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Adolescence is a period of increased vulnerability to the long-term effects of drugs of abuse, 

such as nicotine from tobacco smoking. Adolescent nicotine exposure in humans has been 

shown to cause both short-term decrements in attentional performance [1], and 

epidemiological research suggests long-lasting effects that encompass an increased chance 

of developing behavioral problems and psychiatric disorders [2]. However, from these human 

data it is unclear whether these effects are directly caused by adolescent nicotine use, and 

the underlying molecular en cellular mechanisms are unknown.  

 

Chapter 2. Development of synapses in the medial prefrontal cortex 

The first aim of my thesis was to investigate the molecular differences between adolescent 

and adult synapses in the rat medial prefrontal cortex (mPFC). Postnatal brain development 

continues throughout adolescence into young adulthood. In particular, synapse strengthening 

and elimination are prominent processes during adolescence. However, molecular data of 

this relatively late stage of synaptic development is sparse. In this chapter, I used iTRAQ-

based proteomics and electron microscopy to investigate the molecular composition of a 

synaptic membrane fraction from adolescent (P34 and P44) and adult (P78) rat medial 

prefrontal cortex (mPFC). Differential expression of proteins was most prominent between 

early adolescence and young adulthood (35%, P34 to P78), with an over-representation of 

cell-membrane proteins during adolescent development (between P34 and P44), and 

synaptic vesicle proteins between late adolescence to young adulthood (P44 to P78). 

Indicative for the critical period of development, I found that between P34 and P44 a 

substantial number of proteins was differentially expressed (14%), much more than during the 

period after adolescence, i.e. between P44 and P78 (5%). A striking observation was the 

developmental non-stoichiometric regulation of distinct classes of proteins from the synaptic 

vesicle and the pre-synaptic release machinery. Electron microscopy demonstrated a small 

change in number of docked vesicles between P34 and P44, but not in total number of 

synaptic vesicles and in size of the vesicle cluster. I conclude that the molecular composition 

of synapses, and more specifically the synaptic release machinery, of the mPFC changes 

drastically during adolescent development.  
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Chapter 3. Long-lasting cognitive deficits following adolescent nicotine exposure. 

My second aim was to investigate the long-term effects of adolescent nicotine exposure on 

cognitive performance. Male Wistar rats were exposed to either nicotine (3 times daily, 0.4 

mg/kg s.c.) or saline for ten days during (P34-43) or following (P60-69) adolescence. Five 

weeks later during adulthood, separate groups of animals were tested in operant paradigms 

taxing attention and distinct measures of impulsivity. Visuospatial attention and impulsive 

action were tested in the 5-choice serial reaction time task, whereas impulsive choice was 

assessed in the delayed reward task. My data show that adolescent, but not post-adolescent, 

nicotine exposure affects cognitive performance in adulthood and results in diminished 

attentional performance and increments in impulsive action, while leaving impulsive choice 

intact. This altered cognitive performance appeared to be associated with enhanced 

releasability of dopamine in the mPFC. Together, these data suggest that adolescence is 

indeed a time window during which the brain is vulnerable to long-lasting cognitive 

disturbances resulting from nicotine exposure. 

 

Chapter 4. Adolescent nicotine exposure transiently increases high-affinity nicotinic receptors 

in the mPFC 

In Chapter 4, I describe the expression of nicotinic receptors in the mPFC both one day and 

five weeks following adolescent nicotine exposure. Repeated exposure to nicotine, such as 

during smoking, elevates levels of high-affinity (α4β2*-containing) nicotinic receptors in the 

brain. In this chapter I tested the hypothesis that adolescent nicotine exposure has a different 

effect on the regulation of high-affinity nicotinic receptors. First of all I observed that binding of 

epibatidine to high-affinity nicotinic receptors decreases with age in the medial prefrontal 

cortex, but not in the occipital cortex, indicative for differential development of cortical and 

sensori-motor areas. And indeed, I found that in the medial prefrontal cortex (mPFC) nicotine 

exposure during adolescence, in contrast to exposure in adulthood, increases 3H-Epibatidine-

labeled α4β2*-containing nicotinic acetylcholine receptors (nAChRs) 24 h after the last 

injection. No effects were observed long-term after nicotine abstinence. This differential 

regulation of nAChRs in the mPFC after repeated nicotine exposure in adolescent versus 
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adult rats points to a role of α4β2*-containing receptors in mediating the acute rewarding 

effects of nicotine and might underlie the sensitivity of adolescents to nicotine. 

 

Chapter 5. Lasting synaptic changes underlie attention deficits caused by adolescent nicotine 

exposure. 

Finally, in Chapter 5 I used a proteomics approach to find synaptic proteins that are 

differentially expressed due to adolescent nicotine exposure to investigate the link between 

synaptic proteins in the mPFC that are affected by adolescent nicotine exposure on the long-

term and behavior in a cognitive paradigm. Using quantitative proteomics, synaptic 

physiology and an operant paradigm testing attention, I found that adolescent nicotine 

exposure induces lasting reductions in mGluR2 protein and function on presynaptic terminals 

of mPFC glutamatergic synapses, which alter short-term plasticity. Restoring mGluR2 activity 

in vivo by local infusion of a group II mGluR agonist in adult animals that received adolescent 

nicotine rescued attentional disturbances. The work presented in this chapter uncovers 

molecular and cellular changes induced by adolescent-nicotine exposure resulting in 

cognitive deficits in adult life, and provide a conceptual framework for studying the aetiology 

of attentional deficits. 

 

Conclusion 

In conclusion, adolescent nicotine exposure has deteriorating consequences, which seem to 

last a lifetime. The adolescent brain, and in particular the late-developing PFC is vulnerable to 

drug-induced alterations. We have shown that there are molecular differences between the 

mPFC of adolescent and adult rats, in which most of these developmental changes are 

related to synaptic vesicle proteins. Furthermore, adolescent nicotine exposure has short-

term effects on the regulation of nicotinic receptors, and on a small subset of glutamatergic 

synaptic proteins. Our most prominent results are the long-term effects of adolescent nicotine 

exposure, in which we show that down-regulation of mGluR2 has functional consequences for 

synaptic functions and adult cognitive behavior. 

In a broader perspective, this means that also for humans, adolescence may 

represent a period of increased vulnerability to develop drug addiction and cognitive 
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impairment due to adolescent nicotine use. It is therefore important to educate adolescents 

about the potentially life-long consequences of starting to smoke when their brains are still 

developing. Meanwhile, future research should focus further on the molecular and neuronal 

network changes that occur following adolescent drug exposure and how these translate into 

long-lasting effects on behavior. 

 


