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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 short-term increase and lasting reduction in synaptic mGluR2 levels in the
rat mPFC, causing attention deficits during adulthood. It is unknown how changed synaptic
mGluR2 levels after adolescent nicotine exposure affect the ability of mPFC synapses to undergo
long-term synaptic plasticity. Here, we addressed this question. To model nicotine exposure,
adolescent (P34–P43) or adult (P60–P69) rats were treated with nicotine injections three times per
day for 10 d. We found that, both during acute activation of nicotinic receptors in the adolescent
mPFC as well as immediately following nicotine treatment during adolescence, long-term
plasticity in response to timed presynaptic and postsynaptic activity (tLTP) was strongly reduced.
In contrast, in the mPFC of adult rats 5 weeks after they received nicotine treatment during
adolescence, but not during adulthood, tLTP was increased. Short-and long-term adaptation of
mPFC synaptic plasticity after adolescent nicotine exposure could be explained by changed
mGluR2 signaling. Blocking mGluR2s augmented tLTP, whereas activating mGluR2s 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 risk-taking behavior during adolescence has been linked to late
development of brain areas involved in cognitive control, such as the medial prefrontal
cortex (mPFC) (Gogtay et al., 2004; Casey et al., 2005). Adolescence also marks a period of
increased vulnerability to initiation and subsequent abuse of drugs, including tobacco
smoking (Chassin et al., 2000). Indeed, 70% of adolescents report experimenting with
smoking cigarettes (Escobedo et al., 1993; Currie et al., 2008). This early exposure of
prefrontal brain areas to nicotine can compromise normal development and have long-
lasting consequences for cognitive performance. In adolescents, chronic smoking is
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associated with disturbances in working memory and attention as well as reduced PFC
activation (Jacobsen et al., 2005, 2007; Musso et al., 2007). In rats, adolescent nicotine
treatment results in a lasting impairment in attention and enhanced impulsive behavior
during adulthood, 5 weeks after exposure (Counotte et al., 2009).

The acute effects of nicotine on cognition may be explained by the action of nicotine on
excitatory synapses in the PFC (Counotte et al., 2011). Activation of nicotinic acetylcholine
receptors (nAChRs) in the PFC modulates excitatory, inhibitory GABAergic and
dopaminergic transmission (Gioanni et al., 1999; Lambe et al., 2003; Couey et al., 2007;
Livingstone et al., 2009). Thereby it interferes with endogenous acetylcholinergic signaling
in the PFC, which is crucial for attention (Parikh and Sarter, 2008). 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 a short-term
upregulation, followed by a long-term downregulation of the inhibitory metabotropic
glutamate receptor 2 (mGluR2) (Counotte et al., 2011). Restoring mGluR2 activity in vivo
by intra-PFC infusion of mGluR2 agonist in adult rats that received nicotine as adolescents
rescues attention disturbances (Counotte et al., 2011). Although these molecular changes
caused by nicotine underlie the consequent cognitive deficits at later age, it is still unclear
how complex information processing, such as activity-dependent plasticity in PFC, is
affected as a result of nicotine exposure during adolescence.

The ability of synapses to change their strength in response to timed presynaptic and
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 et al.,
1999; Feldman and Brecht, 2005; Letzkus et al., 2007). In juvenile mice, acute nicotine
application can change the rules for plasticity at excitatory synapses (Mansvelder and
McGehee, 2000; Couey et al., 2007) 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 et al., 1996; Nicholls et al.,
2006; Bellone et al., 2008). Thus, changes in synaptic levels of mGluR2s as observed after
nicotine exposure during adolescence may affect long-term plasticity, but that has not been
tested. Here, we address this issue and find that long-term effects of nicotine exposure
during adolescence on STDP are opposite to the acute and short-term effects of nicotine
exposure during adolescence.

Materials and Methods
Animals

Timed-pregnant female Wistar rats arrived at 5 d of gestation. At postnatal day 21 (P21),
litters were weaned and housed four 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). All experiments were approved by the animal ethical
committee of Vrije Universiteit (Amsterdam, The Netherlands). In total, 47 saline-treated
rats, 40 nicotine-treated rats, and 7 control untreated rats were killed. The numbers of rats
per experimental group are reported in the figure legends. To avoid litter effects, pups from
the same mother were always divided between the experimental groups.

Nicotine exposure
To test the long-term effects of nicotine, a rat model of nicotine exposure during
adolescence was used (see Figs. 2a, 3a, 4a). Rats were injected subcutaneously with either
nicotine [0.4 mg/kg; calculated as a base (–) nicotine hydrogen tartrate salt; Sigma-Aldrich]
or saline three times a day (at 10:00 A.M., 1:00 P.M., and 4:00 P.M.) for 10 d. Nicotine/
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saline injections were administered during adolescence (P34–P43; see Fig. 2a) and for the
control group of adult nicotine exposure during adulthood (P60–P69; see Fig. 4a). After the
10 d treatment, the injections stopped, and either 1–4 d or 5 weeks later the
electrophysiological experiments were performed.

Slice preparation
Either 1–4 d (P44–P48) or 5 weeks after nicotine or saline exposure (starting at P78 for rats
exposed during adolescence and at P104 for rats exposed during adulthood), rats were
decapitated and their brains were rapidly removed. Coronal mPFC slices of 300 μm
thickness were prepared in ice-cold artificial CSF (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, 26 mM 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 mPFC under visual guidance by differential interference contrast 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 the following: 110 mM K-gluconate, 10 mM KCl,
10 mM HEPES, 10 mM K2-phosphocreatine, 4 mM ATP-Mg, 0.4 mM GTP, 5 mg/ml biocytin,
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 (Molecular
Devices) sampling at 10 kHz, filtered at 3 kHz, 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.)
triggered by the data acquisition software.

Spike timing-dependent plasticity
EPSPs were evoked every 10 s using an extracellular stimulation electrode positioned at
~200 μm along the somatodendritic axis of the cell (see Fig. 1a). During the pairing period,
presynaptic extracellular stimulations were paired to a single postsynaptic action potential
(AP) (50 times at 0.1 Hz) or a burst of five 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), timed
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 EPSP (Couey et al., 2007). Synaptic gain was measured as
the percentage change in EPSP slope: the average EPSP slope during 10 min in the period
35–45 min (where a different time window was used, it is specified in the figure legends)
after pairing compared with 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 in which input
resistance change during the experiment was >30% were discarded from the analysis. No
blockers of GABAergic transmission were used during the STDP recordings.
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Pharmacology
For experiments in adolescent mPFC (see Fig. 1), nicotine (Sigma-Aldrich; 10 μM) was bath
applied for 5 min (2 min prior and 3 min during pairing). To measure mGluR2-dependent
inhibition (see Fig. 5), EPSCs were recorded in ACSF containing gabazine (1 μM).
Stimulation intensity–response amplitude curves were taken for each cell before the
recording. Baseline EPSCs were recorded for 10 min; mGluR2-specific agonist (1S,2R,5R,
6R)-2-amino-4-oxabicyclo[3.1.0]hexane-2,6-dicarboxylic acid (LY379268) (Tocris; 5 μM)
was bath applied for 7 min (the last 10 EPSCs were averaged for each cell and used as
estimation of mGluR2 effect on EPSC amplitude) and then washed out for 25 min. For
estimation of mGluR2 involvement in STDP after nicotine/saline exposure during
adolescence, mGluR2 agonist LY379268 (Tocris; 1 μM) or antagonist (RS)-α-methyl-4-
phosphonophenylglycine (MPPG) (Tocris; 100 μM) were bath applied 5 min prior and for
the whole duration of the recordings.

Statistics
GraphPad Instat software was used to assess statistical significance (GraphPad Software).
Data were first tested for deviations from Gaussian distribution using the Kolmogorov–
Smirnov normality test. For normally distributed data, Student’s t tests were applied.

To determine significance in EPSP slope change for individual cells, the EPSP slopes within
a 10 min window 35–45 min after pairing were compared with baseline EPSP slopes using
Student’s t test. On the basis of this test, the experiments were divided into three categories:
timing-dependent long-term potentiation (tLTP) (significant increase in EPSP slope),
timing-dependent long-term depression (tLTD) (significant decrease in EPSP slope), and
neurons with no change in plasticity (nonsignificant EPSP slope change). To assess the
effects of nicotine treatment on STDP, all cells recorded within the treatment group were
compared with all cell recorded from saline-treated controls (individual data points are
shown in summary plots in Figs. 1–4, 6). In the experiment in which MPPG was applied in
nicotine-treated rats (see Fig. 6b–d), statistical significance was assessed using the χ2 test of
independence (SPSS software) to compare the proportion of cells with tLTP, tLTD, and no
change in presence and absence of MPPG.

Results
Acute nicotine reduces tLTP 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 (Markram et al.,
1997; Caporale and Dan, 2008; Testa-Silva et al., 2010). This type of plasticity, STDP, is
thought to be a neural substrate of some forms of learning (Letzkus et al., 2007) and plays an
important role in cortical maturation (Feldman and Brecht, 2005). In the juvenile mouse
PFC, acute nicotine application increases the threshold for synaptic spike timing-dependent
potentiation due to increased inhibitory transmission to pyramidal neurons (Couey et al.,
2007). We asked how nicotine receptor activation affects STDP in the medial PFC of
adolescent rats. To test this, we made whole-cell recordings from layer V pyramidal neurons
from rats of 34–43 d of age and evoked EPSPs in the recorded cell by extracellular
stimulation (Fig. 1a). After recording 5 min of EPSP baseline at 0.1 Hz, EPSPs were
repeatedly paired to a burst of five postsynaptic APs (100 Hz), with 5 ms interval between
presynaptic and postsynaptic stimulation (50 at 0.1 Hz), since presynaptic stimulation paired
with single postsynaptic action potentials was less effective at inducing LTP at this age in
hippocampus (Meredith et al., 2003). Pairing of single postsynaptic APs with EPSPs did not
produce tLTP in PFC pyramidal neurons of adolescent rats (Fig. 2b–d). After pairing, EPSPs
were monitored for 45 min (Fig. 1b). During the entire recording, other basic
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electrophysiological parameters such as resting membrane potential and input resistance did
not change significantly (see Materials and Methods) (Fig. 2b,c,e,f). In control cells, this
protocol resulted in the increase of synaptic strength of 130 ± 15% 35–45 min after tLTP
induction. Bath application of nicotine for 5 min (2 min prior and 3 min during the pairing
protocol) completely abolished tLTP (Fig. 1c– e; t(11)=2.51, p=0.028). Instead, in three of
six cells, the same induction protocol resulted in long-term depression (tLTD), in one cell no
significant EPSP slope change was observed, and in two cells the EPSP slope increased
<10% (Fig. 1e). Thus, consistent with the results in juvenile mice (Couey et al., 2007), acute
nicotine in adolescent mPFC reduces the ability of excitatory synapses to undergo tLTP.

Nicotine exposure during adolescence leads to a short-term decrease in LTP
Since nicotine receptor activation can directly affect STDP in the PFC of adolescent rats,
repeated exposure to nicotine during adolescence may lead to changes in STDP rules. To
test this, we induced tLTP in layer V pyramidal neurons in adolescent rats (P44–P47) within
the first 4 d following the cessation of treatment (Fig. 2a). We first applied a modest
induction protocol (single AP pairing; Fig. 2b–d) to ensure that any differences in LTP
would not be overridden by the stronger induction protocol (five AP bursts). However,
single AP pairing did not result in significant increases in EPSP slope in either of the groups
(Fig. 2b– d) and no effect of treatment was observed. We next applied the more robust
induction protocol using five AP bursts to cells recorded from a separate group of rats. This
protocol resulted in significant tLTP in saline-treated rats (Fig. 2e,g), whereas in rats
following nicotine treatment tLTD was observed in 10 of 13 cells (1 cell showed no change
in EPSP slope, 2 showed significant tLTP; Fig. 2g). Thus, nicotine treatment during
adolescence resulted in reduced tLTP within 4 d after treatment (Fig. 2e; t(23)=2.49, p=0.02).
These results indicate that short-term effects of nicotine exposure during adolescence on
STDP are similar to direct nicotine receptor stimulation in naive adolescent rats (Fig. 1).

STDP is enhanced in adult rats exposed to nicotine during adolescence
We hypothesized that repeated exposure to nicotine during adolescence would also lead to
lasting adaptations in STDP rules. To test this, we induced tLTP in layer V pyramidal
neurons in adult rats (>P79) that were exposed to nicotine or saline during adolescence
(P34–P43; Fig. 3a). We first used the single AP protocol to induce plasticity (Fig. 3b). In
contrast to adolescent rats (Fig. 1b–d), single AP pairing in adult rats resulted in modest but
significant tLTP in saline-treated rats (Fig. 3c,d). Surprisingly, in nicotine-treated rats the
same pairing protocol led to substantially higher potentiation compared with saline-treated
controls (increase in EPSP slope in nicotine, 163 ± 10%; saline, 121 ± 9%, t(44)=2.94,
p=0.005; Fig. 3c,d). These results were reproduced in a separate group of rats, in which
nicotine treatment showed a similar increase in tLTP (data not shown; t(19)=2.27, p=0.03).
Next, we used the stronger induction protocol of five AP bursts (Fig. 3e–g) in cells from an
independent group of saline- or nicotine-treated rats. Also here tLTP was increased in adult
rats treated with nicotine during adolescence with respect to saline-treated rats (Fig. 3f,g;
nicotine, 150 ± 12%; saline, 104 ± 7%; t(19)=3.35, p=0.003). Remarkably, the stronger
protocol did not result in more potentiation in both saline and nicotine-treated rats compared
with single AP pairing (Fig. 3c,d), rather the time course of tLTP was changed. Already in
the first 10 min of pairing there was significantly higher tLTP in nicotine-treated rats
compared with saline controls (t(19)=2.91; p=0.009).

Thus, nicotine treatment during adolescence has lasting effects on the mechanisms of STDP
and leads to augmented tLTP in adult rats. Nicotine treatment induced opposite effects on
the ability of synapses to undergo plasticity depending on the time after exposure. After
direct nicotine receptor activation in adolescent PFC and within 4 d after nicotine exposure,
tLTP is decreased. In contrast, nicotine treatment during adolescence resulted in augmented
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tLTP in adult rats. Thus, nicotine exposure during adolescence leads to persistent synaptic
alterations that increase tLTP.

STDP is not altered after 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 behavioral 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 et al., 2009, 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 rats that were treated with nicotine or saline during adulthood (P60–P69),
and 5 weeks later STDP recordings were performed (at >P95; Fig. 4a). Single presynaptic
stimulations were paired with postsynaptic bursts of five APs (Fig. 4b). Unlike with
treatment during adolescence, saline and nicotine treatment during adulthood did not induce
any difference in tLTP (Fig. 4b,c). 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 signaling underlies short- and long-term changes in STDP in rats treated
with nicotine during adolescence

What is the mechanism underlying the effects of nicotine exposure during adolescence on
STDP? In a previous study, we showed that nicotine exposure during adolescence has
lasting effects on synaptic mGluR2 levels in mPFC that affect synapse function (Counotte et
al., 2011). We hypothesized that altered levels of mGluR2 receptors can explain the lasting
effects of nicotine on STDP. Presynaptic terminals of mPFC glutamatergic synapses are rich
in mGluR2 receptors, which are activated by glutamate spillover and inhibit further
glutamate release (Mateo and Porter, 2007). Nicotine exposure during adolescence leads to
an initial increase in protein levels of this receptor in mPFC synaptic membranes on the first
day of withdrawal and is followed by a lasting decrease in mGluR2 levels in adult rats 5
weeks after nicotine exposure during adolescence (Counotte et al., 2011). We first tested
whether mGluR2 signaling was also reduced in adult rats after nicotine exposure during
adolescence as we showed previously (Counotte et al., 2011). To this end, we recorded
EPSCs evoked by extracellular stimulation (experimental set up the same as in Fig. 2a,b). In
this experiment, GABAergic transmission was blocked by gabazine (1 μM) to isolate the
glutamatergic currents. When mGluR2 receptors were activated by bath application of
mGluR2 agonist LY379268, EPSC amplitude significantly decreased. The decrease in EPSC
amplitude in nicotine-treated rats was less prominent than in saline-treated controls (Fig.
5a,b). Metabotropic GluR2-dependent inhibition was unaltered in rats treated as adults (Fig.
5b). These results indicate that, as in our previous study (Counotte et al., 2011), mGluR2
receptors are downregulated in adult mPFC glutamatergic synapses after nicotine exposure
during adolescence.

Changed mGluR2 functionality after nicotine exposure during adolescence may contribute
to changes in STDP. 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 adolescent or adult rats treated with nicotine or saline during adolescence. Bath
application of either the agonist or antagonist started 5 min before the experiment and lasted
for the duration of the experiment (Fig. 6b,f,i).

We first tested whether the short-term decrease in tLTP induced by nicotine treatment
during adolescence could be caused by an increase in levels of mGluR2s during the first four
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days of withdrawal (Counotte et al., 2011). Using the more robust induction protocol with
bursts of five postsynaptic APs (Fig. 6a), all cells of nicotine-treated rats showed tLTP in the
presence of the mGluR2 blocker MPPG (Fig. 6b–d). This was significantly more cells
compared with the nicotine-treated control group in the absence of MPPG, in which only 2
of 13 cells showed tLTP; 10 of 13 cells showed tLTD, and 1 cell showed no change
(χ2

2=9.22; p=0.01). On average, the amount of slope change in the nicotine-treated groups
was not significantly different in the absence or presence of MPPG (t(16)=1.65; p=0.12) due
to the large variation in plasticity in the nicotine group (Fig. 6d). Nevertheless, blocking
mGluR2s resulted in a higher proportion of cells showing tLTP in rats that were treated with
nicotine during adolescence, similarly to saline-treated rats (Fig. 2h).

Reduced mGluR2 signaling in adult rats after nicotine exposure (Counotte et al., 2011) may
contribute to the decreased plasticity we observed. To test this, we pharmacologically
manipulated the level of mGluR2 activation while inducing STDP in adult rats treated with
nicotine or saline during adolescence (Fig. 6e). In saline-treated control rats, the level of
tLTP could be modulated using the mGluR2 agonist LY379268 and the antagonist MPPG.
Enhancing mGluR2 activity with LY379268 abolished tLTP in saline-treated rats (slope
change, 74%; saline plus LY, n=9 from 5 rats; data not shown). Blocking mGluR2 receptors
with MPPG resulted in increased tLTP comparable with levels observed in adult rats treated
with nicotine during adolescence (Fig. 6f–h; t(34)=2.072; p=0.046). In nicotine-treated rats,
in which the synaptic mGluR2 receptor levels are reduced (Fig. 5) (Counotte et al., 2011),
enhancing mGluR2 activity by applying mGluR2 agonist LY379268 completely abolished
tLTP (Fig. 6i–k; t(29)=4.19; p=0.0002). These findings show that mGluR2 signaling can
bidirectionally influence tLTP: reducing mGluR2-dependent inhibition leads to increased
tLTP, while enhancing mGluR2 activation blocked LTP. Together, these data suggest that,
immediately following adolescent nicotine exposure, increased levels of mGluR2s may be
responsible for reduced tLTP induction, and 5 weeks following adolescent nicotine
exposure, the lasting reduction in mGluR2 signaling can explain the increased tLTP in the
adult mPFC.

Discussion
In this study, we addressed the question whether nicotine exposure during adolescence has
lasting consequences for STDP in the adult mPFC. Activation of nicotinic receptors in the
adolescent mPFC decreases the ability of layer V pyramidal neurons to undergo tLTP.
Similarly, shortly (1–4 d) following cessation of nicotine treatment during adolescence, a
decrease in tLTP was observed. In contrast, 5 weeks following nicotine exposure during
adolescence, tLTP was increased. Short- and long-term changes in mGluR2 signaling in
mPFC synapses resulting from nicotine exposure during adolescence can explain altered
plasticity. These changes did not occur with nicotine exposure during adulthood,
emphasizing that adolescence is a critical period of vulnerability for long-term nicotine
effects on the PFC.

In humans, the PFC shows delayed development with respect to other cortical areas during
adolescence with delayed thinning of cortical gray matter, most likely reflecting fine-tuning
of synaptic contacts (Gogtay et al., 2004; Sowell et al., 2004; Casey et al., 2005).
Rearrangement of local inhibitory inputs and decreases in synaptic densities and branch
points of excitatory connections between pyramidal neurons occur within the developing
PFC (Woo et al., 1997; Cruz et al., 2003). Spike timing-dependent modifications are likely
to be important for cortical development, map plasticity, and functioning of neural networks:
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 acute nicotinic receptor activation
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in adolescent PFC abolishes tLTP. 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.

Short-term effects of nicotine exposure during adolescence
In the PFC, nAChRs enhance the activity of both excitatory and inhibitory inputs to
pyramidal cells (Gioanni et al., 1999; Couey et al., 2007). In PFC layer V, the increase in
inhibition dominates the effects of nicotine on synaptic plasticity (Couey et al., 2007).
Nicotine-stimulated inhibition reduces dendritic calcium signaling and renders postsynaptic
activity in layer V pyramidal cells insufficient to induce potentiation (Couey et al., 2007). In
layer II/III, the layer in which the synaptic inputs were stimulated in present work, nAChR
activation results predominantly in activation of interneurons (Poorthuis et al., 2012). We
find that, also in adolescent rats, nicotine application to mPFC slices reduces STDP.

Recently, we demonstrated that nicotine exposure during adolescence leads to a transient
increase in the expression levels of high-affinity nAChRs with functional consequences for
GABAergic inhibition in PFC layers II/III (Counotte et al., 2012). In that study, we found
that GABAergic transmission by itself is not affected by nicotine treatment during
adolescence, and as such, it cannot explain the reduced STDP shortly following nicotine
treatment during adolescence we describe here (Counotte et al., 2012). We did find that
acute nicotine application to the PFC slice induced a stronger amplitude increase of IPSCs
received by PFC pyramidal neurons following nicotine treatment during adolescence
(Counotte et al., 2012). Since in the present experiments assessing STDP immediately
following nicotine treatment during adolescence, nicotine was not applied, this can also not
explain the reduced STDP we observed.

However, the decrease in tLTP can be explained by a short-term increase in the level of
synaptic mGluR2 (Counotte et al., 2011). Metabotropic GluR2s modulate cortical
processing by inhibiting glutamate release from excitatory synapses in PFC. This inhibition
provides a feedback mechanism for preventing excessive excitation of neurons (Shen and
Johnson, 2003; Poisik et al., 2005; Mateo and Porter, 2007). Under conditions of repeated
activation of deep layer pyramidal cells by nicotine (Kassam et al., 2008; Poorthuis et al.,
2012), the elevated expression of this receptor in PFC might suppress nicotine-induced
excitation and lead to reduced plasticity. We show that pharmacological blockade of
mGluR2s in nicotine-treated rats significantly increases the proportion of synapses that show
potentiation, which suggests that changes in mGluR2 levels induced by nicotine exposure
during adolescence can alter STDP (Fig. 7 shows a model for nicotine effects in PFC).

Lasting effects of nicotine exposure during adolescence
Few studies have investigated whether adolescent nicotine exposure produces changes in
neural functioning that persist during adulthood. We previously showed that adolescent, but
not adult, nicotine treatment reduces attention performance and impulse control (Counotte et
al., 2009). Similar nicotine-induced deficits have been found in a serial pattern learning
paradigm (Fountain et al., 2008). In a recent study, chronic nicotine exposure during
adolescence produced long-lasting impairments in contextual learning that were observed
during adulthood, whereas adult chronic nicotine exposure did not (Portugal et al., 2012).
We find that one of the long-term adaptations on the synaptic level in mPFC is the increased
ability of prefrontal synapses to undergo spike-timing-dependent LTP (Fig. 7). STDP
depends on the precise timing of the synaptic input and the postsynaptic action potential and
this temporal relationship resembles typical features of associative learning (Letzkus et al.,
2007). Although STDP has not been directly linked to attention performance, the ability to
associate goal-relevant information is crucial for any cognitive behavior. In nicotine-treated
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rats, the same amount of presynaptic and postsynaptic activity leads to more synaptic
potentiation. This may suggest that the PFC network would even associate irrelevant stimuli.

In addition to enhanced tLTP after adolescent nicotine, we recently reported that short-term
depression during trains of stimulation is reduced as a result of reduced mGluR2 function
after nicotine exposure during adolescence (Counotte et al., 2011). Thus, mGluR2 activation
filters information transfer at mPFC synapses. In other cortical areas, this type of synaptic
filtering can give rise to phenomena such as sensory and behavioral adaptation or
habituation to a stimulus (Zucker, 1989). In rat somatosensory cortex, 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 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
reduced signal-to-noise ratio. These impaired plasticity mechanisms that depend on mGluR2
signaling may explain the concomitant reduced attention performance (Counotte et al., 2009,
2011).

mGluRs, addiction, and cognition
Lasting changes in mGluR2 signaling have been implicated in the long-term effects of drug
exposure (Kenny and Markou, 2004). mGluR2/3 receptors negatively regulate brain reward
function (Kenny and Markou, 2004). 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. There, altered mGluR2 transmission is involved in the
rewarding effects of nicotine (Helton et al., 1997; Kenny et al., 2003; Kenny and Markou,
2004; Liechti et al., 2007). In these brain areas, mGluR2 receptors are similarly positioned at
presynaptic glutamatergic terminals and can be activated by glutamate spillover, thereby
inhibiting glutamate release. The mGluR2/3 receptors 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 mGluR2 receptors in
withdrawal appears complex and most likely depends on 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). Enhanced
glutamate release in PFC is associated with attention deficit and loss of impulse control
(Pozzi 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 et
al., 2011). On the behavioral level, blocking mGluR2 transmission by injection of MPPG
into PFC causes deficits in attention performance, while stimulating already reduced
mGluR2 signaling by agonist in nicotine-treated rats restores attention (Counotte et al.,
2011). Impairments in mGluR2 transmission caused by other factors than 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 et al.,
2004; Pozzi et al., 2011). Furthermore, altered mGluR2 levels in PFC are linked to brain
disorders such as depression and schizophrenia and activation of this receptor was proposed
as a novel target for treatment (Gupta et al., 2005; Palucha and Pilc, 2005; Pilc et al., 2008;
Conn et al., 2009). Thus, mGluR2 signaling shapes cognitive behavior. A lasting reduction
in mGluR2 signaling after nicotine exposure can result in increased LTP and therefore
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potentially to a less efficient ability to filter information, thereby hampering cognitive
performance.
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Figure 1.
Nicotine bath application to PFC slices of adolescent rats strongly reduces tLTP. a,
Biocytin-filled layer V pyramidal cell in rat PFC; the position of the recording and
stimulating electrodes is schematically shown. Membrane potential in response to current
injections is shown above. Calibration: 20 mV, 100 ms. Examples of STDP in a control cell
(b), showing LTP, and in a cell in which nicotine was bath applied (c), showing LTD. Here
and further, the open circles represent individual EPSP slopes; the filled circles show an
average of five EPSPs. Duration of nicotine application is indicated by the red bar; the insets
above show example EPSP traces (calibration here and further: 2 mV, 20 ms) and the
induction protocol with an AP trace (calibration here and further: 20 mV, 20 ms). d,
Average STDP in control cells (black circles; n=7 cells from 4 rats) and cells in which
nicotine was bath applied (red circles; n = 6 cells from 3 rats); data points represent bins of
five EPSPs. e, Summary of STDP results shown in d; the filled circles represent average
EPSP slopes within a 10 min window 35–45 min after pairing; the open circles show
individual experiments. *p < 0.05. Data are mean ± SEM.
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Figure 2.
Nicotine exposure during adolescence leads to a short-term decrease in tLTP. a, Schematic
representation of the experimental setup. Rats were treated with nicotine (red bar)/saline
(blue bar) during adolescence, and the STDP recordings were performed within 1–4 d after
treatment. b–d, STDP induction using pairing of a single AP to EPSP with 5 ms timing
interval did not result in LTP in PFC layer V pyramidal neurons from rats after saline/
nicotine treatment during adolescence. b, c, Example experiments recorded from rats with
saline (b) or nicotine (c) during adolescence. The gray open circles represent individual
EPSP slopes; blue (nicotine)- and red (saline)-filled circles show an average of five EPSPs.
Input resistance was monitored during the experiments and stayed stable (bottom panel).
Pairing protocol with an AP trace (calibration: 20 mV, 20 ms) and example EPSP traces
before (1) and after pairing (2) are shown above (calibration: 2 mV, 20ms). d, Average
STDP in saline-treated rats (blue circles; n = 9 cells from 4 rats) and nicotine-treated rats
(red circles; n = 9 cells from 3 rats); data represent bins of five EPSPs. e–h, STDP induction
by pairing a burst of five APs to EPSPs led to LTP in control rats but failed to induce
plasticity in rats treated with nicotine during adolescence. e, f, Example experiments
recorded from an animal treated with saline (e) and nicotine (f); symbols, traces, and
calibration are as in b and c. g, Average STDP in saline-treated rats (blue circles; n = 12
cells from 3 rats) and nicotine-treated rats (red circles; n = 13 cells from 3 rats); data
represent bins of five EPSPs. h, Summary of STDP results shown in g. The filled circles
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represent average EPSP slopes within a 10 min window 40 min after pairing; the open
circles show individual experiments.*p<0.05. Data are mean ± SEM.
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Figure 3.
Nicotine exposure during adolescence leads to a lasting increase in LTP in adult rats. a,
Schematic representation of the experimental setup. Rats were treated with nicotine (red
bar)/saline (blue bar) during adolescence, and the electrophysiological recordings took place
starting 5 weeks after treatment. b, Example experiments showing STDP recorded from rats
5 weeks after treatment with saline (left panel) or nicotine (right panel) during adolescence
using an induction protocol with single AP pairings. Induction protocol is shown left. The
insets show example EPSP traces before (1) and after pairing (2); symbols and calibration
are as in Figure 2. c, Average STDP in saline-treated rats (blue circles; n = 23 cells from 11
rats) and nicotine-treated rats (red circles; n = 22 from 10 rats). d, Summary of STDP results
shown in c. The filled circles represent average EPSP slopes of last 10 min of the recordings
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(shown in gray rectangle); the open circles show individual experiments. **p < 0.01. Data
are mean ± SEM. e, Example experiments showing STDP recorded from rats 5 weeks after
treatment with saline (left panel) or nicotine (right panel) during adolescence using an
induction protocol with a burst of five APs (left). f, Average STDP in saline-treated rats
(blue circles; n = 11 cells from 5 rats) and nicotine-treated rats (red circles; n = 10 cells from
5 rats). g, Summary of STDP results shown in f. The filled circles represent average EPSP
slopes of last 10 min of the recordings (gray rectangle); the open circles show individual
experiments. **p < 0.01. Data are mean ± SEM.
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Figure 4.
Nicotine exposure during adulthood does not lead to lasting changes in LTP. a, Schematic
representation of the experimental setup. Rats 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 recorded in PFC layer V pyramidal neurons from
saline-treated rats (blue circles; n = 8 cells from 6 rats) and nicotine-treated rats (red circles;
n = 5 cells from 5 rats) recorded 5 weeks after treatment. For pairing, a burst of five APs
was used (example trace and pairing protocol are shown left; calibration and symbols are as
in Fig.2). c, Summary of STDP results shown in b. The filled circles represent average EPSP
slopes of last 10 min of the recordings (gray rectangle); the open circles show individual
experiments.
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Figure 5.
mGluR2 signaling is reduced in adult rats after nicotine exposure during adolescence. a,
EPSC traces recorded in PFC layer V pyramidal neurons 5 weeks after saline (black) and
nicotine (gray) 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 from 14 rats; nicotine, n = 47 from 13 rats) with no difference in rats treated as adults
(saline, n = 22 from 8 rats; nicotine, n = 26 from 7 rats). **p < 0.01. Data are mean ± SEM.
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Figure 6.
Impaired mGluR2 signaling is responsible for short- and long-term changes in LTP after
nicotine exposure during adolescence. a, Schematic representation of the experimental setup
for data shown in b–d. Rats were treated with nicotine (red bar)/saline (blue bar) during
adolescence, and the electrophysiological recordings took place within 1–4 d after treatment.
b, Example experiment showing LTP in nicotine-treated rats after blocking mGluR2 with
MPPG. MPPG (100 μM) was washed in continuously during the experiment (gray bar
above). Pairing protocol is shown left; the inset shows example EPSP traces before (1) and
after pairing (2). The calibration and symbols are as in Figure 2. c, Blocking mGluR2 with
MPPG restores LTP in nicotine-treated rats. Average STDP in nicotine-treated rats (red

Goriounova and Mansvelder Page 20

J Neurosci. Author manuscript; available in PMC 2013 February 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



circles; n = 9 cells from 3 rats) and in presence of MPPG (100 μM; red diamonds; n = 5 cells
from 1 animal). d, Summary of STDP results shown in c; the filled symbols represent
average EPSP slopes within a 10 min window 40 min after pairing; the open circles are
individual experiments in nicotine-treated rats; the open diamonds are individual
experiments in nicotine-treated rats in the presence of MPPG. *p < 0.05. Data are mean ±
SEM. e, Schematic representation of the experimental setup for data shown in f–k. Rats
were treated with nicotine (red bar)/saline (blue bar) during adolescence, and the
electrophysiological recordings took place starting 5 weeks after treatment. f, Example
experiment showing LTP in saline-treated rats after blocking mGluR2 with MPPG. MPPG
(100 μM) was washed 5 min before and for the duration of the experiment (gray bar above).
Pairing protocol is shown left; the inset shows example EPSP traces before (1) and after
pairing (2). Calibration and symbols are as in Figure 2. g, Blocking mGluR2 with MPPG
leads to LTP in nicotine-treated rats. Average STDP in nicotine-treated rats (blue circles; n =
23 cells from 11 rats) and in presence of MPPG (100 μM; blue diamonds; n = 13 cells from 6
animals). h, Summary of STDP results shown in g; the filled symbols represent average
EPSP slope after pairing; the open circles are individual experiments in saline-treated rats;
the open diamonds are individual experiments in saline-treated rats in the presence of
MPPG. *p< 0.05. Data are mean ± SEM. i, Example experiment showing failure to induce
spike-timing-dependent plasticity in nicotine-treated rats after activating mGluR2 with
agonist LY379268. LY379268 (1 μM) was washed 5 min before and for the duration of the
experiment (gray bar above). Pairing protocol is shown left; the inset shows example EPSP
traces before (1) and after (2) pairing. Calibration and symbols are as in Figure 2. j,
Activating mGluR2 with LY379268 abolishes LTP in nicotine-treated rats. Average STDP
in nicotine-treated rats recorded in control conditions (red circles; n = 22 from 10 rats) and
in presence of LY379268 (1 μM; red triangles; n = 9 cells from 3 rats). k, Summary of STDP
results shown in j; the filled symbols represent average EPSP slope after pairing. **p < 0.01.
Data are mean ± SEM.
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Figure 7.
A model for short- and long-term consequences of nicotine exposure during adolescence in
PFC network.
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