
Chapter 1

Ongoing development of the brain makes 
adolescents particularly vulnerable to acute 
and long-lasting consequences of nicotine 
exposure. 

General introduction and scope of this thesis
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1. Rationale
Adolescence is the developmental period during which individuals undergo 
the mental transition from childhood to adulthood, and is the time when 
an individual’s adult personality is being formed. During adolescence, in-
dividuals for the first time engage in close relationships outside the bor-
ders of their family. Peers become more important, making adolescents 
increasingly independent from family members. Besides these increases 
in peer-directed social interaction, both human and other mammal ado-
lescents show increased rates of impulsivity and risk-taking (Spear, 2000). 
This seemingly maladaptive impulsive behavior could be very useful since 
it may increase the chances to find a partner and to reproduce. However, 
in human adolescents it also increases the risk to experiment with drugs 
of abuse. In particular drugs of abuse may interfere with the continuous 
postnatal development of the brain that is normally required to bring 
about changes in social skills and the maturation of cognitive processes. 
 Brain development does not stop at birth, but continues from 
childhood throughout adolescence. Neuronal cells first overproduce syn-
aptic connections, increase receptor-levels, and use subsequent activity-
dependent elimination to reach adult levels of connectivity and signaling 
at the end of adolescence. Also, myelination of axons increases during 
adolescence. Because adolescent brains are still developing, they are 
also functionally different from adult brains (Ernst et al, 2005; Eshel et 
al, 2007). In particular long-range connections between different brain 
regions have not yet completely matured, and the cross talk between 
different brain areas still has to reach a final balance. Therefore, it is an 
attractive concept to think that abnormal brain development during ado-
lescence, that may arise from genetic or environmental factors such as 
drugs of abuse, can easily result in partial maintenance of the adolescent 
state, leaving individuals with features of adolescence into adulthood.
 High rates of impulsivity and risk-taking behaviors that are evident 
in adolescents are thought to result in the experimental use of alcohol, 
tobacco (nicotine) and illicit drugs (Chassin et al, 1996; Spear, 2000). 
Also, addictive disorders identified in adults most commonly have their 
onset in adolescence or in young adulthood (Chambers et al, 2003). Early 
onset substance use is a risk factor to develop substance use disorder 
or addiction, and leads to greater addiction severity and morbidity (An-
thony and Petronis, 1995; Kandel et al, 1992; Taioli and Wynder, 1991). 
Most adult smokers have started their habit long before the age of 19 
and several retrospective and prospective studies have suggested that 
early onset of smoking may predict cigarette smoking and nicotine depen-
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dence in adulthood (Brown et al, 1996; Chassin et al, 1996; Dappen et al, 
1996). Specifically, smoking only a few cigarettes during adolescence was 
shown to increase the probability of developing dependence for nicotine, 
and leads to a 16-fold increase in the risk of adult smoking (Chassin et 
al, 1990; Russell, 1990). In the Netherlands, 71% of adolescents have 
tried a cigarette at least once (Van Andel et al, 2003), and approximately 
40% smoke at least monthly at the age of 19 years. These figures are 
comparable to other European countries (WHO-Europe, 2004), and even 
higher compared with the USA, where 25% of adolescents in 12th grade 
(age 17-18 years) report cigarette use in the past 30 days (Johnson et al, 
2006). However, despite all the epidemiological data, in human research 
the relationship of adolescent brain development and aberrations thereof, 
as well as its consequence for later life are hard to establish. Both indi-
vidual genetic differences and complex gene x environment interactions 
are confounding factors. Importantly, adolescence and adolescent brain 
development is conserved between species. Therefore, the causal rela-
tionships of adolescent events and their consequence in adult life can be 
studied uniquely in laboratory animals, that also allow for the investiga-
tion of molecular mechanisms (Box 1 and Figure 1). 
 Tobacco smoking, and intake of its active substance nicotine, cre-
ates the largest number of drug dependent users worldwide. As such, it 
is of utmost importance to assess the effects of nicotine on adolescent 
brain development and, through this, its long-lasting cognitive effects. 
Therefore, I will discuss the process of adolescent brain development, 
age-dependent differences in sensitivity towards nicotine, and long-last-
ing effects of nicotine on the adolescent brain in more detail, discussing 
literature on both human and animal research. 

2. Adolescent brain development
Brain development continues throughout adolescence into early adulthood 
(Galvan et al, 2006). In the case of human brain development, structural 
and functional imaging has been used to show that cortical association ar-
eas, such as the prefrontal cortex, develop later than primary sensorimo-
tor areas (Durston et al, 2006; Gogtay et al, 2004). This developmental 
program parallels cognitive milestones in human brain development (for 
review; (Casey et al, 2005)). Regions necessary for primary life functions, 
such as motor and sensory systems, develop before temporal and parietal 
association areas, which are involved in basic language and attentional 
skills. Higher-order association areas such as the prefrontal cortex, which 
are involved in integration of sensorimotor processes and executive tasks, 



general introduction

13

develop last. Because higher and lower cortical areas depend on each 
other for their input, the cross-talk between these two areas changes dur-
ing development consequently impacting on behavior. The relatively early 
presence of sensorimotor output provides a stable input on which the 
higher cortical areas can build (Guillery, 2005). Adolescent brain develop-
ment is a dynamic combination of regressive and progressive changes, of 
which the most important processes are described in more detail below. 
 For the purpose of my thesis, I focus here on the medial prefrontal 
cortex (mPFC) as the cortical area of interest. As in every cortical area, 
pyramidal neurons in the mPFC communicate using glutamate as the pri-
mary excitatory neurotransmitter. GABA secreting interneurons in turn in-
hibit their activity. Tracer studies have shown that many brain areas have 
projections to the mPFC (mostly to layer II/III), such as thalamic nuclei, 
the amygdala, areas in the basal forebrain and the ventral tegmental area 
(VTA) (Hoover and Vertes, 2007; Van Eden et al, 1992). mPFC activity is 

Box 1. Adolescence in rodents

Adolescence is a developmental period that is conserved between 
mammalian species, and seems useful, since this is the period be-
tween childhood and adulthood, when animals leave their protected 
nest-environment. Like human adolescents, their rodent counterparts 
show alterations in social behavior, like increased peer-directed inter-
actions, which can be observed as an elevation of social play behavior. 
Also, adolescents show higher levels of impulsivity (for review (Spear, 
2000)). Another characteristic of human adolescence is the increased 
sensitivity to drugs of abuse, such as nicotine, which is also observed 
in adolescent rodents (for review (O’Dell, 2009)).

Figure 1. A relative comparison between the age of a rat and the de-
velopmental stages of humans (adapted from (Andersen, 2003; McCutch-
eon and Marinelli, 2009)).
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modulated by neurotransmitters such as dopamine, serotonin and ace-
tylcholine, which are produced by small groups of neurons located in the 
midbrain and hindbrain. The output projections of the mPFC, originating 
mostly from layer V pyramidal neurons, innervate many areas, among 
which are the striatum, amygdala, thalamus and the VTA (Gabbott et al, 
2005).
 The development of the mPFC during adolescence is characterized 
by elimination of overproduced glutamatergic synapses (so-called syn-
aptic pruning), whereas fibers with modulatory neurotransmitters con-
tinue to progressively innervate this region. Also, the levels of various 
neurotransmitter receptors are adapted to reach adult levels. In addition, 
myelination of long-range connections continues throughout adolescence. 
Figure 2 summarizes these developmental changes.

2.1 Innervation
During adolescence, the input of modulatory neurotransmitters and glu-
tamatergic projections from other areas to the mPFC increases (Cunning-
ham et al, 2002, 2008; Gould et al, 1991; Kalsbeek et al, 1988; Rosen-
berg and Lewis, 1995). In the rat and macaque it has been shown that 
dopamine fibers from the VTA continue to infiltrate the mPFC throughout 
adolescence (Kalsbeek et al, 1988; Rosenberg et al, 1995). Cholinergic 
innervation of the PFC similarly increases to mature levels during ado-
lescence (Gould et al, 1991). In addition, glutamatergic fibers projecting 
from the amygdala increasingly innervate GABAergic neurons in the PFC 
during adolescence (Cunningham et al, 2002, 2008). Despite the fact that 
evidence for the increased innervation of the mPFC during adolescence is 
sparse, these data suggest that input to the mPFC increases, which may 
cause the mPFC to be better able to integrate information from different 
brain regions.

2.2 Synapse elimination
A prominent hallmark of the developing central nervous system is the 
overproduction of synapses that are subsequently eliminated in an activ-
ity-dependent manner, to allow for a more efficient synaptic communica-
tion. These processes have been studied in detail for the neuromuscular 
junction and the developing visual system (for reviews (Buffelli et al, 2004; 
Huberman, 2007)). This process of synaptic pruning during adolescence is 
activity-dependent, which means that connections that are necessary and 
often used are retained and strengthened, while those that are used less 
are eliminated (Lichtman and Colman, 2000). This type of elimination of 
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synapses, specifically in higher-order association cortices like the prefron-
tal cortex, is believed to underlie improvement in working memory that 
occurs during adolescence (Paus, 2005). However, evidence for synapse 
elimination in the prefrontal cortex during adolescence is sparse. Even so, 
it has been demonstrated in non-human primates that cortical synapses 
are overproduced during childhood, and subsequently eliminated (Elston 
et al, 2009; Rakic et al, 1994), but most of the elimination happens be-
fore 18 months of age, while adolescence in the rhesus monkey is broadly 
considered between 2 and 5 years of age. In additional work performed in 
macaque monkeys, Bougeois and colleagues (Bourgeois et al, 1994) de-
scribed that about half of the synapses per cortical neuron present at the 
peak of synaptogenesis are eliminated, but they also described that dur-
ing early adolescence (from 2 months to 3 years of age) there is a plateau 
phase during which synapse density remains unchanged. A complicating 
factor in the interpretation of these data is that results may come from 
subtle differences between brain regions when it comes to synapse elimi-
nation (Elston et al, 2009). In the rhesus prefrontal cortex, electrophysi-
ological data show that before synapse elimination occurs, most synapses 
are already mature (Gonzalez-Burgos et al, 2008), suggesting that in the 
mPFC synapse elimination is not directed at immature synapses. 
 In the human cortex synapse elimination during adolescence 
has also been described (Huttenlocher, 1979, 1990). However, the lim-
ited number of adolescent brains used in this study obscures conclusions 

Figure 2. A summary of the processes occurring during development of 
the rat prefrontal cortex (adapted from (Casey et al, 2005)). Adolescence in 
the rat occurs between postnatal day 25 and 50. 
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about synapse elimination or a decrease in synapse production. Moreover, 
in these studies on human brain development, spines are counted and 
regarded as synapses, while this is in fact only the postsynaptic element. 
The use of such a measure is speculative because it neglects the presence 
of a presynaptic element and thus the potential of having a functional 
synapse. Studies of synapse elimination in the developing visual cortex 
(Huberman, 2007) or the neuromuscular junction (Buffelli et al, 2004) 
have taken the presynaptic terminal into account because it is eliminated 
in an activity dependent manner. Thus, in order to have definite proof of 
synapse elimination in the primate mPFC to the standards of the develop-
ing visual system in rodents, it is necessary to investigate both pre- and 
postsynaptic terminals. 
 Imaging studies have been used as an alternative and non-invasive 
method to study brain development during human adolescence. Struc-
tural MRI imaging studies have shown that grey matter density increases 
during childhood, with subsequent grey matter density loss during ado-
lescence (Giedd et al, 1999; Jernigan et al, 1991; Sowell et al, 2001). The 
latter has often been interpreted as synapse elimination. However, MRI 
resolution is by far not high enough to study changes at the sub-cellular 
level. Thus, the loss of grey matter may also reflect other developmental 
changes, such as a change in the number of glial cells or blood vessels, or 
neuronal changes other than elimination of synapses, e.g. neuronal cell 
loss. In rats, it has been shown that in the PFC neuron numbers decrease 
specifically in the ventral part (Markham et al, 2007). Although this pro-
cess has not been investigated for human cortical development, it may 
explain the decrease observed in grey matter during adolescence. 
 In conclusion, there is only sparse evidence for synapse elimina-
tion in the mPFC during adolescence, and the underlying mechanisms are 
not yet known.

2.3 Myelination
Postmortem research of human brain development has shown that my-
elination begins near the end of the second trimester of gestation, and 
extends until the third decade of life (Yakovlev, 1967). Similar to develop-
mental changes in grey matter density, primary motor and sensory areas 
show myelination at an early stage (during childhood), whereas higher-
order association areas like the prefrontal cortex are myelinated during 
adolescence (Giedd, 2004). As myelin increases the speed of signal trans-
duction along axons, increased myelination is thought to improve commu-
nication between distant brain areas. The increased myelination of axons 
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that occurs during adolescence was shown using immunohistochemical 
staining techniques (Benes, 1989), T1-weighted MRI (Benes, 1989; Paus 
et al, 1999), or using diffusion tensor imaging (DTI) (Snook et al, 2005) 
(for review see (Klingberg, 2006)). 
 In the rat hippocampus, it was shown using myelin staining that 
myelination stops before adolescence (P25), after which it remains stable 
(Meier et al, 2004). However, Bockhorst et al showed (using DTI) that 
myelination is still ongoing during adolescence, with an increase in myelin 
in the body of the corpus callosum (but not the spleniuim and genu) from 
P21 up to P56. But they also showed that some brain regions including 
the external capsule, internal capsule and anterior commisure are already 
fully myelinated at P28 (Bockhorst et al, 2008). These observations argue 
for differences in timing of myelination in specific brain regions during 
adolescence. 

2.4 Receptor level adaptations
During adolescent brain development, expression of various types of re-
ceptors change, to reach adult levels at the end of adolescence. I will 
focus here on glutamate receptors –since most synapses within the mPFC 
are glutamatergic– and on dopamine and acetylcholine receptors –as they 
are important in mediating (nicotine) reward signals. 

Glutamate receptors: Glutamate transmission is mediated by different 
types of receptors that can be classified as ionotropic (ion channels) or 
metabotropic (G-proteins coupled receptors). Ionotropic receptors, and 
specifically the GluN2A and GluN2B subunits of the NMDA receptor, are 
known to be involved in synaptic plasticity, and their expression is depen-
dent on synaptic activity (Hoffmann et al, 2000). Newly formed synapses 
express more GLuN2B-containing NMDA receptors than GLuN2A-contain-
ing ones (for review (Carpenter-Hyland and Chandler, 2007)). Brain ex-
pression of both GLuN2A and GLuN2B follows an inverted U-shape (Jin 
et al, 1997) (Barria and Malinow, 2002) during development. The level 
of GLuN2B expression is low before birth, and subsequently increases 
and peaks around the start of adolescence (P30 in the rat; see Figure 1/
Box 1). Subsequently, it decreases to reach the adult level of expression. 
GLuN2A receptors are not expressed until shortly after birth, and also 
increase during development to also peak around P30 (Jin et al, 1997). 
This differential expression is probably important for experience depen-
dent plasticity, and is also observed in brain regions important for learning 
and memory (Carpenter-Hyland et al, 2007). Although GLuN2A receptors 
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have higher peak currents and a greater open channel probability (Chen 
et al, 1999), GLuN2B-containing receptors have higher affinity for ago-
nists and confer greater calcium influx than GLuN2A-containing recep-
tors due to their slower inactivation kinetics (Krupp et al, 1996). These 
characteristics have implicated GLuN2B as being particularly important 
in experience-based plasticity, but it is not known whether this replace-
ment of GLuN2B by GLuN2A subunits is still occurring in the mPFC during 
adolescence. 
 Metabotropic glutamate receptors (mGluRs) belong to a large class 
of receptors that are coupled to G-proteins and modulate glutamatergic 
transmission through various signal-transduction pathways. mGluRs are 
differentially expressed during development, with gradients of expres-
sion. For example, mGluR1 is expressed earlier in superficial layers of the 
cortex than in the deeper layers, reaching an adult pattern of expression 
around P35 (Defagot et al, 2002). For mGluR2/3 a similar gradient was 
observed in the striatum, where a gradient in intensity from dorsal to 
ventral and from medial to lateral was observed (Jokel et al, 2001). This 
uneven pattern becomes homogenous already in the second and third 
postnatal weeks. mGluR4 showed a different developmental pattern, with 
peak expression at P4, where after the labeling of neuronal cell bodies 
decrease throughout development to adult levels (Defagot et al, 2002).

Dopamine receptors: For dopamine receptors, also belonging to the class 
of G-protein coupled receptors, an inverted U-shaped developmental ex-
pression pattern was observed. In adolescent rats, the level of dopamine 
D1 receptors on PFC output neurons projecting to the nucleus accumbens 
is higher than in younger or adult rats (Brenhouse et al, 2008). This seems 
a cell specific regulation, since the level of D1 receptors on GABAergic 
interneurons in the PFC does not change during adolescence. Also, D2 
receptors were found to attenuate local excitatory synaptic transmission 
in the PFC in adulthood, but not yet in adolescence (Tseng and O’Donnell, 
2007a), indicating subtle developmental differences in dopamine modula-
tion of PFC circuitry that occur during adolescence. 

Nicotinic acetylcholine receptors: As this thesis focuses on the differential 
effects of nicotine on adolescents versus adults, it is of interest to inves-
tigate the developmental regulation of nicotinic acetylcholine receptors 
(nAChRs). Nicotinic receptors are pentameric ligand-gated ion channels 
that can be either homomeric (of which α7 is the most common version) 
or heteromeric (for example the high-affinity receptor α4β2) (Gotti et al, 
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2007). In rats, both Doura et al. and Trauth et al. found a higher expres-
sion of α4β2 and α7 nAChRs in adolescents versus adults in the majority 
of brain regions examined (Doura et al, 2008; Trauth et al, 1999). Specifi-
cally, binding to α4β2 receptors in slices is higher in most brain regions, 
binding to α7 receptors is higher in some brain regions, and binding to a6-
containing receptors is similar between adolescent and adult rats (Doura 
et al, 2008). In mice, the developmental pattern of α4β2 nAChRs was 
studied at multiple time points, and it follows a similar inverted U-shape 
pattern that was observed with other types of receptors (i.e. dopamine 
receptors), with peak expression at P21 (age of weaning, earlier than 
adolescence), and then declining to adult levels (Yu et al, 2007). In hu-
mans, a similar pattern was observed in a PET imaging study; binding 
to β2-containing nAChRs declines with age from 18 years on (Mitsis et 
al, 2007). Regarding the downregulation of different types of receptors 
between adolescence and adulthood, it is difficult to determine whether 
these receptors themselves are expressed to a lesser extent, or whether 
either the postsynaptic cells or the presynaptic terminals on which these 
receptors are expressed are eliminated altogether.

In summary, many maturational processes are ongoing during (and may-
be even after) adolescence. Both the number of synapses and the levels 
of various receptors follow a pattern in which there is overproduction dur-
ing childhood, leading to peak levels in adolescence, followed by a decline 
to adult levels. In addition, myelination and the innervation of several 
brain regions increases during adolescence. For some of these processes 
it has been shown that they occur earlier during development in ‘evolu-
tionary older’ regions, leading to a relatively late development of associa-
tion areas such as the prefrontal cortex. Altogether, these developmental 
processes make the adolescent brain different than the adult brain, which 
in turn leads to differences in behavior and a different sensitivity to drugs, 
such as nicotine.

3. Different sensitivity to nicotine
The addictive properties (reward, motivation, relapse) of drugs of abuse 
can be measured in laboratory animals using various paradigms (e.g., 
conditioned place preference, self-administration and reinstatement of 
drug-taking), either making use of forced or voluntary intake of drugs 
(O’Dell and Khroyan, 2009). Many studies have demonstrated that ado-
lescent animals are more sensitive to display conditioned place preference 
for nicotine than adult animals, and that nicotine produces place prefer-
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ence at lower doses in adolescents, than in adults (Belluzzi et al, 2004; 
Brielmaier et al, 2007; Shram et al, 2006; Torres et al, 2008; Vastola et 
al, 2002). Although this difference in reward sensitivity may be due to a 
not yet fully developed and more sensitive reward system, these studies 
showed that the observations with nicotine could not be generalized to 
other drugs of abuse, e.g. D-amphetamine (Torres et al, 2008).
 Despite experimental difficulties, it is possible to learn adoles-
cent rats to self-administer nicotine intravenously in an operant cham-
ber (Chen et al, 2007; Levin et al, 2003). Some studies describe that 
adolescent animals self-administer more nicotine than adults (Chen et al, 
2007; Levin et al, 2007; Levin et al, 2003). However, Shram et al. have 
observed that with a lower dose of nicotine (0.015 mg/kg/infusion instead 
of 0.03) or with a higher ratio under which rats had to respond in order 
to obtain an infusion of nicotine, adolescent rats were less willing to self-
administer nicotine compared to adults (Shram et al, 2008a; Shram et 
al, 2008b). Another important difference between adolescent and adult 
rats regarding their sensitivity to nicotine are the diminished withdrawal 
symptoms from repeated nicotine administration. When adolescents and 
adults were treated with nicotine, and subsequently given mecamylamine 
(a nicotinic acetylcholine receptor antagonist) to precipitate withdrawal, 
adults showed more somatic signs of withdrawal (O’Dell et al, 2004), and 
a higher conditioned place aversion for mecamylamine (O’Dell et al, 2006; 
O’Dell et al, 2007; Shram et al, 2008c). Spontaneous withdrawal from 
nicotine however, did not produce differences in physical withdrawal signs 
between adolescent and adult animals (Shram et al, 2008c). In conclu-
sion, animal studies suggest that adolescents are more sensitive to the 
rewarding effects of nicotine and less sensitive to the negative withdrawal 
effects. 
 In humans, it is much harder to determine whether this divergence 
between increased rewarding and decreased withdrawal effects of nico-
tine exists. For instance, it is difficult to find adolescents and adults who 
have smoked at a given age for a similar span of time, and have experi-
enced a comparable amount of nicotine intake, since most adult smokers 
have started their habit already during adolescence. In addition, adults 
who only started smoking after they had reached adulthood may be a 
different population (i.e. genetically) than adolescents who have started 
smoking early, and may as a result differ in terms of vulnerability to start 
smoking, as well as in relapse to smoking. Therefore, studies comparing 
adolescent and adult smokers are sparse. In contrast, a vast amount of 
literature describes the progression of adolescent smokers from casual 
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use to addiction. These studies conclude that compared with adult smok-
ers, adolescents tend to smoke with less regularity, and they smoke less 
cigarettes per day (for review (Colby et al, 2000)). Regardless of how 
dependence is measured (usually using a questionnaire), adolescents are 
typically classified as dependent at only half the intake-rate that adults 
are (Prokhorov et al, 1996). Also, compared to adults, adolescents at 
the same level of self-reported intake, were more likely to be diagnosed 
as dependent (Kandel and Chen, 2000). Moreover, adolescents consider 
themselves to be addicted at much lower levels of use and adolescents 
who start smoking regularly continue to smoke well into adulthood. When 
adolescents start to smoke, the sensation of their first smoking experi-
ence is associated to later dependence, in a manner that those who expe-
rience dizziness, nausea and relaxation in response to their first cigarette 
are more likely to develop symptoms of nicotine dependence (Audrain-
McGovern et al, 2007; DiFranza et al, 2004).
 Similar to what was found in most rat studies, adolescents who 
quit smoking with the help of a nicotine patch report fewer withdrawal 
symptoms than adults. In the first few days withdrawal experiences were 
mild both in adults and adolescents, but after this initial period adoles-
cents’ withdrawal reports declined whereas adult levels stayed relatively 
steady over a 6-week period (Smith et al, 1996). A confounding factor in 
this study is that many adolescents reported smoking in the period they 
were supposed to have quit smoking, whereas adults were in a controlled 
smoke-free setting (Colby et al, 2000). Although self-reported measures 
of smoking and withdrawal symptoms make it difficult to draw definitive 
conclusions, it seems that human adolescents are more sensitive to nico-
tine, and become more easily dependent even after smoking only a few 
cigarettes. 
 In addition to the physical effects of being more sensitive to re-
warding effects of nicotine, it must be noted that smoking consists of 
more than just the intake of nicotine. Not only because cigarettes con-
tain more substances than nicotine, for example acetaldehyde, which in 
adolescent rats but not adults increases the rate of self-administration of 
nicotine (Belluzzi et al, 2005), but also because smoking in vulnerable 
individuals quickly becomes a complex addictive habit. In particular, hu-
man adolescents are influenced to a great extent by the ‘cool’ image of 
smoking and by peer pressure. Especially, when their best friend smokes, 
adolescents between 12 and 15 years are at a higher risk to initiate smok-
ing themselves (a relative risk of 10 for boys and 15 for girls between the 
age of 12-15 years) (Vink et al, 2003). This relative risk is much smaller 
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at the age of 21-40 years, as it decreases with age with a factor 2, which 
shows that adolescents are specifically vulnerable for peer-pressure. This 
environmental risk is even further increased in those individuals who have 
a higher degree of impulsivity and risk-taking behavior, such as individu-
als with ADHD (for review (McClernon and Kollins, 2008)). As discussed 
above, adolescence is a period in which individuals show increased impul-
sive and risk-taking behavior, and do not oversee the long-term conse-
quences of their behavior. From a biological point of view one would ar-
gue that the adolescent brain, and in particular association areas like the 
prefrontal cortex, has not yet fully developed. As a consequence, many 
adolescents believe there are no health risks in the first few years of ex-
posure, and they believe that they are able to stop before the damage is 
done (Arnett, 2000). 
 In conclusion, both human and rat adolescents seem to be more 
sensitive to some of the effects of nicotine than their adult counterparts. 
Adolescents become addicted after having smoked fewer cigarettes, and 
they are much less aware of the risks of smoking, together causing many 
adolescents to start smoking and continue to do so far into adulthood. In 
terms of human health, this leads to the important question, namely what 
the long-term effects of adolescent exposure to nicotine are. 

4. Long-term effects of nicotine during adolescence
Addictive drugs as nicotine and alcohol are legal in our Western society, 
and therefore, these substances are often the first type of drugs of abuse 
people take in their lives. Regarding nicotine, 71% of Dutch adolescents 
have tried a cigarette at least once, often leading to long-term use. These 
numbers have led to efforts to better understand what the long-term ef-
fects of early nicotine use are, both in prospective and longitudinal human 
studies, as well as in animal studies. 

4.1 Addiction 
Adolescent use of tobacco has been described to precede initiation and 
subsequent use of other (illicit) drugs of abuse, a theory known as the 
gateway hypothesis (Kandel, 1975). When looking at the age of first use, 
alcohol and nicotine use precedes the use of illicit drugs of abuse, such as 
cocaine and heroin (Arria et al, 2008), but it is unsure whether the two 
are causally related. Mathers et al. elegantly reviewed all prospective and 
longitudinal studies that investigated the effects of adolescent smoking 
on subsequent use of other drugs of abuse (Mathers et al, 2006). Adoles-
cent tobacco smoking is in particular associated with subsequent alcohol 
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abuse and dependence, even after controlling for several potentially con-
founding factors, such as psychiatric disorders, demographic factors and 
parental education (Brook et al, 2002; Jackson et al, 2002; Lewinsohn 
et al, 1999). Although several studies reported that tobacco use predicts 
or is related to later use of cannabis (Ellickson et al, 2001; Kandel et al, 
1986; McGee et al, 2000), in many of these studies confounding factors, 
such as demographic factors and psychiatric disorders, have not been 
adjusted for. Similarly, although the gateway hypothesis seems to apply 
to most studies examining smoking as prediction for illicit drug use, cor-
rections for confounding factors have not been performed (Ellickson et al, 
2001; Johnson et al, 1995; Kandel et al, 1986; Lewinsohn et al, 1999). In 
only one study a clear association was found between adolescent smoking 
and subsequent use of illicit drugs after correction for confounding factors 
(Brown et al, 1996), but the most recent study examining the relationship 
between adolescent tobacco use and illicit drug use reports that there is 
no significant association after taking into account demographic factors, 
psychiatric disorders and substance use disorders (Brook et al, 2002).
 The difficulty to control gene x environment interactions in the 
human population hampers a straightforward interpretation of adolescent 
nicotine exposure on subsequent behavioral changes. Animal models can 
therefore greatly contribute to our understanding of the adolescent brain 
and can be used to explore putative causal relationships between early 
drug exposure during adolescence and vulnerability to drugs later in life. 
Exposing adolescent rats to nicotine increases intravenous nicotine self-
administration when the rats have reached adulthood (Adriani et al, 2003), 
and increases intravenous cocaine self-administration in late adolescence 
(Adriani et al, 2003; McQuown et al, 2007). Also, when rats are only ex-
posed to nicotine following adolescence, this causes a reduced efficacy of 
nicotine, observed as a rightward shift in the CPP dose-response curve. 
However, when alcohol-preferring rats were exposed to nicotine during 
adolescence, this did not increase subsequent alcohol intake, compared 
with their saline controls (Kemppainen et al, 2009). In conclusion, these 
data argue for an increased sensitivity to drugs when exposed during 
adolescence, and a reduced risk to develop dependence when exposed 
following adolescence. 

4.2 Mental health
There are many reciprocal interactions reported between psychiatric dis-
orders and nicotine dependence. On one hand, psychiatric patients smoke 
more often than the general population; it has been estimated that 60% 



chapter 1

24

of patients with depression and post-traumatic stress disorder are smok-
ers, and in schizophrenic patients the prevalence of smoking can be as 
high as 65-90% (Fagerstrom and Aubin, 2009). On the other hand, there 
are also associations reported between adolescent smoking and the de-
velopment of mental health problems (for review (Mathers et al, 2006)). 
In summary, several studies have found that adolescent tobacco use or 
dependence is associated with the subsequent onset of psychiatric disor-
ders, such as antisocial personality disorder, major depressive disorder, 
anxiety disorder and panic disorder, even after correction for confounding 
factors, such as occurrence of previous psychiatric disorders (Brook et al, 
2002; Brook et al, 1998; Brown et al, 1996; Johnson et al, 2000; McGee 
et al, 2000; Pedersen and von Soest, 2009). Also, individuals with depres-
sive symptoms who start to smoke during adolescence increase their risk 
for subsequent depressive symptoms (Choi et al, 1997). Similar to what 
was observed for adults, in adolescent patients with schizophrenia rates 
of nicotine dependence are high (Hakko et al, 2006). However, there are 
no studies that have investigated whether adolescent smoking increases 
the relative risk to develop psychosis or schizophrenia. Although (ear-
ly onset of) psychiatric disorders are predictors of nicotine dependence, 
sometimes the start of adolescent nicotine dependence is preceded by 
the onset of psychiatric disorders (Griesler et al, 2008). Based on human 
studies, it is difficult to examine what is cause and consequence; does 
adolescent nicotine use indeed increase the risk to develop mental health 
problems, or alternatively, are some people more prone to develop nico-
tine dependence, psychiatric problems or both? 
 To circumvent the difficulty to assess the long-term effects of ado-
lescent nicotine use on mental health in humans, we can try to model this 
in animal studies that can be controlled well. In particular, animal stud-
ies allow for controlling housing, food intake, social interactions, etc. Al-
though it may be difficult to model human psychiatric disorders in rodents, 
it is possible to measure various distinct parameters related to a particular 
phenotype, e.g. anxiety, attention and impulsivity. Indeed, exposing ado-
lescent, but not adult rats to nicotine resulted in an increase in anxiety 
in adulthood compared with their saline counterparts, observed as less 
time spent in the center of an open field (Slawecki et al, 2003; Smith 
et al, 2006), or on the open arms of an elevated plus maze (Slawecki 
et al, 2005b). Also, animals exposed to a low dose of nicotine during 
adolescence showed differences in a fear-conditioning task, in that they 
failed to extinguish fear-related memories (Smith et al, 2006). However, 
in the forced swim task, a behavioral task that measures depressive-like 
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symptoms such as learned helplessness, adolescent nicotine exposure 
decreases these symptoms (Slawecki et al, 2005b). These behavioral 
alterations are accompanied by changes in the CRF and NPY systems 
(Slawecki et al, 2005b). In conclusion, in rats, adolescent nicotine ex-
posure decreases depressive symptoms, whereas in humans, adolescent 
nicotine use increases the relative risk to develop depressive symptoms. 
One may speculate that, once mental disorders, and specifically depres-
sive disorders, have been developed, adolescents continue to smoke to 
alleviate symptoms, and/or to enhance their cognitive functioning. In par-
ticular, cognitive function after adolescent nicotine exposure has not been 
studied well and is a focus of my thesis.

4.3 Cognition
The brain’s cholinergic signaling system is important for a variety of cog-
nitive functions (Everitt and Robbins, 1997). Nicotine acts, like the en-
dogenous ligand acetylcholine, by modulating synaptic signaling through 
increased neurotransmitter release in the brain (for review (Mansvelder 
et al, 2009; Mansvelder et al, 2006)). Nicotine has often been shown to 
enhance specific aspects of cognitive functioning, such as selective atten-
tion, the capacity to maintain a behavioral or cognitive set in the face of 
distracting or competing stimuli, in both humans and rodents (Day et al, 
2007; Grottick and Higgins, 2000; Pattij et al, 2007a; Rycroft et al, 2005). 
The nicotine-induced enhancement of cognition is stronger, or even only 
present, in smokers than in non-smokers (or in chronically exposed rats 
compared with nicotine-naïve rats). Non-smokers or drug-naïve rats are 
sometimes reported not to benefit from nicotine at all (van Gaalen et al, 
2006a), especially when they are performing well without nicotine (Pol-
tavski and Petros, 2006).
 In adolescents, nicotine may not be so beneficial to cognitive func-
tioning, since in adolescent smokers disturbances in working memory and 
attention have been reported (Jacobsen et al, 2005), as well as reduced 
attention-associated prefrontal cortical blood-oxygen level dependent 
(BOLD)-responses (Musso et al, 2007). In these studies, focusing only 
on the short-term effects of adolescent smoking on cognition, the lev-
els of smoking were determined by self-report measures and were not 
controlled for pre-smoking levels of cognitive performance. Despite the 
limitations in design, these studies suggest that adolescent exposure to 
nicotine may impair cognitive performance on the long-term, but this has 
never been examined in humans. It is clear that animal studies can be 
used to assess long-term effects far better than in humans.



chapter 1

26

4.4 Impulsivity
Smoking appears to be closely related to several forms of impulsivity 
in humans. Impulsivity includes categories of behaviors that result from 
problems to inhibit responses, often referred to as impulsive action, and 
behaviors that reflect impulsive decision making, for example, delay 
aversion, which is exemplified by increased preference for immediate re-
ward over more beneficial but delayed reward (Pattij and Vanderschuren, 
2008a). For example, adult smoking has been associated with both impul-
sive choice (Bickel et al, 1999; Mitchell, 1999) as well as deficits in inhibi-
tory control, when compared with non-smokers (Mitchell, 1999; Skinner 
et al, 2004; Spinella, 2002). However, whether impulsivity in adult smok-
ers results from nicotine exposure, or alternatively, is a pre-existing vul-
nerability trait predisposing individuals to initiate and maintain smoking 
is as yet unclear, since none of these studies controlled for pre-smoking 
levels of impulsivity. Recent preclinical data would support the latter view 
and suggest that trait impulsivity may predict the vulnerability to initiate 
and maintain nicotine seeking (Diergaarde et al, 2008).
 To date, human evidence describing the long-term effects (in ab-
sence of nicotine) of adolescent smoking on impulsivity in adulthood is 
limited. It has been demonstrated recently though, that the inability to 
abstain from smoking in adolescents is associated with elevated levels of 
impulsive action in the continuous performance task as well as increased 
impulsive choice in a real-time delay discounting paradigm (Krishnan-
Sarin et al, 2007), which is comparable to the rat delayed reward para-
digm. Young adult smokers show higher rates of delay discounting than 
both adolescent smokers and young adult non-smokers. The number of 
cigarettes smoked correlated with delay discounting, but reported length 
of smoking history did not correlate with delay discounting. This suggests 
that despite the clear relation between smoking and impulsivity, as yet no 
conclusion can be drawn on the long-term adverse effects of adolescent 
nicotine exposure on delay discounting because the long-lasting effects of 
smoking on measures of impulsivity in both abstinent as well as non-ab-
stinent adolescent smokers and non-smoking adolescents have not been 
evaluated (Reynolds, 2004). 

5. Overall conclusion
In conclusion, both prospective and longitudinal human studies suggest 
that adolescent exposure to nicotine has long-term effects, among which 
1) the risk to develop substance use disorder and 2) various mental health 
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problems, mostly related to anxiety and depression are the most preva-
lent ones. In addition, adolescent exposure to nicotine may lead to de-
creased attentional performance and increased impulsivity on the long-
term. Based on studies in human subjects, it is difficult to determine 
whether adolescent smoking causes these problems, or whether smoking 
and mental health disorders have a common origin that predisposes for 
their development or increased risk. Therefore, preclinical research in ro-
dents may aid to fill some of the gaps in our understanding of the nature 
of maturational processes in the brain during adolescence, how they are 
affected by nicotine exposure, and what impact this has on cognitive pro-
cesses in adulthood.

6. Design of the study
This study, aimed at unraveling the long-term effects on cognition brought 
about by adolescent nicotine exposure, makes use of a variety of state-of-
the-art techniques that will be outlined below.

Animal model for adolescent nicotine exposure: I chose to study the long-
term effects adolescent nicotine exposure in an animal model, in which 
I subcutaneously injected animals with nicotine (0.4 mg/kg) three times 
a day for ten days. The extent to which an animal model can be used to 
understand how nicotine affects human brain development depends on 
the validity of the animal model. Ideally, the best way to study adolescent 
nicotine exposure in rats would be to have rats self-administer nicotine, 
but this has severe practical limitations. First, adolescent animals are in 
their growth spurt, which makes it difficult to implant them with intrave-
nous catheters. Second, adolescence is a relatively short period of time 
to learn animals to self-administer significant amounts of nicotine. For 
these reasons, I chose to inject animals with nicotine multiple times a 
day, rather than implanting animals with osmotic minipumps or offering 
nicotine in their drinking water, to best mimic human nicotine intake, with 
multiple plasma nicotine levels a day. Moreover, when I measured plasma 
nicotine levels in both the adolescent animals and the adult control group, 
these appeared to be similar to those reported for human smokers (Rus-
sell et al, 1980). 

Assessment of behavior: I used two behavioral paradigms to tax cogni-
tive functioning in rats. Both operant paradigms; the 5-choice serial reac-
tion time task (5-CSRTT) and the delayed reward paradigm were adapted 
from human psychological tests (for review (Pattij et al, 2008a)). The 
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5-CSRTT was originally designed to measure visuospatial attention, but 
it also enables to measure impulsive action, since animals have to with-
hold from responding prematurely during the 5 seconds before a stimulus 
light is presented. The delayed reward paradigm taxes impulsive choice, 
as animals are asked to choose between a small immediate reward and 
a larger, but delayed reward. Since in these paradigms animals attain a 
baseline in responding that is stable over time, this allows to both care-
fully compare two groups of animals, and it enables to test different doses 
of pharmacological agents in a within-subjects design.

Proteomics: To study the subtle differences in expression of synaptic 
proteins, I used sensitive mass spectrometry, and labeled peptides with 
isobaric (iTRAQ) labels that allow for simultaneous quantification and 
identification of proteins. Isolating synaptic membranes using sucrose 
gradients yields preparations of mostly glutamatergic synapses. Synaptic 
membranes usually do not contain many nicotinic receptors, as these are 
expressed in various subcellular locations, both synaptic and extra-syn-
aptic. To specifically study nicotinic receptors, I used radioactive binding 
of epibatidine and alpha-bungarotoxin to extracted membranes, comple-
mented with immunoprecipitation with antibodies specific to the various 
nicotinic receptor subunits, to further study which subunits were respon-
sible for a change in binding. 

Complementary techniques: Combining proteomics with slice electro-
physiology allows studying both composition and function of the synapse, 
and thus creates a synergetic approach to study the nervous system in 

Figure 3. Paradigm for the simultaneous pretreatment of adolescent and 
adult rats with subcutaneous injections of nicotine. Adolescent animals are 
exposed to nicotine from postnatal day (P) 34 to P43, whereas their adult coun-
terparts are injected between P60 and P69. Five weeks later, when both groups 
have reached adulthood, experiments started. 



general introduction

29

general and to specifically examine aspects of synaptic plasticity. More-
over, electron microscopy was used to investigate the size of synapses 
and the pool of synaptic vesicles, features that cannot be studied using 
synaptic proteomics.

6.1 Aim and outline of the thesis
In this thesis, I used an animal model of adolescent nicotine exposure 
with the aim to study the nicotine-induced neuronal adaptation of the 
adolescent mPFC and its long-term consequences. In particular, I studied 
1) the molecular differences between adolescent and adult prefrontal cor-
tex synapses, 2) the cognitive performance of adolescent nicotine treated 
rats on the long-term, 3) the effects of adolescent and adult nicotine ex-
posure on the expression of nicotinic receptors in the mPFC and 4) the dif-
ferences in the synaptic proteome of the mPFC. Finally, I investigated the 
link between differences in protein expression in the mPFC and behavior 
in a cognitive paradigm.
 I focused on the medial prefrontal cortex (mPFC), which is one of 
the higher-order association areas, and involved in executive functions, 
such as attentional processing and inhibitory response control as well as 
decision making processes (for review (Arnsten and Li, 2005; Miller and 
Cohen, 2001)). The mPFC is also a region that continues its development 
during adolescence, and may therefore be particularly vulnerable for the 
disruptive effects of nicotine. 

In chapter 2, I studied the differences between adolescent and adult syn-
apses in the mPFC. To this end, I used iTRAQ-based proteomics combined 
with electron microscopy to study developmental differences in the ex-
pression of synaptic proteins. I observed a change in constituents of the 
synaptic vesicle between adolescent and adult mPFC and a change in 
docked vesicles, while there was no difference found for the total number 
of synaptic vesicles.
 In chapter 3, I investigated whether in rats, adolescent, but not 
adult exposure to nicotine has long-lasting effects on cognitive perfor-
mance in operant tasks, i.e., I used the 5-choice serial reaction time task 
(5-CSRTT) and the delayed reward paradigm (DRT). I found that adoles-
cent, but not adult nicotine exposure impairs accurate responding in the 
5-CSRTT. Also, adolescent nicotine exposure increases impulsive action, 
but not impulsive choice. 
 In Chapter 4, I tested the hypothesis that adolescent rats are more 
sensitive to nicotine, by investigating what the short and long-term ef-
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fects of nicotine exposure were on the expression of nicotinic receptors 
in the mPFC. Adolescent, but not adult nicotine exposure increases the 
expression of high-affinity (α4β2) nicotinic receptors on the first with-
drawal day following 10 days of nicotine injections. However, this effect is 
transient, since it is not observed five weeks following nicotine exposure. 
 In Chapter 5, I used iTRAQ-based proteomics following adolescent 
nicotine exposure, and found that mGluR2 is significantly downregulated 
5 weeks following nicotine exposure, which appeared to be a functional 
change, that was confirmed using neurophysiological techniques, and that 
could be reversed by local infusion of an mGluR2/3 agonist. 
 Finally in Chapter 6, these findings are discussed in the context of 
previous research, and I propose a model to explain how adolescent drug 
exposure exerts long-lasting consequences, and how these long-term ef-
fects arise and develop. 
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