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Abstract

Studies of adolescent drug use show (1) a pattern in which the use of tobacco precedes the use of
other drugs and (2) a positive relationship between adolescent tobacco use and later drug use.
These observations have led to the hypothesis that a causal relationship exists between early
exposure to nicotine and the later use of hard drugs such as cocaine. Using male C57BL/6J mice,
we tested the hypothesis that nicotine exposure in adolescence leads to increased intravenous self-
administration (IVSA) of cocaine in adulthood. Using miniature osmotic pumps, we exposed mice
and their littermate controls to nicotine (24 mg/kg/day) or vehicle, respectively, over the entire
course of adolescence [postnatal days (P) 28-56]. Nicotine exposure was terminated on P56 and
mice were not exposed to nicotine again during the experiment. On P73, mice were allowed to
acquire cocaine IVSA (1.0 mg/kg/infusion) and a dose—response curve was generated (0.18, 0.32,
0.56, 1.0, 1.8 mg/kg/infusion). Lever pressing during extinction conditions was also evaluated. All
mice rapidly learned to lever press for the combination of cocaine infusions and non-drug stimuli.
Analysis of the dose-response curve revealed that adolescent nicotine-exposed mice self-
administered significantly more (P < 0.05) cocaine than controls at all but the highest dose. No
significant differences were observed between adolescent nicotine-exposed and control mice
during the acquisition or extinction stages. These results indicate that adolescent nicotine exposure
can increase cocaine IVSA in mice, which suggests the possibility of a causal link between
adolescent tobacco use and later cocaine use in humans.
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INTRODUCTION

Nicotine exposure from tobacco use is widespread in the United States, with an estimated
27.7% of Americans 12 or older using some form of tobacco (SAMHSA 2010). Initiation of
nicotine use typically begins during adolescence (SAMHSA 2010), a time when the brain is
still developing (Casey et al. 2005). During this window of vulnerability, acute insults may
alter the normal course of development and, consequently, have lifelong effects (Andersen
2003). Studies of adolescent drug use show that, typically, nicotine and alcohol use precede
the use of marijuana, which precedes the use of “hard’ drugs such as cocaine (Kandel 1975).
Epidemiological studies suggest that the use of nicotine during adolescence also
substantially increases the probability that later illicit drug use will occur (Torabi, Bailey &
Majd-Jabbari 1993; Merrill et al. 1999; Lai et al. 2000; Hanna et al. 2001; Wagner &
Anthony 2002). Observations such as these have inspired the concept of the gateway
hypothesis, which proposes that a causal relationship exists between early exposure to drugs
(e.g. alcohol, nicotine, marijuana) and the use of hard drugs later in life (Kandel &
Yamaguchi 2002).

Although epidemiological studies show a clear relationship between tobacco use during
adolescence and later drug use, the causal relationship between the two is still unclear.
However, the idea that exposure to nicotine through tobacco use in adolescence directly
affects hard drug use later in life is compelling because nicotinic acetylcholine receptors
(nAChRs) to which nicotine binds are a critical component in the modulation of brain
development during adolescence (Dani & Bertrand 2007). Studies in experimental animals
have shown that nicotine exposure during these critical periods can have long-term effects
on developing brain regions known to modulate drug use such as the prefrontal cortex,
nucleus accumbens and amygdala (reviewed in Slotkin 2004; Dwyer, McQuown & Leslie
2009). Thus, it is not surprising that several studies in rats and mice have shown that
exposure to nicotine during adolescence affects measures of drug reward and sensitivity
(e.g. Kelley & Middaugh 1999; Collins & Izenwasser 2004; Kelley & Rowan 2004;
McQuown, Belluzzi & Leslie 2007; McQuown et al. 2009; Anker & Carroll 2011). These
effects, in some cases, persisted long after the termination of nicotine exposure.

In the present study, we specifically tested the hypothesis that adolescent nicotine exposure
increases intravenous self-administration (IVSA) of cocaine in adulthood. We based this
hypothesis on previous results in C57BL/6J (B6), DBA/2J (D2) and two lines of BXD
recombinant inbred mice, which showed that adolescent nicotine exposure dose and
genotype dependently attenuated in adult mice the facilitating effects of a challenge
injection of cocaine on nucleus accumbens shell dopamine release evoked by repetitive
electrical stimulation of dopaminergic axons in the medial forebrain bundle (Dickson et al.
2011). In order to provide the strongest test of our hypothesis, we specifically selected B6
mice for the present study because this mouse line was the least affected by adolescent
nicotine treatment (i.e. B6 mice showed the smallest reduction in evoked dopamine release
following cocaine challenge). Additionally, B6 mice were selected because (1) the B6 strain
readily self-administers cocaine (e.g., Carney et al. 1991; Grahame & Cunningham 1995),
and (2) most nAChR subunit null mutants are maintained on a B6 background (reviewed in
Fowler, Arends & Kenny 2008).
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Using subcutaneously implanted miniature osmotic pumps, we exposed B6 mice to nicotine
(24 mg/kg/day) or vehicle throughout adolescence [postnatal days (P) 28-56]. Two weeks
following termination of nicotine exposure, mice were implanted with jugular catheters and
then allowed to acquire cocaine 1VVSA (1.0 mg/kg/infusion) after a 3-day recovery period.
Following acquisition of cocaine IVSA, the self-administration response was allowed to
stabilize at five doses of cocaine to establish a dose—response curve (0.18, 0.32, 0.56, 1.0,
1.8 mg/kg/infusion). Following stabilization on the final cocaine dose, mice were tested
during extinction conditions for 6 days.

MATERIALS AND METHODS

Animals

The following experiments were approved by the Institutional Animal Care and Use
Committee at the University of Memphis and conducted in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Efforts were
made to reduce the number of animals used, and to minimize animal pain and discomfort.

Mice were bred in the Department of Psychology at the University of Memphis. All
experimental subjects were second- or third-generation offspring of mice originally
purchased from the Jackson Laboratory (Bar Harbor, Maine). Twenty male B6 mice (10
litters, two mice per litter) were used to assess the effects of adolescent nicotine exposure on
cocaine IVSA. In a second study, three male B6 mice (three litters, one mouse per litter)
were used to assess plasma cotinine levels in nicotine-exposed mice at the midpoint of
exposure (P42). Throughout the experiment, mice were maintained in a temperature
controlled environment (21 + 1°C) on a 12:12 light : dark cycle (lights on at 8:00 am) and
were given free access to food and water.

Nicotine exposure

To assess the effects of adolescent nicotine exposure on cocaine IVSA, two randomly
selected male mice from each litter were weaned and individually housed on P28. One
mouse from each litter was randomly assigned to the nicotine group and the other to the
control group. Mice assigned to the nicotine group were implanted with an Alzet (Cupertino,
CA) miniature osmotic pump (model 1004), which provided 28 days of continuous
subcutaneous delivery of 24 mg/kg/day of nicotine dissolved in sterile water. Mice from the
control group were implanted with pumps filled with sterile water. All pumps were
implanted on P28 and explanted on P56. Pump implantation and explantation was performed
under oxygen/isoflurane anesthesia using sterile surgical techniques. Between P28 and P56
all mice were weighed at the same time daily in order to evaluate the effects of chronic
nicotine exposure on body weight.

Plasma cotinine levels

To assess plasma cotinine levels in nicotine-exposed mice, three randomly selected male B6
mice from three different litters were implanted with a nicotine-filled pump on P28 using the
protocol detailed above. On P42, trunk blood was collected following decapitation and was
immediately centrifuged for 10 minutes. Blood plasma was stored for 7-14 days at -80°C.
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Plasma cotinine levels were assessed using a commercial cotinine enzyme immunoassay kit
(#1124ET) from OraSure Technologies, Inc (Bethlehem, PA) in accordance with the
manufacturer’s recommendations. We chose to measure plasma cotinine because it is the
preferred method of quantifying nicotine exposure in humans. Thus, measuring plasma
cotinine allowed for a direct comparison with human studies. Additionally, plasma cotinine
and nicotine have been shown to be very strongly correlated in B6 mice (Marks et al. 2004).

Catheterization surgery

Apparatus

On P70, an indwelling catheter was implanted into the right external jugular vein under
oxygen/isoflurane anesthesia using procedures described in detail by Thomsen & Caine
(2005, 2007). Briefly, the catheter was inserted 12 mm into the jugular vein and anchored
with sutures. The catheter was run subcutaneously to an incision over the skull where a 25-
gauge stainless steel catheter access port was secured to the skull with a light-cured resin
using procedures described in detail by Groseclose et al. (1998).

IVVSA data were collected using 10 Med Associates (St. Albans, VT, USA) operant
conditioning chambers (307W) enclosed in sound attenuating cubicles (ENV-022MD). Two
retractable response levers (ENV-310W) were mounted on the front wall. A stimulus light
(ENV-321W) was mounted above each lever. A house light (ENV-315W) with bulb
(CM1829; Chicago Miniature Lighting, LLC, Novi, MI, USA) was centrally mounted on the
rear wall. A 25-gauge single-channel stainless steel swivel was mounted to a
counterbalanced lever arm attached to the exterior of the chamber. Tubing was used to
connect a 20 ml syringe mounted on the infusion pump to the swivel, and to connect the
swivel to a catheter port affixed to the mouse’s skull.

Catheter ports were constructed in-house using 25-gauge stainless steel hypodermic tubing
(Small Parts; HTX-25T-36-10). Operant conditioning chambers were controlled by a
Lafayette Instruments (Lafayette, IN, USA) BNC MKII control unit running Campden BNC
Control software (version 1.21).

Experimental procedure

Acquisition of cocaine IVSA—On P73 following 3 days of postsurgical recovery, mice
began cocaine IVSA acquisition on a fixed ratio (FR) 1 schedule at a dose of 1.0 mg/kg/
infusion. Mice were tested in 2-hour sessions at the same time daily 7 days per week
throughout the experiment. Each session began with the illumination of the house light and
extension of the two response levers. A left (active) lever press resulted in a cocaine infusion
and the illumination of both stimulus lights for 2 seconds. This was followed by a 20-second
time-out during which the house light was off and lever presses were recorded but had no
consequences. Throughout the entire session, right (inactive) lever presses were recorded but
had no consequences. The infusion pump delivered 11.76 pl of cocaine solution per second.
Cocaine dose was adjusted to body weight by slightly varying the pump time (infusions
lasted approximately 2 seconds). Mice were weighed daily before testing.
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Acquisition was defined as five consecutive sessions during which =10 infusions occurred.
Stabilization was defined as two consecutive sessions during which infusions did not vary
by more than 20% and at least 70% of lever presses were on the active lever. Thus,
acquisition and stabilization of responding occurred, at the earliest, on the fifth day of IVSA
training in some mice.

Generation of the dose-response curve—Following acquisition of cocaine IVSA,
the self-administration response was allowed to stabilize at five doses of cocaine to establish
a dose—response curve. Doses were presented in the following order: 1.0, 0.56, 1.8, 0.18,
0.32 mg/kg/infusion. Once mice had stabilized at each dose, they were moved to the
subsequent dose on the following session.

Extinction of cocaine IVSA—Following stabilization at the final dose of cocaine,
responding on the previously active and previously inactive levers was examined during
extinction conditions for six daily 2-hour sessions. During extinction sessions, the house
light was continuously illuminated, stimulus lights were never illuminated and lever presses
had no consequences. Mice were connected to infusion tubing, which was connected to a
syringe filled with sterile saline, but the infusion pump was never activated during extinction
sessions.

Maintenance of catheter patency—To maintain patency, catheters were flushed before
and after each daily testing session with 25 pl of a heparin lock solution (100 U/ml heparin/
saline; Hospira, Lake Forest, IL, USA).To forestall bacterial infection, mice were infused (2
ul/g) with an enrofloxacin/saline solution (10 mg/kg) immediately before the heparin flush
at the end of each session. Catheters were tested for patency with an infusion (2 pl/g) of a
methohexital/saline solution (5 mg/kg) once a complete dose—response curve was
established. Rapid loss of muscle tone was interpreted as an indication of patency.

Nicotine hydrogen tartrate salt and cocaine hydrochloride were obtained from Sigma-
Aldrich Chemical Co. (St Louis, MO). Methohexital (Brevital®) and enrofloxacin
(Baytril®) were obtained from Henry Schein (Melville, NY). Nicotine hydrogen tartrate salt
was dissolved in distilled water. Methohexital and cocaine hydrochloride were dissolved in
0.9% saline. All solutions were filtered through 0.22 pm syringe filters. Reported nicotine
doses are in freebase form (i.e., adjusted to freebase form using calculations in Matta et al.
2007) and are based on the average weight of B6 mice at P42, the midpoint of nicotine
exposure.

Dependent variables

The following dependent variables were collected during each 120 minute cocaine IVSA
session: (1) number of infusions, (2) inter-infusion interval and (3) number of active and
inactive lever presses.
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Mortality and attrition of experimental subjects

Over the 28-day course of nicotine exposure, one nicotine-exposed and one vehicle-exposed
mouse were dropped from the study because the implanted pumps became externalized.
Additionally, two nicotine-exposed mice and one vehicle-exposed mouse died during the
catheter implantation surgery. Finally, one nicotine-exposed and one vehicle-exposed mouse
were excluded from the extinction analysis because catheter ports became detached from the
skull.

RESULTS

Effect of adolescent nicotine exposure on body weight

Body weights of mice were recorded daily beginning immediately prior to pump
implantation on P28 and ending just prior to pump explantation on P56 (data not shown).
For each mouse, daily body weights were averaged to provide a weekly body weight for
each of the 4 weeks of exposure (week 1: P28-P34; week 2: P35-P41; week 3: P42-P48,
week 4: P49-P55). In order to investigate possible effects of adolescent nicotine exposure
on weight gain across the 28-day exposure period, we performed a repeated measures
analysis of variance (ANOVA) using week (1-4) as the within-subjects factor and nicotine
exposure (nicotine or vehicle) as the between-subjects factor. Results indicated that mice in
both groups gained weight throughout nicotine exposure [week: F (3, 11) = 267.96, P <
0.05]. Post hoc analyses indicated that, as a group, body weights of all mice increased
significantly (P < 0.05) each week relative to the previous week (week 1: M =15.89, SD =
1.23; week 2: M = 19.23, SD = 1.07; week 3: M =20.91, SD = 1.08; week 4: M = 22.21, SD
=1.10). There was no significant main effect of nicotine exposure or week x nicotine
exposure interaction.

Plasma cotinine levels

Plasma cotinine levels were assessed in three mice at P42, the midpoint of nicotine
exposure. The mean plasma cotinine level of these mice was 62.02 ng/ml (SD = 0.32).

Effect of adolescent nicotine exposure on acquisition of cocaine IVSA

To examine the effect of adolescent nicotine exposure on the acquisition of cocaine IVSA
(Fig. 1), we performed a repeated measures ANOVA using number of lever presses as the
dependent factor, day (1-5) and side (active or inactive) as within-subjects factors and
nicotine exposure (nicotine or vehicle) as the between-subjects factor. Days of acquisition
were restricted to five because two of the seven nicotine-exposed mice (28.6%) and two of
the eight controls (25.0%) reached the acquisition criterion on day 5. Repeated measures
ANOVA revealed a significant day x side interaction [F (4, 10) = 5.75, P < 0.05] as well as
significant main effects of day [F (4, 10) = 7.06, P < 0.05] and side [F (1, 13) = 27.69, P <
0.05]. Post hoc tests indicated that the number of presses on the active lever increased across
the first 5 days of acquisition, with the number of active presses on days 3-5 being
significantly greater (P < 0.05) than the number on day 1. Additionally, the number of
inactive lever presses did not differ significantly across days, and the number of active lever
presses was significantly greater (P < 0.05) than the number of inactive lever presses on
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days 3-5. This indicates that all mice, as a group, were pressing the active lever for the
combination of cocaine and cocaine-paired stimuli by day 3 of the acquisition stage.
Repeated measures ANOVA indicated that mean days to acquire cocaine self-administration
(i.e. five consecutive days of 210 infusions) did not differ significantly between nicotine-
exposed (M = 7.00, SD = 2.24) and control mice (M = 7.00, SD = 2.98). Thus, regardless of
nicotine exposure group, all mice that entered the study acquired cocaine IVSA, and the rate
at which the two groups acquired did not differ.

Effects of adolescent nicotine exposure on the cocaine dose—-response curve

To determine if mice continued to discriminate between the active and inactive levers during
the generation of the dose-response curve, we performed a repeated measures ANOVA
using percent of active lever presses as the dependent factor, cocaine dose (0.18, 0.32, 0.56,
1.0, 1.8 mg/kg/infusion) as the within-subjects factor, and nicotine exposure (nicotine or
vehicle) as the between-subjects factor. Repeated measures ANOVA indicated that there
was no significant main effect of nicotine exposure or cocaine dose, and there was no
significant interaction between the two factors. Because there was no effect of nicotine
exposure or cocaine dose on percent of active lever presses, we collapsed across these
factors and compared the percent of active lever presses to the percent of inactive lever
presses. As shown in Fig. 2a, percent of active lever presses was significantly and
substantially greater than the percent of inactive lever presses, 1(28) = 36.97, P < 0.001.

To examine the effect of adolescent nicotine exposure on the number of infusions at each
cocaine dose (Fig. 2b), we performed a repeated measures ANOVA using number of
cocaine infusions as the dependent factor, cocaine dose as the within-subjects factor and
nicotine exposure as the between-subjects factor. Repeated measures ANOVA indicated a
significant interaction of cocaine dose and nicotine exposure [F (4, 10) = 3.71, P < 0.05],
and significant main effects of cocaine dose [F (4, 10) = 148.81, P < 0.05] and nicotine
exposure [F (1, 13) = 6.53, P < 0.05]. As shown in Fig. 2b, post hoc tests indicated that adult
mice exposed to nicotine during adolescence self-administered significantly more cocaine (P
< 0.05) relative to control mice at all but the highest dose of cocaine (1.8 mg/kg/infusion).
Additionally, post hoc tests indicated that the number of self-infusions differed significantly
at each dose in nicotine-exposed mice. In control mice, the number of self-infusions differed
significantly at all doses with the exception that the 1.0 mg/kg/infusion dose did not differ
significantly from the 0.56 and 1.8 mg/kg/infusion doses.

In order to determine the effect of adolescent nicotine exposure on inter-infusion interval
(Fig. 2c), we performed a repeated measures ANOVA using inter-infusion interval as the
dependent factor, cocaine dose as the within-subjects factor and nicotine exposure as the
between-subjects factor. Repeated measures ANOVA revealed a significant interaction of
cocaine dose and nicotine exposure [F (4, 10) = 4.18, P < 0.05], and a significant main
effect of cocaine dose [F (4, 10) = 150.48, P < 0.05]. The main effect of nicotine exposure
approached but did not reach significance [F (1, 13) = 4.11, P = 0.064]. A repeated
measures ANOVA using time-out responses on the active lever as the dependent factor,
cocaine dose as the within-subjects factor, and nicotine exposure as the between-subjects
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factor revealed a significant effect of cocaine dose [F (1, 13) = 7.37, P < 0.05], but not of
nicotine exposure or the interaction between cocaine dose and nicotine exposure.

Effects of adolescent nicotine exposure on extinction of cocaine IVSA

In order to examine the effect of adolescent nicotine exposure on the extinction of cocaine
IVSA (Fig. 3), we performed a repeated measures ANOVA using lever presses as the
dependent factor, day (1-6) and side (active or inactive) as within-subjects factors and
nicotine exposure (nicotine or vehicle) as the between-subjects factor. Repeated measures
ANOVA did not indicate a main effect of nicotine exposure, and no interaction which
included nicotine exposure as a factor was significant. However, repeated measures
ANOVA revealed a significant day x side interaction [F(5, 7) = 4.75,P < 0.05] as well as a
significant main effect of day [F (5, 7) = 5.49, P < 0.05] and side [F (1, 11) = 20.54, P <
0.05]. Post hoc tests indicated that regardless of exposure group, the number of presses on
the previously active lever was significantly greater (P < 0.05) than those on the previously
inactive lever on all 6 days of extinction, and all mice pressed significantly more (P < 0.05)
on the first day of extinction than on days 2-6, which did not differ significantly.

DISCUSSION

In the present study, B6 mice were exposed to either nicotine (24 mg/kg/day) or vehicle
during adolescence from P28 to P56 using subcutaneously implanted miniature osmotic
pumps. As in a previous study (Dickson et al. 2011), this dose and method of nicotine
exposure did not affect weight gain during the exposure period relative to vehicle-exposed
controls. Plasma cotinine levels in nicotine-exposed mice, assessed at the midpoint of
nicotine exposure, were comparable to plasma cotinine levels in human adolescent smokers
(Rubinstein et al. 2007). Following 17 nicotine-free days, mice were tested on a cocaine
IVSA paradigm during adulthood. Adolescent nicotine-exposed and control mice learned to
lever press for the combination of cocaine infusions and drug-paired stimuli by the third day
of the acquisition stage, as evidenced by the significantly greater number of active relative to
inactive lever presses on days 3-5 of the acquisition stage (Fig. 1). Once cocaine IVSA had
been acquired (i.e. five consecutive sessions during which =10 infusions occurred), the self-
administration response was allowed to stabilize on five different doses of cocaine (0.18,
0.32, 0.56, 1.0, 1.8 mg/kg/infusion). Relative to control mice, nicotine-exposed mice self-
administered significantly more cocaine at all but the highest cocaine dose. Following
stabilization on the final cocaine dose, saline was substituted for cocaine and all mice were
tested during extinction conditions for 6 days. No differences were detected between
adolescent nicotine-exposed and control mice during extinction.

Nicotine dose and exposure method: relevance to human smoking

Several methods of nicotine exposure are routinely used in animal research including
miniature osmotic pumps (present study), repeated daily injections and exposure via the
drinking water. There are advantages and disadvantages to the use of each method (reviewed
in Matta et al. 2007). In the present study, we chose to use osmotic pumps instead of other
methods because the use of osmotic pumps (1) allows precise control over nicotine dose
compared to exposure via the drinking water and (2) exposes the animal to less stress across
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adolescence compared to repeated daily injections. The reduction of stress during adolescent
nicotine exposure was necessary in the present study given (1) the well-established
relationship between exposure to chronic stress during adolescence and subsequent drug
abuse (reviewed in Sinha 2001; Enoch 2011) and (2) the recent report showing that chronic
stress and chronic nicotine counteract each other’s effects on cocaine-dependent dopamine
release in the striatum (Salas & De Biasi 2008). The effect of stress on striatal dopamine
release is an important consideration because of the well-established relationship between
striatal dopamine and cocaine self-administration (e.g. Dalley et al. 2007; Belin & Everitt
2008).

Regarding the dose of nicotine used in the present study, the assay of plasma cotinine levels
revealed that the 24 mg/kg/day nicotine dose, although relatively high compared to other
species, resulted in plasma cotinine levels in B6 mice which are quite similar to those
observed in adolescent human smokers (Rubinstein et al. 2007). This finding is consistent
with the relatively rapid nicotine metabolism in the mouse species compared to other
animals (Petersen, Norris & Thompson 1984), a phenomenon that necessitates higher
nicotine dosages in the mouse to achieve blood plasma nicotine levels which are comparable
to those observed in human smokers (Matta et al. 2007).

It is important to note that although we have reduced the potential impact of stress by using
osmotic pumps instead of daily subcutaneous injections, the use of osmotic pumps may still
represent a stressor in B6 mice. Thus, in the present study, it is possible that the effects of
stress resulting from the use of osmotic pumps increased self-administration of cocaine in all
mice or modulated the effect of adolescent nicotine exposure on adult cocaine IVSA in
nicotine-exposed mice specifically. Additionally, it should be remembered that osmotic
pumps deliver a constant dose of nicotine (similar to a nicotine patch), while the pattern of
nicotine use in human adolescents is intermittent. Thus, it is possible that these two modes
of nicotine administration result in unique neuroplastic changes in the brain, each having a
distinct effect on adult cocaine use. Finally, it should be noted that the experimental design
used in the present study introduced a period of nicotine abstinence immediately following
adolescent nicotine exposure which continued through cocaine IVSA testing in adulthood.
The purpose of this design was to assess the effects of nicotine exposure restricted to
adolescence. However, in human populations, nicotine use frequently occurs simultaneously
with cocaine use. Thus, it is possible that the effect of adolescent nicotine exposure on
subsequent cocaine use in the absence of nicotine, as seen in the currently study, differs
from what is frequently seen in human populations in which cocaine use occurs concurrently
with nicotine use.

Effects of adolescent nicotine exposure on the acquisition of cocaine IVSA

There were no significant differences in the acquisition of responding for cocaine between
the two exposure groups. This result supports the hypothesis that exposure to nicotine during
adolescence does not influence the propensity to acquire cocaine IVSA in B6 mice, and is in
agreement with a previous study in rats (Anker & Carroll 2011). It should be noted that the
present results contrast with an earlier study in which nicotine-exposed adolescent rats
acquired cocaine IVSA more rapidly than saline-exposed adolescent controls and saline- and
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nicotine-exposed adults (McQuown et al. 2007). One caveat to this study, however, is that
the acquisition of cocaine IVSA began the day following termination of nicotine exposure.
Thus, rats acquired cocaine IVSA during early withdrawal from nicotine. This is important
because it has been shown that nicotine withdrawal temporarily reduces nucleus accumbens
dopamine levels in rats and decreases brain reward function in rats and mice (reviewed in
O’Dell & Khroyan 2009). Additionally, it has recently been shown in B6 mice that
dopamine dynamics in the nucleus accumbens are temporarily disrupted during nicotine
withdrawal (Zhang et al. 2012). These changes, although temporary, persisted for between 5
and 10 days depending on the length of nicotine exposure. Thus, it is possible that the
increased cocaine intake in nicotine-exposed relative to saline-exposed adolescent rats in
McQuown et al. (2007) resulted from transient changes in nucleus accumbens dopamine
dynamics and reward threshold resulting from nicotine withdrawal. The fact that acquisition
of cocaine IVVSA in nicotine- and saline-exposed adult rats did not differ may be due to
differences in the rewarding and aversive effects of nicotine between adolescents and adults
(reviewed in O’Dell & Khroyan 2009).

A second consideration that should be taken into account when comparing the results of the
present study with those reported by McQuown et al. (2007) is that genetic background
strongly modulates the degree to which adolescent nicotine exposure affects nucleus
accumbens dopamine dynamics in response to cocaine challenge (Dickson et al. 2011).
Thus, it is possible that differences in genetic background (possibly combined with species
differences) between the B6 mice in the present study and the rats used in McQuown et al.
(2007) contributed to different findings during the acquisition stage.

Effects of adolescent nicotine exposure on cocaine efficacy

Following acquisition of cocaine IVSA, adult mice that had been exposed to nicotine
throughout adolescence self-administered more cocaine at significantly shorter inter-
infusion intervals at all but the highest dose compared to vehicle-exposed controls. In
conjunction with our previous study showing a dose- and genotype-dependent reduction in
nucleus accumbens dopamine response following a cocaine challenge in adolescent
nicotine-exposed adult mice (Dickson et al. 2011), these results support the hypothesis that
nicotine exposure during adolescence results in a long-lasting reduction in efficacy of
cocaine which leads to a compensatory increase in cocaine IVSA. The implication of this
finding is that exposure to nicotine during adolescence results in a long-term risk of
significantly increased cocaine use over the lifetime of an individual, resulting in two
primary liabilities. First, the use of cocaine and other drugs results in neural adaptations that
are hypothesized to contribute to addiction (reviewed in Robinson & Kolb 2004). Thus,
reduced efficacy of cocaine as a result of adolescent smoking may predispose individuals to
consume more cocaine, directly resulting in neural adaptations which increase the
probability of engaging in addictive behaviors, resulting in even greater cocaine use.
Second, the risk of cocaine-related cardiovascular complications such as myocardial
infarction and aortic ruptures rises substantially with the use of cocaine (reviewed in Maraj,
Figueredo & Lynn Morris 2010). For example, the risk of acute myocardial infarction has
been shown to increase 24-fold in the hour following cocaine use (Mittleman et al. 1999).
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Thus, in addition to increases in addictive behaviors, increased cocaine use also raises the
risk of cardiovascular complications.

It is also worthwhile to note that increases in impulsivity resulting from adolescent nicotine
exposure may play a role in the increased cocaine IVSA observed in the present study. This
idea is consistent with the findings that (1) rats exposed to nicotine during adolescence show
long-term increases in impulsivity (Counotte et al. 2009), and (2) trait-impulsive rats show a
vertical shift in the cocaine IVSA dose-response curve relative to non-impulsive rats
(Dalley et al. 2007). Interestingly, like the adolescent nicotine-exposed mice in the present
study, trait-impulsive rats do not show facilitated acquisition relative to controls.

Finally, regarding the present study, it is important to consider that in addition to an increase
in active lever pressing in nicotine-exposed mice relative to controls, non-active lever
pressing also increased. This is consistent with a general increase in activity which is a
consequence of the relatively greater cocaine consumption in nicotine-exposed mice.
However, it remains possible that this also reflects, at least to some degree, a general
increase in activity resulting from adolescent nicotine exposure.

Effects of adolescent nicotine exposure on extinction of cocaine responding

Following the generation of a dose—response curve, mice were tested for 6 days during
extinction conditions. Consistent with previous studies in the B6 strain (e.g. Thomsen &
Caine 2011), mice showed an initial burst of responding during the first day followed by
decreased responding during subsequent days. There was, however, no observed effect of
adolescent nicotine exposure on rate of extinction, suggesting that the mechanisms
responsible for extinction of an operant response motivated by cocaine reward were not
affected in adult mice exposed to nicotine during adolescence. A qualification to this
conclusion is that during the extinction stage, multiple stimuli which had previously been
paired with delivery of cocaine (i.e. illumination of stimulus lights, activation of infusion
pump and infusion of solution) were no longer presented. This is an important consideration
because stimuli which have been paired with delivery of cocaine have control over
responding in ways which are dissociable from the control over behavior motivated by the
drug itself (Panlilio, Weiss & Schindler 1996; Schenk & Partridge 2001; Saunders &
Robinson 2010; Millan, Marchant & McNally 2011). With regard to this, Anker & Carroll
(2011) recently reported that adolescent nicotine exposure sensitized cue-induced
reinstatement of cocaine seeking in rats bred for high and low saccharin intake. Thus, it
remains possible that adolescent nicotine exposure could affect extinction or cue-induced
reinstatement of cocaine IVSA in B6 mice by altering neural substrates which mediate the
association between drugs and drug cues.

Possible effects of nicotine withdrawal on cocaine IVSA

It is important to note that the short-term effects of nicotine withdrawal on nucleus
accumbens dopamine levels and reward may be an important contributor to nicotine’s
gateway effect (Zhang et al. 2012). However, in order to fully characterize the gateway
effect of nicotine, it is necessary to dissociate, with respect to their effects on
psychostimulant use, the transient effects of nicotine withdrawal from the persistent effects
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of adolescent nicotine exposure. Therefore, in the present study, we specifically allowed for
an extended period of time between the last nicotine exposure day and the beginning of
cocaine IVSA (17 days) to exclude the possibility that transient effects of nicotine
withdrawal could contribute to any observed effects on the acquisition, maintenance or
extinction of cocaine IVSA. We reasoned that 17 nicotine-free days was sufficient to control
for short-term effects of nicotine withdrawal due to a previous report (Damaj, Kao & Martin
2003) in which affective and somatic effects of spontaneous nicotine withdrawal in mice
subsided 4 days following the termination of nicotine treatment (24 mg/kg/day via osmotic
pump for 2 weeks). However, it remains possible that relatively long-term effects of nicotine
withdrawal (e.g. neurobiological changes due to stress experienced during nicotine
withdrawal) could have affected cocaine IVSA in the present study.

Possible effects of non-drug stimuli on lever pressing behavior

It should be noted that animals have been shown to respond purely for visual and auditory
stimuli in operant conditioning tasks (Kish 1955; Marx, Henderson & Roberts 1955; Blatter
& Schultz 2006; Cain, Green & Bardo 2006; Olsen & Winder 2009). However, whether
animals will do this and, if so, the degree to which they will respond is largely dependent on
the characteristics of the stimuli. In a recent study, Olsen & Winder (2012) investigated the
effects of stimulus dynamics on the self-administration of non-drug stimuli in B6 mice.
These authors reported that although B6 mice will lever press for flashing lights of varied
frequencies and durations using an FR 1 schedule, they will not lever press for the
illumination of briefly presented, non-flashing stimulus lights (i.e. the same type used in the
present study). Thus, it seems unlikely that active lever pressing in the present study was
performed to self-administer non-drug stimuli. Most importantly, the fact that active lever
pressing changed significantly with cocaine dose despite the fact that non-drug stimuli did
not vary across doses strongly supports the hypothesis that active lever presses represent
responding for cocaine, not responding for non-drug stimuli. However, we cannot
completely exclude the possibility that the increased active lever pressing observed in
nicotine-exposed mice relative to controls was to some degree due to an increased
motivation to self-administer non-drug stimuli rather than an increased motivation to self-
administer cocaine.

Neurobiological mechanisms

Nicotine-induced upregulation in nAChRs is a well-known consequence of nicotine
exposure in rats (Schwartz & Kellar 1983, 1985; Webster et al. 1999), mice (Marks, Burch
& Collins 1983; Marks et al. 1992) and humans (Perry et al. 1999). Because NAChRs are
expressed in regions of the brain known to modulate drug reward, differences in the degree
of nicotine-induced upregulation of nAChRs between adolescents and adults in these areas
could partly explain the gateway effect of nicotine observed in the current study (i.e. cocaine
sensitization following adolescent nicotine exposure). Consistent with this idea, Trauth et al.
(1999) assessed NAChR binding in the midbrain, cerebral cortex and hippocampus and
found more widespread and persistent NAChR upregulation in adolescent compared to adult
nicotine-exposed rats.
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It is also possible that mechanisms other than upregulation in nAChRs are involved in the
gateway effect of nicotine. For example, mid-adolescent nicotine exposure has been shown
to reduce (and adult exposure to enhance or not affect, respectively) striatal and
hippocampal levels of the GIuR2/3 subunit of the AMPA glutamate receptor in outbred
CD-1 mice when measured 2 months following termination of nicotine exposure (Adriani et
al. 2004). These authors suggested that AMPA receptors may affect drug reward by
modulating glutamatergic control of synaptic plasticity in the striatum. Collins et al. (2004)
have shown that nicotine exposure in periadolescent (but not adult) rats resulted in an
increase in dopamine transporter densities in the rostral caudate putamen and nucleus
accumbens. These differential effects of adolescent and adult nicotine exposure on nAChRs,
AMPA receptors and dopamine transporter densities may provide neurobiological
mechanisms for the gateway effect of nicotine observed in the present study.

In addition to adolescent nicotine exposure, it should be noted that nicotine exposure both
before and after adolescence may contribute to the gateway effect of nicotine. For example,
Novak, Seeman & Le Foll (2010) have reported an increase in dopamine D2Hi9h receptor
levels following nicotine exposure in adult rats, and Horger, Giles & Schenk (1992) have
reported facilitated acquisition of a low dose of cocaine immediately following 9 days of
nicotine pre-exposure in adult rats. Additionally, prenatal nicotine exposure has been shown
to increase self-administration of a high dose of cocaine (500 pg/kg per injection) in
adolescent rats (Franke et al. 2008).

Finally, it should be noted that the use of the term “‘gateway effect’ is typically reserved for
human populations. Specifically, this term is used to refer to the phenomenon in which the
use of one drug increases the probability of the subsequent use of another drug. With respect
to causality, one possibility is that use of the first drug causes sensitization to the second
drug. In animal studies, this phenomenon is typically called cross-sensitization. However, in
addition to cross-sensitization, other factors likely contribute to the gateway effect in human
populations. Specifically, in addition to prior drug use, multiple factors including sex
(Bobzean et al. 2010; Vansickel, Stoops & Rush 2010), social status (Morgan et al. 2002),
socioeconomic status (Lemstra et al. 2008; Humensky 2010) and stress (Enoch 2011) have
been shown to influence the use of addictive drugs. Importantly, some of these factors (e.g.
stress; Salas & De Biasi 2008) likely modulate the causal relationship between nicotine
exposure and later drug use reported here.

CONCLUSION

In the present study, we have shown in B6 mice that chronic nicotine exposure across
adolescence results in elevated intravenous self-administration of cocaine without affecting
the rate of acquisition or extinction. Cotinine levels in nicotine-exposed mice were
comparable to those in adolescent humans. The observed effects of adolescent nicotine
exposure on adult cocaine IVSA were not due to transient changes in reward function or
dopamine dynamics which occur during nicotine withdrawal because a 17-day washout
period occurred between the last day of nicotine exposure and the first day of cocaine IVSA.
Using a similar nicotine exposure protocol in B6, D2 and two BXD recombinant inbred
lines, we have previously shown that adolescent nicotine exposure causes persistent dose-
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and genotype-dependent changes in dopamine functional dynamics in the nucleus
accumbens shell (Dickson et al. 2011). Together, these two studies support (1) a causal
relationship between adolescent nicotine exposure and later cocaine use and (2) a biological
mechanism underlying this effect.
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Figure 1.
Acquisition of intravenous cocaine self-administration in adult mice exposed to nicotine (n =

7) or vehicle (n = 8) during adolescence. Both nicotine- and vehicle-exposed mice learned to
discriminate between the active and inactive lever by the third day of the acquisition stage.
This is indicated by a significantly greater number of active relative to inactive lever presses
on days 3 through 5 compared to day 1 (*P < 0.05). Inactive lever presses did not differ
significantly across days. Performance of nicotine- and vehicle-exposed mice did not differ
significantly during the acquisition stage
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Figure2.
Intravenous cocaine self-administration performance of adult mice exposed to nicotine (n =

7) or vehicle (n = 8) during adolescence. (a) The percentage of active lever presses was
substantially and significantly greater (P < 0.05) than inactive lever presses in both nicotine-
and vehicle-exposed mice. There was no significant effect of nicotine treatment or cocaine
dose. (b) Adolescent nicotine-exposed mice self-administered significantly more cocaine
(*P < 0.05) than vehicle-exposed controls at all but the highest cocaine dose. (c) Inter-
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infusion intervals of nicotine-exposed mice were significantly shorter (*P < 0.05) than those
of vehicle-exposed controls at all but the highest cocaine dose
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—e— Control (previously active)
* —O— Nicotine (previously active)
) - —w— Control (previously inactive)
—&— Nicotine (previously inactive)

Day of extinction

Figure 3.
Extinction of cocaine self-administration in adult mice exposed to nicotine (n = 6) or vehicle

(n=7) during adolescence. The number of previously active lever presses was significantly
greater (*P < 0.05) on the first day of extinction relative to all other days, which did not
differ significantly. Additionally, on all 6 days of extinction, the number of lever presses on
the previously active lever was significantly greater (P < 0.05) than the number on the
previously inactive lever. Performance of adolescent nicotine- and vehicle-exposed mice did
not differ significantly during the extinction stage
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