg 
bw). 

 

 

 

 

 

 

 

Figure 10. The Morris maze was preformed in 4-month-old NMRI male mice ex-
posed to a single oral dose of PBDE99, MeHg, combination dose of PBDE99 and 
MeHg, or a vehicle (20% fat emulsion) on PND 10. Spontaneous behaviour showed 
treatment x time effects. The swim maze behavioural data, day 1-4 was submitted to 
an ANOVA using a split-plot design with Duncan’s test. Day 5 was analysed by a 
one-way ANOVA and Duncan’s test. The data for days 1-4 showed a treatment x 
time effect, control<PBDE99 1.4, MeHg 0.4<MeHg 4.0, PBDE99 1.4 +MeHg 0.4, 
PBDE99 1.4+MeHg 4.0. Relearning on day five showed treatment x trail effect, 
control, PBDE 99 1.4, MeHg 0.4<MeHg 4.0, PBDE99 1.4+MeHg 0.4, PBDE99 
1.4+MeHg 4.0. 

In study V, the Morris maze test showed that during the acquisition period 
of spatial learning abilities measured from day 1 to day 4; all mice improved 
their ability to locate the platform. The control group exhibits normal spatial 
learning abilities. During this acquisition period the animals co-exposed to �-
radiation (0.5 Gy) + MeHg (0.4 mg/kg bw) spent more time locating the 
submerged platform compared to mice exposed to vehicle, and mice exposed 
to MeHg (0.4 mg/kg bw). Relearning abilities on day 5 with the relocation of 
the platform showed an interaction effect for the co-exposed �-radiation (0.5 
Gy) + MeHg (0.4 mg/kg bw) animals. The co-exposed mice took longer to 
relocate the platform compared to mice exposed to �-radiation (0.5 Gy), 
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MeHg (0.4 mg/kg bw), and to control mice. Mice exposed to �-radiation (0.5 
Gy) and MeHg (0.4 mg/kg bw) took more time to locate the platform com-
pared to the control mice.  

 
Figure 11. Swim maze was preformed in 5-month-old NMRI male mice exposed to 
a single oral dose of gamma radiation, MeHg, and combination dose of MeHg and 
gamma radiation, or a vehicle (20% fat emulsion) on PND 10. Statistical evaluation, 
day 1-4 was using ANOVA with split-plot design, and Pair-wise testing using Dun-
can’s test. Day 5 was analyzed by a one-way ANOVA and Duncan’s test. The data 
for days 1-4 showed a treatment effect*, control<gamma 0.5 Gy + MeHg 0.4 mg/kg 
bw. Re-learning on day five showed treatment x trail effect A) control < gamma 0.5 
Gy, gamma 0.2 Gy + MeHg 0.4 mg/kg bw, gamma 0.5 Gy + MeHg 0.4 mg/kg bw; 
B) gamma 0.5 Gy, MeHg 0.4 mg/kg bw < gamma 0.5 Gy + MeHg 0.4 mg/kg bw. 

The Morris maze test showed that spatial learning and relearning abilities 
were affected by all of the co-exposure groups in studies III, IV and, V. 
Interaction effects were observed in these studies for PCB 126 + MeHg, 
PBDE 99 + MeHg, and �-radiation + MeHg resulting in defective learning 
and relearning abilities compared to the individual exposed groups and con-
trol groups. In study IV, it was also shown that the mice co-exposed to 
PBDE 99 + MeHg (0.4 and 4.0 mg/kg bw) had impaired learning abilities 
observed in the radial-arm maze. The reduced abilities of mice to perform in 
the Morris swim maze are similar to the observed impairments to spatial 
learning performance in the Morris maze in advanced aged rodents (Gage et 
al., 1984; Gallagher and Pelleymounter, 1988; Lamberty and Gower, 1989; 
Magnusson, 1998; Pelleymounter et al., 1990). Humans as well as rodents 
show significant impairments to spatial learning abilities as they age 
(Barnes, 1988; Caplan and Lipman, 1995; Evans et al., 1984). Impairments 
to spatial learning abilities indicate that neonatal co-exposure can accelerate 
this kind of aging process. 
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Observed effects on the cholinergic system and on 
nicotinic receptors  

The cholinergic system plays an important role in many behavioral phenom-
ena, e.g. learning and memory, neurological syndromes, audition, vision, and 
aggression functions (Drachman, 1977; Karczmar, 1975; Perry et al., 1999). 
Several studies show that pharmacological manipulations of the cholinergic 
system are correlated to altered cognitive behavior functions (Drachman, 
1977; Herlenius and Lagercrantz, 2004; Levin, 1998; Murray and Fibiger, 
1985; Paterson and Nordberg, 2000; Perry et al., 1999). It has been reported 
that obstruction to the perinatal cholinergic system can be connected to cog-
nitive deficits but that motor behavior is unaffected (see Herlenius and 
Lagercrantz, 2004). It is known that lesions to cholinergic nuclei, or cho-
linergic neurons projecting to the hippocampus or cortex, can cause learning 
and memory deficits (Berger-Sweeney et al., 1994; Nabeshima, 1993). The 
swim maze of Morris water-maze type with its submerged platform is de-
signed to measure spatial learning, which has been suggested to be corre-
lated with the cholinergic function (Lindner and Schallert, 1988; Whishaw, 
1985).  

Behavioral performances of tasks requiring attention and rapid processing of 
information in humans and new/reversal learning and working memory in 
animals have been suggested to involve cholinergic transmission (see 
Hodges et al., 1991). During the normal human aging process there occurs a 
decrease in cholinergic nicotinic receptor density in the cortex (Court et al., 
1992) and hippocampus (Court and Clementi, 1995). Functional alterations 
to motor activity occur during the aging process. Certain types of lesions in 
the hippocampus can lead to hyperactivity (Douglas and Isaacson, 1965; 
Roberts et al., 1962). 

Earlier studies have shown that both PCB 126 and MeHg individually can 
affect the cholinergic system (Basu et al., 2005; Basu et al., 2006; Bondy et 
al., 1979; Eriksson and Fredriksson, 1998; Kobayashi et al., 1979; Omata et 
al., 1982; Tsuzuki, 1981). A diminished nicotinic receptor density has been 
previously seen for exposure to PCB 126 (0.46 mg) in the hippocampus 
(Eriksson and Fredriksson, 1998). In study III, the reduced density in the 
cerebral cortex was observed as a decrease in the �-BTX binding sites. The 
�-BTX binding sites are connected to the nicotinic acetylcholine receptor 
(nACh) subunit �7 (Couturier et al., 1990; Orr-Urtreger et al., 1997).The co-
exposure groups with the higher dose of PCB 126 (0.46 mg/kg bw) and 
MeHg (4.0 mg/kg bw) were significantly different from the individual com-
ponents, PCB 126 (0.46 mg/kg bw), MeHg (0.4 mg/kg bw) and MeHg (4.0 
mg/kg bw). This demonstrates an interaction effect. The co-exposure groups 
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with the lowest dose of PCB 126 (0.046 mg/kg bw) also were significantly 
different from the PCB 126 (0.046 mg/kg bw) groups.  

Although the reduction in nicotinic receptors density for co-exposed mice 
was found in the cerebral cortex and not the hippocampus as found in the 
studies on single exposure to PCB 126 at (0.46 mg) (Eriksson and Fredriks-
son, 1998). It is reasonable to suspect that the interaction between PCB 126 
and MeHg could be able to affect several regions in the brain. PCB 126 is 
not the most prevalent PCB congener but it is amongst the most toxic of 
PCBs. A study by Johansson (2006) showed that co-exposure to PCB 126 + 
MeHg resulted in additive or slightly synergistic effects for the induction of 
cell death. They also showed that necrosis was induced after exposure. PCB 
126 triggered cell death in AtT20 cells by the activation of calcium regulated 
calpains and lysosomal cathepsins. Oxidative stress was a major cause for 
MeHg toxicity but not for PCB 126 toxicity.  

In study IV, it was seen that neonatal co-exposure to PBDE 99 + MeHg (0.4 
mg) significantly reduced the density of nicotinic cholinergic receptors of 
adult mice, in both the cerebral cortex and the hippocampus. The nicotinic 
receptor analysis in the cerebral cortex showed that there were reduced nico-
tinic receptor densities for all the co-exposure groups compared with the 
control groups. Previous studies have shown that neonatal exposure to 
PBDEs can affect the development of the cholinergic system (Viberg et al., 
2003; Viberg et al., 2004; Viberg et al., 2007). The reported changes were an 
increased susceptibility to the cholinergic acetylcholine agonist, nicotine, 
and as a decrease in nicotinic receptor densities in the hippocampus. The 
effects on nAChR were seen at a higher dose of PBDE 99 than the dose used 
in the present study together with MeHg. The �7 nAChRs are widely ex-
pressed throughout the mammalian brain and have been implicated in cogni-
tive function and neuroprotection (Seo et al., 2001). Due to �7 nAChRs high 
Ca2+ permeability, it is proposed to be of special interest during this devel-
opment (Ghosh and Greenberg, 1995).  

In vitro studies show that PBDEs can affect intracellular signaling processes 
and Ca2+ homeostasis in cerebellar granula cells (Kodavanti and Derr-Yellin, 
2002; Kodavanti and Ward, 2005). In vitro experiments also show that apop-
totic cell death of hippocampal progenitor cells can be induced by the induc-
tion of nicotinic receptors (Berger et al., 1998). However, the hippocampal 
cells were spared apoptotic cell death when these cells are differentiated. 
This apoptotic effect appears to be dependent on calbindin for the regulation 
of [Ca2+] and activation of �7nAChRs. MeHg is also known to induce apop-
totic cell death (Johansson et al., 2006; Tamm et al., 2006). Studies III and 
IV, show that PCB 126 + MeHg and PBDE 99 + MeHg can interact to de-
crease the �7 nAChR density. Therefore, the changes in the cholinergic, 
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apoptotic processes and oxidative stress caused by interactions between 
PBDE 99 or PCB 126 in addition to MeHg during a critical stage of the neo-
natal brain development are of special interest and require further studies. 
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General Discussion 
Co-exposure to ortho- or co-planar PCB and MeHg shows an interaction 
observed as changes in spontaneous behavior. This thesis clearly shows that 
PCB can interact with MeHg to enhance developmental neurotoxic effects. 
The effects were observed as defective spontaneous behavior, reduced or 
lack of habituation, impaired learning and memory abilities, and changes in 
the cholinergic system. The interaction between PCB 153 and MeHg appears 
to be synergistic. Furthermore, the effects observed were sustained for the 
co-exposure to PCB 153 + MeHg but not increased over time as was found 
for the co-exposure to PCB 126 + MeHg.  

This thesis has also shown that neonatal mice co-exposed to PBDE 99 + 
MeHg caused a reduction in nicotinic receptor density in the hippocampus. 
Co-exposure to PCB 126 + MeHg also caused a reduction in nicotinic den-
sity in the cerebral cortex. The changes to the nicotinic receptor density were 
seen at the same molar dose for PCB 126 and PBDE 99. Whether a neuro-
toxic agent causes alterations to spontaneous behavior that worsen with age 
is often a question of dosage. A study by Viberg (2004) shows that neonatal 
exposure to PBDE 99 can cause changes in spontaneous behavior activity 
that worsens with age. PCB 153 has also been shown to cause changes to 
spontaneous behavior over time (Eriksson and Fredriksson, 1996). These 
alterations can be achieved at increased doses compared to the doses of PCB 
153 and PBDE 99 used in this thesis study. PCB 126 shows that this type of 
increased deterioration to spontaneous behavior is associated with advancing 
age at a lower dose and is presumably associated with increased toxicity of 
PCB 126 as compared to ortho-PCB 153 and PBDE 99. It is interesting that 
co-exposure to PCB 52 + PBDE 99 and PCB 126 + MeHg can alter sponta-
neous behavior that worsens over time at doses where single exposure to 
these compounds do not have this deteriorating effect.   

An analysis was performed in this thesis to evaluate the amount of Hg in the 
brain caused by single exposure to MeHg and co-exposure to PCB 153 + 
MeHg. Mice on post-natal day 10 were given a single oral dose of MeHg or 
PCB 153 + MeHg. The presence of PCB 153 has no effect on the amount of 
Hg in the neonatal brain. This observation has been reported for rats co-
exposed to PCB 153 and MeHg (Coccini et al., 2006). These findings sup-
port a conclusion that increased defective spontaneous behavior were not 
due to a higher influx of MeHg to the brain because of the presence of PCB 
153. Whether MeHg can affect and increase the amount of PCBs in the brain 
remains to be studied. 
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Table 3. The amount of Hg (mg/kg ww) in the brain 24hours after neonatal exposure 
on PND 10a)  

Treatment (mg/kg bw) 

 

Hg (mg/kg ww) in brain 

 

Control �0.002 

MeHg 0.08  0.028±0.003 

MeHg 0.4  0.160±0.016 

MeHg 4.0  1.001±0.044 

PCB153 0.51 +  MeHg 0.08  0.027±0.002 

PCB153 0.51 +  MeHg 0.4 0.181±0.037 

PCB153 0.51 +  MeHg 4.0 0.975±0.103 

a) Male and female mice were given one single oral dose of MeHg (0.08, 0.4 or 
4.0mg/kg body weight) or PCB 153+MeHg (0.51+ 0.08, 0.4 or 4.0mg/kg body 
weight) on postnatal day 10. Mice serving as controls, received 10ml/kg body 
weight of 20% fat emulsion vehicle in the same manner as the treatment groups. 
Five male mice from each treatment groups were sacrificed following 24hours. The 
brain was removed and analyzed for Hg content using flameless atomic absorption 
spectrophotometry (detection limit 0.1ng Hg/sample). Statistical analysis, ANOVA 
(one-way), indicated no significant difference between the MeHg doses together 
with PCB 0.5 mg/kg body weight and the correlating doses of MeHg. 

The lowest dose of MeHg in combination with PCB 153 to cause an interac-
tion was 0.4 mg/kg body weight. This dose corresponds to about 0.16 ppm in 
the neonatal brain during the defined critical stage of BGS. The concentra-
tion of Hg found in the brain at the highest dose, MeHg (4.0 mg/kg bw), was 
about 1.0 ppm, and at the lowest dose of MeHg (0.08 mg MeHg/kg bw), the 
concentration was about 0.03 ppm. Newland and Reile (1999) report that 
doses of 0.5 and 6.4 ppm Hg in the drinking water of female rats for four 
weeks prior to mating and continuing until postnatal day 16 gave the off-
spring Hg concentrations of 0.5 and 9.1 ppm in the brain at birth, and 0.05 
and 0.5, respectively, in the brain on postnatal day 21. This means that a 
single oral dose of MeHg, given at concentrations of 0.4 mg/kg bw and of 
4.0 mg/kg bw, results in amounts of Hg in the brain similar to dosing MeHg 
throughout mating until postnatal day 10. Newland and Rasmussen (2000) 
also observed a modified behavior, an earlier onset of reinforcement behav-
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ior, in rats exposed to MeHg. These authors concluded that the 10 to 20 
times drop of Hg concentration in the brain of the pups during the neonatal 
period indicates that maternal exposure to MeHg via water during lactation 
may not be appropriate when studying methyl mercury’s effects during the 
BGS.  

The toxicokinetics for methyl mercury as well as the ratios Hg brain / Hg 
blood are different for primates and rodents. In mice the brain to blood ratio 
is around 1, but in rats the ratio is 0.06 because mercury binds avidly to red 
blood cells (Magos, 1987; Rice, 1989; Rice, 1996). It has been shown in 
monkeys that the half-life for mercury in the brain is of longer duration than 
the half-life of mercury in the blood (Rice, 1989). The brain to blood ratio 
for Hg in primates is 2 to 5 (Berlin et al., 1975; Evans et al., 1977; Rice, 
1989) and the estimate for humans is similar (Magos, 1987). Median mer-
cury concentration in cord blood for children in the Faeroe Islands has been 
reported to be 25.7μg/l (Grandjean et al., 2001). A brain to blood ratio of 
about 1 in mice is equivalent to a blood concentration of about 160�g/l. That 
the brain to blood ratio of 2 to 5 in humans may result in brain levels of 0.05 
– 0.13 ppm mercury indicates that the dose of MeHg in these thesis studies 
are relevant for levels found in the environment and evident in human blood. 

In the Faeroe Islands, developmental exposure to PCBs was examined in 
cord tissue. Median values for wet weight of PCB 153 were 0.43 ng/g (in a 
total PCB concentration of about 2 ng/g) and lipid weight 0.223 μg/g (total 
PCB about 1 �g/g) (Grandjean et al., 2001). Animal studies on PCB 153 
have revealed that 60% of the body burden can be eliminated through lacta-
tion during the first 5 days and was almost totally gone by day 20 
(Gallenberg and Vodicnik, 1989; Vodicnik and Lech, 1980). Twenty-four 
hours after a single oral exposure on PND 10 to ortho- or co-planar PCBs 
around 0.3-0.5 percent of the total administrated dose can be detected in the 
brain (Eriksson, 2007; Eriksson and Darnerud, 1985). The amount of PCB 
153 present in the neonatal brain during the critical phase and known to in-
duce behavioral defects is about 20 ppb (Eriksson, 2007). The ppb levels of 
PCB concentrations in brain is of the same order of magnitude as found in 
infants less than a year old (see Gallenberg and Vodicnik, 1989), studies 
from Japan and Britain have established an average PCB value of about 7 
ppb in the cerebrum. Altogether these studies indicate that the dose of PCB 
153 used in study II is relevant to the levels of PCBs found in the environ-
ment and human tissue. The body burden of PBDEs is approaching that of 
the PCBs. This indicates that the doses of MeHg, PCBs and PBDEs used in 
this thesis are of toxicological relevance.  

The underlying mechanisms for the neurotoxicity for agents PCB 52, PCB 
153, PCB 126, PBDE 99, MeHg, and �-radiation can differ remain to be 
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elucidated. The location in the brain where the obstructions occur due to co-
exposure is not known and most likely involves several different regions. 
There are some common modes of action that occur in the brain for many of 
these agents e.g., the ability to cause an increase in intracellular [Ca2+], oxi-
dative stress, and apoptosis.  This thesis has shown that PCB 126 + MeHg 
can affect spontaneous behavior, learning and memory abilities and reduce 
the �7nAChR density in the cerebral cortex. Studies have shown that PCBs 
increase intracellular levels of calcium (Ca2+) and reactive oxygen species 
(ROS) in cultured neurons. These studies suggest that PCBs can modulate 
signaling pathways that are critical for the brain’s development (Mariussen 
et al., 2002; Seegal, 1996; Tilson and Kodavanti, 1998; Voie and Fonnum, 
2000). The ryanodine receptor (RyR) is a Ca2+ -mediated Ca2+ channel local-
ized in the endoplasmic reticulum (ER). It has been shown that ortho-
substituted PCBs can activate the RyR by releasing Ca2+ from the ER (Wong 
et al., 1997). The release of Ca2+ from the ER can increase the production of 
reactive oxygen species (ROS) (Ermak and Davies, 2002; Ravagnan et al., 
2002). The RyR channel activity directly can be modulated by ROS (Feng et 
al., 2000; Pessah, 2001). PCBs can increase intracellular Ca2+ by a number 
of mechanisms such as influx of extracelluar Ca2+  through L-type voltage 
sensitive Ca2+ channels or the NMDA receptor (Inglefield and Shafer, 2000; 
Mundy et al., 1999) or IP3 receptors (Inglefield et al., 2001). Both the ortho-
PCB 153 and the coplanar PCB 126 can cause impaired mitochondrial func-
tion, shown as a decrease in the mitochondrial Ca2+ uptake capability and 
ATP levels (Johansson et al., 2006). It has been suggested as a consequence 
due to the alterations to the mitochondrial membrane structure because PCBs 
(at least ortho-substituted congeners) are suggested to have membrane dis-
rupting properties (Tan et al., 2004). PCB exposure has also been reported to 
elevate the intracellular calcium levels in various cell types (Kang et al., 
2004; Kodavanti and Tilson, 2000).  

For a normal brain development, apoptosis is an essential component 
(Martin, 2001). Apoptosis occurs in the proliferative zones and in postmi-
totic cells both in the fetal and postnatal brain (White and Barone, 2001). 
Both co-planar and non-coplanar PCBs induce cell death in AtT20 pituitary 
cells via activation of calpains and lysosomal proteases, and have been sug-
gested to cause these conditions through the disruption of mitochondrial 
function and intracellular calcium signaling (Johansson et al., 2007). In the 
brain MeHg exposure has been shown to result in the ROS formation and 
cause oxidative stress both in vivo (Limke et al., 2004) and in vitro 
(Johansson et al., 2007). One potential route for MeHg- induced release of 
Ca2+ from the smooth endoplasmic reticulum (SER) is via the action at a cell 
surface receptor that is linked to phospholipase C (PLC). Exposure to ion-
ized radiation also has been reported to cause chronic oxidative stress 
(Mitchell et al., 1991; Zhao et al., 2001). Studies on rats and mice have 
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shown that 0.5 Gy of radiation induce apoptosis in neural precursor cell 
populations in the hippocampal region and a significant reduction in neuro-
genesis (Shinohara et al., 1997). In vitro studies show in cerebellar granula 
cells PBDEs can affect intracellular signaling processes and Ca2+ homeosta-
sis (Kodavanti and Derr-Yellin, 2002; Kodavanti and Ward, 2005). Another 
study shows that apoptotic cell death of hippocampal progenitor cells can be 
induced by the induction of nicotinic receptors (Berger et al., 1998). This 
apoptotic effect appears to be dependent on calbindin for the regulation of 
[Ca2+] and activation of �7nAChRs. Altogether these studies show that the 
environmental toxic agents used in this thesis can affect dopamine concen-
trations, oxidative stress, apoptosis, and target the cholinergic system. The 
mechanisms behind the obstructions caused by co-exposure to the different 
agents are not yet known and further research is required.   

Comparing the different studies in this thesis with each other can aid in de-
vising if these compounds can act in a synergistic or additive manner within 
the low dose range. Not enough doses of the different compounds were used 
in any of the studies to mathematically complete this distinction. However, 
by looking at the spontaneous behavior patterns from the different studies at 
four months of age one can detect different trends concerning this subject. 
The studies involving PCB 52 + PBDE 99, PCB 153 + MeHg, PBDE 99 + 
MeHg and ionized radiation + MeHg (studies: I, II, IV, and V) have similar 
spontaneous behavior patterns. The interaction for the co-exposure groups to 
these compounds seem to act in a synergistic manner at doses where the 
individual compounds do not have an effect on spontaneous behavior. This 
is not the case for the co-exposure to PCB 126 + MeHg (study III). It seems 
that PCB 126 is more toxic and, at the doses used in this study, seemed to 
interact in a more additive manner. Both of the doses of PCB 126 in this 
study had an effect on the spontaneous behavior test. It has been suggested 
that PCBs drives the toxicity of the interaction with MeHg (Roegge and 
Schantz, 2006; Roegge et al., 2004). The MeHg doses seem to be the driving 
factor in the co-exposure studies PCB 153 + MeHg and PBDE 99 + MeHg. 
It was observed that the higher co-exposure doses to these compounds are 
similar to the observed effects from MeHg (4.0 mg/kg bw) exposure. How-
ever, in the co-exposure study PCB 126 + MeHg, this is not the case. In this 
study (study III), it seems to be PCB 126 that drives the toxicity. The inter-
action between PCB 126 and MeHg is observed at the highest dose of both 
PCB 126 (0.46 mg/kg bw) and MeHg (4.0 mg/kg bw). In the study on the 
co-exposure to ionized radiation + MeHg (study V) the pull of toxicity ap-
pears to be equal. Note that these observations as to when and where the 
changes appear and which agent is more dominate are dependant on the 
doses.     
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Epidemiological studies have shown a discrepancy with regard to neuropsy-
chological defects during early development. The defects were seen in chil-
dren from the Faeroe Islands but not in children from the Seychelles 
(Davidson et al., 2006; Grandjean et al., 2001; Myers and Davidson, 1998). 
Both populations have a high consumption of MeHg contaminated fish. The 
difference is that in the Faeroe Islands the children were exposed to PCBs 
via the mother’s dietary consumption of whale meat and blubber as well as 
to MeHg. Due to these epidemiological studies on children from the Faeroe 
Islands displaying defective neuropsychological differences compared to 
children in the Seychelles Islands a hypothesis has been formed. This hy-
pothesis is that the observed differences in children are due to co-exposure to 
PCBs and MeHg. It is therefore of interest to see the exacerbated develop-
mental neurobehavioral defects for neonatal co-exposure to low doses of 
PCB153 + MeHg and neonatal co-exposure to PCB 126 + MeHg. Further-
more, the effects observed for PCB 153 + MeHg were seen at low doses 
where the compounds singly did not induce changes in spontaneous behavior 
or habituation, plus these effects also were found to be sustained. The calcu-
lated doses of PCB 153 and MeHg indicated that the exacerbated develop-
mental neurotoxic effects caused by co-exposure to PCB 153 and MeHg can 
explain the observed differences between children in the Faeroe Islands and 
children in the Seychelles. A recent report indicates that the levels of PBDEs 
are approaching those for PCBs (Johnson-Restrepo et al., 2005). It is worth 
noting that the dose for PBDE 99 used in the present study has the same 
molar concentration as the dose for PCB 153 in combination with MeHg.  
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Concluding remarks 

This thesis has shown that co-exposure to PCB 52 + PBDE 99, PCB 153 + 
MeHg, PCB 126 + MeHg, PBDE 99 + MeHg and �-radiation + MeHg can 
interact causing enhanced developmental neurotoxic effects. These devel-
opmental neurotoxic effects include deranged spontaneous behavior, dimin-
ished habituation, decreased learning and memory abilities and reduction of 
the nicotinic receptor densities. 
 
In this thesis the exposure to the environmental agents occurred during a 
defined critical period of the neonatal brain development in mice. Exposure 
during this defined critical period has shown to be a good sensitive model to 
detect changes that occur and persist in the adult animal. This BGS period is 
characterized by the rapid changes to the brain rendering it vulnerable and 
susceptible to environmental agents. 
 
Based on the findings in children from the Faeroe Islands with regard to 
neuropsychological defects observed during early development, a hypothesis 
contributed the defects to the combined exposure of PCBs and MeHg. De-
spite the fact that children from the Seychelles Islands are exposed to the 
same levels of MeHg as children from the Faeroe Islands they do not exhibit 
the neuropsychological defects. It could be that co-exposure to low doses of 
certain environmental agents can cause neurotoxic effects, whereas the envi-
ronmental agents alone at the same doses can not. This raises the question 
how many other environmental agents can impact us by such interactions? 
 
An intriguing question is whether co-exposure to environmental agents can 
affect aging and neurodegenerative disorders. The process of aging is associ-
ated with progressive deterioration in the learning and the memory abilities. 
The cholinergic system is involved in several neurological and neurodegen-
erative disorders such as Alzheimer’s disease (AD), Parkinson’s disease 
(PD), schizophrenia and epilepsy. AD is a progressive neurodegenerative 
disorder that is clinically characterized by cognitive impairment and progres-
sive memory loss. Brain tissue measured from patients with Ad or PD has 
shown to contain a consistent loss of nicotinic receptors and cholinergic 
innervations. 
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Learning disabilities and attention deficit hyperactivity disorders (ADHD) 
are on the rise and have been estimated to affect 5-10% children and 3-17% 
children respectively. Observations from this thesis have shown that neona-
tal co-exposure to environmental agents caused learning and memory dis-
abilities, lack of habituation and lead to a hyper-active condition as adults. 
These types of behavior may be included in the adult diagnose for ADHD. 
 
This thesis has shown that an interaction has occurred between ionized radia-
tion and MeHg. Based on this finding an intriguing subject for further re-
search is the possibility for interactions between environmental agents and 
pharmaceuticals, or with medical therapy treatments. Further research is 
needed to investigate the possible co-exposure interaction effects on effi-
ciency, potency, and induction of neurodegenerative disorders.       
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Svensk sammanfattning 
Utvecklingsneurotoxikologiska effekter orsakade av samexponering av olika 
miljöfarliga ämnen hos neonatala möss.  
 
I detta avhandlingsarbete har jag undersökt neurotoxiska effekter orsakade 
av samexponering för olika polyklorerade bifenyler (PCBer), en polybrome-
rade difenyleter (PBDE), metylkvicksilver (MeHg), och gammastrålning 
under den snabba tillväxt- och utvecklingsperioden av hjärnan hos möss. 
PCBer är mycket välkända toxiska föreningar som fortfarande finns i vår 
miljö. PBDEer har visat sig kunna inducera utvecklingsneurotoxiska effekter 
som liknar de effekter som har setts för PCBer. Dessutom börjar PBDE ni-
våerna ute i vissa delar av vår globala värld närmar sig PCB nivåerna. Me-
tylkvicksilver är också en mycket välkänd toxisk förening som ger neurotox-
iska effekter. I vår miljö utsätts vi inte enbart för persistenta och icke persis-
tenta miljögifter utan kan också bli exponerande för joniserande strålning 
som kan påverka en individs utveckling. De olika kombinationer av ämnen 
som studerats var: PCB 52 + PBDE 99, PCB 153 + MeHg, PCB 126 + 
MeHg, PBDE 99 + MeHg och �-strålning + MeHg. 
 
Tidigare studier har visat att olika toxiska föreningar kan inducera bestående 
skador när dessa föreningar ges till möss under hjärnans snabba tillväxtperi-
od. Denna utvecklingsfas pågår vid olika tidsperioder hos olika djurarten. 
Hos möss sker denna utvecklingsfas postnatalt och omfattar de första 3-4 
veckorna efter födelsen. Hos människan börjar denna period under den sista 
tredjedelen av graviditeten och fortsätter under de två första levnadsåren. 
Studier på möss har identifierat en avgränsad kritisk period av hjärnans snab-
ba tillväxtperiod då hjärnan är extra känslig för låga doser av toxiska före-
ningar. Denna avgränsada kritisk period äger rum cirka tio dagar efter födel-
sen för möss och motsvarande snabba tillväxtsperiod av hjärnan hos männi-
skor sker kring födelsen. 
 
Denna avhandling visar att PCBer och metylkvicksilver kan samverka och 
ge utvecklingsneurotoxikologiska effekter. Samverkan sker i doser där sub-
stanserna var för sig inte ger några effekter. Avhandlingen visar också att 
PCB + PBDE, PBDE + metylkvicksilver och gammastrålning + metylkvick-
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silver kan samverka och ge utvecklingsneurotoxiska störningar. Flera epi-
demilogiska studier har visat att barn från Seychellerna till skillnad från barn 
från Färöarna, som utsatts för samma metylkvicksilvermängd, inte uppvisar 
utvecklingsneuropsykologiska störningar. Båda populationerna har en kon-
sumtion av MeHg kontaminerad fisk. På Färöarna har populationen även en 
konsumtion av valspäck och valkött som innehåller PCBer. En hypotes är att 
utvecklingsstörningarna hos barn från Färöarna beror på samexponeringen 
av PCBer tillsammans med metylkvicksilver. Denna hypotes styrks av resul-
tat från denna avhandling.  
 
De studier som presenteras i denna avhandling har visat på interaktionseffek-
ter hos möss som har uppstått på grund av samexponeringen för olika miljö-
gifter under nyföddhetsperioden. Dessa interaktionseffekter har observerats 
som bestående förändringar i spontanbeteendet och hyperaktivitet. Dessutom 
har interaktionseffekterna visat sig leda till försämrad inlärnings- och min-
nesförmågan samt medföra förändringar i det kolinerga transmittorsystemet. 
Samverkanseffekterna induceras oftast i doser där ämnena eller den jonise-
rande strålningen var för sig inte ger några bestående störningar. 



 58 

Acknowledgement 
This thesis was carried out at the Department of Environmental Toxicology, 
Institution of Physiology and Developmental Biology, Evolutionary Biology 
Center, Uppsala University, Sweden. Financial support was provided by the 
Swedish Research Council for Environmental, Agricultural Sciences and 
Spatial Planning, the Foundation for Strategic Environment Research and the 
European Commission (FOOD-CT-2003-506543). 
Many people have contributed in different ways to this thesis. I would like to 
express my sincere gratitude to:   
     Per Eriksson (supervisor) for all your help, support, and guiding me 
through this PhD-adventure. Thank you for your encouragement, discussions 
and all your enthusiasm. You helped make this experience a joy. 

Anders Fredriksson (co-supervisor) for all your behavioral work, statis-
tical work, and for helping me better understand statistics. 

Ingvar Brandt (head of the department) for your help, input on my thesis 
and for providing the facilities. 

Henrik Viberg, and Niclas Johansson, (who all worked in my research 
group) always helped out when it was needed and made working a pleasant 
experience. 

Jeanette Axelsson for all your help locating various papers and your 
friendship. 

 Katrin Lundstedt-Enkel for all your help with endnote, and various 
“mallar”, much appreciated. 

Bo Stenerlöw and Synnöve Sundell-Bergman (co-authors). All present 
and past faculty members of Ekotox and the animal faculty for all your help 
and friendship. 

My family for all your support and love really helped me get through this 
adventure. Especially my Dad for proof-reading all my papers and thesis, 
proving not only much needed help but also love and support. My friends 
for helping me get through this process and for providing entertaining diver-
sions.  



 59

References 
 

 

Ahlbom, J. 1995. Neonatally Induced Permanent Neurotoxic Effects of Pes-
ticides - Identification of a Vulnerable Period for Low Dose Effects, 
Uppsala University, Uppsala. 

Ahlbom, J., A. Fredriksson, and P. Eriksson. 1994. Neonatal exposure to a 
type-I pyrethroid (bioallethrin) induces dose-response changes in 
brain muscarinic receptors and behaviour in neonatal and adult mice. 
Brain Res 645:318-24. 

Akutsu, K., M. Kitagawa, H. Nakazawa, T. Makino, K. Iwazaki, H. Oda, and 
S. Hori. 2003. Time-trend (1973-2000) of polybrominated diphenyl 
ethers in Japanese mother's milk. Chemosphere 53:645-654. 

Apostoli, P., A. Mangili, S. Carasi, and M. Manno. 2003. Relationship be-
tween PCBs in blood and D-glucaric acid in urine. Toxicology let-
ters 144:17-26. 

Aschner, M., and T.W. Clarkson. 1988. Uptake of methylmercury in the rat 
brain: effects of amino acids. Brain Res 462:31-9. 

Aschner, M., T. Syversen, D.O. Souza, J.B. Rocha, and M. Farina. 2007. 
Involvement of glutamate and reactive oxygen species in methyl-
mercury neurotoxicity. Brazilian journal of medical and biological 
research = Revista brasileira de pesquisas medicas e biologicas / So-
ciedade Brasileira de Biofisica ... [et al 40:285-91. 

Asplund, L., M. Athanasiadou, A. Sjödin, Å. Bergman, and H. Börjeson. 
1999. Organohalen substances in muscle, egg and blood from 
healthy Baltic salmon (Salmo salar) and baltic salmon that produces 
offspring with the M74 syndrome. Ambio 28:67-76. 

Atluri, P., M.W. Fleck, Q. Shen, S.J. Mah, D. Stadfelt, W. Barnes, S.K. 
Goderie, S. Temple, and A.S. Schneider. 2001. Functional nicotinic 
acetylcholine receptor expression in stem and progenitor cells of the 
early embryonic mouse cerebral cortex. Developmental biology 
240:143-56. 

ATSDR. 1999. Public health assessments completed. Agency for Toxic Sub-
stances and Disease Registry (ATSDR), Department of Health and 
Human Services (HHS). Notice. Fed Regist 64:4422-3. 



 60 

Barnes, C.A. 1988. Aging and the physiology of spatial memory. Neurobiol 
Aging 9:563-8. 

Bartus, R.T., R.L. Dean, 3rd, B. Beer, and A.S. Lippa. 1982. The cholinergic 
hypothesis of geriatric memory dysfunction. Science (New York, 
N.Y 217:408-14. 

Basu, N., C.J. Stamler, K.M. Loua, and H.M. Chan. 2005. An interspecies 
comparison of mercury inhibition on muscarinic acetylcholine re-
ceptor binding in the cerebral cortex and cerebellum. Toxicology 
and applied pharmacology 205:71-6. 

Basu, N., A.M. Scheuhammer, K. Rouvinen-Watt, N. Grochowina, K. Kle-
navic, R.D. Evans, and H.M. Chan. 2006. Methylmercury impairs 
components of the cholinergic system in captive mink (Mustela vi-
son). Toxicol Sci 91:202-9. 

Bear, M.F., Connors, B. W., and Paradiso, M. A. 1996. Chemical Control of 
Brain and Behavior, p. 422-423, In T. S. Satterfield, ed. Neurosci-
ence - exploring the brain. Williams & Wilkins, Baltimore. 

Bemis, J.C., and R.F. Seegal. 1999. Polychlorinated biphenyls and methyl-
mercury act synergistically to reduce rat brain dopamine content in 
vitro. Environmental health perspectives 107:879-85. 

Benekou, A., S. Bolaris, E. Kazanis, E. Bozas, H. Philippidis, and F. Styli-
anopoulou. 2001. In utero radiation-induced changes in growth fac-
tor levels in the developing rat brain. International journal of radia-
tion biology 77:83-93. 

Berger-Sweeney, J., S. Heckers, M.M. Mesulam, R.G. Wiley, D.A. Lappi, 
and M. Sharma. 1994. Differential effects on spatial navigation of 
immunotoxin-induced cholinergic lesions of the medial septal area 
and nucleus basalis magnocellularis. J Neurosci 14:4507-19. 

Berger, F., F.H. Gage, and S. Vijayaraghavan. 1998. Nicotinic receptor-
induced apoptotic cell death of hippocampal progenitor cells. J Neu-
rosci 18:6871-81. 

Berlin, M., J. Carlson, and T. Norseth. 1975. Dose-dependence of methyl-
mercury metabolism. A study of distribution: biotransformation and 
excretion in the squirrel monkey. Archives of environmental health 
30:307-13. 

Bolaris, S., E. Bozas, A. Benekou, H. Philippidis, and F. Stylianopoulou. 
2001. In utero radiation-induced apoptosis and p53 gene expression 
in the developing rat brain. International journal of radiation biology 
77:71-81. 

Bolles, R.G., and P.J. Woods. 1964. The ontogeny of behaviour in the albino 
rat. Animal Behaviour 12:427-441. 

Bondy, S.C., C.L. Anderson, M.E. Harrington, and K.N. Prasad. 1979. The 
effects of organic and inorganic lead and mercury on neurotransmit-
ter high-affinity transport and release mechanisms. Environ Res 
19:102-11. 

Braak, H., and E. Braak. 1997. Staging of Alzheimer-related cortical de-
struction. International psychogeriatrics / IPA 9 Suppl 1:257-61; dis-
cussion 269-72. 



 61

Brown, W.R., C.R. Thore, D.M. Moody, M.E. Robbins, and K.T. Wheeler. 
2005. Vascular damage after fractionated whole-brain irradiation in 
rats. Radiation research 164:662-8. 

Bymaster, F.P., C.C. Felder, E. Tzavara, G.G. Nomikos, D.O. Calligaro, and 
D.L. McKinzie. 2003. Muscarinic mechanisms of antipsychotic 
atypicality. Progress in neuro-psychopharmacology & biological 
psychiatry 27:1125-43. 

Campbell, B.A., L.D. Lytle, and H.C. Fibiger. 1969. Ontogeny of adrenergic 
arousal and cholinergic inhibitory mechanisms in the rat. Science 
(New York, N.Y 166:635-7. 

Caplan, L.J., and P.D. Lipman. 1995. Age and gender differences in the ef-
fectiveness of map-like learning aids in memory for routes. J 
Gerontol B Psychol Sci Soc Sci 50:126-33. 

Carpenter, D.O. 1998. Polychlorinated biphenyls and human health. Interna-
tional journal of occupational medicine and environmental health 
11:291-303. 

Carpenter, D.O. 2006. Polychlorinated biphenyls (PCBs): routes of exposure 
and effects on human health. Reviews on environmental health 21:1-
23. 

Caulfield, M.P. 1993. Muscarinic receptors--characterization, coupling and 
function. Pharmacology & therapeutics 58:319-79. 

Coccini, T., G. Randine, A.F. Castoldi, P. Grandjean, G. Ostendorp, B. 
Heinzow, and L. Manzo. 2006. Effects of developmental co-
exposure to methylmercury and 2,2',4,4',5,5'-hexachlorobiphenyl 
(PCB153) on cholinergic muscarinic receptors in rat brain. Neuro-
toxicology 27:468-77. 

Cockerham, L.G., and G.D. Prell. 1989. Prenatal radiation risk to the brain. 
Neurotoxicology 10:467-74. 

Cooper, J.R., Bloom, F. E., and Roth, R. H. 1996. The biochemical basis of 
neuropharmacology. 7 ed.  Oxford University Press, New York. 

Court, J., and F. Clementi. 1995. Distribution of nicotinic subtypes in human 
brain. Alzheimer Dis Assoc Disord 9:6-14. 

Court, J.A., C. Martin-Ruiz, A. Graham, and E. Perry. 2000. Nicotinic recep-
tors in human brain: topography and pathology. J Chem Neuroanat 
20:281-98. 

Court, J.A., M.A. Piggot, E.K. Perry, R.B. Barlow, and R.H. Perry. 1992. 
Age associated decline in high affinity nicotinic binding in human 
frontal cortex does not correlate with changes in choline acetyltrans-
feranse activity. Neurosci Res Commun 10:125-133. 

Couturier, S., D. Bertrand, J.M. Matter, M.C. Hernandez, S. Bertrand, N. 
Millar, S. Valera, T. Barkas, and M. Ballivet. 1990. A neuronal nico-
tinic acetylcholine receptor subunit (alpha 7) is developmentally 
regulated and forms a homo-oligomeric channel blocked by alpha-
BTX. Neuron. 1990 Dec; 5:847-56 ISSN: 0896-6273. 

Coyle, J.T., and H.I. Yamamura. 1976. Neurochemical aspects of the onto-
genesis of cholinergic neurons in the rat brain. Brain Res 118:429-
40. 



 62 

Crofton, K.M., and D.C. Rice. 1999. Low-frequency hearing loss following 
perinatal exposure to 3,3',4,4',5-pentachlorobiphenyl (PCB 126) in 
rats. Neurotoxicol Teratol 21:299-301. 

Crossen, J.R., D. Garwood, E. Glatstein, and E.A. Neuwelt. 1994. Neurobe-
havioral sequelae of cranial irradiation in adults: a review of radia-
tion-induced encephalopathy. J Clin Oncol 12:627-42. 

Dale, H.H. 1914. The actions of certain esters and ethers of choline, and 
their relation to muscarine. J. Pharmacol. Exp. Ther. 6:147-190. 

Dani, J.A. 2001. Overview of nicotinic receptors and their roles in the cen-
tral nervous system. Biol Psychiatry 49:166-74. 

Davidson, P.W., G.J. Myers, B. Weiss, C.F. Shamlaye, and C. Cox. 2006. 
Prenatal methyl mercury exposure from fish consumption and child 
development: a review of evidence and perspectives from the Sey-
chelles Child Development Study. Neurotoxicology 27:1106-9. 

Davison, A.N., and J. Dobbing. 1968. The developing brain. Applied Neuro-
chemistry:178-221, 253-316. 

de Boer, J., P.G. Wester, H.J. Klamer, W.E. Lewis, and J.P. Boon. 1998. Do 
flame retardants threaten ocean life? Nature 394:28-9. 

de Wit, C.A. 2002. An overview of brominated flame retardants in the envi-
ronment. Chemosphere 46:583-624. 

Desaulniers, D., K. Leingartner, M. Wade, E. Fintelman, A. Yagminas, and 
W.G. Foster. 1999. Effects of acute exposure to PCBs 126 and 153 
on anterior pituitary and thyroid hormones and FSH isoforms in 
adult Sprague Dawley male rats. Toxicol Sci 47:158-69. 

Douglas, R.J., and R.L. Isaacson. 1965. Homogeneity of Single Trial Re-
sponse Tendencies and Spontaneous Alternation in the T-Maze. 
Psychological reports 16:87-92. 

Drachman, D.A. 1977. Cognitive function in man. Does cholinergic system 
have a special role? Neurology 27:783-790. 

Eriksson, P. 1992. Neuroreceptor and behavioural effects of DDT and pyre-
throids in immature and adult mammals., p. 235-251, In R. L. 
Isaacson and K. F. Jensen, eds. The Vulnerable Brain and Environ-
mental Risks, Vol. 2. Plenum Press, New York. 

Eriksson, P. 1997. Developmental neurotoxicity of environmental agents in 
the neonate. Neurotoxicology 18:719-726. 

Eriksson, P. 2007. Developmental Neurotoxicity of PCBs in Mice: Critical 
Period of Brian Development and Effects of Interaction, In L. G. 
Hansen and L. W. Robertson, eds. PCBs: Human and Enivonmental 
Disposition and Toxicology. University of Illinois Press, Urbana and 
Chicago. 

Eriksson, P., and P.O. Darnerud. 1985. Distribution and retention of some 
chlorinated hydrocarbons and a phthalate in the mouse brain during 
the pre-weaning period. Toxicology 37:189-203. 

Eriksson, P., and A. Fredriksson. 1996. Developmental neurotoxicity of four 
ortho-substituted polychlorinated biphenyls in the neonatal mouse. 
Environ Toxicol Pharmacol 1:155-165. 



 63

Eriksson, P., and A. Fredriksson. 1998. Neurotoxic effects in adult mice 
neonatally exposed to 3,3´,4,4´,5-pentachlorobiphenyl or 2,3,3´,4,4´-
pentachlorobiphenyl. Changes in nicotinic receptors and behaviour. 
Environmental Toxicology and Pharmacology 5:17-27. 

Eriksson, P., U. Lundkvist, and A. Fredriksson. 1991. Neonatal exposure to 
3,3',4,4'-tetrachlorobiphenyl: changes in spontaneous behaviour and 
cholinergic muscarinic receptors in the adult mouse. Toxicology 
69:27-34. 

Eriksson, P., E. Ankarberg, and A. Fredriksson. 2000. Exposure to nicotine 
during a defined period in neonatal life induces permanent changes 
in brain nicotinic receptors and in behaviour of adult mice. Brain 
Res 853:41-48. 

Eriksson, P., E. Jakobsson, and A. Fredriksson. 2001. Brominated flame 
retardants: A novel class of developmental neurotoxicants in our en-
vironment? Environmental health perspectives 109:903-908. 

Eriksson, P., H. Viberg, E. Jakobsson, U. Orn, and A. Fredriksson. 2002. A 
brominated flame retardant, 2,2',4,4',5-pentabromodiphenyl ether: 
uptake, retention, and induction of neurobehavioral alterations in 
mice during a critical phase of neonatal brain development. Toxicol 
Sci 67:98-103. 

Ermak, G., and K.J. Davies. 2002. Calcium and oxidative stress: from cell 
signaling to cell death. Molecular immunology 38:713-21. 

Evans, G.W., P.L. Brennan, M.A. Skorpanich, and D. Held. 1984. Cognitive 
mapping and elderly adults: verbal and location memory for urban 
landmarks. J Gerontol 39:452-7. 

Evans, H.L., R.H. Garman, and B. Weiss. 1977. Methylmercury: exposure 
duration and regional distribution as determinants of neurotoxicity in 
nonhuman primates. Toxicology and applied pharmacology 41:15-
33. 

Falkeborn, Y., C. Larsson, A. Nordberg, and P. Slanina. 1983. A comparison 
of the regional ontogenesis of nicotine- and muscarine-like binding 
sites in mouse brain. J. Devl. Neuroscience 1:187-190. 

Fein, G.G., J.L. Jacobson, S.W. Jacobson, P.M. Schwartz, and J.K. Dowler. 
1984. Prenatal exposure to polychlorinated biphenyls: effects on 
birth size and gestational age. J Pediatr 105:315-20. 

Feng, W., G. Liu, P.D. Allen, and I.N. Pessah. 2000. Transmembrane redox 
sensor of ryanodine receptor complex. The Journal of biological 
chemistry 275:35902-7. 

Fibiger, H.C. 1991. Cholinergic mechanisms in learning, memory and de-
mentia: a review of recent evidence. Trends Neurosci 14:220-3. 

Fiedler, E.P., M.J. Marks, and A.C. Collins. 1987. Postnatal development of 
cholinergic enzymes and receptors in mouse brain. Journal of neuro-
chemistry 49:983-90. 

Fischbein, A., J. Thornton, M.S. Wolff, J. Bernstein, and I.J. Selifoff. 1982. 
Dermatological findings in capacitor manufacturing workers ex-
posed to dielectric fluids containing polychlorinated biphenyls 
(PCBs). Archives of environmental health 37:69-74. 



 64 

Fredriksson, A. 1994. MPTP-induced behavioural deficits in mice: Validity 
and utility of a model of parkinsonism. Ph.D., Uppsala University, 
Uppsala. 

Fredriksson, A., M. Fredriksson, and P. Eriksson. 1993. Neonatal exposure 
to paraquat or MPTP induces permanent changes in striatum dopa-
mine and behavior in adult mice. Toxicology and applied pharma-
cology 122:258-64. 

Gage, F.H., S.B. Dunnett, and A. Bjorklund. 1984. Spatial learning and mo-
tor deficits in aged rats. Neurobiol Aging 5:43-8. 

Gallagher, M., and M.A. Pelleymounter. 1988. Spatial learning deficits in 
old rats: a model for memory decline in the aged. Neurobiol Aging 
9:549-56. 

Gallenberg, L.A., and M.J. Vodicnik. 1989. Transfer of persistent chemicals 
in milk. Drug Metab Rev 21:277-317. 

Ghosh, A., and M.E. Greenberg. 1995. Calcium signaling in neurons: mo-
lecular mechanisms and cellular consequences. Science (New York, 
N.Y 268:239-47. 

Gilbert, M.E. 2003. Perinatal exposure to polychlorinated biphenyls alters 
excitatory synaptic transmission and short-term plasticity in the hip-
pocampus of the adult rat. Neurotoxicology 24:851-60. 

Gilbert, M.E., W.R. Mundy, and K.M. Crofton. 2000. Spatial learning and 
long-term potentiation in the dentate gyrus of the hippocampus in 
animals developmentally exposed to Aroclor 1254. Toxicol Sci 
57:102-11. 

Grandjean, P., P. Weihe, V.W. Burse, L.L. Needham, E. Storr-Hansen, B. 
Heinzow, F. Debes, K. Murata, H. Simonsen, P. Ellefsen, E. Budtz-
Jorgensen, N. Keiding, and R.F. White. 2001. Neurobehavioral defi-
cits associated with PCB in 7-year-old children prenatally exposed 
to seafood neurotoxicants. Neurotoxicol Teratol 23:305-17. 

Gray, E.G., and V.P. Whittaker. 1962. The isolation of nerve endings from 
brain: an electron-microscopic study of cell fragments derived by 
homogenization and centrifugation. J Anat 96:79-88. 

Guan, Z.Z., X. Zhang, R. Ravid, and A. Nordberg. 2000. Decreased protein 
levels of nicotinic receptor subunits in the hippocampus and tempo-
ral cortex of patients with Alzheimer's disease. Journal of neuro-
chemistry 74:237-43. 

Hall, P., H.O. Adami, D. Trichopoulos, N.L. Pedersen, P. Lagiou, A. Ek-
bom, M. Ingvar, M. Lundell, and F. Granath. 2004. Effect of low 
doses of ionising radiation in infancy on cognitive function in adult-
hood: Swedish population based cohort study. BMJ (Clinical re-
search ed 328:19. 

Hansen, L.G., M.H. Li, A. Saeed, and B. Bush. 1995. Environmental poly-
chlorinated biphenyls: acute toxicity of landfill soil extract to female 
prepubertal rats. Archives of environmental contamination and toxi-
cology 29:334-43. 

Harrad, S., R. Wijesekera, S. Hunter, C. Halliwell, and R. Baker. 2004. Pre-
liminary assessment of U.K. human dietary and inhalation exposure 



 65

to polybrominated diphenyl ethers. Environmental science & tech-
nology 38:2345-50. 

Hellstrom-Lindahl, E., and J.A. Court. 2000. Nicotinic acetylcholine recep-
tors during prenatal development and brain pathology in human ag-
ing. Behavioural brain research 113:159-68. 

Hellstrom-Lindahl, E., M. Mousavi, X. Zhang, R. Ravid, and A. Nordberg. 
1999. Regional distribution of nicotinic receptor subunit mRNAs in 
human brain: comparison between Alzheimer and normal brain. 
Brain research 66:94-103. 

Herlenius, E., and H. Lagercrantz. 2004. Development of neurotransmitter 
systems during critical periods. Experimental neurology 190 Suppl 
1:S8-21. 

Hodges, H., Y. Allen, J. Sinden, S.N. Mitchell, T. Arendt, P.L. Lantos, and 
J.A. Gray. 1991. The effects of cholinergic drugs and cholinergic-
rich foetal neural transplants on alcohol-induced deficits in radial 
maze performance in rats. Behav Brain Res. 1991 Apr 18; 43:7-28 
ISSN: 0166-4328. 

Hohmann, C.F., and J. Berger-Sweeney. 1998. Cholinergic regulation of 
cortical development and plasticity. New twists to an old story. Per-
spectives on developmental neurobiology 5:401-25. 

Hutzinger, O., S. Safe, and V. Zitko. 1974. Preparation, gas chromatographic 
behavior, and spectroscopic properties of hydroxylated chlorobi-
phenyls. J Assoc Off Anal Chem 57:1061-7. 

ICRP. 2003. Relative biological effectiveness (RBE), quality factor (Q), and 
radiation weighting factor (w(R)). A report of the International 
Commission on Radiological Protection. Annals of the ICRP 33:1-
117. 

Inglefield, J.R., and T.J. Shafer. 2000. Polychlorinated biphenyl-stimulation 
of Ca(2+) oscillations in developing neocortical cells: a role for ex-
citatory transmitters and L-type voltage-sensitive Ca(2+) channels. 
The Journal of pharmacology and experimental therapeutics 
295:105-13. 

Inglefield, J.R., W.R. Mundy, and T.J. Shafer. 2001. Inositol 1,4,5-
triphosphate receptor-sensitive Ca(2+) release, store-operated 
Ca(2+) entry, and cAMP responsive element binding protein phos-
phorylation in developing cortical cells following exposure to poly-
chlorinated biphenyls. The Journal of pharmacology and experimen-
tal therapeutics 297:762-73. 

Jacobson, J., S. Jacobson, P. Schwartz, G.G. Fein, and J.K. Dowler. 1984. 
Prenatal exposure to an environmental toxin: a test of multiple ef-
fects model. Dev. Psychol. 20:523-532. 

Jacobson, J.L., and S.W. Jacobson. 1996. Intellectual impairment in children 
exposed to polychlorinated biphenyls in utero. N Engl J Med 
335:783-9. 

Jacobson, J.L., S.W. Jacobson, and H.E. Humphrey. 1990. Effects of expo-
sure to PCBs and related compounds on growth and activity in chil-
dren. Neurotoxicol Teratol 12:319-26. 



 66 

Jensen, S. 1966. Report of a new chemical hazard. New Science 32:612. 
Johansson, C., R. Tofighi, C. Tamm, M. Goldoni, A. Mutti, and S. Cec-

catelli. 2006. Cell death mechanisms in AtT20 pituitary cells ex-
posed to polychlorinated biphenyls (PCB 126 and PCB 153) and 
methylmercury. Toxicology letters 167:183-90. 

Johansson, C., A.F. Castoldi, N. Onishchenko, L. Manzo, M. Vahter, and S. 
Ceccatelli. 2007. Neurobehavioural and molecular changes induced 
by methylmercury exposure during development. Neurotoxicity re-
search 11:241-60. 

Johnson-Restrepo, B., K. Kannan, D.P. Rapaport, and B.D. Rodan. 2005. 
Polybrominated diphenyl ethers and polychlorinated biphenyls in 
human adipose tissue from New York. Environmental science & 
technology 39:5177-82. 

Kang, J.H., I.S. Park, W.Y. Oh, H.K. Lim, S.Y. Wang, S.Y. Lee, K.H. Choi, 
J.I. Kim, S.Y. Jung, C.K. Suh, and D.S. Kim. 2004. Inhibition of 
aroclor 1254-induced depletion of stored calcium prevents the cell 
death in catecholaminergic cells. Toxicology 200:93-101. 

Karczmar, A.G. 1975. Cholinergic influences on behaviour, p. 501-529, In 
P. G. Waser, ed. Cholinergic Mechanisms. Raven Press, New York. 

Karlin, A. 2002. Emerging structure of the nicotinic acetylcholine receptors. 
Nature reviews 3:102-14. 

Keller, W.C., and R.A. Yeary. 1980. A comparison of the effects of mineral 
oil, vegetable oil and sodium sulfate on the intestinal absorption of 
DDT in rodents. Clinical Toxicology 16:223-231. 

KemI. 2003. Europaparlamentets och Rådets direktiv 2003/11/EG  av den 6 
februari 2003 om ändring för tjugofjärde gången av rådets direktiv 
76/769/EEG om begränsning av användning och utsläppande på 
marknaden av vissa farliga ämnen och preparat (beredningar) (pen-
tabromdifenyleter, oktabromdefenyleter). 

Khan, M.A., and L.G. Hansen. 2003. Ortho-substituted polychlorinated bi-
phenyl (PCB) congeners (95 or 101) decrease pituitary response to 
thyrotropin releasing hormone. Toxicology letters 144:173-82. 

Kihlman, B.A., S. Sturelid, K. Norlen, and D. Tidriks. 1971. Caffeine, caf-
feine derivatives and chromosomal aberrations. II. Different re-
sponses of Allium root tips and Chinese hamster cells to treatments 
with caffeine, 8-ethoxycaffeine and 6-methylcoumarin. Hereditas 
69:35-50. 

Kirk, R.E. 1968. Experimental design: Procedures for the Behavioural Sci-
ences. Brooks/Cole, Belmont, CA. 

(ed.) 1997. 17th Symposium on Halogenated Environmental Organic Pollut-
ants, Indianapolis, USA. 

Kobayashi, H., A. Yuyama, N. Matsusaka, K. Takeno, and I. Yanagiya. 
1979. Effects of methylmercury chloride on various cholinergic pa-
rameters in vitro. The Journal of toxicological sciences 4:351-62. 

Kodavanti, P.R., and H.A. Tilson. 2000. Neurochemical effects of environ-
mental chemicals: in vitro and in vivo correlations on second mes-



 67

senger pathways. Annals of the New York Academy of Sciences 
919:97-105. 

Kodavanti, P.R., and E.C. Derr-Yellin. 2002. Differential effects of poly-
brominated diphenyl ethers and polychlorinated biphenyls on 
[3H]arachidonic acid release in rat cerebellar granule neurons. Toxi-
col Sci 68:451-7. 

Kodavanti, P.R., and T.R. Ward. 2005. Differential effects of commercial 
polybrominated diphenyl ether and polychlorinated biphenyl mix-
tures on intracellular signaling in rat brain in vitro. Toxicol Sci 
85:952-62. 

Kolb, B., and I.Q. Whishaw. 1989. Plasticity in the neocortex: mechanisms 
underlying recovery from early brain damage. Progress in neurobi-
ology 32:235-76. 

Koopman-Esseboom, C., N. Weisglas-Kuperus, M.A. de Ridder, C.G. Van 
der Paauw, L.G. Tuinstra, and P.J. Sauer. 1996. Effects of poly-
chlorinated biphenyl/dioxin exposure and feeding type on infants' 
mental and psychomotor development. Pediatrics 97:700-6. 

Kraybill, M.L., E.B. Larson, D.W. Tsuang, L. Teri, W.C. McCormick, J.D. 
Bowen, W.A. Kukull, J.B. Leverenz, and M.M. Cherrier. 2005. 
Cognitive differences in dementia patients with autopsy-verified 
AD, Lewy body pathology, or both. Neurology 64:2069-73. 

Lamberty, Y., and A.J. Gower. 1989. Age-related changes in spontaneous 
behaviour and learning in NMRI mice from maturity to middle age. 
Physiology and Behaviour 47:1137-1144. 

Larsson, C., Nordberg, A., Falkeborn, Y. and Lundberg, P-A. 1985. Re-
gional 3H-acetylcholine and 3H-nicotine binding in developing 
mouse brain. Int. J. Devl. Neuroscience 3:667-671. 

Lavoie, E.T., and K.A. Grasman. 2007. Effects of in ovo exposure to PCBs 
126 and 77 on mortality, deformities and post-hatch immune func-
tion in chickens. J Toxicol Environ Health A 70:547-58. 

Levey, A.I. 1993. Immunological localization of m1-m5 muscarinic acetyl-
choline receptors in peripheral tissues and brain. Life sciences 
52:441-8. 

Levin, E.D., N. Addy, A. Baruah, A. Elias, N.C. Christopher, F.J. Seidler, 
and T.A. Slotkin. 2002. Prenatal chlorpyrifos exposure in rats causes 
persistent behavioral alterations. Neurotoxicol Teratol 24:733-41. 

Levin, E.D., Simon, B. B. and Conners, C. K. 1998. Transdermal Nicotine 
Treatment of Attention Deficit Hyperactivity Disorder, p. 349-357, 
In S. P. a. B. Arneric, J. D., ed. Neuronal Nicotinic Receptors: 
Pharmacology and Therapeutic Opportunities. Wiley-Liss, Inc. 

Limke, T.L., J.J. Bearss, and W.D. Atchison. 2004. Acute exposure to me-
thylmercury causes Ca2+ dysregulation and neuronal death in rat 
cerebellar granule cells through an M3 muscarinic receptor-linked 
pathway. Toxicol Sci 80:60-8. 

Lindner, M.D., and T. Schallert. 1988. Aging and atropine effects on spatial 
navigation in the Morris water task. Behav Neurosci 102:621-34. 



 68 

Lipton, S.A., and S.B. Kater. 1989. Neurotransmitter regulation of neuronal 
outgrowth, plasticity and survival. Trends Neurosci 12:265-70. 

Lister, R.G. 1987. The use of a plus-maze to measure anxiety in the mouse. 
Psychopharmacology 92:180-5. 

Longnecker, M.P., M.S. Wolff, B.C. Gladen, J.W. Brock, P. Grandjean, J.L. 
Jacobson, S.A. Korrick, W.J. Rogan, N. Weisglas-Kuperus, I. Hertz-
Picciotto, P. Ayotte, P. Stewart, G. Winneke, M.J. Charles, S.W. Ja-
cobson, E. Dewailly, E.R. Boersma, L.M. Altshul, B. Heinzow, J.J. 
Pagano, and A.A. Jensen. 2003. Comparison of polychlorinated bi-
phenyl levels across studies of human neurodevelopment. Environ-
mental health perspectives 111:65-70. 

Lonky, E., J. Reihman, t. Darvill, J. Mather, and H. Daly. 1996. Neonatal 
Behavioral Assessment Scale performance in humans influenced by 
maternal consumption of environmentally contaminated Lake On-
tario fish. J. Great Lakes Res. 22:198-212. 

Lowry, O.H., N.J. Rosebrough, A.L. Farr, and R.J. Randall. 1951. Protein 
measurement with the Folin phenol reagent. The Journal of biologi-
cal chemistry 193:265-75. 

Lucas-Meunier, E., P. Fossier, G. Baux, and M. Amar. 2003. Cholinergic 
modulation of the cortical neuronal network. Pflugers Arch - Eur J 
Phyiol 446:17-29. 

Magnusson, K.R. 1998. Aging of glutamate receptors: correlations between 
binding and spatial memory performance in mice. Mech Ageing Dev 
104:227-48. 

Magos, L. 1987. The absorption, distribution, and excretion of methylmer-
cury. The Toxicity of Methylmercury, Eccles CU, Annau Z, eds., 
Baltimore, Johns Hopkins:22-44. 

Mariussen, E., O. Myhre, T. Reistad, and F. Fonnum. 2002. The polychlori-
nated biphenyl mixture aroclor 1254 induces death of rat cerebellar 
granule cells: the involvement of the N-methyl-D-aspartate receptor 
and reactive oxygen species. Toxicology and applied pharmacology 
179:137-44. 

Martin, L.J. 2001. Neuronal cell death in nervous system development, dis-
ease, and injury (Review). International journal of molecular medi-
cine 7:455-78. 

Mazdai, A., N.G. Dodder, M.P. Abernathy, R.A. Hites, and R.M. Bigsby. 
2003. Polybrominated diphenyl ethers in maternal and fetal blood 
samples. Environmental health perspectives 111:1249-52. 

Meironyte, D., K. Noren, and A. Bergman. 1999. Analysis of polybromi-
nated diphenyl ethers in Swedish human milk. A time-related trend 
study, 1972-1997. J Toxicol Environ Health A 58:329-41. 

Mitchell, J.B., W. DeGraff, D. Kaufman, M.C. Krishna, A. Samuni, E. 
Finkelstein, M.S. Ahn, S.M. Hahn, J. Gamson, and A. Russo. 1991. 
Inhibition of oxygen-dependent radiation-induced damage by the ni-
troxide superoxide dismutase mimic, tempol. Archives of biochem-
istry and biophysics 289:62-70. 



 69

Mitra, D.K., H.P. Singh, M. Singh, A. Alwadi, V. Kochupillai, V. Raina, L. 
Kumar, and N.K. Mehra. 2002. Reconstitution of naive T cells and 
type 1 function after autologous peripheral stem cell transplantation: 
impact on the relapse of original cancer. Transplantation 73:1336-9. 

Morland, K.B., P.J. Landrigan, A. Sjodin, A.K. Gobeille, R.S. Jones, E.E. 
McGahee, L.L. Needham, and D.G. Patterson, Jr. 2005. Body bur-
dens of polybrominated diphenyl ethers among urban anglers. Envi-
ronmental health perspectives 113:1689-92. 

Morris, R.G.M. 1981. Spatial Localization Does Not Require the Presence of 
Local Cues. Learning and Motivation 12:239-260. 

Mundy, W.R., T.J. Shafer, H.A. Tilson, and P.R. Kodavanti. 1999. Extracel-
lular calcium is required for the polychlorinated biphenyl-induced 
increase of intracellular free calcium levels in cerebellar granule cell 
culture. Toxicology 136:27-39. 

Murray, C.L., and H.C. Fibiger. 1985. Learning and memory deficits after 
lesions of the nucleus basalis magnocellularis: reversal by phy-
sostigmine. Neuroscience 14:1025-32. 

Myers, G.J., and P.W. Davidson. 1998. Prenatal methylmercury exposure 
and children: neurologic, developmental, and behavioral research. 
Environmental health perspectives 106 Suppl 3:841-7. 

Nabeshima, T. 1993. Behavioral aspects of cholinergic transmission: role of 
basal forebrain cholinergic system in learning and memory. Prog 
Brain Res 98:405-11. 

Narahashi, T., C.P. Fenster, M.W. Quick, R.A. Lester, W. Marszalec, G.L. 
Aistrup, D.B. Sattelle, B.R. Martin, and E.D. Levin. 2000. Sympo-
sium overview: mechanism of action of nicotine on neuronal acetyl-
choline receptors, from molecule to behavior. Toxicol Sci 57:193-
202. 

Newhouse, P.A., A. Potter, J. Corwin, and R. Lenox. 1992. Acute nicotinic 
blockade produces cognitive impairment in normal humans. Psy-
chopharmacology Berl 108:480-4. 

Newland, M.C., and P.A. Reile. 1999. Blood and brain mercury levels after 
chronic gestational exposure to methylmercury in rats. Toxicol Sci 
50:106-16. 

Newland, M.C., and E.B. Rasmussen. 2000. Aging unmasks adverse effects 
of gestational exposure to methylmercury in rats. Neurotoxicol Tera-
tol 22:819-28. 

Niccols, A. 2007. Fetal alcohol syndrome and the developing socio-
emotional brain. Brain and cognition 65:135-42. 

Nordberg, A. 1992. Neuroreceptor changes in Alzheimer disease. Cere-
brovasc Brain Metab Rev. 1992 Winter; 4:303-28 ISSN: 1040-8827. 

Nordberg, A. 1993. In vivo detection of neurotransmitter changes in Alz-
heimer's disease. Annals of the New York Academy of Sciences 
695:27-33. 

Nordberg, A. 1999. PET studies and cholinergic therapy in Alzheimer's dis-
ease. Revue neurologique 155 Suppl 4:S53-63. 



 70 

Nordberg, A., X.A. Zhang, A. Fredriksson, and P. Eriksson. 1991. Neonatal 
nicotine exposure induces permanent changes in brain nicotinic re-
ceptors and behaviour in adult mice. Brain Res Dev Brain Res 
63:201-7. 

Norén, K., and D. Meironyté. 2000. Certain organochlorine and organobro-
mine contaminants in Swedish human milk in perspective of past 
20-30 years. Chemosphere 40:1111-1123. 

Omata, S., Y. Momose, H. Ueki, and H. Sugano. 1982. In vivo effect of me-
thylmercury on protein synthesis in peripheral nervous tissues of the 
rat. Archives of toxicology 49:203-14. 

Onishchenko, N., C. Tamm, M. Vahter, T. Hokfelt, J.A. Johnson, D.A. John-
son, and S. Ceccatelli. 2007. Developmental exposure to methyl-
mercury alters learning and induces depression-like behavior in male 
mice. Toxicol Sci 97:428-37. 

Orr-Urtreger, A., F.M. Goldner, M. Saeki, I. Lorenzo, L. Goldberg, M. De 
Biasi, J.A. Dani, J.W. Patrick, and A.L. Beaudet. 1997. Mice defi-
cient in the alpha7 neuronal nicotinic acetylcholine receptor lack al-
pha-bungarotoxin binding sites and hippocampal fast nicotinic cur-
rents. J Neurosci 17:9165-71. 

Palin, K.J., C.G. Wilson, S.S. Davis, and A.J. Phillips. 1982. The effects of 
oil on the lymphatic absorption of DDT. J Pharm Pharmacol 34:707-
710. 

Patandin, S., C.I. Lanting, P.G. Mulder, E.R. Boersma, P.J. Sauer, and N. 
Weisglas-Kuperus. 1999. Effects of environmental exposure to 
polychlorinated biphenyls and dioxins on cognitive abilities in 
Dutch children at 42 months of age. J Pediatr 134:33-41. 

Paterson, D., and A. Nordberg. 2000. Neuronal nicotinic receptors in the 
human brain. Progress in neurobiology 61:75-111. 

Pelleymounter, M.A., G. Beatty, and M. Gallagher. 1990. Hippocampal 3H-
CPP binding and spatial learning deficits in aged rats. PSychobiol-
ogy 34:298-304. 

Perry, E., M. Walker, J. Grace, and R. Perry. 1999. Acetylcholine in mind: a 
neurotransmitter correlate of consciousness? Trends Neurosci 
22:273-80. 

Perry, E.K. 1986. The cholinergic hypothesis--ten years on. British medical 
bulletin 42:63-9. 

Pessah, I.N. 2001. Ryanodine receptor acts as a sensor for redox stress. Pest 
management science 57:941-5. 

Puck, T.T., R. Johnson, and S. Rasumussen. 1997. A system for mutation 
measurement in mammalian cells: application to gamma-irradiation. 
Proceedings of the National Academy of Sciences of the United 
States of America 94:1218-23. 

Ravagnan, L., T. Roumier, and G. Kroemer. 2002. Mitochondria, the killer 
organelles and their weapons. Journal of cellular physiology 
192:131-7. 



 71

Rice, D.C. 1989. Brain and tissue levels of mercury after chronic methyl-
mercury exposure in the monkey. J Toxicol Environ Health 27:189-
98. 

Rice, D.C. 1996. Sensory and cognitive effects of developmental methyl-
mercury exposure in monkeys, and a comparison to effects in ro-
dents. Neurotoxicology 17:139-54. 

Rice, D.C. 1998. Issues in developmental neurotoxicology: interpretation 
and implications of the data. Can J Public Health 89 Suppl 1:S31-6, 
S34-40. 

Rice, D.C., and S. Hayward. 1997. Effects of postnatal exposure to a PCB 
mixture in monkeys on nonspatial discrimination reversal and de-
layed alternation performance. Neurotoxicology 18:479-94. 

Riekkinen, P., Jr., J. Sirvio, M. Aaltonen, and P. Riekkinen. 1990. Effects of 
concurrent manipulations of nicotinic and muscarinic receptors on 
spatial and passive avoidance learning. Pharmacol Biochem Behav 
37:405-10. 

Roberts, W.W., W.N. Dember, and M. Brodwick. 1962. Alternation and 
exploration in rats with hippocampal lesions. Journal of comparative 
and physiological psychology 55:695-700. 

Roegge, C.S., and S.L. Schantz. 2006. Motor function following develop-
mental exposure to PCBS and/or MEHG. Neurotoxicol Teratol 
28:260-77. 

Roegge, C.S., B.W. Seo, K.M. Crofton, and S.L. Schantz. 2000. Gestational-
lactational exposure to Aroclor 1254 impairs radial-arm maze per-
formance in male rats. Toxicol Sci 57:121-30. 

Roegge, C.S., V.C. Wang, B.E. Powers, A.Y. Klintsova, S. Villareal, W.T. 
Greenough, and S.L. Schantz. 2004. Motor impairment in rats ex-
posed to PCBs and methylmercury during early development. Toxi-
col Sci 77:315-24. 

Russell, W.L., and E.M. Kelly. 1982. Specific-locus mutation frequencies in 
mouse stem-cell spermatogonia at very low radiation dose rates. 
Proceedings of the National Academy of Sciences of the United 
States of America 79:539-41. 

Safe, S. 1984. Polychlorinated biphenyls (PCBs) and polybrominated bi-
phenyls (PBBs): biochemistry, toxicology, and mechanism of action. 
Critical reviews in toxicology 13:319-95. 

Safe, S. 1993. Toxicology, structure-function relationship, and human and 
environmental health impacts of polychlorinated biphenyls: progress 
and problems. Environmental health perspectives 100:259-68. 

Saint-Amour, D., M.S. Roy, C. Bastien, P. Ayotte, E. Dewailly, C. Despres, 
S. Gingras, and G. Muckle. 2006. Alterations of visual evoked po-
tentials in preschool Inuit children exposed to methylmercury and 
polychlorinated biphenyls from a marine diet. Neurotoxicology 
27:567-78. 

Sanfeliu, C., J. Sebastia, R. Cristofol, and E. Rodriguez-Farre. 2003. Neuro-
toxicity of organomercurial compounds. Neurotoxicity research 
5:283-305. 



 72 

Schantz, S.L. 1996. Developmental neurotoxicity of PBCs in humans: What 
do we know and where do we go from here? Neurotoxicol Teratol 
18:217-227. 

Schantz, S.L., J.J. Widholm, and D.C. Rice. 2003. Effects of PCB exposure 
on neuropsychological function in children. Environmental health 
perspectives 111:357-576. 

Schecter, A., M. Pavuk, O. Papke, J.J. Ryan, L. Birnbaum, and R. Rosen. 
2003. Polybrominated diphenyl ethers (PBDEs) in U.S. mothers' 
milk. Environmental health perspectives 111:1723-9. 

Schecter, A., O. Papke, K.C. Tung, J. Joseph, T.R. Harris, and J. Dahlgren. 
2005. Polybrominated diphenyl ether flame retardants in the U.S. 
population: current levels, temporal trends, and comparison with di-
oxins, dibenzofurans, and polychlorinated biphenyls. J Occup Envi-
ron Med 47:199-211. 

Schettler, T. 2001. Toxic threats to neurologic development of children. En-
vironmental health perspectives 109 Suppl 6:813-6. 

Schultheiss, T.E., L.E. Kun, K.K. Ang, and L.C. Stephens. 1995. Radiation 
response of the central nervous system. International journal of ra-
diation oncology, biology, physics 31:1093-112. 

Seegal, R.F. 1996. Epidemiological and laboratory evidence of PCB-induced 
neurotoxicity. Critical reviews in toxicology 26:709-37. 

Seegal, R.F., and W. Shain. 1992. Neurotoxicity of polychlorinated biphen-
yls - the role of ortho-sustituted congeners in altering neurochemical 
function, p. 169-195, In R. L. Isaacson and K. F. Jensen, eds. The 
vulnerable Brain and Environmental Risks, Vol. 2, Toxins in Food. 
Plenum Press, New York. 

Seegal, R.F., and S.L. Schantz. 1994. Neurochemical and Behavioral Seque-
lae of Exposure to Dioxins and PCBs, p. 409-441, In A. Schecter, 
ed. Dioxins and Health. Plenum Press, New York. 

Sellström, U., B. Jansson, A. Kierkegaard, and C. de Wit. 1993. Polybromi-
nated diphenyl ethers (PBDE) in biological samples from the Swed-
ish environment. Chemosphere 26:1703-1718. 

Seo, B.W., M.H. Li, L.G. Hansen, R.W. Moore, R.E. Peterson, and S.L. 
Schantz. 1995. Effects of gestational and lactational exposure to co-
planar polychlorinated biphenyl (PCB) congeners or 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on thyroid hormone concentra-
tions in weanling rats. Toxicology letters 78:253-62. 

Seo, J., S. Kim, H. Kim, C.H. Park, S. Jeong, J. Lee, S.H. Choi, K. Chang, J. 
Rah, J. Koo, E. Kim, and Y. Suh. 2001. Effects of nicotine on APP 
secretion and Abeta- or CT(105)-induced toxicity. Biol Psychiatry 
49:240-7. 

SFS. 1998. 1998:944. 
Shinohara, C., G.T. Gobbel, K.R. Lamborn, E. Tada, and J.R. Fike. 1997. 

Apoptosis in the subependyma of young adult rats after single and 
fractionated doses of X-rays. Cancer research 57:2694-702. 

Shipp, A.M., P.R. Gentry, G. Lawrence, C. Van Landingham, T. Covington, 
H.J. Clewell, K. Gribben, and K. Crump. 2000. Determination of a 



 73

site-specific reference dose for methylmercury for fish-eating popu-
lations. Toxicol Ind Health 16:335-438. 

Silkworth, J.B., L. Antrim, and L.S. Kaminsky. 1984. Correlations between 
polychlorinated biphenyl immunotoxicity, the aromatic hydrocarbon 
locus, and liver microsomal enzyme induction in C57BL/6 and 
DBA/2 mice. Toxicology and applied pharmacology 75:156-65. 

Sjodin, A., J. Patterson, Donald G., and A. Bergman. 2003. A review on 
human exposure to brominated flame retardants--particularly poly-
brominated diphenyl ethers. Environment International 29:829-839. 

Slotkin, T.A., L. Orband-Miller, and K.L. Queen. 1987. Development of 3H 
Nicotine Binding Sites in Brain Regions of Rats Exposed to Nico-
tine Prenatally via Maternal Injections or Infusions. The Journal of 
pharmacology and experimental therapeutics 242:232-237. 

Stewart, P., J. Reihman, E. Lonky, T. Darvill, and J. Pagano. 2000. Prenatal 
PCB exposure and neonatal behavioral assessment scale (NBAS) 
performance. Neurotoxicol Teratol 22:21-9. 

Stewart, P.W., J. Reihman, E.I. Lonky, T.J. Darvill, and J. Pagano. 2003. 
Cognitive development in preschool children prenatally exposed to 
PCBs and MeHg. Neurotoxicol Teratol 25:11-22. 

Stoker, T.E., R.L. Cooper, C.S. Lambright, V.S. Wilson, J. Furr, and L.E. 
Gray. 2005. In vivo and in vitro anti-androgenic effects of DE-71, a 
commercial polybrominated diphenyl ether (PBDE) mixture. Toxi-
cology and applied pharmacology 207:78-88. 

Stopper, H., S.O. Mueller, and W.K. Lutz. 2000. Supra-additive genotoxicity 
of a combination of gamma-irradiation and ethyl methanesulfonate 
in mouse lymphoma L5178Y cells. Mutagenesis 15:235-8. 

Sutherland, R.J., I.Q. Whishaw, and J.C. Regehr. 1982. Cholinergic receptor 
blockade impairs spatial localization by use of distal cues in the rat. 
Journal of comparative and physiological psychology 96:563-573. 

Tamm, C., J. Duckworth, O. Hermanson, and S. Ceccatelli. 2006. High sus-
ceptibility of neural stem cells to methylmercury toxicity: effects on 
cell survival and neuronal differentiation. Journal of neurochemistry 
97:69-78. 

Tan, Y., C.H. Chen, D. Lawrence, and D.O. Carpenter. 2004. Ortho-
substituted PCBs kill cells by altering membrane structure. Toxicol 
Sci 80:54-9. 

Tilson, H.A., and G.J. Harry. 1994. Developmental neurotoxicology of poly-
chlorinated biphenyls and related compounds., p. 267-279, In R. L. 
Isaacson and K. F. Jensen, eds. The vulnerable brain and environ-
mental risks, Vol. 3. Plenum Press, New York. 

Tilson, H.A., and P.R. Kodavanti. 1998. The neurotoxicity of polychlori-
nated biphenyls. Neurotoxicology 19:517-25. 

Tilson, H.A., J.L. Jacobson, and W.J. Rogan. 1990. Polychlorinated biphen-
yls and the developing nervous system: cross- species comparisons. 
Neurotoxicol Teratol 12:239-48. 



 74 

Tsuzuki, Y. 1981. Effect of chronic methylmercury exposure on activities of 
neurotransmitter enzymes in rat cerebellum. Toxicology and applied 
pharmacology 60:379-81. 

UNSCEAR. 2000. UNSCEAR 2000. The United Nations Scientific Commit-
tee on the Effects of Atomic Radiation. Health physics 79:314. 

UNSCEAR. 2001. UNSCEAR 2000 published. United Nations Scientific 
Committee on the Effects of Atomic Radiation. Health physics 
80:291. 

Walters, R.A., L.R. Gurley, and R.A. Tobey. 1974. Effects of caffeine on 
radiation-induced phenomena associated with cell-cycle traverse of 
mammalian cells. Biophysical journal 14:99-118. 

Watson, N., and R.M. Eglen. 1999. Muscarinic receptor antagonists. Pulmo-
nary pharmacology & therapeutics 12:115-8. 

Whishaw, I.Q. 1985. Cholinergic receptor blockade in the rat impairs locale 
but not taxon strategies for place navigation in a swimming pool. 
Behav Neurosci 99:979-1005. 

White, L.D., and S. Barone, Jr. 2001. Qualitative and quantitative estimates 
of apoptosis from birth to senescence in the rat brain. Cell death and 
differentiation 8:345-56. 

WHO. 1994. Brominated Diphenyl Ethers. WHO IPCS Environmental 
Health Criteria Document, 162. WHO, Geneva. 

WHO. 1995. Tetrabromobisphenol A and derivates. WHO IPCS Environ-
mental Health Criteria. WHO, Geneva. 

Viberg, H., A. Fredriksson, and P. Eriksson. 2003. Neonatal exposure to 
polybrominated diphenyl ether (PBDE 153) disrupts spontaneous 
behaviour, impairs learning and memory, and decreases hippocam-
pal cholinergic receptors in adult mice. Toxicology and applied 
pharmacology 192:95-106. 

Viberg, H., A. Fredriksson, and P. Eriksson. 2004. Neonatal exposure to the 
brominated flame-retardant, 2,2',4,4',5-pentabromodiphenyl ether, 
decreases cholinergic nicotinic receptors in hippocampus and affects 
spontaneous behaviour in the adult mouse. Environmental Toxicol-
ogy and Pharmacology 17:61-65. 

Viberg, H., A. Fredriksson, and P. Eriksson. 2007. Changes in spontaneous 
behaviour and altered response to nicotine in the adult rat, after neo-
natal exposure to the brominated flame retardant, decabrominated 
diphenyl ether (PBDE 209). Neurotoxicology 28:136-42. 

Widholm, J.J., S. Villareal, R.F. Seegal, and S.L. Schantz. 2004. Spatial 
alternation deficits following developmental exposure to Aroclor 
1254 and/or methylmercury in rats. Toxicol Sci 82:577-89. 

Winneke, G., A. Bucholski, B. Heinzow, U. Kramer, E. Schmidt, J. Walko-
wiak, J.A. Wiener, and H.J. Steingruber. 1998. Developmental neu-
rotoxicity of polychlorinated biphenyls (PCBS): cognitive and psy-
chomotor functions in 7-month old children. Toxicology letters 102-
103:423-8. 



 75

Vodicnik, M.J. 1986. The effect of pregnancy and lactation on the disposi-
tion of [2,4,2',4'-14C]tetrachlorobiphenyl in the mouse. Fundam 
Appl Toxicol 6:53-61. 

Vodicnik, M.J., and J.J. Lech. 1980. The transfer of 2,4,5,2',4',5'-
hexachlorobiphenyl to fetuses and nursing offspring. I. Disposition 
in pregnant and lactating mice and accumulation in young. Toxicol-
ogy and applied pharmacology 54:293-300. 

Voie, O.A., and F. Fonnum. 2000. Effect of polychlorinated biphenyls on 
production of reactive oxygen species (ROS) in rat synaptosomes. 
Archives of toxicology 73:588-93. 

Wong, P.W., W.R. Brackney, and I.N. Pessah. 1997. Ortho-substituted poly-
chlorinated biphenyls alter microsomal calcium transport by direct 
interaction with ryanodine receptors of mammalian brain. The Jour-
nal of biological chemistry 272:15145-53. 

Wong, R.O., and A. Ghosh. 2002. Activity-dependent regulation of dendritic 
growth and patterning. Nature reviews 3:803-12. 

Wood, J.M., F.S. Kennedy, and C.G. Rosen. 1968. Synthesis of methyl-
mercury compounds by extracts of a methanogenic bacterium. Na-
ture 220:173-4. 

Yilmaz, B., S. Sandal, C.H. Chen, and D.O. Carpenter. 2006. Effects of PCB 
52 and PCB 77 on cell viability, [Ca(2+)](i) levels and membrane 
fluidity in mouse thymocytes. Toxicology 217:184-93. 

Yu, M.L., Y.L. Guo, C.C. Hsu, and W.J. Rogan. 2000. Menstruation and 
reproduction in women with polychlorinated biphenyl (PCB) poi-
soning: long-term follow-up interviews of the women from the Tai-
wan Yucheng cohort. International journal of epidemiology 29:672-
7. 

Zhang, X., G. Wahlstrom, and A. Nordberg. 1990. Influence of development 
and aging on nicotinic receptor subtypes in rodent brain. Int J Dev 
Neurosci. 1990; 8:715-21 ISSN: 0736-5748. 

Zhao, W., D.R. Spitz, L.W. Oberley, and M.E. Robbins. 2001. Redox modu-
lation of the pro-fibrogenic mediator plasminogen activator inhibi-
tor-1 following ionizing radiation. Cancer research 61:5537-43. 

 
 
 

 

 

 

 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 387

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8416

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2008


	Abstract
	List of papers
	Contents
	Abbreviations
	Aim of this thesis
	Introduction
	Toxic agents prevalent in our environment
	Polychlorinated biphenyls (PCBs)
	PCB 153 and PCB 52
	PCB 126

	Polybrominated diphenyl ethers (PBDEs)
	Methyl mercury (MeHg)
	Gamma radiation (�)
	Brain Development
	The cholinergic system
	Nicotinic receptors
	Muscarinic receptors

	MATERIALS AND METHODS
	Chemicals
	Animals
	Treatment
	Behavioral tests
	Spontaneous behavior
	Swim maze
	Radial arm maze
	Elevated plus maze

	Hg Analysis
	Receptor assays
	Statistical analysis
	Spontaneous behavior
	Habituation capability
	Swim maze
	Radial arm maze
	Elevated plus-maze
	Hg Analysis
	[3H]-�-Bungarotoxin


	RESULTS AND DISCUSSION
	Neurobehavioral effects found observed in spontaneous behavior tests
	Observed effects on learning and memory abilities
	Observed effects on the cholinergic system and on nicotinic receptors

	General Discussion
	Concluding remarks
	Svensk sammanfattning
	Acknowledgement
	References
	Acta Universitatis Upsaliensis



