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Abstract
Rationale Prior exposure to drugs of abuse may increase or
decrease the reinforcing effects of the drug in later con-
sumptions. Based on the initial locomotor activity (LA)
response to an acute drug administration or to novelty in
an open-field arena, animals can be classified as low or high
LA responders (LR or HR). Few studies have used this
classification with nicotine, and the results are controversial.
Some authors suggested that nicotine can induce
conditioned-place preference (CPP) following prior nicotine
exposure, whereas others suggested that previous nicotine
exposure extinguishes nicotine-CPP.
Objective To explore if the administration of nicotine in a
novel environment without explicit behavioral consequen-
ces to classify animals in low and high nicotine responders
(LNR and HNR) could affect the establishment of nicotine
CPP in male Sprague–Dawley rats.
Results Prior exposure to a single dose of nicotine (0.4 mg/
kg, subcutaneously) induced CPP in LNR rats after 14 days
of conditioning (seven-trial) but not after two or eight con-
ditioning days. In contrast, HNR rats did not show CPP
under any condition. In addition, our results indicated that
previous exposure to nicotine decreased its rewarding
effects in eight conditioning days CPP (four-trial), which
can be regularly established without prior exposure to
nicotine.

Conclusion The results suggested that response to a single
exposure to nicotine predicts the acquisition of nicotine
preference in a 14-day conditioning protocol only for LNR
rats. Thus, our findings demonstrated the relevance of using
LNR and HNR classification when the individual suscepti-
bility to nicotine preference is studied.

Keywords Nicotine . Conditioned-place preference . Low
and high locomotor activity responders

Introduction

Many people experiment with potentially addictive drugs at
least once in their lifetime, but only a small percentage
become addicted (Wagner and Anthony 2002; World
Health Organization 2010). One of the major challenges in
the drug of abuse field is to identify the mechanisms in-
volved in the susceptibility of some individuals to make the
transition from casual to compulsive drug use. Adolescents
are more susceptible to the initiation of drug consumption
(Vastola et al. 2002; Adriani et al. 2003; Belluzi et al. 2004;
Mathews et al. 2011). In animal models of preference to
drugs of abuse, if conditioning is initiated during adoles-
cence, a higher and more stable nicotine- conditioned-place
preference (CPP) is established (Vastola et al. 2002; Adriani
et al. 2003; Pastor et al. 2011; Natarajan et al. 2011; also see
“Materials and Methods”). Previously, we demonstrated that
adolescent rats can re-establish nicotine-preference after
12 days of extinction using a single nicotine injection
(Pascual et al. 2009). These results suggested that, if nico-
tine is administrated during adolescence, a preference could
be maintained for long time; however, this was not the case
when adult rats were used (Vastola et al. 2002; Belluzzi et al.
2004; Shram et al. 2006; Shearman et al. 2008).
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Furthermore, recent studies suggested that first experien-
ces with drugs of abuse may have long-term impact on the
development of drug-seeking behavior (Miller et al. 2001;
Brielmaier et al. 2007; Goriounova and Mansvelder 2012).
On the other hand, it has been demonstrated that individual
sensitivity or vulnerability to the reinforcing effects of drugs
of abuse is one of the most important factors underlying the
development of drug consumption, where genetic, age, and
other individual neurobiological differences could contrib-
ute to nicotine reward (Sabeti et al. 2002; Allen et al. 2007;
Mandt et al. 2008). Individual variability in the initial re-
sponsiveness to psychostimulants may predict subsequent
risk for stimulant abuse (Cohen et al. 2005; Allen et al.
2007). Individual animal response to drugs of abuse is
usually determined by changes in their locomotor activity
(LA) after drug exposure (Jonah 1997; Mandt et al. 2008;
Blanchard et al. 2009). Generally, LA is expressed as the
amount of animal activity measured in an inescapable novel
environment. Under these circumstances, animals may be
classified as high (HR) and low responders (LR) by using
the median split procedure (Piazza et al. 1989; Gulley et al.
2003; Allen et al. 2007; Mandt et al. 2008). HR and LR
classification was initially used by considering the locomo-
tor response to novelty (Piazza et al. 1989; Pierre and Vezina
1997; Suto et al. 2001; Nadal et al. 2005; Bhatti et al. 2007;
Aydin et al. 2011), but recently it has been used also to
characterize locomotor response to psychostimulants
(Gulley et al. 2003; Cohen et al. 2005; Allen et al. 2007;
Mandt et al. 2008). For instance, response to novelty did not
predict the magnitude of cocaine-CPP (Gong et al. 1996). In
contrast, locomotor response to cocaine was reported to
predict cocaine-induced CPP but only in low responders to
cocaine (Allen et al. 2007).

It has been suggested that individual differences in the
sensitivity to nicotine depends on LA in response to a novel
environment (Rosecrans 1995; Redolat et al. 2009). In fact,
nicotine self-administration and nicotine CPP were in-
creased by previous exposure to a novel environment
(Brielmaier et al. 2012; Suto et al. 2001; Cain et al. 2006).
Other studies demonstrated that only animals previously
exposed to nicotine showed later a strong motivation for
this drug of abuse (Shoaib et al. 1994). In contrast, recently,
it was demonstrated that animals which consumed more
nicotine in drinking water in their home cage (free choice
task) for 6 weeks showed lower nicotine CPP score, regard-
less whether they were HR or LR (Nesil et al. 2011). Taken
together, previous studies indicated that prior exposure to a
novel environment or a drug of abuse may have a predictive
value for drug of abuse consumption. However, the studies
that examined nicotine effects are ambiguous. Thus, we
evaluated in this work whether previous classification of
rats in LR and HR to a single dose of nicotine had some
incidence in the establishment of nicotine CPP.

Materials and methods

Animals

Adolescent male Sprague–Dawley rats, weighing 80–100 g
(PN 25–26) (School of Pharmacy and Biochemistry,
University of Buenos Aires) were housed in groups of four
on a 12-h light/dark cycle with ad libitum access to food and
water. Adolescent rats were used considering previous stud-
ies which demonstrated that high nicotine CPP scores can be
obtained only if conditioning started between PN29 and
PN35 (Vastola et al. 2002; Pascual et al. 2009; Pastor et al.
2011). Animals were handled during 5 min twice a day for
4 days prior to behavioral measurements. Animals were
carefully cared for according to regulations specified in the
Guide for the Care and Use of Laboratory Animals with the
approval of the University of Buenos Aires.

Drugs

A dose of 0.4 mg/kg nicotine [hydrogen] tartrate (Sigma, St.
Louis, MO) was dissolved in phosphate-buffered saline
(PBS) and administered subcutaneously (SC) in a volume
of 1 ml/kg body weight. An equal volume of PBS was
injected for the control condition. Indicated doses are based
on the molecular weight of the freebase.

Behavioral studies

Locomotor activity apparatus

Locomotor activity was quantified as previously described
(Fuentealba et al. 2007). Horizontal locomotor activity was
measured in Plexiglas cages (34×22×15 cm), fitted with a
pair of photobeams, by using a device programmed to count
only when beams at both ends of the cage were interrupted
consecutively.

CPP apparatus

CPP took place in a three-compartment box. Boxes
exhibited two similar compartments (28×21×21 cm), one
black and the other white, separated by a small gray com-
partment (12×21×21 cm) with sliding doors. The two large
compartments had different visual and tactile cues: The
black compartment had a bar-grid floor, whereas the white
one had a wire mesh floor. Each of the large compartments
had pair of photobeams, and the software measured the
interval between the first and second interruptions of the
beam closest to the door as time spent in that compartment.
Figure 1 shows a schematic diagram of the behavioral
protocol. The conditioning box used in this study is consid-
ered biased because animals showed a significant preference
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for one compartment over the other prior to conditioning. In
unbiased box, animals have not a preference for one com-
partment. Because previous data showed that two thirds of
the studies in which nicotine-induced CPP were performed
using biased procedure, we decided to use this type of
conditioning box in our study (Calcagnetti and Schecter
1994; Le Foll and Goldberg 2005; Brielmaier et al. 2008).

Experiment 1, four-trial nicotine CPP

LA procedure

On day 1 after handling, animals were placed individually in
LA cages during 60 min (the first 30 min novelty-induced
response and the second 30 min habituation to the box were
determined). Then, rats were removed from the box,
injected SC with 0.4 mg/kg nicotine or 1 ml/kg saline
(SAL, control animals), and immediately returned to the
box, and the LA was measured for 30 min (LA assay
session). LA in the assay session was defined as total con-
secutive beam interruptions. Nicotine-treated rats with ac-
tivity scores that fell below the median distribution were
defined as low nicotine-responders (LNR), while those with
scores above the median were defined as high nicotine-
responders (HNR) (according to Sabeti et al. 2002; Gulley
et al. 2003; Allen et al. 2007; Mandt et al. 2008).

Conditioning-place preference in LNR and HNR rats

Following LA determination and after resting for 1 day in
their home cage, animals classified as LNR or HNR and
SAL underwent four-trial nicotine-CPP protocol.

Pre-conditioning phase (CPP-pretest)

The first day of CPP procedure, animals were placed in the
CPP box with doors opened, which allowed them to roam
freely the three compartments for 10 min. Time spent in
each compartment was used to determine each animal’s
compartment preference. Rats clearly preferred the black
compartment. Only two animals from the total preferred
the white side but with a preference around 60 %. These
two animals were included in the CPP score.

Conditioning phase

The first conditioning day, rats were injected with PBS and
immediately exposed to the preferred black compartment
(door closed) for 30 min. The second conditioning day, rats
were injected with either nicotine (NIC) or PBS (SAL) and
immediately exposed to the non-preferred white compartment
(door closed). This entire procedure was repeated four times
(four-trial or 8-day protocol, Fig. 1). Locomotor horizontal

activity in the white compartment (drug-paired compartment)
was analyzed during the whole conditioning session every day.

Post-conditioning phase (CPP-test)

The day following the last conditioning session, animals
were tested in a drug-free environment. Rats were allowed
to explore the three compartments for 10 min with doors
opened. Time spent in the white compartment was recorded
for each animal.

Experiment 2 consisted of one trial and experiment 3
of seven-trial nicotine CPP

In both experiments, the LAwas assessed as in experiment 1
to classify animals in LNR or HNR. For nicotine CPP, the
general procedure was identical to experiment 1, except that
in experiment 2 animals were trained only with one-trial
(two conditioning days) and in experiment 3 with seven
trials (14 conditioning days). The respective control groups
included: absolute control (SAL): (LA: saline; CPP: saline);
LNR-SAL: (LA: nicotine (LNR); CPP: saline) and HNR-
SAL: (LA: nicotine (HNR); CPP: saline).

Data analysis

Because LA levels slightly varied between experiments over
time, LNR/HNR classification was made within each dis-
tinct group tested in independent experiments and by treat-
ing all animals as a single population of different cohorts.
Rats that were classified differently by both of these meth-
ods (i.e., within and between experiments) were excluded
from final data analysis (Allen et al. 2007). Four or six rats
were excluded by using these criteria.

Time spent in each compartment was converted into a
preference score [Score (s)0 time spent in the white com-
partment during test− time spent in the white compartment
during pretest]. Preference scores data were analyzed using
Student t test or one-way ANOVA followed by Scheffé post
hoc test. LA data were analyzed by one- or two-way
ANOVA followed by Scheffé. Results are expressed as
means±SEM. Significance was set at p≤0.05.

Results

Experiment 1: four-trial nicotine CPP in HNR and LNR rats

Locomotor activity

Figure 2a shows the time course of LA measured every
5 min in the LA box. Two-way ANOVA revealed a signif-
icant group difference (F2,39011.085, p<0.001). Scheffé post
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hoc comparisons showed significant differences in the LA at
different times after nicotine administration but not before
nicotine injection. The highest value was found at 10 min
post-nicotine administration (SAL versus HNR, p<0.001;
LNR versus HNR, p<0.001). Significant differences at 5
and 15 min were also observed (Fig. 2a). To verify if LNR
and HNR classification correlated with novelty, animals clas-
sified as LNR and HNR were also classified as LR and HR by
using novelty-induced individual values. Figure 2b dot graph
shows the individual values of LR and HR, in which one can
observe that LNR and HNR populations resulted mixed when
they were reclassified considering novelty. To further compare
novelty with nicotine effect on LA, the correlation between
novelty (first 30 min) and LA assay sessions (30 min post-
nicotine injection in LA box) was determined. No correlation
between both parameters was found by using a linear regres-
sion analysis. Average LA was compared between saline
(SAL), LNR, and HNR (Fig. 2b, bar graph), and significant
group differences were found (F2,39053.861, p<0.001). Post
hoc significant differences were observed between SAL and
HNR (p<0.001) and LNR and HNR (p<0.0001) groups.

Conditioning-place preference

Figure 2c shows four-trial CPP score in rats and four-trials
CPP in LNR and HNR. Four-trial CPP without prior exposure
to nicotine showed a significantly positive score (p<0.05, first
two bar graphs), in agreement with our previous studies
(Pascual et al. 2009; Pastor et al. 2011). When CPP was
performed after prior exposure to nicotine, with LNR and

HNR classification, both groups of rats failed to show CPP.
Figure 2d shows LA in the white compartment (drug-paired
compartment). Two-way ANOVA indicated significant differ-
ences in group (F2,39073.351, p<0.001), pairing (F3,1170
5.462, p<0.01), and pairing×group (F3,11705.722, p<
0.001). Sheffé post hoc comparisons showed significant dif-
ferences between SAL and LNR (p<0.001 for pairings 1–4)
and between SAL and HNR (p<0.001 for pairings 1–4). It is
important to remark that HNR were consistently more active
than LNR during nicotine pairing 1 (p<0.001), but not during
pairings 2, 3, and 4.

Experiment 2: one-trial CPP in HNR and LNR rats

Data from experiment 1 suggested that a single prior expo-
sure to nicotine decreased preference for the drug in a four-
trial protocol. Because HNR and LNR showed LA differ-
ences during the first conditioning day, we examined both
groups by using one-trial nicotine-CPP.

Locomotor activity

Different groups of rats were first classified in LNR and
HNR, and one trial CPP was performed. Time course of LA
during novelty-habituation and nicotine assay periods was
analyzed by using two-way ANOVA, which showed a sig-
nificant group difference (F2,37032.790, p<0.001) (Fig. 3a).
Scheffé post hoc comparisons showed that the highest value
of LA was exhibited at 5 min post-nicotine administration
(SAL-HNR, p<0.001; SAL-LNR, p<0.05, and LNR-HNR,

Fig. 1 Schematic diagram showing the experimental procedure. First
was performed the classification of rats in LNR and HNR, depending
on their locomotor activity in response to a single nicotine injection
(assay), after novelty and habituation period in the LA box. These two
groups of animals underwent nicotine CPP using three different

protocols, four-, one-, and seven-trial (see “Materials and Methods”
for details). Arrows indicate nicotine (N), control saline (S) injections,
and (S/N) indicate that saline or nicotine was administrated this day
depending of the experimental group
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p<0.001), but significant differences were also observed at
10 and 15 min for HNR and 10 min for LNR (Fig. 3a). No
significant differences in LA were observed during the
novelty-habituation period among groups. Figure 4b dis-
plays individual values of LNR or HNR (dot graph). The
novelty group was built by using the individual novelty-
induced LA values in animals that were later classified as
LNR (gray) or HNR (black) in the assay session. As de-
scribed above, we aimed to evaluate a possible correlation
between novelty- and nicotine-evoked LA in LNR or HNR.
The LNR and HNR populations became mixed when indi-
vidual novelty values were used as data. Further analyses
demonstrated no significant correlation between novelty and
nicotine effects on LA levels. The LA average values from
LNR and HNR were compared with each other and control
rats (Fig. 3b bars) showing significant differences among
groups (F2,37074.660, p<0.001). Moreover, SAL versus
HNR (p<0.001), SAL versus LNR (p00.001), and LNR
versus HNR (p<0.001) were significantly different.

Conditioning place preference

One-trial CPP score in LNR and HNR rats showed not
significant differences (Fig. 3c). Figure 3d depicts LA
expressed as total consecutive beam interruptions during
the conditioning protocol with nicotine or saline in the
white compartment (drug-paired compartment). One-way
ANOVA (F2,37031.926, p<0.001) and post hoc test
revealed significant differences between SAL and LNR
(p<0.001), SAL and HNR (p<0.001), and LNR and
HNR (p<0.001).

Experiment 3: seven-trial nicotine CPP in HNR
and LNR rats

Considering that preference for nicotine was not established
using four- or one-trial CPP in LNR and HNR, we evaluated
whether more conditioning days could help to establish
nicotine CPP in LNR and HNR.

Fig. 2 Four-trial nicotine CPP without prior exposure to nicotine and
following LNR and HNR classification. a Data are presented as total
beam interruptions every 5 min over 60 min before (novelty-habitua-
tion) and 30 min after nicotine or control (SAL) injection. The arrow at
60 min indicates the time of injection. b Animals treated with a single
injection of nicotine (0.4 mg/kg) were grouped according to their LA
values and classified as HNR or LNR. In dot graphs individual LA in
response to novelty (NOV) and following nicotine administration
(ASSAY) are presented for LNR and HNR classification according to
the data obtained during assay. Graph bars show total locomotor
activity in response to saline (SAL) or nicotine (LNR/HNR) during

the 30 min-assay. c Bars indicate CPP score in four-trial nicotine CPP
without exposure to LA box (first two bars from the left) and in rats
previously classified as LNR or HNR (four bars from the right). d LA
is expressed as total consecutive beam interruptions during each con-
ditioning sessions with nicotine (LNR and HNR) or saline (SAL) in the
white compartment. Results are expressed as means±SEM. Data were
analyzed by Student t test, or one- or two-way ANOVA followed by
Scheffé post hoc test. n07–16 per group. *p<0.05, ***p<0.001, and
+++p<0.001 versus SAL; #p<0.05, ##p<0.01, and ###p<0.001 versus
LNR. SAL: control rats; NIC: nicotine-treated rats; LNR: low nicotine-
responders; HNR: high nicotine-responders; LA: locomotor activity
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Locomotor activity

In Fig. 4a, we analyzed the time course of LA by using two-
way ANOVA (F2,27015.913, p<0.001), followed by
Scheffé post hoc comparisons which revealed significant
differences at different times after nicotine administration
among SAL, LNR, and HNR. The highest value was found
at 5 min post-nicotine administration (SAL-HNR, p<0.001;
SAL-LNR, p<0.05, and LNR-HNR, p<0.05). Significant
differences were also observed at 10 and 15 min. As de-
scribed for the previous experiments, there was no correla-
tion between novelty- and nicotine-induced LA assay
sessions (dot graph in Fig. 4b). LA during nicotine assay
revealed significant group differences (F2,27099.524, p<
0.001). Post hoc comparisons showed significant differen-
ces between SAL and HNR (p<0.001), SAL and LNR (p<
0.01), and LNR and HNR (p<0.001).

Conditioning-place preference

In seven-trial CPP, the score revealed significant differ-
ences between absolute saline, LNR+HNR saline, and

LNR+HNR nicotine groups (first three bars from the
left in Fig. 4c) (F2,4906.873, p<0.01). Post hoc Scheffe
showed significant differences in LNR+HNR nicotine
compared with absolute saline (p<0.05) and LNR+
HNR saline (p<0.05). Considering LNR and HNR sep-
arately, one-way ANOVA revealed significant differen-
ces between groups (F4,4704.971, p<0.01). Post hoc
analysis showed that only LNR developed CPP com-
pared with absolute control (p<0.05) and LNR saline
animals (p<0.05). No significant difference was ob-
served between LNR- and HNR-CPP and HNR-SAL
and HNR-CPP animals (Fig. 4c).

To evaluate whether nicotine had differential behav-
ioral effects on LNR or HNR during the seven-trial
CPP, we analyzed the LA at every conditioning day.
Figure 4d shows significant differences in group (F2,270
25.021, p<0.001) and pairing×group (F6,16202.395, p<
0.01). Significant differences were found between SAL
and LNR (p<0.05 for pairing 1; p<0.001 for pairings
2–7), SAL and HNR (p<0.001 for pairings 1–7). HNR
were consistently more active than LNR only during the
first pairing (p<0.05).

Fig. 3 One-trial CPP after LNR and HNR classification. a Data are
expressed as total beam interruptions every 5 min. The arrow at 60 min
indicates the time of injection. b Dot graphs show individual LA in
response to novelty (NOV) and after nicotine administration (ASSAY)
presented for LNR or HNR rats classification according to the data
obtained after assay. Bars represent total beam interruptions in re-
sponse to saline (SAL) or nicotine injection. c Bars indicate CPP score
using one-trial nicotine CPP in rats which were previously classified as

LNR or HNR and SAL. d Graph indicates the LA in response to saline
or nicotine injection during the 30-min conditioning session in the
white compartment. Results are expressed as means±SEM. Data were
analyzed by one- or two-way ANOVA followed by Scheffé post hoc
test. n08–16 per group. *p<0.05, **p<0.01, ***p<0.001, and +++p<
0.001 versus SAL; #p<0.05, ##p<0.01, and ###p<0.001 versus LNR.
SAL: control rats; LNR: low nicotine responders; HNR: high nicotine
responders
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Discussion

The present study explored whether individual differences in
initial locomotor responsiveness to nicotine in rats can predict
the rewarding properties of nicotine using a CPP task.

We decided to use the median split of a Gaussian distribu-
tion method, according to extensive previous evidences
(Piazza et al. 1989; Allen et al. 2007; Mandt et al. 2008), to
divide animals in LNR and HNR categories because our
intention was to include almost the whole population in this
classification. We considered that other methods discard more
animals for further analysis, particularly those close to the
median value. Therefore, the median split takes into account

the majority of animals allowing a more representative inter-
pretation of data, which might be biologically more relevant.
It is important to remark that LA parameters measured previ-
ously to classification in LNR and HNR, which involved
novelty and habituation to the new environment showed sim-
ilar values in the three experiments performed in this work.
Moreover, to classify the animals in LNR and HNR during the
15 min following nicotine administration in the LA box, the
number of beam interruptions, as a measure of LA, was
similar in the three experiments, indicating the robustness of
this methodology. Previous studies have suggested that nov-
elty and psychostimulants increase locomotor activity through
different mechanisms (Bevins and Besheer 2001; Gulley et al.

Fig. 4 Seven-trial CPP after LNR and HNR classification. a Data are
expressed as total beam interruptions every 5 min. The arrow at 60 min
indicates the time of injection. b In the dot graphs, individual locomo-
tor activity in response to novelty (NOV) and following nicotine
administration (ASSAY) are presented for rats classified as LNR or
HNR. Bars show total LA in response to SAL or LNR and HNR. c
Bars indicate CPP score following seven-trial nicotine-CPP in rats
which were previously classified as LNR, HNR, and the saline groups
(SAL, LNR-SAL, and HNR-SAL). d LA was measured during each
conditioning sessions with nicotine (or saline) in the white compart-
ment. Data were analyzed by one- or two-way ANOVA. Scheffé post
hoc tests were performed when required. Significance was set at p≤

0.05. n05–16 per group. In graphs a and b, one- or two-way ANOVA
followed by Scheffé test was applied, *p<0.05, **p<0.01, and ***p<
0.001 versus SAL; #p<0.05, ##p<0.01, and ###p<0.0001 versus LNR.
In graph c, data were analyzed by one-way ANOVA followed by
Scheffé, *p<0.05. In graph d, data were analyzed by two-way
ANOVA followed by Scheffé, +p<0.05, +++p<0.001 LNR versus
SAL; Xp<0.05, XXp<0.01, XXXp<0.001 LNR versus LNR-SAL; #p<
0.05 LNR versus HNR; ***p<0.001 HNR versus SAL and HNR
versus HNR-SAL. SAL: control rats; NIC: nicotine-treated rats; LNR-
SAL, and SAL-HNR by HNR-SAL: LNR-saline during CPP; SAL-HNR:
HNR saline during CPP; LNR: low nicotine-responders; HNR: high
nicotine-responders
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2003; Coolon and Cain 2009). Furthermore, a correlation
between a novel environment and psychostimulant adminis-
tration effects on LA has been previously reported (Piazza et
al. 1989, 2000; Deroche et al. 1993). However, our results
demonstrated that groups classified according to novelty (LR/
HR) or in response to acute nicotine (LNR/HNR) were not
coincident, indicating that these two methods to classify low
and high LA responders probably involve different mecha-
nisms, as it was suggested for cocaine (Gulley et al. 2003).

On the other hand, the age of exposure to a particular drug
affects developmental outcomes. Prenatal exposure influences
drug-taking propensity of the off-spring, and adolescents are
particularly vulnerable to drug seeking and consumption
(Kandel et al. 2006; Substance Abuse and Mental Health
Services Administration 2010). Adolescence represents a cru-
cial phase in development, characterized by specific neurobi-
ological and behavioral features such as impulsivity and risk-
taking (Adriani and Laviola 2004). Nicotine provokes differ-
ential effects in adolescent and adult rodents by influencing LA
and CPP. Upregulation of nicotinic receptors and modulation
of excitatory signaling in midbrain DA neurons are triggered
by nicotine exposure, and these changes were age-dependent.
In particular, adolescent rats showed greater responses to nico-
tine (Placzek et al. 2009). Considering these previous findings,
we decided to use adolescent animals in the present work.

Once the animals were classified in LNR and HNR, they
were submitted to CPP to evaluate nicotine reward. To our
surprise, LNR and HNR rats were unable to establish four-
trial CPP, a protocol used regularly in our studies (Pascual et
al. 2009; Pastor et al. 2011). The psychostimulant effect of
nicotine was demonstrated because during each condition-
ing day LNR and HNR rats showed significant increases in
LA compared with controls, as it has been previously dem-
onstrated (Stolerman et al. 1973; Clarke and Kumar 1983;
Benwell and Balfour 1992; Nisell et al. 1996; Miller et al.
2001; Vezina et al. 2007). It has been recently reported that
rats exposed to free choice nicotine (oral consumption for
several weeks) did not develop CPP in a four-trial schedule,
suggesting a tolerance effect (Nesil et al. 2011). In contrast,
Lister rats treated with nicotine for 7 days prior to four
conditioning trials established significant nicotine CPP with
0.6 mg/kg of nicotine (Shoaib et al. 1994). Reasons for the
failure of nicotine to induce four-trial CPP in animals pre-
viously exposed to the drug are unknown; however, this
exposure appears to induce key changes in the generation
of CPP. One possibility to consider is that the exposure to
the LA box and the CPP box (during pretest) could generate
latent inhibition (Lubow 1973). Latent inhibition may re-
duce the association between environment and nicotine,
thus decreasing four-trial CPP score.

The fact that animals previously classified as LNR and
HNR showed similar LA response during the first conditioning
day indicated that this behavioral classification is conserved

after few days. This difference in LA could suggest sensitiza-
tion in LNR or tolerance in HNR animals. However, both
groups reached the same level of LA from the second trial,
indicating that no further sensitization was induced. Since a
constant level of LAwas observed during the following days,
tolerance cannot be discarded during conditioning, as it was
suggested previously (Nesil et al. 2011; Shoaib et al. 1994).
Considering the above results and the fact that nicotine CPP
could be establishedwith only one nicotine pairing (Spina et al.
2006; Brielmaier et al. 2007), we decided to test if the differ-
ence in LA activity observed during the first conditioning day
could participate in the induction of one-trial CPP. LNR or
HNR were unable to establish a preference by using one-trial
nicotine-CPP, in agreement with previous studies indicating
that only one nicotine pairing is not enough to develop a
preference (Laviollette and van der Kooy 2004; Le Foll and
Goldberg 2005; Markou 2008; Barik and Wonnacott 2009).
Nevertheless, other groups found single-trial CPP to nicotine
in early adolescent but not in adult rats, by using either biased
or unbiased designs (Belluzzi et al. 2004; Brielmaier et al.
2008). Likewise, we have previously found that nicotine in-
duced a significant one-trial CPP in early adolescent rats;
however, those experiments were carried out without prior
exposure to nicotine (unpublished data).

It is known that more conditioning sessions can increase
the probability of establishing nicotine-CPP (Laviollette and
van der Kooy 2004; Le Foll and Goldberg 2005); therefore,
we conducted a seven-trial protocol. Our results showed
that, after seven trials, LNR exhibited a positive CPP score.
Analyzing combined LNR and HNR data, the CPP score
was also positive, but only LNR were responsible for this
significant effect. These results are in agreement with pre-
vious observations in which cocaine low responders but not
high responders developed cocaine-CPP (Allen et al. 2007).
These results evidenced that nicotine and cocaine provoke a
similar effect on CPP when animals are previously exposed
to these drugs. Recently, it was demonstrated by using CPP
that nicotine primed the response to cocaine, but cocaine did
not prime the response to nicotine, showing that previous
administration of nicotine could facilitate cocaine preference
(Levine et al. 2011). The potential effect of prior exposure to
nicotine on other drugs of abuse in CPP raises an interesting
matter, particularly in view of the observation that among
adults aged 18 to 34 years who had used drugs of abuse at
least once, 90 % had smoked cigarettes before they began to
use psychostimulants (Kandel et al. 2006; Substance Abuse
and Mental Health Services Administration 2010).

Noteworthy, rats classified as LNR and HNR during prior
exposure to nicotine coincided with the animals that later
showed low or high LA in response to nicotine during the
first conditioning day, which may indicate an individual
intrinsic response of each animal to nicotine exposure.
Therefore, the first exposure to nicotine in the CPP box
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could be used for LNR and HNR classification without the
need of measuring the LA in the LA box. Using this method
of classifying LNR and HNR animals that considers partic-
ular individual responsiveness to nicotine may be an effec-
tive strategy for identifying genetic, epigenetic, and cellular
mechanisms that can contribute to nicotine vulnerability.
Difference between LNR and HNR might be due in part to
the differential expression of nicotinic receptors in those
animals, even though this hypothesis needs further corrob-
oration. Moreover, considering previous studies which dem-
onstrated that transcription and epigenetic factors are
involved in nicotine CPP (Pascual et al. 2009; Pastor et al.
2011), it is possible that these factors influence behavioral
differences among animals.

Our data suggest that LA response classification to a
previous nicotine administration predicts the establishment
of nicotine CPP in a subgroup of animals at least after seven
trials, but abolishes the preference for nicotine when a four-
trial schedule is used. The classification methodology in
HNR and LNR modifies the CPP outcome and a stronger
association between environmental cues and nicotine is
necessary to generate a significant CPP score.

In summary, our data suggested that rats with low initial
locomotor responsiveness to nicotine in an environment with-
out explicit behavioral consequences exhibit a phenotype of
increased susceptibility to develop nicotine CPP. Our findings
also highlighted the fact that using outbred rats as a homoge-
neous population could lead to ambiguous conclusions and
misinterpretation of data. We believe that LNR/HNR classifi-
cation is a more realistic strategy to evaluate nicotine
preference-related behaviors, in spite of increasing conditioning
trials. Finding out neurochemical or molecular differences be-
tween LNR and HNR might clarify the mechanisms involved
in the differential response to nicotine and might help to deter-
mine the individual vulnerability to nicotine consumption.
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