
1 
 

 
  



2 
 

Abstract 
 
Newborns, infants and children can be indirectly and directly exposed to polybrominated 
diphenyl ethers (PBDEs). This exposure coincides with a period of rapid brain development. 
PBDEs are used in large quantities as flame-retardants in polymers, especially in electric 
appliances. A concern is that these compounds are present at a higher level in newborns and 
toddlers than in the average adult individual, especially the highly brominated PBDEs. We 
have earlier reported that neonatal exposure to toxicants can lead to an increased susceptibility 
of the cholinergic system at adult age. The present study was undertaken to investigate 
whether neonatal exposure of male and female mice to PBDE 209 alters the adult 
susceptibility to cholinergic agents as the organophosphorous compound, paraoxon, and to 
nicotine, respectively. Neonatal, 3-day-old, NMRI mice were exposed to PBDE 209 
(2,2´,3,3´,4,4´,5,5´,6,6´-decaBDE at 1.4, 6.0 and 14 µmol/kg b.w.) and controls received a 20 
% fat emulsion. At two months of age male mice were exposed to paraoxon (0.25 mg/kg b.w., 
every 2nd day for 7 days) and female mice exposed to nicotine (80 µg nicotine base/kg .b.w.). 
At the age of 2 and 4 months male and female mice were observed for spontaneous behaviour 
in a novel home environment, before and after adult exposure to paraoxon and nicotine, 
respectively. Adult male and female mice neonatally exposed to PBDE 209 showed 
significant impaired spontaneous behaviour. Male mice neonatally exposed to PBDE 209 and 
to paraoxon as adults developed additional defect spontaneous behaviour and lack of 
habituation. Female mice neonatally exposed to PBDE 209 showed an increased susceptibility 
to nicotine, where PBDE 209 exposed mice responded with a decrease in activity to nicotine 
whereas control mice responded with increased activity. At 5 and 7 months of age male mice 
were tested for memory and learning abilities in a Morris swim maze task. Male mice 
neonatally exposed to PBDE 209 showed impairments in memory and learning in both testing 
occasions. Cerebral cortex and hippocampus from 7-months old male and female mice were 
analyzed for levels of neuroproteins CaMKII, GAP-43, synaptophysin and tau. Male mice 
neonatally exposed to PBDE 209 showed elevated levels of CaMKII and synaptophysin in 
cerebral cortex and CaMKII and GAP-43 in hippocampus. Both male and female adult mice 
neonatally exposed to PBDE 209 showed increased levels of tau in both cerebral cortex and 
hippocampus. The present study shows that PBDE 209 can induce developmental 
neurobehavioural defects in both male and female mice. Neonatal exposure to PBDE 209 
caused also increased susceptibility in adult mice to paraoxon and nicotine. All these effects 
were dose response related. Further, neonatal exposure to PBDE 209 can cause persistent 
defects in memory and learning in adult male mice as well as increased levels of important 
neuroproteins CaMKII, GAP-43, synaptophysin and tau in adult male and female mice.  
 
Key words: Spontaneous behaviour; Learning and memory; Cholinergic system; Neonatal; 
Flame retardants; Decabrominated diphenyl ether; Organophosphorous compounds; Nicotine; 
Sex differences; CaMKII, GAP-43, Synaptophysin, Tau; Neurotoxicity   
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1. Introduction 
 
In our modern environment we are constantly exposed to different chemicals and it is 
hypothesized that environmental agents can contribute to a downward shift in the intelligence 
quotient (IQ) distribution (Grandjean and Landrigan, 2006). Such exposures may also be 
involved in the slow, implacable induction of neurodegenerative disorders and/or interfere 
with the normal aging process. Furthermore, such exposure might also generate a population 
that acquires an increased susceptibility to toxic agents and drugs with implications for the 
coming general population, as well as workers, in both general and specific terms.  
 
The neonatal period is characterized by a rapid growth and development of the brain. This is a 
period when a number of fundamental changes occur and low dose exposure to environmental 
agents and/or drugs might cause an increased susceptibility to toxic agents in adults who 
during development have been exposed to toxicants. 
 
1.1 Polybrominated diphenyl ethers 
Polybrominated diphenyl ethers (PBDEs) are one of the most widely used flame retardant 
worldwide. Annual production of PBDEs have been estimated to 67 500 tons where 
approximately 24 500 and 8000 tons are used in the United States and EU, respectively (EPA, 
2006). The compound is physically combined to high impact polystyrene, used in electronic 
equipment and cable, or encapsulated in the fibers of synthetic carpets. The lack of chemical 
binding between the flame retardant and the polymer allows PBDEs to diffuse out of the 
treated material over time (ECB, 2002). Although many congeners like the octa- and nona-
PBDEs have been prohibited from use, the fully brominated 2,2´3,3´4,4´5,5´6,6´-
decabromodiphenyl ether is still allowed for commercial purposes (EPA, 2006). 
Environmental contamination of PBDEs, by leakage from their intended substrates, has been 
shown to accumulate in abiotic and biotic compartments e.g. sediments, fish, mammals and 
humans (de Wit, 2002; Schecter et al., 2005; Sellström et al., 1993). Humans in Japan and 
Europe have a reported body burden of PBDE 209 at approximately 1-3 ppb. Investigations in 
the USA have shown indications on 10-100 fold higher body burdens in the general 
population (Choi et al., 2003; Covaci et al., 2002; Karlsson et al., 2007; Sjodin et al., 2001).  
 
Inhalation or ingestion are the two main direct routes of exposure for newborns and toddlers. 
Small children generally ingest more house dust while crawling around than the average 
adult. It is proposed that 80% of PBDE exposure in toddlers occur through ingestion of house 
dust and the main congener is PBDE 209 (Stapleton et al., 2005; Stapleton et al., 2006; 
Wilford et al., 2005). Also, indirect exposure via mothers milk has been reported after studies 
conducted on measuring the level of PBDE 209 in mothers milk (Akutsu et al., 2003; Noren 
and Meironyte, 2000; Ohta et al., 2002; She et al., 2007). Further, the highest serum levels 
have been found in children according to a case study in California which revealed 10-fold 
higher levels in the toddler compared to other family members (Fischer et al., 2006).  
 
Previously reported neurotoxic effects in mice neonatally exposed to PBDE 209 have been 
suggested to be caused by metabolites of the compound. Only in mice exposed to PBDE 209 
at postnatal day (PND) 3 were disturbances in spontaneous behaviour observed (Viberg et al., 
2003b). De-bromination through metabolism of PBDE 209 to lower brominated congeners 
has been reported in adult rodents (Morck et al., 2003; Sandholm, 2003; and Sandholm et al., 
2003).   
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1.2 Nicotine 
Tobacco with its active substance nicotine is one of the most widely used dependence-
producing substances (Henningfield and Woodson, 1989). Nicotine exposure will lead to 
vasoconstriction and increased heart rate. If exposure occurs during pregnancy a reduced 
blood flow to the uterine will limit and decrease the oxygen and nutrient accessibility for the 
fetus. As a result, the most pronounced adverse effect of smoking during pregnancy is low 
birth weight of the fetus in relation to gestational age (Ellard et al., 1996; Lambers and Clark, 
1996). Cognitive defects and lower IQ are intimately coupled to low birth weight 
independently of causative agent (Chaudhari et al., 2004; Corbett and Drewett, 2004; 
Viggedal, 2004). 
 
Another important field in use for nicotine is as an insecticide. When administered on crops, 
infested with pests, nicotine acts on nicotinic receptors in motor nerves where it causes over 
stimulation which further leads to blockage of synapses (James and Nordberg, 1995). 
Nicotine binds directly to the receptors and can also via receptors cause an increase in 
acetylcholine (ACh), serotonin, dopamine and epinephrine release into the synaptic cleft 
(Wonnacott et al., 1989). 
 
Previous studies on mice neonatally exposed to nicotine have indicated an increased 
susceptibility in the adult animal to nicotine. Adult animals, neonatally exposed to nicotine 
responded in the opposite way, compared to control animals exposed to saline, when 
challenged with nicotine at adult age. Nicotine exposed animals displayed a hypoactive 
response while control mice displayed a hyperactive response after adult exposure to nicotine. 
Receptor analyses of cerebral cortex revealed that mice neonatally exposed to nicotine lacked 
the low-affinity binding site of their nicotinic receptors (Eriksson et al., 2000).  
 
1.3 Organophosphorous compounds 
The German scientist Gerhard Schrader was the first to introduce organophosphorous (OP) 
compounds in agriculture as insecticides. After the ban of dichlorodiphenyltrichloroethane 
(DDT) the use of OPs became more widespread, mainly in countries producing cotton, fruit 
and rice (Nimmo and McEwan, 1994).  
 
Upon binding and complex formation with the acetylcholine esterase OPs will inhibit the 
enzyme’s mode of action. If acetylcholine breakdown is inhibited the neurotransmitter will 
accumulate in the synaptic cleft and at neuromuscular junctions, which leads to a continuous 
stimulation of the postsynaptic receptors. Acetylcholine is an important signaling molecule in 
both the pre-ganglionic sympathetic and parasympathetic nervous system as well as in the 
central nervous system (CNS) and somatic nerve fibers. OPs will act on both muscarinic and 
nicotinic receptors and cause symptoms such as salivation, emesis, cramps, diarrhea, 
tachycardia and eventually respiratory failure (Fukoto, 1990).  
 
Beside the acute effects of OP poisoning and inhibition of acetylcholine esterase events of the 
intermediate syndrome (IMS) may be manifested. Approximately 24-96 hours post-exposure 
to OPs the events IMS of follows in up to 84% of poisoned human subjects (Shailesh et al., 
1994). Clinical manifestations of IMS are foremost expressed as muscle weakness in proximal 
limbs and neck but may also cause disruption of respiratory functions. The symptoms are 
accompanied by excretion of metabolites of cholinesterase in urine and great reduction in 
enzyme levels (De Bleeker, 2006). Mechanisms underlying IMS have been proposed to be a 
combination between pre- and postsynaptic signaling (Baker and Sedqwick, 1996). A possible 
feedback loop from the presynaptic membrane may inhibit the release of acetylcholine and 
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alter the sensitivity of postsynaptic receptors resulting in the symptoms observed during IMS 
(Jayawardane et al., 2009).  
 
Parathion is a widely used OP compound which upon metabolism by oxidases, present in both 
mammals and insects, replaces its double bonded sulfur with oxygen, becoming paraoxon. 
Paraoxon has previously been shown to alter behavior and nicotinic receptors in adult mice 
neonatally exposed to this OP compound (Ahlbom, 1995). Also increased susceptibility to 
paraoxon have been observed in adult male mice neonatally exposed to nicotine and to 
paraoxon as adults manifested as hyperactivity in spontaneous behaviour and inability to 
habituate, an effect that becomes persistent (Ankarberg et al., 2004).  
 
1.4 Brain Development 
Development of the complex mammalian CNS is generally divided into two major phases. 
During the early embryonic developmental period the brain acquires its general mature shape 
and precursors of glia-cells, as well as neurons, multiply. Exposure to neurotoxic agents 
during this time period may result in malformations of the brain.  
 
The embryonic development is followed by the fetal period. During this period a rapid growth 
termed the brain growth spurt (BGS) occurs. Through a series of biochemical changes the 
feto/neonatal brain transforms into the one of a mature adult (Davison and Dobbing, 1968). 
The BGS is recognized by extensive synaptogenesis and establishment of novel neural 
connections through maturation of dendritic and axonal outgrowths. Proliferation and 
myelinisation of glia ensures a faithful cell to cell communication throughout the individuals’ 
life (Kolb and Whishaw, 1989). These transformations enable mice and rats to develop new 
sensory and motor abilities resulting in a peak in spontaneous behaviour (Bolles and Woods, 
1964; Campbell et al., 1969). Due to species specific organization of embryonic and fetal 
periods the BGS does not occur at the same time in human and mice. The BGS in humans 
starts during the third trimester of gestation and continues on for approximately two years. In 
mouse and rat the BGS spans the first 3-4 weeks after birth, peaking at around postnatal day 
(PND) 10 (figure 1). 
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Figure 1. Brain development in different species takes place during specific time periods according to the 
organization of embryonic and fetal periods. Time axis has been adapted with regard to length of gestation. 
(Davison and Dobbing, 1968; Eriksson unpublished. Illustration by Ylva Stenlund) 
 
Exposure to very low doses of toxic agents may lead to irreversible alterations in the neonatal 
brain, which would have a negative effect on the function of the mature adult one (Eriksson, 
1997). During the time course of the BGS there are critical periods when the brain is more 
susceptible to disruptions by toxicants (Ahlbom, 1995; Ahlbom et al., 1994; Eriksson et al., 
1992). In mice and rats, this critical period has been shown to appear at PND 10 (Eriksson, 
1997; Eriksson et al., 2000). 
 
1.5 Sex differences in the cholinergic system 
Numerous studies have been conducted in order to investigate whether sexual dimorphism in 
structure and development of different mammalian brain areas exists (Arnold and Gorski, 
1984). Structural dimorphisms between the male and female CNS are recognized as variance 
in number and morphology of cells in certain brain regions, which most often are under 
influence of gonadal sex specific hormones. Recently, questions about how these anatomical 
differences may influence the sexual diergism i.e. biochemical and physiological responses, 
which in turn will be manifested as different behavioural profiles and cognitive functions, has 
arisen (Rhodes and Rubin, 1999). Gross alterations in anatomy in the cerebral cortex and 
hippocampus of male and female rats have been thoroughly investigated. The larger male rat 
cortex is believed to be more densely innervated by dendritic spines than the female 
equivalent, resulting in different behavioural and morphological responses to the surrounding 
environment (Juraska, 1991).  
 
Function of many important cognitive skills in the brain is under the influence of transmitter 
systems. Unlike signal transmission from one specific neuron to another, transmitter systems 
consists groups of neurons, which will release signaling molecules and allow them to diffuse 
out and act on multiple neurons in larger areas of the brain (Hasselmo, 1992). The major 
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transmitter system involved in the essential synaptic plasticity required for short-term memory 
and learning is the cholinergic system (Karczmar, 1975). Transmission of signals in the 
cholinergic system is carried out by the transmitter molecule acetylcholine (ACh). The level 
of ACh in the synaptic cleft is regulated by the enzyme acetylcholine esterase (AChE), which 
is essential for proper signal transmission. By hydrolyzing ACh into acetate and choline, 
signaling to the postsynaptic membrane is terminated and metabolites are transported back 
into the presynaptic membrane for reuse by the choline acetyltransferase (ChAT).  
 
Functional sex differences in the cholinergic systems’ transport of neurotransmitter, active 
enzymes and receptor activity has been reported (Rhodes and Rubin, 1999). In male rats, 
brain areas being under influence of the cholinergic system e.g. hippocampus has been shown 
to have a larger weight, cell number and volume than in female rat brain (Maderia and 
Lieberman, 1995). Activity of AChE seems to be more vulnerable in male rats than females 
for disruptions by exogenous substances, while the opposite is observed for loss of enzymatic 
activity due to aging (Loy and Sheldon, 1987; Luine et al., 1986; Luine et al., 1987). Female 
rats tend to be more sensitive to disruptions of ChAT activity caused by age or chemicals than 
male rats (Brown and Brooksbank, 1979). After a single exposure to OP male mice expressed 
an inability to regain normal AChE activity, whereas female mice regained normal enzymatic 
activity 20 days post exposure (Smolen et al., 1987). Although the female rodent brain seems 
more resistant to functional alterations caused by aging or exogenous substances it is more 
susceptible to developing multiple chemical sensitivity (MCS). MCS may manifest itself as 
hypersensitivity to unrelated compounds after acute exposure to chemicals such as OPs or 
nerve gases (Overstreet et al., 1996). 
 
When using different types of mazes or memory tasks for testing spatial learning abilities, 
male rodents will generally perform better than females. Male mice and rats will learn tasks 
more quickly and make fewer errors than age matched females (Means and Dent, 1991; 
Mishima et al., 1986). Human data support the hypothesis that males perform better in 
cognitive tasks which require spatial skills than females do (Halpern, 1986; Maccoby and 
Jacklin, 1974). Women also seem to be more susceptible to Alzheimer’s disease and have 
greater cognitive impairments due to the rapid degeneration of the cholinergic system that 
characterize the disease (Bachman et al., 1993; Henderson and Buckwalter, 1994). 
 
1.6 Neuroproteins 
 
1.6.1 CaMKII 
When investigating mammalian neuronal tissue one of the most commonly found protein 
kinases is the calcium/calmodulin dependent protein kinase II (CaMKII) (Erondu and 
Kennedy, 1985). The CaMKII is a serine/threonine specific kinase which is thought to play a 
crucial role in the process of dendritic aborisation, long-term potentiation, memory and 
learning (Lisman and Goldring, 1988; Yamauchi, 2005). As the brain in mice develops the 
levels of CaMKII continuously increase in cerebral cortex, hippocampus and whole brain. 28 
days after birth the measured levels are 28 times higher than on PND 1 with the highest 
increase rate occurring at PND 10-PND 14 (Viberg et al., 2008).  
 
In a study by Viberg (2009a) levels of CaMKII were increased in the hippocampus 24 hours 
after neonatal exposure to PBDE 203 and 206. Another study conducted by Viberg and co-
workers (2008) showed that mice exposed to PBDE 209 at PND 3 expressed significantly 
higher levels of CaMKII in the hippocampus at PND 10.  
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1.6.2 GAP-43 
Growth associated protein-43 (GAP-43) is found in the growth cone of axons where it guides 
the sprouting cell. Extensive expression of GAP-43 is intimately coupled to development of 
the nervous system hence making it an excellent biomarker for axonal growth and sprouting 
(Oestreicher et al., 1997). It has also been proposed that GAP-43 plays a crucial role in long 
term potentiation by acting as a protein kinase C substrate (Linden and Routtenberg, 1989). 
Ontogeny of GAP-43 in postnatal mice revealed a peak in hippocampal protein level around 
PND 7 and around PND 10 for cortex and whole brain. An unwavering decline in protein 
levels was observed after the peak, which by PND 28 had reduced the GAP-43 levels to lower 
than observed at PND 1 in hippocampus and whole brain. GAP-43 levels were still slightly 
higher in cortex at PND 28 compared to PND 1 (Viberg et al., 2008).   
 
Exposure to PBDE 209 on PND 3 has been shown to alter GAP-43 levels in the neonatal 
mouse brain. Significantly higher protein expression was observed in hippocampus while a 
significantly lower expression was seen in the cortex on PND 10 (Viberg et al., 2008).  
 
1.6.3 Synaptophysin 
Up to date the exact function of synaptophysin is not fully understood. It is present in high 
concentrations at the axonal terminal of neurons. By regulating the cycling and to some extent 
formation, of synaptic vesicles synaptophysin plays an important part in neuronal plasticity 
(Sarnat and Born, 1999). By assuring faithful signal propagation between neurons the process 
of long term potentiation (LTP), which is intimately coupled to memory and learning, is made 
possible (Lynch, 2004). Neonatal ontogeny of synaptophysin in mouse hippocampus, cortex 
and whole brain has been studied by Viberg (2009b). Viberg (2009b) observed a drastic 
increase of synaptophysin during the animals first four weeks of life with up to a 45-fold 
increase in protein levels at the end of this time period, when compared to levels at PND 1. 
The fastest rate of protein level increase was observed at PND 7-10.  
 
In the same study it was observed that exposure to 21 µmol PBDE 209/kg b.w. on PND 3 
resulted in a 41% increase in synaptophysin levels in the hippocampus on PND 10, compared 
to vehicle exposed controls (Viberg, 2009b).  
 
1.6.4 Tau 
Tau is a member of the microtubule-associated protein family which functions to stabilize and 
maintain a normal morphology of neurons, establish polarity and support the outgrowth of 
neural processes (Wang and Liu, 2008). Elevated levels of the phosphorylated tau isoform has 
been observed to impair normal memory and learning functions in humans and is therefore 
used as a diagnostic marker in the clinic for diagnosing Alzheimer’s disease. Levels of tau 
fluctuate during normal development of the mouse brain. During the first days after birth 
increasing levels were observed which then decreased during the rest of the observational 
period. As a result, tau levels observed on PND 28 were below the levels observed on PND 1. 
Amount of tau peaked at PND 3-7 in the hippocampus and between PND 7-10 in cortex and 
whole brain (Viberg, 2009b).   
 
After exposure to 21 µmol PBDE 209/kg b.w. on PND 3 no altered protein levels were 
observed on PND 10 when compared to vehicle exposed controls (Viberg, 2009b).    
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2. Aims 
 
The aims of this project were to investigate whether neonatal exposure of both male and 
female NMRI mice to PBDE 209: 
 

• Have similar effect on spontaneous behaviour/cognitive function.  
• Alters the adult susceptibility of the cholinergic system to the cholinergic agents 

nicotine in females or the organophosphorous compound paraoxon in males. 
• Affects the levels of neuroproteins in the cerebral cortex and hippocampus in the adult 

mouse. 
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3. Materials and Method 
 
3.1 Chemicals and animals 
2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE (PBDE 209) was kindly donated by Dr Åke Bergman, 
Department of Environmental Chemistry, Stockholm University, Sweden. Purity of the 
compound exceeded 98%. The PBDE 209 was dissolved in egg lecithin (Merck, Darmstadt, 
Germany) and peanut oil (Oleum arachidis) (1:10). To obtain a physiologically more suitable 
absorption and distribution emulsion the mixture was further sonicated with water to yield a 
20% (w/w) fat emulsion as described by Keller and Yeary (1980) and Palin and co-workers 
(1982). (-)nicotine-bi(+)tartrate and paraoxon (diethyl p-nitrophenyl phosphate) were 
obtained from Sigma, St. Louis, MO. Female Naval Medical Research Institute (NMRI) mice 
pregnant at around gestational day 7 were obtained from B&K, Sollentuna. Pregnant females 
were housed individually in plastic cages at a 12/12 hour light/dark cycle and an ambient 
temperature of 22oC. Standardized pellet food (Lactamin, Stockholm, Sweden) and tap water 
was provided ad libitum. Females were checked for birth twice daily (08.00 and 18.00 h) and 
day of birth was designated day 0. Within the first 48 h after birth litter sizes were adjusted to 
10-12 pups of both sexes by euthanizing excess pups. At weaning (4-5 weeks of age) male 
and female offspring were separated with regard to sex and raised in groups of 3-7 individuals 
with their siblings in separate male and female rooms respectively. Housing conditions were 
as detailed above.  
 
3.2 Exposure 
At postnatal day (PND) 3 mice of both sexes were given PBDE 209 (1.4, 6 or 14 µmol/kg 
body weight) or 20% fat emulsion (10 ml/kg b.w.) as a single oral dose via a metal gastric 
tube. Doses used were chosen according to previous studies on neonatal exposure to PBDE 
209 (Johansson et al. 2008b). Each exposure group consisted of 3-4 litters.  
At two months of age male mice were exposed to paraoxon (0.25 mg/kg b.w.) every second 
day for seven days via subcutaneous injections. At two months of age female mice received a 
single subcutaneous injection of nicotine (80 µg/kg b.w.).  
 
 
3.3 Spontaneous behaviour 
16 male and female mice from every exposure group were tested for spontaneous behaviour 
in a novel home environment at 2 and 4 months of age. The testing took place between 08.00 
and 13.00 and was carried out under the same temperature, area and light conditions as in the 
home cages. Motor activity was measured in cages by two series of infrared beams (high and 
low level) in an automated device (Rat-O-Matic, ADEA Electronik AB, Uppsala, Sweden) as 
described by Fredriksson (1994). Cages were placed in individual soundproof boxes with 
separate ventilation and animals were tested for a 60 min period of time divided into three 20 
min intervals. After the first 60 min testing of 2-months old male and female mice received a 
single subcutaneous injection of 0.9% saline (10 ml/kg b.w.) or paraoxon (0.25 mg/kg b.w.) 
or nicotine (80 µg/kg b.w.) respectively and were tested for another 60 min period of time 
divided into three 20 min intervals. In each recording session animals from each exposure 
group were represented adding up to a total of 8 individuals/group. The locomotion variable 
was registered when the animals moved horizontally through the low level grid of infrared 
beams placed 10 mm above the bedded floor of the cage. The high level infrared beam was 
placed 80 mm above the bedding material and registered the mouse movement in the vertical 
plane at a rate of four counts per second. Interception of the high level beam yielded a number 
of counts proportional to the time spent rearing. The variable of total activity was represented 
by all types of vibrations in the test cage i.e. movements, shaking and grooming. Recordings 
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were made by a needle mounted on a horizontal arm with a counterweight connected to the 
test cage. All data were collected electronically through a computer interface.       
 
3.4 Swim maze 
At 5 months of age male mice receiving 20% fat vehicle or PBDE 209 (6 or 14 µmol/kg body 
weight) as neonates and saline as adults were tested in a swim maze of the Morris water maze 
type (Morris, 1981). In each exposure group 13-15 individuals were randomly selected from 3 
litters. A grey circular container with a diameter of 103 cm was filled with water (22oC) to a 
depth of 15 cm from the brim. A metal mesh platform with a diameter of 12 cm was 
submerged 1 cm below the water surface in the middle of the northwest quadrant. The 
animals were tested for five consecutive days with the platform in a fixed location to test the 
mice ability of spatial learning. At the 6th day the platform was relocated to the middle of the 
northeast quadrant to test the mice relearning abilities (Viberg et al., 2003a). The position of 
the observer remained fixed throughout the whole testing period. Each mouse was placed on 
the platform for 20 s before being released in the southwest quadrant with its head pointed 
towards the wall of the pool. Each individual was given 30 s/trial to locate the platform and 
five trials each day. Between trials mice rested on the platform for 20 s. At 7 months of age 
the same individuals were tested for five consecutive days with the platform located in the 
northwest quadrant under conditions stated above.  
 
3.5 Slot Blot analyses 
Both male and female mice were sacrificed by decapitation at 7 months of age. Brains were 
dissected out on an ice cold glass plate. Cerebral cortex and hippocampus from both male 
(control and 14 µmol PBDE 209/kg body weight) and female (control and 14 µmol PBDE 
209/kg body weight) mice was immediately placed on dry ice and stored at -80oC until 
assayed. Both brain regions were homogenized in a RIPA cell lysis buffer (50mM Tris HCl, 
pH 7.4, 150mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 20mM sodium 
pyrophosphate, 2 mM sodium orthovanadate, 1% sodium deoxycholate) to which 0.5% 
protease inhibitor cocktail (Protease Inhibitor Cocktail set III, Calbiochem) was added. 
Homogenates were centrifuged at 14 000×g at 4oC for 15 min and supernatant analyzed for 
protein content by using the BCA method (Pierce). Homogenates were stored at -80oC. 
Viberg and co-workers have previously evaluated the specificity of antibodies GAP-43 
(Chemicon AB5220), CaMKII (Chemicon MAB8699), synaptophysin (Calbiochem 573822) 
and tau (Santa Cruz Biotechnology) by Western blot procedure with satisfactory results 
(Viberg et al., 2008; Viberg et al., 2009). The antibody used against tau recognizes both the 
non-phosphorylated and phosphorylated protein forms. 4 µg of protein for CaMKII and GAP-
43, 3 µg for synaptophysin and 3.5 µg for tau were diluted in sample buffer (120 mM KCl, 20 
mM NaCl, 2 mM NaHCO3, 2 mM MgCl2, 5 mM HEPES, pH 7.4, 0.05% Tween-20, 0.2% 
NaN3) to a final volume of 200 µl. Duplicates of each sample was applied to a nitrocellulose 
membrane (0.45 µm, BioRad) using a Bio-Dot SF microfiltration apparatus (BioRad). 
Membranes were fixed in 25% isopropanol and 10% acetic acid solution for 15 min, washed 
and subsequently blocked for 1 hour in 5% non-fat dry milk and 0.03% Tween-20 in room 
temperature. Incubation of membranes with primary mouse monoclonal CaMKII antibody 
(1:5000), rabbit polyclonal GAP-43 antibody (1:10000), mouse monoclonal synaptophysin 
antibody (1:10000) or mouse monoclonal tau antibody (1:1000) occurred overnight at 4oC. A 
horseradish peroxidase conjugate secondary antibody against mouse (074-1806, 1:20000) or 
rabbit (KPL 074-1506) was used to detect immunoreactivity. Immunoreactive bands were 
traced using an enhanced chemiluminescent substrate (Pierce, Super Signal West Dura) and 
imaged on a LAS-1000 (Fuji Film, Tokyo, Japan). Band intensity was quantified using IR-
LAS 1000 Pro (Fuji Film). 
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3.6 Statistical analysis 
In the spontaneous behaviour test locomotion, rearing and total activity data over the three 
consecutive 20 min time periods were submitted to a split-plot ANOVA design (Kirk, 1968) 
(treatment, time and treatment × time, between subjects, within subjects and interaction 
factors respectively) with Tukey HSD. In the swim maze test time taken to locate the 
submerged platform over the first five consecutive testing days (treatment, day and treatment 
× day, between subjects, within subjects and interactions respectively) and the time taken to 
find the platform on the 6th day (treatment, trial and treatment × trial, between subjects, 
within subjects and interactions respectively) were subjected to a general linear model (GLM) 
with a split-plot design (Nelder and Wedderburn, 1972) and pairwise testing using Duncan’s 
test. Slot Blot analyses of male mice cerebral cortex and hippocampus was tested using one-
way ANOVA, pairwise testing Duncan’s test (GraphPad Prism). Slot Blot analyses of female 
mice cerebral cortex and hippocampus were evaluated using a two-tailed Student’s t-test. 
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4. Results & Discussion 
 
4.1. Developmental neurotoxic effects after neonatal exposure to PBDE 209 and adult    
exposure to paraoxon in male mice 
 
4.1.1. Spontaneous behaviour in 2-months old male mice after neonatal exposure to PBDE 
209 
The activity recorded from the spontaneous behaviour observation in 2-months old male mice 
exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle on PND 3 is presented in 
figure 2. Significant treatment x time interactions were observed (F6, 172= 137.39; F6, 172= 
247.54; F6, 172= 71.88) for locomotion, rearing and total activity, respectively.  
 
Control animals receiving the 20% fat emulsion at PND 3 showed a normal spontaneous 
behaviour over the 60 min period of testing time. As the novelty of the test chamber 
diminishes the animals displayed a decrease in activity for the variables locomotion, rearing 
and total activity and habituated in a normal way (Ankarberg et al., 2001; Viberg et al., 
2003b). Male mice exposed to 1.4 µmol PBDE 209/kg b.w. expressed a significantly lower 
(p≤ 0.01) locomotion, rearing and total activity during the first 20 min period of time 
compared to controls. Mice exposed to 6 or 14 µmol PBDE 209/kg b.w. showed a 
significantly (p≤ 0.01) decreased locomotion, rearing and total activity during the first 20 min 
of testing compared to controls and animals exposed to 1.4 µmol PBDE 209/kg b.w. During 
the last 20 min of testing mice exposed to 6 µmol PBDE 209/kg b.w. show a significantly (p≤ 
0.01) increased locomotion, rearing and total activity compared to controls and animals 
exposed to 1.4 µmol PBDE 209/kg b.w. Mice receiving the highest dose of PBDE 209 (14 
µmol/kg b.w.) showed a significantly (p≤ 0.01) increased behaviour for all three variables 
during the last 20 min period of time when compared to controls, 1.4 and 6 µmol PBDE 
209/kg b.w. exposed individuals (figure 2).  
 
Disrupted spontaneous behaviour in male mice after exposure to PBDE 209 on PND 3 has 
been reported in earlier studies (Johansson et al, 2008b; Viberg et al, 2003b). Disrupted adult 
spontaneous behaviour after exposure to 21 µmol/kg b.w. on PND 3, manifested as decreased 
activity for the three variables locomotion, rearing and total activity for the initial 20 min time 
period of testing and increased activity for the same variables during the last 20 min testing 
period, but not after exposure on PND 10 or 19 was observed by Viberg and co-workers 
(2003b). Johansson and co-workers (2008b) concluded that neonatal exposure on PND 3 to 
PBDE 209 results in lack of habituation capacity in a dose-response related manner in the 
adult male mouse. Doses used in the study by Johansson and co-workers (2008b) were 1.4; 
2.3; 14 and 21 µmol PBDE 209/kg b.w. are in agreement with doses used in the present study. 
In their study, they also observed a decreased activity during the 0-20 min and an increased 
activity during the 40-60 min testing period for the doses 14 and 21 µmol/kg b.w. The present 
study is in agreement with the behaviour disruptions observed in the above mentioned for the 
dose of 14 µmol/kg b.w. but also aberrant spontaneous behaviour was present at the dose of 6 
µmol/kg b.w. In another study by Rice and co-workers (2007) they observed locomotor 
alterations in C57BL6/J male adult mice after exposure to 21 µmol PBDE 209/kg/day on 
PND 2 through 15. These alterations were evaluated by recording the animals’ movement 
episodes, in a standard mouse operant test cage, for two hours with the help of an overhead 
infrared beam. Movement episodes were defined as “contiguous motor output with inter-event 
intervals of less than 400 ms” and took into account movements in the vertical and horizontal 
plane as well as leaning towards walls of the test cage (Rice et al., 2007).  
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In the present study spontaneous behaviour tests were carried out between 8 am and 1 pm, a 
period when the animals are to be very inactive after an active night period. This suggests the 
mice to be more prone to habituate to a novel home environment, than if behaviour recordings 
were made during their active time period. Observations of a deranged adult behavioural 
profile, with hypoactivity during the 0-20 min testing period and hyperactivity during the 40-
60 min time period, after neonatal exposure to 6 or 14 µmol PBDE 209/kg b.w. for all tested 
variables (locomotion, rearing and total activity) indicates that these animals are impaired in 
their ability to integrate and process sensoric input into a motoric output and habituate in a 
normal way. An altered behaviour and lack of habituation in adult mice neonatally exposed to 
lower brominated PBDEs i.e. PBDE 99, 153, 203 and 206 has also been observed. Similar 
behavioural profiles, with initial hypoactive during the first 20 min testing period and 
hyperactive behavior during the 40-60 time period of testing, was observed for the lower 
brominated PBDEs (Eriksson et al., 2002; Viberg et al., 2003a; Viberg et al., 2006). For the 
lowest dose of 1.4 µmol PBDE 209/kg b.w. a hypoactive behaviour was observed during the 
initial 20 min of testing and indicates that PBDE 209 can be as potent in causing 
developmental neurotoxic effects, manifested as deranged cognitive functions as both lower 
and other higher brominated congeners.  
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 Figure 2. Spontaneous behaviour of 2-months old NMRI male mice exposed to a single oral dose of either 20% 
fat emulsion or 1.4, 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3. The data were 
subjected to an ANOVA with split-plot design and significant treatment x time interactions were observed (F6, 

172= 137.39; F6, 172= 247.54; F6, 172= 71.88) for locomotion, rearing and total activity, respectively. Pairwise 
testing between control and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE exposed animals was performed using Tukey 
HSD tests. The statistical differences are indicated as: (A) significantly different vs. vehicle, p≤ 0.01; (a) 
significantly different vs. vehicle, p≤ 0.05; (B) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-
decaBDE, p≤ 0.01; (b) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.05; (C) 
significantly different vs. 6 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.01; (c) significantly different vs. 6 
µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.05. Height of the bars represents mean value ±SD.  
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4.1.2 Acute response to paraoxon in 2-months old male mice after neonatal exposure to 
PBDE 209 
The activity recorded from the spontaneous behaviour observation in 2-months old male mice 
exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle neonatally and 
challenged to paraoxon (0.25 mg/kg b.w.) or saline is presented in figure 3. Significant 
treatment x time interactions were observed (F14, 128= 46.73; F14, 128= 47.81; F14, 128= 29.40) for 
locomotion, rearing and total activity, respectively. Paraoxon or saline was given as a single 
subcutaneous injection immediately after the first 60 min spontaneous behaviour observation 
and animals were observed for another 60 min period of time. 
 
Vehicle exposed animals and animals given 1.4 µmol PBDE 209/kg b.w. neonatally and 
challenged to paraoxon as adults displayed a significantly (p≤ 0.01) increased activity for 
variables locomotion, rearing and total activity when compared to animals given vehicle or 
1.4 µmol PBDE 209/kg b.w. and challenged to saline during the 0-20 min observational 
period. For all three variables evaluated (locomotion, rearing and total activity) mice exposed 
neonatally to 6 or 14 µmol PBDE 209/kg b.w. and challenged to paraoxon at 2 months of age 
expressed a significantly (p≤ 0.01) decreased activity during the first 0-20 min observational 
period, when compared to mice neonatally exposed to PBDE 209 at doses of 6 or 14 µmol/kg 
b.w. and challenged to saline as adults. During the last 20 min (100-120 min) testing period 
mice neonatally exposed to 6 µmol PBDE 209/kg b.w. and challenged to paraoxon still 
showed a significantly (p≤ 0.01) decreased locomotor activity when compared to animals 
given 6 µmol PBDE 209/kg b.w. and challenged to saline. However, during this last 20 min 
period (100-120 min) animals given 6 or 14 µmol PBDE 209/kg b.w. and challenged to saline 
displayed a significantly (p≤ 0.01) increased activity when compared to neonatally vehicle 
exposed mice challenged to saline as adults (figure 3).  
 
The present study shows that neonatal exposure to PBDE 209 might alter the adult 
susceptibility of the cholinergic system. Mice receiving PBDE 209 at doses of 6 or 14 
µmol/kg b.w. responded with a decreased activity when challenged to paraoxon, whereas 
neonatally vehicle exposed mice responded with increased activity. From earlier studies it has 
been reported that mice neonatally exposed to nicotine and challenged with paraoxon (0.17 or 
0.25 mg/kg b.w.) as adults displayed a decreased activity when compared to animals 
challenged with saline, or mice neonatally exposed to vehicle and challenged with paraoxon 
(Ankarberg et al., 2004). It is also known that neonatal exposure to nicotine affects the 
cholinergic nicotinic receptors, causing a reduced or completely diminished amount of low 
affinity binding sites for nicotine (Eriksson et al., 2000). It is also know that neonatal 
exposure to PBDEs will cause a decrease in the same subpopulation of cholinergic nicotinic 
receptors (Viberg et al., 2003a). A dose-response relationship in response to adult nicotine 
challenge has been observed after neonatal exposure to PBDE 209 (Johansson et al., 2008b). 
Taken together the present study supports earlier evidence that neonatal exposure to PBDE 
209 affects the cholinergic system resulting in a reduced activity as is seen in mice neonatally 
exposed to PBDE 209 and challenged to paraoxon as adults. From this study in mice 
neonatally exposed to PBDE 209 the hyperactive condition is still present at the end of the 
observational period. Furthermore, even in mice exposed to the lowest dose of PBDE 209 (1.4 
µmol/kg b.w.) hyperactive condition is seen during time periods 80-100 and 100-120 min, 
compared to neonatally vehicle exposed mice challenged with saline.  
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Figure 3. Paraoxon-induced behaviour in 2-months old male mice exposed to a single oral dose of either 20% fat 
emulsion or 1.4, 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3. Paraoxon-induced 
behaviour was studied by administering 0.25 mg/kg b.w. of either paraoxon or saline s.c. The data were 
subjected to an ANOVA with split-plot design and significant treatment x time interactions were observed (F14, 

128= 46.73; F14, 128= 47.81; F14, 128= 29.40) for locomotion, rearing and total activity, respectively. Pairwise testing 
between paraoxon-injected and saline-injected animals was performed using Tukey HSD tests. The statistical 
differences are indicated as: (A) significantly different vs. vehicle-saline, p≤ 0.01; (a) significantly different vs. 
vehicle-saline, p≤ 0.05; (B) significantly different vs. respective 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 
0.01; (b) significantly different vs. respective 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.05. Height of the 
bars represents mean value ±SD.   
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4.1.3 Spontaneous behaviour in 2-months old male mice after one week of paraoxon 
exposure 
The activity recorded from the spontaneous behaviour observation in 2-months old male mice 
neonatally exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle and paraoxon 
(0.25 mg/kg b.w.) or saline as adults is presented in figure 4. Significant treatment x time 
interactions were observed (F14, 128= 36.88; F14, 128= 67.27; F14, 128= 22.10) for locomotion, 
rearing and total activity, respectively. Immediately after the behavioural observations of male 
mice at 2 months of age the animals were exposed to paraoxon (0.25 mg/kg b.w.) or saline via 
subcutaneous injections. Animals were exposed every second day for one week adding up to a 
total of 4 injections. Spontaneous behaviour was observed 24 hours after the last paraoxon 
injection.  
 
During the 0-20 min observation period all three PBDE 209-paraoxon exposure groups 
differed significantly (p≤ 0.01) from the vehicle-paraoxon group for the locomotion and 
rearing variables by displaying a decreased activity. During this time period the mice exposed 
to 14 µmol PBDE 209/kg b.w. -paraoxon also were significantly (p≤ 0.05) less active 
compared to the 14 µmol PBDE 209/kg b.w. -saline group for the locomotion variable. 
Significantly (p≤ 0.01) increased activity was observed during the last 20 min (40-60 min) 
testing period for locomotion, rearing and total activity in mice neonatally given 6 or 14 µmol 
PBDE 209/kg b.w. and exposed to paraoxon as adults when compared to animals neonatally 
exposed to vehicle and paraoxon as adults. The total activity differed significantly (p≤ 0.01) 
during the last 20 min (40-60 min) period between the 6 or 14 µmol PBDE 209/kg b.w. and 
paraoxon exposure group when compared to vehicle-paraoxon exposed mice (figure 4).  
 
Spontaneous behaviour was tested 24 hours after the last paraoxon administration, to be less 
attributed to acute effects of the cholinergic agent. As observed in the study of acute response 
to paraoxon, mice exposed to paraoxon for one week and observed for spontaneous behaviour 
24 hours after the last paraoxon injection displayed deviations in their behavioural profiles 
compared to the normal behaviour expressed by control animals. This disrupted habituation is 
similar to the altered habituation profile observed in 2-months old mice just before the first 
administration of paraoxon. These alterations were most prominent during the first 20 min 
observation period showing distinct hypoactive behaviour. Mice exposed to the two highest 
doses of PBDE 209 displayed a hyperactive behaviour compared to controls and lowest 
PBDE 209 dose regardless of saline or paraoxon exposure as adults.  
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Figure 4. Spontaneous behaviour of 2-months old NMRI male mice exposed to a single oral dose of either 20% 
fat emulsion or 1.4, 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3. 2-months old 
animals were exposed to 0.25 mg/kg b.w. paraoxon or saline s.c. every second day for one week adding up to a 
total of 4 injections. The data were subjected to an ANOVA with split-plot design and significant treatment x 
time interactions were observed (F14, 128= 36.88; F14, 128= 67.27; F14, 128= 22.10) for locomotion, rearing and total 
activity, respectively. Pairwise testing between paraoxon-injected and saline-injected animals was performed 
using Tukey HSD tests. The statistical differences are indicated as: (A) significantly different vs. vehicle-saline, 
p≤ 0.01; (a) significantly different vs. vehicle-saline, p≤ 0.05; (B) significantly different vs. respective 2,2´, 3,3´, 
4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.01; (b) significantly different vs. respective 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-
decaBDE-saline, p≤ 0.05. Height of the bars represents mean value ±SD.   
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4.1.4 Spontaneous behaviour in 4-months old male mice after neonatal exposure to PBDE 
209 
The activity recorded from the spontaneous behaviour observation in 4-months old male mice 
neonatally exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle on PND 3 
and paraoxon (0.25 mg/kg b.w.) or saline as adults is presented in figure 5. Significant 
treatment x time interactions were observed (F14, 128= 60.45; F14, 128= 50.41; F14, 128= 36.35) for 
locomotion, rearing and total activity, respectively.  
 
For all three variables tested (locomotion, rearing and total activity) mice exposed to 6 or 14 
µmol PBDE 209 - saline and 6 or 14 µmol PBDE 209-paraoxon expressed a significantly (p≤ 
0.01) decreased activity when compared to vehicle -saline and vehicle -paraoxon exposed 
mice respectively, during the first 20 min testing period. During the 40-60 min time period 
mice given 14 µmol PBDE 209-saline showed a significantly (p≤ 0.01) increased activity, for 
variables locomotion, rearing and total activity, when compared to vehicle -saline and vehicle 
-paraoxon exposed mice respectively (figure 5).  
 
No significant difference was observed between 6 or 14 µmol PBDE 209-saline and 6 or 14 
µmol PBDE 209-paraoxon. The high and intermediate dose PBDE 209 exposure groups, 
regardless of saline or paraoxon exposure as adults, displayed an altered spontaneous 
behaviour and reduced habituation compared to control and low dose exposure groups. This 
deviation from a normal spontaneous behaviour was also observed at 2 months of age for the 
same exposure groups. Earlier studies on developmental neurotoxic effects of PBDE 209 have 
shown the same behavioural disturbances with initial hypoactivity and final hyperactivity for 
doses 14 and 21 µmol/kg b.w. (Johansson et al., 2008b; Viberg et al., 2003b). Johansson and 
co-workers (2008b) report consistent altered behaviour for doses as low as 2.3 µmol/kg b.w. 
throughout the 60 min testing period. In the present study and the study by Viberg and co-
workers (2003b) one can see changes in one of the variables locomotion, rearing and/or total 
activity at the 1.4 and 2.1 mg PBDE 209/kg b.w., which indicate that these doses appear to be 
borderline doses for the induction of behavioural disturbances in male mice.  
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Figure 5. Spontaneous behaviour of 4-months old NMRI male mice exposed to a single oral dose of either 20% 
fat emulsion or 1.4, 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3.At adult age of 
2-months the animals were exposed to four doses of 0.25 mg/kg b.w. of paraoxon or saline. The data were 
subjected to an ANOVA with split-plot design and significant treatment x time interactions were observed (F14, 

128= 60.45; F14, 128= 50.41; F14, 128= 36.35) for locomotion, rearing and total activity, respectively. Pairwise testing 
between control and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE exposed animals was performed using Tukey HSD tests. 
The statistical differences are indicated as: (A) significantly different vs. vehicle-saline, p≤ 0.01; (a) significantly 
different vs. vehicle-saline, p≤ 0.05; (B) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-
saline, p≤ 0.01; (b) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.05; (C) 
significantly different vs. 6 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.01; (c) significantly different 
vs. 6 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.05. Height of the bars represents mean value ±SD.  
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4.1.5 Morris swim maze performance in 5-months old male mice after neonatal exposure to 
PBDE 209 
At 5 months of age male mice given vehicle or 6 or 14 µmol PBDE 209/kg b.w. at PND 3 and 
saline at 2 months of age were subjected to a Morris swim maze task. Results are presented in 
figure 6. 
 
During the first five consecutive testing days, mice from all exposure groups significantly 
improved their latency time for finding the submerged platform (F4, 173= 24.0; p≤0.001). 
Control mice expressed normal spatial learning abilities. On the sixth consecutive day of 
testing the platform was relocated and a significant treatment effect was observed (F2, 171= 
9.63; p≤0.001). A significant difference in average latency time during trials 26-30 was 
observed between mice exposed to 6 (p≤0.05) or 14 (p≤0.01) µmol PBDE 209/kg b.w. 
(average latency time 12.7 s and 16.2 s, respectively) compared to controls (average latency 
time: 9.14 s). When considering the individual trials during the sixth testing day, a significant 
(p≤0.05) difference was observed in latency time for mice given 14 µmol PBDE 209/kg b.w. 
when compared to controls for trials 26, 28, 29 and 30 (figure 6).  
 

 
Figure 6. Swim maze performance in 5 months old male NMRI mice exposed to a single oral dose of either 20% 
fat emulsion or 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3and saline at 2-
months of age. Latencies in locating platform were measured during acquisition period (trial 1-25) and 
relearning period (trials 26-30). Statistical analyses: behavioural data, trial 1-25 were subjected to a GLM with a 
split-plot design and tested using Duncan’s test. The statistical differences are indicated as: (A) significantly 
different vs. vehicle-saline, p≤ 0.01 
 
No significant differences were observed between controls and PBDE 209 exposed animals 
during the initial 0-25 trials acquisition period. All animals significantly reduced the latency 
time needed for finding the submerged platform. During trials 26-30 the animals’ ability of 
relearning was tested by relocating the submerged platform. Initially both vehicle and PBDE 
209 exposed animals had longer latency times than observed during trials 21-25. This 
observation is normal during the relearning period since animals will search for the platform 
around the last known position. However, control mice were able to learn the new platform 
position faster than PBDE 209 exposed animals did. Previous studies on other congeners i.e. 
PBDE 153, 203 and 206 has also revealed impairments in learning and memory functions 
similar to those observed in the present study (Viberg et al., 2003a; Viberg et al., 2006).  
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4.1.6 Morris swim maze performance in 7-months old male mice after neonatal exposure to 
PBDE 209 
At 7-months of age male mice given vehicle, 6 or 14 µmol PBDE 209/kg b.w. at PND 3 and 
saline at 2-months of age were subjected to another Morris swim maze task. Results are 
presented in figure 7. 
 
A significant treatment effect was observed during the 4 consecutive observational days (F2, 

111= 24.40; p≤ 0.001). Mice neonatally exposed to 6 or 14 µmol PBDE 209/kg b.w. expressed 
significantly (p≤ 0.01) longer average latency times of 14.3 and 14.8 s, respectively, when 
compared to vehicle exposed control animals, which expressed an average latency time of 6.4 
s during the observational period. No significant treatment x day effect was observed (figure 
7).  
 

 
Figure 7. Swim maze performance in 7 months old male NMRI mice exposed to a single oral dose of either 20% 
fat emulsion or 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3 and saline at 2-
months of age. Latencies in locating the platform were measured during trials 1-20. Statistical analyses: 
behavioural data, trial 1-20 were subjected to a GLM with a split-plot design and tested using Duncan’s test. 
 
Male mice neonatally exposed to PBDE 209 expressed similar impairments in learning and 
memory functions at 7 months of age as observed at 5 months of age. Neither control animals 
nor mice from the PBDE 209 exposure groups improved their latency time in finding the 
platform during the observational period, suggesting that mice had reached the maximal 
possible memory capability. PBDE 209 exposed animals, from both exposure groups, had 
significally longer latency times compared to controls during the entire testing period. This 
means that neonatal exposure to PBDE 209 can cause alterations in memory and learning 
skills which seem to be persistent throughout the animals’ adult life.  
 
These results indicate that neonatal exposure to PBDE 209, not only causes persistent defect 
behaviour in spontaneous behaviour tests in a novel home environment, but also persistent 
reduced ability to learn and memorize.   
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4.2 Developmental neurotoxic effects after neonatal exposure to PBDE 209 and adult 
exposure to nicotine in female mice. 
 
4.2.1 Spontaneous behaviour in 2-months old female mice after neonatal exposure to 
PBDE 209 
The activity recorded from the spontaneous behaviour observation in 2-months old female 
mice exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle on PND 3 is 
presented in figure 8. Significant treatment x time interactions were observed (F8, 150= 276.44; 
F8, 150= 963.11; F8, 150= 383.29) for locomotion, rearing and total activity, respectively.  
 
Female mice exposed to PBDE 209, independent of dose, were significantly (p≤ 0.01) less 
active for the variables locomotion, rearing and total activity during the 0-20 min testing 
period, when compared to mice in the vehicle exposed group. Animals given 6 or 14 µmol/kg 
b.w. also displayed a significantly (p≤ 0.01) decreased activity compared to mice given 1.4 
µmol PBDE 209/kg b.w. during observation period 0-20 min. Increased activity was observed 
during the last 20 min (40-60 min) time period in exposure groups 6 and 14 µmol/kg b.w. 
when compared to vehicle exposed controls and animals given 1.4 µmol/kg b.w. (p≤ 0.01) for 
the variables locomotion, rearing and total activity. Mice given 14 µmol PBDE/kg b.w. also 
displayed a significantly (p≤ 0.01) increased activity compared to mice given 6 µmol/kg b.w. 
for variables locomotion, rearing and total activity during the 40-60 min observation period 
(figure 8).  
 
The behavioural disruptions displayed by 2-months old female mice shows a dose-response 
effect of the neonatal exposure to PBDE 209. This dose response effect is very similar to the 
aberrations in spontaneous behaviour seen in age matched male mice (figure 2). Comparable 
behavioural output, with a decrease in activity, is seen for all tested doses (1.4, 6 or 14 
µmol/kg b.w.) during the first 0-20 min observational time period when compared to controls 
displaying normal spontaneous behaviour. For doses 6 or 14 µmol/kg b.w. an increase in 
activity was observed during the 40-60 min observational time period. This shows that female 
mice are as sensitive as male mice to developmental neurotoxic effects, manifested as a 
deranged spontaneous behaviour and lack of habituation, after a single neonatal exposure to 
PBDE 209.  



26 
 

 
Figure 8. Spontaneous behaviour of 2-months old NMRI female mice exposed to a single oral dose of either 20% 
fat emulsion or 1.4 , 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3. The data were 
subjected to an ANOVA with split-plot design and significant treatment x time interactions were observed (F8, 

150= 276.44; F8, 150= 963.11; F8, 150= 383.29) for locomotion, rearing and total activity, respectively. Pairwise 
testing between control and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE exposed animals was performed using Tukey 
HSD tests. The statistical differences are indicated as: (A) significantly different vs. vehicle, p≤ 0.01; (a) 
significantly different vs. vehicle, p≤ 0.05; (B) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-
decaBDE, p≤ 0.01; (b) significantly different vs. 1.4 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.05; (C) 
significantly different vs. 6 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.01; (c) significantly different vs. 6 
µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE, p≤ 0.05. Height of the bars represents mean value ±SD.  
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4.2.2 Acute response to nicotine in 2-months old female mice after neonatal exposure to 
PBDE 209 
The activity recorded from the spontaneous behaviour observation in 2-months old female 
mice exposed to PBDE 209 (1.4, 6 or 14 µmol/kg body weight) or vehicle neonatally and 
challenged to nicotine (80 µg/kg b.w.) or saline is presented in figure 9. Significant treatment 
x time interactions were observed (F14, 128= 32.65; F14, 128= 38.21; F14, 128= 21.76) for 
locomotion, rearing and total activity, respectively. Nicotine or saline was given as a single 
subcutaneous injection immediately after the first 60 min spontaneous behaviour observation 
and animals were observed for another 60 min period of time. 
 
Vehicle exposed animals and animals given 1.4 µmol PBDE 209/kg b.w. neonatally and 
challenged to nicotine as adults displayed a significantly (p≤ 0.01) increased activity for 
variables locomotion, rearing and total activity when compared to animals given vehicle or 
1.4 µmol PBDE 209/kg b.w. and challenged to saline during the first (60-80 min) 
observational period. In female mice exposed to 6 or 14 µmol PBDE as neonatals and nicotine 
at 2 months of age, a significant (p≤ 0.01) decreased activity was observed during the first 
testing period (60-80 min) for all three variables (locomotion, rearing and total activity), when 
compared to mice given 6 or 14 µmol PBDE and challenged to saline, respectively. Female 
mice given 6 µmol PBDE and challenged to nicotine displayed a significantly (p≤ 0.01) 
decreased behavior during the third (100-120 min) testing period for all three variables 
(locomotion, rearing and total activity) when compared to mice given 6 µmol PBDE and 
challenged to saline. Mice in the 14 µmol PBDE -nicotine exposure group expressed a 
significantly (p≤ 0.01) decreased activity compared to 14 µmol PBDE -saline exposed mice 
for the variable total activity during the 100-120 min observational period. Female mice given 
6 or 14 µmol PBDE 209/kg b.w. neonatally and challenged to saline as adults displayed a 
significantly (p≤ 0.01) increased activity for variables locomotion, rearing and total activity 
when compared to mice given vehicle or 1.4 µmol PBDE 209/kg b.w. neonatally and 
challenged to saline as adults during the 100-120 min observational period (figure 9).  
 
The present study shows that neonatal exposure to PBDE 209 can alter the adult female 
mouse susceptibility of the cholinergic system. Mice receiving PBDE 209 at doses of 6 or 14 
µmol/kg b.w. responded with a decreased activity when challenged to nicotine, whereas 
neonatally vehicle exposed mice responded with increased activity. It is also known that 
neonatal exposure to nicotine in males affects the cholinergic nicotinic receptors, causing a 
reduced or completely diminished amount of low affinity binding sites for nicotine (Eriksson 
et al., 2000). In male mice it is also know that neonatal exposure to PBDEs will cause a 
decrease in the same subpopulation of cholinergic nicotinic receptors (Viberg et al., 2003a). A 
dose-response relationship in response to adult nicotine challenge has been observed in male 
mice after neonatal exposure to PBDE 209 (Johansson et al., 2008b). The present study 
provides evidence that neonatal exposure to PBDE 209 will affect the cholinergic systems 
response to nicotine in a similar way in male and female mice, resulting in a reduced activity 
as is seen in mice neonatally exposed to PBDE 209 and challenged to nicotine as adults. From 
this study in female mice neonatally exposed to PBDE 209 the hyperactive condition is still 
present at the end of the observational period (100-120 min). Furthermore, even in mice 
exposed to the lowest dose of PBDE 209 (1.4 µmol/kg b.w.) hyperactive condition is seen 
during time periods 80-100 and 100-120 min, compared to neonatally vehicle exposed mice 
challenged with saline.  
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Figure 9. Nicotine-induced behaviour in 2-months old female mice exposed to a single oral dose of either 20% 
fat emulsion or 1.4 , 6 or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3. Nicotine-
induced behaviour was studied by administering 80 µg nicotine base/kg b.w. or saline s.c. The data were 
subjected to an ANOVA with split-plot design and significant treatment x time interactions were observed ( F14, 

128= 32.65; F14, 128= 38.21; F14, 128= 21.76) for locomotion, rearing and total activity, respectively. Pairwise testing 
between nicotine-injected and saline-injected animals was performed using Tukey HSD tests. The statistical 
differences are indicated as: (A) significantly different vs. vehicle-saline, p≤ 0.01; (a) significantly different vs. 
vehicle-saline, p≤ 0.05; (B) significantly different vs. respective 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 
0.01; (b) significantly different vs. respective 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE-saline, p≤ 0.05. Height of the 
bars represents mean value ±SD. 
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4.2.3 Spontaneous behaviour in 4-months old female mice after neonatal exposure to 
PBDE 209 
The activity recorded from the spontaneous behaviour observation in 4-months old female 
mice neonatally exposed to PBDE 209 (14 µmol/kg body weight) or vehicle on PND 3 is 
presented in figure 10. Significant treatment x time interactions were observed (F2, 32= 104.73; 
F2, 32= 72.06; F2, 32= 31.41) for locomotion, rearing and total activity, respectively.  
 
A significantly (p≤ 0.01) decreased activity for variables locomotion, rearing and total activity 
was observed in the 14 µmol PBDE -saline exposed mice during the 0-20 min testing period 
when compared to vehicle -saline exposed mice. For the 40-60 min time interval, female mice 
given 14 µmol PBDE -saline showed a significantly (p≤ 0.01) increased activity for variables 
locomotion, rearing and total activity when compared to vehicle -saline exposed mice (figure 
10).  
 
The present study shows that female mice neonatally exposed to PBDE 209 at 4 months of 
age still show a defective spontaneous behaviour and lack of habituation as observed at 2 
months of age, indicating that the neurotoxic effects are persistent. These effects were also 
observed in age matched male mice exposed to the same dose of 14 µmol PBDE 209/kg b.w. 
as neonatals. When comparing reaction of neonatal exposure to PBDE 209 it is shown that 
female mice are as vulnerable as males to disruptions in the normal brain development. In an 
earlier study no difference in the induction of developmental neurotoxicity was observed 
between female and male mice for lower brominated PBDEs. Viberg and co-workers (2004) 
showed that neonatal exposure in C57/Bl mice to PBDE 99 caused a disrupted spontaneous 
behaviour in both male and female mice at 2, 5 and 8 months of age. In the present study no 
difference in dose-response was observed between mice of different sex.   
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Figure 10. Spontaneous behaviour of 4-months old NMRI female mice exposed to a single oral dose of either 
20% fat emulsion or 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3 and saline at 2 
months of age. The data were subjected to an ANOVA with split-plot design and significant treatment x time 
interactions were observed (F2, 32= 104.73; F2, 32= 72.06; F2, 32= 31.41) for locomotion, rearing and total activity, 
respectively. Pairwise testing between control and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE exposed animals was 
performed using Tukey HSD tests. The statistical differences are indicated as: (A) significantly different vs. 
vehicle-saline, p≤ 0.01; (a) significantly different vs. vehicle-saline, p≤ 0.05; Height of the bars represents mean 
value ±SD. 
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4.3 Neonatal exposure to PBDE 209 and effects on the neuronal proteins CaMKII, GAP-
43, synaptophysin and tau in the adult mouse brain 
 
4.3.1 Analyses of neuroproteins in 7-months old male mice after neonatal exposure to 
PBDE 209 
Brain homogenates from hippocampus and cerebral cortex from 7-months old male mice 
neonatally exposed to vehicle or 14 µmol PBDE 209/kg b.w. were analyzed for the 
neuroproteins CaMKII, GAP-43, synaptophysin and total tau levels using the Slot-Blot 
technique. Results are presented in table 1 and protein levels of control animals exposed to 
vehicle is standardized to 100%.  
 
Adult male mice exposed to 14 µmol PBDE 209/kg b.w. on PND 3 expressed significantly 
increased tau levels in hippocampus (p≤ 0.001) and cerebral cortex (p≤ 0.05), when compared 
to controls. A 90% increase in hippocampal as well as an 85% increase in cerebrocortical tau 
levels was observed. Further a significant (p≤ 0.05) increase in hippocampal CaMKII and 
GAP-43 levels was observed, as well as increased cerebrocortical levels of CaMKII and 
synaptophysin. Measured increase in protein levels were 36%, 36%, 25% and 33%, 
respectively (table 1).  
  
Table 1. Protein levels of CaMKII, GAP-43, synaptophysin and tau in hippocampus and cerebral cortex of male 
mice exposed to 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3 and sacrificed at 7 
months of age. The data were subjected to a one-way ANOVA, pairwise testing between vehicle and 14 µmol 
2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w exposed mice using Duncan’s test. Statistical difference (p≤ 0.05) 
between vehicle and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w exposed mice is indicated with *. 
 

 Hippocampus Cortex 
CaMKII 136 ± 38 * 125 ±25 * 
GAP-43 136 ±21 * 97 ±12 
Synaptophysin 110 ±19 133 ±24 * 
Tau 190 ± 57 * 185 ± 80 * 

 
Earlier studies on neurotoxic effects in the neonatal mouse brain, after a single dose exposure 
to PBDE 209, revealed elevated levels of CaMKII, GAP-43 and synaptophysin in the 
hippocampus and a reduction in GAP-43 levels in cerebral cortex in neonatal mice 7 days 
after exposure to 21 µmol/kg b.w. PBDE 209 on PND 3 (Viberg et al., 2008; Viberg, 2009b). 
No alterations in tau protein levels were observed. The present study, on protein levels in 
adult male mouse cerebral cortex and hippocampus after neonatal exposure to 14 µmol/kg 
b.w. PBDE 209, showed that the elevation seen in hippocampal levels of CaMKII and GAP-
43 in the neonatal mouse may still be present in 7-months old animals. In addition to previous 
studies we also observed an elevation in both hippocampal and cerebrocortical tau levels as 
well as elevations in cerebrocortical CaMKII and synaptophysin levels. This suggests that the 
neurotoxic effects by PBDE 209 on important neuroprotein levels can be persistent into 
adulthood.  
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4.3.2 Analyses of neuroproteins in 7-months old female mice after neonatal exposure to 
PBDE 209 
Brain homogenates of hippocampus and cerebral cortex from 7-months old female mice 
neonatally exposed to vehicle or 14 µmol PBDE 209/kg b.w. were analyzed for the 
neuroproteins CaMKII, GAP-43, synaptophysin and total tau levels using the Slot-Blot 
technique. Results are presented in table 2. Protein levels of control animals exposed to 
vehicle is standardized to 100%.  
 
Female mice exposed to 14 µmol PBDE 209/kg b.w. on PND 3 expressed significantly 
increased (p≤ 0.01) tau protein levels at 7 months of age. Observed increase in total tau levels, 
compared to vehicle exposed controls, were 48% and 74% for hippocampus and cerebral 
cortex, respectively (table 2).  
 
Table 2. Protein levels of CaMKII, GAP-43, synaptophysin and tau in hippocampus and cerebral cortex of 
female mice exposed to 14 µmol 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w. on postnatal day 3 and sacrificed at 
7 months of age. The data were subjected to two-tailed Student’s t-test. Statistical difference (p≤ 0.05) between 
vehicle and 2,2´, 3,3´, 4,4´, 5,5´, 6,6´-decaBDE/kg b.w exposed mice is indicated with *. 
 

 Hippocampus Cortex 
CaMKII 109 ±14 105 ±19 
GAP-43 110 ±14 101 ±29 
Synaptophysin 109 ±14 110 ±19 
Tau 148 ± 44 * 174 ±61 * 

 
Previous studies on possible neurotoxic effects in the neonatal male mouse brain, after a 
single dose exposure to different highly brominated PBDE congeners i.e. PBDE 203, 206 and 
209, have been carried out. Analyses of brain protein levels from neonatal animals reported 
alterations in CaMKII, GAP-43 and synaptophysin but not tau (Viberg et al., 2008; Viberg, 
2009b). In the present study, conducted on adult female mouse cerebral cortex and 
hippocampus, elevations in tau protein levels were observed for both brain regions. This 
finding complies with the elevations in tau levels, seen in hippocampus and cerebral cortex, in 
male mice neonatally exposed to PBDE 209.   
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5. General discussion 
 
The individual can be exposed to toxic agents throughout his or her lifetime, beginning at the 
time of fertilization of the zygote. The embryo or fetus may be exposed to persistent organic 
pollutants (POPs) throughout gestation via the mother. After delivery the offspring can be 
indirectly exposed to POPs via the mother´s milk or directly by ingestion/inhalation via toys 
or house dust. Previous studies on POPs such as PCB, DDT, BRF and PFC have shown that 
these compounds might cause developmental neurotoxicity and that the effects observed were 
dose-response related (Eriksson et al., 1992; Eriksson and Fredriksson, 1998; Eriksson et al., 
2002; Johansson et al., 2008a; Viberg et al., 2003a; Viberg et al., 2006) 
 
In the present study we have shown that both male and female mice express similar signs of 
behavioural defects after neonatal exposure to PBDE 209. This altered behavioural output has 
also been seen for lower brominated congeners e.g. PBDE 153 (Viberg et al., 2003a). No 
clear differences in response to exposure to PBDE 209 were observed between sexes. Further, 
PBDE 209 seems to be as potent as the lower brominated PDBE 99 in causing developmental 
disruptions in the mouse brain. The disruptions in normal brain development were manifested 
as an altered spontaneous behaviour to a novel home environment, indicating impairment in 
cognitive functions mediated foremost by the hippocampus and cerebral cortex. The present 
study also documents disruptions in memory and learning functions in the male mouse by 
evaluating performance in the Morris swim maze. The deviations from a normal behaviour 
seems to be persistent since animals displayed alterations in spontaneous behaviour at 4 
months of age as was seen in 2-month old and male mice tested in the Morris swim maze at 7 
months of age still displayed alterations as seen in the same individuals at 5-months of age. 
Previous studies on other highly brominated PBDEs such as PBDE 203 and 206 has shown 
similar disruptions in important memory and learning functions as observed in the present 
study (Viberg, 2009a).  
 
A common exposure pattern in humans is early exposure to POPs and late exposure to short 
acting agents such as OPs or nicotine. Problems that might arise after exposure during 
development is increased susceptibility to other compounds at adult age. This can result in 
adverse reactions to doses that generally do not affect the healthy adult individual. As a 
consequence precautions might have to be taken into account regarding chemical exposure for 
different professions or alternative responses to drugs used in health care.  
Previous studies have shown that neonatal exposure to nicotine will alter the cholinergic 
systems susceptibility to OPs or nicotine at an adult age (Ankarberg et al., 2004). Further, 
other previously conducted studies on neonatal exposure to POPs, such as lower brominated 
and other highly brominated PBDEs and PCBs, has shown an altered susceptibility of the 
cholinergic system when challenged to nicotine at an adult age (Johansson et al., 2008b; 
Viberg et al., 2003a). The present study shows that neonatal exposure to PBDE 209 alters 
susceptibility of the cholinergic system to OPs in males and nicotine in females at an adult 
age.  
 
Previous studies have shown that an altered susceptibility of the cholinergic system to a 
chemical and recurrent exposure to the same agent at adult age might result in worsened 
disruptions, which also worsen with time. In the present study no permanent effect at an adult 
age was observed for OPs in males. A possible explanation can be age-related as the present 
study was conducted on animals at 2-months of age. In previous studies, were acceleration of 
dysfunctional processes was seen, animals were subjected to a repeated exposure at 5-months 
of age (Eriksson et al., 2000).  
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In summary, we have in this study showed that developmental neurotoxic effects are seen in 
both males and females at adult age after a single neonatal exposure to PBDE 209. Further, 
the behaviour alterations seems to be dose-response related and no major difference between 
sexes has been observed. The present study also shows that PBDE 209 affects the cholinergic 
system, increasing the susceptibility to cholinergic agents such as OPs (paraoxon) and 
nicotine in males and females, respectively. Results from this study indicate that susceptibility 
to different agents in adult life is not necessarily inherited. It might just as well be acquired 
during a critical period of neonatal brain development through exposure to POPs such as 
PBDE 209. Thus, neonatal nicotine exposure may be of concern when the effects of adult risk 
assessment of different toxicants are evaluated.  
 
Previous studies have shown alterations in cholinergic nicotinic and muscarinic receptors after 
neonatal exposure to PBDE 209. Also alterations in levels of neuroproteins essential for 
normal brain development have been observed in neonatal animals after exposure to PBDE 
209 (Viberg et al., 2008; Viberg, 2009b). In the present study we observed alterations in the 
same neuroproteins in adult animals as seen in neonatal animals. How these neuroproteins act 
and interact in the cholinergic system remains to be investigated. An elevated level of the 
protein tau is used in the clinic as a diagnostic marker for Alzheimer’s disease. Alzheimer 
patients are also known to have an affected cholinergic system where the loss of function is 
the causative agent behind the cognitive impairment seen in these individuals. The use of 
AchE-inhibitors, which would result in elevated levels of acetylcholine in the synaptic cleft, is 
a method widely used for relieving Alzheimer symptoms. An important question that arises is: 
if susceptibility of the cholinergic system is altered what would the consequences of treatment 
with cholinergic agents be? Further, the connection between receptors and neuroproteins 
remains for further investigation.  
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