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Abstract: Evidence suggests that nicotine and alcohol can each serve as a gateway drug. We
determined whether prior nicotine and alcohol treatment would alter amphetamine reward. Also,
we examined whether age and dopaminergic neurotransmission are important in this regard. Male
and female adolescent and adult C57BL/6J mice were tested for baseline place preference. Mice then
received six conditioning with saline/nicotine (0.25 mg/kg) twice daily, followed by six conditioning
with saline/ethanol (2 g/kg). Control mice were conditioned with saline/saline throughout. Finally,
mice were conditioned with amphetamine (3 mg/kg), once in the nicotine-alcohol-paired chamber,
and tested for place preference 24 h later. The following day, mice were challenged with amphetamine
(1 mg/kg) and tested for place preference under a drugged state. Mice were then immediately
euthanized, their brain removed, and nucleus accumbens isolated and processed for the level of
dopamine receptors and transporter and glutamate receptors. We observed a greater amphetamine-
induced place preference in naïve adolescents than adult mice with no change in state-dependent
place preference between the two age groups. In contrast, amphetamine induced a significant
place preference in adult but not adolescent mice with prior nicotine-alcohol exposure under the
drug-free state. The preference was significantly greater in adults than adolescents under the
drugged state. The enhanced response was associated with higher dopamine-transporter and D1 but
reduced D2 receptors’ expression in adult rather than adolescent mice, with no changes in glutamate
receptors levels. These results suggest that prior nicotine and alcohol treatment differentially alters
amphetamine reward in adult and adolescent mice. Alterations in dopaminergic neurotransmission
may be involved in this phenotype.

Keywords: amphetamine reward; nicotine; alcohol; conditioned place preference; dopamine trans-
porter; age

1. Introduction

Tobacco smoking is a major public health issue and remains the single leading cause
of preventable disease and death worldwide. Likewise, alcohol addiction is a significant
public health and socioeconomic concern. The use of each drug alone, or in combination,
is the main preventable cause of premature death worldwide, with an estimated death
toll of about five million individuals annually. Notably, tobacco use can lead to nicotine
addiction, and nicotine can serve as a gateway drug to facilitate alcohol intake and other
addictive drugs [1–18]. In particular, nicotine has been reported to serve as a gateway drug
for subsequent use and abuse of amphetamine, cocaine, and morphine [1,3,4,7–12,19–25].

Previous studies have shown that nicotine use is commenced during the adolescent
period and manifests the use and abuse of alcohol and other drugs [2,26–34]. Previous
studies have shown that nicotine exposure during adolescence alters the aversive [4] and
rewarding [7,35] effects of cocaine. Additionally, it has been shown that aversion following
nicotine withdrawal is reduced in adolescents than in adult rats [36], raising the possibility
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that adolescents are more prone to becoming polydrug users. Indeed, an earlier study has
shown that the reinforcing action of methamphetamine is enhanced in adolescent rats with
prior nicotine experience [37]. Therefore, in the present study, we determined whether the
rewarding action of amphetamine would be altered by prior nicotine and alcohol exposure,
and this response would be different in male and female adolescent mice (27–43 day-old)
versus adult mice (60–120 day-old).

Dopamine plays a critical role in the locomotor stimulatory and rewarding effects of
amphetamine in the dorsal and ventral striatum [38,39]. Previous studies have indicated
the importance of dopamine transporter (DAT) in amphetamine reward [40]. Amphetamine
has been shown to regulate the release of dopamine via the reversal of DAT. Amphetamine
enters cells through DAT or by passive membrane transport. Once inside the presynaptic
terminal, amphetamine inhibits monoamine oxidase. It also alters the vesicular storage
of dopamine into synaptic vesicles. The accumulation of cytoplasmic dopamine leads to
the reversal of DAT and dopamine transport to the extracellular space [41]. Therefore,
the presence of functional DAT is necessary for the actions of amphetamine. Indeed,
amphetamine-induced increases in accumbal dopamine and locomotion were reduced
in DAT knockdown mice [42]. In contrast, mice overexpressing DAT displayed greater
amphetamine-induced locomotor stimulation, extracellular dopamine, and reward [43].

The nucleus accumbens (NAc) is an integral brain region in the processing of re-
ward. It receives dopaminergic input from the ventral tegmental area (VTA). The NAc
receives glutamatergic input from the prefrontal cortex (PFC), amygdala, and hippocampus.
Drugs of abuse, such as amphetamine, stimulate dopamine release in the NAc, leading to
dopamine D1 or D2 receptors activation in the medium spiny neurons (MSNs). Therefore,
we focused on the NAc and carried out Western Blot analyses to measure the level of DAT,
dopamine D1 and D2, and glutamate receptors in this brain region.

2. Materials and Methods
2.1. Subjects

A total of 30 male and 29 female adolescent mice (27–43 days old) and adult mice
(60–120 days old) on a C57BL/6 mouse strain were used throughout. Four litters were
randomly assigned to the treatment groups, as described below. Mice were bred in house
and maintained 2–4 per cage with free access to laboratory chow and tap water and kept
under a 12 h light/12 h dark cycle in a temperature- and humidity-controlled room. The
light was on at 6 a.m. and off at 6 p.m. All experiments were conducted during the
light cycle between the hours of 10:00 a.m. to 5:00 p.m.; in accordance with the National
Institute of Health for the Proper Care and Use of Animals in Research and approved by
the Institutional Animal Care and Use Committee (protocol # R17IACUC018) at Western
University of Health Sciences (Pomona, CA, USA).

2.2. Chemicals and Reagents

Ethyl alcohol (200 Proof), nicotine free base and amphetamine sulfate were purchased
from OmniPur, EM Science (Gibbstown, NJ, USA), MP Biomedicals, Inc. (Solon, OH,
USA), and Sigma/Aldrich (St. Louis, MO, USA), respectively. All drugs were dissolved
in sterilized normal saline (0.9% sodium chloride solution in deionized water (St. Louis,
MO, USA). Ethanol and amphetamine were injected intraperitoneally (i.p.) and nicotine
subcutaneously (s.c.). The volume of injection was 10 mL/kg. Controls were injected with
saline using the same volume of injection. Each drug solution was made daily before each
conditioning and on the test day for state-dependent conditioned place preference (CPP).

2.3. Experimental Design and Procedures
2.3.1. Place Conditioning Paradigm

The place conditioning paradigm, widely used as a measure of preference and aver-
sion [44], was used to assess the motivational effects of nicotine and subsequent alcohol
and amphetamine in adolescents and adult male and female mice. We used a 3-chambered
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place conditioning apparatus (ENV-3013, Med Associates Inc., St. Albans, VT, USA) with
the smooth PVC floor in the central neutral chamber (9.78 × 12.7 × 12.7 cm) and two side
chambers (16.76 × 12.7 × 12.7 cm) with wire mesh or grid rod floors as the tactile cues.
The conditioning chambers were also decorated with black and white strips (2.54 cm),
either vertically or horizontally, as the visual cues. There were sixteen holes in the sides for
infrared beam strips. The chambers were covered with clear flip-top lids with ventilation
holes. We used an unbiased and counterbalanced place conditioning paradigm described
previously [45–47]. We first measured the baseline preference of each mouse toward the
three chambers. The baseline measurements allowed us to assign equal numbers of mice
to different tactile and visual cues and different treatments. Furthermore, this allowed
us to establish a counterbalanced paradigm. On the baseline test day (day 1, D1), mice
were placed in the central neutral grey chamber and allowed to explore the three chambers
for 15 min. The amount of time that each mouse spent in each conditioning chamber
was recorded. Mice then received twice daily (morning and afternoon) conditionings
(15 min each) for three consecutive days (on days 2–4; D2–D4) with nicotine/saline or
saline/nicotine (0.25 mg/kg; n = 7–8 mice of each age and sex group). The control groups
received saline/saline (10 mL/kg; n = 7–8 mice of each age and sex group) conditionings
and were then tested for place preference on day 5 (D5). The morning and afternoon
conditionings were separated by four hours. On days 6–8 (D6–D8), mice received addi-
tional conditioning with nicotine (0.25 mg/kg) or saline and then were tested for CPP 24 h
later (D9). Mice conditioned with nicotine then received three conditionings with ethanol
(2 g/kg; 20% v/v) in the nicotine-paired chamber and saline in the saline-paired side and
tested for CPP 24 h later (day 13, D13). On days 14–16 (D14–D16), mice received additional
conditionings with ethanol or saline, as described above, and were tested for CPP 24 h later
(day 17, D17). Saline-conditioned control mice were injected with saline instead of alcohol
on the conditioning days and tested similarly. Finally, mice were conditioned (30 min each
and once daily) with amphetamine (3 mg/kg) in the nicotine-alcohol-paired side and saline
in the saline-paired chamber on days 18–19 (D18–D19) and tested for CPP 24 h later (D20).
The following day (D21), mice were tested for a state-dependent CPP, i.e., under a drugged
state, in which mice were challenged with amphetamine (1 mg/kg) and immediately tested
for CPP. On each conditioning day, equal numbers of mice of different age groups were
assigned to a drug or saline in the morning and the alternative treatment in the afternoon.
On each post-conditioning test day, mice were placed in the central neutral chamber and
allowed to explore the entire apparatus for 15 min. The amount of time that mice spent
in each chamber was recorded in the same manner as for the preconditioning test day
(Figure 1).
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2.3.2. Western Blot Analysis

On day 21, mice were then deeply anesthetized with isoflurane (32%) and decapitated.
Brains were quickly removed, frozen on dry ice, and stored in a −80 ◦C freezer. The NAc
was then dissected out and homogenized in RIPA lysis buffer (cat. # sc-24948, Santa Cruz,
Dallas, TX, USA) containing phosphatase and proteinase inhibitors. Protein concentration
was estimated by Pierce™ BCA Protein Assay Kit (cat. # 23225). Protein lysates (45 ng)
were prepared in equal volume with 2× Laemmli Sample Buffer (cat. #1610737, Bio-Rad,
Hercules, CA, USA) and loaded on 10% Mini-PROTEAN® TGX Precast Gel (Bio-Rad).
The gel was transferred to the PVDF membrane for 2 h at 200 mA. The membrane was
then incubated with 1:1000 dilution of one of the primary antibodies, i.e., anti-mouse
Actin, clone C4 (cat#MAB1501, Millipore, Burlington, MA, USA), anti-rabbit dopamine D2
receptor (cat# AB5084P, Millipore), anti-rabbit AMPA receptor (GluR1) (D4N9V) (cat#13185,
Cell Signaling, Danvers, MA, USA), anti-rabbit NMDA receptor (GluN1) (D65B7) (cat#
5704, Cell Signaling); anti-rabbit dopamine transporter (cat# AB2231, Millipore); anti-rabbit
dopamine D(1A) receptor (cat# ABN20, Millipore) overnight. The following day, the
membranes were washed with tris-buffered saline (TBS) and 0.1% Tween 20 three times
and exposed to a secondary antibody (1:1000 dilution of anti-rabbit/anti-mouse) at room
temperature for one hour. The membrane was then washed three times, and Pierce™
ECL Western Blotting Substrate was added, and bands were exposed using a Bio-Rad
ChemiDoc system. All antibodies were diluted in a 1:1000 ratio, using 5% milk or 5% BSA
for phosphorylated proteins, made in tris-buffered saline (TBS) and 0.1% Tween 20.

2.4. Statistical Analyses

Behavioral data are presented as the mean (±S.E.M.) of the amount of time that mice
spent in the drug-paired chamber (DPCh) and vehicle-paired chamber (VPCh), or the
distance traveled (cm) in the DPCh and VPCh, and analyzed using a three-way analysis
of variance (ANOVA). Western blot data were analyzed using a two-way ANOVA. The
between factors were age and context, and time as the within factor for the place condition-
ing data. The Fisher’s LSD post hoc test was used to reveal significant differences between
adolescent vs. adult mice. A value of p < 0.05 was considered significant.

3. Results
3.1. Amphetamine Induced a Comparable CPP Response under a Drugged State in Control
Adolescent and Adult Mice

Figure 2 shows the amount of time that saline-treated control mice of each age
group spent in the drug-paired (DPCh) and vehicle-paired (VPCh) chambers on days
1 (D1), 20 (D20), and 21 (D21). Three-way ANOVA revealed no significant effect of time
(F(2,81) = 1.21; p = 0.303), age (F(1,81) = 0.16; p = 0.688), but there was a significant effect of
context (F(1,81) = 33.40; p < 0.0001) and a significant interaction between time and context
(F(2,81) = 13.94; p < 0.0001). The post hoc test revealed adolescent mice spent significantly
more time in the amphetamine-paired than the saline-paired chamber. This result shows
that these mice exhibited a significant CPP response after single-conditioning with am-
phetamine (Figure 2; the right half of the graph; compared DPCh vs. VPCh on D20). On
the other hand, conditioning with the same dose of amphetamine failed to induce CPP in
control adult mice (Figure 2; left half of the graph; compared DPCh versus VPCh). When
these mice were challenged with amphetamine (1 mg/kg) and tested for CPP under a
drugged state the following day (D21), both adolescent and adult mice exhibited a sig-
nificant CPP response (Figure 2; compare DPCh versus VPCH on D21 in each group).
This result suggests that adult and adolescent mice express a comparable state-dependent
CPP. However, context after pairing with amphetamine may have gained more saliency in
adolescent than adult mice.
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3.2. Prior Nicotine and Alcohol Conditioning Increased the Rewarding Action of Acute
Amphetamine under a Drugged State in Adult Compared to Adolescent Mice

Figure 3 illustrates the length of time that adolescent and adult mice with prior nicotine
and alcohol exposure spent in the DPCh and VPCh before (D1) and after conditioning with
amphetamine (D20), as well as on the test day for state-dependent CPP (D21). Three-way
ANOVA showed a significant effect of time (F(2,84) = 26.07; p < 0.0001), age (F(1,84) = 5.76;
p = 0 < 0.02), context (F(1,84) = 61.64; p < 0.0001) and a significant interaction between time
and context (F(2,84) = 34.34; p < 0.0001), age and context (F(1,84) = 14.30; p < 0.0003), and time,
age and context (F(2,84) = 5.93; p < 0.04). The post-hoc test revealed that single conditioning
with amphetamine induced a significant CPP response in adult mice under a drug-free
state (p = 0.01). On the other hand, conditioning with the same dose of amphetamine failed
to induce CPP in adolescent mice with prior nicotine and alcohol experience (Figure 3).
A trend toward a greater CPP response in adults than adolescent mice was observed
following this single conditioning with amphetamine when animals were tested under a
drug-free state (p = 0.08). The amphetamine challenge dose, given on day 21 (D21), induced
a significant state-dependent CPP in mice of both groups, as evidenced by a significant
increase in the amount of time that mice spent in the DPCh compared to VPCh (p < 0.001).
This response was greater in adult than adolescent mice (p < 0.0001), showing that prior
nicotine and alcohol experience increased amphetamine-induced state-dependent CPP in
adult than adolescent mice.
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Figure 2. CPP induced by a single amphetamine conditioning in control adolescent and adult
C57BL/6J mice. Male and female mice of both age groups (n = 7–8 mice per sex and age group) were
tested for baseline and then given conditioning with saline in both place conditioning chambers. Mice
were then conditioned with saline or amphetamine (3 mg/kg, i.p.) once daily in a counterbalanced
manner and then tested for CPP 24 h after the last conditioning (D20). The following day, mice
received a challenge dose of amphetamine (1 mg/kg) and tested for state-dependent CPP (D21). Data
represent the amount of time that mice spent in the drug-paired chamber (DPCh) or vehicle-paired
chamber (VPCh) on the baseline test day (D1), CPP test day under a drug-free state (D20), and
drugged state (D21) and analyzed by three-way ANOVA followed by the Fisher LSD test. ** p < 0.01,
**** p < 0.0001 vs. their respective VPCh.

3.3. The Expression of DAT and D1R Was Higher with a Concomitant Decrease in D2R in Adults
Compared to Adolescent Mice with Prior Nicotine and Alcohol Exposure

Given that the action of amphetamine is mediated via the reversal of dopamine
transporter (DAT) and the increase in the release of dopamine (DA) in the synaptic terminal,
we hypothesized that nicotine and alcohol might differentially alter the expression of DAT
and dopamine D1 (D1R) or D2 receptors (D2R) in adult compared to adolescent mice. There
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were two D2R bands. We only quantified the lower band and reported it here. Consistent
with this hypothesis, DAT expression in NAc was higher in adult than adolescent mice
with prior nicotine treatment (Figure 4). Additionally, the DAT level was significantly
greater in treated adult mice than in other groups (p < 0.01). Furthermore, we observed
a significant increase (p < 0.05) in the expression of accumbal D1R with a concomitant
decrease in the level of D2R in adult mice compared to adolescent mice with prior nicotine
and alcohol treatment. To assess whether these changes are selective to the dopaminergic
neurotransmission, we also measured NMDA and AMPA expression (Figure 4). Our results
showed there was no change in the level of AMPA and NMDA receptors between adult
and adolescent mice with prior nicotine treatment.

Brain Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
 

way ANOVA showed a significant effect of time (F(2,84) = 26.07; p < 0.0001), age (F(1,84) = 5.76; 
p = 0 < 0.02), context (F(1,84) = 61.64; p < 0.0001) and a significant interaction between time 
and context (F(2,84) = 34.34; p < 0.0001), age and context (F(1,84) = 14.30; p < 0.0003), and time, 
age and context (F(2,84) = 5.93; p < 0.04). The post-hoc test revealed that single conditioning 
with amphetamine induced a significant CPP response in adult mice under a drug-free 
state (p = 0.01). On the other hand, conditioning with the same dose of amphetamine failed 
to induce CPP in adolescent mice with prior nicotine and alcohol experience (Figure 3). A 
trend toward a greater CPP response in adults than adolescent mice was observed follow-
ing this single conditioning with amphetamine when animals were tested under a drug-
free state (p = 0.08). The amphetamine challenge dose, given on day 21 (D21), induced a 
significant state-dependent CPP in mice of both groups, as evidenced by a significant in-
crease in the amount of time that mice spent in the DPCh compared to VPCh (p < 0.001). 
This response was greater in adult than adolescent mice (p < 0.0001), showing that prior 
nicotine and alcohol experience increased amphetamine-induced state-dependent CPP in 
adult than adolescent mice. 

 
Figure 3. CPP induced by a single amphetamine conditioning in adolescent and adult C57BL/6J 
mice with prior nicotine and alcohol experience. Male and female mice of the two age groups (n = 
7–8 mice per sex and age group) were tested for baseline and then received six conditioning with 
saline or nicotine (0.25 mg/kg, s.c.), followed by six conditioning with ethanol (2 g/kg, i.p.) in the 
nicotine-paired chamber and saline in the saline-paired chamber. Mice were then conditioned with 
saline or amphetamine (3 mg/kg, i.p.) once daily in a counterbalanced manner and then tested for 
CPP 24 h after the last conditioning. Amphetamine conditioning was carried out in the nicotine-
alcohol-paired chamber. Data represent the amount of time that mice spent in the drug-paired 
chamber (DPCh) or vehicle-paired chamber (VPCh) on the baseline test day (D1), CPP test day un-
der a drug-free state (D20), and drugged state (D21) and analyzed by three-way ANOVA followed 
by the Fisher LSD test. ** p < 0.01 versus its respective VPCh **** p < 0.0001 versus their respective 
VPCh; ++++ p < 0.0001 versus DPCh in Adolescents. 

3.3. The Expression of DAT and D1R Was Higher with a Concomitant Decrease in D2R in 
Adults Compared to Adolescent Mice with Prior Nicotine and Alcohol Exposure 

Given that the action of amphetamine is mediated via the reversal of dopamine trans-
porter (DAT) and the increase in the release of dopamine (DA) in the synaptic terminal, 
we hypothesized that nicotine and alcohol might differentially alter the expression of DAT 
and dopamine D1 (D1R) or D2 receptors (D2R) in adult compared to adolescent mice. There 
were two D2R bands. We only quantified the lower band and reported it here. Consistent 
with this hypothesis, DAT expression in NAc was higher in adult than adolescent mice 

Figure 3. CPP induced by a single amphetamine conditioning in adolescent and adult C57BL/6J
mice with prior nicotine and alcohol experience. Male and female mice of the two age groups (n = 7–8
mice per sex and age group) were tested for baseline and then received six conditioning with saline
or nicotine (0.25 mg/kg, s.c.), followed by six conditioning with ethanol (2 g/kg, i.p.) in the nicotine-
paired chamber and saline in the saline-paired chamber. Mice were then conditioned with saline or
amphetamine (3 mg/kg, i.p.) once daily in a counterbalanced manner and then tested for CPP 24 h
after the last conditioning. Amphetamine conditioning was carried out in the nicotine-alcohol-paired
chamber. Data represent the amount of time that mice spent in the drug-paired chamber (DPCh) or
vehicle-paired chamber (VPCh) on the baseline test day (D1), CPP test day under a drug-free state
(D20), and drugged state (D21) and analyzed by three-way ANOVA followed by the Fisher LSD test.
** p < 0.01 versus its respective VPCh **** p < 0.0001 versus their respective VPCh; ++++ p < 0.0001
versus DPCh in Adolescents.
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Figure 4. Expression of DAT and dopamine (D1 and D2) and glutamate (AMPA and NMDA) receptors in control and treated
groups. Data represent the ratio of (a) dopamine transporter (DAT), (b) dopamine D1 receptors (D1R), (c) dopamine D2
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4. Discussion

The current study provides evidence that control adolescent mice and adult mice ex-
hibit a comparable state-dependent CPP. On the other hand, adult mice with prior nicotine
and alcohol experience express a more robust amphetamine-induced state-dependent CPP
than their adolescent counterparts, even though no significant CPP following nicotine or
alcohol conditioning was found on days 5, 9, 13 or 17 in any age group (data not shown).
Along with these behavioral changes, we observed increases in DAT and D1R and accom-
panied by a reduction in D2R expression in adult than adolescent mice with prior nicotine
and alcohol experience. Together, these results suggest that prior nicotine and alcohol treat-
ment differentially affected the rewarding action of amphetamine in adolescent and adult
mice, with concomitant changes in the expression of proteins involved in dopaminergic
neurotransmission.

Previous studies have shown differences in behavioral and neurochemical changes in-
duced by amphetamines between adolescent and adult rodents [24,48,49]. Consistent with
these earlier studies, we found behavioral changes between control adolescent and adult
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mice following a single amphetamine conditioning. Our results showed that amphetamine-
induced CPP was greater under a drug-free state in adolescent mice than adult mice. On
the other hand, treated adolescent mice showed a reduced CPP response following this
single amphetamine conditioning. The reduced response in adolescent mice contrasts
with previous studies showing that nicotine and alcohol can each serve as a gateway to
heavier drugs [5,6,16,50–52]. However, consistent with the gateway theory, we observed
a significant CPP after single conditioning with amphetamine in adult mice with prior
nicotine and alcohol exposure (Figure 3) but not in saline-treated controls (Figure 3).

The gateway theory is referred to an increase in the use and abuse of heavier drugs
following the initial use of nicotine or alcohol [5,6,16,50–52]. However, it may also mean
that the use of nicotine preceding the use of other addictive drugs. In the present study, we
observed a decrease rather than an increase in the rewarding action of amphetamine by
prior nicotine and alcohol exposure in adolescent mice, which may contradict the gateway
theory. However, one of the criteria for drug addiction is the development of tolerance to
the pleasurable effect of addictive drugs on subsequent administration, leading to dose
escalation [53]. If one applies the above theory of addiction, adolescent mice treated with
nicotine and alcohol might need higher doses of the drug to achieve the same response.
Therefore, they may be at a greater risk of developing addictive behaviors than adult mice.
However, if one applies the positive reinforcement theory of addiction [54–56], the opposite
would be true. Due to enhanced reward experience, adults most likely chase the drug
and develop addictive behaviors faster than adolescents. This result may also apply to
polydrug users, who may start using nicotine and alcohol during the adolescence period
and then move on to heavier drugs, such as amphetamine. Therefore, further studies are
needed to test these possibilities.

The CPP response under a drug-free state represents the motivational effect of the
contextual cues that gain saliency following pairing with addictive drugs [45,57,58]. It
appears that the context gains more motivational valence following amphetamine pairing
in adolescents than adult mice, which may explain the vulnerability of this population
to use drugs after subsequent exposure to the same environment, where they have used
the drug once, i.e., the context may serve as a stronger stimulus in facilitating drug use in
this population [24,48,49]. However, it appears that prior nicotine and alcohol exposure
reduces this increase in the motivational valence of the context in adolescents but increases
it in adult mice, as we observed a robust CPP in adult mice with prior nicotine and alcohol
experience, but not in adolescent mice. The state-dependent CPP or the CPP response
expressed under a drugged state, on the other hand, is a representative of the memory
retrieval of the conditioned response that is acquired due to pairing of the subjective effects
of the drug and the context during conditioning [45,57,58]. This response is more robust
than the response under the drug-free state in adult compared to adolescent mice with
prior nicotine-alcohol exposure. Although we expected to observe a greater response in
adolescent mice, it appears that prior nicotine and alcohol conditioning may differentially
bring about molecular changes, thereby leading to these behavioral changes.

Substances of abuse, such as nicotine, alcohol, and amphetamine, are thought to
exert their rewarding effects through the activation of mesocorticolimbic dopaminergic
neurons [59]. Previous studies have shown that the deletion of DAT expression in mice
diminishes amphetamine-induced accumbal dopamine release and associated hyperloco-
motion [42]. In contrast, mice with overexpression of DAT compared to their wild-type
controls displayed greater locomotor activity in response to amphetamine, had higher
extracellular dopamine, and showed a place preference to a lower amphetamine dose [43].
We observed a significant amphetamine-induced CPP in adult mice with prior nicotine and
alcohol exposure under both drug-free and drugged states. This response was greater in
adult than adolescent mice when animals were tested under the drugged state. On this
basis, we hypothesized that prior nicotine and alcohol treatment differentially altered the
expression of DAT or dopamine D1 or D2 receptors (D1R D2R) in adult mice compared to
adolescents. Consistent with this hypothesis, we found that the expression of DAT and
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D1R increased in adult mice with prior nicotine treatment compared to their respective
adolescent mice and control adult mice. There was a concomitant decrease in the expression
of D2R in the NAc in adult mice with prior nicotine and alcohol experience compared to
their respective adolescent mice. Considering that we used Western blot analysis, it is
difficult to firmly state that the changes in D2R level are at the presynaptic or postsynaptic
level. Therefore, future immunohistochemical studies are needed to shed light on this
issue. However, it is noteworthy that these changes were specific to the dopamine system
because we did not observe changes in the NMDA or AMPA receptors expression.

The observation that the expression of DAT and D1R increased and that of D2R
decreased in adult mice with prior nicotine and alcohol exposure, compared to adolescent
mice, may explain the underlying mechanism of the greater CPP response in adult mice
compared to adolescent mice with prior nicotine and alcohol experience. We propose
that the greater expression of DAT facilitates more amphetamine to gain access to the
presynaptic terminal. Once inside the presynaptic terminal, it facilitates the reversal of
DAT, allowing more dopamine to exit through DAT and reaching the postsynaptic D1R.
Considering that there is more D1R expression, there is more opportunity for dopamine
to bind to postsynaptic D1R and elicits a greater CPP response (Figure 5). Also, given
that there is a decrease in D2R expression in these mice compared to adolescent mice
with prior nicotine and alcohol exposure, we expect a reduction in binding of dopamine
to D2R and thus a decline in a negative feedback mechanism, which also favors more
dopaminergic neurotransmission to occur (Figure 5). However, further studies are needed
to delineate whether these changes are due to nicotine or alcohol exposure or a combination
of these drugs with amphetamine. Also, it needs to be verified whether the decrease in
D2R expression is at the presynaptic or postsynaptic level.
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Figure 5. Schematic representation of changes in the level of DAT, D1 and D2 but not AMPA and NMDA receptors by prior
nicotine and alcohol exposure, leading to altered amphetamine-induced stated-dependent CPP in adults versus adolescent
mice. Amphetamine induced a comparable CPP under a drugged state in control adolescent and adult mice because the
level of dopamine transporter (DAT) and dopamine (D1 and D2) receptors are not different between mice of the two age
groups. On the other hand, the greater expression of DAT and D1 receptors and reduced levels of D2 receptors in adult
than adolescent mice led to a greater CPP response under the drugged state in adult rather than adolescent mice with prior
nicotine and alcohol experience.
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Nevertheless, we do not believe that these alterations are due to amphetamine con-
ditioning and amphetamine challenge alone. This notion is in line with the observation
that we did not observe these molecular changes between control adult and adolescent
mice. Also, we do not believe that these changes are due to only nicotine exposure be-
cause adolescent rats have been shown to have lower basal levels of dopamine compared
to adults in tissue samples of the striatum [60], and reduced storage pool of releasable
dopamine in this region [61]. However, baseline dopamine level in tissue samples of NAc
and frontal cortex was reported to be comparable between adolescent and adult rats [60].
Furthermore, nicotine has been shown to increase dopamine release in the NAc in both
adults and adolescent rats [62]. On the other hand, repeated ethanol administration in
mice resulted in sensitization only in adults but not adolescents [63]. These authors also
showed that adolescent mice exhibited lower dopamine levels in the PFC and NAc fol-
lowing ethanol exposure than adults [63]. Cumulatively, based on the published data, it
could be suggested that a greater CPP response following amphetamine in adult mice,
observed in our study, could be related to dynamic changes in an ethanol-induced decrease
in dopamine release in NAc in response to alcohol conditioning between adolescent and
adult mice or a combination of the action of nicotine and alcohol pre-exposure. We consider
this as one of the caveats of the present study. Therefore, further studies are needed to
assess the impact of preconditioning with each drug alone and their combination on the
rewarding action of subsequent amphetamine treatment.

5. Conclusions

Our results showed that a single amphetamine conditioning induced a greater reward
in control (no prior drug experience) adolescents than adult mice but induced a comparable
state-dependent CPP in both age groups. On the other hand, the rewarding action of
amphetamine under both drug-free and drugged-state was reduced in adolescents and
enhanced in adult mice with prior nicotine and alcohol exposure. These changes were
associated with increased DAT and D1 receptors with a concomitant reduction in D2
receptors expression. The decrease in the rewarding action of amphetamine in polydrug-
exposed adolescents, compared with adult mice, may suggest that this may be one cause
of the dose escalation in chasing pleasure in this vulnerable population.

Author Contributions: Conceptualization K.L.; methodology, A.S.; software, A.S., S.M.A. and K.L.;
formal analysis, A.S., and K.L.; investigation, A.S.; resources, K.L.; writing—original draft preparation,
A.S., K.L.; writing—review and editing, A.S., S.M.A. and K.L.; funding acquisition, K.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Tobacco-Related Disease Research Program Grant (24RT-
0023) and an intramural grant to K.L.

Institutional Review Board Statement: The study was conducted according to the Declaration of
Helsinki’s guidelines and approved by the Institutional Animal Care and Use Committee at Western
University of Health Sciences (protocol # R17IACUC018).

Data Availability Statement: The data will be available upon request.

Acknowledgments: We are grateful to Abdul Hamid and Osman Farhad for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bechtholt, A.J.; Mark, G.P. Enhancement of cocaine-seeking behavior by repeated nicotine exposure in rats. Psychopharmacology

2002, 162, 178–185. [CrossRef] [PubMed]
2. DiFranza, J.R.; Guerrera, M.P. Alcoholism and smoking. J. Stud. Alcohol 1990, 51, 5–130. [CrossRef] [PubMed]
3. Horger, B.A.; Giles, M.K.; Schenk, S. Preexposure to amphetamine and nicotine predisposes rats to self-administer a low dose of

cocaine. Psychopharmacology 1992, 107, 271–276. [CrossRef] [PubMed]
4. Hutchison, M.A.; Riley, A.L. Adolescent exposure to nicotine alters the aversive effects of cocaine in adult rats. Neurotoxicol.

Teratol. 2008, 30, 404–411. [CrossRef] [PubMed]

http://doi.org/10.1007/s00213-002-1079-1
http://www.ncbi.nlm.nih.gov/pubmed/12110995
http://doi.org/10.15288/jsa.1990.51.130
http://www.ncbi.nlm.nih.gov/pubmed/2308350
http://doi.org/10.1007/BF02245147
http://www.ncbi.nlm.nih.gov/pubmed/1615126
http://doi.org/10.1016/j.ntt.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18558472


Brain Sci. 2021, 11, 420 11 of 13

5. Kandel, D.; Kandel, E. The Gateway Hypothesis of substance abuse: Developmental, biological and societal perspectives. ACTA
Paediatr. 2014, 104, 130–137. [CrossRef]

6. Kandel, E.R.; Kandel, D.B. A Molecular Basis for Nicotine as a Gateway Drug. N. Engl. J. Med. 2014, 371, 932–943. [CrossRef]
7. Kelley, B.M.; Rowan, J.D. Long-term, low-level adolescent nicotine exposure produces dose-dependent changes in cocaine

sensitivity and reward in adult mice. Int. J. Dev. Neurosci. 2004, 22, 339–348. [CrossRef]
8. Kouri, E.M.; Stull, M.; Lukas, S.E. Nicotine alters some of cocaine’s subjective effects in the absence of physiological or pharma-

cokinetic changes. Pharm. Biochem. Behav. 2001, 69, 209–217. [CrossRef]
9. Levine, A.; Huang, Y.; Drisaldi, B.; Griffin, E.A.; Pollak, D.D.; Xu, S.; Yin, D.; Schaffran, C.; Kandel, D.B.; Kandel, E.R. Molecular

Mechanism for a Gateway Drug: Epigenetic Changes Initiated by Nicotine Prime Gene Expression by Cocaine. Sci. Transl. Med.
2011, 3, 107ra109. [CrossRef]

10. Li, H.; Bu, Q.; Chen, B.; Shao, X.; Hu, Z.; Deng, P.; Lv, L.; Deng, Y.; Zhu, R.; Li, Y.; et al. Mechanisms of Metabonomic for
a Gateway Drug: Nicotine Priming Enhances Behavioral Response to Cocaine with Modification in Energy Metabolism and
Neurotransmitter Level. PLoS ONE 2014, 9, e87040. [CrossRef] [PubMed]

11. McQuown, S.C.; Belluzzi, J.D.; Leslie, F.M. Low dose nicotine treatment during early adolescence increases subsequent cocaine
reward. Neurotoxicol. Teratol. 2007, 29, 66–73. [CrossRef] [PubMed]

12. McQuown, S.C.; Dao, J.M.; Belluzzi, J.D.; Leslie, F.M. Age-dependent effects of low-dose nicotine treatment on cocaine-induced
behavioral plasticity in rats. Psychopharmacology 2009, 207, 143–152. [CrossRef]

13. Meliska, C.J.; Bartke, A.; Vandergriff, J.L.; Jensen, R.A. Ethanol and nicotine consumption and preference in transgenic mice
overexpressing the bovine growth hormone gene. Pharmacol. Biochem. Behav. 1995, 50, 563–570.

14. Natividad, L.A.; Tejeda, H.A.; Torres, O.V.; O’Dell, L.E. Nicotine withdrawal produces a decrease in extracellular levels of
dopamine in the nucleus accumbens that is lower in adolescent versus adult male rats. Synapse 2010, 64, 136–145. [CrossRef]
[PubMed]

15. Rinker, J.A.; Hutchison, M.A.; Chen, S.A.; Thorsell, A.; Heilig, M.; Riley, A.L. Exposure to nicotine during periadolescence or early
adulthood alters aversive and physiological effects induced by ethanol. Pharmacol. Biochem. Behav. 2011, 99, 7–16. [CrossRef]
[PubMed]

16. Rosenberg, J.M. A molecular basis for nicotine as a gateway drug. N. Engl. J. Med. 2014, 371, 2038. [CrossRef]
17. Schindler, A.G.; Messinger, D.I.; Smith, J.S.; Shankar, H.; Gustin, R.M.; Schattauer, S.S.; Lemos, J.C.; Chavkin, N.W.; Hagan, C.E.;

Neumaier, J.F.; et al. Stress Produces Aversion and Potentiates Cocaine Reward by Releasing Endogenous Dynorphins in the
Ventral Striatum to Locally Stimulate Serotonin Reuptake. J. Neurosci. 2012, 32, 17582–17596. [CrossRef] [PubMed]

18. Schneider, T.; Bizarro, L.; Asherson, P.J.E.; Stolerman, I.P. Hyperactivity, increased nicotine consumption and impaired perfor-
mance in the five-choice serial reaction time task in adolescent rats prenatally exposed to nicotine. Psychopharmacology 2012, 223,
401–415. [CrossRef]

19. Gossop, M.; Manning, V.; Ridge, G. Concurrent use and order of use of cocaine and alcohol: Behavioural differences between
users of crack cocaine and cocaine powder. Addiction 2006, 101, 1292–1298. [CrossRef]

20. Marks, K.R.; Pike, E.; Stoops, W.W.; Rush, C.R. Alcohol Administration Increases Cocaine Craving but Not Cocaine Cue
Attentional Bias. Alcohol. Clin. Exp. Res. 2015, 39, 1823–1831. [CrossRef]

21. Ruiz, P.; Calliari, A.; Genovese, P.; Scorza, C.; Pautassi, R.M. Amphetamine, but not methylphenidate, increases ethanol intake in
adolescent male, but not in female, rats. Brain Behav. 2018, 8, e00939. [CrossRef]

22. Stinson, F.S.; Grant, B.F.; Dawson, D.A.; Ruan, W.J.; Huang, B.; Saha, T. Comorbidity between DSM-IV alcohol and specific drug
use disorders in the United States: Results from the National Epidemiologic Survey on Alcohol and Related Conditions. Drug
Alcohol Depend. 2005, 80, 105–116. [CrossRef]

23. Storey, G.P.; Gonzalez-Fernandez, G.; Bamford, I.J.; Hur, M.; McKinley, J.W.; Heimbigner, L.; Minasyan, A.; Walwyn, W.M.;
Bamford, N.S. Nicotine Modifies Corticostriatal Plasticity and Amphetamine Rewarding Behaviors in Mice. Neuron 2016, 3.
[CrossRef] [PubMed]

24. Baker, E.P.; Magnuson, E.C.; Dahly, A.M.; Siegel, J.A. The effects of enriched environment on the behavioral and corticosterone
response to methamphetamine in adolescent and adult mice. Dev. Psychobiol. 2018, 60, 664–673. [CrossRef]

25. Baker, L.K.; Mao, D.; Chi, H.; Govind, A.P.; Vallejo, Y.F.; Iacoviello, M.; Herrera, S.; Cortright, J.J.; Green, W.N.; McGehee, D.S.;
et al. Intermittent nicotine exposure upregulates nAChRs in VTA dopamine neurons and sensitises locomotor responding to the
drug. Eur. J. Neurosci. 2013, 37, 1004–1011. [CrossRef] [PubMed]

26. Best, D.; Rawaf, S.; Rowley, J.; Floyd, K.; Manning, V.; Strang, J. Drinking and smoking as concurrent predictors of illicit drug use
and positive drug attitudes in adolescents. Drug Alcohol Depend. 2000, 60, 319–321. [CrossRef]

27. Businelle, M.S.; Lam, C.Y.; Kendzor, D.E.; Cofta-Woerpel, L.; McClure, J.B.; Cinciripini, P.M.; Wetter, D.W. Alcohol consumption
and urges to smoke among women during a smoking cessation attempt. Exp. Clin. Psychopharmacol. 2013, 21, 29–37. [CrossRef]
[PubMed]

28. Carmody, T.P.; Brischetto, C.S.; Matarazzo, J.D.; O’Donnell, R.P.; Connor, W.E. Co-occurrent use of cigarettes, alcohol, and coffee
in healthy, community-living men and women. Health psychology. Off. J. Div. Health Psychol. Am. Psychol. Assoc. 1985, 4, 35–323.

29. Lisha, N.E.; Carmody, T.P.; Humfleet, G.L.; Delucchi, K.L. Reciprocal effects of alcohol and nicotine in smoking cessation treatment
studies. Addict. Behav. 2014, 39, 637–643. [CrossRef]

http://doi.org/10.1111/apa.12851
http://doi.org/10.1056/NEJMsa1405092
http://doi.org/10.1016/j.ijdevneu.2004.04.002
http://doi.org/10.1016/S0091-3057(01)00529-9
http://doi.org/10.1126/scitranslmed.3003062
http://doi.org/10.1371/journal.pone.0087040
http://www.ncbi.nlm.nih.gov/pubmed/24489831
http://doi.org/10.1016/j.ntt.2006.10.012
http://www.ncbi.nlm.nih.gov/pubmed/17174067
http://doi.org/10.1007/s00213-009-1642-0
http://doi.org/10.1002/syn.20713
http://www.ncbi.nlm.nih.gov/pubmed/19771590
http://doi.org/10.1016/j.pbb.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21420998
http://doi.org/10.1056/NEJMc1411785
http://doi.org/10.1523/JNEUROSCI.3220-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223282
http://doi.org/10.1007/s00213-012-2728-7
http://doi.org/10.1111/j.1360-0443.2006.01497.x
http://doi.org/10.1111/acer.12824
http://doi.org/10.1002/brb3.939
http://doi.org/10.1016/j.drugalcdep.2005.03.009
http://doi.org/10.1523/ENEURO.0095-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26866057
http://doi.org/10.1002/dev.21633
http://doi.org/10.1111/ejn.12114
http://www.ncbi.nlm.nih.gov/pubmed/23331514
http://doi.org/10.1016/S0376-8716(00)00113-7
http://doi.org/10.1037/a0031009
http://www.ncbi.nlm.nih.gov/pubmed/23379613
http://doi.org/10.1016/j.addbeh.2013.11.018


Brain Sci. 2021, 11, 420 12 of 13

30. McKee, S.A.; Sinha, R.; Weinberger, A.H.; Sofuoglu, M.; Harrison, E.L.; Lavery, M.; Wanzer, J. Stress decreases the ability to resist
smoking and potentiates smoking intensity and reward. J. Psychopharmacol. 2010, 25, 490–502. [CrossRef]

31. Rimm, E.B.; Chan, J.; Stampfer, M.J.; Colditz, G.A.; Willett, W.C. Prospective study of cigarette smoking, alcohol use, and the risk
of diabetes in men. BMJ 1995, 310, 555–559. [CrossRef]

32. Romberger, D.J.; Grant, K. Alcohol consumption and smoking status: The role of smoking cessation. Biomed. Pharmacother. 2004,
58, 77–83. [CrossRef]

33. Torabi, M.R.; Bailey, W.J.; Majd-Jabbari, M. Cigarette Smoking as a Predictor of Alcohol and Other Drug Use by Children and
Adolescents: Evidence of the “Gateway Drug Effect”. J. Sch. Health 1993, 63, 302–306. [CrossRef] [PubMed]

34. York, J.L.; Hirsch, J.A. Drinking Patterns and Health Status in Smoking and Nonsmoking Alcoholics. Alcohol. Clin. Exp. Res. 1995,
19, 666–673. [CrossRef] [PubMed]

35. Schochet, T.L.; Kelley, A.E.; Landry, C.F. Differential behavioral effects of nicotine exposure in adolescent and adult rats.
Psychopharmacology 2004, 175, 265–273. [CrossRef] [PubMed]

36. O’Dell, L.E.; Torres, O.V.; Natividad, L.A.; Tejeda, H.A. Adolescent nicotine exposure produces less affective measures of
withdrawal relative to adult nicotine exposure in male rats. Neurotoxicol. Teratol. 2007, 29, 17–22. [CrossRef]

37. Pipkin, J.A.; Kaplan, G.J.; Plant, C.P.; Eaton, S.E.; Gil, S.M.; Zavala, A.R.; Crawford, C.A. Nicotine exposure beginning in
adolescence enhances the acquisition of methamphetamine self-administration, but not methamphetamine-primed reinstatement
in male rats. Drug Alcohol Depend. 2014, 142, 341–344. [CrossRef]

38. Fleckenstein, A.E.; Volz, T.J.; Riddle, E.L.; Gibb, J.W.; Hanson, G.R. New Insights into the Mechanism of Action of Amphetamines.
Annu. Rev. Pharmacol. Toxicol. 2007, 47, 681–698. [CrossRef]

39. Sulzer, D. How Addictive Drugs Disrupt Presynaptic Dopamine Neurotransmission. Neuron 2011, 69, 628–649. [CrossRef]
40. Calipari, E.S.; Ferris, M.J.; Salahpour, A.; Caron, M.G.; Jones, S.R. Methylphenidate amplifies the potency and reinforcing effects

of amphetamines by increasing dopamine transporter expression. Nat. Commun. 2013, 4, 2720. [CrossRef] [PubMed]
41. Sulzer, D.; Sonders, M.S.; Poulsen, N.W.; Galli, A. Mechanisms of neurotransmitter release by amphetamines: A review. Prog.

Neurobiol. 2005, 75, 406–433. [CrossRef] [PubMed]
42. Cagniard, B.; Sotnikova, T.D.; Gainetdinov, R.R.; Zhuang, X. The Dopamine Transporter Expression Level Differentially Affects

Responses to Cocaine and Amphetamine. J. Neurogenet. 2014, 28, 112–121. [CrossRef]
43. Salahpour, A.; Ramsey, A.J.; Medvedev, I.O.; Kile, B.; Sotnikova, T.D.; Holmstrand, E.; Ghisi, V.; Nicholls, P.J.; Wong, L.; Murphy,

K.; et al. Increased Amphetamine-Induced Hyperactivity and Reward in Mice Overexpressing the Dopamine Transporter. The
National Academy of Sciences. Proc. Natl. Acad. Sci. USA 2008, 105, 4405–4410. [CrossRef]

44. Bardo, M.; Bevins, R. Conditioned place preference: What does it add to our preclinical understanding of drug reward?
Psychopharmacology 2000, 153, 31–43. [CrossRef] [PubMed]

45. Nguyen, K.; Tseng, A.; Marquez, P.; Hamid, A.; Lutfy, K. The role of endogenous dynorphin in ethanol-induced state-dependent
CPP. Behav. Brain Res. 2012, 227, 58–63. [CrossRef]

46. Tseng, A.; Nguyen, K.; Hamid, A.; Garg, M.; Marquez, P.; Lutfy, K. The role of endogenous beta-endorphin and enkephalins in
ethanol reward. Neuropharmacology 2013, 73, 290–300. [CrossRef] [PubMed]

47. Tseng, A.; Singh, P.; Marquez, P.; Hamid, A.; Lutfy, K. The role of endogenous pituitary adenylyl cyclase activating polypeptide
(PACAP) in nicotine self-administration, reward and aversion. Trends Neuroendocrinol. 2019, 181, 46–52. [CrossRef] [PubMed]

48. Ehrlich, M.E.; Sommer, J.; Canas, E.; Unterwald, E.M. Periadolescent mice show enhanced DeltaFosB upregulation in response to
cocaine and amphetamine. J. Neurosci. 2002, 22, 9155–9159. [CrossRef] [PubMed]

49. Good, R.L.; Liang, L.-P.; Patel, M.; Radcliffe, R.A. Mouse strain- and age-dependent effects of binge methamphetamine on
dopaminergic signaling. NeuroToxicology 2011, 32, 751–759. [CrossRef] [PubMed]

50. Kandel, D.B.; Yamaguchi, K.; Chen, K. Stages of progression in drug involvement from adolescence to adulthood: Further
evidence for the gateway theory. J. Stud. Alcohol. Drugs 1992, 53, 447–457. [CrossRef] [PubMed]

51. Kelley, B.M.; Middaugh, L.D. Periadolescent Nicotine Exposure Reduces Cocaine Reward in Adult Mice. J. Addict. Dis. 1999, 18,
27–39. [CrossRef] [PubMed]

52. Smith, J.W.; Stolerman, I.P. Recognising Nicotine: The Neurobiological Basis of Nicotine Discrimination. Snake Venoms 2009, 192,
295–333. [CrossRef]

53. Zernig, G.; Ahmed, S.H.; Cardinal, R.N.; Morgan, D.; Acquas, E.; Foltin, R.W.; Vezina, P.; Negus, S.S.; Crespo, J.A.; Stöckl, P.;
et al. Explaining the Escalation of Drug Use in Substance Dependence: Models and Appropriate Animal Laboratory Tests.
Pharmacology 2007, 80, 65–119. [CrossRef] [PubMed]

54. Joshua, M.; Adler, A.; Mitelman, R.; Vaadia, E.; Bergman, H. Midbrain Dopaminergic Neurons and Striatal Cholinergic Interneu-
rons Encode the Difference between Reward and Aversive Events at Different Epochs of Probabilistic Classical Conditioning
Trials. J. Neurosci. 2008, 28, 11673–11684. [CrossRef]

55. Koob, G.F. Neurobiology of Addiction: Toward the Development of New Therapies. Ann. N. Y. Acad. Sci. 2006, 909, 170–185.
[CrossRef] [PubMed]

56. Koob, G.F.; Caine, S.; Parsons, L.; Markou, A.; Weiss, F. Opponent Process Model and Psychostimulant Addiction. Pharmacol.
Biochem. Behav. 1997, 57, 513–521. [CrossRef]

57. Oberling, P.; Rocha, B.; Di Scala, G.; Sandner, G. Evidence for state-dependent retrieval in conditioned place aversion. Behav.
Neural Biol. 1993, 60, 27–32. [CrossRef]

http://doi.org/10.1177/0269881110376694
http://doi.org/10.1136/bmj.310.6979.555
http://doi.org/10.1016/j.biopha.2003.12.002
http://doi.org/10.1111/j.1746-1561.1993.tb06150.x
http://www.ncbi.nlm.nih.gov/pubmed/8246462
http://doi.org/10.1111/j.1530-0277.1995.tb01565.x
http://www.ncbi.nlm.nih.gov/pubmed/7573791
http://doi.org/10.1007/s00213-004-1831-9
http://www.ncbi.nlm.nih.gov/pubmed/15098085
http://doi.org/10.1016/j.ntt.2006.11.003
http://doi.org/10.1016/j.drugalcdep.2014.06.029
http://doi.org/10.1146/annurev.pharmtox.47.120505.105140
http://doi.org/10.1016/j.neuron.2011.02.010
http://doi.org/10.1038/ncomms3720
http://www.ncbi.nlm.nih.gov/pubmed/24193139
http://doi.org/10.1016/j.pneurobio.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15955613
http://doi.org/10.3109/01677063.2014.908191
http://doi.org/10.1073/pnas.0707646105
http://doi.org/10.1007/s002130000569
http://www.ncbi.nlm.nih.gov/pubmed/11255927
http://doi.org/10.1016/j.bbr.2011.10.035
http://doi.org/10.1016/j.neuropharm.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23770261
http://doi.org/10.1016/j.pbb.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/31028757
http://doi.org/10.1523/JNEUROSCI.22-21-09155.2002
http://www.ncbi.nlm.nih.gov/pubmed/12417638
http://doi.org/10.1016/j.neuro.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21798282
http://doi.org/10.15288/jsa.1992.53.447
http://www.ncbi.nlm.nih.gov/pubmed/1405637
http://doi.org/10.1300/J069v18n03_04
http://www.ncbi.nlm.nih.gov/pubmed/10507580
http://doi.org/10.1007/978-3-540-69248-5_11
http://doi.org/10.1159/000103923
http://www.ncbi.nlm.nih.gov/pubmed/17570954
http://doi.org/10.1523/JNEUROSCI.3839-08.2008
http://doi.org/10.1111/j.1749-6632.2000.tb06682.x
http://www.ncbi.nlm.nih.gov/pubmed/10911930
http://doi.org/10.1016/S0091-3057(96)00438-8
http://doi.org/10.1016/0163-1047(93)90677-A


Brain Sci. 2021, 11, 420 13 of 13

58. Self, D.W.; Choi, K.-H. Extinction-induced Neuroplasticity Attenuates Stress-induced Cocaine Seeking: A State-dependent
Learning Hypothesis. Stress 2004, 7, 145–155. [CrossRef]

59. Pontieri, F.E.; Tanda, G.; Orzi, F.; Di Chiara, G. Effects of nicotine on the nucleus accumbens and similarity to those of addictive
drugs. Nat. Cell Biol. 1996, 382, 255–257. [CrossRef]

60. Teicher, M.H.; Barber, N.I.; Gelbard, H.A.; Gallitano, A.L.; Campbell, A.; Marsh, E.; Baldessarini, R.J. Developmental Differences in
Acute Nigrostriatal and Mesocorticolimbic System Response to Haloperidol. Neuropsychopharmacology 1993, 9, 147–156. [CrossRef]

61. Stamford, J.A. Development and Ageing of the Rat Nigrostriatal Dopamine System Studied with Fast Cyclic Voltammetry. J.
Neurochem. 1989, 52, 1582–1589. [CrossRef] [PubMed]

62. Marusich, J.A.; Darna, M.; Wilson, A.G.; Denehy, E.D.; Ebben, A.; Deaciuc, A.G.; Dwoskin, L.P.; Bardo, M.T.; Lefever, T.W.;
Wiley, J.L.; et al. Tobacco’s minor alkaloids: Effects on place conditioning and nucleus accumbens dopamine release in adult and
adolescent rats. Eur. J. Pharmacol. 2017, 814, 196–206. [CrossRef] [PubMed]

63. Carrara-Nascimento, P.F.; Hoffmann, L.B.; Flório, J.C.; Planeta, C.S.; Camarini, R. Effects of Ethanol Exposure During Adolescence
or Adulthood on Locomotor Sensitization and Dopamine Levels in the Reward System. Front. Behav. Neurosci. 2020, 14, 31.
[CrossRef] [PubMed]

http://doi.org/10.1080/10253890400012677
http://doi.org/10.1038/382255a0
http://doi.org/10.1038/npp.1993.53
http://doi.org/10.1111/j.1471-4159.1989.tb09212.x
http://www.ncbi.nlm.nih.gov/pubmed/2709014
http://doi.org/10.1016/j.ejphar.2017.08.029
http://www.ncbi.nlm.nih.gov/pubmed/28844873
http://doi.org/10.3389/fnbeh.2020.00031
http://www.ncbi.nlm.nih.gov/pubmed/32210774

	Introduction 
	Materials and Methods 
	Subjects 
	Chemicals and Reagents 
	Experimental Design and Procedures 
	Place Conditioning Paradigm 
	Western Blot Analysis 

	Statistical Analyses 

	Results 
	Amphetamine Induced a Comparable CPP Response under a Drugged State in Control Adolescent and Adult Mice 
	Prior Nicotine and Alcohol Conditioning Increased the Rewarding Action of Acute Amphetamine under a Drugged State in Adult Compared to Adolescent Mice 
	The Expression of DAT and D1R Was Higher with a Concomitant Decrease in D2R in Adults Compared to Adolescent Mice with Prior Nicotine and Alcohol Exposure 

	Discussion 
	Conclusions 
	References



