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INTRODUCTION

This thesis deals with neurotoxic effects of nicotine exposure during a 
defined critical period of rapid brain development in neonatal mice. 

Exposure to toxic agents in the environment 
Our environment contains a great number of hazardous contaminants and an 
individual can be exposed to environmental toxic agents throughout his/her 
lifetime, beginning at the fertilisation. During the gestational period, the 
embryo/foetus may be exposed through the mother’s intake of toxic 
compounds. After birth, the offspring may be exposed via both mother’s 
milk and direct exposure. Perinatal developmental neurotoxicity in humans 
is evident in the adverse effects of lead exposure in children, as well as in 
foetal alcohol syndrome, methyl mercury poisoning and drug abuse during 
pregnancy (for ref. see Court, 1996). 

It has been shown that both persistent and non-persistent xenobiotics can 
induce disruption of brain development when administered during a period 
of rapid brain growth in mice. Studies have shown that compounds present 
in a defined period of brain development in mice can induce persistent brain 
disorders (Eriksson, 1997). 

Brain development 
In mammalian development, there are critical periods for normal maturation 
of the central nervous system (CNS). Every brain structure has its own 
vulnerable period, but the general maturation of the CNS can be roughly 
divided into two major parts. The first period includes the early embryonic 
development of the brain. During this time, the general shape of the brain 
takes form and the precursors to glia and neurones multiply. Exposure to 
xenobiotics during this period can induce malformations, such as 
microcephaly, of the brain. The embryonic development of the human brain 
takes place during the first two months, making up 20% of the gestational 
period. In mice, however, this embryonic development constitutes 80% of 
the entire gestational period. 
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The second developmental period of the brain is known as the “brain 
growth spurt” (Davison and Dobbing, 1968). This period of rapid brain 
growth and maturation occurs at different times in different species. In the 
guinea pig, for example, rapid brain growth is prenatal and is almost 
complete at the time of birth. In humans, this period begins in the third 
trimester of pregnancy and continues throughout the first two years of life. In 
mice and rats, on the other hand, this period is neonatal, spanning the first 3-
4 weeks of life (Fig. 1). The distinctive feature of this period is rapid growth 
of the brain, characterised by major axonal and dendritic outgrowth, 
synaptogenesis and establishment of neuronal connections. During this 
period, the glia multiply and the neurons undergo myelinisation. It is also 
during this period that mice and rats acquire many motor and sensory 
faculties (Bolles and Woods, 1964), and their spontaneous behaviour peaks 
(Campbell et al., 1969).  

Figure 1. Growth rate curves of brain growth in relation to birth in different species. 
Note that values are calculated at different time intervals for each species. Adapted 
from Davison and Dobbing, (1968), and Eriksson (unpublished), with permission. 
Illustration by Ylva Stenlund. 
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Earlier studies indicate that low-dose exposure to environmental agents 
during the rapid brain development of neonatal mice can lead to irreversible 
changes in adult brain function (Eriksson, 1997). The induction of these 
disturbances occurs at doses that appear to have no permanent effects when 
administered to adult animals. The studies have also indicated that there is a 
critical period during neonatal mouse brain development when these 
persistent effects are induced (Eriksson et al., 1992; Ahlbom et al., 1995; 
Eriksson, 1998). Another finding is an increased susceptibility to toxic 
agents at adult age, in animals exposed during neonatal life, indicating that 
neonatal exposure to toxic agents can potentiate and/or modify reactions in 
adult exposure to xenobiotics (Johansson et al., 1995; Johansson et al., 1996; 
Eriksson and Talts, 2000). 

The cholinergic system 
The notion that most drugs, hormones and neurotransmitters produce their 
biological effects by interacting with receptors in cells was introduced by 
Langley in 1905. Langley’s concept was based on observation of the 
extraordinary potency and specificity with which some drugs were able to 
mimic a biological response while others prevented it (Cooper, 1996). Since 
then, research in the field has detected and isolated various types of receptors 
and transmitters. 

One of the major transmitter systems in the brain is the cholinergic 
system. This system is associated with many physiological processes and 
consciousness, such as memory, learning, audition and vision (Karczmar, 
1975; Nabeshima, 1993; Perry et al., 1999). The role of acetylcholine in 
cognitive function is well known. Studies have shown that blockage of 
cholinergic transmission by nicotinic or muscarinic antagonists can lead to 
learning and memory impairments in both humans and animals (Fibiger et 
al., 1991; Newhouse et al., 1992).     

There are two major diffuse modulatory cholinergic systems in the brain, 
the pontomesencephalotegmental cholinergic complex and the basal 
forebrain complex (fig. 2).  It is mainly the latter that is involved in learning 
and memory formation. The basal forebrain complex consists of cholinergic 
neurons scattered among several related nuclei at the core of the 
telencephalon. The three major pathways originate from the medial septal 
nuclei, which provide 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).  
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Figure 2. Schematic diagram of the cholinergic system in rat brain. MS = medial 
septal nuclei; DB = diagonal band of Broca; NBM = basal nucleus of Meynert; SN = 
substantia nigra. (Picture from Picciotto et al., 2001).

When an action potential travels along a neuron and reaches the synapse, a 
large amount of the neurotransmitter acetylcholine is released into the 
synaptic cleft.  

Acetylcholine is synthesised in the terminal endings of the neurons 
through a reaction between acetyl-coenzyme-A and choline, catalysed by 
cholineacetyltransferase (ChAT). Most of the synthesis occurs in the cytosol 
of the axon terminal and the acetylcholine is then stored in vesicles awaiting 
release into the synaptic cleft in response to a change in electrical potential.  

Presynaptic receptors can act as autoreceptors and play a role in 
controlling transmitter release (Chesselet, 1984; Lucas-Meunier et al., 2003).
In the synaptic cleft, the enzyme acetylcholine esterase (AChE) regulates the 
amount of acetylcholine. AChE splits the acetylcholine, via hydrolysis, into 
choline and acetate, which are then transported back into the presynapse for 
reuse in the synthesis of acetylcholine. 

The cholinergic receptors can be divided into two classes: muscarinic and 
nicotinic (Dale, 1914).  Although they belong to different gene families, they 
are both activated by acetylcholine. As the names of the receptors indicate, 
the alkaloids muscarine and nicotine serve as agonists to acetylcholine on the 
receptors.

In the development of mice and rats, the ontogenesis of most of the 
cholinergic system takes place during the first 3-4 weeks after birth. During 
this period, variables such as ChAT, AChE, sodium-dependent choline 
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uptake and muscarinic and nicotinic receptors increases in various brain 
regions (Coyle and Yamamura, 1976; Kuhar et al., 1980; Falkeborn et al.,
1983; Fiedler et al., 1987; Hohmann et al., 1995). 

 Nicotinic receptors originate in the embryo/foetal brain during 
neurulation. Different nicotinic subtypes seem to have different 
developmental patterns. Nicotinic 3H-nicotine and 3H-acetylcholine binding 
sites originate in the foetal brain during neurulation and rise dramatically in 
late gestation and after birth in mouse and rat brain (Larsson, 1985; Slotkin
et al., 1987).  

In some studies, a marked decrease in 3H-nicotine binding immediately 
after birth has been observed, followed by a gradual increase over the 
neonatal period until the adult levels were reached at postnatal day 28. The 
number of 3H-ACh binding sites, however, seemed to drop from gestational 
day 18 to postnatal day 1, and remained fairly constant until adult levels 
were reached at postnatal day 7 (Zhang et al., 1990). Yet other studies have 
seen a rise in nicotinic binding sites, measured with 3H-nicotine and 125I- -
bungarotoxin, up until postnatal day 10 and thereafter a decrease to adult 
levels, reached at 25 days of age (Larsson, 1985; Fiedler et al., 1987).  

Nicotinic receptors 
The nicotinic acetylcholine receptors are transmitter-gated ion channels 
belonging to a gene family of homologous receptors including glycine, 
NMDA, GABA and 5-HT3 receptors (Karlin, 2002). Two snake 
neurotoxins, Naja siamensis and -bungarotoxin, which specifically bind to 
nicotinic cholinergic receptors, have been the key agents used to help isolate 
the nicotinic receptor (Cooper, 1996).  

Over the past ten years, research with monoclonal antibodies and cDNAs 
has yielded considerable knowledge on the mammalian nicotinic receptors. 
The molecular structure of the subunits is glycosylated polypeptide chains 
that span the cell membrane, forming the channel (Cooper, 1996).

At least seven different functional receptors have been identified and can 
be tentatively differentiated by CNS, ganglionic and muscle types, as well as 
pre- and postsynaptic localisations in the CNS. Cholinergic nicotinic 
receptors from muscle or electric organs contain five subunits, named , ,
,  and , with a stoichiometry of two -subunits and one each of the other 

three.
Neuronal nicotinic receptors contain only two subunits,  and , with 

occurring in at least nine different forms and  in three. The subunits 
assemble in different combinations and form a pentameric cationic channel. 
Neuronal nicotinic receptors are permeable especially to Na+ and Ca2+ ions.
Presynaptic nicotinic receptors mainly modulate neurotransmitter release, 
and postsynaptic receptors mediate a small minority of fast excitatory 
transmissions by inducing a fast cationic inward current (Dani, 2001).
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Molecular biology studies have revealed a family of genes that codes for 
the nicotinic receptors. Nine  ( 2- 10) and three  subunits ( 2- 4) have
been cloned and show regional distributions in rodent brain (reviewed by 
Lucas-Meunier et al., 2003). Some receptors contain two distinct subunits, 
e.g. 4 2. According to Flores et al., (1992), nicotine seems to have specific 
affinity for this subunit set-up. Other receptors might contain two or more 
types of  subunits in addition to  subunits. The 7 subunit is suggested to 
form a homo-oligomeric nicotinic channel. -Bungarotoxin seems to have 
specific affinity for this subunit set-up (Couturier et al., 1990).  

Classical ligand binding studies of the nicotinic receptor binding sites 
have described at least three different binding sites in the human brain. 
These sites are referred to as super high-, high- and low-affinity sites and 
have different affinity for different ligands. The high-affinity binding site has 
a high affinity for nicotine and cytosine while the low-affinity site has a high 
affinity for -bungarotoxin (for review see Paterson and Nordberg, 2000).  

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 are a heterogeneous group of receptors. They are 
G-protein coupled and exhibit a slow response time. The G-proteins either
act directly on ion channels or are linked to a variety of second messenger 
systems (Cooper, 1996). Five cloned genes, m1 to m5, have been 
characterised. These genes give rise to five different types of receptor 
proteins called M1 to M5 (see Lucas-Meunier et al., 2003).  The muscarinic 
receptor proteins have seven transmembrane helices with an extracellular 
amino terminus and an intracellular carboxy terminus.  

The muscarinic receptor subtypes can generally be divided into two 
classes. The M1-like receptors, defined by Hammer et al., (1980), are 
subtypes M1, M3 and M5, which stimulate the phosphoinositol pathway. 
The M2-like receptors, subtypes M2 and M4, act by inhibiting adenylate 
cyclase (reviewed by Lucas-Meunier et al., 2003). The classic muscarinic 
antagonists, atropine and QNB, do not distinguish between the subtypes, but 
bind to all equally well (Cooper, 1996). 

The cholinergic system and links with behaviour 
Behaviour is a major function whereby animals adapt to changes in the 
environment. Changes in behaviour may reveal evidence of the influence of 
chemical pollution on our natural environment. Spontaneous behaviour is 
especially meaningful in environmental toxicology as it reflects functions 
that are important for survival of the individual and the species in the wild, 
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e.g. the mobility needed to search for food, to mate, and to elude predators 
(Evans, 1994).  

The involvement of the cholinergic system in behaviour has been known 
for some time (Russell, 1982). The cholinergic system is implicated in 
regulating general brain excitability during arousal and sleep-wake cycles, 
and the basal forebrain complex plays a special role in learning and memory 
functions (Bear, 1996). 

Interest in 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, 
which is characterised by a progressive and profound loss of cognitive 
functions.

Many studies have shown, through behaviour test in rats, that different 
cholinergic agonists and antagonists affect memory and learning (see Levin, 
2002). Spatial learning tasks, dependent on external cues for their solution, 
have been found to be highly sensitive to central cholinergic dysfunctions 
(Sutherland et al., 1982; Riekkinen et al., 1990; Levin, 2002). 

Toxic agents investigated

Nicotine
Nicotine is commercially extracted from the leaves of Nicotiana tabacum 
and Nicotiana rustica. It is a very active alkaloid that can affect many 
physiological functions. It is also one of the most commonly used 
dependence-producing substances known (Henningfield and Woodson, 
1989).

The major use of nicotine by humans is in the form of various tobacco 
products. It is also used as an insecticide, where its mechanism of action is 
an over-stimulation and thereby blockade of cholinergic synapses associated 
with motor nerves.  

The effects of nicotine are mediated by nicotinic receptors. When nicotine 
is administered, skeletal muscles and some autonomic functions are affected. 
Smoking and “pharmacological” doses of nicotine accelerate heart rate, 
elevate blood pressure, and constrict the blood vessels in the skin. At the 
same time, nicotine can lead to a sensation of “relaxation”. Nicotine 
activates reward mechanisms in the CNS, which is presumed to be the 
reason why people smoke (James and Nordberg, 1995). It stimulates the 
nicotinic receptors directly, and promotes the release of acetylcholine, 
dopamine and other neurotransmitters such as serotonin and norepinephrine 
(Wonnacott et al., 1989).  

Several studies describe the effects of nicotine in animals. It is well
known that acute exposure of adult rodents to nicotine can improve memory 
performance (Levin et al., 1997; Levin, 1998; Levin, 2002). It has earlier 
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also been shown that low doses of nicotine induce hyperactivity and higher 
doses hypoactivity (Nordberg and Bergh, 1985). In addition, several studies 
have shown that the nicotinic receptors can be up-regulated in chronic 
exposure of adult rodents to nicotine. These studies show that it is mainly the 
3H-nicotine binding sites and 3H-cytisine binding sites (i.e. the 4 2
subtype) that increase (Wonnacott, 1990; Bhat et al., 1991; Pauly et al.,
1991; Flores et al., 1992; Yates et al., 1995; Ke et al., 1998; Sparks and 
Pauly, 1999). Increases in 3H- -bungarotoxin binding have also been 
detected, although these increases have not been as prominent as the 3H-
nicotine binding and 3H-cytisine binding (Bhat et al., 1991; Pauly et al.,
1991; Sparks and Pauly, 1999).  

Prenatal exposure to nicotine in rats has also been shown to up-regulate 
3H-nicotine binding in different brain regions (Slotkin et al., 1987; van de 
Kamp and Collins, 1994). This effect appears to be reversible, as the levels 
of 3H-nicotine binding return to normal a few weeks after treatment 
withdrawal. The study by van de Kamp and Collins, (1994), demonstrated
little or no effect in the different brain regions on the -bungarotoxin 
binding sites. Tizabi et al., (1997), showed an up-regulation of 4 2 in 
prenatally exposed animals, measured with 3H-cytisine. These animals also 
demonstrated hyperactive behaviour on PND 21, 22, 24 and 25. A study by 
Shacka and Robinson, (1998), showed that mRNA for 7, 4 and 2 were 
significantly increased after prenatal nicotine exposure. The elevated mRNA 
levels were most apparent on PND 14 but were resolved by PND 28, with 
mRNA levels at or below control levels at that time. This reversible response 
to nicotine exposure shows similarities to that observed in adult animals 
receiving chronic nicotine treatment, where the up-regulated [3H]nicotine 
binding sites returned to control levels about 1 week after withdrawal of 
nicotine (Ksir et al., 1987). 

Earlier studies by Nordberg et al., (1991), show that nicotine administered 
neonatally between days 10-16 had an effect on nicotine-induced 
spontaneous behaviour and receptor subpopulations in adult animals. The 
studies showed that mice treated with nicotine (66 g (-)nicotine base/kg 
b.wt. s.c. twice daily days 10-16) displayed a hypoactive condition, whereas 
mice treated with saline displayed a hyperactive condition in response to an 
acute nicotine injection at adult age. Furthermore, when the nicotinic 
receptors in the cerebral cortex were analysed by displacement studies, using 
3H-nicotine/nicotine, it was found that mice treated with nicotine neonatally 
lacked the low-affinity binding site.  

Organophosphorus compounds 
In the 1930s, the modern organophosphorus compounds (OPs) were 
developed. These are a group of acetylcholine esterase inhibitors used 
mostly in agriculture as pesticides. OPs bind to the acetylcholine esterase, 



17

turning it into a phosphorylated inactive complex. As a result, acetylcholine 
accumulates in the synaptic clefts and neuromuscular junctions and causes 
instant stimulation of the synaptic receptors.  

The acute symptoms of OP poisoning include: those resulting from 
muscarinic receptors in the parasympathetic autonomic nervous system, such 
as bronchoconstriction, urination and diarrhoea; those resulting from the 
junctions between nerves and muscles (i.e. nicotinic receptors), such as 
tremors, paralysis and tachycardia; and those resulting from effects on the 
nicotinic and muscarinic receptors in the CNS, such as mental confusion, 
loss of memory, convulsions and coma (Ecobichon, 2001). These symptoms 
arise when AChE is inhibited by 50-75%. Most of the symptoms of acute OP 
poisoning in humans are resolved within days or weeks, but some, especially 
symptoms of a neuropsyhocological nature, can persist for months or years 
depending on the severity of the intoxication.  

Chronic treatment with different OPs has shown to decrease the number 
of muscarinic receptors in both neonatal- and adult rat brain (McDonald et 
al., 1988; Liu et al., 1999). This down-regulation, causing desensitisation, 
may be compensation for an over-stimulation of the receptor that is 
secondary to AChE inhibition and acetylcholine accumulation. Many studies 
report that immature animals are much more sensitive to OP exposure than 
adult animals (Benke and Murphy, 1975; Olivier et al., 2001; Howard and 
Pope, 2002). 

The organophosphate used in study IV is paraoxon (diethyl p-nitrophenyl 
phosphate), an active metabolite of the OP compound parathion. Parathion 
was first synthesised in 1944, but soon became one of the most widely used 
OP insecticides.  

Earlier studies have shown that neonatal exposure to paraoxon affects 
behaviour and nicotinic receptors in adult mice (Ahlbom, 1995). It has also 
been reported that paraoxon given to adult animals neonatally exposed to 
DDT can cause delayed behavioural defects (Johansson et al., 1996). 

Polybrominated diphenyl ethers (PBDEs) 
Polybrominated diphenyl ethers are a group of chemicals used as additive 
flame retardants. PBDEs are used to suppress or inhibit the combustion 
process in order to reduce the risk of fire. Products that often contain PBDEs 
as flame retardants are electrical appliances, such as computers and 
television sets, textiles etc. PBDEs are incorporated into the plastic matrix 
without chemical binding. Since they are not fixed in the polymer product, 
they tend to leak and escape into the environment (Hutzinger et al., 1976; 
Hutzinger and Thoma, 1987).  

Their chemical and physical properties make them similar to PCBs. In 
recent years, PBDEs have been detected in the global environment (de Boer
et al., 1998; Johnson and Olson, 2001; Manchester-Neesvig et al., 2001; 
Strandberg et al., 2001; de Wit, 2002). Whereas PCBs are steadily 
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decreasing, a recent report shows both the presence of PBDEs in Swedish 
mother’s milk and an exponential increase in PBDEs since 1972 (Meironyte
et al., 1999; Noren and Meironyte, 2000).  

Similarly to PCBs, PBDEs have been found to cause behavioural changes 
in mice. Eriksson and co-workers have observed behavioural changes in 
adult mice neonatally exposed to different PBDEs in a series of studies 
(Eriksson et al., 2001; Eriksson et al., 2002; Viberg et al., 2002). PBDEs 
affect spontaneous behaviour, learning and memory. Furthermore, in 
comparison to control animals, animals exposed to PBDE 99 neonatally 
react differently to a nicotine challenge (Viberg et al., 2002). Neonatal 
exposure to PBDE has also been shown to affect nicotinic cholinergic 
receptors in adult mice (Viberg et al., 2003). These results indicate that 
PBDEs affect the cholinergic system.

Ageing and neurodegenerative disorders
Whether neonatal exposure to environmental agents is able to affect ageing 
and neurodegenerative disorders is an intriguing question. 

Several transmitter systems undergo a decrease in receptor function and 
density during ageing, and neurotransmitter plasticity has been shown to be 
impaired in the aged brain, leading to a reduced ability to adjust to changes 
in the environment (Pedigo, 1994). Ageing is also associated with 
progressive deterioration in learning and memory functions.  

Since dysfunction in the cholinergic system has been shown to impair 
learning and memory (Bartus et al., 1982), it has been suggested that this 
system in particular is involved in ageing processes. 

The cholinergic system is also involved in several neurological and 
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s 
disease, schizophrenia and epilepsy. A consistent loss of nicotinic receptors 
and cholinergic innervation have been measured in brain tissue in 
Alzheimer’s and Parkinson’s patients (Nordberg, 1993; Hellström-Lindahl et 
al., 1999; Paterson and Nordberg, 2000). Brain regions and nicotinic 
receptors involved in neurobehavioural disorders are shown in Figure 3. 
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Figure 3. Disorders involving nicotinic receptors. Picture from Picciotto et al., 2001. 

In neurodegenerative disorders like Alzheimer’s disease and Parkinson’s 
disease, it seems likely that nicotinic agonists could actually function as a 
therapy (White and Levin, 1999; Levin and Rezvani, 2000; Rusted et al.,
2000). Nicotinic interactions with dopamine release may be responsible for 
the effect nicotine has on attentiveness (Levin et al., 1996). The use of 
nicotine and nicotine agonists has also been proposed for treatment of 
ADHD in adults (Levin et al., 1996; Levin, 1998). 
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OBJECTIVES

The overall objective of this thesis was to investigate possible developmental 
neurotoxic effects of neonatal exposure to nicotine in mice. The specific 
objectives of this thesis were: 

–To establish whether there is a defined critical period during neonatal brain 
development when persistent disturbances can be induced by nicotine. 

 –To establish whether developmental exposure to nicotine causes dose-
response effects on behaviour in adult mice. 

–To study whether neonatal exposure to nicotine can affect memory and 
learning in adult mice. 

–To study whether neonatal exposure to nicotine alters adult susceptibility to 
nicotine.

–To study whether neonatal nicotine exposure alters adult susceptibility to 
environmental toxicants that are known to specifically affect the cholinergic 
system and agents that are non-specific to the cholinergic system.  
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MATERIALS AND METHODS 

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

Animals
Male NMRI mice were used in all experiments. Pregnant NMRI mice were 
obtained from Charles River, Uppsala, Sweden, and B&K, Stockholm, 
Sweden.

Each litter was adjusted to 8-12 mice within 48 h by killing excess pups 
and kept, together with its respective dam, in a macrolone cage in a room 
with an ambient temperature of 22  C and a 12/12 h light/dark cycle. All of 
the treatment groups in all of the experiments consisted of mice from 3-8 
different litters. The pups were weaned at the age of 4 weeks and the males 
were placed and raised in groups of 4-7 in a room for male mice only. The 
animals were supplied with standardised pellet food and tap water ad
libitum.

In all experiments, the pH of the (-)nicotine base was adjusted to 7.0 
before injection of nicotine to avoid necrosis at the injection site. 

The doses of nicotine base were chosen in this thesis to be in parity with 
the amount of nicotine humans absorb through smoking 5-10 cigarettes/day 
(i.e. 66 g nicotine base/kg b.wt.)(Russel, 1990). 

Treatment 
A summary of the experiments carried out for this thesis is shown in Table 1. 

In study I, male NMRI mice received (-)nicotine base, 66 g/kg b.wt., or 
saline (10 mg/kg b.wt.) s.c. twice daily for five days starting at the age of 
either 3, 10 or 19 days.  

In study II, male NMRI mice received (-)nicotine base in one of the 
following amounts: 3.3 g, 33 g or 66 g/kg b.wt., or saline (10 mg/kg 
b.wt.) s.c. twice daily for five days starting at the age of 10 days. 

In study III, male NMRI mice at the age of 10 days received (-)nicotine 
base, 33 or 66 g/kg b.wt., s.c. twice daily for five days. At the age of 4 
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months, the animals received (-)nicotine base, 66 g/kg b.wt., or saline (10 
mg/kg b.wt.) s.c. twice daily for five days.  

In study IV, male NMRI mice at the age of 10 days received (-)nicotine 
base, 33 g/kg b.wt., or saline (10 mg/kg b.wt.) s.c. twice daily for five days. 
At the age of 5 months, the animals were exposed to paraoxon (0.17 or 0.25 
mg/kg b.wt.) or saline (10 mg/kg b.wt.) s.c. every second day for 7 days (4 
injections in total/mouse).  

In study V, male NMRI mice at the age of 10 days received (-)nicotine 
base 66 g/kg b.wt., or saline (10 mg/kg b.wt.) s.c. twice daily for five days. 
At the age of 5 months, the animals received a single dose of 2,2´,4,4´,5-
pentabromodiphenyl ether (PBDE 99), 8 mg/kg b.wt. orally via a metal 
gastric tube, or 10 ml/kg b.wt. of 20% fat emulsion (control). 

Chemicals
(-)- N-Methyl-3H nicotine (82.0 Ci/mmol), -Bungarotoxin, N- propionyl-
3H -propionylated (55.0 Ci/mmol) and 3H-quinuclidinylbenzilate (QNB, 
43.0 Ci/mmol) were obtained from Amersham, U.K. -Bungarotoxin, (-
)nicotine-bi-(+)-tartrate, Paraoxon (diethyl p-nitrophenyl phosphate) and 
atropine where obtained from Sigma, U.S.A. 2,2´,4,4´,5-pentaBDE (PBDE 
99) was synthesized by Eva Jacobsson, Wallenberg Laboratory, Stockholm, 
Sweden.

Behavioural tests 

Spontaneous behaviour 
Spontaneous behaviour testing was done on the male mice at the age of 4, 5 
or 7 months. The animals were tested between 8 a.m. and 12 p.m. under the 
same ambient light and temperature conditions as the housing. Eight to ten 
mice, randomly taken from three to eight litters, from each treatment group 
were tested.  

Motor activity was measured for 3 x 20 min in an automated device 
consisting of cages (40 x 25 x 15 cm) placed in two series of infrared beams 
(low level and high level) (Rat-O-Matic, ADEA Elektronik AB, Uppsala, 
Sweden) (Fredriksson, 1994). 
Following variables were measured: 

Locomotion: Registered when the mouse moved horizontally through the 
low-level grid of infrared beams. 



23

Rearing: Vertical movement was recorded at a rate of four counts per 
second, whenever and for as long as a single high-level grid was interrupted, 
i.e. the number of counts obtained was proportional to time spent rearing up. 

Total activity: A pick-up (mounted on a lever with a counterweight) with 
which the test cage was in contact, registered all types of vibration within the 
test cage, i.e. those caused by mouse movements, shaking (tremors) and 
grooming. 

Nicotine-induced behaviour 
Nicotine-induced behaviour was tested in mice at the age of 4 or 5 months 
directly after the spontaneous behaviour test, as previously described 
(Nordberg et al., 1991). 

In studies I and III, the mice received a saline or nicotine injection (40 or 
80 g) after the spontaneous behaviour test. Thereafter the animals’ 
locomotion, rearing and total activity were monitored for another 60 or 20 
min period. 

In study II, the animals received a saline- or nicotine injection (1, 10, 20, 
40 or 80 g). Thereafter the animals were monitored for another 20 min 
period.

Swim maze 
The swim maze test was performed in mice at the age of 4 and 7 months. A 
total of 8 mice from 5-7 different litters were tested from each treatment 
group.

A swim maze of the Morris water maze type (Morris, 1981) was used, 
consisting of a 35 cm deep circular grey tub, 73 cm in diameter and filled 
with 22  C water to a depth of 15 cm from the brim (Eriksson and 
Fredriksson, 1996). In the centre of one quadrant (north-east) of the tub, a 
circular platform was submerged 1 cm beneath the water surface. The 
platform was formed of metal mesh with a diameter of 12 cm. The animals 
were tested between 8 a.m. to 12 a.m.  

Before the first trial each day, the mouse was placed on the submerged 
platform for 30 sec. It was then released in the south position with its head 
toward the wall of the tub and was given 30 sec to locate the platform. If the 
mouse failed to find the platform within 30 sec, it was placed on the 
platform. After each trial, the mouse remained on the platform for 30 sec. 
The mice were tested with five trials a day on three consecutive days (a total 
of 15 trials).  

Latency to locate the platform constituted the total search time of five 
trials, maximum 150 seconds. Trials 1-15 (days 1-3) measured the mouse’s 
spatial learning ability. 
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Radial arm maze 
The radial arm maze test was performed in mice at an age of 7 months.  

The radial arm maze was constructed of 8 arms (8 x 35 cm) surrounded 
by a 1.5 cm high border. The arms radiate from a circular platform (  20 
cm), located 60 cm above the floor. Each arm was baited 3 cm from its outer 
end with a small food pellet (5 mg) hidden behind a low barrier to prevent 
the animal from seeing the bait (Eriksson and Fredriksson, 1996). The 
animals were tested on 3 consecutive days, one trial per day. The tests were 
performed between 9.00 a.m. and 2.00 p.m. The animals tested had free 
access to water but were deprived of food for 24 hours prior to day 1 of the 
trials and for 16 hours before days 2 and 3.  

At the beginning of each trial, the mouse was placed on the central hub. 
The trial was terminated after 10 min, or as soon as the animal had eaten all 
eight baits. To perform well in this task, the animal had to store information 
continuously about which arm(s) had already been visited during a particular 
trial and which had not (working memory, storing trial-specific information).  

The behavioural measures recorded were: latency to find all eight baits 
and the number of errors, an error being defined as the mouse entering an 
arm where the bait had already been eaten. 

Biochemical analysis 

Receptor assays 
In all of the experiments, the mice were killed by decapitation within one 
week after the behavioural tests. A crude synaptosomal P2 fraction (Gray 
and Whittaker, 1962), from the cerebral cortex was prepared as described by 
Eriksson and Nordberg, (1986), with a protein content of about 2 mg/ml, 
determined by the Lowry method (Lowry et al., 1951) or by the method of 
Udenfriend et al., (1972), as described in Lorenzen and Kennedy, (1993),.  

Measurement of the nicotinic binding sites was performed by using 
tritium-labelled nicotine ((-)- N-Methyl-3H nicotine (82.0 Ci/mmol)) and 
tritium-labelled -bungarotoxin, (N- propionyl-3H -propionylated (55.0 
Ci/mmol)). 

Measurement of the muscarinic binding sites was performed by using 
tritium-labelled quinuclidinyl benzilate (QNB) (43.0 Ci/mmol). 

The radioactivity was counted in a liquid scintillation analyser (Packard 
Tri-Carb 1900 CA). 

3H-nicotine binding 
The specific binding was carried out following the method of Nordberg et 
al., (1991). An aliquot of the P2 fraction was incubated with 3H nicotine in 
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Tris-HCl buffer. The proportions of nicotinic HA- and LA-binding sites 
were determined by using different concentrations of unlabelled nicotine 
(Nordberg et al., 1991).  

3H- -bungarotoxin binding 
The specific binding was carried out following the method described by
Falkeborn et al., (1983), with some minor changes. Instead of using 
tubocurarine for determination of non-specific binding, the binding was 
determined with -bungarotoxin.  

Aliquots of the P2 fraction were incubated with 3H- -bungarotoxin in 
NaKPO4 buffer. In parallel samples, -bungarotoxin was present for 
measuring the non-specific binding.  

3H-QNB-binding 
Measurements of muscarinic receptor density were performed according to 
the method of Nordberg and Winblad, (1981) as described by Eriksson and 
Nordberg, (1986).  

Aliquots of the P2 fraction were incubated with 3H-QNB in NaKPO4
buffer. In parallel samples, atropine was present for measuring the non-
specific binding.

Acetylcholine esterase inhibition 
Analysis of the acetylcholine esterase activity was performed as described 
by Ellman et al., (1961), and modified by Benke et al., (1974). Aliquots of 
the P2 fraction was mixed with acetylcholine iodide, 5,5-dithiobis-2-
nitrobenzoic acid and phosphate buffer. The absorbance was measured 
immediately at 412 nm, and the tubes were incubated at 27° C. After 30 min, 
the absorbance was measured again. The difference in absorbance was used 
to calculate the acetylcholine esterase activity in nmole/min x mg protein. 

Statistical analysis 
Spontaneous behaviour 
The data were subjected to a split-plot ANOVA and pairwise testing was 
performed between treated groups and their corresponding control groups 
using the Tukey honestly significant difference (HSD) test (Kirk, 1968).  

Nicotinic receptor binding (paper I) 
For evaluating the 1- or 2-site binding model, the data were subjected to a 

goodness-of-fit test, based on the ‘extra sum of squares’ principle (Draper 
and Smith, 1966, in Munson and Rodbard, 1980). Comparisons of the 
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percentage values and the affinity constants were made with Student’s t-test
and the Mann-Whitney U-test, respectively. 
Swim Maze (paper II) 

The data from days 1-3 were subjected to the General Linear Model with 
a split-plot design and pairwise testing with Tukey’s HSD test (Kirk, 1968). 
Radial Arm Maze (paper II) 

The data from day 3 were used. In control animals and nicotine-treated 
animals, the total time to find all eight pellets and the errors made were 
tested with a Mann-Whitney U-test.
Nicotinic receptor binding (paper III) 

The statistical evaluation was done by one-way ANOVA and Duncan’s 
test.
Acetylcholine esterase inhibition (paper IV) 

The statistical evaluation was done by a one-way ANOVA and Tukey’s 
HSD test. 
Muscarinic receptor binding (paper IV) 

The statistical evaluation was done by one-way ANOVA and Tukey’s 
HSD test. 

Table 1.  Summary of the work presented in this thesis. 
 Paper 1 Paper 2 Paper 3 Paper 4 Paper 5 

Neonatal
treatment 

Nicotine 66 
g/kg b.wt. 

Nicotine
3.3, 33, 66 
g/kg b.wt. 

Nicotine 33 
g/kg b.wt. 

Nicotine 33 
g/kg b.wt. 

Nicotine 33 
g/kg b.wt. 

Adult 
treatment 

- - Nicotine 66 
g/kg b.wt. 

Paraoxon 
0.17, 0.25 

mg/kg b.wt.

PBDE 99, 8 
mg/kg b.wt. 

Spontaneous 
behaviour 

4 months 4 months 5 months 5 months, 
7 months 

5 months,  
7 months 

Induced 
behaviour 

4 months, 
nicotine

4 months, 
nicotine

5 months, 
nicotine

5 months, 
paraoxon 

-

Morris Maze - 4 months, 
7 months 

- - - 

8-armed 
maze

- 7 months - - - 

Receptor
studies 

3H-nicotine - 3H-
bungaro-
toxin 

3H-QNB - 
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RESULTS AND DISCUSSION 

Effects of neonatal exposure to nicotine during a 
defined critical period of brain development on 
behaviour and nicotinic receptors 
The objectives of papers I and II were to establish a defined critical phase 
during the neonatal brain development of the mouse where disturbances can 
be induced and whether there were possible dose-response effects of 
nicotine.

In paper I, neonatal male mice at the age of 3, 10 or 19 days were exposed 
(twice daily for five days) to a nicotine dose known to cause behavioural 
disturbances and receptor changes (i.e. 66 g nicotine base/kg b.wt. s.c. 
(Nordberg et al., 1991)). 

The study was divided into a neonatal part and an adult part. In the 
neonatal part, possible nicotinic receptor changes 24 h after terminated 
nicotine exposure were investigated. The adult part investigated spontaneous 
and nicotine-induced (40 or 80 g nicotine base/kg b.wt. s.c.) behavioural 
changes and nicotinic receptor changes  (HA- and LA nicotinic binding 
sites) in 4-month-old animals. 

The receptor assay performed on neonatal animals revealed that all 
nicotine-treated mice, despite treatment age, lacked the LA-binding site. 
However, when the LA-binding sites were assayed in adult animals, it was 
only the mice treated days 10-14 that still lacked the LA-binding site. This 
indicates both a defined critical time period when the effects are irreversible, 
and plasticity/reversibility periods before and after this critical period. This 
shows that it is possible to affect the nicotinic receptors during neonatal 
brain development, and that animals treated before or after the defined 
critical period of brain growth spurt recover the missing binding sites after 
terminated treatment, seen as existing LA-binding sites in adult animals. The 
persistent effects caused by exposure on days 10-14 appear not to be related 
to differences in uptake and/or retention of nicotine in this age group, 
compared to the two other age groups, since the nicotine exposure in all 
treatment groups caused a lack of LA-binding sites during the neonatal 
period.
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Behavioural tests with different cholinergic agonists and antagonists 
acting on 4 2 receptors (i.e. the nicotinic HA-binding site) and 7
receptors (i.e. nicotinic LA-binding site) have shown that these receptors are 
crucial for normal cognitive function (Levin, 2002). The behavioural tests 
conducted on the mice at the age of 4 months did not show any altered 
spontaneous behaviour in any of the treatment groups. When the animals 
were challenged with nicotine, however, the mice exposed to nicotine days 
10-14 showed a hypoactive response to nicotine compared with control 
animals and animals exposed days 3-9 or days 19-23, which responded with 
a hyperactive behaviour to nicotine (Fig. 4). The results indicate that the low 
neonatal nicotine dose administered during the defined period of brain 
growth spurt altered susceptibility to nicotine in adult mice, and that this 
appears to be mediated via changes in nicotinic receptor subpopulations. 
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Figure 4. Nicotine-induced behaviour in 4-month-old male mice after neonatal 
exposure to 66 g nicotine base/kg b.wt. s.c. twice daily, or to 10 ml 0.9% NaCl/kg 
b.wt. s.c. as controls, at days 3-7, 10-14 or 19-23. After the spontaneous behaviour 
test the animals were challenged with saline (1), 40 (2) or 80 (3) g nicotine-base/kg 
b.wt. s.c. The heights of the bars represent mean value + SD, n=8. 

In paper II, the effects in adult mice exposed to nicotine during postnatal 
days 10-14 were shown to be dose-response related. 10-day-old male mice 
were exposed twice daily for five days, to one of three doses of nicotine (i.e. 
3.3, 33 or 66 g nicotine base/kg b.wt. s.c.) to establish possible dose-
response effects of nicotine. At the age of 4 months, the animals were tested 
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for spontaneous and nicotine-induced (40 or 80 g nicotine base/kg b.wt. 
s.c.) behaviour. The study revealed dose-response effects of nicotine on adult 
behaviour of mice exposed to nicotine at neonatal days 10-14. The effect 
became evident when the mice were challenged with nicotine. The nicotine-
induced behaviour test revealed a hypoactive response to nicotine in 4-
month-old mice neonatally exposed to 33 or 66 g nicotine base, whereas 
the response to nicotine in control animals and mice exposed to 3.3 g
nicotine base was increased activity. The hypoactive response was most 
pronounced in mice exposed to 66 g nicotine/kg b.wt., indicating a dose-
response effect of neonatal exposure to nicotine. 

Since it was shown in paper I that mice neonatally exposed to nicotine (66 
g/kg b.wt.), reacts with hypoactivity to a challenging dose of nicotine, it 

was interesting to investigate whether it was possible to induce hyperactivity 
with even lower challenging doses of nicotine. It is well known that different 
nicotine doses induce different effects when given to adult animals. It has 
earlier been shown that low doses of nicotine induce hyperactivity and 
higher doses induce hypoactivity (Nordberg and Bergh, 1985).  

Animals known to lack the LA-binding sites (exposed to 66 g nicotine 
base/kg b.wt., seen in paper I) were tested with five different doses of 
nicotine (1, 10, 20, 40 and 80 g nicotine base/kg b.wt. s.c.). None of the 
chosen nicotine doses used when challenging the animals were able to 
induce a hyperactive behaviour in animals neonatally exposed to 66 g/kg 
b.wt. s.c. of nicotine. This indicates that the probable lack and/or reduced 
amount of LA-binding sites affects the response to nicotine in adulthood. 

It is known that the cholinergic system is crucial for spatial learning and 
memory (Berger-Sweeney et al., 1994).  Berger-Sweeney and co-workers 
showed an extensive loss of cortical cholinergic fibres to be associated with 
impaired navigation performance in a water maze.  

To study the effects of neonatal exposure to nicotine on adult memory and 
learning performance, animals neonatally exposed to 66 g nicotine base/kg 
b.wt. were tested for Morris water maze performance at the age of 4 and 7 
months, and for radial arm maze performance at the age of 7 months. 

This study showed that neonatal exposure to nicotine (66 g/kg b.wt. for 
5 days) affected learning and memory in adult animals, and that this effect 
was time-response related. In the swim maze test, no significant differences 
were observed between nicotine-treated and control animals at the age of 4 
months. At 7 months, however, a significant difference in time spent finding 
the platform was evident, indicating a time-response/time-dependent effect.  

Also the radial arm maze test, conducted when the animals were 7 months 
of age, clearly showed that the nicotine-treated animals needed more time to 
finish the task to finds all the pellets. They also made more errors in finding 
the pellets than the control animals. These effects from neonatal exposure to 
nicotine are in contrast to studies with normal adult animals, where short-
term cognitive enhancement is the effect of nicotine. Both young adult rats 
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and aged rats perform significantly better in different memory tasks after 
nicotine exposure as adults (Decker et al., 1995; Levin and Torry, 1996). In 
normal mice, a deterioration in swim maze performance appears when the 
mice reaches about 9 months of age (Lamberty and Gower, 1990). Since 
receptor function and density decreases during normal ageing processes, an 
intriguing question is whether the neonatal nicotine exposure is able to 
advance the ageing process.  

Effects of neonatal nicotine exposure on susceptibility 
to nicotine in adult mice 
The objective with study III was to investigate whether neonatal exposure to 
nicotine makes the animals more susceptible to repeated adult nicotine 
exposure. 10-day-old male mice were exposed twice daily for five days, to 
33 or 66 g nicotine base/kg b.wt. s.c. At 4 months of age, the mice received 
66 g nicotine base/kg b.wt. in the same manner.

The spontaneous behaviour test did not reveal any differences between 
mice treated with saline and nicotine neonatally. However, when the mice 
were challenged with nicotine (40 g and 80 g nicotine base/kg b.wt), those 
exposed to the lower dose, 33 g nicotine base/kg b.wt. neonatally, and to 
nicotine as adults, lacked a response to nicotine provocation. Furthermore, a 
hypoactive response was seen in mice that received the higher dose, 66 g
nicotine base/kg b.wt., neonatally and saline and/or nicotine as adults. Being 
challenged with nicotine (40 g and 80 g nicotine base/kg b.wt. s.c.) 
elicited a hyperactive response in control animals and animals that received 
only 33 g nicotine base/kg b.wt. neonatally and saline as adults (Fig. 5).  

These results, together with the results from paper II, indicate that the 
dose of 33 g nicotine/kg b.wt. appears to be a critical threshold dose for 
inducing permanent brain deficits. In paper II, adult animals exposed to 33 

g nicotine/kg b.wt. neonatally demonstrated a hypoactive response after a 
single nicotine injection. This was not seen in study III. Instead, the animals 
treated with 33 g/kg b.wt. in this study reacted in the same way as the 
control animals, with hyperactivity, when challenged with nicotine. Though, 
animals treated neonatally with nicotine (33 g/kg b.wt.) and as adults (66 

g/kg b.wt.) lack a behaviour response after being challenged with nicotine. 
These behavioural results indicate that neonatal exposure to low doses of 
nicotine makes the animals more susceptible to repeated adult nicotine 
exposure. Furthermore, the effect on animals exposed to 66 g nicotine 
base/kg b.wt. both neonatally and as adults is more pronounced in 
comparison to animals exposed to 66 g nicotine base/kg b.wt. neonatally 
only.  
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Figure 5. Nicotine-induced behaviour in 4-month-old male mice after neonatal 
exposure to either 33 or 66 g nicotine base/kg b.wt. s.c. twice daily, or to 10 ml 
0.9% NaCl/kg b.wt. s.c. as controls between postnatal days 10-14, and adult (4-
month-old) exposure to 66 g nicotine base/kg b.wt. or 10 ml 0.9% NaCl/kg b.wt. 
s.c. twice daily for 5 days. After the spontaneous behaviour test the animals were 
challenged with saline (1), 40 (2) or 80 (3) g nicotine-base/kg b.wt. s.c. A = 
significantly different from control, p  0.05. a = significantly different from control, 
p  0.01. B = significantly different from respective control, p  0.05. b = 
significantly different from respective control, p  0.01. The heights of the bars 
represent mean value + SD, n=8. 
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In our study, it was observed that a low dose of nicotine during the 
vulnerable period of neonatal life, given at a dose that does not, itself, cause 
direct effects, can make the animals more susceptible to nicotine in 
adulthood, causing effects similar to those observed when higher doses of 
nicotine are given neonatally.  

It is interesting to note that a study by Kandel et al., (1994), indicates that 
daughters of smoking mothers are four times more likely to smoke as adults 
compared to the offspring of non-smokers. Maybe the experience of nicotine 
in individuals exposed to nicotine during the critical development of the 
brain is different, making them more predisposed to start smoking?  

Analysis of -bungarotoxin binding sites in the cerebral cortex revealed a 
decreased binding of BTX in animals exposed to nicotine both neonatally 
and as adults compared to mice receiving saline neonatally and nicotine as 
adults (Table 2). These are interesting results, since several earlier studies 
have reported up-regulated nicotinic receptors and mRNA after adult 
nicotine exposure (Bhat et al., 1991; Pauly et al., 1991; Sparks and Pauly, 
1999).

Table 2. Effects of neonatal exposure to nicotine (A) and neonatal and adult 
exposure to nicotine (B) on the -bungarotoxin binding sites in the cerebral cortex 
of adult mice.a)

                  (A)   (B)
 sal-sal nic 33 g-

sal
nic 66 g-

sal
sal-

nic 66 g
nic 33 g-
nic 66 g

nic 66 g-
nic 66 g

pmole 
bound 

BTX/g
protein 

19.6 7.8 18.8 5.7  15.5 3.9 25.1 5.9 13.9 4.4** 14.1 7.2** 

a) -Bungarotoxin binding sites in cerebral cortex of 4-month-old male mice after 
neonatal exposure to either 33 or 66 g nicotine base/kg b.wt. s.c., or to 10 ml 0.9% 
NaCl/kg b.wt. s.c. as controls twice daily between postnatal days 10-14, and adult 
exposure to 66 g nicotine base/kg b.wt., or to 10 ml 0.9% NaCl/kg b.wt. s.c. twice 
daily for 5 days. [3H] -Bungarotoxin binding was assayed in the P2 fraction. The 
statistical evaluation was done by one-way ANOVA and Duncan’s test. Values 
given are means  SD, n=8. Statistical difference,** P  0.01. 

Effects of neonatal nicotine exposure on susceptibility 
to cholinergic and non-cholinergic agents in adult mice 
The objectives of studies IV and V were to investigate whether neonatal 
exposure to nicotine makes the animals more susceptible to adult exposure to 
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substances that, in developmental neurotoxicological studies, have been 
shown to affect the cholinergic system.  

Organophosphorus ester insecticides inhibit acetylcholine esterase. This 
leads to an increased amount of acetylcholine in the synapses of cholinergic 
neurons. Neonatal exposure to paraoxon in mice has been shown to impair 
spontaneous behaviour in adult mice (Ahlbom, 1995). Since neonatal 
exposure to nicotine can affect the behaviour and nicotinic receptors in adult 
mice, an intriguing question was whether animals treated with nicotine 
neonatally were more susceptible to adult paraoxon exposure. 

In study IV, 10-day-old male mice were exposed twice daily for five days 
to 33 g nicotine base/kg b.wt. s.c. At the age of 5 months, the animals were 
exposed to paraoxon once every second day for 7 days (4 injections in 
total/mouse). Paraoxon doses of 0.17 and 0.25 mg/kg b.wt. caused 29% and 
37% inhibition of acetylcholine esterase, respectively.  

Prior to the first injection of paraoxon in the 5-month-old mice, the 
animals were observed for spontaneous behaviour. This spontaneous 
behaviour test did not reveal any differences in behaviour between control 
animals and animals exposed to nicotine neonatally. Immediately after the 
spontaneous behaviour test, the animals received the first injection of 
paraoxon and were again tested for spontaneous behaviour. The spontaneous 
behaviour test after the first paraoxon injection showed decreased activity in 
mice neonatally exposed to nicotine. Control animals showed no response to 
the paraoxon injection. This behaviour reaction is similar to that seen in 
studies I, II and III where the animals exposed to nicotine (33 or 66 g/kg
b.wt.) neonatally react with a hypoactive behaviour in response to an acute 
nicotine injection. Both nicotine and paraoxon can increase the amount of 
acetylcholine in the synapse, nicotine by binding to nicotinic receptors and 
thereby stimulating ACh release, and paraoxon by binding to AChE and 
thereby inhibiting the degradation of acetylcholine. Maybe the higher 
concentration of ACh combined with an altered receptor configuration 
and/or changes in subpopulation proportions is the reason for the behaviour 
responses seen in the studies? 

Two months after the final injection of paraoxon, the animals were once 
again tested for spontaneous behaviour. Spontaneous behaviour tests can 
provide information about the animal’s ability to habituate to a novel 
environment. Normal habituation is defined here as a decrease in 
locomotion, rearing and total activity variables in response to the diminished 
novelty of the test chamber over the 60 min test period. Animals that were 
only exposed to paraoxon as adults did not show any difference in behaviour 
compared to animals that had received saline both neonatally and as adults. 
All of these animals habituated equally well. Animals neonatally exposed to 
nicotine and exposed to paraoxon as adults, showed deranged spontaneous 
behaviour and habituation. These animals show hypoactive behaviour in the 
beginning of the test period (0-20 min), and hyperactive behaviour at the end 
of the test period, i.e. a loss of habituation.  
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Analysis of the 3H-QNB binding sites revealed no difference in 
muscarinic receptor density between the treatment groups, indicating that the 
muscarinic receptors were not involved in the behavioural changes seen. 
This is a notable finding, since several studies have shown that chronic 
treatment with various OPs decreases the number of muscarinic receptors in 
both neonatal and adult rat brain (McDonald et al., 1988; Liu et al., 1999). 
There is some discussion as to whether this down-regulation may be a 
compensation for over-stimulation of the receptors. 

Clearly, the neonatal nicotine exposure has left these animals more 
susceptible to the adult paraoxon exposure and probably affected the ability 
to recover from the adult paraoxon exposure since the aberrations worsened 
with age.

One type of toxic agent increasing in the environment are the 
polybrominated diphenyl ethers (PBDEs), a group of chemicals belonging to 
the brominated flame retardants. 

PBDEs have been shown to cause deranged behaviour and reduced -
bungarotoxin binding sites in adult mice neonatally exposed to PBDEs 
(Eriksson et al., 2001; Viberg, et al., 2003). In study V, the objective was to 
see whether neonatal exposure to nicotine could affect the susceptibility of 
adult mice to PBDE 99, a non-specific cholinergic agent.  

In study V, 10-day-old male mice were exposed to 33 g nicotine base/kg 
b.wt. s.c. twice daily for five days. At the age of 5 months, the animals were 
exposed to a single oral dose of 8 mg/kg b.wt. of PBDE 99.  

24 h after terminated exposure to PBDE 99 the animals were tested for 
spontaneous behaviour. Control animals, animals that had received 33 g
nicotine base/kg b.wt. neonatally, and animals that received PBDE 99 as 
adults, showed a normal decrease in activity over the 60-min period, thereby 
demonstrating a normal habituation pattern. However, animals that received 
nicotine (33 g nicotine base/kg b.wt.) neonatally and PBDE 99 (8 mg/kg 
b.wt.) as adults showed a lack of habituation. These animals displayed 
hypoactive behaviour in the beginning of the test period (0-20 min), but 
became hyperactive toward the end of the test period (40-60 min). This 
behaviour reaction is different from the results of the other studies in the 
thesis, since the behavioural aberrations are already visible in the first 
spontaneous behaviour test. Here, it is shown that a single exposure to PBDE 
99, that apparently has no effects in the adult animals, clearly changes the 
spontaneous behaviour pattern in animals exposed to nicotine neonatally. 
This indicates that the neonatal nicotine exposure has affected the 
susceptibility to PBDE 99 in the adult animals. It is interesting to note that 
this behavioural pattern is similar to the behavioural disturbances seen in 
adult animals neonatally exposed to the same dose of PBDE 99 (Eriksson et 
al., 2002; Viberg et al., 2002). 
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At the age of 7 months, the animals were again tested for spontaneous 
behaviour (Fig. 6). The lack of habituation in the nicotine-PBDE 99-treated 
mice was even more pronounced in the 7 months old animals, indicating a 
disturbance that worsens with age. Both the change in spontaneous motor 
behaviour profile and the reduced habituation capability indicate the advance 
of brain dysfunction induced by nicotine at the time of rapid brain 
development, and worsened by the exposure to PBDE 99 in adulthood. As 
normal deterioration in spontaneous behaviour occurs at the age of 9-10 
months in normal mice (Lamberty and Gower, 1990), these findings may 
indicate that the neonatal exposure to nicotine and adult exposure to PBDE 
99 has advanced the ageing and/or neurodegenerative process. 
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Figure 6. Spontaneous behaviour in 7-month-old male NMRI mice after neonatal 
exposure to 33 g nicotine base/kg b.wt. s.c. twice daily between postnatal days 10-
14, and adult (5 months) exposure to a single dose of PBDE 99 (8 mg/kg b.wt.). 
Controls received 10 ml 0.9% NaCl/kg b.wt. s.c. between days 10-14, and a single 
dose of 20% fat emulsion vehicle as adults. The heights of the bars represent mean 
value + SD, n=8. Statistical difference, ** P  0.01. 
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CONCLUDING REMARKS 

The studies presented in this thesis have shown that there is a defined critical 
period in neonatal brain development in mice during which the brain is 
vulnerable to the insult of low doses of nicotine, doses that apparently have 
no permanent effects when administered to animals before or after this 
window of brain growth spurt in neonatal development. Exposure to nicotine 
during this critical neonatal period also makes the animals more susceptible 
to adult exposure of certain environmental toxicants. 

Exposure to nicotine during the neonatal period leads to permanent 
disturbances in the cholinergic system and in the behaviour of adult mice. 
Susceptibility to developing these permanent disturbances is limited to a 
developmental phase during neonatal life, around days 10-14. This 
vulnerable period corresponds to a period of rapid development in the brain, 
and a period when the cholinergic system develops rapidly, with a marked 
increase in enzyme activity (AChE, ChAT), and increases in cholinergic 
receptors and mRNA levels for the receptors. Before these variables have 
started to develop, or have reached adult levels, permanent disturbances 
caused by nicotine do not appear to be possible.  

Neonatal exposure to nicotine also affects learning and memory in adult 
mice. This disturbance in memory and learning performance was seen in 7-
month-old mice, indicating that the normal deterioration in these variables 
has been accelerated.  

Neonatally nicotine exposed animals were also shown to be susceptible to 
repeated nicotine exposure in adulthood. These mice showed a disturbed 
nicotine-induced behaviour and a decrease in -bungarotoxin binding sites 
in cerebral cortex in adult age. 

Neonatally nicotine exposed animals were shown to be more susceptible 
to exposure to an organophosphorus insecticide (paraoxon) and a brominated 
flame retardant, (pentabromodiphenyl ether, PBDE 99) as adults. This was 
seen with doses that do not have any effects on behaviour in adult animals. 
These substances do not act directly on the nicotinic receptors, but can 
clearly alter the cholinergic system and behaviour in adult animals 
neonatally exposed to nicotine.

The results 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 nicotine. Thus, 
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neonatal nicotine exposure may be of concern when the effects of adult risk 
assessment of different toxicants are evaluated. 
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