











Figure 3.8. The effect of repeated nicotine exposure in adult mice on cocaine-induced

hyperactivity later in life.

(A) Adult mice (PND 70) were injected s.c. with saline or various doses of nicotine (0.5 or 1
mg/kg) twice daily for 7 days, and were examined for cocaine hyperactivity on PND 112. (B)
Pretreatment with nicotine (0.5 or 1 mg/kg) in adulthood failed to enhance cocaine locomotor
activity during the 30-minute test period. Data are expressed as the number of photocell
interruptions £ SEM for 6 mice per group. The legend represents the treatment group during

early adolescence.
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Figure 3.9. The effect of acute nicotine exposure in adult mice on cocaine-induced

hyperactivity later in life.

(A) Adult mice (PND 70) were injected s.c. with saline or nicotine (0.5 mg/kg) twice daily for 1
day, and were examined for cocaine hyperactivity on PND 112. (B) Pretreatment with nicotine

(0.5 mg/kg) in adulthood failed to enhance cocaine locomotor activity during the 30-minute test
period. Data are expressed as the number of photocell interruptions £ SEM for 6 mice per group.

The legend represents the treatment group during early adolescence.
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3.3.5 Effect of adolescent nicotine exposure on locomotor sensitization to cocaine

We then examined the effects of early adolescent nicotine treatment on cocaine-induced
behavioral sensitization. Figure 3.10 shows data from mice that were pretreated with 0.5 mg/kg
nicotine for 7 days in early adolescence (solid bars) compared to data from salinepretreated mice
(non-solid bars). During the acquisition period, mice that were treated with cocaine (20 mg/kg)
demonstrated enhanced locomotor activity as expected, with no differences due to adolescent
nicotine pretreatment (p<0.05 compared to saline-saline). On the challenge day, two groups
received an injection of cocaine i.p. (5 mg/kg). Both saline- and nicotine-pretreated mice that
were treated with cocaine during the acquisition period displayed enhanced locomotor activity
compared to the mice treated with saline during acquisition. However, mice that were pretreated
with nicotine in adolescence showed a significant increase in cocaine-induced locomotor activity
compared to saline-pretreated animals. These results demonstrate that early adolescent nicotine

exposure enhances the induction of locomotor sensitization to cocaine.
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Figure 3.10. Effect of early adolescent nicotine exposure on behavioral sensitization to
cocaine.

Early adolescent mice were pretreated with either saline (non-solid bars) or 0.5 mg/kg nicotine
(solid bars) for 7 days, and were tested for cocaine-induced locomotor sensitization in adulthood.
Treatment groups are represented by acquisition drug-challenge drug in the legend (ex. sal-coc =
saline during acquisition and cocaine on challenge day) *p<0.05 from sal-sal control on the same

day; # p<0.05 from sal-coc group; $p<0.05 from saline pretreated coc-coc group.
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3.4. Summary

Our data revealed that a 7 days exposure to low doses of nicotine in adolescent mice
enhanced several behavioral effects of cocaine in adulthood: CPP, locomotor activation and
sensitization. Our results also clearly show that the age at which the animals are exposed to
nicotine have a great impact. Nicotine exposure in early (but not late) adolescence or in
adulthood enhanced cocaine’s preference in the CPP test. The enhancement of cocaine
behavioral responses depended upon the age and length of nicotine exposure. These results
suggest that early adolescence is a critical period for behavioral plasticity induced by nicotine.
Utilizing the same repeated nicotine treatment regimen used in ICR mice, our results showed that
the enhancement of cocaine reward was replicated in C57 but not DBA mice. This strain
difference suggests the possible involvement of genetic factors in the effects of nicotine in
adolescence, and could help in understanding individual differences in cocaine-taking behavior,

and the drug abuse liability observed in humans.
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CHAPTER FOUR

Effects of early-adolescent nicotine exposure on altering the reward-related effects and

dependence with other drugs of abuse in adult mice

4.1 Introduction

Adolescence is often the time for novelty seeking and risk-taking behaviors during which
high levels of drug experimentation are reported. Epidemiological studies have demonstrated that
adolescent tobacco smokers are more likely to proceed and abuse other drugs as adults (Kandel
et al., 1992). Similarly, adolescent nicotine exposure in rodents has been shown to affect cocaine
and alcohol preferences and sensitivities (Collins & Izenwasser, 2004; Kelley & Middaugh,
1999; Kelley & Rowan, 2004). Our results in Chapters Two and Three demonstrated that
repeated nicotine exposure during early adolescence yields persistent changes in adult mice’s
behavioral responses to cocaine. Given that many abused drugs share the same molecular
“circuits,” we can speculate that early adolescence exposure to nicotine may lead to persistent
changes in sensitivity to other abused drugs as well.

In this chapter, follow-up studies were undertaken to determine if this enhancement seen
with cocaine generally applies to other abused drugs. We hypothesized that exposure to nicotine
during early adolescence would cause persistent changes in the reward-related effects of abused
drugs in general. Using the same experimental design as in Chapter Three, we examined the
effects of adolescent nicotine on different abused drugs that have different initial cellular targets.
In particular, we studied the effects of nicotine exposure on morphine and amphetamine abuse in

the conditioned place preference test. Moreover, we investigated if cocaine exposure during
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adolescence had an effect on nicotine reward in adult mice. Having already examined the
adolescent nicotine effect on the mice’s reward response to cocaine and morphine, we exposed
the mice to nicotine during early adolescence and tested for morphine physical dependence once

the animals reached adulthood.

4.2 Materials and methods

4.2.1 Drugs

(-)-nicotine hydrogen tartrate salt [(—)-1-methyl-2-(3-pyridyl) pyrrolidine (+)-bitartrate
salt] was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA); amphetamine, cocaine,
morphine, and naloxone were supplied by the National Institute on Drug Abuse (Rockville, MD).
All drugs were dissolved in sterile saline (0.9% sodium chloride) and prepared fresh before each
experiment. Amphetamine, morphine, and nicotine were injected s.c. while cocaine and naloxone
were 1.p. at a volume of 10 ml/kg body weight. Control groups received saline injections at the
same volume and by the same route of administration. All doses are expressed as the free base of

the drug.

4.2.2 Drug exposure protocol

Similar to the previous experiments reported in Chapter Three, naive ICR mice received
nicotine (cocaine in one experiment) during early adolescence (PND 28 to 34) or adulthood
(PND 70 to 76). Nicotine (0.5 mg/kg), cocaine (10 or 20 mg/kg) or saline was administered to
mice s.c. twice daily with injections approximately 6 hours apart (9:00 am and 3:00 pm) for 7

days. Mice were then housed in their home cages and allowed to mature until they reached
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adulthood (> PND 70), at which point they were evaluated in the CPP test or withdrawal

paradigms as described below.

4.2.3 Conditioned place preference test

Mice pretreated with nicotine were tested for amphetamine or morphine preference, while
those treated with cocaine were tested for nicotine preference using the CPP test after they
reached adulthood. The CPP protocol utilized in Chapter two was implemented here, except the
nicotine pretreated drug groups received morphine (2.5, 5.0, or 10.0 mg/kg s.c.) or amphetamine
(0.2, 5.0, or 10.0 mg/kg s.c.), while the cocaine pretreated group received nicotine (0.1 or 0.5

mg/kg s.c.) in one side and saline in the opposite side.

4.2.4 Induction of morphine physical dependence

Another set of early adolescent (PND 28) mice was treated with saline or nicotine (0.5
mg/kg; s.c. twice daily for seven days). When the mice reached adulthood (PND 70), they were
randomly divided into four groups based on their adolescent pretreatment (saline or nicotine) and
the following adulthood and challenge treatments (saline and saline or morphine and naloxone).
On day one, depending on the groups’ indicated adulthood treatment, the mice were injected
with saline or 50 mg/kg of morphine s.c. three time daily at 9:00 a.m., 12:00 p.m., and 3:00 p.m.
On day two, the morphine groups received 75 mg/kg of s.c. three times per day. On day three,
the morphine dose was increased to 100 mg/kg thrice daily. On day four, 100 mg/kg of morphine
was injected once at 9:00 a.m. Two hours later, the mice were injected i.p. with saline or
naloxone (2.0 mg/kg). Immediately thereafter, the animals were placed individually in separate

glass beakers and observed for typical morphine withdrawal signs that included head shakes,
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paw tremors, body tremors, and backing, ptosis, curls, and jumps. Results were expressed as the

mean £+ S.E.M. number of signs displayed by mice during the 30-minute observation period.

4.3 Results

4.3.1 Effects of early-adolescent nicotine exposure on morphine-induced conditioned place

preference

To assess the effects of early-adolescent nicotine exposure on morphine CPP in
adulthood, the mice were pretreated with nicotine (0.5 mg/kg s.c.; two injections daily for seven
days) during early adolescence (PND 28-34) and then they were allowed to mature to adulthood
(PND 70) before CPP testing (Figure 4.1). A two-way ANOVA (adolescent treatment x CPP
treatment) with Bonferroni Posthoc test showed significant effects of adolescent treatment [F (;,
46) =13.31, p = 0.0007] and CPP treatment [F (3 46 =18.08, p < 0.0001], with no significant
interaction between adolescent treatment x CPP treatment [F (3, 46) =0.5690, p = 0.6383]. The
differences in the morphine dose-response in addition to the dose-response curves for the two
groups were graphed (Figure 4.2). Interestingly, the pretreatment with nicotine at 0.5 mg/kg
during adolescence produced a leftward shift in the morphine-dose-response curve, and
subsequent doses of 5 and 10 mg/kg of morphine evoked a significant CPP response in
adulthood compared to saline controls. These results show that early-adolescent nicotine

exposure increases the CPP scores of morphine in adult mice.
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Figure 4.1. The effect of early-adolescent nicotine exposure on morphine CPP in adult male
mice.

(A) As shown in the upper panel, early-adolescent mice were injected s.c. with saline or nicotine
(0.5) twice daily for seven days and were conditioned with differing doses of morphine (2.5, 5.0,
or 10.0 mg/kg) in PND 70. (B)The legend represents the treatment group during early
adolescence. Each bar represents the mean = SEM of seven to eight mice. *p<.05 from

respective saline control. * p<.05 from respective saline-morphine control.
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Figure 4.2. The effect of early-adolescent nicotine exposure on morphine dose-response
curve for CPP in adult male mice.

Early-adolescent mice were injected s.c. with saline or nicotine (0.5) twice daily for 7 days and
were conditioned with differing doses of morphine (2.5, 5.0, or 10.0 mg/kg) in PND 70.
Repeated nicotine exposure in early adolescence produced a leftward shift in the morphine dose
response curve. The y-axis represents preference score and the x-axis expresses the conditioning
treatment in the CPP test. The legend represents the treatment group during early adolescent.
Each point represents the mean = SEM of seven to eight mice. *p<.05 from respective saline-

morphine control.
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4.3.4 The impact of the sequential order between nicotine and cocaine on drug-induced CPP

Our previous results established that repeated nicotine exposure during early adolescence
enhanced the cocaine, morphine, and amphetamine place preference in CPP test. It was
important for us to examine if the nicotine effect is bidirectional or not. To investigate this, early-
adolescent mice (PND 28) were pretreated with cocaine (10 or 20 mg/kg, two injections each day
for a total of seven days), and at PND 70 they were conditioned to nicotine (0.1 or 0.5 mg/kg).
Cocaine pretreatment did not enhance nicotine CPP in adult mice. Intriguingly, mice pretreated
with cocaine (10 mg/kg, twice daily for a week) in early adolescence showed condition place

aversion to nicotine (0.5 mg/kg) compared to saline-treated mice (Figure 4.5).
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Figure 4.5. The effect of early-adolescent cocaine exposure on nicotine-induced CPP in

adulthood.

(A) As shown in the upper panel, early adolescent mice were injected i.p with saline or cocaine
(10 or 20 mg/kg) twice daily for 7 days and were conditioned with nicotine (0.5 mg/kg) in
PND70. (B) The x-axis expresses adolescent treatment in the CPP test. The legend represents the

treatment group during early adolescent. Each bar represents the mean = SEM of seven to eight

mice. *p<.05 from respective saline control. *p<.05 from saline-nicotine.
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4.4. Summary

Our results demonstrated that the enhancement of cocaine reward is replicated with other
abused drugs when utilizing a nicotine treatment regimen during early adolescence, with
significant enhancement of morphine (Figure 4.1) and amphetamine (Figure 4.4) preferences in
the CPP test for adult mice. Similarly, a study done by Kota et al. (2009) showed that early
adolescent nicotine exposure significantly enhanced the nicotine reward later in life.
Furthermore, this exposure regimen caused a leftward shift of the morphine dose-response curve
in adult mice. In contrast, an adolescent nicotine pre-treatment did not affect the somatic sign in
the morphine withdrawal test. Finally, there was no bidirectional effect between cocaine and

nicotine.
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CHAPTER FIVE

Mechanisms underlying adolescent nicotine-enhanced drug reward in adult mice

5.1 Introduction

Cocaine and amphetamine exposure during adolescence induced an increase in the
magnitude of AFosB, a stable transcription factor, in NAc of mice when compared to mice
exposed in adulthood (Ehrlich et al., 2002). In addition, over-expression of the transcription
factor AFosB in the brain enhanced sensitivity to cocaine and morphine behavioral effects
(Nestle et al., 2008). AFosB persists in neurons for long periods of time and is believed to
contribute to increased susceptibility to the long-term behavioral effects of addictive drugs and
increased drug-seeking behaviors (Nestle et al., 2008). AFosB is one of the molecular
adaptations that could explain the protracted behavioral response reported in Chapters Two
through Four.

The primary goal of this chapter was to identify specific alterations in AFosB expression
in NAc and PFC that occur subsequent to early nicotine exposure. AFosB levels were measured
one week after the beginning of nicotine exposure, which was also the last day of the exposure.
AFosB levels were measured again 4 weeks after the beginning of nicotine exposure, and again
after the cocaine CPP test, which was 6 weeks after the beginning of exposure. These
measurements were done for mice exposed during adolescence (exposure beginning PND 28)
and during adulthood (exposure beginning PND 70).

Also, we investigated the involvement of nicotinic receptors in mediating the

sensitization of cocaine’s behavioral effects by using antagonists with varying subtype
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selectivity. Results from these experiments will help elucidate part of the mechanisms involved

in the nicotine priming effect on cocaine behavioral effects in adulthood.

5.2 Materials and methods

5.2.1 Animals

Experimentally naive male ICR mice were obtained from Harlan Laboratories
(Indianapolis, IN). Adolescent mice arrived on PND 21 and weighed approximately 18-23 grams
at the start of the experiment, and adult mice arrived on PND 65 and weighed approximately 30—
35 grams. Mice were obtained from different litters and were housed 4 per cage. They were

allowed to acclimate for 7 days prior to experiments.

5.2.2 Drugs

(-)-nicotine hydrogen tartrate salt [(—)-1-methyl-2-(3-pyridyl)pyrrolidine (+)-bitartrate
salt], ~mecamylamine hydrochloride [2-(methylamino) isocamphane hydrochloride],
methyllycaconitine (MLA), and dihydro-B-erythroidine (DHBE) were purchased from Sigma-
Aldrich Inc. (St. Louis, MO, USA); cocaine HCI was provided by the Drug Supply Program of
the National Institute on Drug Abuse (Rockville, MD). All drugs were dissolved in sterile saline
(0.9% sodium chloride) and prepared fresh before each experiment. All compounds were
injected subcutaneously except for the cocaine, which was injected intraperitoneally at a volume
of 10 ml/kg body weight. Control groups received saline injections at the same volume and by

the same route of administration. All doses are expressed as the free base of the drug.
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5.2.3. Conditioned place preference test

Mice were tested for cocaine-induced preference using the CPP test once they reached

adulthood. An unbiased CPP test was utilized in this study, as described in Chapter Two.

5.2.4. Western blotting

Twenty-four hours after their last treatment, mouse brains were harvested via rapid decapitation
and sectioned with razor blades in a stainless steel brain block chilled on ice. Coronal slices
were obtained, and core punches were taken of NAc and PFC (which was haphazardly dissected
to include medial prefrontal cortex as well as cingulate, motor, and somatosensory cortices). Dry
ice was used to rapidly freeze tissue samples until it was time to process them for Western blot
procedures. Immunoblotting was performed as previously described (Sim-Selley et al., 2006;
Zachariou et al., 2006). Tissue was homogenized in 20 mM HEPES buffer (pH 7.8) with 0.4 M
NaCl, 20.0% glycerol, 5.0 mM MgCl12, 0.5 mM EDTA, 0.1 mM EGTA, and 1% NP-40 (EMSA
buffer) containing 500 uM dithiothreitol and Halt™ protease inhibitor cocktail. Samples were
loaded in 10% Tris-HCI gels and separated by electrophoresis. Gels were transferred onto
nitrocellulose paper, blocked in 0.1 M TBS with 5% Carnation™ instant nonfat dry milk for 1
hour, incubated in FosB (1:1000; Cell Signaling Technology, Beverly, MA, USA) and a-tubulin
(1:5000; Upstate, Temecula, CA, USA) antibodies in 0.1 M TBS containing 0.1% Tween-20
(TBST) with 5% nonfat dry milk. Blots were washed 3 x 10 minutes in TBST and incubated
with Alexa 680 goat anti-rabbit IgG (1:12000) and Alexa 800 goat anti-mouse IgG (1:12000) in
TBST for 45 minutes at room temperature. Fluorescent intensity was visualized using the

Odyssey LI-COR infrared scanner. LI-COR software version 2.1 was used to measure integrated
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intensity between treatments for the band of interest, with subtraction of the background (average

of intensities 3 border widths above and below the band).

5.3. Results

5.3.1. Nicotine receptor subtypes underlying early-adolescent nicotine enhancement of cocaine

CPP

The role of different nicotine receptor subtypes in enhancing the effects of cocaine was
investigated using antagonists with varying subtype selectivities. Studies were first conducted
by pretreating adolescent mice with nicotine plus the nonselective nicotinic antagonist
mecamylamine to determine whether blocking nicotinic receptors prevents nicotine-induced
cocaine enhancement in adulthood. Figure 5.1 shows that pretreatment of early adolescent mice
with mecamylamine (2mg/kg s.c.) and nicotine prevented/blocked enhancement of cocaine CPP
in adulthood [F 4, 25)=4.169, p = 0.009]. These results suggest that the activation of nAChRs is
required for nicotine-induced enhancement of cocaine in the CPP test. Furthermore, DHBE (2
mg/kg) and MLA (8 mg/kg) antagonists for f2* and a7 nAChRs subtypes, respectively,
administered before daily nicotine pretreatment in adolescence, also blocked enhanced cocaine
CPP in adulthood (Figure 5.1). Pretreatment with nicotinic antagonists alone during early

adolescence did not enhance cocaine CPP in adulthood (Table 5.1).
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Figure S5.1. Blockade of nicotine priming effects on cocaine CPP by various nicotinic
antagonists.

(A) As shown in the upper panel, early-adolescent mice (PND28) were pretreated s.c. with
mecamylamine hydrochloride (MEC), methyllycaconitine (MLA), or dihydro-B-erythroidine
(DHBE) before daily nicotine pretreatment twice per day for 7 days. (B) The legend represents
the treatment group during early adolescence. Each bar represents the mean + SEM of 6 to 8

mice. * p <.05 from respective saline control; * p < .05 from respective saline-cocaine.
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Early-adolescent CPP treatment Preference score

treatment

MEC-SAL Cocaine 162.11

DHBE-SAL Cocaine 154.06

MAL-SAL Cocaine 176.35
Table 5.1

Effect of nicotinic antagonists pretreatment during early-adolescent on cocaine CPP
mecamylamine hydrochloride (MEC), methyllycaconitine (MLA), dihydro-B-erythroidine

(DHBE) and saline (SAL)
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5.3.2 AFosB level in NAc after repeated nicotine exposure in early-adolescent and adult mice

Results from Chapters Two and Four establish that repeated nicotine exposure during
early adolescence enhanced cocaine, morphine, and amphetamine placement preference in CPP
tests. To understand the mechanisms involved in our protracted behavioral response, we first
examined changes in AFosB activity after chronic nicotine exposure.

Early-adolescent mice (PND 28) were pretreated with saline or nicotine (0.5 mg/kg, 2
injections each day for a total of 7 days), and on day 8 (PND 35) NAc was dissected and
prepared for Western blot analysis. Results show that chronic nicotine use induces a significant
increase (approximately four fold) in AFosB expression [p < 0.005] compared to saline controls
(Figure 5.2). Similarly, adult mice (PND 70) received the same pretreatment regimen, and NAc
was dissected 24 hours after the last treatment (PND 77) and prepared for Western blot analysis.
Results showed that chronic nicotine induces an increase in AFosB expression compared to
saline controls (Figure 5.2). However, the increase in AFosB expression was not significant [p >
0.05] for mice exposed in adulthood to the same dose of nicotine. Further analysis showed that
the difference in AFosB expression between adolescent and adult mice exposed to nicotine was

significant as well [p < 0.005].
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Figure 5.2. AFosB level in NAc after 24 hours’ abstinence from nicotine exposure.

Western blot analysis revealed a significant effect of early-adolescent nicotine pretreatment on
levels of AFosB in NAc compared to mice pretreated with nicotine at PND > 70. Results were
represented as protein levels over a-tubulin expressed as a percentage of saline control (4
animals per group): *p < 0.05 from respective saline and ” p < 0.05 from adolescents also treated

with nicotine.
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Furthermore, mice were examined 36 days after their last treatment. Figure 5.3 shows
that AFosB levels declined from the initial testing period; however, levels in mice pre-exposed to
nicotine in adolescence were still significantly higher than levels in mice exposed to saline in

adolescence or adulthood and in mice exposed to nicotine in adulthood [p < 0.05].
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Figure 5.3. AFosB level in NAc after 35 days’ abstinence from nicotine exposure.

(AEarly adolescent nicotine pretreatment has a significant effect on levels of AFosB in NAc
compared to the respective saline control adult-nicotine group. Results were represented as
protein levels over a-tubulin expressed as a percentage of saline control (4 animals per group):

*p < 0.05 from respective saline and * p < 0.05 from adolescents also treated with nicotine.
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Figure 5.4 illustrates the data collected when AFosB levels were measured after cocaine
treatment during CPP testing. Cocaine treatment during CPP tests significantly increased AFosB
levels in all groups compared to saline treatment in adult mice [F 3, 15 = 11.16, p < 0.05].
Furthermore, mice exposed to nicotine during adolescence showed a significant increase in
AFosB levels after cocaine treatment in CPP testing compared to mice exposed to nicotine in
adulthood. These results suggest an age-dependent effect of nicotine on AFosB expression [p <
0.05]. Pretreatment with nicotine during adulthood has no significant effect on AFosB

expression after cocaine CPP when compared to the saline-cocaine control group [p>0.05].
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Figure 5.4. AFosB level in NAc 24 hours after last cocaine exposure during CPP.

Cocaine significantly enhanced AFosB levels in mice pretreated with nicotine during
adolescence compared to saline-treated mice and mice pretreated with nicotine in adulthood, and
also significantly enhanced AFosB levels in mice conditioned with cocaine, compared to mice
conditioned with saline. Results are represented as protein levels over a-tubulin expressed as a
percentage of saline control (4 animals per group): * p < 0.05 from respective saline * and p <

0.05 from respective adult-nicotine-cocaine and adult-saline-cocaine.
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5.3.2. AFosB level in PFC after repeated nicotine exposure in early adolescent and adult mice

AFosB levels in PFC were also investigated. Early-adolescent and adult mice received
nicotine (from PND 28-34 and PND 70-76, respectively); 24 hours after last treatment, PFC was
dissected and prepared for Western blot analysis. Figure 5.5 shows that nicotine pretreatment
during early adolescence increased levels of AFosB, yet there was no significant effect compared
to mice exposed to nicotine in adulthood or to mice exposed to saline. Mice exposed to nicotine
in adulthood also had higher levels of AFosB compared to control mice exposed to saline;
however, the increase was not significant.

AFosB levels were measured after CPP tests on these mice. The results, displayed in
Figure 5.6, showed that cocaine has a tendency to increase AFosB expression compared to saline
treatment in CPP tests. However, there was no difference in the effect of nicotine pretreatment

in adulthood or adolescence on AFosB expression after CPP testing.
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Figure 5.5. AFosB level in PFC after 24 hours’ abstinence from nicotine exposure.
Nicotine pretreatment had no significant effect on levels of AFosB in PFC compared to mice
pretreated with saline or nicotine during adulthood. Results are represented as protein levels

over a-tubulin, expressed as a percentage of saline control (4 animals per group).
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Figure 5.6. AFosB level in PFC 24 hours after last cocaine exposure during CPP.

Western blot analysis revealed no significant effect of nicotine pretreatment on levels of AFosB

in PFC compared to mice pretreated with saline. Results are represented as protein levels over a-

tubulin, expressed as a percentage of saline control (4 animals per group).
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5.4. Summary

In the present study, we report that enhancement of cocaine reward in mice
pretreated with nicotine during early adolescence is mediated by neuronal nicotine
receptors (mainly B2* and a7). Excitingly, data of AFosB experiments revealed
significant effects of age and nicotine pretreatment in NAc. Indeed, nicotine pretreatment
was able to increase the AFosB levels in NAc significantly in early adolescence
compared to adult mice. This increase in the AFosB level has persisted for several
weeks; however, no significant effect of pretreatment or age was found in PFC. These
differential neuroadaptations may explain why nicotine use during early adolescence may

carry a greater risk than nicotine use during adulthood.
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CHAPTER SIX

Discussion

6.1. Rationale and summary of overall hypothesis

Nicotine is one of the most commonly used drugs by the adolescent population.
Adolescent tobacco dependency is a complex disease. Social, environmental, and genetic
factors, along with a biological basis, all play significant roles in the initiation of tobacco use and
contribute to the progression from use to addiction and/or abuse. Adolescent tobacco use still
represents a major challenge to the future of public health. In 2011, an estimated 68.2 million
Americans aged 12 and older were current (within the past 30 days) users of tobacco products
(SAMHSA, 2011). Unfortunately, the addictive property of nicotine is an obstacle for those with
a strong desire to quit. Only about 3—5% of those who use and/or are addicted to tobacco and
eventually attempt to quit remain abstinent 6-12 months later (Hughes et al., 2004).
Adolescence is the final developmental period leading to adulthood, occurring between ages 12
to 18 years in humans and between 28 to 60 postnatal days in rodents (Spear, 2000; Laviola et
al., 2003). During this critical period, the brain is undergoing major developmental changes in
addition to various biological, hormonal, behavioral, and other changes (for review Spear, 2000).
These changes may contribute to individuals’ participation in activities such as risk taking and
novelty seeking, increased social interactions, and increased vulnerability to abuse of nicotine
and other drugs of abuse.

The majority of the literature links tobacco use in human adolescence and subsequent

developmental problems in adulthood, including effects on later tobacco, alcohol, cocaine, and
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other illicit drug use and mental health (Anthony & Petronis, 1995; Clark et al., 1998; Kandel et
al., 1992). Compared with nonsmokers, early smokers at Grade 7 were more likely to experience
severe types of substance abuse (binge drinking and hard drug use) later in life. Furthermore,
teens with histories of cigarette use by age 16 were over 9 times more likely to begin using
heroin by age 32 (Johnson et al., 1995). Indeed, early onset of drug abuse has been hypothesized
to increase the risk of later drug addiction (Anthony & Petronis, 1995; Clark et al., 1998; Kandel
et al,, 1992). Given the propensity for drug use later in life, it is vital to understand the
behavioral and neurochemical processes that occur when adolescents are exposed to nicotine.

Exposure to nicotine may have distinctive effects during adolescence, making this a more
vulnerable period for long-term effects than adulthood and contributing to an increased risk of
developing drug dependence in adulthood (for review Slotkin, 2002). Indeed, studies in rodents
have demonstrated heightened rewarding and reinforcing effects of nicotine (Adriani et al., 2002;
Belluzzi et al., 2004; Kota et al., 2007; Vastola et al., 2002) and attenuated affective withdrawal
signs of nicotine (Kota et al., 2007; O’Dell et al., 2006). This valuable information suggests that
there are major differences between the mechanisms that drive nicotine use in adolescents and in
adults.

Despite the important contribution of understanding the impact of adolescent smoking on
drug-dependence behavioral outcomes in adulthood, few studies assess the effect of nicotine
exposure during adolescent on drugs of abused behavioral response occurring in adulthood.
Additionally, the studies addressing the mechanisms underlying nicotine priming effects are
lacking; the aim of this study was therefore to focus on the impact of adolescent nicotine
exposure on the subsequent behavioral response toward cocaine, amphetamine, and morphine.

While it is difficult to explore and understand the causes for this age-related vulnerability in
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human subjects, the use of animal models allows the exploration of the various behavioral and
molecular mechanisms involved.

We hypothesized that adolescents exposed to low doses of nicotine would demonstrate
increased sensitivity to typically abused drugs when compared to adults who were first exposed
to nicotine in adulthood. To this end, our studies have focused on establishing and
characterizing a mouse model to study the effects of nicotine in adolescence. Secondly, our
studies concentrated on identifying the role of nAChR subtypes in nicotine priming effects on
cocaine use in adults. Finally, we conducted biochemical studies to partially elucidate the
mechanism underlying the relationship between adolescent nicotine exposure and enhanced
behavioral responses to cocaine and other drugs of abuse in adult mice. We hypothesized that
these changes in cocaine behavioral responses were a result of nicotine-induced, brain region—

specific changes in AFosB expression.

6.2. Early adolescence presents a unique period of vulnerability to nicotine effects

In the current studies, we have shown that a 7-day treatment with a dose of 0.5 mg/kg
nicotine during early adolescence produces unique changes in the response to drugs of abuse in
adulthood, particularly cocaine. = We showed in chapter two and three that nicotine
administration during early adolescence enhanced cocaine CPP preference, acute locomotor
activity, and sensitization to cocaine in adult mice in a dose-related manner. These behavioral
changes are long-lasting and dependent upon the age at which nicotine pretreatment is
administered. Adolescent mice exposed to low doses of nicotine after repeated, but not acute,
administration displayed enhanced behavioral responses (e.g., CPP and locomotor activation) to
cocaine as adults, suggesting the involvement of plastic events after exposure to nicotine.

However, repeated pretreatment with nicotine in early adolescence increased cocaine-induced
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CPP in a dose-related manner, increased tendency to enhance cocaine CPP after pretreatment
with a dose of 0.1 mg/kg nicotine s.c., and significantly enhanced cocaine preference after
pretreatment with 0.5mg/kg nicotine s.c.; however, doubling the nicotine dose to 1mg/kg lost the
effect. Thus, low doses of nicotine appear to selectively influence processes relating to cocaine-
induced behavioral plasticity after exposure to the drug in adolescence. At a low dose of 0.5
mg/kg, nicotine pretreatment shifted the cocaine dose—response curve to the left. Additionally,
the effects of nicotine on sensitization to cocaine depend on the age of exposure to the drug.
Indeed, an increased behavioral response to cocaine was observed when nicotine exposure
occurred during early adolescence (PND 28-34), but not during late adolescence or adulthood.
These findings indicate that early adolescence is a crucial period of vulnerability to the effects of
nicotine. In the same manner, Belluzzi et al. (2004) demonstrated that early-adolescent (PND
28) animals displayed a preference for an environment paired with a single injection of nicotine,
whereas late-adolescent (PND 38) and adult animals did not display this effect.

Our results are consistent with previous behavioral studies that have shown differences in
responses to cocaine in rodents treated with nicotine during adolescence compared with animals
that receive nicotine as adults. In both adolescent (Collins & Izenwasser 2004; Dao et al., 2011;
McQuown et al., 2007) and adult rats (McMillen et al., 2005) pre-exposure to nicotine during
adolescence sensitized to cocaine-mediated locomotor responses and CPP and increased the self-
administration of cocaine. In contrast to these findings, Kelley and Rowan (2004) found that
CS57BL/6J mice demonstrated a decrease in a cocaine-induced preference as measured by CPP
after adolescent nicotine exposure. This difference could be due to nicotine dose (3 mg/kg vs. 0.5
mg/kg), the length of nicotine exposure (25 days vs. 7 days) used in the Kelley and Rowan study,

or the age of animals during CPP testing (PND 142 vs. PND 72). As the results from the
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experiment with the mini-pump exposure agreed with the findings of Kelly and Rowan (2004), it
seems that the duration of the exposure to nicotine during adolescence has a significant effect on
the cocaine behavioral response. An exposure lasting 7 days resulted in an enhanced cocaine
behavioral response, while an exposure lasting the whole adolescent period decreased cocaine
behavioral response. Furthermore, researchers noted that this exposure led to an increase in
cocaine’s motor-activating effects, in agreement with the results from our acute locomotor study
of cocaine (Chapter Three).

In contrast to our findings, McQuown et al. (2007) reported that exposure to nicotine for
4 days during early adolescence enhanced the reinforcing effects of cocaine in rat i.v. self-
administration, evident one day after cessation of the drug. In our study, however, CPP
immediately following adolescent treatment did not result in enhanced CPP. The enhancement in
CPP in nicotine-pretreated mice (PND 28) started to peak around mid-adolescence (PND 50).
The discrepancy between the studies could be attributed to differences in exposure regimen (4-
day 1.v. vs. 7-day s.c.), species (rat vs. mouse), and cocaine behavioral effects measured (CPP vs.
self-administration).

In addition, our data suggest the importance of nicotine delivery on human behavior.
Continuous delivery of nicotine during adolescence failed to enhance cocaine response in adult
mice, perhaps suggesting that the length of time during which receptors are exposed to nicotine
concentrations 1s crucial. Because nicotine enters the body all at once, as opposed to over an
extended period of time, intermittent nicotine administration is necessary to cause enhanced
cocaine response in adulthood. This finding is important because this method of delivery mimics
nicotine exposure in human adolescents and adults. It is also possible that this difference in

cocaine CPP may be attributable in part to differences in the total daily dose of nicotine
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administered by each method; our results show that the levels of nicotine in the blood for the
subcutaneous injection and drinking water methods were similar and lower than levels for the
mini-pump method.

Similar to CPP results, the exposure of early-adolescent mice to nicotine also enhanced
cocaine acute locomotor hyperactivity and locomotor sensitization in adulthood in a dose-
dependent manner. The enhancement of cocaine acute locomotor activity was seen at doses of
0.5 mg/kg of nicotine and 1 mg/kg nicotine. Yet only pre-exposure to 1 mg/kg of nicotine was
statistically significant, which was greater than the dose (0.5 mg/kg) of nicotine that enhanced
cocaine in the CPP test or locomotor sensitization procedure. Also, acute nicotine exposure,
whether in adolescence or adulthood, did not cause a significant increase in locomotor effect.

We have also shown that the enhancement of the cocaine reward in the CPP test by prior
nicotine exposure could be replicated with d-amphetamine and morphine. In agreement with our
result, Collins et al. (2004) showed that prior treatment with nicotine during early adolescence
sensitized adult rats to amphetamine locomotor activation. Furthermore, mice pre-exposed to
nicotine during adolescence demonstrated elevated rewarding and reinforcing effects of nicotine
during adulthood (Adriani et al., 2003; Kota et al., 2009). Furthermore, adolescent nicotine
exposure enhances sensitivity to cocaine and amphetamine during adolescent (Dao et al., 2011).
We showed that the priming effects of nicotine on morphine also depend on the age of exposure
to nicotine. Indeed, an increased behavioral response to morphine was observed when nicotine
exposure occurred during early adolescence (PND 28-34) but not during adulthood.

Reversing the order of drug administration was ineffective, and adolescent cocaine
pretreatment did not enhance nicotine-induced CPP. In fact, cocaine exposure in early

adolescence blocked the development of nicotine preference in adult mice. This lack of cross-
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sensitization could be attributable to the doses of nicotine and cocaine used and/or to differences
in the pharmacokinetic properties of the drugs in adolescence. Alternatively, neuroadaptations
implicated in behavioral sensitization may be different between cocaine and nicotine in
adolescent animals. Interestingly, cocaine was previously reported to be a noncompetitive
nicotinic antagonist in both in vitro and in vivo assays (Damaj et al., 1999; Francis et al., 2000).
Furthermore, adolescent pretreatment with nicotine had no effect on expression of somatic
withdrawal signs in morphine-dependent adult mice.

The cross-sensitization to these drugs of abuse (cocaine, amphetamine, and morphine)
with different primary targets suggests that nicotine induces long-term molecular changes in
brain circuitries that have been implicated in the rewarding and reinforcing effects of drugs of
abuse, such as the mesocorticolimbic dopamine pathway (Kobb & LeMoal, 2001; Nestler, 2001),
which is still developing during the adolescent period (Spear, 2000).

Furthermore, the protracted behavioral response, reported in chapters 2 through 4,
suggests the involvement of delayed plastic molecular events underlying the enhancement of
cocaine-rewarding effects. This speculation is in line with the recent study by Doura et al.
(2010) showing that adolescent rats subjected to chronic nicotine exhibited age-specific
persistent gene expression changes in the ventral tegmental area. Indeed, over 500 adolescent-
specific genes showed no initial response to chronic nicotine at the end of the 2-week treatment
period but showed significant up- or down-regulation 30 days after the cessation of the drug.

We have shown that nicotine-pretreated C57B/6J mice displayed a significantly higher
level of cocaine-induced preference compared with mice pretreated with saline. Meanwhile,
nicotine failed to prime the response to cocaine in DBA/2J mice. It is unlikely that these

variations are attributable to the pharmacokinetic difference between the two strains because our
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results showed that nicotine blood levels in C57B/6]J and DBA/2J were similar after chronic
exposure to the drug during adolescence. Differences in the expression and function of the
various nAChRs subtypes or their post-receptor neurobiological signaling pathways between the
two strains could play an important role. It has been shown that nicotine exposure in
adolescence reduces the ability of cocaine challenge injection to enhance medial forebrain
bundle stimulation-evoked DA release in the nucleus accumbens shell. The magnitude of this
effect was significantly higher in DBA2/J than in C57B/J (Dickson et al., 2011). Interestingly,
after exposure to cocaine and amphetamine, the AFosB level differed between the two strains
(Conversi et al., 2011). Identifying the diversity in the behavioral, genetic, epigenetic, and
molecular changes in C57B/6] and DBA/2J strains is an important goal that will help with the

investigation of pathways underlying our behavioral data.

6.3. Pharmacological and molecular mechanisms involved in nicotine priming effect

The nicotine priming effects on cocaine-induced behaviors in mice were mediated by
nAChRs because co-administration of mecamylamine, a nonselective nicotinic receptor
antagonist, blocked the enhancement effect. In addition, DHBE and MLA co-administration
during adolescence also blocked nicotine-induced enhancement of cocaine-mediated effects,
suggesting that activation of a4p2* and a7 nAChRs is needed for enhancement to occur. The
involvement of a4f32* nAChR subtypes is consistent with reports that higher levels of mRNAs
for B2 nicotinic subunits and a4p2* high-affinity binding sites are found in adolescents than are
found in adult rodents (Azam et al., 2007; Levine et al., 2007). Moreover, exposure to nicotine
in mice and rats during adolescence induces a long-lasting increase in brain a4p2* nAChRs

levels and functions upon reaching adulthood. For example, repeated administration of low
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doses of nicotine (0.4 mg/kg i.p.) for 10 days in adolescent rats resulted in increases in mRNA
expression of a5, a6, and B2 nAChRs subunits in the ventral midbrain of rats in adulthood
(Adriana et al., 2003). These changes in nicotinic cholinergic receptor expression were only
associated with adolescent treatments and did not occur in adult animals treated with nicotine for
the same duration. A similar nicotine treatment in adolescent mice produced an increase in the
04pB2* nAChRs functions in various brain regions as compared to adults (Kota et al., 2007).
While these developmental changes in the expression of a42* nAChR levels and function may
account for the unique response to nicotine in adolescent mice compared to adult mice, the exact
composition of the a432* nAChR subtype involved in the nicotine priming effects on cocaine
remains unclear because other subunits such as a5, a6, and B3 could be associated with the 32
subunits.

The blockade of nicotine priming effects by the co-administration of MLA suggests the
involvement of a7 nAChRs subtypes. However, the effects of MLA could have been mediated
by non-a7 nAChRs subtypes. Although it is not clear what concentrations would be achieved in
the adolescent brain at the dose of 8 mg/kg of MLA, in vitro studies have shown that relatively
high concentrations of MLA antagonize a6* nAChRs (Mogg et al., 2002), as well as a7
nAChRs. In line with this suggestion, the a6 subunit mRNA brain expression levels were
reported to peak in the SN and VTA of rodents at PND 21 (Azam et al., 2007).

Correspondingly, data presented in Chapter five demonstrated a significant induction of
AFosB in NAc as a result of repeated nicotine exposure in adolescence. The increase in AFosB
level persisted during the adolescent period, but this enhancement pattern and magnitude were
not found in mice exposed during adulthood. Also, no significant effect of pretreatment or age

was found in PFC. Indeed, AFosB is a good candidate to explain our data and how nicotine
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primes the brain to enhance cocaine responses in adult mice, given that chronic exposure to
numerous drugs of abuse (such as nicotine, morphine, amphetamine, and cocaine) has been
shown to increase the induction of AFosB in striatum (Nestler, 2008). The induction of AFosB
persists for several weeks and has been reported to enhance rewarding responses to numerous
drugs of abuse. AFosB is also involved in the long-term behavioral consequences associated
with abused drugs. This is supported by studies performed on mice overexpressing AFosB in
NAc showing enhanced sensitivity to both acute locomotor activity and rewarding effects of
cocaine (Kelz et al., 1999), which suggests that expression of AFosB in the brain affects
sensitivity to cocaine. In addition, AFosB overexpression in NAc increased both morphine
condition place preference and morphine physical dependence (Zachariou et al., 2006).
Therefore, the increase in the AFosB expression has a functional effect as well.

The induction of AFosB is long-lived but not permanent. It is degraded and returns to
pre-drug levels after 1 to 2 months, suggesting that the AFosB protein itself does not maintain
drug dependence but rather is expected to act at other targets, thus playing a role in nicotine and
cocaine addictions. This speculation is in line with a study by Kelz et al. (1999) that indicated
that the GluR2 subunit of the AMPA receptor is a target of AFosB. Furthermore, GluR2
expression was shown to increase in NAc following overexpression of AFosB. The study went
on to eloquently show that rewarding effects of cocaine are enhanced as a result of
overexpression of the GIuR2 subunit, which gives another possible mechanism that would
explain the data presented in chapters 2 through 4. The upregulation of receptor subunits such as
GluR2 in the AMPA receptor help explain why adolescent nicotine exposure may have effects
on other drugs of abuse well into adulthood. Another target gene of AFosB in NAc is dynorphin,

or opioid peptide, which is thought to activate kappa-opioid receptors on VT A dopamine neurons
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and inhibit dopaminergic transmission, thereby decreasing reward (Nestler, 2008). Zachariou et
al. (2006) have shown that the induction of AFosB represses dynorphin gene expression in NAc,
which could contribute to the enhancement of reward mechanisms mediated by AFosB.
Increasing the acetylation of histones in the striatum, and specifically in the FosB
promoter allow greater FosB gene expression. Histones are nuclear proteins that package DNA
into chromatin and, increasing the acetylation of histones, thens unfold the DNA and opens up
the promoter region that facilitates FosB gene expression (Nestler, 2008). For future studies, it
may be useful to measure histone acetylation after nicotine exposure during adolescence and

compare it to that in mice exposed during adulthood.

6.4 Conclusion

Adolescent tobacco dependence is a complex disease, one that starts out of curiosity,
continues because of the reward response, and progresses to avoid the symptoms of withdrawal.
The initiation of tobacco use in adolescence is affected significantly by social, environmental,
biological, and genetic factors. During this unique developmental stage, nicotine has significant
effects on future drug-taking behaviors. We demonstrated that early-adolescent mice exposed to
nicotine increased cocaine CPP, locomotor activity, and locomotor sensitization in adulthood
that were affected by dose, duration, method of administration, age of exposure, and mouse
strain. These results suggest that early adolescence is a critical period for the behavioral
plasticity induced by nicotine. Furthermore, the strain difference suggests the possible
involvement of genetic factors in the effects of nicotine in adolescence.

Results from chapter 4 demonstrated that the enhancement of the cocaine reward is

replicated with morphine and amphetamine. These drugs are known to affect levels of dopamine
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in the brain, specifically in NAc. It is likely that the dopaminergic system is greatly affected by
nicotine exposure during the early developmental period. Given that the dopamine system goes
through major developmental changes during early adolescence, it is a likely candidate for the
observed cross-sensitization. Yet the mechanisms underlying this cross-sensitization are still
being elucidated, and additional studies would be useful for determining these pathways.

This increase in the cocaine CPP was correlated with increased AFosB levels in NAc,
which were not seen in mice exposed to nicotine during adulthood. This suggests that repeated
nicotine administration produces a unique molecular response—specifically, AFosB in the
brain—so that, post—nicotine exposure, the brain responds differently to cocaine and other
abused drugs. These data suggest that nicotine use during early adolescence may carry a greater
risk than nicotine use during adulthood. Adolescent smokers may be particularly vulnerable to
the risks of drugs of abuse. The work in this dissertation contributes to the further understanding

of this unique developmental period.
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