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Front cover: “The face of addiction” reconstrucion of a human pyramidal neuron 
overlaid over acryl paint on paper (painted by the author).
Nicotine addiction during adolescence leaves a permanent trace in neuronal networks. 
How nicotine during adolescence changes prefrontal function is the main subject of 
my thesis.

The research presented in this thesis was carried out at the Department of Integrative 
Neurophysiology at the Center for Neurogenomics and Cognitive Research at the VU 
University Amsterdam, the Netherlands.
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Adolescence is a truly revolutionary time period in anyone’s life, the age of explosive 
development of both emotional and cognitive sides of the mind. This is the age 
when passions ignite, when creativity is at its peak, bold and original ideas shake old 
theories, friendships and first loves are found and the best breakthroughs are made.

However, there is also a dark side to adolescence. The uncontrollable emotions 
make it a risk zone for behavioural problems, psychopathology and addiction. To quote 
John Ciardi: “You don’t have to suffer to be a poet. Adolescence is enough suffering for 
anyone”. Indeed, adolescence also marks a period of increase in the number of suicides, 
accidents, homicides, mood disorders, unwanted pregnancies, anorexia, bulimia and 
substance abuse, such as tobacco smoking (Resnick, Bearman et al. 1997; Ozer, Adams 
et al. 2004).

So what makes adolescence such a painful period some people are happy to 
survive? The answer lies in the way the adolescent brain develops. Brain development 
does not stop after birth but continues throughout adolescence, though the speed and 
timing of maturation varies for different brain areas. The subcortical limbic structures 
important for emotional processing, located deep in the middle of the brain (such 
as hypothalamus, hippocampus, nucleus accumbens, dorsal and ventral striatum and 
amygdala) experience a major developmental boost around the onset of puberty (Sowell, 
Peterson et al. 2003; Casey, Tottenham et al. 2005). Their maturation is important 
for social and sexual behaviours and is triggered by pubertal hormones. In contrast, 
development of frontal cortical areas of the brain, responsible for higher cognitive 
control over behaviour, depends rather on age and experience and continues throughout 
adolescence and into adulthood (Sowell, Peterson et al. 2003; Giedd 2004). This creates 
a situation during the adolescent period when the emotional drive has already become 
very strong while cognitive self-control and adult decision-making strategies still 
remain to be developed. Thus, this specific stage in brain development is responsible for 
characteristic adolescent traits – uncontrollable mood swings, impulsivity, risk-taking 
and peer-directed social interactions (Orr and Ingersoll 1995; Spear 2000; Galvan, 
Hare et al. 2007). Indispensable for transition from child to independent status of 
adult, these traits can backfire and cause a lot of damage. Indeed, risk-taking behaviour, 
so typical for adolescents, is associated with high rates of mortality and morbidity 
among young people (Grunbaum, Kann et al. 2004).

The impulsive, peer-influenced nature of adolescent choices leads to another 
important health risk - experimenting with drugs. Since nicotine is still one of the most 
socially accepted drugs in our society, the first choice usually falls on tobacco smoking. 
According to an international report conducted in 41 countries in Europe and North 
America, 19 % of 15-year olds smoke at least once a week and 30% report experimenting 
with cigarettes before the age of 14 (Currie C 2008). Serious health risks of smoking 
are well-known: smoking leads to millions of premature deaths worldwide and tobacco 
smoking has been marked as an epidemic disease (Peto, Chen et al. 1999). However, 
nicotine is also a psychoactive and addictive substance that directly acts on brain areas 
involved in emotional (perception of reward) and cognitive processing (the ability to 
focus attention, self-control). Especially early exposure to nicotine during transition 
from child to adult may be dangerous, since it may derange the normal course of brain 
maturation and have lasting consequences for cognitive ability, mental health and even 
personality (Brown, Lewinsohn et al. 1996; Choi, Patten et al. 1997; Richards, Jarvis et 
al. 2003; Brook, Schuster et al. 2004; Deas 2006). The research described in this thesis 
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is aimed at uncovering the causative link between nicotine exposure during adolescence 
and cognitive deficits in later life. The main focus of my research lies in exploring the 
underlying functional synaptic adaptations in prefrontal network. In this introductory 
chapter, I will describe what is so special about the role the prefrontal cortex and its 
nicotinic receptor signalling system in brain function. I will place it in the context 
of adolescent brain development and address the question why adolescent nicotine 
exposure is particularly dangerous for this area of the brain.

Prefrontal cortex and its function
Our abilities to reason, integrate information, make decisions and plan long-term 
strategies to achieve goals are central to definition of human personality and individuality. 
Although these abilities had long been regarded as belonging to a spiritual domain, 
modern neuroscience can now point out their precise location in the brain - namely, in 
prefrontal cortex (PFC), in the anterior part of the frontal lobes in front of motor and 
premotor areas (Fuster 2001).

One of the earliest methods in neuroscience to study a function of a brain region 
was to examine the symptoms of patients suffering from an injury in this particular 
area. The most famous case on the function of prefrontal cortex is that of Phineas Gage, 
whose frontal lobes were destroyed when a large iron rod was driven through his head 
in an accident in 1848. Although Gage retained normal memory, speech and motor 
skills, his personality changed radically: he became impulsive, quick-tempered, and 
impatient—characteristics he did not previously display — so that friends described 
him as “no longer Gage”; and whereas he had previously been a capable and efficient 
worker, afterwards he was unable to complete tasks and lost jobs one after another 
(Macmillan 2000).

Later studies revealed more details on prefrontal function and showed that it 
is able to represent information and use it to guide action, including the inhibition 
of inappropriate thoughts, distractions, actions and feelings. PFC executes cognitive 
control of behaviour by providing a selective gating or filtering mechanism that 
controls information processing. It selects the appropriate actions for achieving a goal 
and disregards irrelevant or distracting information (Goldman-Rakic 1996; Miller and 
Cohen 2001).

Reduction in prefrontal function can be caused not only by injuries, but also 
occurs in disorders such as schizophrenia, ADHD or bipolar disorder and by addiction 
to drugs (Goldstein and Volkow 2002; Paulus, Hozack et al. 2002; Berlin, Rolls et al. 
2004). There is abundant neuroimaging evidence showing that chronic drug abusers 
suffer from decreased activation of PFC and similar cognitive deficits as patients with 
frontal cortical lesions: a lack of behavioural regulation, impulsivity, altered decision-
making and a lack of concern for the consequences of actions, preference for short-
term gains and long-term losses and deregulation of emotional processing (Delmonico, 
Hanley-Peterson et al. 1998; Bechara, Damasio et al. 1999; Volkow and Fowler 2000; 
Rogers and Robbins 2001; Bechara and Damasio 2002; Paulus, Hozack et al. 2002; 
Bolla, Eldreth et al. 2003; Berlin, Rolls et al. 2004; Everitt and Robbins 2005). The 
decreased activation of PFC is also accompanied in drug abusers by structural changes 
in gross morphology of PFC, such as smaller prefrontal grey volumes (Liu, Matochik 
et al. 1998). These pathological states can be compared to immature phase of PFC 
development and resemble some features of adolescent behaviour: reduced attention 
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span, impulsivity, difficulty in choosing delayed gratification over immediate reward. If 
PFC maturation is still incomplete during adolescence, drug use during this period may 
result in abnormal brain maturation and lead to partial maintenance of the ‘adolescent 
state’. So, how long does it take for PFC to develop to its adult state?

Development of prefrontal cortex during adolescence
During most of the 20th century, the general consensus among neuroscientists was that 
brain structure is relatively immutable after a critical period during early childhood. 
This belief has been challenged by new findings, revealing that many aspects of the 
brain remain plastic even into adulthood (Casey, Tottenham et al. 2005). Just as the 
human personality proceeds through many stages and keeps changing throughout life, 
so does its origin, the human brain, continuously adapt its wiring and biochemistry 
to new experiences. Though no brain or personality is completely similar to another, 
the principal milestones in brain maturation follow the same developmental program, 
which is conserved among mammalian species (Woo, Pucak et al. 1997; McCutcheon 
and Marinelli 2009).

Grey matter development 
The changes in the gross morphology of the adolescent brain can be visualized using 
structural and functional brain imaging. One of the measures of brain maturation is 
the change in gray matter volume, which normally takes an inverted U-shaped course 
during the development, first increasing and then decreasing (Thompson, Giedd et al. 
2000; Giedd 2004; Gogtay, Giedd et al. 2004; O’Donnell, Noseworthy et al. 2005; 
Sisk and Zehr 2005). These changes correlate well with post-mortem, animal and 
histological data that suggest initial overproduction of synaptic contacts followed by 
their subsequent pruning (Sowell, Peterson et al. 2003; Toga, Thompson et al. 2006; 
Tau and Peterson 2010). While the brain is being sculpted, connections are being fine-
tuned and overabundance of synapses eliminated (Bourgeois, Goldman-Rakic et al. 
1994). Gray matter loss, thus, follows closely the maturation of the different structures 
in the brain.

An important feature of brain development is its extended time course and 
hierarchy in maturation of different areas with phylogenetically older brain areas 
maturing earlier than newer ones (Fuster 2001; Casey, Tottenham et al. 2005). Brain areas 
important for basic life functions develop first, followed by lower-order somatosensory 
and motor cortices. Around the age of puberty (11–13 years), maturation shifts to 
areas involved in spatial orientation and language (parietal lobes). Finally, prefrontal 
regions with their more advanced ‘executive’ functions mature last, in late adolescence 
and even adulthood (Gogtay, Giedd et al. 2004; Casey, Tottenham et al. 2005). Thus, 
gross morphological changes, such as changes in grey matter volumes, show a unique 
timeline for development of the PFC. Consistent with its highest place in cortical 
hierarchy, it is one of the latest areas of the brain to mature and is still developing during 
teenage years.

Maturation of PFC microcircuitry
At the level of prefrontal microcircuitry, the cortical thinning is reflected in the decline 
of the synaptic (and even neuronal) density which continues into adolescence (16 years) 
and then levels off and remains constant into adulthood (Huttenlocher 1979). In the 
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PFC of primates similar prolonged maturation is observed: the period of explosive 
synaptic density (embryonic and early postnatal phase) is followed by a protracted 
plateau stage and then decline (till late adolescence) that continues into adulthood 
(Bourgeois, Goldman-Rakic et al. 1994). Although the maturation in prefrontal cortex 
progresses slower than in other brain areas, the tempo and kinetics of synapse formation 
in this area closely resemble those described for sensory and motor areas (Bourgeois, 
Goldman-Rakic et al. 1994). An important feature of synaptic pruning within PFC 

during adolescence is the 
rewiring of predominantly 
intrinsic circuitry. Just 
as in other cortical 
areas, principal neurons 
receiving, processing and 
transferring information 
in PFC are excitatory 
pyramidal neurons. Their 
activity is modulated 
by a local network of 
inhibitory interneurons. 
Most changes around 
adolescence involve 
decreases in synaptic 
densities and branch 
points of excitatory 
connections between 
pyramidal neurons within 

PFC, rather than in the connections from association cortices (Woo, Pucak et al. 
1997). Furthermore, developmental adaptations of PFC circuitry involve changes in 
local inhibitory inputs, suggesting that the synchrony of pyramidal neuron output 
in the PFC may be in substantial flux until adulthood (Cruz, Eggan et al. 2003). A 
possible interpretation of these findings could be that, with associational projections 
unchanged during adolescence, the processing of incoming information remains intact, 
but rather local cognitive interpretation of it is still developing.

Myelination
Although adolescence is the time of functional and structural changes within PFC, 
equally significant are rapidly expanding connections between PFC and other areas 
of the brain. White matter volume and density observed in human MRI studies are 
increasing throughout adolescence both globally and region-specific as the result of 
increased myelination of cortical and subcortical fiber tracts (Giedd, Castellanos et al. 
1997; Klingberg, Vaidya et al. 1999; Thompson, Giedd et al. 2000; Sowell, Peterson et 
al. 2003; Giedd 2004; Paus 2005). Myelin isolates axons and in this way increases the 
speed of signal transduction along axons. A smooth flow of information through the 
brain depends to a great extent on the structural integrity and maturity of the white-
matter pathways. Increased myelination is thought to improve communication between 
distant brain areas (Tau and Peterson 2010). Similar to developmental changes in grey 
matter density, primary motor and sensory areas increase their myelination during 

Figure 1. Grey matter maturation over the cortical surface show-
ing delayed development of PFC. The side bar shows a colour 
representation in units of grey matter volume, the blue colour 
represents the more mature areas (adapted from Gogtay, Giedd 
et al. 2004).
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early childhood, whereas prefrontal cortex is myelinated during adolescence (Giedd 
2004). However, precise timing of mature levels of myelination in the frontal regions 
remains controversial. Some studies report that myelination is completed around late 
adolescence (Klingberg, Vaidya et al. 1999; Giedd 2004) and others suggest it is not 
completed until 25 years. More recent volumetric imaging studies indicate that it 
takes at least four decades before the myelination process ceases, with intra-cortical 
connections being amongst the last to become myelinated (Paus, Zijdenbos et al. 
1999; Sowell, Peterson et al. 2003). These findings further emphasize the protracted 
development of PFC, which continues into late adolescence and even adulthood.

Functional connectivity
Although such structural changes as white matter increase can reflect improved 
communication between different brain areas, correlational analysis of fMRI data 
allows the study of functional connectivity among the brain regions that make up 
functional networks. Specifically for PFC, there is an age-related increase in functional 
connectivity between the ventral striatum and the mPFC from 8 to 22 years of age, 
which predicts developmental differences in how positive and negative feedbacks are 
used to guide behaviour and expectations (van den Bos, Cohen et al. 2011). Given 
that during adolescent development, there are still substantial changes in structural 
connectivity within the PFC (Schmithorst and Yuan 2010) the developmental 
differences in striatum–mPFC functional connectivity are possibly related to changes 
in structural connectivity between these two structures. Furthermore, on the level 
of whole brain functional connectivity, differences can be observed in the size of 
functionally connected regions and the strength of functional connectivity between 
young adults and children, although the patterns of functionally connected regions 
were similar ( Jolles, van Buchem et al. 2011). In another study in adolescents, two 
types of age-related changes in functional connectivity could be observed. On the 
one hand there was a decrease in local connectivity among anatomically adjacent but 
functionally distinct brain regions as they are integrated into their respective networks. 
On the other hand, there was an increase in long-range connectivity among nodes 
that comprise each network (Tau and Peterson 2010). Taken together, these findings 
indicate that functional connectivity between PFC and other brain regions is subject 
to vast developmental changes during adolescence.

Maturation of prefrontal function
These developmental changes in cortical thickness and brain volumes are consistent 
with our understanding of the maturational timing of cognitive functions such as 
attention, working memory, cognitive control, and response inhibition. Recent studies 
show that cortical thinning in prefrontal and posterior parietal cortices correlates 
with measures of intelligence, in motor regions - with fine motor skills and in left 
hemispheric language areas - with phonological processing skills (Sowell, Thompson 
et al. 2004; Shaw, Greenstein et al. 2006; Lu, Leonard et al. 2007; Jolles, Kleibeuker et 
al. 2011). Moreover, different measures of intelligence are not stable across the life span 
and during teenage years can still considerably increase or decrease and this change is 
correlated to development of responsible brain structures (Ramsden, Richardson et al. 
2010).

In addition, different time courses of development for subcortical systems and 



13

G
en

er
al

 in
tr

od
uc

tio
n

top-down control systems were demonstrated in studies using event-related functional 
magnetic resonance imaging. In adolescents, reward processing measured as nucleus 
accumbens activity was exaggerated and comparable to adults in both extent of 
activity and sensitivity to reward values. In contrast, the extent of orbital frontal cortex 
activity in adolescents looked more similar to that of children than adults, with less 
focal patterns of activity (Galvan, Hare et al. 2006). Thus, also on the level of function, 
in contrast to other regions of the brain the protracted development of PFC goes in 
pace with delayed development of its functions that are still in substantial flux during 
adolescence.

In conclusion, we can say that the brain development of an individual follows 
to some extent the evolutionary development of the species. Progressively higher 
areas—of later phylogenetic and ontogenetic development—support functions 
that are progressively more integrative and PFC constitutes the highest level of the 
cortical hierarchy (Fuster 2001). Studies of multilevel structural changes in prefrontal 
cortex such as grey and white matter, synaptic density, microcircuitry and functional 
connectivity provide ample evidence that this area of the brain is one of the latest to 
mature in humans and other mammalian species. In contrast to other brain regions, 
PFC is still not complete by adolescent period and some changes are even continuing 
into adulthood. Also on the functional level PFC is still immature around adolescence. 
This suggests that during teenage years, prefrontal function on the level of information 
processing in the network can be especially vulnerable for the short- and long-term 
effects of nicotine. In Chapter 2 & 3 I will address the short-term effects of adolescent 
nicotine exposure, while in Chapters 3 & 4 the emphasis is on the long-term nicotine 
effects for PFC function. The most prominent part of my thesis tries to answer the 
question of what effect nicotine exposure during adolescence has on different types 
of synaptic plasticity in PFC. Therefore, I will further discuss in more detail such 
network processes as short- and long-term plasticity and how they can be influenced 
by nicotine.

Information processing in PFC: short- and long-term plasticity
Although relatively recent in neuroscience, the concept of the plastic brain constantly 
rebuilding and fine-tuning its connections has encouraged a lot of research on the 
mechanisms of information processing in the brain. Synaptic plasticity is the ability 
of neurons to adjust their synaptic strength depending on the recent history of activity 
in the neuronal networks. In this way, personal experience is able to modulate neural 
activities resulting in short- or long-lasting modifications of neural circuits, subsequently 
influencing thoughts, feelings and behaviours (Citri and Malenka 2008).

Importantly, synaptic plasticity is also thought to play a key role during the 
development of neural circuitry and evidence is accumulating that impairments in 
synaptic plasticity mechanisms contribute to several prominent neuropsychiatric 
disorders (Citri and Malenka 2008). Thus, elucidating the detailed mechanisms of 
synaptic plasticity in PFC is critical for understanding the neural basis of normal and 
disturbed function of this brain region. 

The interplay of the activity on the presynaptic side (axonal terminals of the 
neurons relaying signals) and the postsynaptic side (information receiving neurons) 
determines whether synaptic contacts will be strengthened (potentiated) or weakened 
(depressed). Ultimately, one can speculate that presynaptic activity is the sum of all 
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signals relayed through different pathways originating from sensory inputs or internally 
generated by the brain. Processing of these signals by postsynaptic side leads to the 
adjustments in neuronal network and internal representations of these inputs. In PFC, 
these neuronal processes might act as the cellular correlates of actively maintained 
patterns of activity that represent goals and the means to achieve them (Miller and 
Cohen 2001). 

One can distinguish two types of synaptic plasticity depending on the timescale 
and mechanisms of the occurring adaptations: short-term plasticity and long-term 
plasticity. Nicotine exposure can be seen as just another environmental factor affecting 
the information processing in prefrontal networks. The research described in this 
thesis shows that nicotine exposure during adolescence has lasting consequences for 
both types of synaptic plasticity. I will shortly describe the general mechanisms of each 
type.

Short-term plasticity
Synaptic transmission is a dynamic process. The response of the postsynaptic neuron 
during repetitive patterns of presynaptic activity is almost never the same. Rather it is 
subject to transient changes in synaptic efficacy that last for a few seconds to minutes – 
short-term plasticity (Zucker 1989). The response to repetitive presynaptic activity can 
either increase (facilitate) or decrease (depress). Together, depression and facilitation 
strongly shape the selectivity of synapses to activity patterns and the information 
transfer they mediate. Most physiology experiments described in this thesis were 
performed in pyramidal cells in layer V, the principal computational units of PFC. 
These neurons show predominantly short-term depression of postsynaptic excitatory 
response (Hempel, Hartman et al. 2000). 

On the behavioral level, synaptic depression was found to be expressed as 
adaptation to sensory responses or habituation -decrease in psychological response 
to a stimulus (Chung, Li et al. 2002). Given the place of PFC at the highest level of 
the cortical hierarchy, it is more involved in integrating cognitive representations of 
perception and of action, rather than supporting specific sensory functions (Fuster 
2001). Layer V neurons handle diverse incoming information from mediodorsal 
thalamus and from local PFC neurons and these connections are important in 
mediating executive functions such as working memory (Floresco, Braaksma et al. 
1999). Short-term plasticity at these synapses may play a role in PFC specific functions 
such as attention.

Forms of synaptic enhancement, such as facilitation, augmentation, and post-
tetanic potentiation, are usually attributed to the effects of elevation in presynaptic 
Ca2+ concentration, which affects the probability that the presynaptic terminal will 
release the neurotransmitter (Zucker and Regehr 2002). It is thought that short-term 
depression primarily results from depletion of the pool of readily releasable vesicles 
(Zucker and Regehr 2002). However, physiological studies show that vesicle depletion 
does not fully account for rapid synaptic depression at some synapses. Rather decreased 
release probability caused by decreased Ca2+ levels is a major cause of short-term 
depression (Xu and Wu 2005; Catterall and Few 2008; Fioravante and Regehr 2011). 

Presynaptic Ca2+ dynamics can also be influenced by feedback activation of 
presynaptic receptors and different types of such receptors can modulate short-term 
depression (Zucker and Regehr 2002). Indeed, this form of modulation by glutamate 
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acting at metabotropic glutamate receptors (mGluRs) has been directly demonstrated 
at the calyx of Held with parallel measurements of Ca2+ currents and synaptic 
transmission (Takahashi, Forsythe et al. 1996) Agonists of mGluRs suppressed high 
voltage-activated P/Q-type calcium channels in the presynaptic terminal, thereby 
inhibiting transmitter release (Takahashi, Forsythe et al. 1996). In the work described 
in this thesis, mGluRs play a central role as a molecular mechanism linking adolescent 
nicotine exposure to its long-term consequences for attention. Thus, it is possible that 
short-term depression and its modulation by mGluRs might be affected by nicotine 
exposure. In Chapter 3 I will address this question.

Importantly, nicotine exposure can also be directly linked to modulation 
of short-term plasticity. Nicotine can selectively enhance thalamocortical synapses 
and reinforce relatively strong depression displayed by thalamocortical transmission 
(measured as reduction in paired-pulse ratio) (Gil, Connors et al. 1997). This effect 
of nicotine can be explained by its effect on increasing presynaptic Ca2+ concentration 
and the probability of transmitter release (McGehee and Role 1996). Taken this 
modulatory role of nicotine into account, one might speculate that nicotine intensifies 
and sharpens thalamocortical transmission, makes the synapses respond more phasically 
(Gil, Connors et al. 1997) and in this way exert a gating role in processing of sensory 
information from thalamus. 

Thus, principal computational units in PFC, layer V pyramidal neurons 
respond with rapid adaptation to excitatory thalamocortical inputs. At behavioural 
level, short-term depression may represent attentional fatigue in response to repetitive 
sensory stimuli. This behavioural phenomenon is crucial for ability to shift attention to 
novel stimuli. Nicotine can directly affect this type of plasticity and the question arises 
whether chronic exposure during adolescence can also lead to long-term changes in 
short-term depression. This question will be addressed in Chapter 3.

Long-term plasticity
Longer lasting synaptic alterations such as long-term potentiation (LTP) or depression 
(LTD) build on these shorter processes to span the gap between synaptic plasticity 
and permanent structural changes involved in long-term memory (Zucker 1989). Since 
memories are represented by vastly interconnected networks of synapses in the brain, 
long-term changes in these synapses is one of the important cellular foundations of 
some forms of learning and memory. Long-term plasticity - or the occurrence of long-
lasting, activity-dependent changes in the efficacy of synaptic communication – can 
be seen as the capacity of the brain to translate transient experiences into persistent 
memory traces (Malenka and Nicoll 1999). It was first described in 1973 by Terje Lømo 
and Tim Bliss who conducted the experiments in hippocampi of anaesthetised rabbits 
(Bliss and Lomo 1973). Applying a brief tetanic (100 Hz) stimulus, a potentiation 
of the postsynaptic response was induced that could last for hours. Since then, much 
research has been focusing on studying the rules and mechanism of long-term plasticity 
in different areas of the brain.

As for molecular mechanisms of long-term plasticity, the inductions of both 
long-term potentiation and long-term depression require the activation of NMDA 
(N-methyl-d-aspartate) receptors and a rise in postsynaptic Ca2+ level (Caporale and 
Dan 2008). The NMDA receptor is thought to serve as the coincidence detector: the 
presynaptic activation provides glutamate and the postsynaptic depolarization causes 
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removal of the Mg2+ block which together allow Ca2+ influx though the NMDA 
receptors (Malenka and Bear 2004). The level and time course of postsynaptic Ca2+ rise 
depend on the induction protocol and levels of activity in pre- and postsynaptic cells. 
In the Ca2+ hypothesis, two types of Ca2+ signals (fast vs modest Ca2+ influx) cause the 
activation of separate molecular pathways. Activation of Ca2+/calmodulin-dependent 
protein kinase II (CaMKII) by large Ca2+ rise is required for long-term potentiation 
(LTP), whereas recruitment of phosphatases such as protein phosphatase 1 (PP1) 
and calcineurin by modest Ca2+ increase is necessary for long-term depression (LTD) 
(Malenka and Bear 2004). Further, both presynaptic and postsynaptic mechanisms 
play a role and probably neurons of different neuronal networks can vary in terms of 
the specific forms of synaptic plasticity they express (Malenka and Nicoll 1999).

One of the forms of activity-dependent long-term plasticity, spike-timing 
dependent plasticity (STDP), was put forward by Donald Hebb to explain associative 
learning (Hebb 1949). His postulate is often summarized as “Cells that fire together, 
wire together”, which is nowadays extended to the notion that simultaneous (or nearly 
simultaneous) activation of cells can bi-directionally alter the strength of synaptic 
contacts between those cells. The importance of timing and temporal order of pre- 
and postsynaptic firing in synaptic plasticity has since been demonstrated in both in 
vitro and in vivo preparations in many regions of the brain (Caporale and Dan 2008). 
The classical view on the temporal requirements for STDP postulates that postsynaptic 
spiking within about 20 ms after presynaptic activation (positive intervals) results in 
LTP, whereas that within about 20 ms before presynaptic activation (negative intervals) 
results in LTD. This type of temporal window was demonstrated at a wide variety of 
neural circuits in different systems (Levy and Steward 1983; Markram, Lubke et al. 
1997; Bi and Poo 1998). 

However, recent studies show that a diversity of temporal windows exists, whose 
shape and form are dictated by the intracellular machinery residing in the postsynaptic 
spines and presynaptic terminals. In rat hippocampus for example, an additional LTD 
window was observed at positive intervals of 15–20 ms (Nishiyama, Hong et al. 2000). 
In the cerebellum-like structure of electric fish, spikes of positive intervals induce 
LTD and those of negative intervals induce LTP (Bell, Han et al. 1997). Synapses 
between layer 4 spiny stellate neurons in rat barrel cortex appear to have a symmetric 
depression window (Egger, Feldmeyer et al. 1999). The involvement of GABAergic 
transmission can also play a role in defining the shape of temporal window so that 
blocking inhibition reverses the time dependence of corticostriatal STDP (Fino, Paille 
et al. 2010). In addition, recent reports show that activation of more distant synapses 
can reverse the shape of the temporal window and lead to LTP at negative intervals 
in cortical neurons (Letzkus, Kampa et al. 2006; Sjostrom and Hausser 2006). Thus, 
various timing windows for synaptic modification may serve specific functions of 
information processing at different synapses and the level of inhibition, location of 
presynaptic inputs, cell-types and brain area can all contribute to this diversity. 

Synaptic plasticity is also thought to play key roles during the development of 
neural circuitry when synaptic connections are either strengthened or pruned dependent 
on their activity. For example, during development of the rat’s primary somatosensory 
cortex, maturation of sensory maps strongly depends on the ability of thalamocortical 
circuits to undergo long-term potentiation (LTP) or depression (LTD) (Feldman, 
Nicoll et al. 1999; Feldman and Brecht 2005). Synaptic plasticity in the prefrontal 
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cortex (PFC) has been 
rather overlooked until 
very recently, because the 
functions of the PFC such 
as short-term storage of 
information, behavioral 
flexibility, attention, 
and decision making 
do not seem to require 
adaptations of neural 
networks. However, recent 
studies have revealed 
that PFC networks 
indeed undergo dynamic 
neuronal adaptation 
processes through the 
induction of synaptic 
plasticity, and synaptic 
plasticity in the PFC plays 
an important role for its 
functions (Goto, Yang 
et al. 2010). Also in this 
brain region, plasticity 
may play an important 
role during development. 
Delayed maturation of 
PFC is reflected in delayed 
refinement its neuronal 
connections. In PFC of 
macaque monkeys it was 
shown that the intrinsic 
circuitry undergoes 
extensive topographic 

refinement during puberty (Woo, Pucak et al. 1997). Thus, STDP in adolescent PFC 
may define the way this region develops and lead to long-term changes in its intrinsic 
circuitry.

It has been shown that synaptic plasticity in the PFC is modulated by a number 
of neurochemical substances, such as dopamine (DA) (Otani, Daniel et al. 2003), 
noradrenaline (NA) (Marzo, Bai et al. 2010), serotonin (5-HT) (Ohashi, Matsumoto 
et al. 2003)and, importantly, nicotine (Couey, Meredith et al. 2007). STDP rules in 
the mouse PFC are directly influenced by nicotine in smoking concentrations (Couey, 
Meredith et al. 2007). Nicotine exposure increases the threshold for STDP by enhancing 
GABAergic transmission and thus reducing dendritic calcium signals associated with 
action potential propagation during coincident pre- and postsynaptic activity (Couey, 
Meredith et al. 2007). Research described in Chapter 4 of this thesis asks the question 
whether nicotine exposure during adolescence leads to direct and lasting changes in rules 
of STDP in PFC, thereby testing whether nicotine exposure leads to possible changes 

Figure 2. Schematic model of the prefrontal cortex microcircuit 
and the identified nAChR subunits found to be expressed 
by the different cell types. (P) pyramidal neuron; (FS) fast 
spiking interneuron; (LTS) low threshold spiking interneuron; 
(RSNP) regular spiking non-pyramidal interneuron (Poorthuis, 
Goriounova et al. 2009).
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in network development and ultimately to changes in processing of information by 
prefrontal networks involved in cognition.

STDP in humans
Although much research has been performed on STDP in various species, a crucial 
question in neuroscience is that of the relevance of animal research for understanding 
the synaptic mechanism of complex information processing in human cortex. Since 
direct access to recording and manipulating single cell and synaptic activity is extremely 
difficult in human cortex, much of the research in human subjects had been aimed at 
indirect measures of STDP. A timing-dependent form of plasticity can be induced in the 
human brain by pairing transcranial magnetic stimulation (TMS) of the motor cortex, 
with peripheral nerve stimulation (Stefan, Kunesch et al. 2000; Wolters, Sandbrink et 
al. 2003; Wolters, Schmidt et al. 2005). A persistent enhancement of motor-evoked 
potentials can be observed after an induction paradigm where nerve stimulation 
precedes TMS-evoked cortical activation. This potentiation is thought to be expressed 
in motor cortex, lasts for at least 60 min and depends on NMDA receptor activation. A 
later extension of the pairing intervals showed that motor-evoked potentials can also be 
depressed by this paradigm, revealing a timing curve with striking similarity to classical 
STDP learning rules but offset by approximately +20 msec (Wolters, Sandbrink et al. 
2003). This non-invasive technique provides evidence that motor learning involves 
STDP-like changes in the intact human central nervous system and offers a possibility 
to interfere with synaptic plasticity in neural circuits in the context of learning.

However, in the absence of invasive neuronal recordings, any hypothesis about 
the precise nature or location of the cellular correlates of this type of plasticity remains 
speculative. Specifically, a contribution of non-synaptic timing dependent modifications 
of intrinsic neuronal and/or local dendritic excitability cannot be ruled out (Muller-
Dahlhaus, Ziemann et al. 2010). Secondly, homeostatic plasticity such as homeostatic 
synaptic scaling may occur in addition to synaptic STDP-like mechanisms (Turrigiano 
2008). Finally, TMS-induced modifications of neural activity can also be coupled to 
alterations in cerebral hemodynamics (Allen, Pasley et al. 2007).

Research described in this thesis is the first attempt to overcome these limitations 
of STDP studies in human cortex and to directly record STDP from human cortical 
synapses. In Chapter 5, we used healthy neocortical tissue resected from patients 
undergoing deep brain surgery to study STDP mechanisms and rules of its induction. 
One of the questions we posed was whether these STDP mechanisms and rules in 
human cortex display similarities to rodent cortex and to which extent they point 
out to common nature of STDP across species. This question has direct relevance to 
the rest of the thesis where only rodent tissue was used to model and investigate the 
consequences of smoking in human adolescents.

Nicotine action in prefrontal cortex
Let us now consider how nicotine acts on the brain, especially in prefrontal areas 
responsible for higher cognitive functions. As nicotine enters the body, it is distributed 
quickly through the bloodstream and crosses the blood-brain barrier reaching the brain 
within 10-20 seconds after inhalation (Le Houezec 2003). Once in the brain, it binds 
to its target, the nicotinic acetylcholine receptors (nAChR), which together with 
muscarinic acetylcholine receptors mediate cholinergic signalling in the prefrontal 
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cortex (PFC).
Nicotinic receptors are densely expressed in PFC (Gioanni, Rougeot et al. 

1999) and can be composed of twelve genetically distinct homologous subunits (α2 
- α10 and β2 - β10), each combination potentially having distinct properties: single 
channel conductance, agonist sensitivity and activation/desensitization kinetics 
(McGehee and Role 1995; Poorthuis, Goriounova et al. 2009; Changeux 2010). 
An open nicotinic channel allows the movement of Na+, K+ and Ca2+ across the cell 
membrane and at resting membrane potential this manifests as a depolarizing current 
(Changeux 2010). Thereby, nicotine can enhance excitability of cells in PFC and 
stimulate neurotransmitter release. 

Despite multiple possible combinations, most commonly present in the 
brain are α4β2 heteromer and α7 
homomer subtypes of nAChRs 
(Wu and Lukas 2011). These two 
subtypes have a few functionally 
very important differences. Firstly, 
concentrations of nicotine needed 
for in vitro desensitization of 
hippocampal nAChRs are strikingly 
different. Subtype α4β2 is quite 
sensitive to the effects of nicotine 
and desensitize already at very low 
concentrations (EC50=124 nM). In 
contrast, α7 homomeric receptors 
are much less sensitive and need 
higher desensitizing concentrations 
(EC50=653 nM) (Wooltorton, 
Pidoplichko et al. 2003; Alkondon 
and Albuquerque 2005). Secondly, 
these two subtypes also have essential 
differences in their relative calcium 
permeability. Ca2+ permeability for 
α4β2 subtype is only 1.5–4.6%, while 
for α7 receptors in rat it amounts to 
8.8% and in human to 11.4% (Fucile 
2004). This is a very important 
distinction, since Ca2+ influx can lead 
to intracellular cascades and finally 
to plasticity. Notably, this fractional 
calcium current is virtually the same 
as that of the NMDA receptor (8.2-
11%), which is an important player in 
brain plasticity. Not surprisingly, α7 
receptors have also been implicated in 
long-term adaptations of the synapse. 
In maturing primary auditory cortex 
and hippocampus these receptors can 

Figure 3. A schematic figure showing that the 
result of nicotinic stimulation is a reflection 
of baseline cognitive performance level. (a) 
Represents cognitive performance of an individual 
with suboptimal functioning of cholinergic system 
due to pathology or smoking. Nicotinic receptor 
stimulation produces an improvement in cognitive 
performance, bringing performance to near optimal 
levels. (b) Illustrates a different scenario where 
the individual performance is already at or near 
optimum levels such as in healthy non-smokers. In 
this case, the same degree of nicotinic stimulation 
as in (a) produces impairment of performance 
(Newhouse, Potter et al. 2004). 
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convert “silent synapses” (containing only NMDA receptors) into functionally active, 
by presynaptically increasing glutamate release (Maggi, Le Magueresse et al. 2003) 
(Metherate and Hsieh 2003).

The differences between receptor subtypes have important ramifications for the 
functioning of the network exposed to nicotine. Most of the α4β2 receptors, that form 
the lion’s share of all neuronal nicotinic receptors, will become quickly desensitized and 
will shift the cholinergic balance further towards muscarinic receptors. On the other 
hand, the minority of nicotinic receptors, α7 subtype, will be constantly activated by 
nicotine, which cannot be degraded by AChE like acetylcholine, and these receptors 
can switch on a whole cascade of intracellular changes leading to altered gene expression 
and plasticity.

Nicotinic AChRs are located on presynaptic terminals of excitatory pyramidal 
neurons where they stimulate release of excitatory neurotransmitter glutamate 
(Gioanni, Rougeot et al. 1999; Lambe, Picciotto et al. 2003; Couey, Meredith et al. 
2007). In addition, nAChRs in the PFC can also modulate inhibitory GABAergic 
transmission and release of other modulatory neurotransmitters such as dopamine 
(Couey, Meredith et al. 2007; Livingstone, Srinivasan et al. 2009). Although the end 
result of nicotine action could be seen as enhancement of excitatory, inhibitory and 
modulatory neurotransmission, the desensitization properties of nicotinic receptors 
should not be overlooked.

Thus, the action of nicotine in PFC not only involves activation of nicotinic 
receptors in PFC, but most likely also silencing of nicotinic signalling by desensitization, 
so that during nicotine exposure endogenous cholinergic signalling may be channelled 
predominantly through muscarinic receptors.

Cholinergic system and its development
In order to understand the actions of nicotine at the systems level, it is necessary to know 
the function of the cholinergic system. Apart from the receiving side of nicotinic and 
muscarinic receptors this system also comprises the transmitting side – the cholinergic 
fibers and interneurons releasing neurotransmitter acetylcholine (ACh). Destined 
to activate cholinergic receptors (both nAChRs and mAChRs), ACh is released by 
neurons in basal forebrain nuclei that extend their projections to all regions of the 
forebrain. Alternatively, ACh is released locally by intrinsic cholinergic interneurons 
in some cortical regions (Houser, Crawford et al. 1985; von Engelhardt, Eliava et al. 
2007). 

In PFC, ACh modulates the activity of principal neurons and has an important 
role in attention (Poorthuis, Goriounova et al. 2009; Guillem, Bloem et al. 2011). For 
example in humans, loss of cholinergic function as a result of aging and Alzheimer’s 
disease leads to cognitive decline and impairs ability to sustain attention (McKhann, 
Drachman et al. 1984). The fact that cholinergic system plays a key role in attention is 
supported by findings in rodent brain. Introducing selective lesions to this system reduces 
attention (Muir, Everitt et al. 1995; Dalley, Theobald et al. 2004; Sarter, Hasselmo 
et al. 2005). Further, when ACh levels in PFC are measured during performing an 
attention task, rapid peaks in ACh on seconds scale strongly correlate with attending 
and detecting cues (Parikh, Kozak et al. 2007; Sarter, Parikh et al. 2009). Thus, the 
cholinergic system with its nicotinic receptors in PFC modulates neurotransmission in 
this region of the brain and is involved in such higher cognitive functions as attention. 
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Similar to other aspects of PFC development, the prefrontal cholinergic system 
is not set after birth but follows a more prolonged developmental program. In rat brain, 
cholinergic innervation still continues its ingrowth and maturation into prefrontal 
areas after first two postnatal weeks compared to other cortical areas, and only during 
adolescence (the fifth postnatal week) the adult shapes of cell bodies and dendritic trees 
are reached (Gould, Woolf et al. 1991; Mechawar and Descarries 2001). If cholinergic 
innervation is disrupted during early postnatal development, it results in delayed cortical 
neuronal development and permanent changes in cortical cytoarchitecture, which have 
consequences for cognitive behaviour (Hohmann and Berger-Sweeney 1998).

Also the receiving side of cholinergic signalling – nicotinic receptors – is not 
fixed after birth, but shows transient region and age-specific changes in expression 
profiles of nAChR subunits (Broide, O’Connor et al. 1995; Zhang, Liu et al. 1998). In 
the developing human brain, nicotine receptor binding is at its highest density towards 
the end of gestation. After that the nAChR levels start declining in pace with the brain 
development: there is an apparent rapid decline in the hippocampus, whereas in cortical 
areas nicotine binding ( a measure of nicotine receptor levels) falls more gradually. A 
PET imaging study shows a decline in a subset of nicotinic receptors, β2-containing 
receptors, even after adolescence (Court, Martin-Ruiz et al. 2000; Mitsis, Cosgrove 
et al. 2007). Also in rodents, the pattern of nAChR expression depends on the brain 
area and its development. In adolescent rats, higher expression levels of major nAChRs 
subunits (α4β2 and α7) compared to adults can be found in many brain areas (Trauth, 
Seidler et al. 1999; Doura, Gold et al. 2008). In mice, the developmental pattern of 
α4β2 nAChR expression follows an inverted U-shape with peak expression just before 
adolescence (at P21) (Yu, Guan et al. 2007). Importantly, in some brain areas these 
expression profiles seem to coincide with the time of functional maturation. In auditory 
cortex, for example, α7 peaks during hearing onset and chronic nicotine exposure at 
sensitive period and alter the strength of glutamatergic signalling (Metherate 2004). 
Also in PFC, there are strong developmental changes in nicotinic signalling of output 
neurons (pyramidal neurons in layer VI). The nicotinic currents recorded from these 
neurons (mediated by α5 subunit) peak at the 3rd week in rat development that just 
precedes adolescence (Kassam, Herman et al. 2008).

In conclusion, cholinergic innervation of PFC seems to follow a slower rate 
of maturation, characteristic for prefrontal cortical development. Also the target of 
cholinergic signalling in PFC – nicotinic receptors – show a slow decline in expression 
of nicotinic receptors continuing during adolescent period. This late development of 
the frontal cholinergic system together with slower functional maturation of PFC may 
have serious implications for nicotine exposure during adolescence, especially if the link 
between nicotine exposure and cognition is taken into account. In the following part 
of introduction, I will focus on how nicotine exerts its effects on different aspects of 
cognitive function in rodents and humans. 

Nicotine and cognition
Nicotinic receptor signalling in the rodent prefrontal cortex is important for cognitive 
processing. Indeed, the involvement of the nicotinic part of prefrontal cholinergic 
signalling in attention is well-described in literature. Nicotine and other nicotinic 
agonists can improve attention performance in rodents (Hahn, Sharples et al. 2003; 
Sarter, Hasselmo et al. 2005). Mice lacking specific subunits of the nAChR in prefrontal 
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cortex show a reduction in attention performance (Young, Crawford et al. 2007; Bailey, 
De Biasi et al. 2010; Guillem, Bloem et al. 2011), while reintroducing these receptors 
(β2 containing receptors) specifically into PFC by a viral vector improves attention 
performance (Guillem, Bloem et al. 2011).

In humans, nicotine has complex effects on cognitive performance determined 
in part by the state of cholinergic system and nicotinic signalling. Smokers, healthy 
non-smokers and patients with impaired prefrontal function differ in how nicotine 
affects their cognitive performance. In a variety of disorders, such as attention deficit/
hyperactivity disorder (ADHD), schizophrenia and Alzheimer disease, nicotinic drugs 
can act beneficial on attention and sensory gating (Newhouse, Potter et al. 2004). 
Compared with the percentage of smokers in the general population (currently around 
25 percent), a higher percentage of mentally ill patients smoke regularly (26 to 88 
percent, depending on the mental illness) (Lasser, Boyd et al. 2000). Particularly those 
with schizophrenia, depression, post-traumatic stress disorder or ADHD smoke and 
have a lower chance of quitting smoking (Lambert and Hartsough 1998; Sidransky 
2010). For example, a history of major depression increases the risk for progression to 
daily smoking and nicotine dependence, and a history of daily smoking and nicotine 
dependence increased the risk for major depression (Breslau, Peterson et al. 1998). It 
has been postulated that tobacco smoking may ameliorate some of the major cognitive 
deficits in mentally ill patients and act as self-medication (Newhouse, Potter et al. 
2004).

Also in smokers, whose nicotinic signalling pathways have undergone important 
adaptations to chronic nicotine exposure, nicotine can be beneficial for attention 
performance. However, this beneficial effect of nicotine should be considered in the 
context of generally impaired attention and cognitive ability after nicotine deprivation 
(Kleykamp, Jennings et al. 2011; Vossel, Warbrick et al. 2011). Thus, smoking or 
nicotine administration in nicotine-dependent smokers only reverses the impairment 
in cognitive function caused by abstinence from smoking (Sacco, Bannon et al. 2004).

In contrast to smokers, in healthy non-smokers the evidence on beneficial 
effects of nicotine on cognition is far from straightforward. Some cognitive tasks 
may be improved by nicotine, while other aspects of cognition are impaired (Levin, 
Kaplan et al. 1997; Levin, Conners et al. 1998; Ernst, Heishman et al. 2001; Wignall 
and de Wit 2011). For example, in non-smokers, nicotine can lead to faster reaction 
times in attention and working memory tasks, although there is also evidence that 
this improvement is at the expense of fewer correct responses (Le Houezec, Halliday 
et al. 1994; Foulds, Stapleton et al. 1996). Figure 3 might help illustrate apparently 
paradoxical results of cognitive effects of nicotine in smokers and non-smokers.

In conclusion, there is strong evidence supporting positive effects of nicotine 
on cognition in conditions of the damaged function of cholinergic system caused by 
disease or chronic smoking. By contrast, in healthy non-smokers, with the exception 
of improvement in general psychomotor performance, there is little, if any, evidence 
to support nicotinic effects on most domains of cognitive performance. In this way, 
nicotine in cigarette smoke hijacks the function of endogenous cholinergic system and, 
depending on the state of this system, nicotine can either improve or impair cognitive 
performance. During the adolescent period, when prefrontal cortex and its cholinergic 
system are still actively developing, nicotine exposure can drive this system into another 
such vulnerable state of imbalance (Brown, Lewinsohn et al. 1996). Let us now consider 
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the evidence for sensitivity of adolescent brain to the effects of nicotine. 

Sensitivity to nicotine of adolescent brain
Comparing smoking behaviour of adolescents to that of adults may point to enhanced 
sensitivity of adolescent brain to addictive properties of nicotine. Adolescents report 
symptoms of dependence even at low levels of cigarette consumption (Colby, Tiffany 
et al. 2000; Kandel and Chen 2000). The most susceptible youth lose autonomy over 
tobacco already within one or two days of first inhaling from a cigarette. Among 
adolescents the appearance of tobacco withdrawal symptoms and failed attempts to stop 
smoking can precede daily smoking dependence and appear even before consumption 
reaches two cigarettes per day (DiFranza, Savageau et al. 2007).

The difference in sensitivity to nicotine between adolescents and adults is also 
reported to exist in animal models (Slotkin 2002; Adriani, Spijker et al. 2003). For 
example, rats first exposed to nicotine during adolescence self-administer more nicotine 
than rats exposed in adulthood and these differences in self-administration at first 
exposure persist into later age (Levin, Rezvani et al. 2003). Similarly, much lower doses 
of nicotine or a single injection are sufficient to establish conditioned place preference 
in adolescent rats, but not in adult animals (Vastola, Douglas et al. 2002; Belluzzi, 
Lee et al. 2004; Brielmaier, McDonald et al. 2007). Thus, paradigms for both self-
administration and conditioned place preference in rats suggest that adolescence may 
be a developmental stage of particular vulnerability to the effects of nicotine exposure.

This vulnerability to rewarding effects of nicotine during adolescence can 
be explained in the light of adolescent brain development. As was described above, 
structural and functional MRI data shows earlier maturation of reward system and 
much slower development of prefrontal cognitive control and attention place, which 
places adolescent brain in a fragile state of imbalance (Spear 2000; Chambers, Taylor 
et al. 2003; Casey, Tottenham et al. 2005; Ernst, Nelson et al. 2005; Ernst and Fudge 
2009). These findings are consistent with the empirically supported view that compared 
with adults, adolescents are generally more motivated by rewards, are less averse to risks, 
and are more easily influenced by peers (Spear 2000; Steinberg 2005; Galvan, Hare et 
al. 2006). The same applies to estimation of health risks of smoking - adolescents have 
a more optimistic attitude regarding their smoking behaviour than adults, believing 
that they “could smoke for a few years and then quit” if they wished (Arnett 2000). 
Lack of mature cognitive control in adolescents makes them also more susceptible to 
social pressure. The smoking behaviour of parents, siblings and friends leads to a higher 
risk of smoking among adolescents and this social influence decreases with age (Vink, 
Willemsen et al. 2003). It is not surprising that adolescents with ADHD symptoms, 
whose behaviour is even more characterized by impulsive and risk-taking choices, are 
more likely to experiment with smoking and to become regular tobacco users (Tercyak, 
Lerman et al. 2002; McClernon, Fuemmeler et al. 2008). Importantly, nicotine may 
also lead to higher levels of dependence by exerting neurotoxic effects in PFC impairing 
adolescent cognitive development, executive functioning and inhibitory control. These 
effects are particularly evident under stressful or emotionally intense states and are 
most pronounced when smoking begins during early adolescence (DeBry and Tiffany 
2008).

In conclusion, the adolescent brain, most likely due to its incomplete 
development, is more vulnerable to some of the effects of nicotine than the adult brain. 
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Adolescents progress faster to nicotine dependence than adults, find nicotine more 
rewarding, underestimate the risks of smoking and are more influenced by smoking 
behaviour in their social milieu. This may explain why 1 of 5 adolescents smokes 
regularly and up to 70 % of adolescents have experimented with smoking (Currie 
C 2008; Sidransky 2010). Since nicotine acts directly on the pathways involved in 
cognitive control, development of prefrontal cortex during adolescence may be affected 
by nicotine exposure in this large population. This raises the main question of this 
thesis - what long-term adaptations in PFC would result from nicotine exposure during 
adolescence?

Long-term consequences of nicotine exposure during adolescence for 
prefrontal function
It is impossible to find two absolutely identical persons; even monozygotic twins, sharing 
100% of their genes and much of social environment, still manage to develop their 
own individuality. We all differ in our genetic make-up, family upbringing, education, 
tastes and talents and ultimately in our life choices. That is why, being obscured by 
many confounding factors, long-term consequences of smoking are extremely difficult 
to study in humans. Nevertheless, association studies can indicate an important link 
between smoking and impaired cognitive function and point out directions for further 
research. Indeed, smoking was shown to be a prospective risk factor for impaired 
cognitive function in later life; heavy smoking predicts incident cognitive impairment 
and decline (Cervilla, Prince et al. 2000; Richards, Jarvis et al. 2003) and middle-aged 
smokers have a lower psychomotor speed and cognitive flexibility compared to never 
smokers (Kalmijn, van Boxtel et al. 2002). In these studies, emphasis is on continuous 
heavy smoking into adulthood and middle age. Studies of lasting effects of smoking 
exclusively during adolescent period are even more difficult to conduct, since they 
would demand a long-term longitudinal design, well controlled for confounding 
factors (age of smoking onset, smoking behaviour, personal history, gender, education 
etc). Despite some limitations, several studies have found that adolescent tobacco use 
is associated with later risk of developing mental and behavioural problems such as 
major depressive disorder, agoraphobia, panic disorder, addiction to other substances, 
antisocial personality disorder or academic problems (Brown, Lewinsohn et al. 1996; 
Brook, Cohen et al. 1998; Johnson, Cohen et al. 2000; McGee, Williams et al. 2000; 
Ellickson, Tucker et al. 2001; Brook, Brook et al. 2002).

There are, however, studies indicating that already during adolescence, chronic 
smoking is associated with disturbances in working memory and attention as well as 
reduced PFC activation ( Jacobsen, Krystal et al. 2005; Jacobsen, Mencl et al. 2007; 
Musso, Bettermann et al. 2007). Although these studies focus only on short-term effects 
of adolescent smoking on cognition, they show that impaired cognitive processing in 
PFC already takes place during this age. Importantly, the history of smoking duration in 
years is correlated with the extent of diminished PFC activity, indicating a progression 
of deleterious effects of nicotine which may last into later life (Musso, Bettermann et 
al. 2007).

Despite these findings in human subjects, to be able to disentangle the causal 
relationships, we have to turn to animal models. In laboratory animals the genetic 
background and environmental conditions (such as housing and food) are almost 
identical and can be carefully controlled. Further, in rodents it is possible to explore 
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molecular and cellular adaptations caused by nicotine in pathways responsible for 
cognition.

One of the indications for lasting effects of nicotine can be its effect on gene 
expression. Indeed, animal studies have shown that exposure during adolescence 
induces stronger changes in gene expression in the PFC than during other periods of 
development and adulthood (Schochet, Kelley et al. 2005; Polesskaya, Fryxell et al. 
2007; Schochet, Bremer et al. 2008). Adolescent PFC shows maximal nicotine response 
in gene regulation involved in vesicle release, signal transduction, cytoskeleton dynamics 
and transcription, suggesting the role of chronic nicotine exposure in initiating long-
term structural and functional adaptations in adolescent PFC (Polesskaya, Fryxell et al. 
2007). The activity of specific early response genes (arc and c-fos) used as a marker for 
the functional activation of neurons was found to be elevated in adolescent PFC after 
nicotine exposure (Leslie, Loughlin et al. 2004; Schochet, Kelley et al. 2005).

The expression of key molecules involved in plasticity is also altered in the PFC 
by adolescent nicotine exposure. Acute nicotine induces increases in the expression of 
the dendritically targeted dendrin mRNA in PFC of adolescent but not adult animals. 
Dendrin is an important component of cytoskeletal modifications at the synapse and 
therefore can lead to unique plasticity changes in the adolescent PFC (Schochet, 
Bremer et al. 2008). Lasting synaptic adaptations involve activation of intracellular 
signaling pathway and such enzymes as extracellular regulated protein kinase (ERK) 
and cAMP response element binding protein (CREB). Specifically in the PFC, 
increases in phosphorylation of both these enzymes were found after repeated nicotine 
exposure (Brunzell, Russell et al. 2003). Also changes in macromolecular constituents 
indicative of cell loss (reduced DNA) and altered cell size (protein/DNA ratio) can be 
seen in cortical regions of rodents after adolescent nicotine treatment (Trauth, Seidler 
et al. 2000).

Although these findings only describe direct changes after nicotine exposure, 
altered expression of genes involved in neuroplasticity can lead to structural changes in 
PFC neurons that last into adulthood. Indeed, repeated nicotine exposure also changes 
the structure of neurons in medial PFC: it increases both dendritic length and spine 
density (Brown and Kolb 2001). Long-term changes have been observed in dendritic 
morphology of specific subpopulations of pyramidal neurons and these structural 
changes depended on the age of drug exposure (Bergstrom, McDonald et al. 2008). 

Also on the behavioural level, nicotine during adolescence leads to persisting 
deficits. Adolescent, but not adult, nicotine treatment reduces accuracy of correct 
stimulus detection in a visuospatial attentional task, with an increase in premature 
and time-out responding that suggests impaired attention and lack of impulsive 
control which is part of normal adolescent maturation (Counotte, Spijker et al. 2009). 
Similar nicotine-induced deficits have been found in a serial pattern learning paradigm 
(Fountain, Rowan et al. 2008). 

Taken together, these studies in rodents show that nicotine exposure during 
adolescence induces significant changes in gene expression and neuronal morphology 
in PFC. Thus, nicotine does not only change cholinergic signalling by activating and 
desensitizing nicotinic receptors, but can also lead to secondary adaptations involving 
structural and possibly functional changes in cognitive networks. Important questions 
arise of how nicotine during adolescence affects the processing of cognitive information 
in PFC, whether those adaptations persist into adulthood and how they relate to 
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cognitive behaviour. These are the questions that constitute the focus of my thesis and 
are dealt with in Chapters 3 and 4.

Conclusions
The prefrontal cortex, the area responsible for executive functions in the brain, is one of 
the last areas to mature and during adolescence is still in the process of developing. This 
places adolescent brain in a vulnerable state of imbalance, susceptible to the influence 
of psychoactive substances such as nicotine. In prefrontal networks nicotine modulates 
information processing on multiple levels by activating and desensitizing nicotine 
receptors on different cell types and in this way affects cognition. The adolescent 
brain is especially sensitive to the effects of nicotine, possibly due to its immature state. 
Despite some serious limitations, studies in human subjects indicate that smoking 
during adolescents increases the risk of developing psychiatric disorders and cognitive 
impairment in later life. In addition, adolescent smokers suffer from attention deficits 
that aggravate with the years of smoking. Based only on human studies, it is difficult 
to distinguish causes and consequences of nicotine exposure. Animal models of 
nicotine exposure, in contrast, can offer more insight in synaptic mechanisms of lasting 
adaptations caused by nicotine during adolescence.

Synopsis of the thesis
This thesis addresses the role of nicotine in the maturation of the adolescent brain. 
It explores how nicotine exposure during this vulnerable developmental period leads 
to direct and lasting adaptations in prefrontal neuronal networks. For this purpose, 
adolescent smoking was modelled in rat and nicotine injections were used during the 
developmental period equivalent to adolescence in humans. 

The functional adaptations on synaptic level caused by nicotine are central to 
my work. That is why experimental emphasis is placed on using electrophysiological 
techniques to measure nicotine modulation of prefrontal neurons, long-term 
adaptations in their synaptic function and, finally, lasting nicotine impact on such 
complex information processing as short- and long-term neuroplasticity. However, my 
work should be seen in the context of a broader collaborative effort, where multiple 
levels of long-term nicotine effects on prefrontal cortex are studied. In this way, my 
findings build on behavioural and molecular data that add an extra dimension to my 
research and together give a causal mechanistic view on the dangers of nicotine exposure 
during adolescence.

The adolescent brain in humans and rodents is more sensitive to the rewarding 
effects of nicotine than that of an adult. As a consequence, young people are more likely 
to become addicted and have more trouble quitting smoking. The prefrontal cortex is 
the area that is crucial for cognitive control and suppressing irrelevant and maladaptive 
behaviour, thus its nicotinic system may play an important role in contributing to this 
sensitivity. Changes in nicotine receptor levels can have consequences for PFC function 
and be an initial step in a cascade of further adaptations. In Chapter 2 question was 
addressed whether adolescent nicotine exposure leads to changes in nicotinic receptor 
expression and synaptic function of interneurons in PFC. 
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In Chapter 3 I address the question which long-term molecular and synaptic 
adaptations in PFC take place following adolescent nicotine exposure. Based on 
proteomics screening of all synaptic proteins in prefrontal cortex, lasting molecular 
adaptations secondary to nicotinic effects can be traced. In particular, the inhibitory 
mGluR2 autoreceptor was found to be significantly downregulated 5 weeks after 
exposure. I investigated the function of this receptor in principal neurons (pyramidal 
cells in layer V) in PFC, its location and its modulation of excitatory transmission 
and short-term plasticity. Ultimately, the question is posed how mGluR2-dependent 
inhibition contributes to lasting effects of nicotine exposure during adolescence, leading 
to reduced synaptic information filtering and reduced attention. 

In Chapter 4 I ask the question whether nicotine during adolescence can have 
a lasting impact on complex information processing in PFC such as spike-timing 
dependent plasticity. Building on Chapter 3, I propose that changes in mGluR2 
signalling in prefrontal network are responsible for this effect.

Finally, in Chapter 5, I address the question of how my findings on synaptic 
plasticity in rodent cortex relate to the way human synapses process information. For 
this purpose, I used healthy cortical tissue resected from patients undergoing deep 
brain surgery and explored mechanisms and rules of STDP in human cortical synapses. 
Finally, I compare my findings in human tissue to STDP recordings in adult rodent 
synapses from the same cortical area.

The results of this work offer an insight in long-term functional adaptations on 
the level of information processing in prefrontal networks caused by nicotine exposure 
during adolescence. I conclude my thesis in Chapter 6 by arguing that these adaptations 
represent a functional correlate of such cognitive functions as attention. I discuss the 
role of mGluR2 signalling in mediating changes in synaptic function, short-term and 
long-term plasticity in rodent brain, and potentially also in human brain. Finally, I 
propose a model of how nicotine exposure affects adolescent brain and leads to lasting 
changes in prefrontal function.
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Adolescent nicotine exposure transiently increases 
high-affinity nicotinic receptors and modulates 
inhibitory synaptic transmission in rat mPFC
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Abstract
Adolescence is a critical developmental period during which most adult smokers 
initiate their habit. Adolescents are more vulnerable than adults to nicotine’s long-
term effects on addictive and cognitive behavior. We investigated whether adolescent 
nicotine exposure in rats modifies expression of nicotinic acetylcholine receptors 
(nAChRs) in medial prefrontal cortex (mPFC) in the short- and/or long-term, and 
whether this has functional consequences. Using receptor binding studies followed 
by immunoprecipitation of nAChRs subunits, we showed that adolescent nicotine 
exposure, as compared with saline, caused an increase in mPFC nAChRs containing 
α4 or β2 subunits (24 and 18%, respectively) 24 h after the last injection. Nicotine 
exposure in adulthood had no such effect. This increase was transient and was not 
observed five weeks following either adolescent or adult nicotine exposure. In line with 
increased nAChRs expression 1 day after adolescent nicotine exposure, we observed a 
34% increase in amplitude of nicotine-induced spontaneous inhibitory postsynaptic 
currents in layer II/III mPFC pyramidal neurons. These effects were transient and 
specific, and only observed acutely after adolescent nicotine exposure, but not after 5 
weeks, and no changes were observed in adult-exposed animals. The acute nicotine-
induced increase in α4β2-containing receptors in adolescents interferes with the normal 
developmental decrease (37%) of these receptors from early adolescence (postnatal 
day 34) to adulthood (postnatal day 104) in the mPFC. Together, this suggests that 
these receptors play a role in mediating the acute rewarding effects of nicotine and may 
underlie the increased sensitivity of adolescents to nicotine.

Introduction
Nicotine is the main addictive and neuroactive compound in tobacco smoke, and 
smoking is the leading preventable cause of death and disability in the USA (Novick, 
2000). Nicotine can disrupt developmental events and cause long-lasting effects when 
administered during windows of vulnerability, such as the neonatal or adolescent periods 
(Slotkin, 2004). Most adult smokers start their habit during adolescence (Chassin et al., 
1996), and pre-clinical studies suggest there are different mechanisms driving nicotine 
use in adolescents and adults (Barron et al., 2005). A current hypothesis explaining 
why adolescents are more vulnerable to nicotine addiction is that nicotine has greater 
positive effects on adolescents than adults, whereas the negative effects associated with 
nicotine, such as withdrawal are smaller in adolescents (O’Dell, 2009). Adolescence 
is a critical developmental period during which the brain, in particular the (m)PFC, 
continues to mature. Processes such as synaptic pruning and myelination are thought 
to continue until approximately the age of 20 in humans (Casey et al., 2005). Similar 
behavioral and developmental changes occur in rats aged approximately 25–50 days 
(postnatal day (P) 25–50) (Counotte et al., 2011a). The increased sensitivity to nicotine 
in adolescents might be due to intrinsic developmental nicotinic receptor expression in 
the brain and/or the interaction of nicotine with receptor expression over time. 

Nicotine acts on nAChRs, belonging to the superfamily of cys-loop ligand-gated 
ion channels. Eleven nAChR subunits have so far been identified in mammals and are 
classified into eight alpha- and three beta subunits (Gotti et al., 2007). The assembly 
of five subunits forms different subtypes that may be heteromeric (the most prevalent 
is α4β2 or homomeric (mainly α7). The different receptor subtypes show substantial 
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brain-region specific expression (Gotti et al., 2006). It has been shown that high dose 
chronic and intermittent nicotine exposure increases levels of high affinity nicotinic 
receptors in adult humans and rodents (Moretti et al.; Marks et al., 1983; Schwartz and 
Kellar, 1983; Benwell et al., 1988; Wonnacott, 1990). However, α7-type nAChRs are 
less prone to regulation possibly because of their relative low affinity for nicotine (Pauly 
et al., 1991).

Nicotine administration during, but not following adolescence, has long-lasting 
effects on cognitive, addictive and emotional behavior in rats (Adriani et al., 2003; 
Iniguez et al., 2008; Counotte et al., 2009; Counotte et al., 2011b). Furthermore, 
adolescent animals are more sensitive to nicotine conditioned place preference than 
adults and show this at lower nicotine doses (Vastola et al., 2002; Belluzzi et al., 2004; 
Shram et al., 2006; Brielmaier et al., 2007; Kota et al., 2009). Therefore, it is of interest 
to investigate whether these short- and long-term behavioral effects of adolescent 
nicotine exposure are caused by a differential regulation of nicotinic receptors following 
adolescent nicotine exposure. 

Previous studies have shown that adolescent nicotine exposure leads to acute 
and longer-lasting changes in nAChR binding (Abreu-Villaca et al., 2003; Doura et al., 

2008) and function (Kota 
et al., 2009) in brain 
regions such as cortex and 
striatum. In this study, 
we investigate the short- 
and long-term aspects of 
nAChR expression and 
function in the mPFC 
following a nicotine 
exposure regimen that 
we previously found 
to induce long-lasting 
cognitive deficits 
(Counotte et al., 2009; 
Counotte et al., 2011b). 
The use of antibodies 
specific to the different 
nAChR subunits enables 

us to pinpoint whether the subunit composition of nAChRs changes following 
adolescent nicotine exposure. Because human imaging data suggests that primary 
cortical areas mature before cortical association areas (Gogtay et al., 2004), we studied 
the mPFC, which is believed to continue developing during adolescence and is relevant 
for the behavioral effects of nicotine, and the occipital cortex, which contains the 
primary visual cortex, whose development is thought to be completed by adolescence. 
We used radioactive ligands to bind the different receptor subtypes, and antibodies 
specific for the different nAChR subunits to determine the nicotine-induced regulation 
of nAChR subtype expression by means of immunoprecipitation experiments. Finally, 
we examined the functional consequences of nicotine-induced adolescent nAChR up-
regulation on nicotine-mediated augmentation of spontaneous inhibitory transmission 
in the mPFC.
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Figure 1 Plasma nicotine and cotinine levels during and after 
nicotine exposure
Plasma nicotine (A) and cotinine levels (B) in animals exposed 
during adolescence (gray) or adulthood (black). Blood was 
collected 30 minutes after the first injection (N1.1), 30 minutes 
after the third injection on the same day (N1.3), and on the first 
day of withdrawal (W1). # P<0.1 vs. adult animals, * P<0.05 vs. 
adult animals, ** P<0.01 vs. adult animals.
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Results
Plasma nicotine levels
The circulating levels of nicotine and its major metabolite cotinine were measured 
in plasma of adolescent and adult rats at three different time points after nicotine 
administration (Figure 1). A single injection of nicotine led to plasma nicotine levels 
of 46.8 ± 3.1 ng/ml in adolescent animals, and 60.9 ± 5.2 ng/ml in adults (P=0.04) 
(Figure 1). These levels are comparable with those observed in human smokers (4 to 
72 ng/ml) (Russell et al., 1980). Repeated nicotine injections led to an increase in peak 
levels in both treatment groups (Figure 1A; time point F(2,38)=64.15, P<0.001), 
which has also been observed in human smokers (Isaac and Rand, 1972; Hill et al., 
1983). Our administration protocol therefore reflects the circulating dose of nicotine 
in human smokers.

Overall, plasma nicotine levels were slightly but significantly higher in adult 
animals injected with the same concentration of nicotine relative to their bodyweight 
compared with adolescents (Figure 1A; age F(1,38)=5.03, P=0.031, age x time point 
F(2,38)=1.47, ns). On the first day of withdrawal, when nicotine was completely 

Figure 2. Adolescent nicotine 
exposure increases 3H-Epi 
binding and α4β2-containing 
receptors one day following 
nicotine exposure
(A) The levels of radiolabeled 
nAChRs protein levels (3H-
Epi-binding) in the mPFC are 
higher specifically on the first 
day following adolescent, but 
not adult, nicotine exposure. (B) 
The difference in 3H-Epi-binding 
is explained by an increase in 
receptors containing the α4 and β2 
subunits (α4: Age F(1,40)=6.27, 
P=0.016, time F(1,40)=5.79, 
P=0.021; β2: age F(1,40)=8.53, 
P=0.006, time F(1,40)=12.36, 
P=0.001). The α5-subunit that 
substantially contributes to 
mPFC nAChRs is not changed. 
Data for the α2 and α6 subunits 
are indicated in gray, as they 
cannot be well determined (see 
Table 1). *P<0.05, ***P<0.001 
compared to saline control.
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cleared from the plasma, the adolescent animals had lower cotinine levels than the adult 
animals (p=0.007), suggestive of a higher clearance of cotinine in adolescent animals. 

3H-Epibatidine binding to receptors
Epibatidine is a high-affinity ligand of heteromeric nAChRs. To investigate nAChR 
expression during late postnatal development, we performed binding studies using 
3H-Epibatidine and 2% Triton X-100 extracted membranes from mPFC and occipital 
cortex, from animals ranging in age from early adolescence (P34) to adulthood (P104). 
Between P34 and P104, there was an almost linear decrease in nAChR levels (3H-
Epi-binding) in the mPFC (Supplemental Figure 1; age, P<0.001), but not in the 
occipital cortex (age, n.s.). Epibatidine binds to all high-affinity heteromeric nicotinic 
receptors, of which α4 and β2 are the most commonly expressed subtypes Using 
immunoprecipitation experiments with antibodies (Grady et al., 2009) specific to 
the most abundant nicotinic receptor subunits α4, α5 and β2 we found that both α4 
and β2, but not α5 subunits were downregulated with age specifically in the mPFC 
(α4, P=0.03; β2, P=0.027), suggesting a specific downregulation of α4β2-containing 
receptors.

In order to determine whether nicotine has a differential effect on the 
expression of nAChRs when administered during adolescence or adulthood, we 
examined the mPFC and occipital cortex of animals on the first withdrawal day and 
five weeks following 10 days of repeated nicotine injections (three times a day), and 
observed altered 3H-Epi-binding as an effect of age of treatment (age, F(1,84)=6.34, 
P=0.014), time after nicotine exposure (time, F(1,84)=30.54, P<0.001) and a four-
way interaction of treatment x age x time x region (F(1,84)=4.63, P=0.034), and a 
trend for treatment (F(1,84)=3.042, P=0.085) and region (F(1,84)=2.93, P=0.091). 
When these two cortical regions were analyzed separately, only the mPFC showed an 
effect of age (F(1,47)=23.07, P<0.001) and time (F(1,47)=21.72, P<0.001), and a 
trend for treatment (F(1,47)=2.77, P=0.10) and interaction age x time x treatment 
(F(1,47)=3.32, P=0.075). In the occipital cortex, there was only an effect of time 
(F(1,37)=10.81, P=0.002), and a trend for age (F(1,37)=2.87, P=0.10), but no effect 
of treatment and no interaction (P=0.43 and 0.21, respectively).

In conclusion, in the mPFC, the effect of age was apparent as increased 3H-
Epi-binding due to nicotine treatment, in the absence of an effect due to saline, only 
one day (nicotine adolescent vs. nicotine adult, P<0.001; adolescent nicotine vs saline, 
P<0.001), but not five weeks, following nicotine injections (Figure 2A).

3H-Epibatidine-labeled nAChRs subunit composition in mPFC
To determine whether the increased 3H-Epi-binding in the mPFC acutely after nicotine 
exposure was due to the upregulation of α4β2* nAChRs in adolescent animals, we 
performed immunoprecipitation experiments in the mPFC. Only for the α4 and β2 
subunits, but not other subunits like α5, we found a significant increase in expression 
due to nicotine; α4-containing nAChRs: adolescent nicotine vs. saline, P=0.018; 
β2-containing nAChRs: adolescent nicotine vs. saline, P=0.030) (Figure 2B). We 
confirmed that this effect was absent in adult animals, and long after nicotine exposure 
(Table 1).
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Table 1. Immunoprecipitation analysis of the subunit content of nAChRs labeled with 2 nM 
3H-Epi in the mPFC. 
Subunit content of nAChRs is given (fmol of immunoprecipitated receptors/mg of protein) 
± SEM for each treatment (nicotine: Nic; saline: Sal) and age group (P44, P70, P78, P104) 
for animals exposed to nicotine during adolescence or during adulthood directly after exposure 
(P44, P70), or after 5 weeks of abstinence (P78, P104). Bold text indicates p<0.05 compared to 
saline and control. ND=not detected above background.

125I-αBungarotoxin (αBgt) binding
Unlike Epi-binding nAChRs, the 125I-αBgt binding receptors (i.e., α7 homomeric 
receptors) showed no overall difference in developmental expression (mPFC, P=0.729; 
Occipital cortex, P=0.292). In addition, for the nicotine treatment paradigm using a 
four-factorial ANOVA, we found an effect of age (F(1,50)=7.07, P=0.029), region 
(F(1,50)=11.12, P=0.002), and time (F(1,50)=4.37, P=0.042), but no treatment 
effect and no four-way interaction (P=0.583). Despite this, further analysis per region 
revealed only an age effect in the mPFC (F(1,24)=22,49, P<0.001), and a trend for 
time (F(1,26)=4.17, P=0.051) in the occipital cortex, but again no effect of treatment 
and no interactions. Therefore, we concluded that nicotine during adolescence does 
not affect the regulation of α7 receptors in cortical areas.

Nicotine modulation of synaptic transmission in mPFC pyramidal neurons
Next, we investigated whether increased expression of α4β2-containing nAChRs 
in adolescent nicotine exposed animals had functional consequences for synaptic 
transmission in the mPFC. Unlike prefrontal cortical layer V, in which nicotine 
increases inhibitory and excitatory inputs on pyramidal neurons expressed on 

mPFC  1 day abstinence 
Subunit 

expression 
Age Adolescent exposure Adult exposure 

 P34 P44 Nic P44 Sal P44 Con P70 Nic P70 Sal 
2 15.9 ± 15.4 ND 4.6 ± 3.4 ND ND ND 
3 18.4 ± 8.5 13.2 ± 13.4 9.8 ± 5.5 29.2 ± 24.2 14.2 ± 2.4 10.7 ± 4.8 
4 146.8 ± 10.6 176.5±13.6 139.8 ± 9.5 136.5 ± 11.2 126.8 ± 11.9 122.6 ± 8.3 
5 33.0 ± 16.8 52.3 ± 5.4 57.6 ± 11.5 47.8 ± 15.1 22.3 ± 2.8 27.5 ± 5.6 
6 ND ND ND ND ND ND 
2 131.2 ± 10.4 160 ±12.6 138.6 ± 8.4 121.3 ± 4.1 119.1 ± 5.2 111.1 ± 10.5 
3 20.3 ± 1.7 24.8 ± 20.7 -4.2 ± 3.3 19.3 ± 1.8 -3.8 ± 2.7 4.6 ± 5.8 
4 2.9 ± 3.9 4.7 ± 3.2 11.6 ± 12.2 ND 4.9 ± 10.4 4.9 ± 8.9 

 
mPFC  5 weeks abstinence 

Subunit 
expression 

Age Adolescent exposure Adult exposure 

  P78 Nic P78 Sal P78 Con P104 Nic P104 Sal 
2  1.2 ± 2.1 13.4 ± 7.1 7.8 ± 5.7 5.8 ± 2.4 9.9 ± 6.3 
3  9.4 ± 4.6 6.8 ± 1.6 10.5 ± 1.5 16.0 ± 3.4 15.6 ± 4.2 
4  131.8 ± 6.8 131.0 ± 3.4 137.4 ± 8.6 116.5 ± 17.3 107.2 ± 13.3 
5  34.6 ± 5.3 42.6 ± 7.0 20.7 ± 5.2 26.1 ± 6.9 24.4 ± 7.5 
6  21.2 ± 10.5 -0.1 ± 2.5 -6.0 ± 3.7 -0.2 ± 2.8 0.3 ± 2.7 
2  114.7 ± 21.2 116.2 ± 5.2 118.2 ± 2.6 105.5 ± 10.0 97.1 ± 13.6 
3  ND 20.5 ± 30.5 8.5 ± 9.4 5.7 ± 4.6 4.5 ± 1.9 
4  ND ND ND 0.4 ± 3.4 4.1 ± 8.2 
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Figure 3. Nicotine increases sIPSC frequency and amplitude in layer II/III pyramidal 
neurons. (A) During whole-cell recording, layer II/III pyramidal neurons in mPFC were filled 
with biocytin for post-hoc morphological identification. (B) Example of whole-cell recordings 
during baseline, nicotine application and wash-out using animals that were exposed to saline 
during adolescence. (C,D) The sIPSC frequency (C) and amplitude (D) increase by nicotine 
(10 µM) and these effects are abolished in TTX (1 µM); gray rectangles highlight the time 
points taken for calculation of the nicotine effect (insets). n=14 cells from 7 animals, TTX 
data n=7 cells from 3 animals. 

thalamocortical projections (Lambe et al., 2003; Couey et al., 2007), prefrontal cortex 
layer II/III shows no nicotine-induced increase in excitatory transmission, but nicotine 
rather augments GABAergic synaptic transmission (Couey et al., 2007) (Figure 3B-D). 
Nicotinic receptors are expressed by interneurons already in 2–3 week old mice (Couey 
et al., 2007). In order to investigate whether nicotine by itself increases spontaneous 
inhibitory activity in layer II/III of the mPFC of adult animals, we applied nicotine (10 
µM) to mPFC slices of saline-treated adolescent animals one day after exposure. Nicotine 
increased frequency (P<0.001; nicotine peak=528.9 ± 76%, baseline=101.9 ± 2.5%) 
and amplitudes (P=0.003; nicotine peak=126.8 ± 8.1%, baseline=99.9 ± 1.5%) of 
spontaneous inhibitory postsynaptic currents (sIPSCs) measured in pyramidal neurons 
in layer II/III (Figure 3A–D). Nicotine had no effect on sIPSC frequency or amplitude 
when TTX was bath applied during the recording (1 µM; Figure 3C–D), showing that 
nicotine effects in mPFC rely on firing of inhibitory neurons. The increase in sIPSC 
frequency reflects a larger number of spontaneous spikes, whereas the rise in sIPSC 
amplitude probably reflects a larger number of simultaneously occurring events.

We then asked whether the observed increase in α4β2-containing nAChRs 
acutely after nicotine exposure during adolescence in the mPFC had functional 
consequences and was paralleled by increased sensitivity to a nicotine challenge. We 
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Figure 5. Nicotine-induced 
effects on sIPSCs 5 weeks 
following adolescent or 
adult nicotine exposure. 
Effect of nicotine (10 µM) 
bath application on sIPSC 
amplitude during the whole-
cell recordings in animals 5 
weeks after adolescent (A) or 
adult (B) nicotine or saline 
exposure. (A-C) Nicotine 
effect on sIPSC amplitude 
is not altered 5 weeks after 
adolescent  (A) or adult 
nicotine exposure (B). (C) 
Average amplitude taken 
during the time points in 
box (see A,B). (D) Nicotine 
effect on sIPSC frequency 
is not altered 5 weeks after 
nicotine exposure. Average 
taken during the same time 

points as in C). Data are from n=11 animals (adolescent; 14-15 cells) and n=5 animals (adult; 
11 cells) per treatment group.
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Figure 4. Nicotine affects sIPSC frequency and amplitude in layer II/III pyramidal neurons 
differently depending on age of nicotine exposure (A) Effect of nicotine (10 µM) application 
on sIPSC amplitude during the whole-cell recordings in animals 1-2 days after adolescent 
nicotine or saline exposure (upper panel) and after adult nicotine or saline exposure (lower 
panel). Right: Cumulative distributions of sIPSC amplitudes at the peak of the nicotine effect 
(during the time points highlighted in gray in left panel). (B) Summary of the results shown 
in (A) at the peak of nicotine effect. Nicotine effect on sIPSC amplitude is larger in animals 
1-2 days after adolescent nicotine exposure (average taken during time points highlighted in 
gray; A). (C) Nicotine effect on sIPSC frequency is not altered 1-2 days after nicotine exposure 
(average taken during the same time points as in the left panel). Data are from n=6 animals (17-
21 cells) per treatment group. *P<0.05



37

A
do

le
sc

en
t n

ic
ot

in
e u

pr
eg

ul
at

es
 m

PF
C

 α
4β

2 
nA

C
hR

s

bath applied nicotine (10 µM) to mPFC slices of animals 1 day following adolescent 
nicotine or saline exposure, and measured spontaneous inhibitory activity. Nicotine-
mediated enhancement of sIPSC frequency and amplitude was more pronounced in 
animals exposed to nicotine than in saline controls. Nicotine had a greater effect on 
sIPSC amplitude (P=0.026; nicotine effect in nicotine treated animals=170.0 ± 18.1%; 
nicotine effect in saline treated animals=126.8 ± 8.1%) and shifted the cumulative 
distribution to larger events (Figure 4A, K-S test Z=1.5, P=0.02). As a separate control 
experiment, we exposed animals to nicotine as adults. This group did not show any 
changes in sIPSC amplitude (Figures 4, 5). Prior nicotine exposure had no effect on 
nicotine-induced changes in frequency of sIPSCs in any of the pretreatment groups 
(Figure 4, 5). This is probably due to an already saturating effect of nicotine on sIPSC 
frequency (in some cases more than 10 fold increase) so that further increase in firing 
can only lead to more simultaneous events (higher sIPSC amplitude). Furthermore, 
as additional control, we repeated these experiments, but then measured the nicotine-
mediated enhancement of sIPSC frequency and amplitude five weeks following 
nicotine exposure; a time point at which nicotine had no effect anymore on the number 
of membrane nAChRs as shown by unchanged levels in Epi-binding (see Figure 2). 
Indeed, there was no difference in the nicotine-induced changes in sIPSC amplitude 
five weeks after nicotine exposure in adolescent- or adult-treated animals (Figure 5). 

The increase in α4β2-containing nAChRs 1 day after nicotine exposure during 
adolescence (but not adulthood), is therefore paralleled by increased interneuron 
sensitivity to nicotine and leads to increased nicotine-induced firing in the inhibitory 
circuitry of the mPFC. 

Discussion
The current findings demonstrate that adolescents are more sensitive to nicotinic 
receptor upregulation in the mPFC than adults. First, we showed that subcutaneous 
injections of nicotine 0.4 mg/kg lead to plasma nicotine levels that are comparable 
with those observed in human smokers (Russell et al., 1980). We observed that naïve 
rats show an age-related decrease in 3H-epibatidine labeled high-affinity nicotinic 
receptors in the mPFC, but not in occipital cortex. Furthermore, adolescent but not 
adult nicotine exposure increases 3H-Epi-binding of mPFC receptors on the first day 
of abstinence following 10 days of nicotine injections. This is paralleled by an mPFC-
specific increase in expression of nAChRs containing α4 and β2 (but not α5) subunits 
that is transient in nature, as it is not observed five weeks later, at the moment when 
decreased levels of mGluR2 cause deficits in attention (Counotte et al., 2011b). The 
increased expression of high-affinity nAChRs in adolescents is accompanied by an 
increase in nicotine-stimulated GABAergic transmission in the mPFC.

Treatment regimen
We have previously shown that subcutaneous injections of nicotine (0.4 mg/kg), three 
times a day for 10 days causes long-term decrements in attention and impulsivity, 
only when administered during adolescence (Counotte et al., 2009; Counotte et al., 
2011b) Here, we used the same dose and exposure regimen to study expression of 
nicotinic receptors. Unlike osmotic minipumps or nicotine in drinking water, nicotine 
injections lead to peak plasma nicotine levels that are more similar to those associated 
with smoking in (adolescent) humans (Russell et al., 1980). Using repeated injections 
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instead of minipumps, it is easier to correct for the fact that adolescents gain much 
more weight during those ten days than adults. Moreover, between injections, nicotine 
is entirely cleared from the plasma, thus leading to repeated activation of nAChRs.

The lower plasma nicotine levels observed in adolescent rats on the first day of 
nicotine exposure may be due to faster nicotine metabolism, because their plasma levels 
of cotinine (the active metabolite of nicotine) on the first day were slightly higher. It 
is known that adolescent rats metabolize nicotine more rapidly than adult rats. In 
addition, adolescent rats had lower plasma cotinine levels than adults on the first day 
of withdrawal. This could be the cause of known differences in positive and negative 
effects of nicotine in adolescents compared with adults. To our knowledge, this is the 
first report comparing plasma nicotine levels in adolescent versus adult rats following 
nicotine injections. 

nAChRs during development 
There is a developmental decrease in expression of Epi-labeled nAChRs in rat mPFC 
that continues after adolescence. Although there is no developmental decline in α4 
and β2 mRNA levels in the cortex, binding studies have shown that α4β2 expression 
is higher in adolescents than in adults (Doura et al., 2008). Developmental changes 
in surface expression of nAChRs are not regulated at the transcript level, but by post-
translational mechanisms (Marks et al., 1992; Ke et al., 1998). This developmental 
decline in expression correlates with functional differences, as it has been shown that 
nicotine stimulated 86Rb+ efflux in frontal cortex peaks on P35, and then decreases at 
least until P63 (Britton et al., 2007).

The developmental decrease in α4β2 nAChR expression is specific to mPFC as 
it was not observed in occipital cortex. This suggests developmental differences between 
primary and higher-order association cortex. The difference in regulation of nAChRs 
may reflect the different timing of maturation of these areas, as previously shown using 
proteomics experiments comparing mPFC and motorcortex (Counotte et al., 2010), 
and for human brain development using imaging studies (Gogtay et al., 2004).

The decrease in expression of α4β2 receptors progresses far beyond adolescence 
(Figure 2). This has also been shown by means of α4 immunostaining of mouse 
hippocampus, in which expression of α4 decreases with age from young adults (2–4 
months of age) to very old mice (24–28 months of age) (Rogers et al., 1998).

nAChRs after nicotine exposure
Repeated or prolonged nicotine exposure increases the number of high-affinity (mainly 
α4β2*) nicotine binding sites, in heterologous systems (Tumkosit et al., 2006; Kuryatov 
et al., 2008), nicotine-treated animals (Marks et al., 1983; Schwartz and Kellar, 1983) 
and in postmortem brains of smokers (Benwell et al., 1988) (for review (Govind et al., 
2009)). Various mechanisms have been hypothesized to explain the α4β2* upregulation, 
including increased receptor assembly, decreased surface turnover, increased surface 
receptor trafficking, decreased receptor degradation, and an induced conformational 
switch to high affinity causing more potentially activated receptors (for reviews (Govind 
et al., 2009; Lester et al., 2009)). The chaperoning, inter-subunit stabilizing effect of 
nicotine plays a major role (Kuryatov et al., 2005). Nicotine is membrane permeable 
and can reach the endoplasmic reticulum (Sallette et al., 2005), where it increases the 
assembly and stability of pre-existing subunits, and thus can enhance the maturation of 
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heteropentameric nAChRs that causes the observed increase in Epi-binding. However, 
the nicotine-induced up-regulation of nAChRs in the brain is both subtype and region 
specific (Moretti et al.; Lai et al., 2005; Mugnaini et al., 2006; Nashmi et al., 2007; 
Perry et al., 2007; Xiao et al., 2009).

Our data showed that the upregulation of nicotinic receptors depends on age 
and brain region. Although we used extracts of membrane-enriched fractions, we are 
confident that the upregulated 3H-Epi binding in mPFC due to adolescent nicotine 
exposure represents changes in number of nAChR because 1) The change is specific for 
mPFC and not occipital cortex; 2) There is no difference in 125I-alpha-Bungarotoxin 
binding, so there is a specificity to the observation; 3) Previously, we have reported that 
there are no gross differences in number of mPFC neurons or number of synapses due 
to development (Counotte et al., 2010).

Furthermore, we confirmed that the increase in 3H-Epi-binding one day after 
adolescent nicotine exposure was attributable to an increase in α4- and β2-containing 
receptors by subunit-specific immunoprecipitation. This age-effect cannot be caused by 
higher plasma nicotine in adolescent rats, as our paradigm even caused slightly higher 
plasma nicotine levels in adults, whereas this did not lead to increased mPFC binding. 
This perhaps surprising discrepancy with current literature (Trauth et al., 1999; Doura 
et al., 2008) can be explained by the fact that the level of nAChRs in most other papers 
was determined on the last day of nicotine treatment, whereas we measured it on the 
first day of withdrawal, to prevent interference with circulating levels of nicotine. 
Previously, Doura et al. found that adult nicotine exposure causes a larger upregulation 
of nAChRs in the PFC and most of the brain than adolescent nicotine exposure (Doura 
et al., 2008). However, it should be noted that the use of osmotic minipumps in the 
study of Doura et al. led to higher plasma nicotine levels (~170–310 ng/ml) (Doura et 
al., 2008) than those observed in our animals (~60 ng/ml), which makes it difficult to 
compare results. In addition, the acute nicotine effect was much larger in adults than in 
adolescents, thereby not explaining the increased sensitivity of adolescents for nicotine 
(Doura et al., 2008; Torres et al., 2008). Trauth et al. found upregulated 3H-cystine 
binding (mainly α4β2*) in the cerebral cortex of both adult (Slotkin et al., 2008) and 
adolescent (Trauth et al., 1999) rats 2–3 days after the last exposure to nicotine, although 
they did not report plasma nicotine levels following their use of osmotic minipump. 
In comparison, we show that adolescents have a longer-lasting and more pronounced 
upregulation of mPFC nAChRs in response to an intermittent dosing regimen.

Functional consequences
Nicotinic receptors, to which both the endogenous ligand acetylcholine and nicotine 
bind, are important for cognitive functioning (Everitt and Robbins, 1997). Despite 
its acute effects, our data showed that neither adolescent nor adult nicotine exposure 
have long-term effects on the expression of nAChRs, in accordance with findings of 
others (Slotkin et al., 2008). The long-term effects of adolescent nicotine exposure on 
cognitive performance during adulthood (Counotte et al., 2009) are therefore not 
directly caused by different nAChRs expression in the mPFC. However, the enhanced 
short-term upregulation of high-affinity nAChRs in adolescent mPFC may have 
functional consequences, and perhaps be the first step in a cascade of events leading to 
long-term adaptation of neuronal circuitry or other systemic effects. 

Here, we measured the functional consequences of altered number of nAChR 
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in the mPFC in an indirect way through nicotine stimulated GABA release from 
GABAergic neurons and measuring GABA receptor mediated responses in layer II/
III pyramidal neurons. Thus, sIPSCs are used as a proxy to determine numbers of 
functional nAChRs, and most likely only represent a fraction of the total number of 
nAChRs in the mPFC. Nonetheless, this fraction represents an important functional 
contribution to nicotine effects in the PFC due to following reasons 1) nicotine has no 
effect on glutamatergic spontaneous transmission onto layer II/III pyramidal neurons 
(unpublished data); 2) the majority of interneurons express nAChRs that are composed 
of α4β2*, although they also express other subunits (Couey et al., 2007); 3) all sIPSC 
measurements were normalized to baseline, which eliminates any influence of possible 
changes in GABAergic tone with age; 4) since TTX completely blocks the effect of 
nicotine on sIPSCs, nAChRs must be located either on somas of interneurons or on the 
axons of GABAergic projections to PFC. Although there is no documented evidence 
that the latter exist anywhere in the brain, other than on glutamatergic projections, 
and we are unaware of any GABAergic projections from other brain regions into the 
PFC, this possibility cannot be excluded. Regardless of whether nAChRs are on axons 
of GABAergic projection neurons or PFC interneuron somas, these receptors would 
still be located within PFC slices in which long range connections are cut. Thus, layer 
II/III nAChRs modulate GABAergic inputs onto pyramidal cells in PFC, and are 
upregulated by adolescent nicotine exposure.

Nicotinic receptors in the mPFC are localized presynaptically on glutamatergic 
and dopaminergic terminals, where they mediate glutamate (Lambe et al., 2003; 
Konradsson-Geuken et al., 2009) and dopamine (Livingstone et al., 2009) release, 
respectively. In addition, different types of PFC interneurons in the mPFC express 
both α7 and α4β2-containing nAChRs on their cell bodies (Couey et al., 2007), and 
nAChR stimulation increases GABAergic transmission (Couey et al., 2007). We 
observed increased nicotine-induced GABAergic transmission, and this increased 
inhibitory neurotransmission has major consequences for the neuronal network. In 
vitro, the nAChR-stimulated increase in GABAergic transmission prevents induction 
of LTP by 100 Hz stimulation for 1 s ( Ji et al., 2001). In addition, nicotine in the mPFC 
changes the rules for spike-timing dependent plasticity and thereby prevents synaptic 
potentiation (Couey et al., 2007). This suggests that repeated nicotine exposure during 
adolescence, which increases the expression of α4β2-containing nAChRs, might have 
more pronounced effects on information processing in the mPFC. In particular, the 
increased activity of interneurons enhances synchronous inhibitory neurotransmission, 
and thus occludes plasticity events to a higher extent. At a system level, this might 
contribute to differences in the acute rewarding effects of nicotine, and might underlie 
the increased sensitivity of adolescents (O’Dell, 2009; Schramm-Sapyta et al., 2009). In 
addition, an increase in inhibitory tone relates to higher rates of relapse to drug seeking 
(Van den Oever et al., 2008).

Conclusions 
Our data show that adolescent but not adult nicotine exposure increases the expression 
of nAChRs containing α4 and β2 subunits, specifically and transiently in rat mPFC, 
and leads to a concomitant increase in nicotine-induced GABAergic transmission. 
Extending our findings to humans, the difference in basal nAChR expression between 
adolescents and adults might play a role in the initiation of smoking among adolescents, 
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whereas the short-term increased expression of nAChRs following repeated nicotine 
may contribute to changing local neuronal network plasticity rules, thus leading to 
maintenance of smoking behavior and decreasing the likelihood of smoking cessation.
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Materials and Methods
Animals
Timed pregnant Wistar females rats arrived at 5 days of gestation (Harlan, Horst, 
The Netherlands) and were housed individually in Macrolon cages under standard 
conditions and a reversed day-night cycle (lights on 7 PM–7 AM). Upon delivery, 
litters were culled to 8 pups per mother and preferably consisted of males only, but only 
occasionally were matched with females. At P21, animals were weaned and housed two 
per cage. Only males were used in these experiments. The experiments were approved 
by the Animal Users Care Committee of the VU University, Amsterdam. 

Nicotine exposure
Animals were injected subcutaneously with either nicotine (0.4 mg/kg, calculated as 
the base ((-)Nicotine hydrogen tartrate salt; Sigma, St Louis, MO, USA) or saline three 
times a day (10 AM, 1 PM and 3 PM) for 10 days (n=10 animals/group). A second 
control group consisted of animals that were not injected, but handled once a week. 
Nicotine was administered from P34–P43 (adolescence), or P60–P69 adulthood). 
Saline and no-injection controls were littermates of nicotine-exposed animals in 
both age groups. Animals were decapitated without anesthesia by an experienced 
technician on P34 (before nicotine exposure), on the first day of withdrawal (P44/
P70) and 5 weeks following nicotine exposure (P78/P104). Following decapitation, 
the brains were removed and quickly frozen in ice-cold isopentane, before storage (–80 
°C). For measurement of plasma nicotine and cotinine levels, two different groups of 
animals (n=8 per group, adolescent and adult animals) were injected with nicotine and 
decapitated at three time points: 30 minutes following the first injection (P34/P60; 
10.30 AM), 30 minutes following the third injection (P34/P60; 3.30 PM) and at the 
first withdrawal day (P44/P70). Following decapitation, trunk blood was collected, 
and centrifuged at 600x g for 10 minutes to obtain plasma.

Plasma nicotine and cotinine levels
Extraction procedure
Extraction of nicotine and cotinine was done as described by O’Dell et al with slight 
modifications (O’Dell et al., 2006). In short, 100 µl of heparinized plasma was spiked 
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with 2-phenylimidazole to verify extraction efficiency. To this, 20 µl of 20% NaOH 
was added, before 400 µl of tert-butyl methyl ether was added. After vortexing and 
centrifugation at 10000x g (3 minutes), the organic phase was transferred to a new 
tube. The extraction was repeated with 200 µl tert-butyl methyl ether. Then, MgSO4 
was added to pellet any remaining proteins. Following vortexing and centrifugation, 
the aqueous phase was transferred to a new tube and evaporated to dryness under a 
gentle stream of nitrogen. The lyophilized samples were reconstituted in 25 µl mobile 
phase (acetonintrile-methanol-10 mM ammonium acetate (53:32:15, v/v)). 

Liquid chromatography - electrospray ionization mass spectrometry (LC-ESI/MS)
A Shimadzu LC system: two pumps LC-10ADvp, autosampler SIL-10ADvp, system 
controller SCL-10Avp, degassing unit DGU-14A (Shimadzu USA Manufacturing 
INC., Canby, OR, USA) was coupled to a Bruker micro TOF-Q instrument (Bruker 
Daltonics, Bremen, Germany) equipped with an electrospray ionization source. Each 
LC separation lasted 15 minutes with a gradient: linear gradient (0% B to 100% 
B, 7 minutes), 3 minutes 100% B and 5 minutes equilibration at 0% B, where A is 
2 mM ammonium acetate pH 6.8, and B is MeOH (flow rate 150 µl/minute). For 
all separations, a XTerra MS C18 column was used (2.1 x 50 mm, 2.5 µm particle 
size). Positive mode electrospray was performed at spray voltage 4.5 kV. Scanning was 
performed over an m/z range from 50 to 3,000 Da. The instrument was calibrated by 
infusing 5 mM sodium formate in 50% MeOH with 0.1% FA at flow rate of 4 µl/
minute The data were analyzed with the Data Analysis 4.0 software from Bruker.

Antibody production and characterization
The subunit-specific polyclonal antibodies were produced in rabbit against peptides 
derived from the C-terminal and/or intra-cytoplasmic loop regions of the rat, human 
or mouse subunit sequences and affinity purified as previously described (Grady et al., 
2009). Antibody specificity was checked by means of quantitative immunoprecipitation 
or immunopurification experiments using nAChRs from different areas of the CNS 
of wild-type α4, α5, α6, β2, β3 and β4 (+/+) and null mutant (-/-) mice, which 
allowed selection of antibodies specific for the subunit of interest, and assessing the 
immunoprecipitation capacity of each antibody. For full characterization of nAChR 
subunit antibodies see Suplementary Table 1 in Grady et al. (Grady et al., 2009).

Preparation of membranes and 2 % Triton X-100 extracts
The mPFC (infralimbic and prelimbic cortex) and caudal (occipital) cortex were 
removed freehand at –20 °C from 1 mm thick slices. Dissected material was stored 
at –80 °C until further use. In every experiment, tissue from two rats (0.04–0.05 g) 
from each experimental group was pooled and homogenized in 10 ml of 50 mM Na 
phosphate, pH 7.4, 1 M NaCl, 2 mM EDTA, 2 mM EGTA and 2 mM PMSF using 
a potter homogenizer and homogenates were diluted and centrifuged at 60,000x g (1 
h). Total membrane homogenization, dilution and centrifugation procedures were 
repeated, after which the cell membrane-enriched pellets were collected, rapidly rinsed 
with 50 mM TrisHCl, pH 7, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM 
CaCl2, and 2 mM PMSF, and resuspended in the same buffer containing a mixture of 
20 µg/ml of each of the following protease inhibitors: leupeptin, bestatin, pepstatin A 
and aprotinin. Triton X-100 at a final concentration of 2% was added to the washed 
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membranes to extract membrane receptors, and was incubated at 4 °C (2 h). The extracts 
were centrifuged at 60,000x g (1.5 h), recovered and an aliquot of the supernatants 
was collected for protein measurement (BCA protein assay; Pierce, Rocford, IL, USA) 
with bovine serum albumin as standard.

Binding studies
125I-αBungarotoxin (αBgt; s.a. 200 Ci/mmol (PerkinElmer Boston, MA, USA)) binding 
experiments were performed by incubating mPFC and occipital cortex membranes 
overnight with a saturating concentration (5 nM) of 125I-αBgt at 20 °C. For 125I-αBgt, 2 
mg/ml bovine serum albumin was added to the suspension buffer. Specific radioligand 
binding was defined as total binding minus non-specific binding determined in the 
presence of 1 µM cold αBgt.
3H-Epibatidine. In order to ensure that the α7-containing receptor subtypes did not 
contribute to 3H-epibatidine (Epi; s.a. 50–66 Ci/mmol (GE Healthcare, Bucks, UK)) 
binding to solubilized receptors (Marks et al., 2006), the binding in the extract and 
immunoprecipitation experiments were performed in the presence of 2 µM αBgt, 
which specifically binds to α7*-nAChRs (and thus prevents 3H-Epi binding to these 
sites). Binding to the 2% Triton X-100 extracts from mPFC or occipital cortex was 
carried out overnight by incubating aliquots of extracts with 2 nM 3H-Epi at 4 °C. Non-
specific binding (on average 5–10% of total binding) was determined in parallel samples 
containing 100 nM unlabelled Epi. After the incubation the extracts were diluted to 200 
µl with H2O and applied to a 500 µl DE52 ion-exchange resin (Whatman, Maidstone, 
UK). After being washed with 10 ml of wash buffer (10 mM Na Phosphate pH 7.4, 50 
mM NaCl and 0.1% Triton X-100) to remove unbound 3H-Epi, the bound receptors 
were eluted with 2 N NaOH and counted in a β-counter. 

Immunoprecipitation of 3H-Epi-labelled receptors by subunit-specific antibodies
Tissue extracts were preincubated with 2 µM αBgt, labeled with 2 nM 3H-Epi, and 
incubated overnight with a saturating concentration of affinity purified anti-subunit IgG 
(20–30 µg, Sigma, St Louis, MO, USA). The immunoprecipitation was recovered by 
incubating samples with beads containing bound goat anti-rabbit IgG (Technogenetics, 
Milan, Italy). The level of antibody immunoprecipitation was expressed as percentage 
of 3H-Epi-labeled receptors immunoprecipitated by antibodies (taking the amount 
present in the Triton X-100 extracted solution before immunoprecipitation as 100%) 
or as fmol of immunoprecipitated receptors/mg of protein. 

Nicotine-induced changes in synaptic transmission
Adolescent (n=34) and adult (n=24) rats were exposed to nicotine or saline as 
described above and used for recordings of nicotine-induced (10 µM, bath application) 
spontaneous and miniature inhibitory postsynaptic currents (sIPSCs, mIPSCs), the 
latter in the presence of tetradotoxin (TTX). After one day (acute effect) or five to 
six weeks (long-term effect) following nicotine exposure, rats were decapitated and 
brains were rapidly removed and put in ice cold artificial cerebrospinal fluid (ACSF) 
containing (in mM): KCl 3.5; CaCl2 2.4; MgSO4*7H2O 1.3; KH2PO4 1.2; Sucrose 
215.5; NaHCO3 26; D-glucose 10; Osmolarity: 300 mOsm.
Coronal mPFC slices of 300 µm thickness were prepared in the same sucrose-containing 
ACSF and then stored in holding chambers containing normal ACSF consisting of (in 
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mM): NaCl 125; KCl 3; NaH2PO4 1.25; MgSO4 2; CaCl2 1; NaHCO3 26; glucose 
10, bubbled with carbogen gas (95% O2/ 5% CO2). Pyramidal neurons in layer II/
III in the mPFC were visualized using differential interference contrast microscopy 
and whole-cell recordings from pyramidal neurons were made using Multiclamp 700B 
amplifier (Molecular Devices/Axon Instruments, Sunnyvale, CA, USA), digitized by 
the pClamp software (Molecular Devices/Axon Instruments), and later analyzed off-
line using Synaptosoft (Delaware, GA, USA) software. To record GABAergic activity 
at resting membrane potential (–70 mV), pipette medium contained elevated chloride 
concentration: (in mM) K gluconate 65; KCl 70; NaCl 8; MgATP 2; phosphocreatine 
10; EGTA 0.2; HEPES 10; Tris GTP 0.3, QX 314-Cl 1. Recordings were made (32 °C) 
in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX) to block glutamatergic 
currents measuring at baseline (7 minutes), nicotine wash in (10 µM; 3 minutes), and 
wash out (7 minutes). For estimation of the nicotine effect, average sIPSC frequency 
or amplitude was taken at the peak (last minute of nicotine wash-in and first minute of 
nicotine wash-out) and normalized to the last 5 minutes of baseline recording. 

Statistical analyses
Data from plasma nicotine and cotinine measurements were subjected to univariate 
ANOVA with age of pretreatment (adolescent, adult) and time point as between-
subject variables using the Statistical Package for the Social Sciences version 16 (SPSS 
Inc., Chicago, IL, USA). Developmental data on nAChR expression were subjected 
to a non-parametric ordered Jonckheere-Terpstra test due to unequal variance per 
brain region (Levene’s test). Due to their normal distribution, nicotine-dependent 
regulation of nAChR expression was analyzed by univariate factorial ANOVAs with 
age of treatment, time point after exposure, brain region and treatment as between-
subject variables. In case of statistically significant main effects and interactions, further 
breakdown in factors was performed, ultimately followed by post-hoc comparisons 
(Student-Newman-Keuls Tests). Due to independent data sets from electrophysiological 
experiments with different set-ups, data were analyzed separately for age and time 
using student’s t-test with nicotine and saline treatment as factors. For cumulative 
frequencies, a Kolmogorov-Smirnov test (K-S) was performed. The level of probability 
for statistically significant effects was set at 0.05. All data are displayed as mean values ± 
SEM. The effect-size in terms of % change is calculated as the subtraction of the value 
from the normalized (vs. saline) nicotine sample minus the value of the saline sample.
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Supplemental Figure 1. Developmental changes in 3H-Epi-labeled nAChRs in mPFC 
membranes. 3H-Epi binding (triangles) to nAChRs and immuno-precipitated levels of the major 
subunits α4 (squares) and β2 (circles) in the mPFC (A) and occipital cortex (B) was analyzed at 
different ages (P34, P44, P70, P78 and P104). The values (mean ± SEM) are expressed as fmol 
of specific 3H-Epi-labeled receptor or subunit per mg of extracted membrane protein.



Chapter 3

Danielle S Counotte1,, Natalia A Goriounova2,, Ka Wan Li1, Maarten Loos1, 
Roel C van der Schors1, Dustin Schetters3, Anton NM Schoffelmeer3, August B 
Smit1, Huibert D Mansvelder2*, Tommy Pattij3*, Sabine Spijker1*

1Molecular and Cellular Neurobiology, 2Integrative Neurophysiology, Center for 
Neurogenomics & Cognitive Research (CNCR), VU University, and 3Anatomy 
and Neurosciences, VU University medical center, Neuroscience Campus, 
Amsterdam, The Netherlands. 

 Shared first author
* Shared senior author

Lasting synaptic changes underlie attention 
deficits caused by nicotine exposure during 
adolescence



46

La
sti

ng
 sy

na
pt

ic
 ch

an
ge

s c
au

se
d 

by
 ad

ol
es

ce
nt

 n
ic

ot
in

e e
xp

os
ur

e 

Abstract
Tobacco smoking and nicotine exposure during adolescence interfere with prefrontal 
cortex (PFC) development and lead to cognitive impairments in later life. The 
molecular and cellular underpinning of these consequences remains elusive. We find 
that adolescent nicotine exposure induces lasting attentional disturbances and reduces 
mGluR2 protein and function on presynaptic terminals of PFC glutamatergic synapses. 
Restoring mGluR2 activity in vivo by local infusion of a group II mGluR agonist in 
adult animals that received adolescent nicotine rescued attentional disturbances. 

Introduction
Increased risk-taking and reckless behavior of adolescents has been linked to late 
development of brain areas involved in executive cognitive functioning such as the 
prefrontal cortex (PFC)(Casey, Tottenham et al. 2005), which shows dynamic changes 
in grey and white matter proceeding late into adolescence. Adolescence also marks a 
period of increased vulnerability to initiation and subsequent abuse of drugs including 
tobacco smoking (Chassin, Presson et al. 1996). Nicotine exposure during adolescence 
interferes with PFC development (Slotkin 2004) and has long-lasting consequences for 
cognitive performance(WHO-Europe 2004; Jacobsen, Krystal et al. 2005; Mathers, 
Toumbourou et al. 2006). In line with human epidemiological data, nicotine exposure in 
adolescent rats has long-term cognitive consequences. Indeed, most adult smokers start 
their habit before the age of 19 years, and more than 70% of adolescents report to have 
tried a cigarette at least once (Mathers, Toumbourou et al. 2006). Nicotine, acting on 
nicotinic acetylcholine receptors, hampers PFC function and may interfere with PFC 
maturation, altering structure and function that persist into adulthood. In adolescent 
smokers, PFC activity, working-memory and attention are reduced ( Jacobsen, Krystal 
et al. 2005; Jacobsen, Slotkin et al. 2007). In later life, behavioral disturbances and 
mental health problems are strongly correlated with adolescent nicotine use (Spear 
2000). What mechanisms underlie these long-term consequences of nicotine exposure 
during adolescence is unclear. 

Results
To uncover molecular and cellular mechanisms underlying long-term cognitive 
disturbances resulting from adolescent nicotine exposure, we exposed adolescent rats to 
nicotine and assessed visuospatial attention, protein expression and synaptic physiology 
in PFC during adulthood. Between postnatal day (PND) 28 and 50, rats show typical 
adolescent-like behaviors, such as peer-directed and risk-taking behavior and altered 
sensitivity to drugs of abuse (Counotte, Spijker et al. 2009). Similar to findings from 
human epidemiological data, adolescent nicotine exposure in rats has long-term effects 
on attentional processing (Counotte, Spijker et al. 2009). The 5-choice serial reaction 
time task (5-CSRTT) is the most widely employed translational paradigm that has 
tremendously contributed to our understanding of the neural correlates of divided 
and sustained attention and impulsive action(Dalley, Cardinal et al. 2004). Nicotine 
treatment during adolescence (PND 34–43) increased impulsive behavior (p=0.042), 
and impaired measures of attention (7%, p=0.015) in adulthood following five weeks of 
abstinence (Mateo and Porter 2007) (Fig. 1a). The latter is comparable to the decrease 
(3–4%) in visuospatial attention observed in male adolescent smokers(Robbins 
2002). Increasing attentional load augmented the difference between these groups 



47

La
sti

ng
 sy

na
pt

ic
 ch

an
ge

s c
au

se
d 

by
 ad

ol
es

ce
nt

 n
ic

ot
in

e e
xp

os
ur

e 

Figure 1. Adolescent nicotine exposure affects meaures of attentional performance, mGluR2 
levels and function on the long term.
(a) Visuospatial divided and sustained attention (accuracy; left) indicated by the percentage of 
correct stimulus detections (average 5 baseline sessions, see methods) and impulsive behavior 
indicated by the number of prematurely expressed responses before stimulus onset (right) 
measured 5 weeks after adolescent (n=11) or adult (n=11) nicotine exposure. (b) Quantification 
of immunoblot analysis of synaptic mGluR2 expression (n=8). (c) Time course of eEPSC 
amplitude reduction by LY379268 in adolescent nicotine- (red, n=25) or saline-exposed animals 
(black, n=24), per cell each data point is an average of 7 eEPSCs. Insets: example eEPSC traces 
in control (a) and in presence of LY379268 (b). Right panel: average of last 10 responses in 
presence of LY379268. (d) mGluR2/3-dependent inhibition of eEPSC amplitudes is different 
due to adolescent nicotine-treatment (saline, n=39; nicotine, n=47, F(3,128)=6.2), with no 
difference in adult-treated animals (saline, n=22; nicotine, n=26). Mean±SEM is presented. 
**p<0.01, *p<0.05. 

(Supplementary Fig. 1). In contrast, adult nicotine exposure (PND 60–69) did not 
have these long-term consequences. Nicotine treatment had no effect on locomotor 
behavior, body weight, learning or motivation (Supplementary Figs. 2,3). Thus, in rats 
nicotine exposure during adolescence has profound impact specifically on attention 
and impulsive behavior later in life.

Visuospatial attention in the 5-CSRTT strongly depends on the integrity of 
the medial PFC (mPFC) (Chudasama, Passetti et al. 2003). Synaptic connectivity 
and dynamics of neuronal interactions in mPFC underlie attentional processing. To 
investigate whether long-term molecular changes were induced in synaptic connectivity 
in mPFC by adolescent nicotine exposure, we performed iTRAQ-based quantitative 
proteomics of synaptic membrane fractions of rat mPFC. Synaptic protein levels from 
animals exposed to either nicotine or saline during adolescence (PND 34–43) were 
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Figure 2. Short-term depression in mPFC is reduced 5 weeks after nicotine exposure during 
adolescence.
(a,d) Example of short-term plasticity recorded from a layer V pyramidal neuron after 
extracellular stimulation in layer II/III of adolescent nicotine- or saline-exposed animals. 
Average of last 3 responses in the train was normalized to the first one for analysis. (b) Summary 
of short-term depression during 10 stimuli (25, 50, 100, 150, 200 ms intervals), measured in 
adolescent-treated (left panel, F(1,137)=21.6 p<0.001, saline n=10-26, nicotine n=10-23) 
and adult-treated animals (right panel F(1,255)=4.57 p=0.033; saline n=24, nicotine n=31). 
Average of last 3 responses in the train was normalized to the first one for analysis (c) mGluR 
group II/III antagonist MPPG reduces short-term plasticity in mPFC layer V pyramidal 
neurons (F(2,124)=7.03 p=0.012; control n=11, MPPG 100 µM n=10-11, MPPG 200 µM 
n=6). Mean±SEM is presented. 
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quantified one day after nicotine exposure ended (PND 44), as well as after five weeks 
of abstinence (PND 78). From 297 unique proteins reliably quantified at these two 
time points (Supplementary Fig. 4), nine synaptic proteins were significantly affected 
by age and pretreatment (Supplementary Table 1), indicating that adolescent nicotine 
exposure altered the developmental expression profile of these proteins. Post-hoc analyses 
revealed three significantly regulated proteins five weeks after nicotine pre-treatment in 
adolescents (PDN78) of which only mGluR2 could be confirmed by immunoblotting 
(p=0.048; Fig. 1b, Supplementary Fig. 4). In contrast, nicotine exposure during 
adulthood (PND 60–69) did not alter synaptic protein levels of mGluR2, neither after 
one day, nor after five weeks of abstinence. These findings show that in mPFC, synaptic 
metabotropic glutamate receptor protein levels are altered specifically by adolescent 
and not adult nicotine exposure. We next studied functional consequences of down-
regulation of synaptic mGluR2 protein levels after adolescent nicotine exposure for 
mPFC glutamatergic synaptic function in adulthood. Activation of mGluR2s in 
developing somatosensory cortex suppresses glutamatergic transmission (Zucker 1989). 
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Similarly, in adult mPFC, activation of mGluRs by the group II agonist LY379268 (5 
µM) strongly reduced extracellular evoked excitatory postsynaptic currents (eEPSCs) 
in whole-cell recordings from mPFC layer V pyramidal neurons (Fig. 1c). These 
mGluR2 receptors were most likely localized on presynaptic glutamatergic terminals, 
since LY379268 increased paired-pulse ratio of eEPSCs and reduced miniature EPSC 
amplitudes recorded in the presence of TTX (1 µM) (Supplementary Fig. 6). In 

pyramidal neurons from 
PND 78 animals, five 
weeks after adolescent 
nicotine exposure, 
mGluR2/3 activation 
reduced eEPSC 
amplitudes to a lesser 
extent than in those from 
saline-treated animals 
(p=0.013) (Fig. 1c,d). 
Baseline EPSCs were 
unaltered by nicotine 
exposure (Supplementary 
Fig. 7). The reduced 
m G l u R - m e d i a t e d 
synaptic inhibition in 
nicotine exposed animals 
(Figs. 1c-f; p=0.0006) 
is in line with reduced 
synaptic mGluR2 protein 
expression in the mPFC 
of these animals (Fig. 
1b). In adult nicotine-
treated animals, eEPSC 
amplitude reduction 
by LY379268 was not 
different from their saline-
treated controls, in line 
with unaltered synaptic 
mGluR2 protein levels. 

Synaptic group 
II mGluRs have been 
implicated in short-term 

plasticity of glutamatergic synapses in cortical areas, and short-term depression and 
facilitation strongly shape information transfer in cortical networks. We tested whether 
reduction in synaptic mGluR2 levels following adolescent nicotine exposure affected 
short-term plasticity of glutamatergic synapses in adult mPFC (Fig. 2). Five weeks 
abstinence following adolescent nicotine exposure resulted in less depression of mPFC 
glutamatergic synapses compared with their saline-treated controls (Fig. 2a,b; p<0.001). 
This corroborated the observed reduced synaptic mGluR2 protein levels in adolescent 
nicotine-treated animals. Nicotine exposure during adulthood (PND 60–69) did 
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Figure 3. Intra-mPFC infusion of mGluR2/3 agonist 
LY379268 reverses long-term attentional disturbances in 
adolescent nicotine-exposed animals.
(a) LY379268 normalized the nicotine-induced disturbances in 
divided and sustained attention (accuracy) in adolescent nicotine-
exposed animals (dose F(1,10)=4.08, p=0.033), with no effect on 
adolescent saline-exposed animals (dose F(1,10)=1.71, n.s.). (b) 
Infusion of the group II antagonist MPPG decreased attention 
in control animals. (c,d) Impulsive behavior was not affected 
in (c) adolescent nicotine-exposed animals by LY379268 (dose 
F(1,10)=0.61, n.s), but was increased in saline-exposed animals 
(dose F(1,10)=4.98, p=0.018), and (d) MPPG did not affect 
impulsivity. Mean±SEM is presented. *p<0.05.
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not reduce synaptic depression (PND 104), but instead resulted in a slight increase 
of depression at short intervals (Fig. 2b; p=0.033). The group II mGluR antagonist 
MPPG (100-200 µM) reduced short-term depression (Fig. 2c; p=0.012). The group 
II mGluR agonist LY379268 strongly reduced the amplitude of the first eEPSC in the 
train by 80% (p<0.001; Supplementary Fig. 8), confirming that mGluR2s are involved 
in synaptic depression at these synapses. Thus, adolescent nicotine exposure resulted in 
reduced synaptic mGluR2 signaling and short-term plasticity on mPFC output layer 
V pyramidal neurons after five weeks of abstinence, and may explain reduced mPFC 
functioning and disturbances in attention. 

To test whether mGluR2 signaling in the mPFC is involved in attention, we 
infused the type II antagonist MPPG into the mPFC of control animals. Decreasing 
mGluR2 activity in these animals reduced attention performance (Fig. 3b; p=0.018), 
showing the importance of mPFC mGluR2 function in attention. Next, to determine 
whether reduced synaptic mGluR2 protein levels in the mPFC can indeed explain 
the observed decrements in attention after adolescent nicotine exposure, we increased 
mGluR2 activity in vivo by infusing LY379268 into the mPFC during behavioral 
testing (Fig. 3). Adolescent nicotine exposure reduced attention (Fig. 1, Supplementary 
Fig. 9,10; Supplementary Table 2), and LY379268 selectively improved attention in 
nicotine-treated animals in a dose-dependent manner (Fig. 3a; p=0.033). This indicates 
that augmenting mGluR2 activity in adult animals previously exposed to nicotine 
during adolescence restores attention performance. Infusion of LY379268 in mPFC 
did not ameliorate impulsivity in these animals (Fig. 3c, Supplementary Table S2). In 
saline-treated animals, LY379268 did not affect attention performance (Fig. 3a), but 
increased impulsivity (Fig. 3c). MPPG did not affect impulsivity (Fig. 3d), indicating 
that mGluR2 activity affects attention and impulsivity differentially and are under 
differential control by the mPFC(Li, Miller et al. 2007; Van den Oever, Goriounova et 
al. 2008, Li, Miller et al. 2007). 

This study uncovers molecular and cellular changes induced by adolescent 
nicotine exposure that result in cognitive disturbances in adult life and reveals that a 
lasting down-regulation of mGluR2 on presynaptic terminals of glutamatergic synapses 
in PFC persists into adulthood causing disturbances in attention. Decreased mGluR2 
functionality reduced short-term plasticity of glutamatergic inputs to PFC output 
layer V pyramidal neurons and thereby most likely alters information transfer in active 
networks underlying attention (Neki, Ohishi et al. 1996). Restoring mGluR2 activity 
in vivo in the PFC of adult animals exposed to nicotine during adolescence remediated 
the attention deficit. 

Our findings stress that nicotine impacts the brain in different ways during 
adolescence. Although nicotine has acute behavioral effects on attention in adult rats, 
the adult mPFC does not seem to suffer from lasting consequences from nicotine 
exposure. Cognitive performance, synaptic mGluR2 protein levels and glutamatergic 
synaptic depression were all unaffected by nicotine exposure during adulthood. Thus, 
this clearly pinpoints adolescence as a period of increased vulnerability for the effects 
of nicotine. Not only from a behavioral, but also from a molecular point of view, the 
adolescent brain is more susceptible to consequences of nicotinic receptor activation. 
What sequence of molecular events ties nicotine exposure to altered synaptic mGluR2 
protein levels, without increasing mGluR2 gene expression (data not shown), is as 
yet unknown. Nicotine easily penetrates the blood-brain barrier at concentrations 
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experienced by smokers and readily binds to nAChRs in PFC to enhance glutamatergic 
and GABAergic synaptic transmission. Perhaps elevated mGluR2 levels following 
nicotine exposure at the end of adolescence compensate for nicotine’s actions and inhibit 
neurotransmitter release. Regardless, altered glutamatergic synaptic transmission in 
mPFC plays a key role in attention and impulsivity and altered mGluR2 levels have 
been linked to several brain disorders. The sustained molecular and synaptic changes 
that result from nicotine exposure during adolescence and alter cognitive performance 
during adulthood may prompt us to reconsider our views on the aetiology of attention 
deficits. 

Materials and Methods
Animals
Timed-pregnant female Wistar rats arrived at 5 days of gestation (Harlan, Horst, 
The Netherlands) and were housed individually in Macrolon cages under standard 
conditions and a reversed day-night cycle (lights on from 19.00–7.00). Upon delivery, 
litters were culled
 to 8 pups per mother and preferably consisted of males only, but only occasionally were 
matched with females. At postnatal day (PND) 21, animals were weaned and housed 
two per cage. Only males were used in these experiments. During the course of behavioral 
testing, animals were food restricted to maintain 85–90% of their free-feeding weight. 
Water was available ad libitum. For a small number of control experiments, adult male 
Wistar rats were obtained directly from the breeder (Harlan, Horst, the Netherlands). 
All experiments were approved by the animal ethical committee of the Vrije Universiteit, 
Amsterdam, the Netherlands.

Nicotine exposure
Rats were injected subcutaneously with either nicotine (0.4 mg/kg, calculated as a base 
((-) Nicotine hydrogen tartrate salt, Sigma-Aldrich, St. Louis, MO, USA) or saline 
three times a day (at 10 AM, 1 PM and 3 PM) for ten days. Nicotine was administered 
to half of the animals during adolescence (PND 34–43), whereas the other animals 
were exposed during adulthood (PND 60–69). The saline controls were littermates of 
the nicotine-exposed animals in both age groups. Treatment of adult and adolescent 
animals occurred simultaneously for the molecular and behavioral work and five weeks 
later, when groups had reached adulthood, behavioral tests commenced (independent 
groups of animals were used for the 5-CSRTT and for open field behavior), or animals 
were decapitated for proteomics or electrophysiology experiments. All behavioral 
testing was carried out in the dark period under red light conditions. 

Proteomics – tissue preparation
Animals were decapitated on PND 44 (the first day following nicotine exposure) and 
PND 78 (five weeks following nicotine exposure). Their brains were removed and 
rapidly frozen in ice-cold isopentane and stored at –80 °C until further use. The mPFC 
(infralimbic and prelimbic cortex) was removed freehand at –20 °C from 1 mm thick 
coronal slices. Synaptic membranes were isolated from pools of 3 rats, as previously 
described (Counotte, Li et al. 2010). The experiment was repeated four times. In short, 
samples were homogenized in ice-cold 0.32 M sucrose and then centrifuged at 1000x 
g for 10 min. The supernatant was loaded on top of a sucrose gradient consisting of 0.8 
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and 1.2 M sucrose. After centrifugation at 100,000x g for 2 h the synaptosome fraction 
at the interface of 0.85/1.2 M sucrose was collected and then lysed in hypotonic 
solution. The resulting synaptic membrane fraction was recovered by centrifugation 
using the sucrose step gradient as stated above. The synaptic membrane fraction was 
collected from the 0.85/1.2 M interface and protein concentrations were determined 
using a Bradford assay (BioRad). For each sample, 75 µg of protein was used for iTRAQ 
labeling, and synaptic membrane fractions were dried in a speedvac overnight.

iTRAQ labeling, two dimensional liquid chromatography (LC), mass spectrometry 
(MS/MS) and protein identification and quantification were performed as described 
previously (van Gaalen, Brueggeman et al. 2006). 
iTRAQ labeling: Synaptic membranes were resuspended in 28 µl of dissolution buffer 
and 2 µl cleavage reagent (iTRAQ reagent kit, with 0.85% RapiGest (Waters associates) 
to solubilize synaptic membranes. After incubation for 1 h, 1 µl of cys blocking buffer 
(Applied Biosystems) was added and vortexed for 20 min. Next, 10 µl of trypsin 
(Promega) dissolved in water was added and incubated ON at 37 °C. Trypsinized 
peptides were then tagged with iTRAQ reagents (115=PND 44 nicotine, 117=PND 
44 saline, 119=PND 78 nicotine and 121=PND 78 saline) dissolved in 80 µl ethanol. 
After incubation for 3 h, the four samples were pooled and acidified with 10% TFA 
to pH 2.5-3.0. After 1 h, the final sample was centrifuged and supernatant dried in a 
SpeedVac overnight.
Two dimensional liquid chromatography (2DLC): The dried iTRAQ sample was 
dissolved in 300 µl of loading buffer (20% acetonitril, 10 mM KH2PO4, pH 2.9) and 
loaded into a polysulfoethyl A column (PolyLC). Peptides were eluted with a linear 
gradient of 0-500 mM KCl in 20% acetonitril, 10 mM KH2PO4, pH 2.9, over 25 min 
at a flow rate of 50 µl/min. Fractions were collected at 1-min intervals. In the second 
dimensional liquid chromatography separation, peptides were delivered with a FAMOS 
autosampler at 30 µl/min to a C18 trap column (1 mm x 300 µM i.d. column) and 
separated on an analytical capillary C18 column (150 mm x 100 µm i.d. column) at 400 
nl/min using the LC-Packing Ultimate system. Peptides were separated using linearly 
increasing concentration of acetonitrile from 5-50% in 45 min, and to 90% in 5 min. 
The eluent was mixed with matrix (7 mg α-cyano-hydroxycinnaminic acid in 1 ml 50% 
acetonitrile, 0.1% TFA, 10 mM dicitrate ammonium) delivered at a flow rate of 1.5 µl/
min and deposited off-line to the Applied Biosystems metal target every 15 s for a total 
of 192 spots using a robot (Dionex).
Mass spectrometry (MS/MS): MALDI plates were analyzed on a 4800 proteomics 
analyzer (Applied Biosystems). Peptide CID was performed at 2 kV with nitrogen 
collision gas. MS/MS spectra were collected from 2500 laser shots. Peptides with signal 
to noise ratio above 50 at the MS mode were selected for MS/MS, at a maximum of 
25 MS/MS per spot. The precursor mass window was set at 200 relative resolution 
(FWHM).
Protein identification: MS/MS spectra were searched against the rat database (Swissprot 
and NCBI) using GPS Explorer (Applied Biosystems) and Mascot (MatrixScience). 
Next, a library was generated containing all annotated peptides with a confidence 
interval score (C.I.) higher than 20%. Database redundancy and sequence redundancy 
were removed. Hence, quantification was performed only on those peptides that were 
annotated to a single protein, and are referred to as ‘unique peptides’. Only proteins 
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identified with ≥ 2 unique peptides, and of which at least one peptide had a C.I. ≥ 95%, 
were selected for quantification and statistical analysis. A protein was included if there 
was one peptide in one experiment, and if the other three experiments contained more 
than 1 peptide from that protein. All regulated proteins were analyzed with a large 
number of peptides, of which the majority was analyzed with high confidence.
Protein quantification: iTRAQ areas (m/z 113–121) were extracted from raw spectra 
and corrected for isotopic overlap using GPS explorer. To compensate for the possible 
variations in the starting amounts of the samples, the individual peak areas of each 
iTRAQ signature peak were log2 transformed to obtain a normal distribution and then 
normalized to the mean peak area for each sample. Protein abundance per age group 
was determined by the average iTRAQ peak area of all unique peptides annotated to 
a protein. In total, the iTRAQ-proteomics experiment was repeated four times with 
independent biological samples.
Immunoblotting: mPFC synaptosomes were isolated from a different group of animals 
(pretreated with nicotine or saline during or following adolescence). Samples (3 µg) 
were lysed in Urea lysisbuffer and loaded on an 8% SDS-PAGE gel. Proteins were blotted 
onto a PVDF-membrane (Bio-Rad Laboratories, Hercules, CA). After blocking and 
incubation of the first antibody in PBS-Tween 5% milkpowder ON at 4° C (mGluR2 
1:5000 (Abcam), which had been tested for specificity previously(van Gaalen, 
Brueggeman et al. 2006), NR1 1:2000 (Millipore), NR2B (Neuromab) 1:1000), the 
blot was washed and incubated for 1 h at RT with goat-α-mouse-AP (GE Healthcare, 
Diegem, Belgium, 1:10,000). Immunodetection was performed using the ECF western 
blotting detection system (GE Healthcare, Diegem, Belgium) and blots were scanned 
with the FLA- 5000 (Fuji Photo Film Corp.). Relative amounts of immunoreactivity 
were quantified using ImageJ Software. To correct for input differences, the lower half 
of the same gel was stained with Coomassie as a general measure for input differences, 
as finding a stable appropriate housekeeping protein as internal control might not 
be so trivial. Previously, we have corroborated that coomassie-based normalization 
yields a high correlation to normalization against beta-tubulin (r=0.888, p<0.0001). 
Coomassie staining of the gel after blotting is not able to detect any proteins bands, 
and therefore we conclude that blotting efficiency is in our hands always > 95%, and 
justifies the use of a general rather than a specific control for input levels.

Electrophysiology 
Five weeks after nicotine or saline exposure (starting at P78 for animals exposed during 
adolescence and at P104 for animals exposed during adulthood) rats were decapitated 
and their brains rapidly removed. Coronal mPFC slices of 300 µm thickness were 
prepared in ice-cold artificial cerebrospinal fluid (ACSF) consisting of 125 mM NaCl, 
3 mM KCl, 1.2 mM NaH2PO4, 7 mM MgSO4, 0.5 mM CaCl2, 26 mM NaHCO3 
and 10 mM D-glucose. Slices were transferred to holding chambers containing ACSF 
consisting of 125 mM NaCl, 3 mM KCl, 1.2 mM Na2PO4, 1 mM MgSO4, 2 mM 
CaCl2, 26mM NaHCO3 and 10 mM glucose, bubbled with carbogen gas (95% O2 
and 5% CO2).
Layer V pyramidal cells in the medial PFC were targeted by morphological appearances 
by infrared differential interference contrast (DIC) microscopy. After establishing the 
whole-cell configuration, action potential profiles in response to current steps were 
recorded. Recordings were made using Multiclamp 700B amplifier (Axon Instruments, 
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CA), sampled at 10 kHz digitized by the pClamp software (Axon), filtered at 3 kHz 
and later analyzed off-line (Igor Pro software, Wavemetrics, Lake Oswego, OR). 
Extracellular stimuli were delivered with intervals of 7 s and controlled with a Master-8 
stimulator (A.M.P.I., Jerusalem, Israel). Patch pipettes (3–4 MOhm) with stimulation 
electrodes positioned in layer II/III at 100-200 µM from the soma. Cells were filled 
with intracellular solution containing 110 mM K-gluconate, 10 mM KCl, 10 mM 
HEPES, 10 mM K-phosphocreatine, 4 mM ATP-Mg, and 0.4 mM GTP, 0.2 mM 
EGTA, 1 mM QXCl-314, biocytin 5 mg/ml (pH adjusted to 7.3 with KOH, 270–280 
mOsm). Recordings were not compensated for series resistance, but changes in series 
resistance were continuously monitored and recordings were eliminated from analysis 
if the series resistance exceeded 15 MOhm. All experiments were performed at 31–33 
°C in 1 μM solution of gabazine. After recordings, slices were stored in PFA (4%) for 
post-hoc morphological identification of the recorded neurons. 
Stimulation intensity–response amplitude curves were taken for each cell. Baseline 
EPSCs were recorded for 10 minutes, LY379268 (5 μM) was bath applied for 7 
minutes (last 10 responses were averaged for each cell and used as estimation of 
mGluR effect on EPSCs) and then washed out for 25 minutes. For experiments where 
mEPSCs were measured TTX containing ACSF (1 μM) was bath applied. For short-
term plasticity and paired-pulse ratio recordings 10 trains of stimuli were delivered for 
each frequency used (inter stimulus intervals were 25 ms, 50 ms, 100 ms, 150 ms and 
200 ms). Depression was estimated by normalizing the average of last 3 EPSCs in the 
train to the first one. To estimate the mGluR2/3 contribution to short-term depression, 
EPSCs were first measured in control stimulation, then a selective mGluR group II and 
III antagonist (RS)-a-Methyl-4-phosphonophenylglycine (MPPG) was bath applied 
at 100 or 200 µM. 
For AMPA/NMDA-R current ratio measurements pipettes were filled with the 
solution containing 120 mM Cs-gluconate, 10 mM CsCl, 8 mM NaCl, 2 mM MgATP, 
10 mM phosphocreatine, 0.2 mM EGTA, 10 mM HEPES, 0.3 mM Tris-GTP and 1 
mM QX-314 Cl.

Open field behavior
Animals were placed on the side of a large open field (diameter 100 cm) facing the center 
and were allowed to explore the open field for 6 minutes. They were always introduced 
at the same spot. The open field was made of dark grey plastic and was placed in a room 
dimly lit by white light (20–70 lux). Between animals, the open field was cleaned using 
water with non-fragrant soap. Behavior was recorded with a camera and analyzed using 
Ethovision (12.5 frames/second; Ethovision 3.0, Noldus Information Technology, 
Wageningen, The Netherlands). 

5-CSRTT
Experiments were conducted in rat operant chambers with stainless steel grid floors 
(MED-NPW-5L, Med Associates Inc., St. Albans, VT, USA) as described elsewhere 
(Paxinos and Watson 1998). On-line control of all operant chambers and data 
collection were performed using MED-PC version IV (Med Associates Inc.). Five 
sessions were scheduled per week from Monday until Friday, one session per day. 
A more detailed description of training in the 5-CSRTT has been reported previously 
(Bari, Dalley et al. 2008). In short, rats were trained to detect and respond to a 1 s 
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visual stimulus in either one of 5 apertures, during presentation of the stimulus or 
during the 2 s limited hold period, in order to obtain a food reward (45 mg purified 
precision pellets, Bio-Serv, Frenchtown, NJ, USA). Each session terminated after 100 
trials or 30 min, whichever occurred first. Initially the duration of this stimulus was 32 
s and was gradually decreased to 1 s over sessions until animals reached stable baseline 
performance (accuracy > 80% correct choice and < 20% errors of omission). Incorrect, 
premature responses (responses during the 5 s inter-trial interval (ITI)) and errors of 
omission did not lead to the delivery of a food reward and resulted in a 5 s time-out 
period during which the house light was extinguished. Responses during the time-
out period resulted in a new time-out period. Perseverative responses, i.e. repeated 
responding into an aperture following correct choice and before pellet collection were 
measured but did not have any programmed consequences. The following behavioral 
measures were recorded: 1) accuracy, ([number correct trials/(correct+incorrect 
trials)]*100); 2) latency of correct responses; 3) number of premature responses; 4) 
perseverative responses after correct choice; 5) percentage of omissions ([number 
omissions/(correct+incorrect responses+omissions)]*100), and 6) feeder latency.

Intracranial infusion of mGluR2/3 ligands
Surgery: Surgery was conducted as described previously(Van den Oever, Goriounova et 
al. 2008). Before surgery, rats were trained to perform the 5-CSRTT to baseline. Five 
days before surgery operant training was topped and food was available ad libitum. Rats 
were anaesthetized using a combination of xylazine (Rompun; Bayer AG, Leverkussen, 
Germany; 7 mg/kg i.p.) and ketamine (Alfasan; Woerden, the Netherlands; 100 mg/kg, 
i.m.) and placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA). A 
double guide cannula (Plastics One, Roanoke, VA, USA) was placed above the mPFC 
according to coordinates derived from Paxinos and Watson (Counotte, Spijker et al. 
2009); anteroposterior +3.2 mm from bregma, lateral +/- 0.75 mm from midline. After 
surgery rats were housed individually and fed ad libitum for one week after which they 
received 15 retraining sessions. Before the first test with intracranial drug infusions, 
animals were sham-injected by inserting the injector 4.6 mm below the surface of the 
skull (1.9 mm below the cannula).
Drug infusions: LY379268 (Tocris, Ellisville, MI, USA) or MPPG (Sigma-Aldrich, St. 
Louis, MO, USA) were freshly dissolved in sterile saline on the day of infusion. Only 
for LY379268, NaOH was added to dissolve the drug and subsequently HCl was to 
adjust the pH to 7.4. On the test day, obturators were removed and a volume of 0.5 
µl was delivered at a flow rate of 0.25 µl/min using 10 µl Hamilton syringes driven 
by a syringe pump (Harvard apparatus, South Natick, MA, USA). Injectors were left 
in place for an additional minute to allow diffusion. Next the obturators were placed 
back and the rats were put in the operant chamber, and after ten minutes, the session 
began. At least two days with at least one training day separated infusion days. For all 
rats the order of infusions was the same: saline, LY379268 0.5 nmol/side, LY379268 
5.0 nmol/side, saline, as we observed carry-over effects from mainly the high dose 
(Supplementary Figure 8). For behavioral experiments with MPPG an independent 
batch of age-matched controls was used that was infused on separate days with saline, 
MPPG 0.5 nmol/side, MPPG 2.0 nmol/side, saline.
Histology: After the intracranial infusion experiments, rats were overdosed with 
pentobarbital (Nembutal), and perfused transcardially 100 ml saline, followed by 250 
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ml 4% paraformaldehyde in 0.1% sodium phophate buffer. Brains were removed and 
post fixed for 1 h at room temperature in the same fixative and stored in 30% sucrose 
plus 0.01% sodium azide. Next, the brains were sectioned, and stained with Hoechst to 
verify anatomical placement of the cannulae. 

Statistical analyses
Data on baseline performance in the 5-CSRTT were subjected to repeated measures 
analysis of variance (ANOVA) with exposure regimen (age and drug) as between-
subjects variables and session as within-subject variables using the Statistical Package for 
the Social Sciences version 16 (SPSS Inc., Chicago, IL, USA). 5-CSRTT data following 
intracranial injection of LY379268/MPPG were analyzed separately for adolescent 
nicotine and saline exposed animals, using repeated measures ANOVA with dose as 
within-subject variable. Accuracy values were subjected to arcsine transformation to 
limit the effect of an artificially imposed ceiling (i.e. 100%).
iTRAQ based proteomics was done in four replicate experiments with independent 
biological samples and protein abundance per treatment was subjected to two-factor 
ANOVA with drug (nicotine vs saline) and withdrawal time (1 day vs. 5 weeks) as 
between-subjects variables. Immunoblotting data were analyzed by Student’s t-test per 
blot (nicotine vs saline). 
Electrophysiological recordings were analyzed using unpaired t-tests. Short-term 
plasticity data were subjected to two-factor ANOVA with drug (nicotine vs saline) 
and interstimulus interval (25, 50, 100, 150, 200 ms) as between-subjects variables
The homogeneity of variance across groups was determined using Mauchly’s test for 
equal variances and in case of violation of homogeneity, Huynh-Feldt corrected degrees 
of freedom and resulting more conservative probability values were used for subsequent 
analyses. In case of statistically significant main effects, further post hoc comparisons 
were conducted using Student-Newman-Keuls or paired t-tests. The level of probability 
for statistically significant effects was set at 0.05.
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Supplementary Results, Figures and Tables
Results and Discussion

In order to further determine the effects of adolescent nicotine pretreatment 
on attentional performance, we increased the attentional load by shortening the 
stimulus duration from 1 to 0.7, 0.5 and finally 0.3 s (Supplementary Fig. 1a). This 
resulted in a significant effect of treatment for the adolescent nicotine-exposed group 
(F(1,20)=6.151, p=0.022), and a trend for interaction of treatment and attentional load 
(F(2.7,54.9)=2.030, p=0.125). Furthermore, we increased the inter-trial interval from 
5 to 7 s to increase impulsive action (Pattij and Vanderschuren 2008) (Supplementary 
Fig. 1b). This resulted in a significant effect of treatment for the adolescent nicotine-
exposed group (F(1,21)=4.909, p=0.038), and a trend towards interaction of treatment 
and attentional load (F(1,21)=2.947, p=0.101). Nicotine affected attention and 
impulsivity specifically, as no differences were observed for baseline locomotion, body 
weight (Supplementary Fig. 2), motivation for sucrose, or acquisition of the 5CSRT 
task (Supplementary Fig. 3).

iTRAQ-based proteomics is a sophisticated technique to tag synaptic and 
synapse-associated proteins with isobaric tags (iTRAQ-labels), combined with two 
dimensional liquid chromatography and tandem mass spectrometry (2D LC-MS/
MS), and allows to study subtle changes in protein expression (Mirjana, Baviera et 
al. 2004; Murphy, Dalley et al. 2005). We have used this technique to study synaptic 
protein changes in PFC of animals exposed to nicotine during adolescence. Synaptic 
protein levels from animals exposed to either nicotine or saline during adolescence 
(PND 34-43) were quantified one day after nicotine exposure ended (PND 44), as well 
as after five weeks of abstinence (PND 78). Unique proteins (297 total) were reliably 
quantified at these two time points (Supplementary Fig. 4). Nine synaptic proteins were 
significantly affected by age and pretreatment (Supplemental Fig. 4a,b, Supplementary 
Table 1; 4 independent experiments), indicating that adolescent nicotine exposure 
altered developmental expression profile of these proteins. Post-hoc analyses revealed 
7 synaptic proteins significantly regulated at PND 44, (p<0.05; Supplementary Fig. 
4b). At PND 78, three proteins were significantly regulated: mGluR2, GluN2B and 
GluN1. Differences in GluN1 and GluN2B protein levels were small and could not 
be confirmed by immunoblot analyses (Supplementary Fig. 4e-h). Protein levels of 
AMPA receptors GluA1-3 were unaltered (Supplementary Table 1), and no differences 
in AMPA-R/NMDA-R current ratios were observed in mPFC pyramidal neurons of 
these animals (Supplementary Fig. 5), suggesting that NMDA receptor function was not 
altered in mPFC pyramidal neurons. After five weeks of abstinence, synaptic mGluR2 
protein levels showed the largest reduction and this was confirmed by immunoblot 
analysis of synaptic mGluR2 levels in an independent group of animals (p=0.048; Fig. 
1, Supplementary Fig. 4c,d). In contrast, nicotine exposure during adulthood (PND 
60–69) did not alter synaptic protein levels of mGluR2, neither after one day, nor after 
five weeks of abstinence. 

Similar to the role of mGluR2 in the developing somatosensory cortex, 
activation of group II mGluRs suppresses glutamatergic transmission in the mPFC 
as well. mGluR2 receptors are most likely localized on presynaptic glutamatergic 
terminals, since the mGluR2/3 specific agonist LY379268 increased paired-pulse ratio 
of eEPSCs and reduced miniature EPSC amplitudes recorded in the presence of TTX 
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(1 µM) (Supplementary Fig. 6). Baseline EPSCs were unaltered by nicotine exposure 
(Supplementary Fig. 7). 

In addition, we analyzed short-term plasticity induced by trains of eEPSCs at 
different stimulation intervals (Fig. 2). At stimulus intervals between 25 and 200 ms, 
eEPSC amplitudes decreased during stimulus trains (Fig. 2a,b). The amount of eEPSC 
amplitude depression depended on the stimulus interval, with the strongest depression 
at short intervals (Fig. 2b,c). Not only inhibition, but also activation of mGluR2/3 
by LY379268 changed the pattern of short-term depression (Supplementary Fig. 
8), confirming that mGluR2s are involved in synaptic depression in adult mPFC 
glutamatergic synapses.

To determine whether reduced synaptic mGluR2 protein levels can indeed 
explain the disturbances in attention in the 5-CSRTT, we increased mGluR2 activity 
in vivo by bilaterally infusing the group II mGluR agonist LY379268 into the mPFC 
during behavioral testing (see Fig. 3). Post and pre-operation levels of attention and 
impulsivity remained comparable (Supplementary Fig. 9), and as previously described, 
adolescent nicotine exposure decreases accurate choice and increases impulsivity (van 
Wageningen, Jorgensen et al. 2009). In addition, pre- and post-injection performance 
during base-line sessions was similar (Supplementary Fig. 10a-d). Moreover, sham- or 
saline injections did not alter this performance (Supplementary Fig. 10e,f ), although 
we observed a carry-over effect of LY379268, mainly at the highest dose, similarly as 
was detected using brain slices (Fig. 1c). 

Recent data indicate that glutamate might play an important modulatory role in 
visuospatial attention and impulsivity, particularly in the mPFC (Greco, Invernizzi et al. 
2005). For example, intracranial (intra-mPFC) blockade of NMDA receptors by 3-(R)-
2-carboxypiperazin-4-propyl-1-phosphonic acid (CPP) dose-dependently decreases 
attentional performance and increases impulsivity (Puumala, Ruotsalainen et al. 1996). 
In humans, administration of an NMDA antagonist while performing an auditory 
attention task in an fMRI setting reveals reduced activity in the prefrontal cortex and 
anterior cingulate cortex (Chudasama, Passetti et al. 2003). Thus, this strengthens 
the notion of PFC glutamate involvement in attention. Indeed, decreasing mGluR2 
activity in vivo by bilaterally infusing the group II mGluR antagonist MPPG into 
the mPFC during behavioral testing of adolescent saline-treated selectively decreased 
attention (Fig. 3) and none of the other behavioral parameters in the 5-CSRTT 
(Supplementary Table 2). Moreover, in mice the mGluR2/3 agonist LY379268 tended 
to improve visuospatial attention, but only in a strain of mice that exhibited poor levels 
of visuospatial attention (van Gaalen, Brueggeman et al. 2006). The latter observation is 
in line with our current findings, that infusion of the agonist LY379268 into the mPFC 
only improves visuospatial attention in adolescent nicotine exposed animals that already 
exhibited poorer performance levels. Our data strongly suggest that downregulation of 
synaptic mGluR2 in the mPFC impairs visuospatial attention, and that increasing the 
mGluR2 tone remediates these decrements in attention.

In contrast, these ameliorative effects on visuospatial attention were not 
accompanied by decrements in impulsivity in adolescent nicotine-exposed animals. In 
fact, LY379268 increased impulsivity in adolescent saline exposed animals. Although 
visuospatial attention and impulsivity are often correlated in the 5-CSRTT (Robbins 
2002), both lesion (Dalley, Fryer et al. 2007) and pharmacological (Kilbride, Rush 
et al. 2001) studies highlight that these cognitive functions can be functionally 
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dissociated (Counotte, Spijker et al. 2009). Further support for this notion comes from 
a recent study showing that rats selected on trait impulsivity did not differ in terms of 
visuospatial attention. Our data reveal a functional and causal relationship between 
mGluR2 downregulation in mPFC synapses following adolescent nicotine exposure 
and disturbances in visuospatial attention, whereas this relationship appears less clear-
cut for impulsive behavior.

Supplementary Figures and Tables
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Supplementary figure 1. Manipulation of task parameters in the 5-CSRTT 
following adult and adolescent nicotine exposure. Increasing the attentional 
load
(a) by decreasing the stimulus duration (SD), or increasing motor impulsivity (b) 
by augmenting the inter-trial interval (ITI) showed an effect on the adolescent 
nicotine-exposed group. SD_0.3 and ITI_7 resulted in an even poorer attentional 
performance (a, p=0.0076) and increased motor impulsivity (b, p=0.0091).
 ** p<0.01, * p<0.05.
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Supplementary figure  2. Locomotor 
activity and bodyweight are not 
differentially affected by adolescent 
nicotine exposure
(a) After 5 weeks of abstinence 
locomotor activity was not different 
due to prior nicotine treatment 
in adolescent or adult rats. (b,c) 
Bodyweight measured during (b) 
or 4-5 weeks after (c) nicotine 
treatment in adolescent rats was not 
significantly affected by treatment. 
Age of measurements is given in 
postnatal days (PND). Depicted are 
means ± SEM.

Supplementary figure 3. No learning defects in 
5-CSRTT acquisition due to adolescent nicotine 
exposure. During the first two training sessions in 
the 5-CSRTT there was no difference in number of 
pellets earned 
(a) or the feeder responses (b) due to prior nicotine 
treatment in adolescents (upper) or adults (lower). 
Depicted are means ± SEM.
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Supplementary figure 5. Adolescent nicotine exposure does not alter AMPA-R/NMDA-R 
current ratios. AMPA- and NMDA-mediated receptor currents were recorded from layer V 
mPFC pyramidal neurons from animals exposed to nicotine or saline during adolescence.
Left: Example traces of eEPSCs at -80 mV (AMPA) and +40 mV (AMPA and NMDA) holding 
potentials. Shaded rectangular areas indicate where measurements were taken to determine 
AMPA and NMDA receptor current amplitudes. Right: Despite differences at trend level 
in the expression of GluN1 and GluN2B protein (cf. Supplemental Figure 1), the AMPA-R/
NMDA-R current ratios in adult animals exposed to nicotine as adolescents were unchanged 
compared with their saline controls (nicotine n=19, saline n=18).
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Supplementary figure 4. iTRAQ proteomics and immunoblotting for adolescent nicotine-
induced changes
(a) One day (P44N-S) or five weeks (P79N-S) following adolescent or adult nicotine exposure, 
synaptic membrane fractions of mPFC were analyzed using iTRAQ proteomics and number 
of significant proteins are indicated (proteins with significant age x drug interaction, and those 
significantly regulated). (b) Relative expression of 9 proteins showing significant age x drug 
interaction. (c-h) Synaptosomal fractions were isolated from the mPFC of these animals, and 
analyzed by immunoblotting using antibodies against mGluR2 (c,d), NMDA receptor subunit 
GluN1 (e,f ) and GluN2B (g,h). Quantification of the optic density (d,f,h) showed significant 
difference p=0.048) for mGluR2 (d), and a trend (p=0.051) towards downregulation of GluN2B 
(h), with no regulation for GluN1 (f ) five weeks following adolescent nicotine exposure, as was 
observed with iTRAQ-proteomics. Other very small (<10%) but significant differences that 
were observed with iTRAQ-proteomics were not replicated using immunoblotting. **p<0.01, 
*p<0.05, #p<0.1. 
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Supplementary figure 6. MGluR2 modulates EPSCs through a presynaptic action.
(a) Activation of mGluR2 reduces eEPSC in layer V pyramidal. Average responses of 10 to 
consecutive stimuli in control and the mGluR2/3 selective agonist LY379268. Arrows show 
the time points of extracellular stimulation). Summary of eEPSC amplitudes are shown in the 
right panel (Control=210.2±13.28 pA, LY379268=77.96±5.88, n=15, p<0.01). (b) Paired-
pulse ratio (PPR) increases after mGluR2 activation. Example traces of PPR at a 100 ms 
interstimulus interval in control conditions and in LY379268 (below). Average PPRs in control 
and LY379268 are shown right (Control=0.75±0.03, LY379268=0.95±0.04, n=14, p<0.01). 
(c) In the presence of TTX (1 µM), mGluR2 activation reduces frequency of mEPSCs without 
altering amplitude or decay time constant (Control=13.55±1.65 Hz, LY379268=9.18±1.31 Hz, 
n=12, p<0.01). Upper panel: Example traces of spontaneous mEPSCs measured in the presence 
of 1 µM TTX and 1 µM gabazine in control conditions and after washing in LY379268. Left: 
summary data on frequency, decay and amplitude of mEPSCs. Right: Time course of mEPSC 
frequency reduction after washing in LY379268, the histogram shows events binned per 5 sec 
(n=12). **p<0.01.
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Supplementary figure 7. Nicotine-exposure during 
adolescence does not alter baseline EPSCs in adult 
animals
(a) Stimulation intensity – response amplitude curve 
in saline- (black) or nicotine-exposed (red) animals. 
(b) Left: average EPSC amplitudes during baseline 
recordings (saline 260.28±14.42 pA, nicotine 
286.11±18.9 pA). Right: average EPSC amplitudes 
in presence of LY379268: ten last responses were 
averaged for each cell (saline 77.31±7.05 pA, nicotine 
117.04±15.62 pA, p=0.027). Data are mean ± SEM; 
saline n=24 cells, nicotine n=25 cells from 6 animals 
per group.
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Supplementary figure 8.Activation 
of mGluR2/3 by agonist LY379268 
(5 µM) reduces short-term plasticity 
in pyramidal neurons in layer V of 
the mPFC.
Upper panel: Example short-term 
plasticity traces recorded before and 
after application of LY379268. Lower 
panel: Activation of mGluR2/3 
decreases short-term depression at all 
stimulus intervals tested by reducing 
the first response in the train. 
Summary of short-term depression 
data before and after LY379268 
application F(1,133)=51.48 
p<0.001; control n=10-26, 
LY379268 n=7-22. Whereas 
both activation and blocking of 
mGluR2/3 lead to reduced short-
term depression, the underlying 
mechanisms are different: the agonist 
strongly reduces the first response in 
the train, while antagonists mostly 
affect the last responses in the train. 
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Supplementary figure 9. Performance in the 5-CSRTT over five baseline sessions before and 
after cannulae implantation
(a) As shown previously, adolescent but not adult nicotine exposure has long-term effects for 
cognitive functioning. Adolescent nicotine exposure decreases accuracy (upper panel), and 
increases impulsive impulsivity (lower panel). Surgery had no effect on baseline performance. 
Depicted are means ± SEM of nicotine- and saline-pretreated adolescent animals. (b) 
Postmortem verification of cannula placements of intracranial LY379268 infusions (red) and 
intracranial MPPG infusions (black).
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Supplementary figure 10. Performance in the 5-CSRTT before, during and after intracranial 
infusions of LY379268
(a-d) Performance in 4 consecutive sessions before and after the onset of intracranial infusions 
shows no long-term differences, and only the previously observed differences in attention (a, 
accuracy) and impulsive action (b, premature responses) between prior treatment (nicotine/
saline) were observed. No differences were observed for motivational aspects of responding as 
exemplified in feeder latency (c), or correct response latency (d). (e-f ) Sham or saline injections 
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(f, premature response). A small carry-over effect was observed mainly for the high doses of 
LY379268 (5.0 nmol) on both parameters. Arrows indicate the day of injections. Depicted are 
means ± SEM of nicotine- and saline-pretreated adolescent animals.
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Nicotine exposure during adolescence alters 
spike-timing-dependent plasticity 
in adult rat prefrontal cortex

Chapter 4

Natalia A. Goriounova and Huibert D. Mansvelder

Department of Integrative Neurophysiology, CNCR, Neuroscience 
Campus Amsterdam, VU University, Amsterdam, the Netherlands.



70

Sp
ik

e-
tim

in
g-

de
pe

nd
en

t p
la

sti
ci

y
aft

er
 ad

ol
es

ce
nt

 n
ic

ot
in

e e
xp

os
ur

e

Abstract
Adolescence is a critical period of brain development during which maturation of 
areas involved in cognitive functioning, such as the medial prefrontal cortex (mPFC), 
is still ongoing. Tobacco smoking during this age can compromise the normal course 
of prefrontal development and lead to cognitive impairments in later life. Recently, 
we reported that nicotine exposure during adolescence results in a lasting reduction 
in synaptic mGluR2 levels in the mPFC that underlies attention deficits during 
adulthood. What the consequences of reduced synaptic mGluR2 levels after adolescent 
nicotine exposure are for the ability of mPFC synapses to undergo long-term synaptic 
plasticity is not known. Here, we addressed this question. We found that activation of 
nicotinic receptors in adolescent prefrontal cortex acutely reduced long-term plasticity 
in response to timed presynaptic and postsynaptic activity (tLTP). In contrast, in 
prefrontal cortex of adult animals five weeks after they received nicotine treatment 
during adolescence, tLTP was increased. This was not the case in animals that were 
treated with nicotine during adulthood. Long-term adaptation of mPFC synaptic 
plasticity after adolescent nicotine exposure could be explained by reduced mGluR2 
signalling. Blocking mGluR2s in saline-treated animals augmented tLTP to levels 
observed in animals treated with nicotine during adolescence. Activating mGluR2s 
in nicotine-treated animals reduced tLTP. Our findings suggest neuronal mechanisms 
by which exposure to nicotine during adolescence alters the rules for spike-timing-
dependent plasticity in prefrontal networks that may explain the observed deficits in 
cognitive performance in later life.

Introduction
Novelty-seeking and high risk-taking behavior is most prominent during adolescence 
and has been linked to late development of brain areas involved in higher executive 
functions and cognitive control, such as medial prefrontal cortex (mPFC) (Gogtay, 
Giedd et al. 2004; Casey, Tottenham et al. 2005). Adolescence also marks a period of 
increased vulnerability to initiation and subsequent abuse of drugs, including tobacco 
smoking (Chassin, Presson et al. 2000). Indeed, seventy percent of European and US 
adolescents report experimenting with smoking cigarettes (Escobedo, Marcus et al. 
1993; Currie C 2008). Moreover, those who try their first cigarette in adolescence are 
at greatest risk of becoming daily smokers by the age of 18 and are less likely to quit 
smoking (Elders, Perry et al. 1994; Breslau and Peterson 1996). This early exposure of the 
still immature prefrontal brain areas to nicotine can compromise normal development 
and have long-lasting consequences for cognitive performance. In adolescents, chronic 
smoking is associated with disturbances in working memory and attention as well as 
reduced PFC activation ( Jacobsen, Krystal et al. 2005; Jacobsen, Mencl et al. 2007; 
Musso, Bettermann et al. 2007). Importantly, the history of smoking duration in years is 
correlated to the extent of diminished PFC activity, suggesting progressive adaptations 
in prefrontal networks which may last into later life (Musso, Bettermann et al. 2007). 
In rats, adolescent nicotine treatment resulted in a lasting impairment in attention and 
enhanced impulsive behavior during adulthood, 5 weeks after exposure (Counotte, 
Spijker et al. 2009).

The acute effects of nicotine on cognition may be explained by nicotine’s action 
on excitatory synapses in the PFC (Counotte, Goriounova et al. 2010). Activation of 
nicotinic acetylcholine receptors (nAChRs) in the PFC modulates both excitatory 
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Figure 1 Nicotine bath application to PFC slices of adolescent rats abolishes LTP
Examples of STDP (a) in a control cell, showing LTP and (b) in a cell where nicotine was bath 
applied, showing LTD. Duration of application is indicated by the red bar; inset traces show 
example EPSPs; scale bars are 2mV, 20 ms.
(c) Average STDP in control cells (black circles, n=7) and cells where nicotine was bath 
applied (red circles, n=6).
(d) Summary of STDP results shown in (c), bars represent average EPSP slope 35-45 minutes 
after pairing (c), *p<0.05. Data are mean ± SEM
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and inhibitory GABAergic transmission as well as the release of other modulatory 
neurotransmitters such as dopamine (Gioanni, Rougeot et al. 1999; Lambe, Picciotto 
et al. 2003; Couey, Meredith et al. 2007; Livingstone, Srinivasan et al. 2009). Thereby 
it interferes with endogenous acetylcholinergic signaling in PFC, crucial for attention 
(Parikh and Sarter 2008). The important role of nAChRs in mediating attention is 
supported by the data from mice lacking specific subunits of nAChR, which strongly 
reduces their attention performance (Young, Crawford et al. 2007; Bailey, De Biasi et al. 
2010; Guillem, Bloem et al. 2011). Repeated exposure to nicotine during adolescence 
causes lasting adaptations in the PFC network, secondary to nAChR activation, which 
persist in later life. These molecular adaptations involve down-regultation of the 
inhibitory metabotropic glutamate receptor 2 (mGluR2) (Counotte, Goriounova et al. 
2011). Restoring mGluR2 activity in vivo by local infusion of mGluR2 agonist in adult 
rats that received nicotine as adolescents rescues attentional disturbances (Counotte, 
Goriounova et al. 2011). Although these molecular changes caused by nicotine underlie 
the consequent cognitive deficits at later ages, it is still unclear how complex information 
processing in PFC is affected as a result of nicotine exposure during adolescence. 

The ability of synapses to change their strength in response to timed pre- and 
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postsynaptic activity called spike timing-dependent plasticity (STDP) is thought to 
play an important role in cortical development and underlie some forms of learning 
(Feldman and Brecht 2005; Letzkus, Kampa et al. 2007). During developmental of 
the rat’s primary somatosensory cortex, maturation of sensory maps strongly depends 
on the ability of thalamocortical circuits to undergo long-term potentiation (LTP) or 
depression (LTD) (Feldman, Nicoll et al. 1999; Feldman and Brecht 2005). In juvenile 
mice of 2 to 3 weeks of age, acute nicotine application can change the rules for plasticity 
at excitatory synapses (Mansvelder and McGehee 2000; Couey, Meredith et al. 2007) 

Figure 2 Nicotine exposure during adolescence leads to lasting decrease in LTP threshold in 
adult animals.
(a) Schematic representation of the experimental setup. Animals were treated with nicotine (red 
bar)/saline (blue bar) during adolescence and the electrophysiological recordings took place 
starting 5 weeks after treatment. (b) Biocytine-filled layer V pyramidal cell with the position 
of the recording and stimulating electrodes. (c,d) Example experiments showing spike-timing 
dependent plasticity recorded from animals 5 weeks after treatment with saline (c) or nicotine 
(d) during adolescence. Pairing protocol and example EPSP traces before (1) and after pairing 
(2) are shown above. (e) Average STDP in saline treated animals (blue circles, n=23) and 
nicotine treated animals (red circles, n=22).  (f ) Summary of STDP results shown in (d). Bars 
represent mean of normalised EPSP slopes 35–45 minutes after pairing. **p<0.01. Data are 
mean ± SEM
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and thereby affect prefrontal network development and function. Metabotropic GluR2 
receptors modulate excitatory transmission by inhibiting glutamate release and were 
also implicated in plasticity (Yokoi, Kobayashi et al. 1996; Nicholls, Zhang et al. 2006; 
Bellone, Luscher et al. 2008). Thus, changes in synaptic levels of mGluR2s as observed 
after nicotine exposure during adolescence may affect long-term plasticity. Here 
we address this question and find that long-term effects of nicotine exposure during 
adolescence on STDP are opposite to the acute effects of nicotine during adolescence.

Results
Acute nicotine increases STDP threshold in adolescent PFC
Both human and rodent synapses can increase their strength when presynaptic activity 
precedes postsynaptic spiking within a window of tens of milliseconds (Testa-Silva, 
Verhoog et al.; Markram, Lubke et al. 1997; Caporale and Dan 2008). This type of 
plasticity, spike-timing dependent plasticity (STDP), is thought to be a neural substrate 
of some forms of learning (Letzkus, Kampa et al. 2007) and plays an important role in 
cortical maturation (Feldman and Brecht 2005). In juvenile mouse PFC, acute nicotine 
application increases the threshold for synaptic spike-timing dependent potentiation 
due to increased inhibitory transmission to pyramidal neurons (Couey, Meredith et al. 
2007). We asked how nicotine receptor activation affects STDP in the medial PFC of 
adolescent animals. To test this we made whole-cell recordings from layer V pyramidal 
neurons from rats of 34–43 days of age and evoked excitatory postsynaptic potentials 

Figure 3 Nicotine exposure during adulthood does not lead to lasting changes in threshold 
for LTP.
(a) Schematic representation of the experimental setup. Animals were treated with nicotine 
(red bar)/saline (blue bar) during adulthood and the electrophysiological recordings took place 
starting 5 weeks after treatment. (b) Average STDP in saline treated animals (blue circles, n=8) 
and nicotine treated animals (red circles, n=5) recorded 5 weeks after treatment. For pairing a 
burst of 5 action potentials was used (example trace and pairing protocol are shown left). (c) 
Summary of STDP results shown in (b). Bars represent mean of normalised EPSP slopes 35-45 
minutes after pairing. Data are mean ± SEM
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(EPSPs) in the recorded 
cell by extracellular 
stimulation. After 
recording 5 min of 
EPSP baseline at 
0.1 Hz, EPSPs were 
repeatedly paired to a 
burst of 5 postsynaptic 
action potentials (5 
ms interval between 
pre- and postsynaptic 
stimulation, 50× 
at 0.1 Hz) after 
which EPSPs were 
monitored for 45 min 
after pairing (Figure 
1a). During the entire 
recording, other basic 
electrophysiological 
parameters such as 
resting membrane 

potential and input resistance did not change significantly (see methods). In control 
cells this protocol resulted in the increase of synaptic strength of 130±15% 35–45 
minutes after tLTP induction. Bath application of nicotine for 5 minutes (2 minutes 
prior and 3 minutes during the pairing protocol) completely abolished tLTP and led 
instead to long-term depression (tLTD) in 50% of cells (Figure 1b-d). Thus, consistent 
with the results in juvenile mice (Couey, Meredith et al. 2007), acute nicotine in 
adolescent mPFC reduces the ability of excitatory synapses to undergo tLTP. 

STDP is enhanced in adult animals exposed to nicotine during adolescence
Since nicotine receptor activation can directly affect STDP in PFC of adolescent animals, 
it is possible that repeated exposure to nicotine during adolescence leads to lasting 
adaptations in STDP rules. To test this, we induced tLTP in layer V pyramidal neurons 
in adult animals (P>79) that were exposed to nicotine or saline during adolescence 
(P34–43, Figure 2a). Extracellular stimulation was paired to a single postsynaptic 
action potential evoked by somatic current injection (Figure 2b). The pairing resulted 
in tLTP in both saline and nicotine treated animals (Figure 2c,d). However, tLTP was 
quantitatively different in two groups: in nicotine treated animals the same pairing 
protocol led to higher potentiation compared to saline treated controls (increase in 
EPSP slope in nicotine 163±10%; saline 121±9%, Figure 2e,f ). Thus nicotine during 
adolescence has lasting effect on the mechanisms of STDP and leads to tLTP in adult 
animals. Thus nicotine can induce opposite effects on the ability of synapses to undergo 
plasticity depending on the time of exposure. Direct nicotine receptor activation in 
adolescent PFC decreases tLTP. In contrast, repeated nicotine treatment during 
adolescence resulted in augmented tLTP in adult animals. Thus, nicotine exposure 
during adolescence leads to persistent synaptic alterations that increase tLTP.
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Figure 4 mGluR2 signaling is reduced in adult animals after 
nicotine exposure during adolescence
(a) EPSC traces recorded in PFC layer V pyramidal neurons 5 weeks 
after saline (blue) and nicotine (red) treatment during adolescence. 
mGluR2 agonist LY379268 leads to a less robust decrease in EPSC 
amplitude after nicotine treatment. (b) mGluR2-dependent decrease 
in EPSC amplitude is impaired as a result of nicotine treatment 
during adolescence (saline, n = 39; nicotine, n = 47;F3,128 = 6.2, P = 
0.0006), with no difference in rats treated as adults (saline, n = 22; 
nicotine, n = 26).
 (saline, n = 39; nicotine, n = 47) **p<0.01. Data are mean ± SEM
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Figure 5.  Impaired mGluR2 signalling is responsible for lasting increase in LTP after nicotine 
exposure during adolescence.
(a) Example experiment showing spike-timing dependent potentiation in saline treated animals 
after blocking mGluR2 with MPPG. MPPG (100 µM) was washed 5 minutes before and for the 
duration of the experiment (green bar above). Pairing protocol is shown as inset. (b) Example 
experiment showing failure to induce spike-timing dependent plasticity in nicotine treated 
animals after activating mGluR2 with agonist LY379268. LY379268 (1 µM) was washed 5 
minutes before and for the duration of the experiment (orange bar above). Pairing protocol is 
shown as inset. (c) Blocking mGluR2 with MPPG decreases LTP threshold in saline treated 
animals. Average STDP in saline treated animals recorded in control conditions (blue circles, 
n=23) and in presence of MPPG (100 µM, green circles, n=13).  (d) Summary of STDP 
results shown in (c), bars represent average EPSP slope after pairing. (e) Activating mGluR2 
with LY379268 abolishes LTP in nicotine treated animals. Average STDP in nicotine treated 
animals recorded in control conditions (red circles, n=22) and in presence of LY379268 (1 µM, 
orange circles, n=9). (f ) Summary of STDP results shown in (e), bars represent average EPSP 
slope after pairing.   *p<0.05; **p<0.01. Data are mean ± SEM.
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STDP is not altered as a result of nicotine exposure during adulthood
Adolescence is a period when PFC networks are still actively developing which may 
underlie the fact that nicotine exposure at this age results in lasting changes at the 
cellular as well as at the behavioural level (Counotte et al., 2011). In contrast, nicotine 
exposure during adulthood does not cause lasting effects on PFC functioning such as 
impaired attention performance (Counotte, Spijker et al. 2009; Counotte, Goriounova 
et al. 2011). We tested whether the observed change in STDP rules were specific to 
nicotine exposure during adolescence or could also be caused by nicotine exposure 
during adulthood. To this end we recorded STDP in mPFC layer 5 pyramidal cells of 
animals that were treated with nicotine or saline during adulthood (P60-69) at least 
5 weeks prior to the recordings (at >P95; Figure 3a). Single presynaptic stimulations 
were paired with postsynaptic bursts of 5 action potentials (100 Hz; Figure 3b), since 
presynaptic stimulation paired with single postsynaptic action potentials was less 
effective at inducing LTP at this age (Meredith, Floyer-Lea et al. 2003). Saline and 
nicotine treated animals did not show any difference in tLTP. Thus nicotine exposure 
during adulthood does not lead to lasting changes in STDP, suggesting that adolescence 
is a period of vulnerability for lasting effects of nicotine on STDP.

Reduced mGluR2 signalling underlies increased STDP
Nicotine exposure during adolescence has lasting effects on synaptic mGluR2 levels in 
mPFC that affect synapse function (Counotte et al., 2011). However, it is unclear by 
which mechanisms the effect of nicotine exposure during adolescence on STDP occurs. 
We next set out to explore whether altered levels of mGluR2 receptors can explain the 
lasting effects on STDP. Presynaptic terminals of mPFC glutamatergic synapses are rich 
in metabotropic glutamate 2 receptor (mGluR2) which is activated by glutamate spill 
over and inhibits further glutamate release (Mateo and Porter 2007). We first tested 
whether mGluR2 signalling was indeed also reduced in adult animals after nicotine 
exposure during adolescence as we showed previously (Counotte et al., 2011). To this 
end, we recorded excitatory postsynaptic currents (EPSCs) evoked by extracellular 
stimulation (experimental set up the same as in Figure 2a,b). Inhibitory transmission 
was blocked by gabazine (1 µ). When mGluR2 receptors were activated by bath 
application of mGluR2 agonist LY379268, EPSC amplitude significantly decreased. 
The decrease in EPSC amplitude in nicotine treated animals was less prominent than 
in saline treated controls (Figure 4a,b). Metabotropic GluR2-dependent inhibition 
was unaltered in rats treated as adults (Figure 4b). These results indicate that as in our 
previous study (Counotte et al., 2011), mGluR2 receptors are down-regulated in adult 
mPFC glutamatergic synapses after nicotine exposure during adolescence.

Reduced mGluR2 functionality after nicotine exposure during adolescence 
may contribute to decreased STDP during adulthood. To test this possibility, we 
manipulated the level of mGluR2 activation by using the mGluR2 agonist LY379268 
and mGluR2 antagonist MPPG while inducing STDP in adult animals that were 
either treated with nicotine or saline during adolescence. Bath application of either 
the agonist or antagonist started 5 minutes prior to the experiment and lasted for the 
duration of the experiment (Figure 5a,b). In saline-treated control animals, blocking 
mGluR2 receptors with MPPG resulted in increased tLTP comparable to levels 
observed in adult animals treated with nicotine during adolescence (Figure5a, c-f ). 
In nicotine-treated animals, in which synaptic mGluR2 receptor levels are reduced 
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(Figure 4, Counotte et al., 2011), enhancing mGluR2 activity by applying mGluR2 
agonist LY379268 completely abolished tLTP (Figure5b,e,f ). These findings show that 
mGluR2 signalling can bidirectionally influence tLTP: reducing mGluR2-dependent 
inhibition leads to increased tLTP, while enhancing mGluR2 activation blocked LTP. 
The data suggest that the lasting reduction in mGluR2 signalling as a result of nicotine 
exposure during adolescence can explain the increased STDP in the adult mPFC.

Discussion
In this study, we addressed the question whether nicotine exposure during adolescence 
has lasting consequences for spike-timing-dependent synaptic plasticity in adult mPFC. 
We find that the ability of adult neurons to adjust their synaptic strength depending 
on millisecond timing of pre- and postsynaptic activity (or spike-timing dependent 
plasticity, STDP) after exposure to nicotine during adolescence is opposite to the acute 
effects of nicotine on STDP in the adolescent mPFC. Activation of nicotinic receptors 
in the adolescent mPFC decreases the ability of layer V pyramidal neurons to undergo 
tLTP. In contrast, adolescent nicotine exposure leads to increased tLTP in adult PFC. 
Reduced mGluR2 signalling in adult mPFC synapses resulting from nicotine exposure 
during adolescence can explain the increased STDP during adulthood.

Our findings stress the vulnerability of adolescent brain and the changes to 
synaptic function induced in the medial PFC by nicotine exposure during this period. 
In humans, the PFC shows delayed development with respect to other cortical areas 
during adolescence with delayed thinning of cortical grey matter, most likely reflecting 
fine-tuning of synaptic contacts, their initial overproduction and subsequent pruning 
(Gogtay, Giedd et al. 2004; Sowell, Thompson et al. 2004; Casey, Tottenham et al. 
2005). Also the intrinsic circuitry in PFC was shown to undergo important rewiring 
around adolescence: most changes involve rearrangement in local inhibitory inputs and 
decreases in synaptic densities and branch points of excitatory connections between 
pyramidal neurons within PFC (Woo, Pucak et al. 1997; Cruz, Eggan et al. 2003). 
Spike timing-dependent modifications provide a set of cellular mechanisms that are 
likely to be important for cortical development, map plasticity and functioning of 
neural networks: the correlated inputs lead to strengthening of connections (LTP) 
while uncorrelated inputs lead to weakening (LTD) and pruning of unused synapses 
(Bi and Poo 2001; Song and Abbott 2001; Feldman and Brecht 2005). Our results 
show that nicotine receptor activation in adolescent PFC abolishes tLTP and leads 
instead to tLTD in 50% of recorded cells. Thus, repeated exposure to nicotine during 
adolescence may thereby affect the way the prefrontal circuitry matures and lead to 
changes in the prefrontal network that may last for a lifetime.

In the PFC, nicotine binds to nicotinic acetylcholine receptors (nAChRs) 
and enhances the activity of both excitatory and inhibitory inputs to pyramidal 
cells (Gioanni, Rougeot et al. 1999; Couey, Meredith et al. 2007). The net result of 
nicotinic actions in PFC layer V is increased GABAergic transmission and decreased 
tLTP (Couey, Meredith et al. 2007). On the short-term, this may provide conditions 
under which the signal-to-noise ratio in prefrontal networks is enhanced, which may 
result in temporally improved cognitive performance (Hahn et al., 2003). On the long-
term, repeated exposure to nicotine during adolescence reduces cognitive performance 
in adulthood due to reduced synaptic mGluR2 levels and function (Counotte et al., 
2011). What the sequence of events is that links nicotine exposure during adolescence to 
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down-regulation of synaptic mGluR2 levels is not known. However, nicotine-induced 
activation of mPFC inhibitory networks in adolescence and reduced STDP may lead 
to compensatory adaptations that would favour excitation by down-regulating synaptic 
mGluR2 levels.

Indeed, our findings show that one of such long-term adaptations is the 
increased ability of prefrontal synapses to undergo spike timing-dependent LTP, which 
was opposite to the acute effects of nicotine on adolescent PFC. STDP depends on 
the precise timing of the synaptic input and the post-synaptic action potential and this 
temporal relationship resembles typical features of associative learning (Letzkus, Kampa 
et al. 2007). Although STDP may not be directly linked to attention performance, the 
ability to associate goal-relevant information is crucial for any cognitive behaviour. In 
nicotine-treated animals the same amount of pre- and postsynaptic activity leads to 
more synaptic strength potentiation. This may suggest that even irrelevant distracting 
stimuli would relatively easily associated by the network, while in control animals the 
same stimuli would be disregarded. In addition to enhanced tLTP after adolescent 
nicotine, we recently reported that in these adult excitatory synapses in the medial 
PFC short-term depression during trains of stimulation is reduced as a result of 
reduced mGluR2 function after nicotine exposure during adolescence (Counotte, 
Goriounova et al. 2011). As a result of short-term depression, the first synaptic event 
in the train of stimuli is passed on unaltered, while the rest are attenuated by activation 
of mGluR2 receptors. Thus, mGluR2 activation filters information transfer at mPFC 
synapses (Counotte et al., 2011). In other cortical areas, this type of synaptic filtering 
can give rise to sensory and behavioural phenomena such as adaptation or habituation 
(decrease in psychological response to a stimulus) (Zucker 1989). For example, in 
somatosensory cortex of rat, in vivo whole-cell recordings in cortical neurons during 
whisker deflection directly demonstrated that synaptic depression of thalamic input 
to the cortex contributes to rapid adaptation of sensory responses (Chung, Li et al. 
2002). Selective attention, the ability of an organism to filter out relevant information 
in the face of distractors, may also build upon these types of synaptic processes. 
Reduced short-term plasticity after nicotine exposure may thereby compromise the 
ability of prefrontal neurons to efficiently filter out irrelevant information. Therefore, 
both increased long-term potentiation and reduced short-term plasticity contribute to 
the same effect – reduced signal-to-noise ratio in prefrontal network. These impaired 
plasticity mechanisms that depend on mGluR2 signalling in the adult PFC may explain 
the concomitant cognitive deficits and reduced attention performance (Counotte, 
Spijker et al. 2009; Counotte, Goriounova et al. 2011). 

Lasting changes in mGluR2 signalling have been implicated in the long-term 
effects of drug exposure (Kenny and Markou, 2004). Metabotropic mGluR2/3 receptors 
negatively regulate brain reward function. Activating these receptors increases the 
threshold for intracranial self-stimulation (Harisson et al., 2002). Following nicotine 
exposure altered function of mGluR2/3 is also found in other brain areas outside the 
mPFC, such as ventral tegmental area and the nucleus accumbens shell. Here, altered 
mGluR2 transmission is involved in the rewarding effects of nicotine (Helton, Tizzano 
et al. 1997; Kenny, Gasparini et al. 2003; Kenny and Markou 2004; Liechti, Lhuillier et 
al. 2007). In these brain areas, mGluR2 receptors are similarly positioned at presynaptic 
glutamatergic terminals and can be activated by glutamate spill-over thereby inhibiting 
glutamate release. Group II mGlu receptors play an important role in the development 
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of drug dependence and the expression of the negative affective state observed during 
withdrawal (Kenny and Markou, 2004). However, the role of group II mGlu receptors 
in withdrawal appears complex and most likely depends on changes in multiple brain 
areas. We previously found that preventing the long-term reduction in mGluR2 levels 
in the medial PFC was sufficient to restore attention performance (Counotte et al., 
2011). We find in this study that mGluR2 receptors in adult mPFC can directly control 
the rules for STDP induction at excitatory synapses. Thereby, the altered mGluR2 levels 
following nicotine exposure during adolescence has impact on the mechanisms of spike 
timing-dependent plasticity in adult mPFC.

Enhanced glutamate release in PFC is associated with attention deficit and 
loss of impulse control (Pozzi, Baviera et al. 2011). Since mGluR2 has an important 
role in autoinhibition of excitatory transmission its influence on attention performance 
would be most prominent in conditions of increased excitation. Indeed, mGluR2 
agonists are effective in improving cognitive deficits if enhanced glutamate release is 
caused by a NMDA receptor antagonist (Pozzi, Baviera et al. 2011). Similarly, lasting 
reduction in mGluR2 signalling after nicotine exposure may result in overexcited 
prefrontal networks and reduced ability to suppress irrelevant information. On 
the synaptic level it leads to reduced short-term depression and increased LTP and 
therefore potentially to a less efficient ability to filter information. On the behavioural 
level, blocking mGluR2 transmission by injection of MPPG into PFC causes deficits 
in attention performance, while stimulating already reduced mGluR2 signalling by 
agonist in nicotine-treated animals restores attention (Counotte, Goriounova et al. 
2011). Impairments in mGluR2 transmission caused by other factors then nicotine 
exposure, such as rearing in impoverished environment or pharmacological treatment, 
were also shown to cause cognitive deficits that can be restored by mGluR2 agonists 
(Melendez, Gregory et al. 2004; Pozzi, Baviera et al. 2011) Furthermore, altered 
mGluR2 levels in PFC have been linked to such brain disorders as depression and 
schizophrenia and activation of this receptor has been proposed as a novel target for 
treatment (Gupta, McCullumsmith et al. 2005; Palucha and Pilc 2005; Pilc, Chaki et 
al. 2008; Conn, Lindsley et al. 2009). Metabotropic GluR2 signalling is important in 
shaping cognitive behaviour. Impairment in mGluR2 signalling such as after adolescent 
nicotine exposure, leads to enhanced excitation of PFC network, increased LTP and 
disturbances in attention performance.

Unlike adolescence as a period of increased vulnerability for nicotinic effects, 
nicotine exposure during adulthood did not lead to lasting changes in STDP rules. 
Both nicotine and saline-treated animals during adulthood displayed the same levels of 
LTP. Also mGluR2 signalling was unaltered after nicotine treatment during adulthood 
together with its role in shaping the levels of STDP. Finally, from a behavioural point 
of view, the adult brain is not susceptible to long-term nicotine effects in contrast to 
the adolescent brain: nicotine exposure during adolescence leads to lasting reduction in 
accuracy and increased impulsivity in attention task; deficits not observed after adult 
nicotine exposure (Counotte, Spijker et al. 2009; Counotte, Goriounova et al. 2011). A 
key question is what is different in the adolescent PFC that nicotine exposure induces 
long-term adaptations, whereas this does not seem to occur in the adult PFC. 
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Materials and Methods
Animals
Timed-pregnant female Wistar rats arrived at 5 days of gestation. At postnatal day 
(PND) 21, litters were weaned and housed 4 per cage. Only males were used in these 
experiments. For a small number of control experiments male Wistar rats were obtained 
directly from the breeder (Harlan or Charles River, The Netherlands). All experiments 
were approved by the animal ethical committee of the VU University Amsterdam, The 
Netherlands. 

Nicotine exposure
To test the long-term effects of nicotine a rat model of nicotine exposure during 
adolescence was used (Figure1a, Figure2a). Rats were injected subcutaneously with 
either nicotine (0.4 mg/kg, calculated as a base (-) Nicotine hydrogen tartrate salt, 
Sigma-Aldrich, St. Louis, MO, USA) or saline three times a day (at 10 AM, 1 PM and 
3 PM) for 10 days. Nicotine/saline injections were administered during adolescence 
(PND 34–43, Figure 1a) and for the control group of adult nicotine exposure during 
adulthood (PND 60–69, Figure2a). After a 10 day treatment the injections stopped 
and 5 weeks later the electrophysiological experiments were performed.

Slice preparation 
Five weeks after nicotine or saline exposure (starting at P78 for animals exposed during 
adolescence and at P104 for animals exposed during adulthood) rats were decapitated 
and their brains rapidly removed. Coronal mPFC slices of 300 μm thickness were 
prepared in ice-cold artificial cerebrospinal fluid (ACSF) consisting of 125 mM NaCl, 
3 mM KCl, 1.2 mM NaH2PO4, 7 mM MgSO4, 0.5 mM CaCl2, 26 mM NaHCO3 and 
10 mM D-glucose. Slices were transferred to holding chambers with ACSF containing 
125 mM NaCl, 3 mM KCl, 1.2 mM Na2PO4, 1 mM MgSO4, 2 mM CaCl2, 26mM 
NaHCO3 and 10 mM glucose, bubbled with carbogen gas (95% O2 and 5% CO2).

Electrophysiology
Whole-cell patch-clamp recordings were made from layer V pyramidal cells in 
prelimbic area of medial prefrontal cortex (mPFC) under visual guidance by 
differential interference contrast (DIC) microscopy. Slices were kept in a submerged 
recording chamber at 32-35°C. Pipettes were made from standard borosilicate 
capillary glass tubing with resistance between 2.5 and 4 MΩ resistance and filled with 
intracellular solution containing 110 mM K-gluconate; 10 mM KCl; 10 mM HEPES; 
10 mM K2phosphocreatine; 4 mM ATP-Mg; 0.4 mM GTP, biosytin 5 mg/ml(pH 
adjusted with KOH to 7.3; 290–300 mOsm). Series resistance was monitored but 
not compensated for. Pyramidal cells were identified based on their morphology and 
spiking profile. Cells were filled with biocytin (0.5 %) and then processed for post 
hoc cell identification. All experiments were performed in the absence of blockers of 
GABAergic synaptic transmission. Recordings were made using Multiclamp 700B 
amplifier (Axon Instruments, CA, USA) sampling at 10 kHz 1, digitized by the 
pClamp software (Axon), and later analyzed off-line using custom written Matlab 
scripts (Mathworks). Whole cell current injections and extracellular stimulation (both 
timing and levels) were controlled with a Master-8 stimulator (A.M.P.I., Jerusalem, 
Israel) triggered by the data acquisition software.
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Spike timing-dependent plasticity
Excitatory postsynaptic potential (EPSPs) were evoked every 10 s using an 
extracellular stimulation electrode positioned at approximately 200 μm along the cell’s 
somatodendritic axis (Figures 1b). During the pairing period presynaptic extracellular 
stimulations were paired to a single postsynaptic action potential (50 times at 0.1 Hz) 
or a burst of 5 action potentials at 100 Hz (50 times at 0.1 Hz). During the induction 
protocol pairing intervals of 5 ms were used (pre-before-post), measured from the 
onset of the evoked EPSP to the onset of the action potential. The slope of the initial 2 
ms of the EPSP was analyzed to ensure that the data reflected only the monosynaptic 
component of each experiment (Couey, Meredith et al. 2007). Synaptic gain was 
measured as the percent change in EPSP slope: the average EPSP slope during 10 
minutes in the period 35–45 min after pairing compared to the average baseline EPSP 
slope. Mean baseline EPSP slopes were averaged from at least 30 sweeps. Cell input 
resistance was monitored by applying a −100 pA, 200–500 ms hyperpolarizing pulse at 
the end of each sweep. Cells where input resistance change during the experiment was 
more than 30 % were discarded from the analysis. 

Pharmacology
For experiments in adolescent mPFC (Figure 3) nicotine (Sigma-Aldrich, St. Louis,
MO, USA 10 µM) was bath applied for 5 minutes (2 minutes prior and 3 minutes 
during pairing). To measure mGluR2-dependent inhibition, excitatory postsynaptic 
currents (EPSCs) were recorded in 1 μM solution of gabazine. Stimulation intensity–
response amplitude curves were taken for each cell prior to the recording. Baseline 
EPSCs were recorded for 10 minutes, LY379268 (Tocris, Ellisville, MI, USA, 5 
μM) was bath applied for 7 minutes (last 10 EPSCs were averaged for each cell and 
used as estimation of mGluR2 effect on EPSC amplitude) and then washed out for 
25 minutes. For estimation of mGluR2 involvement in STDP after nicotine/saline 
exposure during adolescence, mGluR2 agonist LY379268 (Tocris, Ellisville, MI, USA, 
1µM) or antagonist MPPG (Tocris, Ellisville, MI, USA, 100µM) were bath applied 5 
minutes prior and for the whole duration of the recordings. 
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Abstract
Learning based on experience is thought to rely on fine-tuning of synaptic connections 
in response to timed neuronal activity. In brains of laboratory animals, synapses can 
decrease or increase in strength depending on the order of pre- and postsynaptic spiking 
within a window of tens of milliseconds. However, little is known on what synaptic 
learning rules govern spike-timing-dependent plasticity (STDP) in human synapses. 
Here, we show that adult human cortical synapses (18—67 yrs) can bidirectionally 
change strength in response to associated firing of single pre- and postsynaptic action 
potentials. We found that human synapses show a wide temporal window of association 
and follow an inverse timing rule. When postsynaptic action potential preceded 
presynaptic spike up to 130 ms or followed it up to 7 ms, it induced an increase in 
synaptic strength (LTP), while postsynaptic action potential following presynaptic 
activation for pairing intervals longer than 8 ms decreased synaptic strength (LTD). LTP 
at negative pairing intervals could be explained by the prominent afterdepolarization 
(ADP) that followed the postsynaptic action potential and coincided with presynaptic 
activation. Eliminating the ADP prevented synaptic strengthening. Finally, LTP in 
human synapses depends on activation of NMDA and L-type voltage-gated Ca2+ 
channels (VGCC). These findings provide a synaptic basis for the inverse timing rules 
observed in human sensory and motor plasticity in vivo. Furthermore, they provide 
a cellular framework for understanding timing rules for the formation of associative 
memories.

Introduction
One of the central questions in neuroscience is how memories are formed and stored 
in the human brain. Inspired by Hebb’s postulate, often summarized as “Cells that fire 
together, wire together”, much experimental research has been performed in laboratory 
animals to establish the cellular correlates of learning and memory. Plasticity in response 
to timed action potential firing of synaptically connected neurons, called spike-timing 
dependent plasticity (STDP), resembles typical features of associative learning and is 
likely to underlie certain forms of learning (Hebb 1949; Kampa, Letzkus et al. 2007; 
Letzkus, Kampa et al. 2007; Caporale and Dan 2008). By varying the millisecond 
timing and temporal order of pre- and postsynaptic spiking, synaptic strength can 
either increase (long-term potentiation, LTP) or decrease (long-term depression, LTD) 
(Levy and Steward 1983; Markram, Lubke et al. 1997; Bi and Poo 1998). In laboratory 
animals, a detailed characterization of the timing dependence of STDP showed 
that most synapses undergo LTP when the postsynaptic action potential follows the 
presynaptic input (positive timing intervals), whereas LTD is usually observed when 
the postsynaptic action potential precedes the presynaptic input (negative timing 
intervals)(Markram, Lubke et al. 1997; Bi and Poo 1998; Debanne, Gahwiler et al. 
1998). However, recent studies show that a diversity of temporal windows exists 
depending on the brain region, cell type or the distance of stimulated synapses from the 
soma (Bell, Han et al. 1997; Egger, Feldmeyer et al. 1999; Nishiyama, Hong et al. 2000; 
Letzkus, Kampa et al. 2006; Sjostrom and Hausser 2006; Fino, Paille et al. 2010). 

Whether timing rules govern plasticity in human synapses still eludes us due to 
poor accessibility of these structures to physiological recordings, but indirect evidence 
from human subjects suggests that coincident millisecond timing of activity may indeed 
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Figure 1 Human cortical synapses show inverse timing rules for STDP
(a) Reconstructed human pyramidal neuron with voltage response to depolarizing steps. (b-d) 
Examples of LTP and LTD depending on pairing intervals used: 5 ms (b), –40 ms (c), 10 ms 
(d); filled circles: bins of 5 EPSPs. Insets: pairing protocols, AP traces and EPSP traces before 
(1) and after pairing (2). (e) Spike-timing window for STDP in human cortex. Open circles 
represent EPSP slope change of individual neurons, grey bars represent data bins of 10 ms. 
Insets: examples of AP and EPSP traces. (f ) Summary quantifications, bars represent average 
EPSP slope change for pairing intervals within windows of 30 to 7 ms and 8 to 40 ms. Here and 
in other figures: error bars are SEM * p<0.05, ** p<0.01 ***p<0.001 Student’s t-test; n numbers 
are shown in parentheses.
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Figure 2 STDP in human synapses requires NMDA and L-type voltage gated Ca2+ channels. 
(a) Average temporal plot of STDP recordings showing that intracellular NMDA channel 
blocker MK-801 (1 mM) and extracellular nifedipine (10 µM) can block LTP in human cortex. 
(b) Summary quantifications. Bars represent average EPSP slope change induced using pairing 
intervals from – 30 ms to 7 ms. 
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govern synaptic changes in humans as well. A timing-dependent form of plasticity can 
be induced in the human brain by pairing transcranial magnetic stimulation (TMS) 
of the motor cortex, with peripheral nerve stimulation (Stefan, Kunesch et al. 2000; 
Wolters, Sandbrink et al. 2003). In some studies, inverse timing rules have been observed 
(Thabit, Ueki et al. 2010). However, invasive neuronal recordings are necessary to 
study the nature of the cellular correlates of this type of plasticity. Here, we directly 
test in acute slices of human medial temporal cortex (MTC) whether adult human 
synapses can alter strength in response to millisecond timing of pre- and postsynaptic 
action potential firing and probe the mechanisms that underlie the timing rules for 
synaptic strength modification. In addition, we compare our findings in humans to 
STDP recorded in adult rat MTC.

Results
We made whole-cell recordings from pyramidal neurons (Figure 1a) in acute slices of 
adult human medial temporal cortex (12 subjects, 18–67 years of age). Removed in 
order to gain access to deeper brain structures for surgical treatment, human cortical 
tissue was part of the unaffected medial temporal cortex. In this tissue, human pyramidal 
neurons had quiet stable membrane potentials and showed no signs of epileptic-form 
behaviour. Glutamatergic synaptic input was evoked by extracellular stimulation, 
resulting in excitatory postsynaptic potentials (EPSPs) in the recorded cell (Figure 1). 
Properties of EPSPs in human pyramidal neurons were stable for at least 40 minutes 
(Supplementary Figure 1). After recording 4 – 5 min of EPSP baseline at 0.14 Hz, 
EPSPs were repeatedly paired with a single postsynaptic action potential (50 times, 
0.14 Hz) after which EPSPs were monitored for 30 – 40 min (Figure 1b-d).

We used a wide range of pairing intervals (from -150 ms to 60 ms) to characterize 
the temporal requirements for the induction of long-term potentiation (LTP) and 
long-term depression (LTD) of synapses in human cortex. LTP was induced when pre- 
and postsynaptic activity were paired at small positive intervals close to 0 (‘pre-before-
post’ <8ms; Figure 1b,e,f ). In juvenile rodent cortical synapses, spike-timing synaptic 
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Figure 3 LTP at negative timing intervals depends on the ADP 
following the AP. (a) AP trace during a post-after-pre protocol with 
EPSP coinciding with ADP. (b) ADP amplitude at EPSP onset 
positively correlates with synaptic gain for negative pairing intervals 
(n=28). (c) AP trace showing hyperpolarization induced by injection 
of negative current (grey bar), inset shows a scheme of experimental 
setup. (d) Hyperpolarization of more then 35 mV when pairing at a 
-30 ms interval abolishes LTP in human cortex. 

depression is induced 
when postsynaptic 
neurons fire before 
the presynaptic 
stimulation and the 
temporal window for 
depression in these 
synapses is around 
-20 ms (Levy and 
Steward 1983; Bell, 
Han et al. 1997; 
Magee and Johnston 
1997; Markram, 
Lubke et al. 1997; 
Bi and Poo 1998; 
Nishiyama, Hong et 
al. 2000; Wittenberg 
and Wang 2006; 
Caporale and Dan 
2008). In contrast, 
we find that in human 
neocortical synapses, 
negative ‘post-before-
pre’ intervals induce 
robust LTP at timing 
intervals up to –130 
ms (124 ± 4.6% for 
timing intervals of 
–30 to 7 ms); Figure 
1c, e,f ). 

To address 
the question whether 

these synapses can also decrease in strength, we tested a wider range of positive timing 
intervals. Although small positive ‘pre-before-post’ spike intervals shorter than 8 ms 
induced LTP, longer positive timing intervals between 8 and 40 ms induced LTD in 
the majority of cells (14 out of 20 cells), with some cells showing LTP (3 out of 20) or 
no significant change (3 out of 20). On average the reduction to 90 ± 5.1% of EPSP 
slope was observed for timing intervals between 8 and 40 ms (Figure 1d,e,f ). Thus, 
human synapses are able to bidirectionally change strength in response to timed pre- 
and postsynaptic activity within a wide temporal window and follow an inverse timing 
rule. The most robust LTP is induced at pairing intervals close to 0 independent of 
their order. Larger negative pairing intervals result in LTP and larger positive pairing 
intervals result in LTD and a ‘switch’ from tLTP to tLTD is observed at 8 ms (Figure 
1e).

STDP in laboratory animals and associative motor plasticity in the human 
brain in vivo rely on N-methyl-D-aspartate (NMDA) receptor and L-type voltage-
gated Ca2+ channel (VGCC) (Meredith, Holmgren et al. 2007; Wankerl, Weise et al. 
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2010). We tested whether NMDA receptors and VGCCs are also necessary for the 
induction of LTP in human cortical synapses. We added the use-dependent NMDA 
receptor blocker MK-801 (1 mM) to the intracellular solution in the recording pipette 
and recorded STDP after pairing at intervals between –10 and 5 ms for optimal LTP 
induction. LTP was completely abolished in human cortical neurons (99 ± 6.3% iMK, 
124 ± 4.6% control, p=0.05; Figure 2). The L-type VGCC blocker nifedipine (10 µM) 
was bath applied 4–5 minutes before and during pairing at –10  ms. Blocking L-type 
VGCCs resulted in LTD in all human cells tested (human nif 86 ± 2.6%, p<0.001 
Figure 2; rat nif: 104.6  ±  5.3%, p=0.001, Figure 5c). Thus, NMDA receptors and 
L-type VGCCs are required for induction of LTP in human cortex and blocking L-type 
VGCC can convert LTP into LTD, suggesting a role for this channel as a molecular 
switch for plasticity in human cortex.

We next asked what cellular mechanisms underlie the wide temporal window 
for LTP at negative pairing intervals in human cortex. Action potentials in human 
cortical neurons showed a prominent after-depolarization (ADP) that lasted 97 ± 
18.4 ms (Figure 3a; Table 1), possibly reflecting active dendritic action potential 
propagation (Larkum, Zhu et al. 2001), which is crucial for LTP induction (Kampa, 
Letzkus et al. 2006; Couey, Meredith et al. 2007; Fuenzalida, Fernandez de Sevilla et 
al. 2010). During pairing at negative intervals, EPSPs coincided with the downward 
slope of the ADP (Figure 3a). We found a positive correlation between ADP amplitude 
at the EPSP onset and the resulting amount of LTP, suggesting a contribution of the 
ADP to the induction of plasticity (Figure 3b). There was no correlation between 
resting membrane potential and the change in synaptic strength (R=0.18, p=0.39, 
n=23; not shown). To test whether the ADP is actually necessary for LTP induction we 
manipulated the levels of the ADP during pairing. To eliminate the ADP and control 
the level of depolarisation directly following the action potential, we injected a 100 
ms long negative current (–600 to –1000 pA), 2 ms after evoking the postsynaptic 
spike during STDP induction (Figure 3c). In control recordings from neighbouring 
neurons the same pairing interval was used, but without negative current injection. 
Induction of LTP was completely blocked in human cells where current injection led 
to a hyperpolarisation from resting membrane potential of more than 35 mV (Figure 
3d; 92.33 ± 5.7 % hyperpol, 117.4 ± 6.8% control, p=0.046). Nifedipine (10 µM) did 
not affect ADP shape in rat pyramidal neurons (Supplementary Figure 2), suggesting 
that either the L-type VGCCs required for LTP are located presynaptically, or that 
L-type VGCC activity at dendritic locations is required for LTP, and their activity is 
not reflected in the somatic ADP. Taken together, these findings suggest that it may be 
the large, long-lasting ADP following the action potential that endows adult cortical 
synapses with the ability to associate pre and postsynaptic activity over such long 
stretches of time, resulting in an exceptionally wide temporal window for STDP at 
these synapses. 

The question remains of whether our results represent general rules and 
mechanisms of STDP shared by all human synapses, since the majority of STDP 
recordings were made in human cortical tissue from patients suffering from mesial 
temporal lobe epilepsy (11 out of 12 cases). In animal models of epilepsy, changes in 
ionotropic receptors and aberrant formation of synaptic contacts in hippocampal tissue 
are observed (Kullmann, Asztely et al. 2000; Leite, Neder et al. 2005). Although the 
cortical tissue used in our experiments was not epileptogenic and recorded neurons did 
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not show any signs of epileptic-form activity, the mechanisms of synaptic plasticity in 
these patients might be affected by the disease and lead to epilepsy-specific changes in 
spike-timing window. To rule out this possibility we compared STDP data recorded in 
neurons from 11 epilepsy patients to those from a patient suffering from a hippocampal 
tumour. We found that the shape of spike-timing window in the tumour patient was 
identical to that recorded in epilepsy patients. Further, average EPSP slope changes 
binned in windows of –30 to 7 ms and 8 to 40 ms were similar (Figure 4a-c). Next 
we asked whether ADP following postsynaptic spike was the common mechanism 
explaining LTP at negative pairing intervals in all human subjects. We found that also 
in the tumour patient there was a significant correlation between the magnitude of 
ADP at EPSP onset during pairing with negative intervals and the induced synaptic 
change, supporting our findings in epilepsy patients (Figure 4d). Our results suggest 
that the inverse spike-timing window for STDP and ADP contribution to it are most 
likely not the result of epilepto-genesis and possibly represent common plasticity rules 
and mechanisms shared by adult human synapses. 
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Figure 4 STDP rules are similar in human cortical neurons from epilepsy and non-epilepsy 
patients.
Spike-timing windows for STDP recorded in human cortical neurons from 11 epilepsy patients 
(a) and from a patient with hippocampal tumor (b). Circles represent EPSP slope change of 
individual neurons. Insets: examples of AP and EPSP traces. (c) Summary quantifications of 
data shown in (a) and (b). Bars represent average EPSP slope change for pairing intervals within 
windows of -30 to 7 ms and 8 to 40 ms. (d) ADP amplitude at EPSP onset in neurons recorded 
from hippocampal tumor patient positively correlates with synaptic gain for negative pairing 
intervals (n=7).
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The majority of research on STDP in the rodent brain is conducted in brain 
tissue from juvenile animals between two and three weeks of age, and STDP rules may 
differ from adult synapses. Therefore, it is hard to determine whether STDP rules in 
human cortical synapses of adult individuals of eighteen to sixty-five years of age bear 
any relation to the existing data in laboratory animals. In the rodent brain, the shape 
of the temporal window for STDP can vary depending on the area of the brain or cell 
and synapse type involved (Caporale and Dan 2008). Furthermore, in rodent cortical 
synapses, the capacity for spike-timing-dependent depression declines and disappears 
with age (Dudek and Bear 1993; Bear and Abraham 1996; Banerjee, Meredith et al. 
2009). To place our results in the context of animal research we recorded STDP in 
layer V cortical cells in medial temporal cortex (MTC) of adult rats (10-13 weeks old) 
using the same pairing protocols as in human cells. We first compared passive and active 
electrical properties of human and rat pyramidal neurons and found many similarities 
(Supplementary Table 1, 2). Input resistance, resting membrane potential and action 
potential threshold in human and rat cortical pyramidal cells were statistically 
indistinguishable (Supplementary Table 1). However, important differences existed: 
on average, EPSPs in humans had larger amplitudes, faster rise times and slower decay 
times than in rats (Table 2).
Table 1. Summary table of active and passive properties in human and rat 
cortex.

Table 2. Summary table of EPSP properties in human and rat cortex.

 

Human 
(n=11) 

 

 Rat 
(n=8) 

 
Resting membrane potential (mV) -68.59 ± 0.49  -68.79 ± 0.58 
Input resistance (Mohm) 75.92 ± 6.03  72.50 ± 3.46 
AP threshold (mV) -49.47 ± 0.9  -48.47 ± 1.34 
AP amplitude (mV) 119.87 ± 9.82  129.09 ± 5.10 
ADP amplitude (mV) 14.91 ± 2.24  15.89 ± 1.72 
ADP decay tau (ms) 37.38 ± 7.25  20.91 ± 3.16 
AP Half-width (ms) 1.15 ± 0.07  0.99 ± 0.10 
AP area (mV*ms) 611.59 ± 93.57  413.61 ± 48.07 
ADP area (mV*ms) 462.51 ± 84.54  240.79 ± 45.29 
AP + ADP duration (ms) 96.77 ± 18.44 *  35.10 ± 4.73 

Data are mean ± s.e.m., * p<0.05 

 

Human 
(n=65) 

 

 Rat 
(n=54) 

 
EPSP amplitude (mV) 8.11 ± 0.30 *  6.37 ± 0.29 
Decay time constant (ms) 34.40 ± 2.19 *  23.88 ± 1.21 
EPSP slope (mV/ms) 2.69 ± 0.12 *  2.07 ± 0.10 

Data are mean ± s.e.m., * p<0.001 
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We further tested whether the temporal requirements for LTP and LTD are 
unique for adult human pyramidal cells. Similar to human data, rat cortical synapses 
showed robust LTP induced by pairing at small positive intervals close to 0 and at 
negative intervals (171 ± 8.4% for pairing intervals from –30 to 7 ms, Figure 5a,b). 
This LTP required activation of NMDA receptors and L-type VGCCs, since it could 
be completely abolished in cells where intracellular MK-801 (1 mM) or extracellular 
nifedipine (10 µM) were used (170 ± 8.4% control, 116 ± 8.8% iMK, p=0.0008; 104.6 
± 5.3% nif, p=0.001; Figure 5c). In contrast to human cells, adult rat synapses did not 
show LTD at positive intervals ranging from 8 to 40 ms. Instead, LTP occurred in 28 
of 32 neurons tested (134% ± 7.7 for intervals from 8 to 40 ms; Figure 5a,b). Thus, 
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Figure 5 STDP rules and molecular mechanisms in adult rat cortical neurons from medial 
temporal cortex.
(a) Spike-timing window for STDP recorded in rat medial temporal cortex. Open circles 
represent EPSP slope change of individual neurons, grey bars represent data bins of 10 ms. 
Insets: examples of AP and EPSP traces. (b) Summary quantifications of data shown in (a). 
Bars represent average EPSP slope change for pairing intervals within windows of –30 to 7 ms 
and 8 to 40 ms. (c) Intracellular NMDA channel blocker MK-801 (1 mM) and extracellular 
nifedipine (10 µM) can block LTP in rat cortex. Bars represent average EPSP slope change 
induced using pairing intervals from – 30 ms to 7 ms in control cells, cells with intracellular 
MK-801 and in cells where nifedipine was bath applied. (d) ADP amplitude at EPSP onset 
in rat cortical neurons positively correlates with synaptic gain for negative pairing intervals 
(n=39). (e) Hyperpolarization of more then 35 mV when abolishes LTP in rat cortex (STDP 
was induced using pairing interval of –30 ms). (f ) The magnitude of hyperpolarization at EPSP 
onset predicts EPSP slope change (STDP was induced using pairing intervals of –10 and –30 
ms, n=26). 
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although a wide temporal window for STDP is a common feature of synapses in the 
MTC of both species, the ability of adult cortical synapses to decrease strength seems 
to be limited to human cortex. Further, NMDA receptors and L-type VGCC are 
required for induction of LTP in both human and rat cortex, but only in humans cells 
blocking L-type VGCC can convert LTP into LTD, suggesting a role for this channel 
as a molecular switch for plasticity in human cortex.

We next asked whether the wide temporal window for LTP at negative pairing 
intervals in adult rat MTC could be explained by the ADP following the postsynaptic 
spike. Action potentials in rat cortical neurons also showed an afterdepolarization 
(ADP) that lasted on average 35.10 ± 4.73 ms (Table 1). Similar to human synapses, 
we found a positive correlation between ADP amplitude at the EPSP onset and the 
resulting amount of LTP after pairing in rat synapses, suggesting a contribution of the 
ADP to the induction of plasticity (Figure 5d). There was no correlation between resting 
membrane potential and the change in synaptic strength (R=0.29, p=0.14, n=39; not 
shown). We further tested whether eliminating ADP by injecting a 100 ms long negative 
current (–600 to –1000 pA), 2 ms after evoking the postsynaptic spike during pairing 
could also prevent LTP induction in rat synapses (figure 3c). In control recordings from 
neighbouring neurons the same pairing interval was used, but without negative current 
injection. Just as in human cells, induction of LTP was completely blocked in rat cells, 
where current injection led to a hyperpolarisation from resting membrane potential 
of more than 35 mV (Figure 5e, 143 ± 12.1 control; 96.36 ± 7.4 hyperpol, p =0.009). 
Furthermore, the magnitude of hyperpolarisation from resting membrane potential 
predicted the amount of synaptic change – larger hyperpolarization led to a larger effect 
on LTP block (Figure 5f ). We finally tested whether L-type VGCC were the channels 
defining ADP. Nifedipine (10 µM) did not affect ADP shape in rat pyramidal neurons 
(Supplementary Figure 2), suggesting that either the L-type VGCCs required for LTP 
are located presynaptically, or that L-type VGCC activity at dendritic locations is 
required for LTP, and their activity is not reflected in the somatic ADP. Taken together, 
these findings suggest that adult rat and adult human synapses in the medial temporal 
neocortex share core principles for STDP - ADP following the action potential is a 
common mechanism enabling adult human and rat synapses in MTC to associate pre 
and postsynaptic events in an exceptionally wide temporal window. 

Discussion
Here we present the first record of human STDP in adult neocortical synapses and 
probe its rules and mechanisms. We show that long-lasting changes in synaptic strength 
can be induced in human cortex by precise millisecond timing of pre- and postsynaptic 
activity, with the greatest change occurring at timing intervals close to 0. The temporal 
window for associative learning in human synapses is exceptionally wide and shows 
LTP at negative pairing intervals and LTD at large positive intervals with a switch from 
LTP to LTD at 8 ms. STDP critically depends on the activity of post NMDARs and 
L-type VGCCs, which presumably act as sources of calcium to the calcium-sensitive 
intracellular machinery involved in modifying synaptic strength. 

Human cortical tissue was obtained in most cases from patients suffering 
from medial temporal lobe epilepsy (11 out 12). This raises the important question of 
how well our findings can be generalized to the healthy human population. Epilepsy 
disorders are usually accompanied by focal deficits that mirror the specific functions 
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of the respective areas. A longitudinal study in patients with temporal lobe epilepsy 
demonstrated that chronic disease is associated with memory impairment (Helmstaedter, 
Kurthen et al. 2003). Other studies show that cognitive decline progresses very slowly 
over decades with an age regression similar to that of people without epilepsy (Elger, 
Helmstaedter et al. 2004). However, successful epilepsy surgery can stop or partly 
reverse the unfavourable cognitive development (Helmstaedter, Kurthen et al. 2003; 
Elger, Helmstaedter et al. 2004), which suggests a release of functions by the brain areas 
suppressed or irritated by epilepsy before surgery. Importantly, also on synaptic level 
epilepsy can lead to changes in plasticity. In animal models of temporal lobe epilepsy, 
hippocampal network undergoes synaptic reorganization - sprouting and formation 
of new excitatory circuits (Leite, Neder et al. 2005). Further, the function of receptors 
crucial for STDP, such as NMDA receptors, is altered in a kindling model of epilepsy 
(Mody and Heinemann 1987; Kullmann, Asztely et al. 2000). The cortical tissue used 
in our experiments was resected in order to gain surgical access to deep brain structures 
and was itself not epileptogenic. In addition, no sign of spontaneous epileptic-form 
activity was found in the recorded cells. Finally, we show that in a patient suffering 
from a hippocampal tumour, the shape of temporal window and the average change 
in synaptic strength were identical to those in epilepsy patients. Although all human 
tissue in our experiments comes from patients and not healthy human subjects, it is 
highly unlikely that the basic mechanisms of human STDP are severely impaired, since 
different pathological backgrounds show identical results. 

Under the classical view on the temporal requirements for STDP, postsynaptic 
spiking within about 20 ms after presynaptic activation (positive intervals) results in 
LTP, whereas postsynaptic spiking within about 20 ms before presynaptic activation 
(negative intervals) results in LTD. This type of temporal window was demonstrated 
at a wide variety of neural circuits in different systems (Levy and Steward 1983; 
Markram, Lubke et al. 1997; Bi and Poo 1998). However, recent studies show that 
a diversity of temporal windows exists, whose shape and form are dictated by the 
intracellular machinery residing in the postsynaptic spines and presynaptic terminals. 
In rat hippocampus for example, an additional LTD window was observed at positive 
intervals of 15–20 ms (Nishiyama, Hong et al. 2000). In the cerebellum-like structure 
of electric fish, spikes of positive intervals induce LTD and those of negative intervals 
induce LTP (Bell, Han et al. 1997). Synapses between layer 4 spiny stellate neurons in 
rat barrel cortex appear to have a symmetric depression window (Egger, Feldmeyer et al. 
1999). The involvement of GABAergic transmission can also play a role in defining the 
shape of temporal window so that blocking inhibition reverses the time dependence 
of corticostriatal STDP (Fino, Paille et al. 2010). Thus, various timing windows for 
synaptic modification may serve specific functions of information processing at 
different synapses and the level of inhibition, cell-types and brain area can all contribute 
to this diversity. Our findings in adult human and rat MTC suggest that temporal 
requirements for synaptic association may be less strict in this area of the brain in both 
species, since even large negative intervals beyond –100 ms could still lead to synaptic 
strengthening.

An alternative explanation for the observed inverse rules for STDP at adult 
human cortical synapses can be the distance of these synapses from the soma. At rodent 
cortical synapses the magnitude and sign of STDP were demonstrated to strongly 
depend on the location of the synapses within the synaptic tree (Froemke, Poo et al. 2005; 
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Letzkus, Kampa et al. 2006; Sjostrom and Hausser 2006). In rodents, the spread of the 
backpropagating action potential to the synapse created a progressive gradient between 
LTP and LTD as the distance of the synaptic contacts from the soma increased. This 
resulted in classical Hebbian LTP at proximal inputs, whereas distal inputs underwent 
LTD (Sjostrom and Hausser 2006). Furthermore, at synapses between layer 2/3 and 
layer 5 pyramidal neurons in rat somatosensory cortex, a distance-dependent shift in the 
timing requirements for induction of LTP and LTD was observed: distal synapses (>100 
µM from the soma) displayed inverse timing rules: they potentiated when inputs were 
activated after burst onset (negative timing) but depressed when activated before burst 
onset (positive timing) (Letzkus, Kampa et al. 2006). At these more distal locations, 
the underlying dendritic voltage waveforms driving NMDA receptor activation/
suppression during STDP may differ from the more proximal sites (Letzkus, Kampa 
et al. 2006) and presynaptic stimulation with partial blockade of NMDA receptors 
was shown to change the rules for LTD induction (Froemke, Poo et al. 2005). In our 
study, both in adult human neurons as well as in adult rodent neurons negative timing 
intervals resulted in synaptic strengthening. Extracellular stimulation of presynaptic 
fibers was induced at locations 100-150 µM from the soma, which would qualify as 
distal inputs (Letzkus, Kampa et al. 2006). The afterdepolarization following the action 
potential may reflect strong dendritic depolarization (Larkum, Zhu et al. 2001), and 
thereby similar mechanisms relating dendritic location to STDP rules may hold true 
in adult human and rodent neurons as in juvenile rodent neurons. Nevertheless, adult 
human synapses did show more synaptic depression at positive timing intervals whereas 
adult rodent synapses did not. Thus, STDP rules at juvenile rodent synapses may not 
translate to STDP rules in adulthood in rodents.

The resulting synaptic timing rules can explain sensory and motor plasticity 
observed in adult human subjects (Stefan, Kunesch et al. 2000; Ridding and Taylor 
2001). Pairing transcranial magnetic stimulation (TMS) of motor cortex with voluntary 
movement induces changes in corticospinal excitability and motor behaviour (Thabit, 
Ueki et al. 2010). Just as with human pyramidal synapses, negative timing intervals in 
these experiments strengthen the response, whereas positive intervals lead to depression 
(Thabit, Ueki et al. 2010). Furthermore, this plasticity depends on NMDA receptors 
and blocking L-type VGCC dose-dependently transformed long-lasting potentiation 
of corticospinal excitability into depression, as in human synapses. Our findings 
therefore may provide the synaptic basis for the inverse timing rules observed in human 
subjects in vivo.

Materials and Methods
Human brain slice preparation
All procedures on human tissue were performed with the approval of the Medical 
Ethical Committee of the VU University Medical Center and in accordance with 
Dutch license procedures and the declaration of Helsinki. Human slices were cut from 
medial temporal cortex that had to be removed for the surgical treatment of deeper 
brain structures with written informed consent of the patients (aged 18–67 years) prior 
to surgery, as described in (Testa-Silva, Verhoog et al. 2010). Tissue used for this study 
came from 12 patents (1 case of hippocampal tumor and 11 cases of medial temporal 
lobe epilepsy). Anesthesia was induced with intravenous fentanyl 1–3 μg/kg and a bolus 
dose of propofol (2–10 mg/kg) and was maintained with remyfentanyl 250 μg/kg/ 
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min and propofol 4–12 mg/kg. After resection, the cortical tissue was placed within 
30 s in ice-cold artificial cerebrospinal fluid (ACSF) slicing solution which contained 
(mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7 
MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 −300 mOsm 
and transported to the neurophysiology laboratory, which is located within 200 m 
distance from the operating room. The transition time between resection of the tissue 
and the start of preparing slices was less than 15 min. Cortical slices (300 μm) were 
prepared in ice-cold slicing solution, and were then transferred to holding chambers 
in which they were stored for 30 min at 34oC and for 30 min at room temperature 
before recording in ACSF which contained (in mM): NaCl 125; KCl 3; NaH2PO4 
1.25; MgSO4 2; CaCl2 2; NaHCO3 26; glucose 10, bubbled with carbogen gas (95% 
O2/5% CO2).

Rat brain slice preparation
Male and female Wistar rats (Harlan, NL) P70–90 were decapitated in accordance 
with Dutch licence procedures and permission from the ethical committee for animal 
experimentation at the VU University. Brains were rapidly removed and dissected in 
ice-cold artificial cerebrospinal fluid (aCSF) and coronal slices were cut (300 μm) using 
procedure described for human slice preparation (see above). In a subset of experiments 
the following slicing solution was used containing (mM): 125 NaCl; 3 KCl; 1.25 
NaH2PO4; 7 MgSO4; 0.5 CaCl2; 26 NaHCO3; 10 glucose (300 mOsm). 

Electrophysiology in acute human and rat neocortical slices
Whole-cell patch-clamp recordings were made from pyramidal cells in layers under 
visual guidance by differential interference contrast (DIC) microscopy. Slices were 
kept in a submerged recording chamber between at 32–35°C. Pipettes were made from 
standard borosilicate capillary glass tubing with resistance between 2.5 and 4.5 MΩ 
resistance and filled with intracellular solution containing (mM): 110 K-gluconate; 10 
KCl; 10 HEPES; 10 K2phosphocreatine; 4 ATP-Mg; 0.4 GTP, biocytin 5 mg/ml(pH 
adjusted with KOH to 7.3; 290–300 mOsm). Series resistance was monitored but not 
compensated for. Pyramidal cells were identified based on their regular-spiking profile, 
passive and active properties in response to a series of hyperpolarising and depolarising 
current steps. Cells were filled with biocytin (0.5 %) and then processed for post 
hoc cell identification. Although the cortical tissue was resected from the brains of 
epilepsy patients (11 out of 12 patients), none of the neurons recorded from showed 
spontaneous epileptiform spiking activity. All experiments were performed in the 
absence of blockers of GABAergic synaptic transmission. Recordings were made using 
Multiclamp 700A/B amplifiers (Axon Instruments, CA, USA) sampling at 10 kHz 
1, digitized by the pClamp software (Axon), and later analyzed off-line using custom 
written Matlab scripts (Mathworks). Whole-cell current injections and extracellular 
stimulation (both timing and levels) were controlled with a Master-8 stimulator 
(A.M.P.I., Jerusalem, Israel). 

Spike-timing-dependent plasticity
Excitatory postsynaptic potential (EPSPs) were evoked every 7 s using an extracellular 
stimulation electrode positioned at approximately 100–150 μm along the cell’s 
somatodendritic axis (Figures 1a). During the pairing period presynaptic extracellular 
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stimulations were paired to a single postsynaptic action potential (50 times). During the 
induction protocol pairing intervals were measured from the onset of the evoked EPSP 
to the onset of the postsynaptic AP. Negative intervals up to -150 ms (post-before-pre 
protocol) and positive intervals up to 60 ms (pre-before-post) were used to reconstruct 
the temporal window for STDP.
The slope of the initial 2 ms of the EPSP was analyzed to ensure that the data reflected 
only the monosynaptic component of each experiment. Change in synaptic strength 
was measured as the percent change in EPSP slope: comparing the average EPSP slope 
during 5 minutes in the period 20–30 min after pairing to the average baseline EPSP 
slope. When recording lasted less than 20 min (14 out of 110 recordings in human 
cortex), the average of baseline was compared to the average of all points in the post-
pairing period. Mean baseline EPSP slopes were averaged from at least 30 sweeps. Cell 
input resistance was monitored by applying a −100 pA, 200–500 ms hyperpolarizing 
pulse at the end of each sweep. Cells where input resistance change during the 
experiment was more than 30 % were discarded from analysis. To block L-type VGCC 
nifedipine (10 µM) was bath applied 4-5 minutes prior and during pairing procedure. 
To block NMDAR 1mM MK-801 was added to the pipette medium. To abolish ADP, 
hyperpolarizing current (-600 to -1000pA) was injected for 100 ms 2 ms after spike 
onset. The Student t-test was used to assess significance.
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Goriounova et al.

Supplementary Figure 1 Properties 
of EPSPs in human and rat pyramidal 
neurons were stable. 
Control recordings of EPSPs in 
human (n=3, upper panel) and rat 
cortex (n=5, lower panel) where 
no pairing to postsynaptic APs was 
applied.

Supplementary Fugure 2 
L-type VGCCs do not contribute to ADP in rat 
cortical pyramidal cells. 
(a) Example AP traces in control condition (black) 
and in presence of nifedipine (10 µM, grey). (b-e) 
Nifedipine did not change AP amplitude (a, b) ADP 
decay time constant (c), AP+ADP duration (d) or 
ADP area (e), n=4. 
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Chapter 6
General Discussion
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Introduction
The fact that tobacco smoking is associated with serious health risks can nowadays be 
considered common knowledge. Usually the first thing that comes to mind is the role of 
nicotine in causing lung cancer and other types of cancer and its impact on developing 
cardiovascular diseases. However, nicotine is also a potent psychoactive drug that binds 
to its target in the brain – nicotinic receptor – and can exert a variety of effects on brain 
function and development. Especially such critical developmental stage as adolescence 
with its overexcited reward circuitry compared to immature PFC and cognitive control 
makes the brain particularly vulnerable for nicotine dependence and its impact on 
cognitive development (Fountain, Rowan et al. 2008; Counotte, Goriounova et al. 
2011). Although more and more evidence points to tobacco smoking as a risk factor 
for developing addiction, psychopathology and cognitive impairment in later life, the 
precise nature of lasting nicotine effects on functionality of prefrontal networks is still 
unknown.

In the work described in this thesis, I show that nicotine exposure during 
adolescence leads to short-term molecular adaptations that are functionally different 
and even opposite to the lasting adaptations in PFC that we observed 5 weeks later. 
I argue in this chapter that these lasting effects of nicotine represent compensatory 
adaptations in prefrontal network aimed to counteract the initial nicotinic effects on 
adolescent PFC function. I propose a model of nicotinic actions on synaptic function 
in reward circuitry that can explain the cellular mechanisms underlying short- and 
long-term adaptations in PFC. Finally, I discuss my findings in the light of existing 
theories on adolescent brain development and progression of addiction.

Short-term effects of adolescent nicotine exposure in PFC
One of the first and most common cellular adaptations following chronic nicotine 
exposure is the upregulation of nicotinic receptor levels (Dani and Bertrand 
2007). Especially α4β2 type of nAChRs appears to be selectively upregulated via 
posttranslational mechanisms (Miwa, Freedman et al. 2011). The upregulation of α4β2 
nAChRs by chronic nicotine treatment has been replicated many times in numerous 
systems—transfected cell lines, neurons in culture, brain slices, and smokers’ brains 
(Wonnacott 1990; Fu, Lindstrom et al. 2009; Lester, Xiao et al. 2009; Marks, McClure-
Begley et al. 2011; Miwa, Freedman et al. 2011). Upregulation is not accompanied by 
an increase in nAChR subunit mRNA (Marks, Pauly et al. 1992), instead it leads to 
increased nAChR protein levels resulting from increased assembly and/or decreased 
degradation of nAChRs (Marks, McClure-Begley et al. 2011). Nicotine appears to 
act intracellularly as a selective pharmacological chaperone of acetylcholine receptor 
(Lester, Xiao et al. 2009). It stabilizes nAChRs during assembly and maturation and 
this stabilization is most pronounced for the highest-affinity nAChR containing 
α4β2 subunits. Indeed, we found that specifically high-affinity nicotinic receptors 
containing the α4 and β2 subunits were upregulated in the adolescent PFC shortly 
(1 day) following nicotine exposure. This upregulation was paralleled by a functional 
elevation in nicotine-stimulated GABAergic transmission. 

An increased number of nAChRs is a somewhat unexpected response because 
chronic exposure to an agonist usually produces excessive receptor activation; 
homeostasis is then achieved by downregulation of the receptors. Similar to exposure 
to an agonist, chronic exposure to an antagonist produces receptor upregulation 



101

G
en

er
al

 D
isc

us
sio

n

in many systems (Dani and Heinemann 1996). However, not only activation of the 
nicotinic receptor, but also its desensitization properties may have a great physiological 
relevance (Mansvelder, Keath et al. 2002; Wooltorton, Pidoplichko et al. 2003). 
Possibly desensitization caused by constant exposure to nicotine explains the lack of 
functional receptors on the surface of synaptic membranes and the insertion of new 
receptors can resolve this. Importantly, at low nicotine levels that are comparable to 
those found in plasma of the exposed animals in the present study, high affinity α4β2 
nAChRs desensitized much faster than other types of nAChRs and after a prolonged 
exposure these receptors enter long-lasting inactive states (Mansvelder, Keath et al. 
2002; Wooltorton, Pidoplichko et al. 2003). This may explain the upregulation of 
specifically α4β2 nAChRs in mPFC after adolescent nicotine exposure. Given the 
role of desensitization in nicotine-induced receptor upregulation, the increased levels 
of nicotinic receptor would most probably be a compensatory adaptation to regulate 
the number of functional receptors (Dani and Heinemann 1996). However, following 
exposure to nicotine would produce even stronger activation of upregulated receptors 
than at naive nAChRs, because upregulated nAChRs are both more numerous and 
more sensitive (Miwa, Freedman et al. 2011). This would certainly be the case directly 
after the exposure when nicotine is completely cleared from the plasma of exposed 
animals, which is the time point when the upregulation was observed in our work.

Given the fact that nAChRs are expressed by a variety of cell types across all 
cortical layers in PFC, our estimation of functional consequences of α4β2 nAChR 
upregulation only on interneurons in layer II/III may represent a fraction of the nicotinic 
effects in PFC. However, electrophysiological and two-photon imaging data from our 
group indicate that functionally this fraction plays a key role in modulating information 
processing in PFC (Poorthuis, Bloem et al. in press). Firstly, network activity in the 
PFC in response to bath application of ACh is dominated by β2 nAChRs. Secondly, 
only pyramidal neurons in layer VI, but not in other layers express β2 receptors and 
glutamatergic inputs to layer II/III are not regulated by nAChRs. Finally, interneurons 
in all layers express β2 subunits. In summary, β2 containing nAChRs stimulate both 
excitatory and inhibitory neurons in deep layers, while in layer II/III only interneurons 
are activated (Poorthuis, Bloem et al. in press). Thus, the net result of nicotinic receptor 
stimulation is the increased inhibitory transmission in superficial PFC layers, whereas 
in deep layers it also leads to activation of pyramidal neurons. As a consequence, in layer 
II/III the effect of α4β2 nAChRs upregulation will functionally be most prominent for 
inhibition. It follows that during chronic nicotine exposure, the pattern of activity in 
prefrontal network may gradually shift towards activation of excitatory neurons in deep 
layers in the context of increased overall inhibition (Poorthuis, Bloem et al. in press). 

This mode of nicotine action in prefrontal network has also another important 
functional consequence – it leads to the decreased spike-timing dependent potentiation 
in layer II/III excitatory synapses on layer V pyramidal cells (Chapter 4). The nicotine-
stimulated inhibition reduces dendritic calcium signalling and renders postsynaptic 
activity in layer V pyramidal cells insufficient to induce potentiation (Couey, Meredith 
et al. 2007). Shortly after nicotine exposure, transient upregulation of nAChRs in layer 
II/III would even further enhance this effect since it increases the levels of nicotine-
induced inhibition.

In addition, transient upregulation of mGluR2 expression in synaptic membranes 
of excitatory synapses after adolescent nicotine exposure is another molecular mechanism 
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potentially contributing to the increased inhibition in PFC (Chapter 2, (Counotte, 
Goriounova et al. 2011). Metabotropic GluR2s modulate cortical processing by 
inhibiting glutamate release from excitatory synapses on layer V pyramidal cells in PFC. 
This inhibition provides a feedback mechanism for preventing excessive excitation of 
cortical neurons and was demonstrated in other cortical and subcortical areas (Shen 
and Johnson 2003; Poisik, Raju et al. 2005; Mateo and Porter 2007). Under conditions 
of repeated activation of deep layer pyramidal cells by nicotine, the elevated expression 
of this receptor in PFC could play a neuroprotective role and serve to suppress nicotine-
induced excitation. The mGluR2 upregulation shortly after adolescent exposure would 
contribute to a further increase in inhibitory tonus in PFC. 
In summary, the net result of nicotine on the short-term in adolescent mPFC that 
is chronically exposed to nicotine, very likely amounts to persistently enhanced 
levels of inhibition across all cortical layers possibly combined with some increase in 
thalamocortical glutamate release by presynaptic (or preterminal) nAChRs in deep 
layers. The latter effect, however, is most likely counteracted by elevated presynaptic 

Figure 1. A possible model of short-term and long-term adaptations in PFC caused by nicotine 
exposure during adolescence. The upper panel shows adaptations in nACh- and mGlu2-
receptors and the resulting changes in inhibition and excitation. The lower panel shows the 
effects of mGluR2 agonist and antagonist in saline and nicotine-exposed animals.
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mGluR2 levels. This general increase in inhibition plays a role in the plasticity and 
refinement of cortical connections (reduced STDP in nicotine) and thus may have 
functional implications for cognitive processing and maturation of prefrontal network. 
Figure 1 shows a schematic representation of the sequence of events in PFC after 
adolescent exposure and the effect of mGluR2 agonist and antagonist in different 
states.

Functional implications of short-term effects of nicotine exposure
One of the main functions of the neocortex is processing of sensory information from 
thalamus. The cellular mechanisms of nicotinic modulation described above suggest a 
central role for nAChRs in gating of thalamic inputs to the neocortex and may underlie 
the enhanced sensory responsiveness observed after exposure to nicotine. There is 
overwhelming physiological evidence to support this role for nAChRs in primary 
sensory cortices: nicotine enhances neural transmission of acoustic information, 
increases responsiveness to visual stimuli in visual cortex and nicotinic agonists increase 
the representation of a whisker’s functions in barrel cortex (Harkrider, Champlin et al. 
2001; Penschuck, Chen-Bee et al. 2002; Disney, Aoki et al. 2007). This gating role of 
nicotine is especially relevant given the ‘sparse coding’ of sensory information in neuronal 
networks where only a small percentage of active neurons is used for encoding within a 
large population of silent neurons (Olshausen and Field 2004; Wolfe, Houweling et al. 
2010). It was also shown that ‘sparseness’ usually increases in higher order association 
cortices (such as PFC) downstream from primary sensory cortices (Wolfe, Houweling 
et al. 2010). For example, it is estimated that up to 0.2% of human medial temporal 
lobe (MTL) neurons would respond to a given stimulus (Waydo, Kraskov et al. 2006; 
Quiroga, Reddy et al. 2007) compared to 5–10% in the primary sensory cortices 
(Hromadka, Deweese et al. 2008; Poo and Isaacson 2009). Interestingly, sparse coding 
was proposed as an especially advantageous strategy in neural plasticity because it may 
increase the information storage capacity of neuronal networks (Olshausen and Field 
2004) 

The detection of sparse, synchronous events requires low levels of ongoing 
neuronal activity and high levels of global inhibition (Wolfe, Houweling et al. 2010). 
Just such conditions are created in presence of nicotine. Inhibitory transmission in 
mPFC increases together with the threshold for spike timing dependent plasticity 
creating more beneficial conditions for sparse coding and improving signal-to-noise 
ratio. As a result, cognitive performance and selective attention may temporally 
improve after exposure to nicotine or nicotinic agonists (Hahn, Sharples et al. 2003; 
Sarter, Hasselmo et al. 2005).

Remarkably, sparse coding seems to be a strategy that emerges during brain 
development and follows critical maturational periods. In the rodent visual cortex, 
spontaneous activity undergoes a transition around the time of eye opening from 
synchronous activity in which >75% of neurons are active during each slow wave cycle, 
to a sparse desynchronized state in adults in which only 12% of neurons are active per 
wave (Rochefort, Garaschuk et al. 2009). In developing somatosensory cortex similar 
changes in background activity and desynchronization were found (Golshani, Goncalves 
et al. 2009). Although the exact mechanisms of this developmental sparsification 
are poorly understood, they possibly involve maturation of the inhibitory system. In 
PFC, changes in local inhibitory inputs take place around adolescence and continue 
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into adulthood, suggesting that the synchrony of pyramidal neuron output in the PFC 
may be in substantial flux around this period (Cruz, Eggan et al. 2003). Repeated 
exposure to nicotine during adolescence, would lead to almost constant activation 
of inhibitory network and therefore to possible rescaling of synaptic activity. This, in 
turn, triggers long-term synaptic adaptations, which would start reshaping the activity 
of PFC network possibly to compensate for the nicotine actions. However, after 1 day 
of withdrawal, as we show in Chapter 2, nicotine is no longer present in the plasma of 
nicotine-treated animals. Thus, the activity of inhibitory neurons would no longer be 
stimulated by nicotine and as a possible consequence the increased nAChR levels start 
subsiding and 5 weeks later return to normal values. Thus, long-term adaptations in 
prefrontal networks must involve a cascade of events secondary to direct activation of 
nAChRs and proceed in the context of developing circuitry. Indeed, in Chapters 3 and 
4, we show that such adaptations take place and possibly start already during adolescent 
nicotine exposure – they involve initial upregulation of synaptic mGluR2 followed by 
its downregulation 5 weeks later. 

Long-term adaptations following adolescent nicotine exposure
Large-scale screening of hundreds of synaptic proteins in the PFC using an iTRAQ-
based proteomics approach allowed the investigation of long-term molecular 
adaptations following adolescent nicotine exposure. Identification and quantification 
of 297 synaptic proteins revealed that only a handful of proteins were significantly up- 
or downregulated after adolescent nicotine exposure (Chapter 3). The metabotropic 
glutamate receptor 2 (mGluR2) came into focus for its highest downregulation five 
weeks following adolescent nicotine exposure (Counotte, Goriounova et al. 2011). 
Interestingly, the association between changes in mGluR2 signalling and nicotine 
exposure is not limited to PFC. Also in other brain areas involved in reward processing 
such as ventral tegmental area (VTA) and the nucleus accumbens (NAcc) lasting 
adaptations in mGluR2 function follow nicotine exposure and were found to affect 
rewarding properties of nicotine (Helton, Tizzano et al. 1997; Kenny, Gasparini 
et al. 2003; Kenny and Markou 2004; Liechti, Lhuillier et al. 2007). In these brain 
areas, activation of mGlu2/3 receptors decreases nicotine self-administration 
(Liechti, Lhuillier et al. 2007), and they play an important role in the development 
of drug dependence and the expression of the negative affective state observed during 
withdrawal (Kenny and Markou, 2004). However, the role of group II mGlu receptors 
in withdrawal appears complex and most likely depends on changes in multiple brain 
areas.

Although the sequence of events linking mGluR2 adaptations to nAChR 
activation is unknown, it seems that the reasons for its up- and downregulation pattern 
after adolescent nicotine exposure should lie in its function. The mGluR2 receptors are 
located on presynaptic glutamatergic terminals where they are activated by glutamate 
spill over to inhibit glutamate release (Mateo and Porter 2007). It was shown that 
stimulation of mGluR2 can also regulate release of other neurotransmitters: it can 
inhibit GABA release via a presynaptic mechanism (Bradley, Marino et al. 2000; Pilc, 
Chaki et al. 2008). Given the inhibitory role of mGluR2 in neurotransmitter release, 
its function seems to counteract that of nAChR, which enhances both excitatory and 
inhibitory transmissions (Lambe, Picciotto et al. 2003; Couey, Meredith et al. 2007). 
The short-term effects of adolescent nicotine exposure most likely involve enhanced 
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levels of inhibition in prefrontal network. Accordingly, we found an initial and transient 
upregulation of inhibitory mGluR2 receptor directly following nicotine exposure 
during adolescence, which would contribute to the same effect. Once the exposure to 
nicotine is stopped, compensatory mechanisms may come into play to adjust for the 
elevated inhibitory tonus. Indeed, a lasting reduction in mGluR2 levels has an opposite 
effect on prefrontal function – mGluR2 receptors lose their regulatory influence over 
excitatory transmission and the network becomes more disinhibited (Chapters 3 and 
4).

Functional implications of long-term effects of nicotine
Since mGluR2 has an important role in autoinhibition of excitatory transmission, 
its action would be most prominent in conditions of high network activity such as 
during performing complex cognitive tasks. Lasting reductions in mGluR2 signalling 
after nicotine exposure would result in an overexcited network and a reduced ability 
to suppress irrelevant information. Indeed, the results described in Chapter 3 confirm 
that attention performance can be affected by mGluR2 signalling. Blocking mGluR2 
transmission by injection of MPPG into PFC causes deficits in attention performance 
in control animals, while stimulating already reduced mGluR2 signalling by agonist 
in nicotine-treated animals restores attention, Figure 1 (Counotte, Goriounova et al. 
2011). 

Other factors than nicotine exposure that lead to enhanced excitation can cause 
impairments in mGluR2 transmission and impaired mGluR2 transmission in its turn 
leads to cognitive deficits (Melendez, Gregory et al. 2004; Pozzi, Baviera et al. 2011). 
Enhanced glutamate release in PFC was found to be associated with attention deficit and 
loss of impulse control (Pozzi, Baviera et al. 2011). The mGluR2 agonists are effective 
in improving cognitive deficits if enhanced glutamate release is caused by NMDA 
receptor antagonists (Pozzi, Baviera et al. 2011). Furthermore, the important role of 
prefrontal mGluR2 signalling in cognition is stressed by its link to brain disorders such 
as depression and schizophrenia. Activation of this receptor has even been proposed as 
a novel treatment approach for these disorders (Gupta, McCullumsmith et al. 2005; 
Palucha and Pilc 2005; Pilc, Chaki et al. 2008; Conn, Lindsley et al. 2009). Thus, 
mGluR2 signalling seems to be a good candidate for shaping cognitive behaviour and 
its impairment leads to disturbances in cognitive function.

The question remains of how mGluR2 receptor and adaptations in its function 
can affect behaviour. What happens at the level of synaptic function and cortical 
processing in PFC? In Chapters 3 and 4, I took first steps in the direction of answering 
this question by exploring contribution of mGluR2 and its level changes to prefrontal 
information processing. Specifically, I showed that mGluR2-dependent modulation of 
excitatory transmission (evoked EPSCs), short- and long-term plasticity are all altered 
as a result of adolescent nicotine exposure.

Short-term plasticity
In Chapter 3, I demonstrate that short-term depression (STD) is reduced in adult 
animals as a result of nicotine exposure during adolescence (Counotte, Goriounova et 
al.). Furthermore, I show that similar effects can also be achieved by blocking mGluR2 
signalling with mGluR2 antagonists in control animals. In this manner, the reduced 
mGluR2 signalling after nicotine exposure seems to have the same effect on short-term 
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depression as mGluR2 block by antagonist and most likely is the mechanism underlying 
this lasting adaptation (Figure 1).

This may not come as a surprise when we consider the role of mGluR2 as 
an inhibitory feedback mechanism in conditions of excessive excitation and high 
glutamate release. This is exactly what happens when a neuron fires a train of action 
potentials or extracellularly evoked stimuli. Especially at high frequency stimulation 
the effect of mGluR2 on STD would be most prominent. This indeed seems to be 
the case at excitatory synapses on layer V pyramidal neurons in PFC. When a lower 
concentration of mGluR2 antagonist was used (100 µM) only at 40 and 20 Hz, but not 
at lower frequencies, STD was significantly reduced. The lasting reduction of mGluR2 
levels and function after adolescent nicotine exposure leads to reduced inhibitory 
feedback on pyramidal cells and reduces the regulatory role of this receptor in short-
term plasticity. The role of mGluR2 in modulating short-term depression is supported 
by the findings in the calyx of Held, where direct electrophysiological recordings in the 
presynaptic terminal are possible (Takahashi, Forsythe et al. 1996). Agonists of mGluRs 
suppressed a high voltage-activated P/Q-type calcium conductance in the presynaptic 
terminal, thereby inhibiting transmitter release (Takahashi, Forsythe et al. 1996). Since 
presynaptic Ca2+ dynamics play a key role in short –term plasticity (Zucker and Regehr 
2002), decrease in Ca2+ current may explain mGluR-dependent modulation of STD. 

Short-term depression can be seen as the ability of the synapse to pass on the first 
of stimulus in the train of stimuli, while the rest are attenuated. In this manner it shapes 
the information transfer by synaptic networks and gives rise to sensory and behavioural 
phenomena (Zucker 1989). For example, in somatosensory cortex of rat, in vivo whole-
cell recordings in cortical neurons during whisker deflection directly demonstrated 
that synaptic depression of thalamic input to the cortex contributes to rapid adaptation 
of sensory responses (Chung, Li et al. 2002). Selective attention, the ability of an 
organism to filter out relevant information in the face of distractors, can build upon 
just such synaptic process. Layer V pyramidal neurons in PFC handle diverse incoming 
information from mediodorsal thalamus and from local neurons and these connections 
are important in mediating executive functions such as for example working memory 
(Floresco, Braaksma et al. 1999). Short-term depression on this level may represent a 
higher level of sensory adaptation that can be expressed as decreased levels of attention 
and responsiveness. Reduced short-term plasticity after nicotine exposure compromises 
the ability of prefrontal neurons to efficiently filter out irrelevant information. 

Long-term plasticity
I demonstrate in Chapter 4 that mGluR2 signalling can bidirectionally modulate 
STDP: blocking mGluR2 leads to increased LTP in control animals, while activation 
it this receptor abolishes LTP in nicotine-treated animals. I also show that the ability 
to undergo LTP is increased in synapses of animals exposed to nicotine during 
adolescence. Augmenting mGluR2 signalling in nicotine-treated animals reduces LTP 
levels, mimicking the normal situation, while reducing mGluR2 signalling by agonist 
in control animals mimics adaptations caused by nicotine and increases LTP levels 
(Figure 1).

STDP is thought to play an important role in cortical maturation and during 
the critical period of development in rat primary somatosensory cortex, maturation 
of sensory maps strongly depends on the ability of thalamocortical circuits to undergo 
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long-term potentiation (LTP) or depression (LTD) (Feldman, Nicoll et al. 1999; 
Feldman and Brecht 2005). During this early developmental period mGluR2 was also 
shown to play a role in refinement of thalamocortical connections in somatosensory 
cortex by providing a feedback mechanism to prevent excessive excitation (Mateo and 
Porter 2007). Furthermore, mGluR2 was demonstrated to play an important role in 
plasticity. In hippocampus this receptor is necessary for induction of LTD and regulates 
LTP, possibly by acting as a switch to permit the induction of LTD by inhibiting LTP 
(Yokoi, Kobayashi et al. 1996; Nicholls, Zhang et al. 2006; Bellone, Luscher et al. 
2008). We find that both levels and function of mGluR2 are decreased 5 weeks after 
adolescent nicotine exposure and thus mGluR2 involvement in inhibiting LTP would 
also diminish. This can explain the lasting increases in LTP in nicotine-treated animals 
and supports a key role for mGluR2 in synaptic refinements in developing PFC.

Although STDP is not directly linked to attention performance, the ability 
to associate goal-relevant information is crucial for any cognitive behaviour. Increase 
in LTP observed after adolescent nicotine exposure suggests that sparse coding of 
information by prefrontal network can become less efficient. The same amount of pre- 
and postsynaptic activity results in more potentiation in animals exposed to nicotine, 
so that more synapses will be strengthened and more neurons will be engaged in the 
network activity. Consequently, even irrelevant distracting stimuli would lead to 
associative synaptic plasticity and thereby be mistakenly be associated by the network, 
while in control animals the same stimuli could be disregarded. 

In conclusion, on the information processing level, reduced mGluR2 levels lead 
to increased excitatory transmission (less mGluR2-dependent inhibition of EPSCs), 
increased LTP and reduced short-term plasticity. All these effects may serve a common 
goal – to provide more excitation in the prefrontal cortex neuronal network. Given the 
important role of global inhibition in sparse coding of information (Poo and Isaacson 
2009), this possibly may lead to a less efficient ability to associate, filter and select 
information. The impaired plasticity in PFC mediated by reduced mGluR2 signalling 
is a possible neural substrate underlying lasting impairment of attention after nicotine 
exposure during adolescence. It is remarkable that these lasting adaptations caused 
by nicotine have an opposite impact on the function of prefrontal network than the 
direct effects of nicotine and nicotine exposure. In contrast to lasting consequences 
of nicotine exposure, the short-term effects (upregulation of stimulating nAChRs on 
inhibitory interneurons, decreased LTP and increased mGluR2 levels) contributed to 
an overall increase in inhibition. This dichotomy in nicotine effects can also be seen 
at the behavioural level, where the short-term effects of nicotine are contrary to the 
long-term effects. Cognitive performance and selective attention temporally improve 
after exposure to nicotine or nicotinic agonists (Hahn, Sharples et al. 2003; Sarter, 
Hasselmo et al. 2005) while in the long run cognitive performance and attention of 
nicotine-exposed animals during adolescence are reduced (Fountain, Rowan et al. 
2008; Counotte, Spijker et al. 2009). In conclusion, long-term neural adaptations after 
nicotine exposure most likely are a compensatory response of the prefrontal neuronal 
network to the direct action of nicotine and should be considered in the context of 
developing adolescent brain. This possible model of short- and long-term effects of 
adolescent nicotine exposure is summarized in Figure 1.

At present, this model of long-term nicotine effects remains speculative and direct 
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evidence that initial nicotine-induced inhibition leads to long-term compensatory 
adaptations in prefrontal network is lacking. A possible future direction could be to 
directly test whether increased inhibitory tonus in PFC during adolescence can result 
in the same long-term effects presented in this thesis. An optogenetic approach, a 
recent technique that enables controlling activity of targeted neurons in freely moving 
animals can offer a solution (Deisseroth 2011). Selectively activating prefrontal fast-
spiking interneurons expressing channelrhodopsin-2 (ChR2) was shown to suppress 
gamma oscillations which are hypothesized to enhance information processing (Sohal, 
Zhang et al. 2009). Thus, increased inhibition in PFC affects cognitive function. Future 
investigations may reveal whether such increased inhibitiory transmission during 
adolescence can lead to increased excitation in prefrontal network and ultimately to 
lasting cognitive deficits.

Nicotine exposure in the context of adolescent brain development
One of the remarkable features of adolescent brain development is its prolonged 
time course and hierarchy in maturation of brain areas. Cortical functions are not 
set after birth but become fine-tuned with development – brain regions associated 
with more basic functions such as sensory and motor processes mature first, followed 
only around adolescence by association areas (PFC) involved in top-down control of 
behaviour (Casey, Tottenham et al. 2005). A number of models stress this feature of 
adolescent brain development to explain adolescent vulnerability to addiction and 
related psychopathology (anxiety and depression disorders). For example, a triadic 
model of adolescent development explains the tendency during adolescence for 
novelty seeking in uncertain or potentially harmful conditions by a strong reward 
system (nucleus accumbens, NAcc), a weak harm-avoidance system (amygdala), and 
an inefficient supervisory system (medial/ventral prefrontal cortex) (Ernst, Pine et al. 
2006). Furthermore, unique characteristics of adolescence such as sensitivity to drugs 
of abuse are explained by a shift in the balance between mesocortical and mesolimbic 
dopamine systems (Spear 2000); frontal cortical and subcortical monoaminergic 
systems (Chambers, Taylor et al. 2003) or different timetables of maturation for 
behavioral and cognitive systems (Steinberg 2005). One thing that all these models 
have in common is that they point to the developmental imbalance that emerges during 
adolescence between highly activated reward related areas with their projections (NAcc 
and VTA) and still immature top-down control over behaviour mediated by PFC. This 
imbalance may explain particular vulnerability of adolescent brain to addictive drugs 
such as nicotine (reviewed in Chapter 1). 

Moreover, it seems that this developmental imbalance can also be further 
exaggerated by the effects nicotine exerts on the developing prefrontal circuitry and 
subcortical limbic areas. Indeed, if we consider the sum of short-term nicotine actions 
in adolescent PFC, they add to the increased levels of inhibition within PFC – nicotine 
increases spontaneous inhibitory transmission in all cortical layers. In this manner 
nicotine hampers communication between cell body and distal synapses in pyramidal 
neurons. As a result, stronger postsynaptic activity is required to overcome this increased 
inhibition to induce plasticity. This may potentially diminish the function and output of 
PFC as a whole. Finally, chronic nicotine exposure of immature adolescent PFC serves 
to enhance this effect by increasing the number of functional nAChRs on inhibitory 
interneurons and mGluR2 on excitatory projections. Thus, the overall effect of nicotine 
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in PFC may lead to increased levels of inhibition in the network.
In contrast to these changes in the PFC, the effects of nicotine receptor activation 

in brain regions associated with mediating rewarding effects of drugs are quite different. 
In the VTA nicotine enhances the synaptic strength and produces LTP of excitatory 
synapses onto VTA dopaminergic (DA) neurons (Mansvelder and McGehee 2000; Saal, 
Dong et al. 2003). Within the DA target area of the striatum, the NAcc, acetylcholine-
releasing interneurons provide dense cholinergic innervation (Zhou, Liang et al. 2001). 
Activation of nicotinic acetylcholine receptors facilitates GABA-mediated inhibition 
of medium spiny output neurons (de Rover, Lodder et al. 2002) and thus may interfere 
with endogenous cholinergic signalling. Therefore, by acting at the source of DA (in 
the midbrain) and at the target of DA fibers (in the striatum), nicotinic mechanisms 
exert multiple regulatory influences over reward-mediating brain areas.

Also in these areas unique sensitivity of the adolescent brain to nicotine was 
demonstrated. For example, nicotine produces an increase in NAcc dopamine levels that 
are higher in adolescent versus adult rats (Azam, Chen et al. 2007; Shearman, Fallon 
et al. 2008). Also in the midbrain, upregulation of nAChRs after adolescent nicotine 
treatment is more prolonged (1 month) and occurs at exposures that produce plasma 
concentrations as little as one-tenth of those in regular smokers (Abreu-Villaca, Seidler 
et al. 2003). Functional upregulation of nAChRs in VTA DA neurons increases their 
excitability and would favour induction of drug-induced LTP of the excitatory inputs 
they receive. Ultimately, these neuronal events would promote the induction of long-
term sensitization in the reactivity of these cells and lead to behavioral sensitization 
(addiction) (Govind, Vezina et al. 2009). Thus, in contrast to inhibitory actions in 
PFC, nicotine in VTA leads to increased excitability of DA neurons and this effect 
seems to be even more pronounced during adolescence.

These responses of limbic circuitry to nicotine are paralleled by an increased 
sensitivity to the rewarding properties of nicotine in adolescent smokers (Chen and 
Millar 1998). Adolescent rodents show similar sensitivity to nicotine: they acquire 
nicotine self-administration more readily and take higher amounts of drug, than adults 
(Levin, Rezvani et al. 2003; Chen, Matta et al. 2007; Levin, Lawrence et al. 2007); they 
spend more time in the nicotine-paired chamber at lower doses (Vastola, Douglas et 
al. 2002; Belluzzi, Lee et al. 2004; Shram, Funk et al. 2006; Kota, Martin et al. 2007; 
Torres, Tejeda et al. 2008) and even a single conditioning trial can elicit a conditioned 
place preference response (Belluzzi, Lee et al. 2004; Brielmaier, McDonald et al. 2007). 
So why are adolescents more sensitive to nicotine?

One possible explanation may be the combination of two overlapping and each 
other amplifying processes. In the VTA, nicotine increases the excitability and output 
of DA neurons while this area is already under strong developmental activation during 
adolescence (Ernst, Pine et al. 2006; Galvan, Hare et al. 2007). By contrast, nicotine 
induces inhibition in adolescent PFC and would hamper still immature top-down 
cognitive control of addictive behaviour. Furthermore, both increased dopaminergic 
activation and reduced PFC control represent the effects common for neurobiological 
mechanisms of addiction. Drug-evoked plasticity in the VTA is thought to constitute 
an initial permissive step in establishing addiction-related behaviours while changes in 
the NAcc and PFC is critical for the expression of these behaviours (Kalivas, Lalumiere 
et al. 2009; Luscher and Malenka 2011).

Because of this dual action of nicotine in reward circuitry, this drug may play a 
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gateway role in addiction and promote addiction to other drugs. Indeed, epidemiological 
studies have shown that nicotine increases the likelihood of subsequent use of other 
addictive substances (Kandel, Yamaguchi et al. 1992). More evidence comes from 
animal studies in which brief exposure to nicotine during adolescence has been shown 
to enhance the rewarding properties of other drugs. Repeated exposure of rats to 
nicotine enhances the psychomotor effects of amphetamine. Moreover, the nicotinic 
receptor antagonist mecamylamine completely blocks the induction of behavioural 
sensitization to amphetamine and also prevents the development of cocaine-induced 
behavioural sensitization (Schoffelmeer, De Vries et al. 2002). Also for these effects 
of nicotine adolescent animals are more sensitive than adults: nicotine treatment 
produces cross-sensitization to the locomotor effects of cocaine and amphetamine in 
adolescent, but not adult, male rats (Collins, Montano et al. 2004; Collins, Wade et 
al. 2004). In addition, self-administration of other drugs can be enhanced by nicotine. 
Intravenous administration of a low nicotine dose for four days during adolescence 
enhances subsequent acquisition of cocaine self-administration (McQuown, Belluzzi 
et al. 2007). Thus, nicotine influences the reward-processing in the brain by acting on 
multiple targets and in this way can precipitate dependence to other drugs of abuse.

In conclusion, nicotine effects emphasize the developmental imbalance between 
inefficient cognitive control and strong reward system. In PFC nicotine leads to the 
prevalence of inhibition in the network function, while in reward areas it causes 
overexcitation. These effects of nicotine can facilitate dependence (also to other drugs 
of abuse) by further displacing the weight from top-down control to more impulsive 
automatic behaviour. This compromises the normal course of brain development 
and leads to long-term compensatory adaptations permanently affecting prefrontal 
function.

Relevance for the human brain
The crucial question in neuroscience is that of the relevance of findings on the animal 
brain for human situation, especially in explaining the mechanisms of more complex 
information processing in cognitive networks. Human epidemiological studies have 
identified important links between adolescent smoking and future risk to develop 
cognitive or mood disorders in later life (Brown, Lewinsohn et al. 1996; Choi, Patten 
et al. 1997; Brook, Schuster et al. 2004; Deas 2006). Also, functional and structural 
imaging studies have been indispensable in identifying delayed development of 
prefrontal cortex (Gogtay, Giedd et al. 2004) and its vulnerability for nicotine effects 
during adolescence ( Jacobsen, Mencl et al. 2007). However, in humans it is extremely 
difficult or even impossible to study the causal relationships between nicotine exposure 
and functional adaptations on the synaptic level. Here, rodent models can provide 
unique opportunities. Rodents not only share key areas of the reward pathway with 
humans, the entire set-up of the brain, neurotransmitter signalling and expression of 
channels and receptors are nearly identical. Humans and rats have functionally and 
anatomically similar PFC and express the same subtypes of nicotinic receptors in the 
brain (Paterson and Nordberg 2000; Uylings, Groenewegen et al. 2003). Moreover, 
rats undergo the same developmental stages as humans and display typical behaviours 
and similar brain maturation timeline and pattern during adolescence (McCutcheon 
and Marinelli 2009). Thus, research in rodent may aid to fill some of the gaps in our 
understanding of the way human PFC reacts to adolescent nicotine exposure.
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However, for more complex information processing involving plasticity in 
neuronal networks such as spike timing-dependent plasticity (STDP), the relevance 
of animal research may not be so evident. STDP relies on the ability of neuronal 
networks to constantly fine-tune synaptic connections in response to experience-
driven activity. This type of plasticity underlies some forms of learning and associative 
memory, cognitive processes that are thought to constitute the core of human nature 
(Letzkus, Kampa et al. 2007). In rodents, acute nicotine application can change the 
rules for plasticity at excitatory synapses not only in PFC but also in other reward 
areas (Mansvelder and McGehee 2000; Couey, Meredith et al. 2007). One of the most 
prominent findings in my thesis is that nicotine also affects STDP in adolescent rats 
and nicotine exposure leads to persistent changes in STDP rules. Given the role of 
prefrontal network in maintenance of patterns of activity that represent goals and 
the means to achieve them (Miller and Cohen 2001), long-term changes in rules of 
plasticity can lead to suboptimal internal representations and impair goal-directed 
behaviour. Indeed, we find that attention performance is impaired in adult animals 
exposed to nicotine as adolescents.

The question remains, can we extrapolate our STDP findings to human 
situation if rules of STDP in human synapses are unknown? A timing-dependent 
form of plasticity can be induced in the human brain by pairing transcranial magnetic 
stimulation (TMS) of the motor cortex, with peripheral nerve stimulation (Stefan, 
Kunesch et al. 2000; Wolters, Sandbrink et al. 2003; Wolters, Schmidt et al. 2005). 
This non-invasive technique provides evidence that motor learning involves STDP-
like changes in the intact human central nervous system. However, in the absence of 
invasive neuronal recordings, any hypothesis about the precise nature or location of 
the cellular correlates of this type of plasticity remains speculative. Research described 
in Chapter 5 is the first attempt to overcome these limitations and to directly record 
STDP from human cortical synapses. We show that despite some differences adult 
human and rodent cortical synapses share core principals and molecular mechanisms 
of STDP. Both species display LTP at negative timing intervals, the highest change 
in synaptic strength after almost coincident activation (timing intervals close to 0) 
and broad temporal window of association. Furthermore, this plasticity depends on 
NMDA receptors and L-type VGCC in both rat and human. Also the passive and 
active properties of human and rat neurons were very similar. Although the temporal 
window for both human and rat STDP in our study deviates from classical Hebbian 
plasticity, the resulting synaptic timing rules can explain the inverse timing rules 
observed in human subjects in vivo (Stefan, Kunesch et al. 2000; Ridding and Taylor 
2001; Thabit, Ueki et al. 2010). 

The common rules and mechanisms of STDP in rat and human indicate that 
mammalian species rely upon similar neurobiological process to achieve activity-driven 
reshaping of the neuronal networks. Although the volume of the rat brain constitutes 
only a small percentage of the human brain, on the synaptic and cellular level the 
brains of these species are very similar in their functioning. Thus, animal research offers 
excellent opportunities to model addictive human behaviour and explore its cellular 
mechanisms. All these similarities taken into account, our findings in rodents may 
therefore shed light on the long-term consequences of teenage smoking in humans.
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Conclusions
The results presented in this thesis pinpoint adolescence as a period of special 
vulnerability to long-term consequences of nicotine. This vulnerability can be explained 
by developmental imbalance between a delayed maturation of PFC compared to 
already fully functioning subcortical reward system. In addition, the direct actions of 
nicotine in these areas can further promote this imbalance, by stimulating the activity 
in dopaminergic reward areas while at the same time increasing inhibition in prefrontal 
network. When still readjusting, plastic PFC circuitry becomes repeatedly exposed to 
nicotine, the network responds with compensatory long-term adaptations opposite to 
the initial nicotine-induced inhibition. The core of these adaptations is the reduction 
in mGluR2 signalling which has profound functional consequences: it leads to overall 
disinhibition, changes the way information is processed in prefrontal network and, 
ultimately, leads to deficits in cognitive functions.

Although my research was performed in rodents, these results are highly relevant 
for the human situation. Despite small volume of the rat brain, the reward circuitry is 
similar to humans and consists of the same structures, including PFC and its important 
connections. I show in Chapter 5, that even on the level of complex information 
processing rodent synapses follow similar rules and cells show almost identical active 
and passive properties. Therefore, also for humans, smoking during adolescence can lead 
to the same adaptations in network function and cause cognitive deficits. Importantly, 
the damaging consequences of adolescent nicotine exposure seem to be permanent and 
possibly persist even after quitting smoking. 

Societal implications of the findings in this thesis
Adolescents generally tend to underestimate the health risks of smoking and think that 
they can quit anytime if they want to, despite epidemiological studies emphasizing 
the opposite. It is therefore crucial to educate adolescents and children about the life-
long consequences of experimenting with cigarettes during this critical developmental 
period. The best way to avoid nicotine damage to brain function is to avoid smoking 
completely. Thus, this kind of education should reach as many children as possible, 
for example as a part of school program, and start at an early age to be able to fully 
prevent adolescent smoking. Finally, since children and adolescents learn by role model 
examples (Vink, Willemsen et al. 2003), a good way to prevent adolescent smoking 
would be to prohibit smoking at and near schools. This would include smoking by 
teachers and parents.
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Summary
The prefrontal cortex, the area responsible for higher executive functions such as 
long-term planning, decision-making, attention and cognitive control, is one of the 
last areas to mature and is still actively developing during adolescence. This places the 
adolescent brain in a vulnerable state of imbalance, susceptible to the influence of 
psychoactive substances such as nicotine. In prefrontal networks, nicotine modulates 
information processing on multiple levels by activating and desensitizing nicotine 
receptors on different cell types and in this way affects cognition. The prefrontal 
cortex of adolescents is especially sensitive to the effects of nicotine, possibly due to its 
immature state. Studies in human subjects indicate that smoking during adolescence 
increases the risk of developing psychiatric disorders and cognitive impairments in later 
life. In addition, adolescent smokers often suffer from attention deficits that aggravate 
with the years of smoking. Based only on human studies, it is difficult to distinguish 
cause and effect of nicotine exposure and potential lasting effects on cognitive function. 
The neurobiological mechanisms underlying lasting nicotine effects on the function of 
prefrontal networks are still unknown. Animal models of nicotine exposure, in contrast, 
can offer more insight in mechanisms of lasting adaptations caused by nicotine during 
adolescence.

This thesis addresses the short- and long-term effects of nicotine on the 
adolescent prefrontal cortical function and cognitive behavior. For this purpose, 
adolescent smoking was modelled in rat and nicotine injections were used during the 
developmental period equivalent to adolescence in humans. The short-term effects of 
nicotine exposure were studied on the first day of the withdrawal while the long-term 
effects were assessed 5 weeks later in adult animals. The functional adaptations on 
synaptic level caused by nicotine are central to my work. 

In Chapter 2 I addressed the question whether adolescent nicotine exposure 
leads to changes in nicotinic receptor expression and synaptic function of interneurons 
in PFC. Adolescent, but not adult nicotine exposure resulted in transient increases 
in the expression of high-affinity nicotine receptor of α4β2 subtype on the first day 
of withdrawal. This receptor is predominantly expressed on cell bodies and dendrites 
of interneurons in PFC and I showed that their nicotinic modulation is increased. 
However, this increase in α4β2 nicotine receptors was transient in nature and 5 weeks 
later returned to normal levels.

In Chapter 3 the question was addressed which long-term molecular and 
synaptic adaptations in PFC take place following adolescent nicotine exposure. Based 
on proteomics screening of all synaptic proteins in prefrontal cortex, lasting molecular 
adaptations secondary to nicotinic effects could be traced. In particular, the inhibitory 
mGluR2 autoreceptor was significantly downregulated 5 weeks after nicotine exposure. 
In chapter 3 I investigated the function of this receptor on principal neurons (pyramidal 
cells in layer V) in PFC, its location and its modulation of excitatory transmission. I 
showed that mGluR2-dependent inhibition of principal neuron in PFC together with 
short-term plasticity was also decreased 5 weeks after adolescent nicotine exposure. 
In addition, stimulating this receptor by intra-PFC infusion of mGluR2/3 agonist 
could reverse the nicotine-induced lasting impairment of attention performance. Thus, 
mGluR2-dependent inhibition is proposed as the synaptic mechanism underlying 
lasting effects of nicotine exposure during adolescence, leading to reduced synaptic 
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information filtering and attention.
In Chapter 4 I examined how nicotine during adolescence can have lasting 

impact on complex information processing in PFC such as spike-timing dependent 
plasticity. I showed that adult animals show more spike-timing dependent potentiation 
as a result of nicotine exposure during adolescence. Building on Chapter 3, I propose 
that reduced mGluR2 signaling disinhibits prefrontal network and is responsible for 
this effect.

Finally, in Chapter 5, I tried to link my findings on synaptic plasticity in rodent 
cortex to the way human synapses process information, stressing the relevance of animal 
research for understanding the function of human brain. This is the first attempt in 
the field to study mechanisms and rules of STDP in human cortical synapses. For this 
purpose we used healthy neocortical tissue cut from epilepsy patients undergoing deep 
brain surgery. We found that despite few important differences, the core mechanisms 
and rules of plasticity are shared by both rat and human.

The results of this work offer an insight in long-term functional adaptations on 
the level of information processing in prefrontal networks caused by nicotine exposure 
during adolescence. I conclude my thesis with Chapter 6 where I argue that these lasting 
effects of nicotine represent compensatory adaptations in prefrontal network aimed 
to counteract the initial inhibitory nicotinic effects on adolescent PFC function. The 
core of these adaptations is the reduction in mGluR2 signalling which has profound 
functional consequences: it leads to overall disinhibition of the network and in this way 
changes the way information is processed and, ultimately, leads to deficits in cognitive 
functions.

Although my research was performed in rodents, these results are highly relevant 
for the human situation. Despite the smaller volume of the rat brain, the reward 
circuitry is similar to humans and consists of the same structures, including the PFC 
and its important connections. As I show in Chapter 5, even on the level of complex 
information processing rodent synapses follow similar rules and cells show almost 
identical active and passive properties. Therefore, also for humans, smoking during 
adolescence may lead to the same adaptations in network function and cause cognitive 
deficits. Importantly, the damaging consequences of adolescent nicotine exposure seem 
to be permanent and possibly persist even after quitting smoking. 

It is therefore crucial to educate adolescents and children about the life-long 
consequences of experimenting with cigarettes during this critical developmental 
period. The best way to avoid nicotine damage to brain function is to avoid smoking 
completely.
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Nederlandse samenvatting
De prefrontale cortex (PFC), het hersengebied verantwoordelijk voor hogere 
cognitieve functies zoals plannen van gedrag, het richten van aandacht, werkgeheugen 
en zelfcontrole, komt als laatste tot volle ontwikkeling en is nog aan het reorganiseren 
tijdens adolescentie. Dat plaatst het adolescente brein in een kwetsbare onevenwichtige 
toestand en maakt het extra vatbaar voor de invloed van psychoactieve stoffen zoals 
nicotine. In het prefrontale netwerk werkt nicotine op nicotine receptoren op 
verschillende typen cellen en daarmee moduleert het informatieverwerking op meerdere 
niveaus en heeft invloed op cognitieve functies. Onderzoek bij mensen toont aan dat 
roken tijdens adolescentie het risico verhoogt op het ontwikkelen van psychiatrische en 
cognitieve aandoeningen op latere leeftijd. Adolescente rokers hebben ook meer last van 
aandachtstoornissen. Toch is het moeilijk om alleen op basis van mensenstudies oorzaak 
en gevolg van elkaar te onderscheiden en de lange termijn consequenties van roken op 
cognitie te bestuderen. De neurobiologische mechanismen die verantwoordelijk zijn 
voor de lange termijn effecten van nicotine zijn nog steeds onbekend. 

In mijn proefschrift stel ik de vraag wat de korte en lange termijn effecten zijn 
van nicotine blootstelling tijdens adolescentie op de functie van de prefrontale cortex 
en cognitief gedrag, en welke mechanismen hieraan ten grondslag liggen. Adolescent 
roken werd gemodelleerd in ratten door middel van nicotine injecties tijdens het 
ontwikkelingsperiode equivalent aan adolescentie in mensen. Op de eerste dag na de 
blootstelling werden de korte termijn effecten van nicotine bestudeerd, terwijl de lange 
termijn effecten van nicotine 5 weken later in volwassen dieren werden onderzocht. 
De functionele aanpassingen op synaptisch niveau veroorzaakt door nicotine staan 
centraal in mijn werk. 

In hoofdstuk 2 heb ik een antwoord gezocht op de vraag of nicotine blootstelling 
tijdens adolescentie tot veranderingen in expressie van nicotine receptoren leidt en 
daarmee de functie van interneuronen in de PFC verandert. Adolescente, maar niet 
adulte nicotine blootstelling resulteerde in de verhoging in expressie van hoge affiniteit 
nicotine receptor van α4β2 subtype op de eerste dag na de blootstelling. Deze receptor 
is vooral gevonden op de cel lichamen en dendrieten van interneuronen en ik heb 
aangetoond dat nicotine modulatie van deze cellen ook verhoogd was. 

In hoofdstuk 3 heb ik onderzocht welke lange termijn moleculaire en synaptische 
adaptaties in PFC gevolg zijn van nicotine blootstelling tijdens adolescentie. Gebaseerd 
op de iTRAQ proteomics screening van alle synaptische eiwitten in PFC, werden 
langdurige veranderingen in synaptische eiwitten getraceerd. Met name het eiwitniveau 
van inhibitoire mGluR2 autoreceptor was significant afgenomen 5 weken na nicotine 
blootstelling. In hoofdstuk 3 heb ik de functie van deze receptor op de pyramidaalcellen 
in laag 5 bestudeerd, waar deze receptroen zich bevinden en hoe ze synaptische 
transmissie moduleren. Ik heb aangetoond dat mGluR2-afhankelijke inhibitie van 
pyramidaalcellen in de PFC samen met korte termijn plasticiteit afnam, 5 weken na 
adolescente nicotine blootstelling. Stimulering van deze receptor door intra-PFC 
infusie van mGluR2/3 agonist kon de nicotine-geinduceerde langdurige aandoening 
van attentie terugdraaien. Daarmee kon mGluR2-afhankelijke inhibitie aangewezen 
worden als synaptisch mechanisme dat de effecten van nicotine blootstelling tijdens 
adolescentie veroorzaakt en leidt tot gereduceerde synaptische informatie filtering en 
attentie gedrag.
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In hoofdstuk 4 heb ik onderzocht hoe nicotine tijdens adolescentie een 
langdurige impact kan hebben op complexe informatie verwerking in PFC zoals spike-
timing afhankelijke plasticiteit. Ik heb aangetoond dat volwassen proefdieren meer 
spike-timing afhankelijke potentiatie hebben als gevolg van nicotine blootstelling 
tijdens adolescentie. Verder bouwend op hoofdstuk 3, stel ik voor dat gereduceerde 
mGluR2 signalling het prefrontale netwerk dis-inhibeert en verantwoordelijk is voor 
dit effect.

Ten slotte heb ik in hoofdstuk 5 geprobeerd mijn bevindingen aan synaptische 
plasticiteit in de cortex van een rat te vergelijken met de manier waarop menselijke 
synapsen informatie verwerken. Daarbij heb ik nadruk gelegd op de relevantie van 
proefdier onderzoek voor het begrijpen van de functie van mensenbrein. Dit is de eerste 
poging op het gebied van neurowetenschappen om mechanismen en regels van spike-
timing afhankelijke plasticiteit in mensen corticale synapsen te bestuderen. Hiertoe 
hebben wij neocorticaal hersenweefsel gebruikt dat uit de hersenen van epilepsie 
patiënten is verwijderd tijdens chirurgische behandeling. Hoewel de menselijke 
synapsen unieke eigenschappen bezitten, delen de synapsen van mens en rat dezelfde 
basale mechanismen van plasticiteit.

De resultaten van mijn werk bieden meer inzicht in langdurige functionele 
adaptaties op het niveau van informatie verwerking in prefrontale netwerken die 
veroorzaakt zijn door nicotine blootstelling tijdens adolescentie. Ik sluit mijn 
proefschrift af met een algemene discussie in hoofdstuk 6, waarin ik beweer dat 
langdurige effecten van nicotine compensatoire adaptaties zijn die de aanvankelijke 
effecten van nicotine op adolescente PFC functie tegengaan. Ik beargumenteer dat als 
tijdens adolescentie nog het plastische en reorganiserende PFC netwerk herhaaldelijk 
blootgesteld wordt aan nicotine, het netwerk zal responderen met compensatoire 
adaptaties die tegenovergesteld zijn aan de onmiddellijke inhiberende effecten van 
nicotine. De kern van deze adaptaties is de initiële toename en uiteindelijke afname 
van mGluR2 signalling met diepgaande functionele gevolgen: het leidt tot algemene 
disinhibitie van het netwerk en daarmee verandert het de manier waarop informatie 
word verwerkt en die uiteindelijk leiden tot verminderd cognitief functioneren.

Hoewel mijn onderzoek is gedaan aan knaagdieren, zijn deze resultaten zeer 
relevant voor de menselijke situatie. Ondanks het kleine volume van het rattenbrein, 
zijn de belangrijkste hersengebieden zoals de PFC en zijn verbindingen vergelijkbaar 
aan de menselijke hersenen. Zoals ik in hoofdstuk 5 laat zien, volgen zelfs op het niveau 
van complexe informatie verwerking de synapsen van een rat gelijksoortige regels en 
hebben bijna identieke passieve en actieve eigenschappen. Daarom kan het roken 
tijdens adolescentie leiden tot dezelfde adaptaties in netwerk functie van de menselijke 
PFC en daarmee tot attentie stoornissen zoals het in rat gebeurt. Het is belangrijk te 
realiseren dat blootstelling aan nicotine tijdens adolescentie permanente sporen achter 
laat, ook na het stoppen met roken. 

Het is daarom van cruciaal belang tieners (en hun ouders) voor te lichten over de 
levenslange consequenties en de prijs die betaald wordt door roken of experimenteren 
met sigaretten tijdens deze kritieke ontwikkelingsperiode. De beste manier om nicotine 
schade te ontlopen is om het roken helemaal te vermijden.
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