
Effects of adolescent methamphetamine and nicotine exposure 
on behavioral performance and MAP-2 immunoreactivity in the 
nucleus accumbens of adolescent mice

Jordan M. Bucka, Alysse S. Morrisa, Sydney J. Weberb, Jacob Raberb,c,d, and Jessica A. 
Siegela,1

aDepartment of Psychology, The University of the South, 735 University Avenue, Sewanee, TN 
37318, USA

bDepartment of Behavioral Neuroscience, Oregon Health & Science University, 8131 SW Sam 
Jackson Park Road, Portland, OR 97239, USA

cDepartments of Neurology and Radiation Medicine, Oregon Health & Science University, 8131 
SW Sam Jackson Park Road, Portland, OR 97239, USA

dDivision of Neuroscience ONPRC, Oregon Health & Science University, 8131 SW Sam Jackson 
Park Road, Portland, OR 97239, USA

Abstract

The neurotoxic effects of methamphetamine (MA) exposure in the developing and adult brain can 

lead to behavioral alterations and cognitive deficits in adults. Previous increases in the rates of 

adolescent MA use necessitate that we understand the behavioral and cognitive effects of MA 

exposure during adolescence on the adolescent brain. Adolescents using MA exhibit high rates of 

nicotine (NIC) use, but the effects of concurrent MA and NIC in the adolescent brain have not 

been examined, and it is unknown if NIC mediates any of the effects of MA in the adolescent. In 

this study, the long-term effects of a neurotoxic dose of MA with or without NIC exposure during 

early adolescence (postnatal day 30-31) were examined later in adolescence (postnatal day 41-50) 

in male C57BL/6J mice. Effects on behavioral performance in the open field, Porsolt forced swim 

test, and conditioned place preference test, and cognitive performance in the novel object 

recognition test and Morris water maze were assessed. Additionally, the effects of MA and/or NIC 

on levels of microtubule associated-2 (MAP-2) protein in the nucleus accumbens and plasma 

corticosterone were examined. MA and NIC exposure during early adolescence separately 

decreased anxiety-like behavior in the open field test, which was not seen following co-

administration of MA/NIC. There was no significant effect of early adolescent MA and/or NIC 

exposure on the intensity of MAP-2 immunoreactivity in the nucleus accumbens or on plasma 

corticosterone levels. These results show that early adolescent MA and NIC exposure separately 
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decrease anxiety-like behavior in the open field, and that concurrent MA and NIC exposure does 

not induce the same behavioral change as either drug alone.
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1. Introduction

Methamphetamine (MA) is a psychomotor stimulant that impacts multiple neurotransmitter 

systems, including the dopamine (DA) system, and is associated with high abuse potential, 

DA neurotoxicity, and cognitive impairments in adults [1–3]. While rates of adolescent MA 

use are relatively low compared to other drugs of abuse, studies suggest the rates of 

adolescents seeking treatment for MA abuse increased in the early 2000s [4, 5]. The 

behavioral, cognitive, and neurobiological effects of MA may differ in adolescents compared 

to adults, as adolescence is a dynamic period of brain and behavioral maturation [6]. Co-

abuse of MA and nicotine (NIC) is common [7, 8], and the average age of initiation for NIC 

use is 13 years of age [9]. Relatively little is known about the behavioral and cognitive 

effects of MA and MA/NIC co-administration in adolescence compared to adulthood. 

Therefore in the current study we examined the effects of MA and/or NIC on behavioral and 

cognitive performance in adolescent male mice.

Adolescent MA users are more likely to have had previous psychiatric treatment and a 

family history of drug abuse [10], previous treatments for drug abuse [5], and increased rates 

of depression and suicide ideation compared to non-users and adolescents using other drugs 

of abuse [11]. Adolescent MA users have poorer treatment responses, higher recidivism rates 

compared to non-MA using adolescent drug users [11], and increased rates of general risk-

taking behaviors as well as risky sexual behaviors associated with adolescent pregnancy [12, 

13]. Adolescent MA users also show increased depression and anxiety levels, increased 

plasma cortisol levels following a social stressor [14], and executive function impairments 

[15] relative to non-MA users following 4-11 months of abstinence.

Animal models have been used to examine the effects of adolescent MA exposure. MA 

exposure during adolescence impairs spatial learning in the Morris water maze and 

sequential learning in the Cincinnati water maze in rats, but these effects do not occur in pre-

adolescence or adulthood, which suggests that adolescence is a period of increased 

susceptibility to MA-induced cognitive impairments [16]. Adolescent rats show enhanced 

rates of MA self-administration [17], enhanced MA-induced locomotor activation, and 

enhanced MA conditioned place preference (CPP) [18] compared to adult rats. MA exposure 

during adolescence induces long-term impairments in visual discrimination and reversal 

learning in rats [19]. In mice, MA exposure during early adolescence increases depression-

like behavior and decreases vasopressin-immunoreactive neurons in the paraventricular 

nucleus of the hypothalamus [20].

NIC also exerts unique effects in adolescence compared to adulthood. Compared to adult 

NIC exposure, exposure to NIC in adolescence increases the density of DA transporters 
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(DAT) in the nucleus accumbens (NAc), caudate, and putamen in rats [21], increases DA 

release in the NAc [22], and decreases anxiety-like behaviors [23] in rats. NIC also appears 

to have a protective effect against MA-induced DA neurotoxicity in adult rodents. For 

example, adult MA-exposed male mice exhibit reductions in striatal DA levels to 18% of 

controls, while mice exposed to NIC prior to MA show striatal DA levels measuring 57% of 

controls [24]. NIC prevents MA-induced striatal DA depletion [25] and MA-induced DA 

terminal neurodegeneration [26] in adult male mice and in adult rats, NIC pre-treatment 

reduces MA self-administration [27]. Furthermore, NIC exposure beginning in either 

adolescence or adulthood mitigates MA-induced deficits in novel object recognition in adult 

rats [28]. However, the effects of MA and NIC co-administration have not been examined in 

adolescent rodents.

Microtubule associated protein 2 (MAP-2) can be used as a dendritic marker to assess the 

effects of MA and NIC on the integrity of the striatum. MAP-2 is a dendritic protein 

responsible for the assembly of the microtubules in the dendrites and is important for 

dendritic plasticity. MAP-2 is required for dendrite elongation, protein kinase A (PKA) 

anchoring in dendrites, and proper PKA signal transduction [29]. Additionally, MAP-2 is a 

sensitive marker for age-related changes in rodents [30, 31] and nonhuman primates [32]. 

Previous work has shown that MAP-2 levels in the CA3 region of the hippocampus and the 

entorhinal cortex of 4-month-old mice were reduced following neonatal treatment with MA 

[33]. In adult rats, MA exposure decreases MAP-2 mRNA and protein levels in the cortex 

and hippocampus [34]. Thus, MAP-2 is useful for quantifying MA-induced brain changes. 

We were specifically interested in examining MAP-2 levels in the NAc, as NAc functioning 

shows long-term alterations following MA exposure in rodents [35–38] and humans [39]. 

Because little is known about the effects of MA in the adolescent brain, we investigated 

MAP-2 levels in the NAc to better understand the possible effects of MA on the NAc in the 

adolescent brain.

To the best of our knowledge, no previous studies have explored the effects of MA and NIC 

co-administration in adolescence. Therefore in the current study we examined the effects of 

early adolescent MA and/or NIC exposure on behavioral and cognitive performance later in 

adolescence in male mice. MAP-2 levels in the NAc core and shell and plasma 

corticosterone levels were also assessed in order to delineate the effects of MA and/or NIC 

on the integrity of the NAc and the stress response.

2. Methods

2.1. Mice

Seventy-two male C57BL/6J mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME., USA). Mice arrived on postnatal day (PND) 27 and were weighed upon arrival 

and then daily from PND 30 to PND 39. The mice were housed in groups of four (one 

mouse per treatment group in each cage) and maintained on a 12-hour light/dark cycle 

(06:00/18:00). Food and water were provided ad libitum. All experimental procedures and 

testing paradigms were approved by the Institutional Animal Care and Use Committee at 

Sewanee: The University of the South.
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2.2. Treatments

(+)-MA hydrochloride (Sigma Aldrich, St. Louis, MO, USA) and (-)-NIC tartrate (Sigma 

Aldrich, St. Louis, MO, USA) were diluted in 0.9% injectable saline to appropriate 

concentrations. Intra-peritoneal (IP) injections (0.1 mL) were administered four times daily 

at two-hour intervals to all mice on PND 30 and PND 31 (early adolescence; [6]). Treatment 

groups consisted of MA (7.5 mg/kg × 4 injections), NIC (0.3 mg/kg × 4 injections), MA and 

NIC (7.5 mg/kg and 0.3 mg/kg, respectively × 4 injections), and saline (× 4 injections). This 

injection schedule and paradigm was chosen to replicate previous research examining the 

effects of early adolescent MA exposure in mice [20, 40] and all solutions were 

administered via IP injections for consistency between groups. All injections were 

counterbalanced within the housing cages.

2.3. Behavioral Testing

Behavioral testing began on PND 41 (later in adolescence). The mice were individually 

housed beginning three days before the start of behavioral testing. A total of 36 mice (9 per 

treatment group) underwent behavioral testing in the following order: open field test, novel 

object recognition test, Porsolt forced swim test, and the Morris water maze on the days 

indicated below. These specific tests were chosen to replicate previous research examining 

the effects of adolescent MA exposure [20]. A separate group of 36 mice (9 per treatment 

group) underwent the same exposure paradigm and were subsequently trained and tested in 

the CPP test starting on PND 41.

2.3.1. Open Field—Locomotor activity and anxiety-like behavior were assessed in the 

open field test on PND 41. Mice were tested in a brightly lit 40 × 40 cm clear, Plexiglas 

arena. The interior 20 × 20 cm section of the chamber was designated as the center of the 

arena [20, 41]. Anymaze Video Tracking Software (Stoelting, Wood Dale, IL, USA) was 

used to record distance traveled and percent time in the center of the arena during the single 

ten-minute trial. The percent of time spent in the center of the arena was calculated as a 

measure of anxiety-like behavior [42, 43].

2.3.2. Novel Object Recognition—Object memory was evaluated in the novel object 

recognition test. All testing was carried out under dim lighting in the same arenas used to 

conduct the open field test. All objects used were similar in size and texture, and novel 

object positioning was counterbalanced across treatment groups.

For two subsequent days (PND 42 and PND 43) prior to testing, all mice underwent single, 

ten-minute habituation trials with no objects present. For novel object recognition testing, all 

mice underwent two trials on PND 44. Each trial lasted for ten minutes and included a five-

minute inter-trial interval. For trial one, two identical plastic toy fish (5.1 cm W × 7.6 cm L 

× 6.4 cm H) were placed in opposing corners of the arena. In trial two, a plastic basketball 

(novel object; 6.4 cm W × 6.4 cm L × 6.4 cm H) replaced one of the first objects. This 

retention interval of 5 minutes was used to assess short-term memory, and previous studies 

have shown that neonatal and adolescent rats are able to perform the novel object 

recognition test with an interval of this length [44].
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The time spent exploring each object during each trial was recorded using Anymaze Video 

Tracking Software. The average distance moved in the trials was measured, and the 

preference delta score for the novel object (time spent exploring new object – time spent 

exploring old object) as well as the percent time exploring the novel object in trial 2 were 

calculated as measures of object recognition memory.

2.3.3. Porsolt Forced Swim Test—Depression-like behavior was analyzed in the Porsolt 

forced swim test on PND 45. 1,000 mL glass beakers were filled with 700 mL of room 

temperature water (20° C). All mice were placed in a beaker for one five-minute trial. The 

percent of time spent immobile versus swimming was quantified by Anymaze Video 

Tracking Software. Increased immobility served as an indicator of depression-like behavior 

and/or learned helplessness [45].

2.3.4. Morris Water Maze—Spatial learning and memory were assessed using the Morris 

water maze from PND 46 to PND 50. The procedure was performed as previously described 

[20, 46]. For analyses, the maze (circular tub, 122 cm diameter) was divided into four virtual 

quadrants using Anymaze Video Tracking Software. The maze was filled with water made 

opaque by the addition of chalk. All testing occurred under bright lighting. Mice were 

trained to locate a submerged platform hidden in one of the four quadrants. Each test day 

consisted of one morning and one afternoon session. Each session involved three 60-second 

trials with an approximately 10-minute inter-trial interval. Mice that were unable to locate 

the platform during training were led there by the experimenter and allowed to remain on the 

platform for 3 seconds prior to removal. Mice were placed in the maze facing the exterior 

wall at 9 discrete drop locations that were alternated between trials. Anymaze Video 

Tracking Software was used to record swimming patterns and to measure swim speed and 

escape latency.

For visible (non-spatial) training on PND 46 and 47, white curtains surrounded the maze and 

a beacon was used to identify the target platform. The target platform was moved to a 

different quadrant for each visible training session. The curtains and beacon were 

subsequently removed for hidden platform sessions (spatial training) that occurred from 

PND 48-50. The platform remained in the same quadrant for all hidden training sessions. 

Approximately one hour after each hidden platform spatial training session, spatial memory 

was assessed in a probe trial. The platform was removed from the pool and the mice were 

analyzed in a single 60-second probe trial. The cumulative distance from the previous 

platform location was quantified using Anymaze Video Tracking Software. Decreased 

cumulative distance from the hidden platform location served as an indicator of spatial 

memory.

2.3.5. Conditioned Place Preference—A separate group of 36 mice underwent the 

same MA treatment paradigm and were tested in the CPP test beginning on PND 41. Mice 

were exposed to an unbiased two-compartment place conditioning procedure based on a 

previous protocol [47] using an unbiased apparatus (Lafayette Instruments, Lafayette, IN., 

USA). Mice were randomly assigned to receive MA (2 mg/kg I.P.) paired with one of two 

floor types: grid (5 mice per treatment group) or hole (4 mice per treatment group). The grid 

floor was 21.6 × 21.6 cm with 4 mm rods and a 3.35 mm gap between the rods, and the hole 
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floor was 21.6 × 21.6 cm with 6.4 mm holes with 9.5 mm staggered centers. In the Grid+ 

group, MA was injected immediately before placement onto the grid floor while saline was 

injected immediately before placement on the hole floor. In the Grid− group, saline was 

injected immediately before placement onto the grid floor whereas MA was injected before 

placement onto the hole floor. Mice received one 30 min trial per day for 8 days, with a total 

of four trials of each type alternating between days. Injection and floor pairings were 

counterbalanced across treatment groups. Distance moved in each trial was measured. On 

PND 49, a preference test was conducted in which all mice received an injection of saline 

(I.P.) and were placed in the center of the apparatus with access to both the grid and hole 

floor for 30 minutes. Preference was expressed as the time spent on the grid floor, calculated 

as seconds per minute spent on the grid floor for mice that had MA paired with the grid floor 

(Grid+) or the hole floor (Grid−). A difference between the groups in time spent on the grid 

floor would provide evidence of place conditioning and CPP expression would be indicated 

if the mice in the Grid+ group show increased sec/min spent on the grid floor compared to 

the mice in the Grid− group.

2.4. MAP-2 Immunoreactivity

On PND 51 or 52, the mice that completed the battery of behavioral tests were transcardially 

perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (pH = 

7.4) as previously described [33]. Brains were removed and post-fixed overnight in 4% 

paraformaldehyde at 4°C, transferred to 30% sucrose solution, and embedded in 

cryoprotectant. Serial coronal sections (50 μm) were collected onto Superfrost microscope 

slides through the NAc (Bregma +1.96 mm to +0.61 mm) with a 150 μm inter-section 

distance.

MAP-2 immunofluorescence was performed on the sections. Briefly, slides were rinsed in 

phosphate-buffered saline (PBS) 3 times for 5 minutes each then blocked in 5% normal goat 

serum made in 0.3% triton-X solution. Slides were then incubated overnight in primary 

antibody (MAP2, mouse monoclonal; Millipore, MAB3418) at a 1:1000 concentration. The 

following day, slides were rinsed in PBS 3 × 5 minutes then incubated for 2 hours in 

secondary antibody (goat anti-mouse AlexaFluor488; Life Technologies, A-11001) at a 

1:250 concentration. Slides were rinsed in PBS 5 × 5 minutes. Once dry, slides were cover-

slipped with VectaShield Mounting Media with DAPI. Images were subsequently taken at 

20× magnification using an Olympus IX-81 microscope and analyzed using Slidebook 6.0 

software. After all images had been acquired, the average intensity of MAP-2 

immunoreactivity in the region of interest was analyzed for the NAc core (triangle, 410 μm × 

310 μm × 510 μm) and shell (rectangle, 280 μm × 370 μm). The researcher performing the 

immunohistochemistry, microscopy, and quantification procedures was blind to the 

treatment of the subjects.

2.5. Corticosterone ELISA

On PND 50, the mice that completed the CPP test were euthanized by cervical dislocation 

and decapitation in order to collect plasma that was stored at −80°C until use. Plasma 

corticosterone levels were measured in 5-7 mice per treatment group using a specific ELISA 

kit according to the manufacturer’s instructions (Abcam, Cambridge, MA., USA).

Buck et al. Page 6

Behav Brain Res. Author manuscript; available in PMC 2018 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Statistical Analysis

Analysis of variance (ANOVA) was used to test the effects of treatment on behavioral and 

cognitive performance, intensities of MAP-2 immunoreactivity in the NAc shell and core, 

and plasma corticosterone levels. Dunnett’s correction for multiple comparisons was used 

for the MAP-2 immunoreactivity analysis. Repeated measures ANOVA was used to analyze 

performance in the Morris water maze learning trials, distance moved in the CPP trials, and 

body weight data. Mauchly’s test of sphericity was used to test the assumption of sphericity 

for all repeated measure ANOVAS, and when violated a Greenhouse-Geisser correction was 

used. Shapiro-Wilk tests were used to assess normality of the data distributions and Levene’s 

test was used to assess the assumption of homogeneity of variance. In cases where these 

assumptions were violated, a Kruskal-Wallis non-parametric test was used to analyze the 

data. All statistical analyses were conducted using SPSS software (IBM, Armonk, N.Y., 

USA). A significance level of p < 0.05 was used for all statistical tests.

3. Results

3.1. Body Weights

The mice that underwent the battery of behavioral and cognitive tests were weighed upon 

arrival in our colony and from PND 30-39. The assumption of sphericity was violated and a 

Greenhouse-Geisser correction was used. There was a significant effect of day (F (3.8, 

121.7) = 102.4, p < 0.01) and an interaction between day and treatment group (F (11.4, 

121.7) = 3.2, p < 0.01). Further analysis of the effects of treatment on each day showed that 

there was a main effect of treatment on PND 31 (F (3, 32) = 7.8, p < 0.01). A Newman-

Keuls post hoc test showed that the saline and NIC groups weighed significantly more than 

the MA and MA/NIC groups on PND 31 (Table 1). There were no effects of treatment group 

on weight for any other day, suggesting that any effect of MA on weight did not persist past 

PND 31, which was the second day of injections.

3.2. Open Field

To determine the effects of treatment on locomotor activity and anxiety-like behavior, total 

distance moved and percent time spent in the center of the open field arena were assessed. 

There was no significant effect of treatment on total distance moved in the open field test (p 
= 0.07). There was a main effect of treatment on percent time spent in the center of the open 

field (F (3, 32) = 41.7, p < 0.01). A Newman-Keuls post hoc test revealed that the MA and 

NIC groups spent significantly greater percent time in the center of the open field compared 

to the saline and MA/NIC groups. The assumption of homogeneity of variance was violated 

for percent time in the center of the arena, and thus we also analyzed the data using a 

Kruskal-Wallis non-parametric test. The Kruskal-Wallis test also showed that there was a 

statistically significant difference in percent time in the center of the arena between the 

different treatment groups (χ2 (3) = 10.75, p = 0.01), with a mean rank percent time spent in 

center score of 11.61 for saline, 14.06 for MA/NIC, 23.44 for NIC, and 24.89 for MA 

(Figure 1).
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3.3. Novel Object Recognition

Novel object recognition was used to assess the potential effects of treatment on object 

memory. There were no group differences in the average total distance moved (p = 0.3) or 

total time exploring the objects (p = 0.09) in trial 1. For the novel object trial (trial 2), there 

was no effect of treatment on the average total distance moved (p = 0.3), on the delta score 

(p = 0.3), or percent time exploring the novel object (p = 0.3; Table 2).

3.4. Porsolt Forced Swim Test

To determine the effects of treatment on depression-like behavior, the percent time spent 

immobile in the Porsolt forced swim test was measured. There was no effect of treatment on 

the percent time spent immobile in the Porsolt forced swim test (p = 0.9; Table 2).

3.5. Morris Water Maze

Morris water maze performance was used to assess the effects of treatment on spatial 

learning and memory. For the visible training sessions, the assumption of sphericity was 

violated and a Greenhouse-Geisser correction was used. There was an effect of session on 

latency to find the platform (F (2.3, 73.65) = 18.29, p < 0.01). All mice improved their 

performance with training and showed a reduction in the latency to the platform over the 

visible training sessions (data not shown). There was no interaction between the visible 

training session and treatment during the visible platform training (p = 0.5). For the hidden 

training sessions, the assumption of sphericity was violated and a Greenhouse-Geisser 

correction was used. All mice improved their performance and there was an effect of session 

on latency to find the platform (F (3.4, 109.4) = 7.83, p < 0.01). Overall the latency to find 

the hidden platform decreased over training sessions. There was no effect of treatment (p = 

0.8) or an interaction between hidden training session and treatment (p = 0.2) during the 

hidden platform training (Table 2). For the 3 probe trials, there was no effect of treatment on 

cumulative distance to the previous platform location in probe trial 1 (p = 0.9), probe trial 2 

(p = 0.5), or probe trial 3 (p = 0.2; Table 2).

3.6. Conditioned Place Preference

The rewarding effects of MA were assessed in the CPP test. For the average distance moved 

over the 8 CPP training trials, there was no effect of trial (p = 0.2) or an interaction between 

trial and treatment (p = 0.9). However, there was an effect of treatment on average distance 

moved over the 8 CPP training trials (F (3, 32) = 10.33, p < 0.01). A Newman-Keuls post 

hoc test showed that MA/NIC mice moved a greater average distance than all the other 

groups, and the MA mice moved a greater average distance than the NIC mice during the 

CPP training trials (Table 3).

There was no difference between the treatment groups on average distance moved during the 

CPP test (p = 0.8). The average time (measured as sec/min) spent on the grid floor during 

the CPP test between the treatment groups and the conditioning subgroup (Grid+ or Grid-) 

was assessed. There was an effect of conditioning subgroup on the time (sec/min) spent on 

the grid floor (F (1, 28) = 27.69, p < 0.01). The Grid+ group spent significant more time on 

the grid floor compared to the Grid− group. However, this finding was not modulated by 

treatment group, as indicated by a lack of an effect of treatment group (p = 0.9) or a 
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significant interaction between treatment group and conditioning subgroup (p = 0.9) on the 

time spent on the grid floor (Table 3).

3.7. MAP-2 Immunoreactivity

The effect of treatment on MAP-2 immunoreactivity in the NAc was assessed. There was no 

significant effect of treatment on the intensity of MAP-2 immunoreactivity in the NAc core 

(p = 0.1; Figure 2B) or the NAc shell (p = 0.2; Figure 2C).

3.8. Plasma Corticosterone Levels

The effect of treatment on the stress response was assessed by measuring plasma 

corticosterone levels. There was no effect of treatment group on plasma corticosterone levels 

(p = 0.1; Table 3).

4. Discussion

The purpose of this study was to examine the effects of early adolescent MA and/or NIC 

exposure on behavior, cognition, MAP-2 levels in the NAc, and plasma corticosterone levels 

later in adolescence in mice. We found that neurotoxic doses of MA and NIC in early 

adolescence each reduced anxiety-like behavior in the open field test compared to saline 

controls, while co-exposure to MA and NIC did not cause this reduction in anxiety-like 

behavior.

Our study found that early adolescent MA exposure decreased anxiety-like behavior in the 

open field. This reduction in anxiety-like behavior following adolescent MA exposure is in 

contrast to what is observed in abstinent adolescent human MA users, who show increased 

anxiety levels following a social stressor [14]. However, studies examining the effects of MA 

on anxiety in rodents have generated conflicting findings. For example, acute adult MA 

exposure decreases anxiety-like behavior in the open field [48, 49] and elevated plus maze 

[49–51] in rats while acute adolescent MA exposure increases anxiety-like behavior in the 

open field [52] in mice. In mice, a neurotoxic dose of MA in adulthood increases anxiety-

like behavior in the light-dark test one week after MA exposure [53] while a neurotoxic dose 

of MA in adolescence does not alter anxiety-like behavior in the open field later in 

adolescence [20]. Considering our finding that adolescent MA exposure decreased anxiety-

like behavior later in adolescence, these data suggest that the effect of MA on anxiety-like 

behavior depends on the age of exposure as well as the age at which the behavior is 

measured. MA has direct effects on the DA, norepinephrine, and serotonin neurotransmitter 

systems [54], and indirect effects on the acetylcholine (ACh) system [55, 56], and alterations 

in anxiety-like behavior may arise from MA’s acute and chronic effects on these 

neurotransmitter systems. More research is needed to elucidate how MA alters anxiety-like 

behavior in an age-dependent manner and the neurobiological mechanisms underlying these 

changes.

Our study found that early adolescent NIC exposure decreased anxiety-like behavior in the 

open field test. Consistent with our findings, previous research has shown that adolescent 

NIC exposure decreases anxiety-like behavior in adolescent rats in the elevated plus maze 

[23]. However there is also conflicting research on the effects of NIC on anxiety-like 
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behavior among different age groups. For example, adolescent exposure to NIC has been 

shown to increase anxiety-like behavior [57] or have no effect on anxiety-like behavior [58] 

in adulthood in rats in the elevated plus maze. Adult NIC exposure does not alter anxiety-

like behavior in the elevated plus maze [57]. Prenatal NIC exposure increases anxiety-like 

behavior in adulthood but not in adolescence in rats in the elevated plus maze [59]. NIC 

alters the levels of ACh, DA, norepinephrine, and serotonin, and changes in these 

neurotransmitter systems following NIC exposure differ between adolescents and adults 

[22]. Similar to MA, NIC exerts developmental age-specific effects on anxiety-like behavior 

that depend on the age of exposure as well as the age at which the behavior is measured.

Interestingly, the co-administration of MA/NIC did not produce the same anxiolytic effect of 

either drug alone in the open field, demonstrating an effect of co-administration that is 

distinct from that of either drug alone. While MA and NIC decreased anxiety-like behavior, 

the co-administration of MA/NIC resulted in anxiety-like behavior that was comparable to 

saline control levels. One possible neurobiological explanation for this finding could involve 

changes in the ACh and DA systems induced by NIC and MA. Elevated ACh and low DA 

levels in the NAc are associated with increased anxiety and stress responses [60]. It is 

therefore possible that adolescent exposure to MA or NIC in our study altered NAc DA and 

ACh levels, respectively, while co-administration of MA/NIC preserved the DA and ACh 

balance in the NAc, thus attenuating the behavioral changes associated with each drug alone. 

As we did not analyze ACh and DA changes in the NAc following adolescent MA and/or 

NIC exposure in the current study, future research is warranted to examine the age-specific 

effects of adolescent MA and/or NIC exposure on NAc neurotransmitter levels and how this 

might relate to changes in anxiety-like behaviors.

Adolescent MA and/or NIC treatment had no significant effect on the intensity of MAP-2 

immunoreactivity in the NAc. This result is in contrast to findings in other age groups. For 

example, MAP-2 mRNA and protein levels in the cortex and hippocampus are decreased in 

adult rats following MA exposure [34]. Neonatal exposure to MA decreases MAP-2 levels in 

the hippocampus in adulthood in mice, although consistent with our findings, similar 

changes were not shown in the NAc [33]. There was also no effect of adolescent MA and/or 

NIC exposure on plasma corticosterone levels. Previous research has shown that MA 

increases plasma corticosterone several weeks after exposure in adult mice [61] and that 

acute MA exposure immediately increases corticosterone levels in neonatal rodents [33, 62–

64] and adult rodents [51, 65–67], but not in adolescent rodents [52]. Consistent with these 

findings, our data suggest that adolescent MA exposure does not exert long-term effects on 

corticosterone levels in adolescent mice.

We found no differences in MA-induced CPP among the treatment groups. Previous studies 

show that prenatal exposure to MA does not alter MA-induced CPP in adult rats [68] and 

NIC pre-treatment has no effect on MA CPP in adult rats [69]. Similarly, our findings 

suggest that pre-exposure to MA and/or NIC during early adolescence does not alter 

subsequent MA CPP. Adolescent MA exposure also did not affect memory in either the 

novel object recognition test or the Morris water maze. Adult MA exposure induces long-

term impairments in object recognition memory in rats [70–72] and adult and neonatal MA 

exposure impairs novel object recognition memory and water maze memory performance 
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later in life in rodents [16, 46, 73–75]. However, consistent with our findings, adolescent 

MA exposure does not impair novel object recognition or memory in the Morris water maze 

[20]. This suggests that adolescent rodents are potentially protected from the effects of MA 

exposure on memory compared to other age groups. However, it should be noted that we 

used a short retention interval for the novel object recognition test (5 minutes), and a more 

challenging, longer interval may reveal effects of MA on novel object recognition in 

adolescent mice. Thus further research is required to assess the effects of MA on memory 

performance in adolescence. Finally we also found no effects of MA or NIC exposure on 

depression-like behavior in the Porsolt forced swim test. In contrast, previous research has 

shown increased depression-like behavior in male mice following adolescent MA exposure 

[20]. The lack of any significant effect of MA on depression-like behavior in our study could 

have been due to differences in behavioral testing order. Future research is warranted to 

further elucidate the effects of early adolescent MA exposure on adolescent depression-like 

behavior.

Future studies might increase the dose of MA exposure in adolescence. The dose used in the 

current study was based on previous research using similar dosing paradigms [20, 40, 76] 

and we did not experience any MA-induced lethality in our study. We based our dose of 7.5 

mg/kg MA (4 injections per day for 2 days) on previous studies in rodents showing that 10 

mg/kg of MA (4 injections for only one day) is neurotoxic and decreases DA levels in adult 

mice [61] and 5 mg/kg of MA (4 injections for 2 days) during adolescence decreases the DA 

system in adult mice [76]. While the treatment paradigm used in this study was neurotoxic 

to the DA system, it is possible that higher doses of MA are needed to produce more 

significant effects in certain tests used in our study and to further assess the potentially 

mitigating effects of concurrent NIC exposure on MA-induced brain and behavioral 

changes.

In summary, the findings from this study suggest that MA and NIC exposure during early 

adolescence each decrease anxiety-like behavior in the open field test, and that this effect is 

not produced by the co-administration of MA and NIC together. Future studies examining 

the effects of early adolescent MA and/or NIC exposure are necessary to better understand 

the effects of early adolescent MA exposure and how NIC modulates these effects.
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Figure 1. 
Total distance moved (A) and percent time in the center (B) of the open field test. A. There 

were no group differences in the total distance moved in the open field test. Data represented 

as means ± SEMs. B. MA-treated mice and NIC-treated mice spent a greater percent time in 

the center of the open field compared to saline-treated mice and MA/NIC-treated mice. 

Because a nonparametric Kruskal-Wallis test was used, data are represented as the medians 

and the upper and lower range of scores (χ2 (3) = 10.75, p = 0.01). n = 9 mice per group. *p 
< 0.01 versus saline-treated mice and MA/NIC-treated mice.
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Figure 2. 
Intensity of MAP-2 immunoreactivity in the core (B) and shell (C) of the nucleus accumbens 

(NAc). A. Representative image of area of interest. B. No effects of treatment on intensity of 

MAP-2 immunoreactivity in the NAc core were found. C. No effects of treatment on 

intensity of MAP-2 immunoreactivity in the shell were found. Data represented as means ± 

SEMs. Saline: n = 5 mice; MA: n = 4 mice; NIC: n = 5 mice; MA/NIC: n = 4 mice. MAP-2 

= microtubule associated protein 2, MA = methamphetamine, NIC = nicotine.
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Table 3

Conditioned place preference and plasma corticosterone levels

Measure Saline MA NIC MA/NIC

Average distance moved in training trials (cm) 4758.2 ± 244.0 5200.6 ± 236.7# 4236.1 ± 207.4 5929.8 ± 201.2*

Average distance moved in test trial (cm) 6535 ± 477.8 6318.2 ± 251.7 5694.9 ± 341.5 6749.1 ± 271.7

Average time on grid floor for Grid+ group (sec/min) 36.17 ± 2.38** 37.01 ± 2.71** 37.35 ± 2.91** 36.51 ± 1.53**

Average time on grid floor for Grid− group (sec/min) 27.96 ± 4.22 25.26 ± 1.58 26.80 ± 1.63 28.63 ± 2.50

Plasma corticosterone (ng/mL) 22.96 ± 2.22 10.97 ± 3.30 19.54 ± 4.73 14.21 ± 3.30

Note: MA = methamphetamine, NIC = nicotine.

All measures shown as group means ± SEM.

n = 9 mice per treatment group for conditioned place preference testing.

n = 5-7 mice per treatment group for corticosterone ELISA.

*
p < 0.05 higher compared to all other treatment groups.

#
p < 0.05 higher compared to NIC treatment group.

**
p < 0.05 higher compared to Grid− group.
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