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Abstract
Many individuals experience their first contact with tobacco smoking dur-
ing adolescence. Adolescent nicotine exposure has long-term effects on 
addictive and cognitive behavior. In this study, we investigated whether 
nicotine exposure during adolescence in the rat persistently modifies nico-
tinic receptor expression in the brain. We observed that binding of epiba-
tidine 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. Moreover, we found that 
in the medial prefrontal cortex (mPFC) nicotine exposure during adoles-
cence, in contrast to exposure in adulthood, increases 3H-Epibatidine-la-
beled 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 re-
peated nicotine exposure in adolescent versus 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.
 
Introduction
Smoking is the leading preventable cause of death and disability in the 
USA (Novick, 2000). Nicotine is the major addictive and neuroactive com-
pound in tobacco smoke. It can disrupt developmental events and cause 
long-lasting effects when administered during windows of vulnerability, 
such as during the neonatal or adolescent periods (Slotkin, 2004). Most 
adult smokers started their habit during adolescence (Chassin et al, 1996), 
and pre-clinical studies suggest there are different mechanisms driving 
nicotine use in adolescents and adults (Adriani et al, 2004b; Barron et 
al, 2005). A current hypothesis is that the positive effects of nicotine are 
larger in adolescents than in adults, whereas the negative effects associ-
ated with nicotine and withdrawal are smaller (O’Dell, 2009). Adolescence 
is a critical developmental period during which the brain, and notably the 
prefrontal cortex continues to mature, with processes such as synaptic 
pruning and myelination ongoing until approximately the age of 20 in hu-
mans (Casey et al, 2005). In rats, similar behavioral and developmental 
changes occur between approximately P25 and P50 (Spear, 2000). Be-
cause a difference in sensitivity was attributed to a differential expression 
of nicotinic acetylcholine receptors (nAChRs) in adults and adolescents 
exposed to nicotine in mice (Kota et al, 2009), we investigated develop-
mental differences in nAChRs in the prefrontal cortex, as well as nicotine-
induced regulation of nAChRs short- and long-term after adolescent or 
adult exposure.
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 Nicotine acts on nicotinic acetylcholine receptors (nAChRs), be-
longing to the superfamily of cys-loop ligand-gated ion channels. So far, 
12 nAChR subunits have been identified in mammals, classified into nine 
alpha-type and three beta-type subunits (Gotti et al, 2007). These sub-
units form different subtypes of pentameric receptors that can be either 
heteromeric (of which the most prevalent form is α4β2), or homomeric 
(for example α7). The different receptor subtypes show substantial brain-
region specific expression (Gotti et al, 2006). Nicotine has been shown to 
cause an increase of nicotinic receptors (Benwell et al, 1988; Marks et al, 
1983; Schwartz and Kellar, 1983), and chronic nicotine exposure causes 
an increase in high affinity nicotine binding, which is brought about by 
an increase of the cell surface expression of α4β2−type nAChRs (Wonna-
cott, 1990). In contrast, α7-type nAChRs are less prone to regulation by 
nicotine, which may be a consequence of their relatively low affinity for 
nicotine (Pauly et al, 1991).
 Nicotine administration during, but not following adolescence, 
causes long-lasting effects on cognitive, addictive and emotional tasks in 
rats (Adriani et al, 2003; Counotte et al, 2009; Iniguez et al, 2008). In 
addition, adolescent animals are more sensitive to display conditioned 
place preference (CPP) for nicotine than adult animals, and also, lower 
doses of nicotine produce place preference in adolescents (Belluzzi et 
al, 2004; Brielmaier et al, 2007; Shram et al, 2006; Vastola et al, 2002). 
This difference in reward sensitivity has specificity for nicotine, since D-
amphetamine administration does not produce a difference in CPP in ado-
lescent versus adult animals (Torres et al, 2008). This could (at least in 
part) be explained by a developmental and drug-induced difference in 
expression of nAChRs, as shown by ligand binding (Doura et al, 2008). 
This differential expression of nAChRs could be in part responsible for the 
long term alteration of sensitivity to nicotine upon adolescent nicotine ex-
posure (Torres et al, 2008). Also, adolescent nicotine exposure causes an 
increase in self-administration of nicotine, concomitant with an upregula-
tion of specific nAChR subunit mRNA levels, when animals have reached 
adulthood (Adriani et al, 2003). It is unknown whether the differential 
gene expression of nAChRs is accompanied by alteration of membrane 
protein expression and hence might be responsible for these behavioral 
differences.
 In the present study, we determined the differences in nAChR ex-
pression and subunit composition during post-natal cortical development 
in adolescent (P34 and P44) and adult (P70 and P104) rats. Furthermore, 
we examined the differences in the regulation of subunit expression 
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brought about by repeated nicotine administration in adolescent versus 
adult animals, both shortly after nicotine exposure and on the long-term 
(5 weeks following nicotine exposure). We choose to study two differ-
ent brain regions: the medial prefrontal cortex (mPFC), an association 
area that is believed to continue its development during adolescence, and 
the occipital cortex, which contains primary visual cortex. From human 
imaging data, it appears that primary cortical areas mature before corti-
cal association areas (Gogtay et al, 2004). We used radioactive ligands 
to bind the different receptor subtypes, and used antibodies specific to 
the different nAChR subunits to determine nicotine-induced regulation of 
the nAChR subtypes by immunoprecipitation. In addition, we examined 
whether regulation of nAChRs had effect on the nicotine-induced dop-
amine release in the mPFC.
 
Materials and Methods
Animals
Timed pregnant Wistar females 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 
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 postnatal day (P) 21, animals were weaned and housed 
two per cage. Only males were used in these experiments. The experi-
ments were approved by the Animal Users Care Committee of the Vrije 
Universiteit. 

Nicotine exposure
Animals were injected subcutaneously with either nicotine (0.4 mg/kg, 
calculated as the base ((-)Nicotine hydrogen tartrate salt; Sigma, St Lou-
is, MO, USA) or saline three times a day (at 10 AM, 1 PM and 3 PM) for 
10 days (n=10 animals per group). A second control group consisted of 
animals that were not injected, but only handled once a week to control 
for stress from the injections. Nicotine was administered to the adoles-
cent animals from P34-P43, whereas the other animals were exposed 
during adulthood (P60-P69). The saline and no-injection controls were 
littermates of the 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 
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being stored at -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 at 10.30 AM), 
30 minutes following the third injection (P34/P60 at 3.30 PM) and at the 
first withdrawal day (P44/P70). Following decapitation, trunk blood was 
collected, which was centrifugated at 600x g for 10 minutes to obtain 
plasma.

Plasma nicotine and cotinine levels
Extraction procedure
Extraction of nicotine and cotinine from plasma 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 with 2-phenylimidazole to verify 
extraction efficiency. To this, 20 μl of 20% NaOH was added, before 400 
μl of tert-butyl methyl ether (TBME) was added. After vortexing and cen-
trifugating at 10000x g for 3 minutes, the organic phase was transferred 
to a new tube. The extraction was repeated with 200 μl TBME. 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-metha-
nol-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.) was coupled to the Bruker micro TOF-Q instrument 
(Bruker Daltonics, Bremen, Germany) equipped with an electrospray ion-
ization source. Each LC separation lasted 15 minutes with a gradient as 
follows: 7 minute linear gradient from 0%B to 100%B, 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/min). For all separations 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 3000 Da. The instrument was 
calibrated by infusing 5 mM sodium formate in 50 % MeOH with 0.1% FA 
at flow rate of 4 μl/min. The data were analyzed with the Data Analysis 
4.0 software from Bruker.
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Antibody production and characterization
The subunit-specific polyclonal antibodies (Abs) (Champtiaux et al, 2003; 
Gotti et al, 2005a; Gotti et al, 2005b; Zoli et al, 2002) were produced in 
rabbit against peptides derived from the C-terminal and/or intracytoplas-
mic loop regions of the rat, human or mouse subunit sequences and affin-
ity purified as previously described (Zoli et al, 2002). 
Antibody specificity was checked by means of quantitative immunopre-
cipitation 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 Abs specific for the subunit 
of interest, and established the immunoprecipitation capacity of each Ab 
(Gotti et al, 2005a; Gotti et al, 2005b; Zoli et al, 2002). For the full char-
acterization 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 ma-
terial 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 the homogenates were diluted and cen-
trifuged for 1.5 at 60,000x g. The total membrane homogenization, dilu-
tion and centrifugation procedures were repeated, after which the 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 then re-
suspended 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 membranes, which were then extracted for 2 h at 4 °C. The ex-
tracts were centrifuged for 1.5 h at 60,000x g, recovered and an aliquot 
of the supernatants was collected for protein measurement using the BCA 
protein assay (Pierce) with bovine serum albumin as the standard.  

Binding studies
125I-αBungarotoxin (αBgt; s.a. 200 Ci/mmol (PerkinElmer Boston, USA)) 
binding experiments were performed by incubating mPFC and caudal cor-
tex 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 
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to the suspension buffer. Specific radioligand binding was defined as total 
binding minus non-specific binding determined in the presence of 1 mM 
cold αBgt.
3H-Epibatidine. In order to ensure that the α7-containing receptor sub-
types 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 caudal cor-
tex 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. Af-
ter 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 the 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 an-
tibodies
The tissue extracts were preincubated with 2 μM αBgt, labeled with 2 nM 
3H-Epi, and incubated overnight with a saturating concentration of affin-
ity purified anti-subunit IgG (20-30 μg, Sigma, St Louis, USA). The im-
munoprecipitation was recovered by incubating the samples with beads 
containing bound goat anti-rabbit IgG (Technogenetics, Milan, Italy). The 
level of antibody immunoprecipitation was expressed as the percentage 
of 3H-Epi-labeled receptors immunoprecipitated by the antibodies (taking 
the amount present in the Triton X-100 extracted solution before immu-
noprecipitation as 100%) or as fmol of immunoprecipitated receptors/mg 
of protein. 

Dopamine release
An additional cohort of 18 adolescent rats was exposed to nicotine or 
saline as described above. One day following nicotine exposure, animals 
were decapitated and the mPFC (infralimbic and prelimbic cortex) was 
rapidly dissected from the brain. In replicate experiments, brain tissue 
was sliced (0.3 × 0.3 × 2 mm). Subsequently, brain slices were incubated 
and superfused as described before (Schoffelmeer et al, 1988). Briefly, 
slices were incubated for 15 min in Krebs-Ringer bicarbonate containing 5 
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μCi [3H] dopamine (Radiochemical Centre, Amersham, Buckinghamshire, 
UK) in an atmosphere of 95% O2 - 5% CO2 at 37 °C. Since the mPFC has 
a dense noradrenergic innervation, 3 μM desipramine (Sigma, St. Louis, 
USA) was added to the medium of these brain structures in order to 
prevent accumulation of 3H-dopamine in noradrenergic nerve terminals. 
After labeling, slices were rapidly washed and transferred to each of the 
24 chambers of a superfusion apparatus (approximately 4 mg tissue in 
0.2 ml volume) and superfused (0.2 ml / min) with medium gassed with 
95% O2 - 5% CO2 at 37 °C. In each experiment, neurotransmitter release 
from brain slices of the two groups (nicotine and saline pre-treatment 
during adolescence) was studied simultaneously in 24 parallel superfu-
sion chambers. The superfusate was collected as 10-min samples after 40 
min of superfusion (t= 40 min). Neurotransmitter release was induced by 
exposing the slices to nicotine (10 μM for 15 min). The radioactivity re-
maining at the end of the experiment was extracted from the tissue with 
0.1 N HCl. The radioactivity in superfusion fractions and tissue extracts 
was determined by liquid scintillation counting. The efflux of radioactiv-
ity during each collection was expressed as percentage of the amount 
of radioactivity in the slices at the beginning of the respective collection 
period. The electrically evoked release of neurotransmitter was calculated 
by subtracting the spontaneous efflux of radioactivity from the total over-
flow of radioactivity during 15 min stimulation. A linear decline from the 
10-min interval before that 20-30 min after the start of stimulation was 
assumed for calculation of the spontaneous efflux of radioactivity. The re-
lease evoked was expressed as percentage of the content of radioactivity 
of the slices at the start of the stimulation period.

Statistical analyses
Data from plasma nicotine and cotinine level measurements were sub-
jected to univariate ANOVA with age of pretreatment (adolescent and 
adult) and timepoint as between-subject variables using the Statistical 
Package for the Social Sciences version 16 (SPSS Inc., Chicago, IL, USA). 
Data obtained from the 3H-Epi and 125I-αBgt binding assays as well as the 
immunoprecipitations were subjected to univariate ANOVA with age and 
treatment as between-subject variables. These data were treated sepa-
rately for the two timepoints (1 day and 5 weeks withdrawal). In case of 
statistically significant main effects, further post hoc comparisons were 
conducted using Student-Newman-Keuls Tests. The level of probability for 
statistically significant effects was set at 0.05. All data are displayed as 
mean values ± SEM.
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Figure 1. Plasma nicotine and cotinine levels during and after nicotine 
exposure. Plasma nicotine (A) and cotinine (B) levels from animals exposed dur-
ing adolescence (gray) or adulthood (black). Blood was collected at three different 
timepoints; 30 minutes following the first injection (N1.1), 30 minutes following 
the third injection on the same day (N1.3) and on the first day of withdrawal 
(W1). #p<0.1 compared to adult animals, *p<0.05 compared to adult animals, 
**p<0.01 compared with adult animals.

 
Results
Plasma nicotine levels
In order to determine the circulating levels of nicotine and its major psy-
choactive metabolite cotinine after nicotine exposure we measured plas-
ma levels of these substances in adolescent and adult animals at three 
different timepoints (Figure 1). A single injection of nicotine resulted in 
plasma nicotine levels of 46.8 ± 3.1 in the adolescent animals and 60.9 
± 5.2 in the adults (p=0.04) (Figure 1). These levels are comparable to 
those found in human smokers, which were reported to reach nicotine 
levels ranging from 4 to 72 ng/ml (Russell et al, 1980). In addition, re-
peated nicotine injections revealed an increase in the peak level in both 
treatment groups (Figure 1A; timepoint F(2,38)= 64.15, p<0.001). Also, 
this has been observed in human smokers (Hill et al, 1983; Isaac and 
Rand, 1972). Taken together, our administration protocol translates prop-
erly to humans concerning the circulating dose of nicotine.
 Overall, adolescent animals that were injected with the same con-
centration of nicotine relative to their bodyweight as adult animals reached 
lower plasma nicotine levels (Figure 1A; age F(1,38)=5.03, p=0.031, age 
x timepoint F(2,38)=1.47, ns). Further comparisons revealed there was 
only a significant difference between the age groups at the first time point, 
i.e., 30 minutes following the first injection (N1.1). Also, at this time point, 
adolescents showed a trend towards more plasma cotinine. Cotinine has 
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a longer half-life than nicotine and therefore levels build up following re-
peated injections of nicotine, which is what we observed in both groups 
(Figure 1B; age F(1,42)=1.43, ns, timepoint F(2,42)=155.24, p<0.001, 
age x timepoint F(2,42)=3.52, p=0.039). In particular on the first day of 
withdrawal, adolescent animals displayed lower cotinine levels than adult 
animals with no measurable difference in nicotine levels. 

3H-Epibatidine binding receptors
Epibatidine is a high affinity agonist of nAChRs (Badio and Daly, 1994). 
To investigate nAChR expression during late postnatal development, we 
performed binding studies using 3H-Epibatidine on 2% Triton X-100 ex-
tracted membranes from mPFC and caudal cortex, from animals ranging 
in age from early adolescence (P34) to adulthood (P104). We observed an 
almost linear decrease in 3H-Epi-binding, i.e., nAChR levels, from P34 to 
P104 in the mPFC (Figure 2; age F(4,41)=8,53, p<0.001). This reduction 
in 3H-Epi-binding was not observed in extracts from the occipital cortex 
(Figure 2; age F(4,38)=1.82, n.s.). 
 Next, we examined whether nicotine has a differential effect on 
the expression of nAChRs when administered during adolescence versus 
adulthood. First, we examined the mPFC of animals on the first with-
drawal day following 10 days of repeated nicotine injections (three times 
a day), and we observed an increased expression of 3H-Epi-labeled re-
ceptors in adolescent, but not adult exposed animals (Figure 3A; age 
F(1,32)=16.34, p<0.001, treatment F(2,32)=5.22, p=0.012, age x treat-
ment F(1,32)=4.06, p=0.054). However, 5 weeks following nicotine ex-
posure, there were no differences in 3H-Epi-binding to nAChRs between 
the different groups (Figure 3B; age F(1,30)=10.57, p=0.003, treatment 

Figure 2. Developmen-
tal changes in 3H-Epi-
labeled nAChRs in mPFC 
membranes. The binding 
to 3H-Epi of nAChRs in the 
mPFC (black line) and oc-
cipital cortex (red line) was 
analyzed at different ages. 
The reported values are 
expressed as femtomoles 
of specific 3H-Epi-labeled 
receptor per mg extracted 
membrane protein. Data 
are expressed as mean ± 
SEM.
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Figure 3. Upregulation of in 3H-Epi-labeled mPFC nAChRs in adolescents 
exposed to nicotine. Radiolabeled nAChRs in the mPFC are upregulated at one 
day (abstinence 1 day) following adolescent, but not adult, nicotine exposure 
(A). In the occipital cortex, we observed a trend towards upregulation of 3H-Epi-
binding in the adult, but not in the adolescent exposed group (C) at the same time 
point. No changes were observed 5 weeks following nicotine exposure (B & D) in 
either of the two brain regions. ***p<0.001 and #p<0.1 compared to their saline 
injected counterparts. Data are expressed as mean ± SEM.

Figure 4. Upregulation of 3H-Epi-labeled α4 and β2 containing nAChRs. 
Immunoprecipitation analysis of 3H-Epi-labeled receptors showed an increase in 
both α4 and β2 subunits on the first day following nicotine exposure specifically in 
adolescents (A & B), but not 5 weeks following nicotine exposure (B & D) in the 
mPFC. No significant changes occur in the occipital cortex following adolescent 
or adult nicotine exposure using ANOVA (E-H). Albeit that ANOVA testing did not 
pick up a clear trend for increased α4 and β2 expression after 1 day in the adult 
treated group in the occipital cortex, the increased abundance of each subunit 
(t-test; p=0.004, p=0.014 for α4 and β2, respectively) corresponded to the in-
creased trend of 3H-Epi-binding (see Figure 3C). *p<0.05, #p<0.1 compared to 
their saline injected counterparts.
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and age x treatment Fs<1). In the occipital cortex, adult but not adoles-
cent nicotine exposure led to a trend towards upregulation of binding on 
the first day following nicotine exposure (Figure 3C; age F<1, treatment 
F(2,29)=2.86, p=0.076, age x treatment F(1,29)=2.46, n.s.). There were 
no significant differences between any of the groups at five weeks of with-
drawal (Figure 3D; age F(1,26)=3.71, p=0.067, treatment F(2,26)=1.97, 
p=0.16, age x treatment F <1).

Immunoprecipiation
Epibatidine binds to all high-affinity nicotinic receptors, of which the 
combination of α4 and β2 is the most commonly expressed subtype. To 
determine whether the increased 3H-Epi-binding is due to an upregula-
tion of α4β2* nAChRs, we performed immunoprecipitation experiments 

Figure 5. No overt regulation in 125I-αBgt-labeled nAChRs due to nicotine 
exposure. One day following adult, but not adolescent, nicotine exposure abun-
dance of 125I-αBgt binding receptors in the mPFC are nearly significantly upregu-
lated at (A). No changes were observed 5 weeks following nicotine exposure (B). 
Also, there are no changes in 125I-αBgt labeled nAChRs in the occipital cortex ei-
ther one day (C) or five weeks (D) following adolescent or adult nicotine exposure. 
# p<0.1 compared to their saline injected counterparts.
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with antibodies specific to the different nicotinic receptor subunits (Grady 
et al, 2009). We found that increased 3H-Epi-binding to nAChRs in the 
adolescent exposed animals is due to an increase in α4 en β2 expres-
sion, but not α5, as shown with immunoprecipitation (α4: Figure 4A; age 
F(1,29)=6.04, p=0.021, treatment F(2,29)=4.76, p=0.018, age x treat-
ment F(1,29)=2.22, n.s., β2: Figure 4C; age F(1,29)=14.38, p=0.001, 
treatment F(2,29)=10.18, p=0.001, age x treatment F(1,29)=1.19, n.s, 
α5: Supplemental Table). Five weeks following nicotine exposure, there 
were neither differences in expression levels of α4 and β2 subunits (Fig-
ure 4B and D; all Fs <2, n.s.), nor in the expression levels of any of the 
other subunits (Supplemental Table).
 In the occipital cortex, no significant changes occurred in the ex-
pression of α4 or β2 nAChR subunits, either one day (α4: Figure 4E; age 
F<1, treatment F(2, 21)=2.11, p=0.15, age x treatment F(1,21)=2.45, 
p=0.14, β2: Figure 4G; all Fs <2, n.s.) or five weeks (α4: Figure 4F; age 
F(1,21)=2.38, p=0.14, treatment and age x treatment Fs<1, β2: Figure 
4H; all Fs<2, n.s.) following nicotine exposure.

125I-αBungarotoxin (αBgt) binding
In contrast to the developmental decrease in abundance of Epi-binding 
nAChRs, the 125I-αBgt binding receptors (i.e. α7 homomeric receptors) did 
not show age-related differences in expression in the mPFC. In addition, 
125I-αBgt labeled nAChRs were not upregulated following adolescent nico-
tine exposure. However, the 125I-αBgt labeled nAChRs were upregulated 
by the combined effect of nicotine exposure in adult animals, albeit not 
significant. (Figure 5A; age F(1,19)=1.35, n.s., treatment F(2,19)=1.73, 
n.s., age x treatment F(1,19)=3.13, p=0.097). No differential regulation 
was observed 5 weeks following nicotine exposure. However, in the adult 
exposed group there was a significant age difference between P78 and 
P104 animals (Figure 5B; age F(1,19)=25.35, p<0.001, treatment and 
age x treatment F values<2) that was specific for the nicotine-pretreated 
group (Nic P78 vs. Nic P104 p=0.004). In the occipital cortex, we ob-
served no differential regulation of α7 receptors, neither following one day 
(Figure 5C: all F s<2, n.s.), nor after five weeks of withdrawal (Figure 5D: 
all Fs<2, n.s.). 
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Dopamine release
Despite the increase in high-affinity nAChRs in the mPFC one day follow-
ing adolescent nicotine exposure, the same exposure regimen did not 
enhance nicotine-induced dopamine release in the mPFC (Figure 6). Nic-
otine-induced glutamate and GABA release in the mPFC, as well as dop-
amine release in the occipital cortex was too low to be measured reliably 
(data not shown).
 
Discussion
Our current findings demonstrate that adolescent nicotine exposure in 
rat exerts different effects than adult nicotine exposure with regard to 
the regulation of nAChRs in the mPFC.  First, we showed that subcutane-
ous injections of 0.4 mg/kg nicotine produce plasma nicotine levels that 
are comparable to those of human smokers (Russell et al, 1980). We 
observed that in the mPFC, and not in the occipital cortex, 3H-Epi-bind-
ing decreases with age, over all time-points measured. Furthermore, we 
showed that adolescent exposure to nicotine caused an upregulation of 
3H-Epi-binding in the mPFC that was not apparent in adult exposed ani-
mals. This increased 3H-Epi-binding was caused by an increased expres-
sion of the α4 and β2 subunit, only on the first day of withdrawal, but not 
after five weeks. In the occipital cortex, in which the primary visual cortex 
is located, nicotine has a much smaller effect on the regulation of nicotinic 
receptors. Finally, we showed that this differential expression of nAChRs 
does not lead to an increased nicotine-induced dopamine release. 

The treatment regimen
Previously, we have shown that subcutaneous injections with 0.4 mg/kg 
nicotine for 10 days, three times a day, cause long-term decrements in 
attentional performance and impulsivity, only when given during but not 
following adolescence (Counotte et al, 2009). In this study, we choose 
the same dose and exposure regimen, to study the expression of nicotinic 
receptors. Unlike with osmotic minipumps or when offering nicotine in the 

Figure 6. Nicotine-induced dopamine 
release in the mPFC. Dopamine re-
lease in the medial prefrontal cortex is 
unchanged in animals pretreated with 
nicotine during adolescence at one day of 
abstinence. Data are expressed as per-
centage of unstimulated release.
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drinking water, nicotine injections produce peak plasma nicotine levels, 
which is more similar to the smoking behavior of (adolescent) humans 
(Matta et al, 2007). Previously, it was shown that using minipumps it is 
difficult to attain similar plasma nicotine levels between adolescents and 
adults during the 14-day infusion period, since adolescents gain much 
more weight during that period than adults (Doura et al, 2008; O’Dell et 
al, 2006). Moreover, between injections plasma nicotine is cleared en-
tirely, resulting in repeated activation of nAChRs (Benwell and Balfour, 
1992). We showed that the observed changes are specific for nicotine as 
saline and handled controls showed similar levels of receptor binding and 
expression in the mPFC. Obviously, we do not know whether the plasma 
concentrations in rat exert the same effects on brain nAChRs as in hu-
mans, given other possible differences in pharmacokinetics.
 The observed difference in nicotine plasma levels between ado-
lescent and adult rats on the first day of nicotine exposure may be due 
to a faster metabolism of nicotine, since adolescent plasma cotinine (the 
active metabolite of nicotine) on the first day is slightly higher. Adolescent 
rats are known to metabolize nicotine faster than adult rats (O’Dell et al, 
2006). In addition, adolescent rats showed lower plasma cotinine level 
compared with adults on the first day of withdrawal. In humans, ethnic 
differences in clearance of cotinine is correlated with higher cigarette con-
sumption (Moolchan et al, 2006), a situation similar as between inbred 
strain of mice (Meliska et al, 1995; Siu and Tyndale, 2007). As yet, knowl-
edge about differences in cotinine clearance between age groups is lack-
ing. To our knowledge, we are the first to report plasma nicotine levels in 
adolescent versus adult animals following nicotine injections. 

3H-Epi-binding during development
We showed a developmental decrease in expression of Epi-labeled nACh-
Rs in the mPFC that continues after adolescence. Although there is no 
developmental decline of gene expression levels of α4 and β2 in the cor-
tex (Zhang et al, 1998), binding studies showed that adolescents have 
a higher expression of α4β2 in most brain regions examined (Doura et 
al, 2008) (for review (Dwyer et al, 2009)). Developmental changes in 
surface expression of nAChRs are not regulated at the mRNA level, but 
instead by post-translational mechanisms (Ke et al, 1998; Marks et al, 
1992). This appears to be a functional difference, since it was shown that 
nicotine stimulated 86Rb+ efflux in the frontal cortex peaks at P35, and 
then decreases at least until P63 (Britton et al, 2007). 
 The developmental decrease of α4β2 nAChR expression is specific 
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to the mPFC, as we did not observe this decline in the occipital cortex. 
This suggests developmental differences between primary cortex and a 
higher-order association cortex, and this difference in regulation of nACh-
Rs may reflect a different timing of maturation of these areas. For human 
brain development, imaging studies have shown that cortical association 
areas, like the mPFC, develop later than primary sensorimotor areas (such 
as the occipital cortex or primary visual cortex) (Gogtay et al, 2004). 
The decrease in expression of α4β2 progresses far beyond adolescence 
(Figure 2). This has also been shown with α4 immunostaining in mice. 
Specifically in the hippocampus, expression of α4 decreased from young 
adult (2-4 months of age) to very old mice (24-28 months of age) (Rog-
ers et al, 1998).  

3H-Epi-binding after nicotine exposure
Repeated or prolonged nicotine exposure increases or upregulates the 
number of high-affinity (mostly α4β2) nicotine binding sites, which has 
been shown in nicotine exposed animals (Marks et al, 1983; Schwartz 
et al, 1983; Yates et al, 1995), and in postmortem brains from smokers 
compared to non-smokers (Benwell et al, 1988; Breese et al, 1997; Perry 
et al, 1999) (for review (Govind et al, 2009)). Various mechanisms have 
been hypothesized to explain the α4β2-subtype upregulation, including 
increased receptor assembly (Harkness and Millar, 2002; Kuryatov et al, 
2005; Nashmi et al, 2003; Sallette et al, 2005), decreased surface turn-
over (Kuryatov et al, 2005), increased surface receptor trafficking (Hark-
ness et al, 2002), decreased receptor degradation (Rezvani et al, 2007), 
and an induced conformational switch into a high affinity causing more 
potentially activated receptors (Buisson and Bertrand, 2001; Buisson et al, 
2000; Sallette et al, 2005; Vallejo et al, 2005) (for reviews (Govind et al, 
2009; Lester et al, 2009)). Among these mechanisms, the chaperoning, 
inter-subunit stabilizing effect of nicotine plays a major role (Kuryatov et 
al, 2005). Nicotine is membrane permeable, and can thus enter the cell 
and reach the endoplasmic reticulum (Sallette et al, 2005), where it can 
increase the assembly and stability of pre-existing subunits and thereby 
enhance the maturation of heteropentameric nAChRs that causes the ob-
served increase in Epi-binding. In heterologous systems, the upregulation 
of nAChRs has been demonstrated for several subtypes (Kuryatov et al, 
2008; Tumkosit et al, 2006; Walsh et al, 2008), however in the brain the 
effects of nicotine on native receptors are both subtype and region spe-
cific (Lai et al, 2005; Mugnaini et al, 2006; Nashmi et al, 2007; Perry et 
al, 2007; Xiao et al, 2009). 
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 Similarly, our data showed that the upregulation of nicotinic re-
ceptors happens differently depending on age or type of brain regions 
studied. We found that adolescent nicotine exposure causes an upregula-
tion of 3H-Epi binding only in the mPFC, and not in the occipital cortex, 
and subunit-specific immunoprecipitation showed that this upregulation 
of binding is attributed to an increase in α4 and β2-containing receptors. 
Adult nicotine exposure, despite causing slightly higher plasma nicotine 
levels, did not cause this increased binding in the mPFC, but did cause a 
(close to) significant increase of 3H-Epi-binding in the occipital cortex. Dif-
ferences in response to nicotine dependent on age have been described 
before (Doura et al, 2008; Trauth et al, 1999). Specifically, Doura et al. 
report that in the mPFC, adult nicotine exposure causes a larger upregula-
tion of nAChRs than for adolescent nicotine exposure (Doura et al, 2008). 
It must be noted that in this study using adolescent and adult exposure 
(Doura et al, 2008), the use of osmotic minipumps resulted in far higher 
plasma nicotine levels (~170-310 ng/ml) than those observed in our ani-
mals (~60 ng/ml). These much higher adolescent nicotine plasma levels 
make it difficult to interpret their results. Trauth et al. found that upregu-
lation of 3H-cystine binding (mostly α4β2) was detected in the cerebral 
cortex of both adult (Slotkin et al, 2008) and adolescent (Trauth et al, 
1999) treated rats 2-3 days after the last exposure. They did not report 
plasma nicotine levels following osmotic minipumps use, but did show a 
more pronounced upregulation of α4β2* nAChRs in the entire cerebral 
cortex of adolescents compared to adults, similar to our data from the 
mPFC. 

Functional consequences
Despite the acute effects of nicotine exposure, our data showed that nei-
ther adolescent nor adult nicotine exposure have long-term effects on the 
expression of nAChRs, which is in accordance with other studies (Slot-
kin et al, 2008). Nicotine, like the endogenous ligand acetylcholine, has 
been shown to be important for cognitive functioning (Everitt et al, 1997). 
However, the long-term effects of adolescent nicotine exposure on cog-
nitive performance during adulthood, that we have observed previously 
(Counotte et al, 2009), are therefore not directly caused by a different 
expression of nAChRs. Nevertheless, the enhanced short-term upregula-
tion of high-affinity nAChRs in the adolescent mPFC can have functional 
consequences, and perhaps be the first step in a cascade of events lead-
ing to long-term neuronal circuitry or system effects of adolescent nico-
tine exposure.
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 In the mPFC, nicotinic receptors are localized presynaptically on 
glutamatergic and dopaminergic terminals, where they mediate gluta-
mate (Bancila et al, 2009; Konradsson-Geuken et al, 2009; Lambe et al, 
2003) and dopamine (Livingstone et al, 2009) release respectively. Also, 
non-fast spiking interneurons in the mPFC express both α7 and α4β2*-
containing nAChRs (Couey et al, 2007). This implicates that repeated 
nicotine exposure during adolescence, which increases the expression of 
nAChRs, could have different effects, one of which could be the increased 
dopamine release in the mPFC (Schultz, 2002). However, we showed that 
this is not the case, since nicotine-stimulated dopamine release in the 
mPFC is not increased in adolescent nicotine exposed animals. As yet, we 
do not know where the increased nAChR expression might be localized 
to certain neurons or terminals, or whether these receptors are function-
al. The nicotine-induced upregulation of nAChRs in the adolescent mPFC 
may (in part) be responsible for the enhanced positive effects of nicotine 
that are described for adolescent rats when compared with adults (O’Dell, 
2009). 

Concluding remarks
Our present data showed that adolescent, but not adult nicotine exposure 
increases 3H-Epi-binding to the mPFC on the first day of abstinence follow-
ing 10 days of nicotine injections. This increased binding is caused by an 
increased expression of the α4 and β2 subunits, and is specific for mPFC, 
and transient, since it is not observed five weeks later. This increase in 
high-affinity nAChRs is, however, not accompanied by an increased nico-
tine-stimulated dopamine release in the mPFC. In conclusion, extending 
our findings to humans, the differential nAChR expression in adolescents 
and adults might play a role in the initiation of smoking among adoles-
cents, whereas the short-term increased expression of nAChRs following 
repeated nicotine may contribute to the maintenance of smoking behavior 
and the decreased probability to quit their habit.
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Supplemental Table 1. 3H-Epi-labeled expression of all measured nAChR 
subunits in the mPFC.




