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The mesolimbic pathway comprising the ventral tegmental area (VTA) and projection terminals in the nucleus accumbens (NAc) has

been identified as a critical neural system involved in processing both the rewarding and aversive behavioral effects of nicotine.

Transmission through dopamine (DA) receptors functionally modulates these effects directly within the NAc. Nevertheless, the neuronal

mechanisms within the NAc responsible for these bivalent behavioral effects are presently not known. Using an unbiased conditioned

place preference procedure combined with in vivo neuronal recordings, we examined the effects of nicotine reward and aversion

conditioning on intra-NAc neuronal sub-population activity patterns. We report that intra-VTA doses of nicotine that differentially

produce rewarding or aversive behavioral effects produce opposite effects on sub-populations of fast-spiking interneurons (FSIs) or

medium spiny neurons (MSNs) within the shell region of the NAc (NAshell). Thus, while the rewarding effects of intra-VTA nicotine

were associated with inhibition of FSI and activation of MSNs, the aversive effects of nicotine produced the opposite pattern of NAshell

neuronal population activity. Blockade of DA transmission with a broad-spectrum DA receptor antagonist, a-flupenthixol, strongly

inhibited the spontaneous activity of NAshell FSIs, and reversed the conditioning properties of intra-VTA nicotine, switching nicotine-

conditioned responses from aversive to rewarding. Remarkably, DA receptor blockade switched intra-NAshell neuronal population

activity from an aversion to a reward pattern, concomitant with the observed switch in behavioral conditioning effects.
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INTRODUCTION

Nicotine possesses both rewarding and aversive stimulus
properties, and can act directly within the ventral tegmental
area (VTA) to produce bivalent, dose-dependent, reward-
ing, or aversive behavioral effects (David et al, 2006;
Jorenby et al, 1990; Laviolette et al, 2008; Laviolette and
van der Kooy, 2003). Considerable evidence implicates the
mesolimbic dopamine (DA) system, comprising the VTA
and its projections to the nucleus accumbens (NAc), as
important regulators of nicotine’s motivational effects
(Corrigall et al 1992; 1994; Mansvelder et al, 2002; Nisell
et al, 1994; Sellings et al, 2008; Tan et al, 2009; ). We have
reported previously that whereas relatively lower concen-
trations of nicotine produced behaviorally aversive effects
in the VTA, higher concentrations produced strong

rewarding effects, measured in place conditioning proce-
dures (Laviolette and van der Kooy, 2003; 2004). Although
the acute aversive effects of nicotine are DA dependent,
following chronic nicotine exposure and dependence, the
rewarding effects of nicotine are mediated through a DA-
dependent pathway (Corrigall et al, 1992; Tan et al, 2009).
Thus, blockade of DA transmission blocks the acute
aversive behavioral effects of systemic or intra-VTA
nicotine as measured in either place conditioning proce-
dures or other aversion assays, such as conditioned taste
aversion (Laviolette and van der Kooy, 2003). Furthermore,
blocking intra-NAc DA transmission or lesion of DA
terminals within specific NAc sub-regions increases the
reward salience of nicotine and switches the valence of both
systemic or intra-VTA nicotine from aversive to rewarding
(Laviolette and van der Kooy, 2003; Sellings et al, 2008). The
importance of DA neurotransmission in nicotine’s beha-
vioral effects is further underscored by evidence, demon-
strating that DA release is strongly increased by acute
nicotine administration, by directly exciting VTA DAergic
neurons and/or increasing release of DA in the terminal
fields of the mesolimbic DAergic projections (Mansvelder
et al, 2002; Nisell et al, 1994; Yin and French, 2000).
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However, the effects of DAergic transmission modulation
on nicotine reward signaling and how specific neuronal
sub-populations within the NAc may be involved in
processing the bivalent behavioral properties of nicotine
are not currently understood. Neurons within the NAc
comprises a majority (B95%) of medium spiny neurons
(MSNs) and heterogeneous populations of interneurons,
including fast-spiking interneurons (FSIs), GABAergic
interneurons, and cholinergic interneurons, which provide
functional feedforward inhibition to MSN populations
(English et al, 2012; Gage et al, 2010; Koos and Tepper,
1999). These neuronal groups are important for rewarding
and aversive motivational processing. Thus, reward-related
behavioral conditioning is associated with inhibition of
rodent FSIs, concomitant with increased MSN activity
in vivo (Lansink et al, 2010). DA transmission exerts complex
effects on NAc neuronal network dynamics wherein DA can
strongly activate FSI populations (Bracci et al, 2002), in turn
leading to GABAergic-mediated inhibition of MSN output
pathways (Nisenbaum and Berger, 1992). We hypothesized
that the DA-dependent, acute aversive behavioral effects of
nicotine would modulate NAc neuronal network dynamics
by preferentially activating FSI neuronal populations and
concomitantly inhibiting MSN neuronal activity. In the
present study, we report that the rewarding or aversive

behavioral effects of nicotine are associated with opposing
neuronal activation patterns in the shell of the NAc
(NAshell). Remarkably, switching the aversive behavioral
properties of nicotine into reward signals via DA receptor
blockade completely reversed these neuronal activity
patterns, demonstrating a novel neuronal network mechan-
ism underlying the bivalent conditioning effects of nicotine.

MATERIALS AND METHODS

Nicotine Conditioned Place Preference Procedure

In Figure 1a, behavioral experimental procedures for nicotine
conditioned place preference (CPP) training are schemati-
cally presented. An unbiased, fully counterbalanced CPP
procedure was used, as described previously (Laviolette and
van der Kooy, 2003). In brief, drug or saline vehicle was
paired with one of two environments that differed in terms
of color, texture, and smell. Following recovery from
surgery, rats were randomly assigned to an experimental
group. Conditioning boxes were 30� 30� 15 inches (length
by height) in dimension. One conditioning environment
was white with a wire-mesh floor covered in woodchips.
The alternate environment was black with a smooth
Plexiglas floor wiped down with 2% acetic acid immediately

d

Figure 1 Experimental protocol and histological analysis. (a) Schematic summary of nicotine conditioned place preference behavioral procedure. (b)
Microphotograph showing representative microwire placement in the shell region of the nucleus accumbens. (c) Schematic representation of typical
unilateral intra-NAshell microwire placements. (d) Schematic summary of intra-ventral tegmental area (VTA) microinfusion locations. Gray circles indicate
experimental group receiving intra-VTA nicotine at 24 nmol/0.5 ml (n¼ 8). White squares represent rats receiving intra-VTA nicotine (0.008 nmol/0.5 ml)
before a-flupenthixol (n¼ 8) pre-treatment (see Materials and Methods section). NAshell, shell region of the NAc.
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before the animal was placed into it. Experimental
treatments were fully counterbalanced within groups, and
rats were randomly assigned to either the white or black
colored boxes for drug/vehicle conditioning sessions. As has
been reported previously, rats display no baseline pre-
ference for either of these environments (Laviolette and van
der Kooy, 2003). In brief, during the CPP acquisition phase,
rats received a total of four nicotine–environment and
four vehicle–environment pairings over 8 days in a counter-
balanced order. Two days following the acquisition phase,
rats received a CPP recall test wherein the subject is placed
on a narrow and neutral gray zone, and times spent
in either of the previously conditioned environments
are digitally recorded for 10 min. All rats were tested in a
drug-free state.

Animals and Surgery

All experimental procedures were performed in accordance
with both institutional and Canadian Governmental animal
care guidelines. All subjects used in these experiments were
adult (350–400 gm) male Sprague–Dawley rats. Rats were
individually housed in clear Plexiglas cages in a tempera-
ture-controlled room (±21 1C) with access to food and
water ad libitum throughout the duration of the experi-
ments. Rats were anesthetized with a mixture of ketamine
(80 mg/ml) and xylazine (6 mg/ml), and placed into a
stereotaxic device (volume per body weight). Incisions were
made in the scalp to expose the skull, and burr holes were
drilled and the dura was removed overlying the NAc and
VTA regions. Eight-channel microwire arrays (Tucker-
Davis) were slowly lowered unilaterally into the NAshell
region using the following stereotaxic coordinates (Paxinos
and Watson, 2005): (in mm) from bregma: anteroposterior
(AP)¼ þ 2.2 and lateral (L)¼±1.2; and ventral(V)¼ � 7
from the dural surface. For bilateral intra-VTA guide
cannulae implantation, stainless steel guide cannulae (22
gauge; Plastics One) were implanted using the following
stereotaxic coordinates (in mm) at 101. For the VTA: from
bregma, AP¼ � 5.0 and L¼±2.3; and from the dural
surface, V¼ � 8.0. Jeweler’s screws were attached to the
skull surface, following which dental acrylic was applied to
secure the microarray. Animals were allowed 10 days to
recover from surgical procedures before any experiments
were performed.

Experimental Groups

Four groups of rats were used in the present experiments.
To determine the characteristics of a normally rewarding
dose of intra-VTA nicotine (24 nmol/0.5 ml) on intra-
NAshell neuronal activity patterns, the first experimental
group received a previously established rewarding dose of
intra-VTA nicotine (24 nmol/0.5 ml) as described above
(n¼ 8) following systemic vehicle pretreatment. A subse-
quent group (n¼ 7) received conditioning with this same
rewarding dose of intra-VTA nicotine after pre-treatment
with systemic a-flupenthixol (a-flu), using a previously
established dose of 0.8 mg/kg; i.p.; previously shown to
reverse the effects of both systemic or intra-VTA nicotine
behaviorally aversive effects, as measured in the CPP pro-
cedure (Laviolette et al, 2008; Laviolette and van der Kooy,

2003, 2004; Tan et al, 2009). Having established reward-
related NAshell neuronal activity parameters, we next
examined the NAshell neuronal response patterns asso-
ciated with a previously established, acutely aversive dose of
intra-VTA nicotine (0.008 nmol/0.5 ml; n¼ 8) following
systemic vehicle pre-treatment, and then again examined
the effects of DA receptor blockade on intra-VTA nicotine
aversion conditioning with an additional experimental
group (n¼ 8).

Multi-Unit Electrophysiological Recordings and
Analysis

In vivo microwire recording procedures were similar to
those previously described (Sun et al, 2011; Sun and
Laviolette, 2012). In brief, eight-channel microwire arrays
(model MW8, Tucker-Davis) were used to record neuronal
activity within the NAshell (Figure 1b and c). Microwire
arrays consisted of eight wires arranged in two rows, with
each row separated by 500 m and the anterior–posterior wire
placements separated by 50 m each. Thus, the dimensions of
the eight-wire arrays were 200 m in length by 500 m in width.
Microwire probes were connected to an RA-16PA pre-
amplifier and then sent to a Pentusa Base Station (model
RX5, Tucker-Davis). Neuronal spike signals were sampled
at 25 kHz/channel with filter settings of 100 Hz (high-pass)
and 5 kHz (low-pass), and were then sent to a window
discriminator/amplifier and an audio monitor. Neuronal
activity data were simultaneously collected and monitored
online using spike sorting software (Open Ex, Tucker-
Davis), and stored on computer for offline analysis. Spike
waveforms were sorted and analyzed using built-in
K-means analysis software (OpenSort, TDT) offline. Sub-
sequent electrophysiological analysis was performed with
NeuroExplorer (NEX Technology). Two sets of baseline
neuronal activity were obtained from each rat. First, to
ensure that there were no pre-existing differences in
neuronal response rates during exposure to a particular
conditioning environment, 10 min of recordings were per-
formed in each of the conditioning environments, in a
counterbalanced order, over 2 days, pre-conditioning. Next,
baseline neuronal activity recordings were performed before
the beginning of each behavioral training session within the
home cage for 10 min, following intra-VTA (Figure 1d)
infusions of vehicle. These home-cage baselines were averaged
within each group and used for subsequent comparison
with activity rates during the conditioning sessions. We
then compared baseline NAshell neuronal activity states
across experimental recording sessions within each experi-
mental phase (acquisition and recall). To distinguish NAc
FSIs from presumptive MSNs, isolated units per channel
were separated according to spike waveform, and firing
frequency parameters were recorded during baseline
(Figure 2). During offline analyses, isolated neuronal units
(Figure 2a) were manually sorted based on these waveform-
shaped criteria, and interspike interval histograms
(Figure 2b–e) were constructed for each isolated unit with
NeuroExplorer. Sub-populations of neuronal units met
previously established criteria for presumptive FSIs (Berke
et al, 2004) or MSNs (Morra et al, 2010). MSN waveforms
demonstrated longer duration (valley widths 4300 ms) and
lower spontaneous baseline firing rates (o5 Hz). In
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contrast, FSI waveforms demonstrated shorter durations
(peak width o265 ms) and higher spontaneous firing rates
(45 Hz).

Drugs and Injection Procedures

For intra-VTA nicotine experiments (Figure 1d), we selected
two previously established concentrations of nicotine
(0.008 nmol/0.5ml or 24 nmol/0.5 ml) demonstrated to pro-
duce either robust conditioned place aversions (CPAs) or
CPPs (Laviolette et al, 2008; Laviolette and van der Kooy,
2003, 2004; Tan et al, 2009), respectively. Nicotine tartrate
(Sigma) was dissolved in physiological saline (pH adjusted
to 7.4), which served as the vehicle solution for all drugs
used in these studies. Bilateral intra-VTA microinjections
of nicotine or vehicle (0.5 ml volume per infusion) were
performed over 1 min via plastic tubing (Millipore)
connected to a 1-ml Hamilton micro-syringe. Injectors were
then left in place for an additional 1 min to ensure adequate
diffusion from the injector tip. Infusions were performed
immediately before placing rats into the assigned con-
ditioning environments, as described previously (Laviolette
et al, 2008; Tan et al, 2009). For experiments examining the
effects of DA receptor blockade on intra-VTA nicotine

conditioning, a broad-spectrum DA receptor antagonist,
a-flu (Tocris) was dissolved in physiological vehicle, and
administered 2.5 h before intra-VTA nicotine conditioning
sessions, as described previously (Laviolette and van der
Kooy, 2003; Tan et al, 2009). This a-flu pretreatment
regimen produces no behavioral motivational effects in and
of itself (Laviolette and van der Kooy, 2003), and is suffi-
cient to block both pre- and post-synaptic D1/D2 receptors
(Creese et al, 1976).

Histological Analysis

At the end of behavioral experiments, rats were anesthetized
and intracardially perfused with isotonic vehicle, followed
by 10% formalin. Brains were removed and post-fixed in a
25% sucrose solution. The brains were cut in 40 mm sections
and stained with Cresyl Violet. Microarray placements
within the mPFC were then verified by light microscopy.

Data Analysis

All data are expressed as mean±SEM and were analyzed
with one or two-way analysis of variance (ANOVA) or
Student’s t-tests where appropriate. Post hoc analyses were

Figure 2 Analysis of in vivo intra-NAshell neuronal recordings. (a) Sample recording trace from an intra-NAshell microwire channel showing
representative medium spiny neuron (MSN) and fast-spiking interneuron (FSI) neuronal traces. (b) Representative recording waveforms and interspike
interval histogram for FSI (b and c) or MSNs (d and e) recorded during behavioral conditioning. NAshell, shell region of the NAc.
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performed with Newman–Keuls or Fisher’s LSD tests where
appropriate. For post-experimental neuronal activity ana-
lyses during specific nicotine reward learning phases,
neuronal sub-populations were further sub-classified ac-
cording to recording channels yielding consistent wave-
forms across all trials within either the acquisition or
extinction training sessions. K-means analysis of recorded
waveforms across channels revealed consistent single-unit
activity over experimental sessions (see Results section);
however, given the long-term behavioral recordings
inherent in these studies, each phase of the experimental
procedure (acquisition, expression, and extinction) and
individual recording sessions within each experimental
phase were analyzed separately, as it is not possible to
determine with certainty that a specific channel is picking
up the same unit across days or experimental phase.
Accordingly, we report ‘n’ sizes of sampled neuronal
populations separately for each experimental phase re-
ported in the results section.

RESULTS

Histological Analyses

Analyses of intra-NAshell microwire placements and
bilateral intra-VTA cannulae placements revealed recording
and infusions sites to be within the anatomical boundaries
of the NAshell or the VTA, as defined by Paxinos and
Watson (2005). In Figure 1b, we present a schematic
representation of typical intra-NAshell microwire track
locations. In Figure 1c, we present a microphotograph
showing a typical intra-NAshell microwire track location. In
Figure 1d, we present a schematic representation of
representative, bilateral intra-VTA cannulae tip locations.
For clarity, we present two experimental groups (gray
circles indicate the group receiving intra-VTA nicotine at a
higher dose of 24 nmol/0.5 ml (n¼ 8), whereas white squares
represent rats receiving a lower dose of intra-VTA nicotine
(0.008 nmol/0.5 ml) before a-flu (n¼ 8) pre-treatment (see
Materials and Methods section).

Neuronal Response Patterns in the NAshell During
intra-VTA Nicotine Reward Learning Acquisition

To determine how intra-NAshell neuronal activity may be
modulated by an acutely rewarding dose of intra-VTA
nicotine, we first examined how NAshell neuronal popula-
tions responded to nicotine reward learning using a
previously established (Laviolette and van der Kooy, 2003;
2004; Tan et al, 2009) robustly rewarding dose of intra-VTA
nicotine (24 nmol/0.5 ml). For MSN (n¼ 18) recordings,
one-way ANOVA comparing neuronal frequencies during
vehicle vs nicotine conditioning sessions revealed a
significant effect of conditioning session (vehicle vs
nicotine) on firing rates (F(8,134)¼ 2.37; po0.05). Post
hoc analysis revealed that MSN firing rates were signifi-
cantly increased relative to vehicle levels during the first
and second conditioning trials (p-values o0.01 and 0.05,
respectively; Figure 3a). Furthermore, MSN activity levels
during nicotine sessions were significantly increased
relative to baseline levels during the first, second, and
fourth sessions (p-values o0.05). In contrast, following

intra-VTA vehicle, MSN activity levels were increased
significantly above baseline only during the fourth vehicle
session (po0.05; Figure 3a). Comparing MSN neuronal
activity patterns across all conditioning sessions recorded
in each separate conditioning environment revealed no
differences in MSN activity across these environments
independently of drug treatment (t(17)¼ 1.00, p40.05;
Figure 3a, far right side). Furthermore, comparing MSN
firing activity during pre-conditioning exposures to each
conditioning environment alone (see Materials and Meth-
ods section) revealed no significant differences between
environments (t(17)¼ 0.78; p40.05; data not shown).

For FSI recordings (n¼ 15), one-way ANOVA comparing
neuronal frequencies during vehicle vs nicotine condition-
ing sessions revealed a significant effect of conditioning
session (vehicle vs nicotine) on firing rates (F(8,314)¼ 8.02;
po0.0001). Post hoc analysis revealed that FSI firing rates
were significantly decreased relative to vehicle levels during
the first and second conditioning trials (p-valueso0.05;
Figure 3b) Further, FSI activity levels during nicotine
sessions were significantly decreased relative to baseline
levels during the first and second (p-values o0.05) and
third and fourth sessions (p-values o0.01). In contrast,
activity levels were significantly decreased below baseline
during third and fourth vehicle sessions (p-values o0.01;
Figure 3b). Comparing FSI neuronal activity patterns across
all conditioning sessions recorded in each separate con-
ditioning environment revealed no differences in MSN
activity across these environments independently of drug
treatment (t(14)¼ 0.94; p40.05; Figure 3b, far right side).
Furthermore, comparing FSI firing activity during pre-
conditioning exposures to each conditioning environment
alone (see Materials and Methods section) revealed no
significant differences between environments (t(14)¼ 0.68;
p40.05; data not shown).

Consistent with previous reports (Laviolette and van der
Kooy, 2003; Tan et al, 2009), this dose of intra-VTA nicotine
(24 nmol/0.5ml) produced a robust behavioral CPP (t(7)¼ 2.24;
po0.05; Figure 3c), with rats spending significantly more
time in the nicotine-paired environment during CPP
testing. Post-test analysis comparing times spent in each
of the separate conditioning environments (independently
of treatment) revealed no significant bias toward either
environment (t(7)¼ 0.23; p40.05; Figure 3c, inset). One-way
ANOVA comparing MSN and FSI activity patterns during
exposure to either vehicle or nicotine-paired environments
during the initial CPP test (rats tested in a drug-free state,
see Materials and Methods section) revealed a significant
effect of group on frequency (F(2,47)¼ 14.1; po0.0001).
Post hoc analysis revealed that whereas MSN activity during
nicotine environment exposure was significantly increased
relative to vehicle (po0.01), FSI activity was significantly
suppressed (po0.05; Figure 3d), revealing a similar MSN/
FSI activity pattern divergence during nicotine CPP reward
memory recall to the patterns observed during acquisition
training (Figure 3a and b). In Figure 3e, we present sample
MSN and FSI overlaid recording traces showing a 10-min
baseline activity epoch followed by a 10-min post-infusion
recording following an intra-VTA nicotine (24 nmol/0.5 ml)
microinfusion with a characteristic increase in spontaneous
MSN frequency and a characteristic decrease in sponta-
neous FSI frequency.
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Effects of DA Receptor Blockade on Behavioral and
NAshell Neuronal Response Patterns During Nicotine
Reward Conditioning

Previous reports have demonstrated that either systemic or
intra-NAc blockade of DA transmission has no effect on the
rewarding properties of intra-VTA nicotine reward proces-
sing (Laviolette and van der Kooy, 2003, 2004, Tan et al,
2009). Accordingly, we next tested the effects of intra-VTA
nicotine reward learning (24 nmol/0.5 ml) following pre-
treatment with a-flu (0.8 mg/kg; i.p., see Materials and
Methods section). Recordings of MSNs (n¼ 27) performed
in the home cage (before intra-VTA nicotine conditioning)
at either 30 or 150 min post-a-flu administration (0.8 mg/kg;
i.p., see Materials and Methods section) revealed no
significant effect on spontaneous activity patterns, relative
to baseline (pre-injection) levels (Figure 4a; F(2,77)¼ 0.98;
p40.05). For MSN recordings during conditioning trials,
one-way ANOVA comparing neuronal frequencies during
vehicle vs nicotine conditioning sessions revealed a signi-
ficant effect of conditioning session (vehicle vs nicotine) on
firing rates (F(8,386)¼ 7.12, po0.0001). Post hoc analysis
revealed that MSN firing rates were significantly increased
relative to vehicle conditioning levels during the first,
second and fourth conditioning trials (p-values o0.01 and
0.05, respectively; Figure 4a) Furthermore, MSN activity
levels during nicotine sessions were significantly increased
relative to pre-conditioning baseline levels during the first,
second, and fourth sessions (p-values o0.01). Comparing
MSN neuronal activity patterns across all conditioning
sessions recorded in each separate conditioning environ-
ment revealed no differences in MSN activity across these
environments independently of drug treatment (t(26)¼ 1.42;
p40.05; Figure 4a, far right side). Furthermore, comparing
MSN firing activity during pre-conditioning exposures to
each conditioning environment alone (see Materials and
Methods section) revealed no significant differences be-
tween environments (t(26)¼ 0.94; p40.05; data not shown).

In contrast, recordings of FSIs (n¼ 24) performed in the
home cage (before intra-VTA nicotine conditioning) at 30
and 150 min post-a-flu (0.8 mg/kg; i.p., see Materials and
Methods section), revealed a temporally dependent sup-
pression of spontaneous firing activity, relative to baseline
(pre-injection) levels (F(2,71)¼ 3.9; po0.05; Figure 4b),
with post hoc analysis revealing that a-flu pre-treatment
significantly decreased spontaneous FSI neuronal activity
below baseline levels at both the 30- and 150-min post-
injection time point (p-values o0.01; Figure 4b). For FSI
recordings during conditioning trials, one-way ANOVA
comparing frequency rates during vehicle vs nicotine
conditioning sessions revealed a significant effect of

conditioning session (vehicle vs nicotine) (F(8,233)¼ 5.1,
po0.0001). Post hoc analysis revealed that FSI firing rates
were significantly decreased relative to vehicle conditioning
levels during the second, third, and fourth conditioning
trials (p-values o0.01 and 0.05, respectively; Figure 4b)
Furthermore, FSI activity levels during nicotine sessions
were significantly decreased relative to pre-conditioning
baseline levels during the second, third, and fourth (p-values
o0.01 and 0.05, respectively). Comparing FSI neuronal
activity patterns across all conditioning sessions recorded
in each separate conditioning environment revealed no
differences in FSI activity across these environments
independently of drug treatment (t(23)¼ 1.65; p40.05;
Figure 4b, far right side). Furthermore, comparing FSI
firing activity during pre-conditioning exposures to each
conditioning environment alone (see Materials and Meth-
ods section) revealed no significant differences between
environments (t(23)¼ 0.46; p40.05; data not shown).

Consistent with previous reports (Laviolette and van der
Kooy, 2003; Tan et al, 2009), rats pre-treated with a-flu
before receiving a rewarding dose of intra-VTA nicotine
demonstrated a robust CPP at testing (t(6)¼ 3.75; po0.01;
Figure 4c), with rats spending significantly more time in the
nicotine-paired environment during CPP testing. Post-test
analysis comparing times spent in each of the separate
conditioning environments (independently of treatment)
revealed no significant bias toward either environment
(t(6)¼ 1.8; p40.05; Figure 4c, inset). One-way ANOVA
comparing MSN and FSI activity patterns during exposure
to either vehicle or nicotine-paired environments during the
initial CPP test revealed a significant effect of group on
frequency (F(2,83)¼ 52.9; po0.0001). Post hoc analysis
revealed that whereas MSN activity during nicotine–
environment exposure was significantly increased relative
to vehicle (po0.01), FSI activity was significantly sup-
pressed (po0.01; Figure 4d), revealing a similar MSN/FSI
activity pattern divergence during nicotine CPP reward
memory recall to the patterns observed during acquisition
training. Thus, DA receptor blockade had no effect on the
behavioral acquisition of nicotine reward CPP, and this
experimental group demonstrated similar patterns of FSI
and MSN neuronal activity during the acquisition and recall
phases of nicotine reward learning, characterized by
increased MSN and decreased FSI firing frequencies.

Neuronal Response Patterns in the NAshell During
intra-VTA Nicotine Aversion Conditioning

Having determined the neuronal patterns associated with
the acute rewarding dose of intra-VTA nicotine during CPP

Figure 3 NAshell neuronal group activity patterns during intra-ventral tegmental area (VTA) nicotine reward learning. (a) Neuronal activity patterns
during vehicle or nicotine (24 nmol/0.5 ml) conditioning sessions for isolated medium spiny neurons (MSNs). Total average MSN neuronal activity patterns
did not differ across the different conditioning environments, independently of drug treatment (far right side). (b) Neuronal activity patterns during vehicle or
nicotine fast-spiking interneuron (FSI) neuronal units. Total average FSI neuronal activity patterns did not differ across the different conditioning
environments, independently of drug treatment (far right side). (c) Rewarding behavioral effects of intra-VTA nicotine demonstrated by conditioned place
preference (CPP) for nicotine-paired environments during testing. Inset shows average times spent in the separate conditioning environments, independently
of treatment condition. (d) Relative to baseline activity, MSNs displayed increased activity and FSIs demonstrated inhibited activity during the CPP test. (e)
Representative MSN/FSI rastergram overlay, showing 10 min pre intra-VTA nicotine (24 nmol/0.5 ml) vs post-activity levels with characteristic increased
spontaneous firing. In contrast, FSIs typically displayed increased activity following intra-VTA nicotine infusions. Bars represent mean±SEM for this and
subsequent figures. *po0.05; **po0.01. NAshell, shell region of the NAc; N.S., not significant.
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conditioning, we next examined how NAshell neuronal
population activity may be associated with a previously
established acutely aversive dose of intra-VTA nicotine
(0.008 nmol/0.5ml; Laviolette and van der Kooy, 2003, 2004;
Tan et al, 2009). For MSN recordings (n¼ 30), one-way
ANOVA comparing neuronal frequencies during vehicle vs
nicotine conditioning sessions revealed a significant effect

of session (vehicle vs nicotine) on firing rates (F(8,134)¼
2.37, po0.05). Post hoc analysis revealed that MSN firing
rates were significantly decreased relative to vehicle levels
during the first, second, and fourth conditioning trials
(p-values o0.05; Figure 5a) Furthermore, MSN activity
levels during nicotine sessions were significantly decreased
relative to baseline levels during the first, second, and

Figure 4 Effects of dopamine (DA) receptor blockade on NAshell neuronal activity patterns during nicotine reward conditioning. (a) Pretreatment with
a-flupenthixol (a-flu; 0.8 mg/kg; i.p.) has no significant effect on the spontaneous activity levels of NAshell medium spiny neurons (MSNs). However, during
conditioning, MSNs show increased activity during the first, second, and fourth nicotine conditioning trials. Total average MSN neuronal activity patterns did
not differ across the different conditioning environments, independently of drug treatment (far right side). (b) In contrast, a-flu pre-treatment causes a
significant attenuation in the spontaneous activity levels of NAshell fast-spiking interneurons (FSIs). However, during conditioning, FSIs show decreased
activity (relative to vehicle) during the second, third, and fourth nicotine conditioning trials. Total average FSI neuronal activity patterns did not differ across
the different conditioning environments, independently of drug treatment (far right side). (c) DA receptor blockade failed to block nicotine reward
conditioned place preference (CPP), as rats show a robust nicotine environment preference. Inset shows average times spent in the separate conditioning
environments, independently of treatment condition. (d) Relative to baseline activity, MSNs displayed increased activity and FSIs demonstrated inhibited
activity during the CPP test. *po0.05; **po0.01. NA shell, shell region of the NAc; N.S., not significant.
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fourth sessions (p-values o0.05). Intra-VTA vehicle did not
induce any significant change from baseline levels during
any conditioning trials (p-values 40.05). Comparing MSN
neuronal activity patterns across all conditioning sessions
recorded in each separate conditioning environment revealed
no differences in MSN activity across these environments
independently of drug treatment (t(29)¼ 1.93; p40.05;
Figure 5a, far right side). Furthermore, comparing MSN
firing activity during pre-conditioning exposures to each
conditioning environment alone (see Materials and Meth-
ods section) revealed no significant differences between
environments (t(29)¼ 1.14; p40.05; data not shown).

For FSI recordings (n¼ 22), one-way ANOVA comparing
neuronal frequencies during vehicle vs nicotine condition-
ing sessions revealed a significant effect of conditioning

session (vehicle vs nicotine) on firing rates (F(8,373)¼ 79.4,
po0.0001). Post hoc analysis revealed that FSI firing rates
were significantly increased relative to vehicle levels during
the second and fourth conditioning trials (p-values o0.05
and 0.01, respectively; Figure 5b). However, FSI activity
levels did not increase significantly above baseline record-
ing levels during either nicotine or vehicle sessions across
conditioning trials (p-values 40.05). Comparing FSI
neuronal activity patterns across all conditioning sessions
recorded in each separate conditioning environment revealed
no differences in MSN activity across these environments
independently of drug treatment (t(21)¼ 1.15; p40.05;
Figure 5b, far right side). Furthermore, comparing FSI
firing activity during pre-conditioning exposures to each
conditioning environment alone (see Materials and

Figure 5 NAshell neuronal activity patterns during intra-ventral tegmental area (VTA) nicotine aversion learning. (a) Neuronal activity patterns during
vehicle or nicotine (0.008 nmol/0.5 ml) conditioning sessions for isolated medium spiny neuron (MSN) neuronal units demonstrating increased activity during
the first, second, and fourth conditioning trials. Total average MSN neuronal activity patterns did not differ across the different conditioning environments,
independently of drug treatment (far right side). (b) Fast-spiking interneuron (FSI) neuronal units recorded during conditioning sessions revealed increased
activity relative to vehicle conditioning on the second and fourth trials. Total average FSI neuronal activity patterns did not differ across the different
conditioning environments, independently of drug treatment (far right side). (c) Representative MSN/FSI neuronal rastergram overlay showing 10 min pre
intra-VTA nicotine (0.008 nmol/0.5 ml) vs post-activity levels with characteristic decreased spontaneous MSN firing vs increased FSI neuronal firing rates.
*po0.05; **po0.01. NAshell, shell region of the NAc; N.S., not significant.
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Methods section) revealed no significant differences between
environments (t(21)¼ 0.002; p40.05; data not shown). In
Figure 5c, we present sample MSN and FSI overlaid
recording traces showing 10 min baseline activity epoch
followed by a 10-min post-infusion recording following
intra-VTA nicotine (0.008 nmol/0.5 ml) microinfusion with a
characteristic decrease in spontaneous MSN frequency and
a characteristic increase in spontaneous FSI frequency.

Consistent with previous reports (Laviolette and van der
Kooy, 2003; Tan et al, 2009), this dose of intra-VTA nicotine
(0.008 nmol/0.5ml) produced a robust behavioral CPA
(t(7)¼ 2.63; po0.05; Figure 6a), with rats spending sig-
nificantly less time in the nicotine-paired environment

during CPP testing. Post-test analysis comparing times
spent in each of the separate conditioning environments
(independently of treatment) revealed no significant bias
toward either environment (t(7)¼ 0.28; p40.05; Figure 6a,
inset). One-way ANOVA comparing MSN and FSI activity
patterns during exposure to either vehicle or nicotine-
paired environments during the initial CPP test (rats tested
in a drug-free state, see Materials and Methods section)
revealed a significant effect of group on firing frequency
(F(2,35)¼ 8.22; po0.01) with post hoc analysis revealing
that whereas MSN activity during nicotine–environment
exposure was significantly decreased relative to baseline
(po0.01), FSI activity was significantly increased (po0.01;
Figure 6b), revealing a similar MSN/FSI activity pattern
divergence during nicotine CPP reward memory recall to
the patterns observed during acquisition training (Figure 4).
In Figure 6c and d, we present samples of typical NAshell
MSN vs FSI spontaneous activity patterns recorded during
transitions (2 s pre and post) between vehicle vs nicotine-
paired environments during the CPP test, showing a typical
transient decrease in MSN neuronal activity during
nicotine–environment exposure (Figure 6c) and a typical
increase in FSI activity during the transition to the nicotine-
paired environment (Figure 6d).

DA Receptor Blockade Reverses Behavioral and NAshell
Neuronal Response Patterns During Nicotine Aversion
Learning Acquisition

Previous reports have demonstrated that blockade of DA
transmission induces a behavioral switch in the condition-
ing effects of either intra-VTA or systemic nicotine, from
aversion to reward (Laviolette and van der Kooy, 2003,
2004, Tan et al, 2009). Accordingly, we next tested the
effects of intra-VTA nicotine aversion learning following
pre-treatment with a-flu (0.8 mg/kg; i.p.; see Materials and
Methods section). Recordings of MSNs (n¼ 27) performed
in the home cage (before intra-VTA nicotine conditioning)
at either 30 or 150 min post-a-flu (0.8 mg/kg; i.p.; see
Materials and Methods section) administration revealed no
significant effect on spontaneous activity patterns, relative
to baseline (pre-injection) levels (F(27,77)¼ 0.07; p40.05;
Figure 7a). For MSN recordings during conditioning trials,
one-way ANOVA comparing neuronal frequencies during
vehicle vs nicotine conditioning sessions revealed a signi-
ficant effect of conditioning session (vehicle vs nicotine) on
firing rates (F(8,146)¼ 47.9; po0.0001). Post hoc analysis
revealed that MSN firing rates were significantly increased
relative to vehicle levels during the first, second, and fourth
conditioning trials (p-values o0.01 and 0.05, respectively
Figure 7a). Furthermore, MSN activity levels during
nicotine sessions were significantly increased relative to
baseline levels during the first, second, and fourth sessions
(p-values o0.05). Comparing MSN neuronal activity
patterns across all conditioning sessions recorded in each
separate conditioning environment revealed no differences
in MSN activity across these environments independently of
drug treatment (t(26)¼ 0.07; p40.05; Figure 7a, far right
side). Furthermore, comparing MSN firing activity during
pre-conditioning exposures to each conditioning environ-
ment alone (see Materials and Methods section) revealed no

Figure 6 Behavioral and neuronal responses to nicotine aversion
conditioning. (a) A lower dose of intra-ventral tegmental area (VTA)
nicotine (0.008 nmol/0.5ml) produces a strong aversion to nicotine-paired
environments. Inset shows average times spent in the separate conditioning
environments, independently of treatment condition. (b) During place
conditioning testing, medium spiny neurons (MSNs) show decreased activity
relative to baseline and fast-spiking interneurons (FSIs) show increased
activity, during exposure to nicotine-paired environments. (c) Representative
MSN recorded during the place conditioning test, showing a characteristic
decrease in spontaneous activity during nicotine–environment exposure.
(d) In contrast, a typical FSI neuronal activity raster showing a characteristic
increase in activity during nicotine–environmental exposure. *po0.05;
**po0.01. N.S., not significant.
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significant differences between environments (t(26)¼ 0.79;
p40.05; data not shown).

In contrast, recordings of FSIs (n¼ 15) performed in the
home cage (before intra-VTA nicotine conditioning) at

either 30 or 150 min post-a-flu (0.8 mg/kg; i.p., see Materials
and Methods section) revealed a temporally dependent
suppression of spontaneous firing activity, relative to
baseline (pre-injection) levels (F(25,77)¼ 3.86; p40.05;

Figure 7 Effects of dopamine receptor blockade on NAshell neuronal activity patterns during nicotine aversion conditioning. (a) Pretreatment with
a-flupenthixol (a-flu; 0.8 mg/kg; i.p.) has no significant effect on the spontaneous activity levels of NAshell medium spiny neurons (MSNs). However, MSNs
show increased activity during the first, second, and fourth nicotine conditioning trials. Total average MSN neuronal activity patterns did not differ across the
different conditioning environments, independently of drug treatment (far right side). (b) In contrast, a-flu pre-treatment causes a significant attenuation in
the spontaneous activity levels of NAshell fast-spiking interneurons (FSIs). During conditioning, FSIs show decreased activity (relative to vehicle) during the
first, second, and third nicotine conditioning trials. Total average FSI neuronal activity patterns did not differ across the different conditioning environments,
independently of drug treatment (far right side). (c) Representative MSN/FSI neuronal rastergram overlay showing 10 min pre intra-ventral tegmental area
nicotine (0.008 nmol/0.5 ml) vs post-activity levels with characteristic increased spontaneous MSN vs decreased FSI firing rates in the presence of a-flu.
*po0.05; **po0.01. NA shell, shell region of the NAc; N.S., not significant.
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Figure 7b), with post hoc analysis revealing that a-flu pre-
treatment significantly decreased FSI neuronal activity
below baseline levels at the 150-min post-injection time
point (po0.01; Figure 7b). For FSI recordings during
conditioning trials, one-way ANOVA comparing frequency
rates during vehicle vs nicotine conditioning sessions
revealed a significant effect of conditioning session (vehicle
vs nicotine) (F(8,147)¼ 17.02; po0.0001). Post hoc analysis
revealed that FSI firing rates were significantly decreased
relative to vehicle levels during the first and third
conditioning trials (p-values o0.01 and 0.05, respectively;
Figure 7b) Furthermore, FSI activity levels during nicotine
sessions were significantly decreased relative to baseline
levels during all four conditioning trials (p-values o0.01),
and during vehicle sessions, during the second to fourth
trials (p-values o0.01). Comparing FSI neuronal activity
patterns across all conditioning sessions recorded in each
separate conditioning environment revealed no differences
in MSN activity across these environments independently of
drug treatment (t(14)¼ 1.15; p40.05; Figure 7b, far right
side). Furthermore, comparing FSI firing activity during
pre-conditioning exposures to each conditioning environ-
ment alone (see Materials and Methods section) revealed no
significant differences between environments (t(14)¼ 1.23;
p40.05; data not shown).

In Figure 7c, we present sample MSN and FSI overlaid
recording traces in an a-flu pre-treated rat, showing 10 min
baseline activity epoch followed by a 10-min post-infusion
recording following intra-VTA nicotine (0.008 nmol/0.5 ml).
A characteristic increase in spontaneous MSN frequency
and a characteristic decrease in spontaneous FSI frequency
are demonstrated, similar to results obtained with the
higher, acutely rewarding dose of intra-VTA nicotine
(Figure 3e).

Behaviorally, rats pre-treated with a-flu demonstrated a
robust CPP at testing (t(7)¼ 3.34; po0.01; Figure 8a), with
rats spending significantly more time in the nicotine-paired
environment during CPP testing. Post-test analysis compar-
ing times spent in each of the separate conditioning
environments (independently of treatment) revealed no
significant bias toward either environment (t(7)¼ 0.04;
p40.05; Figure 8a, inset). One-way ANOVA comparing
MSN and FSI activity patterns during exposure to either
vehicle or nicotine-paired environments during the initial
CPP test revealed a significant effect of group on frequency
(F(2,38)¼ 243.9; po0.0001). Post hoc analysis revealed
that whereas MSN activity during nicotine–environment
exposure was significantly increased relative to vehicle
(po0.01), FSI activity was significantly suppressed
(po0.01; Figure 8b), revealing a similar MSN/FSI activity
pattern divergence during nicotine CPP reward memory
recall to the patterns observed during acquisition training.
In Figure 8c and d, we present samples of typical NAshell
MSN vs FSI spontaneous activity patterns, recorded during
transitions (2 s pre and post) between vehicle vs nicotine-
paired environments during the CPP test, showing a typical
transient increase in MSN neuronal activity during
nicotine–environment exposure (Figure 8c) and a typical
decrease in FSI activity during the transition to the nicotine-
paired environment (Figure 8d).

In Figure 9, we present a schematic summary comparison
of MSN vs FSI firing rates during nicotine behavioral

conditioning sessions for the acutely rewarding dose of
intra-VTA nicotine (24 nmol/0.5ml; Figure 9a); an acutely
rewarding dose of intra-VTA nicotine (24 nmol/0.5 ml)
following systemic a-flu (Figure 9b); an acutely aversive
dose following vehicle pre-treatment (0.008 nmol/0.5 ml;
Figure 9c) and the behaviorally ‘switched’ dose (aversion
to reward, 0.008 nmol/0.5ml) following pre-treatment with
systemic a-flu (Figure 9d).

DISCUSSION

Identifying the underlying neural mechanisms controlling
how nicotine’s bivalent rewarding or aversive stimulus

Figure 8 Behavioral and neuronal effects of dopamine receptor
blockade during nicotine aversion conditioning. (a) Pretreatment with
a-flupenthixol (0.8 mg/kg; i.p.) switches a normally aversive dose of intra-
ventral tegmental area nicotine (0.008 nmol/0.5 ml) into a robust condi-
tioned place preference (CPP). Inset shows average times spent in the
separate conditioning environments, independently of treatment condition.
(b) During CPP testing, medium spiny neurons (MSNs) show increased
activity relative to baseline and fast-spiking interneurons (FSIs) show
decreased activity, during exposure to nicotine-paired environments.
(c) Representative MSN recorded during testing, showing a characteristic
increase in spontaneous activity during nicotine–environment exposure.
(d) In contrast, a typical FSI neuronal activity raster showing a characteristic
decrease in activity during nicotine–environmental exposure. *po0.05;
**po0.01. N.S., not significant.
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properties are processed is critical to understanding the
dependence-producing effects of nicotine, particularly given
that relative sensitivity to these early effects are critical
determinants of the development and persistence of tobacco
addiction (Perkins, 1995; Pomerleau, 1995). The present
findings provide evidence for distinct neuronal activity
signatures in the NAshell associated either with rewarding
or aversive nicotine-related behavioral effects. Although
reward-related nicotine conditioning was associated with
increased MSN activity and decreased FSI activity, aversive
effects of nicotine were associated with the opposite pattern
of NAshell neuronal activity, both during acquisition and
recall of nicotine-related associative memories. Remarkably,
systemic blockade of DA transmission switched nicotine
aversions into reward, concomitant with a switch in NAshell
neuronal activity patterns and, specifically, an acute
inhibition of NAshell FSI neuronal activity. These activity
patterns were observed not only following intra-VTA
reward or aversion conditioning, but during the drug-free,
acute CPP recall testing phase in the absence of intra-VTA
nicotine.

Although the precise role of the ventral striatum in
processing rewarding or aversive motivational information
is not known, considerable evidence implicates a role for
differential MSN and FSI neuronal activity patterns. Thus,

natural or psychostimulant conditioned rewarding stimuli
can activate MSN neuronal populations recorded in rodents
during behavioral reinforcement paradigms (Lansink et al,
2010; Ma et al, 2013). Indeed, Taha and Fields (2005)
reported that a plurality of identified MSNs showed
excitatory responses associated with sucrose reward ex-
posure in rats. In primates, striatal interneurons have been
reported to show spontaneous inhibitory responses in
response to conditioned reinforcers (Joshua et al, 2008;
Kimura et al, 1984), suggesting that spontaneous inhibition
of NAc FSIs may be a functional correlate of behavioral
reward processing. Interestingly, a study from Wiltschko
et al (2010) reported that systemic administration of high
doses of a D2 receptor antagonist, eticlopride, caused strong
inhibition in the spontaneous activity rates of NAc FSI
populations recorded in rats, consistent with the present
results. Furthermore, we have reported previously that
specific blockade of D2 receptors within the shell (but not
core) division of the NAc is sufficient to switch nicotine
aversion behaviors into rewarding effects (Laviolette et al,
2008).

Nicotine strongly evokes DA release in the NAc (Pontieri
et al, 1996; Zocchi et al, 2003), and DA transmission via D2
or D1 receptors potently modulates the motivational
properties of either systemic or intra-VTA nicotine directly

Figure 9 Summary of NAshell fast-spiking interneuron (FSI) vs medium spiny neuron (MSN) activity patterns during nicotine conditioning sessions.
(a) Acutely rewarding intra-ventral tegmental area (VTA) nicotine (24 nmol/0.5 ml) evokes increased MSN and decreased FSI activity over conditioning trials,
while (b) challenge of this dose of intra-VTA nicotine with a-flupenthixol (a-flu) pre-treatment does not alter this activity pattern. (c) In contrast, an acutely
aversive dose of intra-VTA nicotine (0.008 nmol/0.5 ml) produces the opposite pattern of activity with decreased MSN activity and increased FSI activity.
(d) However, pre-treatment with a-flu (0.8 mg/kg; i.p.) switches a normally ‘aversive’ nicotine-related neuronal conditioning pattern into one similar to the
acutely rewarding dose of intra-VTA nicotine. NAshell, shell region of the NAc.
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within the NAc (Laviolette et al, 2008; Laviolette and
van der Kooy, 2003). Whereas the acute, aversive properties
of nicotine are DA dependent, the acute rewarding
properties of nicotine can be mediated via substrates
extrinsic to the mesolimbic system, such as the peduncu-
lopontine tegmental nucleus (Corrigall et al, 2001; Laviolette
et al, 2002). Furthermore, pharmacological or lesion-
induced blockade of the mesolimbic DA system strongly
potentiates the rewarding properties of both systemic and
intra-VTA nicotine (Laviolette et al, 2008; Laviolette and
van der Kooy, 2003; Sellings et al, 2008; Tan et al, 2009).
Nevertheless, the neuronal mechanisms underlying these
phenomena have not previously been characterized. Given
that the acute aversive properties of intra-VTA nicotine
require mesolimbic DA transmission (Laviolette et al, 2008;
Laviolette and van der Kooy, 2003; Sellings et al, 2008;
Tan et al, 2009), the NAshell neuronal activity patterns
observed with a behaviorally aversive dose of intra-VTA
nicotine may be related to the actions of DA within the NAc.
For example, in vitro reports have demonstrated that
DA may increase activity of FSI populations via direct or
indirect synaptic influences. Furthermore, D1 receptor
agonists have been shown to excite GABAergic FSIs
in vitro (Aosaki et al, 1998; Bracci et al, 2002; Pisani et al,
2000). In contrast, the effects of DA on MSN populations
have been reported to be excitatory when acting via D1
receptors and Kþ channel inhibition (Podda et al, 2010), or
inhibitory when acting via D2 receptor substrates (Perez
et al, 2006). In the context of the present findings, it is of
interest that during in vivo iontophoretic investigations,
lower concentrations of DA have been reported to facilitate
excitatory, glutamate-dependent NAc neuronal activity,
whereas higher doses are predominantly inhibitory
(Berger et al, 1987; Hu et al, 1990; Hu and White, 1997).
Although these studies do not differentiate between FSI and
MSN neuronal populations specifically (and were per-
formed under anesthesia), they demonstrate a bi-phasic
effect of DAergic tone on spontaneous neuronal population
activity within the NAc.

Assuming the possibility of direct VTA actions on NAc
MSNs, it is possible that lower concentrations of intra-VTA
nicotine (which would presumably result in relatively lower
levels of intra-NAc DA release) may directly excite MSNs via
a similar mechanism. In contrast, the higher, rewarding
dose of nicotine (which may result in higher NAshell DA
release) was associated with reduced FSI activity in the
NAshell; an effect that was mimicked by DA antagonist pre-
treatment, suggesting that nicotine-related VTA-NAshell
reward signals may operate via direct functional inhibition
of FSIs and a concomitant increase in MSN activity. Such an
indirect mechanism is further suggested by the finding that
DA receptor blockade appeared to have no acute effect on
NAshell MSN activity, and increases in MSN activity were
only observable following intra-VTA nicotine administra-
tion and during the acute CPP recall test. However,
consistent with previous reports (Laviolette and van der
Kooy, 2003; Tan et al, 2009), DA receptor blockade failed to
behaviorally block nicotine reward and produced no
alterations in overall FSI/MSN response patterns, consistent
with the lack of a behavioral alteration. This would suggest
that even if higher doses of intra-VTA nicotine may induce
greater DA release levels, neither the behaviorally rewarding

nor neuronal patterns associated with intra-VTA nicotine
reward processing are dependent upon DA transmission.

The NAshell mediates the rewarding properties of various
drugs of abuse, including nicotine (Mereu et al, 1987;
Picciotto and Corrigall, 2002). Following systemic admin-
istration of a single dose of nicotine, there is a greater
increase in DA overflow in NAshell than core, an effect
thought to underlie nicotine-related motivational effects
(Cadoni et al, 2009; Nisell et al, 1994; Pontieri et al, 1996).
Further, The NAc contains populations of g-aminobutyric
acid (GABA)-containing and cholinergic interneurons,
(Smith and Bolam, 1990). In the present study, we observed
increased group activity in FSI populations, concomitant
with decreased spontaneous activity of presumed MSN
populations during nicotine aversion conditioning. Such a
relationship is consistent with previous evidence demon-
strating that GABAergic FSI’s form perisomatic synapses
with associated MSNs, which in turn can provide powerful
feedforward inhibition on MSNs (Tepper et al, 2010; Planert
et al, 2010). Nevertheless, while opposing activity patterns
were observed during CPP recall testing, we did not observe
consistent inhibitory vs excitatory effects in terms of
relative FSI and MSN activity patterns across all aversive
or rewarding intra-VTA nicotine conditioning trials. This
may be related to the neurons being sampled during a
specific recording session, which may reflect a more
complex interrelationship between nicotine–modulation of
respective FSI or MSN neuronal populations.

It is of interest that during some acquisition trials for
both rewarding and aversive nicotine-related conditioning,
we observed relative increases or decreases in FSI/MSN
populations that appeared to generalize to both vehicle and
nicotine training sessions. One possibility is that these
responses represented the effects of a common learning
mechanism that generalized across both conditioning
environments during the course of training. Although
future studies are required to more clearly identify these
potential learning mechanisms, non-pharmacological con-
ditioning mechanisms are known to be associated with
nicotine-related learning and behavioral conditioning
(Caggiula et al, 2002; Chaudhri et al, 2006). Although in
the present protocol, vehicle and nicotine conditioning
sessions took place on separate days, other conditioning
cues associated generally with the behavioral protocol (eg,
the microinfusion procedure and experimental handling)
may have served to induce generalized conditioned
responses, reflected in common directionality of NAc
neuronal responses across trials.

These results are consistent with prior evidence demon-
strating that the aversive effects of nicotine are mediated via
mesolimbic DA transmission (Laviolette et al, 2008;
Laviolette and van der Kooy 2003; Sellings et al, 2008; Tan
et al, 2009). Blockade of DA transmission reversed the
behaviorally aversive properties of nicotine, switching nicotine
CPA into a robust CPP. This behavioral switch was corre-
lated with inhibitory effects on FSIs during the conditioning
phase. Acutely, DA receptor antagonism caused a profound
inhibition on NAshell FSI activity, consistent with NAc
neuronal activity parameters observed during the acquisi-
tion of a normally highly rewarding dose of intra-VTA
nicotine. This effect was similarly observed during nicotine
reward learning to a higher dose of intra-VTA nicotine, in
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the absence of DA receptor blockade, and led to a behavioral
and neuronal pattern switch in the valence of nicotine from
aversion to reward, suggesting that blockade of DA trans-
mission is sufficient to induce a reward-related neuronal
activity signature in the presence of a normally aversive
dose of intra-VTA nicotine. Although the current studies do
not discriminate between GABAergic vs cholinergic inter-
neuron populations within the NAc, an interesting report
from Threlfell et al (2012) demonstrated that in vitro
optogenetic activation of intra-accumbens cholinergic
interneurons was sufficient to induce the pre-synaptic
release of DA from presumptive VTA terminals. This
mechanism would be consistent with the present findings
wherein the acute, aversive effects of nicotine were asso-
ciated with increased FSI neuronal activity and with
previous evidence, demonstrating that the behaviorally
aversive properties of nicotine are mediated through DA-
dependent mechanisms directly in the NAc (Laviolette et al,
2008; Laviolette and van der Kooy, 2003; Tan et al, 2009).

An important caveat to the present findings is that the
behavioral effects of nicotine were limited to an examina-
tion of intra-VTA nicotine administration, focusing on
previously established conditioning doses known to pro-
duce either aversive or rewarding conditioning effects
(Laviolette et al, 2008; Laviolette and van der Kooy, 2003;
2004; Tan et al, 2009). It is therefore possible that the effects
of intravenous or systemic administration of nicotine
may involve different intra-NAc neuronal mechanisms,
beyond those reported in the present study. Future studies
are required to more closely examine these potential
differences.

We observed similar patterns of NAshell FSI or MSN
activity during conditioning or recall of an acutely reward-
ing dose of intra-VTA nicotine and following systemic DA
receptor blockade. We have reported previously that higher,
rewarding doses of intra-VTA nicotine (within the same
range used in this report) are independent of DA (Laviolette
and van der Kooy, 2003; Tan et al, 2009). Indeed, the acute
rewarding properties of intra-VTA nicotine are dependent
upon brainstem structures such as the PPT, as lesions of the
PPT are capable of blocking the rewarding properties of
nicotine (Laviolette et al, 2002). How might nicotine-
induced activation of NAshell MSNs produce reward? One
possibility may be via indirect projections from the ventral
striatum to output structures such as the ventral pallidum
(VP). The VP sends a substantial GABAergic projection to
the brainstem, including the PPT (Inglis et al, 1994; Rye
et al, 1988). Activation of MSN inhibitory outputs to the
VP would in turn be expected to inhibit VP inhibitory
influences on the PPT. Although future experiments are
required to directly test this hypothesis, it is noteworthy
that the PPT is critically involved in mediating the
rewarding properties of both intra-VTA and systemically
administered nicotine (Corrigall et al, 2001; Lança et al,
2000; Laviolette et al, 2002), and is functionally linked to
NAshell output pathways (Inglis et al, 1994). Thus, although
nicotine reward conditioning induced robust effects on
spontaneous FSI vs MSN activity patterns within the
NAshell, it is important to note that the VTA contains both
DAergic and non-DAergic, largely GABAergic neuronal
populations, both of which are activated by nicotine
administration (Yin and French, 2000) and send both

DAergic and GABAergic projections to the ventral striatum
(Van Bockstaele and Pickel, 1995). One possibility is that
higher concentrations of intra-VTA nicotine may recruit
inhibitory GABAergic outputs to the NAc, leading to inhi-
bitory effects on striatal interneurons, resulting in indirect
disinhibition of MSN output neurons.

In summary, considerable evidence suggests that striatal
network activity involves a complex interplay between
different populations of MSNs and interneuron populations
involved in the processing of either rewarding or aversive
motivational information. Our findings provide the first
evidence for distinct patterns of NAshell FSI/MSN activity
during the acquisition and recall of either rewarding or
aversive, nicotine-related behavioral effects and reveal a
critical role for DA transmission in the mediation of these
bivalent neuronal patterns within the mesolimbic circuit.
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