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Abstract

Nicotine-craving progressively increases, or incubates, over abstinence following extended access 

self-administration. While not yet examined for nicotine, the incubation of cocaine-seeking is 

accompanied by changes in synaptic plasticity in the nucleus accumbens. Here, we determined 

whether such changes also accompany enhanced nicotine-seeking following extended access self-

administration and abstinence, and whether exercise, a potential intervention for nicotine 

addiction, may exert its efficacy by normalizing these changes. Given that in humans, tobacco/

nicotine use begins during adolescence, we used an adolescent-onset model. Nicotine-seeking was 

assessed in male rats following extended access nicotine or saline self-administration (23-hr/day, 

10 days) and 10 days of abstinence, conditions known to induce the incubation of nicotine-

seeking, using a within-session extinction/cue-induced reinstatement procedure. A subset of rats 

had 2-hr/day access to a running wheel during abstinence. Ultrastructural alterations of synapses 

in the nucleus accumbens core and shell were examined using electron microscopy. Nicotine-

seeking was elevated following extended access self-administration and abstinence (in sedentary 

group), and levels of seeking were associated with an increase in the density of asymmetric 

(excitatory) and symmetric (inhibitory) synapses onto dendrites in the core, as well as longer 

asymmetric synapses onto spines, a marker of synaptic potentiation, in both the core and shell. 

Exercise normalized each of these changes; however, in the shell, exercise and nicotine similarly 

increased synapse length. Together, these findings indicate an association between nicotine-

seeking and synaptic plasticity in the nucleus accumbens, particularly the core, and indicate that 
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the efficacy of exercise to reduce nicotine-seeking may be mediated by reversing these 

adaptations.

Graphical Abstract

Nicotine-seeking was enhanced (in sedentary controls) following extended access self-

administration and abstinence and levels of seeking were associated with an increased density of 

asymmetric and symmetric synapses onto dendrites in the core and longer asymmetric synapses 

onto spines in both the core and shell. Exercise normalized each of these changes, indicating that 

the efficacy of exercise to reduce nicotine-seeking may be mediated by reversing these 

adaptations.
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Introduction

An important goal of addiction research is to reduce or eliminate drug craving during 

abstinence. Drug craving precipitates relapse, and results from both humans and animal 

models show that drug craving/seeking increases over a period of abstinence, a phenomenon 

termed the “incubation effect” (Venniro et al., 2016). This occurs following extended access 

drug self-administration and abstinence for numerous drugs of abuse, including nicotine 

(Abdolahi et al., 2010; Funk et al., 2016; Bedi et al., 2011; Pickens et al., 2011). The 

neurobiological mechanisms underlying the incubation of nicotine-seeking are unknown but 

may be due to long-term alterations in the structure and organization of the nucleus 

accumbens (NAc), an area implicated in the reinforcing effects of nicotine, nicotine-seeking, 

and the incubation effect (Balfour, 2015; Funk et al., 2016). Findings with other drugs of 

abuse, such as cocaine, also indicate that the incubation effect is associated with adaptations 

in the morphology of the medium spiny neurons in the NAc (Christian et al., 2017; Ferrario 

et al., 2005; Loweth et al., 2014; Wolf & Tseng, 2012). Similar changes are also likely to 

underlie the incubation of nicotine-seeking given that nicotine administration induces 

marked changes in the morphology of dendritic spines in the NAc (Brown & Kolb, 2001; 

Ehlinger et al., 2016; McDonald et al., 2005; 2007). Additionally, Gipson et al. (2013b) 

showed that dendritic spine head diameter, a marker of synaptic potentiation, was increased 

in the NAc core following short access nicotine self-administration (2-hr/day) and 14-days 

of extinction training, and was further increased in response to nicotine-associated cues. It is 

not yet known whether similar changes are associated with the incubation of nicotine-

seeking following extended access nicotine self-administration. This is critical since 
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structural modifications are often less robust or in a different direction following non-

contingent versus self-administered drug exposure, and following short versus extended 

access self-administration (Ferrario et al., 2005; McCutcheon et al., 2011; Robinson & Kolb, 

2004). Thus, one goal of this study was to characterize changes in synaptic plasticity 

associated with nicotine-seeking following extended access nicotine self-administration (23-

hr/day) and 10-days of abstinence, conditions known to induce the incubation of nicotine-

seeking (Abdolahi et al., 2010; Funk et al., 2016).

Another objective of the present study was to examine the effects of exercise, a potential 

intervention for nicotine addiction, on markers associated with the incubation of nicotine-

seeking. Exercise has been reported to reduce craving and smoking in humans (Abrantes et 
al., 2018; Taylor et al., 2007; Roberts et al., 2012; Haasova et al., 2013), and we 

demonstrated that when animals are allowed to exercise during abstinence from nicotine 

self-administration they show markedly reduced levels of subsequent nicotine-seeking 

(Lynch et al., 2017; Sanchez et al., 2013; 2014). Exercise has also been reported to impact 

dendrite length and spine density within numerous brain regions, including the NAc (Eadie 

et al., 2005; Eddy & Green, 2017; Redila & Christie, 2006; Ruegsegger et al., 2017; 

Stranahan et al., 2007). Although the effect of exercise on drug-induced synaptic plasticity is 

not known, these results suggest that it may prevent the incubation effect by altering the 

synaptic plasticity that occurs during abstinence.

We addressed each of these goals using an adolescent-onset model of nicotine self-

administration given that, in humans, tobacco/nicotine use typically begins during 

adolescence (U.S. Department of Health and Human Services, 2014). The effects of exercise 

on structural plasticity also appear to be more robust in adolescents as compared to adults 

(Eddy & Green, 2017). Nicotine-seeking was assessed under a within–session extinction/

cue-induced reinstatement procedure in rats that had 2-hr/day access to a locked (sedentary) 

or unlocked (exercise) running wheel during abstinence, a treatment that has been shown to 

block abstinence-induced increases in nicotine-seeking (Lynch et al., 2017; Sanchez et al., 
2013; 2014). To assess changes in synaptic organization and connectivity associated with 

nicotine-seeking and its modulation by exercise, we performed an ultrastructural 

examination of asymmetric (excitatory) and symmetric (inhibitory) synapses and their 

postsynaptic profiles (i.e., location on dendritic shafts or spines) within the NAc core and 

shell using electron microscopy (Harris & Weinberg, 2012). We focused on changes in the 

density and length of synapses based on longstanding evidence showing that the lengthening 

of the synapse, and thus the postsynaptic density (PSD), is associated with a proportional 

increase in the probability of neurotransmitter release, the number of docked synaptic 

vesicles and postsynaptic receptors, and the size of spine heads—all of which are markers of 

synaptic strength (Bourne & Harris, 2011; Harris & Stevens, 1989; Meyer et al., 2014; 

Mulholland & Chandler, 2007; Santuy et al., 2017; Yasumatsu et al., 2008). Based on 

findings with nicotine and cocaine (Alcantara et al., 2011; Ferrario et al., 2005; Gipson et 
al., 2013b), we hypothesized that increased nicotine-seeking following abstinence would be 

associated with markers predictive of synaptic potentiation (e.g., increase in the length 

and/or density of excitatory synapses), and that exercise during abstinence would reverse 

these adaptations.
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Materials and Methods

Animals

Adolescent male Sprague-Dawley (Charles River Laboratories, Portage, ME, USA) rats (N 

= 14) were used in this experiment as a follow-up to our previous study in males which 

demonstrated the efficacy of exercise in attenuating nicotine-seeking (Sanchez et al., 2013). 

While exercise also reduces nicotine-seeking in females, these effects are more variable 

(Sanchez et al., 2013). Rats arrived on postnatal day 22 and were singly housed in self-

administration chambers (ENV-008CT, Med Associates, St. Albans, VT, USA) under a 12-

hour light/dark cycle (lights on 0700) with ad libitum access to food and water. During 

habituation, rats were briefly food pre-trained to lever press for sucrose pellets under a fixed 

ratio 1 (FR1) schedule to ensure rapid acquisition of nicotine self-administration during the 

narrow window of adolescence (Sanchez et al., 2013). Training sessions continued daily 

until rats obtained 50 or more pellets on 2 consecutive days. On postnatal day 28, rats were 

implanted with a chronic indwelling catheter into the right jugular vein to allow intravenous 

nicotine (n = 8) or saline (n = 6) self-administration, as described previously (Sanchez et al., 
2013). Effort was made to limit the number of animals used in these experiments to that 

necessary for histological analyses (n=3–4 group with 45 pictures/region/rat and 7914 total 

synapses analyzed). The health of the animals was monitored daily and they were weighed 

every Monday, Wednesday, and Friday. All procedures were in accordance with NIH 

guidelines and approved by the University of Virginia Animal Care and Use Committee.

Drugs

Nicotine bitartrate (Sigma-Aldrich) was dissolved in 0.9% sterile saline (pH 7.4) and passed 

through a microfilter. A low dose (5 μg/kg/infusions) of nicotine was selected based on 

previous work demonstrating that this dose engenders rapid rates of acquisition, high levels 

of self-administration under extended access conditions, and robust levels of subsequent 

nicotine-seeking following 10 days of abstinence (Sanchez et al., 2013; 2014). The dose is 

expressed as the free base weight and infusions were delivered at a rate of 0.1 ml/sec based 

on the animal’s weight. Nicotine solution was stored at 4 °C but was available at room 

temperature during self-administration sessions.

Behavioral Paradigm

The same methods used previously to examine the effects of exercise on nicotine-seeking 

were used here (Sanchez et al., 2013; also see Fig 1). Briefly, nicotine or saline self-

administration training (5 days) began on postnatal day 30 under a FR1 schedule with a 

maximum of 20 infusions/day. A 10-day extended access self-administration phase began on 

postnatal day 35 during which animals were able to respond for an unlimited number of 

infusions under a FR1 schedule during 23-hour sessions. A 10-day abstinence period began 

after the last self-administration session wherein rats were housed in a polycarbonate cage 

with either a locked (saline, n = 3; nicotine, n = 4) or unlocked wheel attachment (saline, n = 

3; nicotine, n = 4). Each day, the experimenter removed a metal gate separating the 

polycarbonate cage from the wheel and rats were permitted to move freely between their 

cage and the wheel for 2 hours. Revolutions within the unlocked wheel were recorded daily. 

In the locked wheel condition, rats were free to enter the wheel, however, the wheel did not 
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rotate, and therefore they could not run. After the last exercise session, rats were moved back 

to their self-administration boxes to re-habituate to the self-administration chamber 

overnight. The following morning, nicotine-seeking was tested under a within-session 

extinction and cue-induced reinstatement procedure consisting of a minimum of 5, 1-hour 

extinction sessions followed by a 1-hour cue-induced reinstatement session. Each of the 

extinction sessions began with the introduction of the active-lever into the chamber, and 

responses on this lever were counted, but had no programmed consequence. Extinction was 

defined as fewer than 15 responses in the last session, and in this study all rats met the 

acquisition extinction criterion within 5 sessions. A 1-hour reinstatement session began 

following the last extinction session with the introduction of the active-lever and a 5-sec 

presentation of the cues formerly associated with a nicotine infusion (i.e., a light above the 

formerly active-lever and the sound of the pump). Each subsequent response on the active-

lever during the reinstatement session resulted in the presentation of these cues, however no 

infusions were delivered.

Tissue Preparation for Electron Microscopy

Coronal brain slices were prepared using a standard protocol as described previously (Erisir 

& Harris, 2003). Immediately following the end of the reinstatement session, rats were 

deeply anesthetized with a lethal dose of sodium pentobarbital, and transcardially perfused 

with Tyrode’s solution until the vasculature was clear (< 2 minutes) and then with a 4% 

paraformaldehyde with 0.5% gluteraldehyde fixative solution in 0.1 M phosphate buffer 

(PB, pH 7.4) for 20–30 minutes. Brains were removed and placed in the same fixative 

solution overnight at 4 °C. The following day, 60 μm coronal sections including the NAc 

were cut on a vibratome and stored in 0.1% sodium azide in PB at 4 °C. Sections were 

washed in 0.1 M PB and then postfixed in 1% osmium tetroxide in 0.1 M PB for 1 hour. 

Sections were subsequently washed with 0.1 M PB three times (3 minutes/wash) followed 

by 50% ethanol for 3 minutes and then stained with 4% uranyl acetate for 1 hour. The 

sections were then serially dehydrated in 70% ethanol for 1 minute, 90% ethanol for 5 

minutes, 100% ethanol for 5 minutes twice, and acetone for 2 minutes 3 times. The last 

acetone wash was replaced with a 1:1 dilution of EPON in acetone in which the sections 

remained overnight. The following day the EPON-acetone mixture was replaced with EPON 

for 2–4 hours. Tissue was then sandwiched in between two aclar sheets, and placed in an 

oven at 60 °C overnight for polymerization. Camera lucida was used to trace landmarks of 

the tissue for localization of the NAc core and shell regions. These regions were then cut 

from the flat embedded tissue and placed in a capsule BEEM that was subsequently filled 

with EPON and allowed to polymerize in the 60 °C oven for 3 days. Blocks were then 

trimmed so that a trapezoidal 1×2 mm strip of tissue, which was perpendicular to shell and 

core borders and contained the ventral half of the anterior commissure, was prepared for 

ultra-thin sectioning. This approach was taken in order to ensure that the same region of the 

NAc was analyzed in each brain. Using a diamond knife, 70 nm sections of tissue were cut 

and collected on grids for visualization with a Joel 1010 transmission electron microscope 

(TEM). Images were captured using a 16-Mpixel CCD camera (SIA).
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Quantitative Analysis of Electron Micrographs

For each rat, a single section of one hemisphere was used to analyze the NAc core and shell 

regions. Sections were selected at approximately 1.92 mm Bregma based on a standard 

neuroanatomical atlas (Paxinos & Watson, 2006). From each region (core and shell), 3 areas 

were selected parallel to the midline of the brain in the middle of the shell region and 3 

corresponding areas were selected in the core region (green and blue boxes in Fig 2, 

respectively). Areas in the core were selected so that they were adjacent to areas that 

contained the anterior commissure. Within each of these 3 areas, 15 non-overlapping 

pictures were taken of neuropil at 10,000 times magnification with a 16M-pixel camera 

(2.75 nm pixel size resolution), for a total of 45 pictures from each core and shell/rat.

Each photograph was examined by an experimenter blinded to the condition at a final 

resolution of 363 pixels/μm using Image Pro Plus 4.0 software (Media Cybernetics, Silver 

Spring, MD, USA). Synapses were defined by the presence of at least 3 synaptic vesicles in 

the presynaptic terminal and the parallel alignment of the pre- and post-synaptic membranes 

creating a synaptic cleft. Synapses were identified as either asymmetric (highlighted in blue 

in Fig 3A) or symmetric (highlighted in green with black arrow in Fig 3A) based on the 

presence or absence of a postsynaptic density, respectively. Postsynaptic profiles were 

classified as spines if mitochondria and microtubules were absent (red arrows in Fig 3B and 

C). The presence of a spine apparatus (black arrow in Fig 3B and C) was also used for 

classifying postsynaptic profiles as a spine, but was not necessary. Other postsynaptic 

profiles were also identified as (1) dendritic shafts (dendrites) if microtubules and 

mitochondria were present (star in Fig 3B and D) (2) cell bodies by the presence of 

endoplasmic reticulum, Golgi apparatus, or a nucleus or (3) an axon terminal if vesicles 

were present. On each photograph, the length of each synapse was measured along the 

parallel-aligned plasma membranes (i.e., darkly-stained, electron-dense structure comprised 

of the presynaptic density and PSD) and was classified based on the type of synapse (i.e., 

symmetric or asymmetric) and the type of the postsynaptic profile (e.g., spine, dendrite, 

etc.). The area of myelinated axons (highlighted in orange in Fig 3A), blood vessels and cell 

bodies were also determined. Total area of each photograph, excluding myelinated axons, 

blood vessels and cell bodies, was then determined. The number of synapses per area (NA) 

was calculated and used to determine the volumetric density of synapses (NV=NA/ mean 

synapse length), a reliable estimate of the number of synapses contained within a unit 

volume (Colonnier & Beaulieu, 1985; DeFelipe et al., 1999). These values were then 

averaged across the 15 photographs within each of the 3 areas and brain regions. However, 

since no significant overall or interactive effects were observed for area within either the 

core or the shell, the data are presented collapsed across each of the 3 areas.

Statistical Analyses

Behavioral data are presented as the mean ± SEM. Self-administration and wheel running 

data were analyzed using linear mixed effects models with group, session, and group by 

session as fixed factors and with subject as a random effect. A similar analysis was used to 

compare active-lever responses during the last extinction session versus the reinstatement 

session between the four groups. Univariate ANOVA was used to analyze group differences 

in active-lever responding during extinction and, as a measure of total nicotine-seeking, 
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active-lever responding during both extinction and reinstatement. Post-hoc comparison to 

controls (saline sedentary and nicotine sedentary) were made using Dunnett’s one-tailed (for 

predicted differences in extinction responding) t-tests (Nesil et al., 2018; Ohlsson et al., 
2014).

Linear mixed effects models were also used to examine group differences in the volumetric 

density of synapses in the core and shell with separate models used for each type of synapse 

and their postsynaptic profile (i.e., asymmetric or symmetric onto dendrites or spines). 

Given that no significant overall and interactive effects of area were observed, it was 

removed as a fixed factor (to simplify the model), but considered along with subject as a 

random effect. Post-hoc comparison to sedentary controls (saline and nicotine) were made 

using Dunnett’s two-tailed (symmetric synapses) or one-tailed (for predicted differences in 

asymmetric synapses) t-tests. The association between synaptic density and nicotine-seeking 

was assessed by calculating the Pearson Correlation Coefficient using average volumetric 

density across the three areas within the core or shell and total active-lever responses during 

extinction and reinstatement for each animal. Associations were assessed across all four 

groups when there were no significant group differences with regard to slope of the 

associations (i.e., non-significant interaction of group by response; asymmetric synapses 

onto dendrites), and within each of the four groups separately when there were significant 

group differences (i.e., symmetric synapses onto dendrites).

Group differences in the distribution of synapse lengths, sorted into 0.04 µm bins up to 1.0 

µm, were determined using the chi-square test for goodness of fit, calculated with the 

chisq.test() function within the stats package in R (R Core Team, 2018). Post-hoc 

comparisons to controls (saline sedentary and nicotine sedentary) were made using 

Dunnett’s two-tailed t-tests. Statistical analyses were performed using SPSS (24) and R 

(3.5.0). Alpha was set at 0.05.

Results

Behavioral Findings

During extended access, animals that self-administered nicotine obtained significantly more 

infusions than those that self-administered saline with an overall effect of drug (F1,12 = 

12.89, P = 0.004; Fig 4A), but no effect of day or interaction of day by group (all P > 0.80). 

In addition, prior to exercise or sedentary exposure, no differences were observed for intake 

between the two nicotine groups (Fig 4B). During abstinence, the average daily distance run 

was similar between the saline and nicotine exercise groups (Fig 4C and D). Thus, prior to 

extinction/reinstatement testing, levels of nicotine intake and exercise were similar between 

the groups.

As predicted, active-lever responses during extinction were highest in the nicotine sedentary 

group, and were decreased to saline control levels in the nicotine exercise group (group, 

F3,10= 4.531, P = 0.03; Fig 4E). Post-hoc comparisons to the saline sedentary group revealed 

a significant difference for the nicotine sedentary group only (P = 0.02); whereas, 

comparison to the nicotine sedentary group revealed a significant difference for both groups 

(nicotine exercise P = 0.04; saline exercise P = 0.02). A similar pattern of differences was 
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observed for active-lever responses during reinstatement; but, the overall and interactive 

effects of group were not significant (Fig 4F). An analysis of total drug-seeking, which 

includes both extinction and reinstatement responding however, revealed a significant effect 

of group (group, F3,10 = 4.00, P = 0.04), with post-hoc comparisons to saline sedentary 

controls revealing a significant difference for the nicotine sedentary group only (P = 0.02), 

and comparison to the nicotine sedentary group revealing a significant difference for both 

groups (nicotine exercise P = 0.05; saline exercise P = 0.02; data not shown). Thus, nicotine-

seeking during extinction was increased following extended access nicotine self-

administration and abstinence, and this increase was blocked to saline control levels by 

exercise during abstinence.

Volumetric Density of Synapses by Type within the NAc Core and Shell

Across groups, the most common type of synapses observed were asymmetric synapses onto 

dendritic spines for both the core (88% of total) and shell (83% of total) with the second 

most common being asymmetric synapses onto dendrites (7% and 10% of total core and 

shell, respectively). Symmetric synapses were more commonly observed on dendrites (3% 

and 5% of total core and shell, respectively) than on spines (1.2% and 1.5% of total core and 

shell, respectively). Synapses onto cell bodies and axons were rare and made up < 1% of 

total synapses in the core and shell regions and were not included in any further analyses. 

The total volumetric density of all synapse types was not affected by group in either the core 

(saline sedentary, 1.06 ± 0.01; saline exercise, 1.02 ± 0.05; nicotine sedentary, 1.02 ± 0.06; 

nicotine exercise, 1.05 ± 0.04) or shell (saline sedentary, 0.71 ± 0.05; saline exercise, 0.65 

± 0.03; nicotine sedentary, 0.67 ± 0.04; nicotine exercise, 0.75 ± 0.05).

In the NAc core, the volumetric density of asymmetric synapses onto dendrites was highest 

in the nicotine sedentary group, and decreased to saline control levels in the nicotine 

exercise group (group, F3,8 = 4.497, P = 0.04; Fig 5A). Post-hoc comparisons to the saline 

sedentary group revealed a significant difference for the nicotine sedentary group only (P = 

0.03); whereas, comparison to the nicotine sedentary group revealed a significant difference 

for both the nicotine exercise (P = 0.008) and the saline exercise groups (P = 0.02). A 

similar, but more variable, pattern of differences was observed for symmetric synapses onto 

dendrites (group, F3,10 = 3.716, P = 0.05; Fig 5B), with post-hoc comparison to nicotine 

sedentary controls revealing a significant difference for the saline exercise group (P = 

0.009), but only trends for a difference for the saline sedentary (P = 0.06) and nicotine 

exercise (P = 0.08) groups. The volumetric density of asymmetric and symmetric synapses 

onto spines were not significantly different between groups (Fig 5C-D). There were also no 

differences within the shell region for volumetric density of any synapse type measured (Fig 

5E-H).

Notably, the volumetric density of asymmetric synapses onto dendrites in the core 

significantly correlated with active-lever responses during extinction (r12 = 0.89; P = 

2.20e-05; Fig 6A), and reinstatement (r12 = 0.74; P = 0.003; data not shown). A similar 

association was observed for symmetric synapses onto dendrites in the core, but in this case, 

the positive association was observed only in the nicotine sedentary group (r2 = 0.99; P = 

0.01; Fig 6B), and was non-significant in the nicotine exercise (P = 0.48) and saline 
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sedentary (P = 0.83) and saline exercise groups (P = 0.55). Thus, nicotine-seeking following 

abstinence was associated with increased volumetric density of asymmetric and symmetric 

synapses onto dendrites in the core, but not shell, and this effect was blocked by exercise 

during abstinence.

Length Distribution of Asymmetric Synapses onto Spines in the NAc Core and Shell

As mentioned above, asymmetric synapses onto spines were the most commonly observed 

type of synapse. Although no significant differences were observed for their density in either 

the core or the shell, marked differences were observed for the distributions of lengths of 

these types of synapses within both regions. Specifically, in the core, there was a rightward 

shift in the distribution of lengths of asymmetric synapses onto spines in the nicotine 

sedentary group as compared to all other groups (group, χ2
(69) = 123.78, P = 5.77e-05; Fig 

7A). Subsequent pairwise comparisons to the saline sedentary group revealed a difference in 

the distribution of synapse lengths for the nicotine sedentary group (χ2
(23) = 43.571, P = 

0.02; Fig 7B), which was normalized by exercise during abstinence (P = 0.97; Fig 7D). In 

contrast, comparisons to the nicotine sedentary group revealed significant differences for 

both the nicotine exercise (χ2
(23) = 70.981, P = 1.71e-06 ; Fig 7C) and the saline exercise 

groups (χ2
(23) = 44.718, P = 0.009; Fig 7A). Thus, the abstinence-induced increase in 

nicotine-seeking, as observed in the sedentary group, was associated with longer asymmetric 

synapses onto spines, and these effects were normalized to saline control levels by exercise 

during abstinence.

Similar group differences were observed for the distribution of lengths of asymmetric 

synapses onto spines in the shell region (χ2
(69) = 107.53, P = 0.002; Fig 8A), with post-hoc 

comparisons to the saline sedentary group revealing a significant rightward shift in the 

distribution of lengths in the nicotine sedentary group (χ2
(23) = 43.148, P = 0.02; Fig 8B), 

which was normalized by exercise during abstinence (P = 1.50; Fig 8D). Interestingly, a 

similar, though non-significant, rightward shift was observed in the saline exercise group (P 
= 0.06; Fig 8A). Additionally, while post-hoc comparisons to the nicotine sedentary group 

revealed a significant difference for the nicotine exercise group (χ2
(23) = 51.294, P = 0.001; 

Fig 8C), this comparison was not significant for the saline exercise group (P = 0.68) 

indicating that both exercise and nicotine similarly affected the distribution of synapse 

lengths in the shell.

Discussion

The purpose of these experiments was to characterize ultrastructural synaptic plasticity in 

the NAc associated with nicotine-seeking following extended access nicotine self-

administration and abstinence, and to determine whether exercise during abstinence may 

exert its efficacy by normalizing these synaptic changes. Consistent with our hypothesis, 

abstinence from extended access nicotine self-administration was associated with high levels 

of nicotine-seeking and an increase in the density of asymmetric synapses in the NAc core. 

We also observed an increase in the density of symmetric synapses, and for both types, the 

increased density was specific to synapses onto dendrites, not spines, and for the NAc core, 

not shell. The density of both asymmetric and symmetric synapses onto dendrites in the core 
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also positively correlated with nicotine-seeking. Although no difference was observed for 

the density of the most frequently observed synapse type, asymmetric onto spines, we did 

find marked differences in the distribution of their lengths. Differences were observed in 

both the core and the shell, and for both regions, heightened nicotine-seeking, as observed in 

the sedentary nicotine group, was associated with a rightward shift in the distribution of 

synapse lengths. Importantly, exercise during abstinence blocked increases in nicotine-

seeking, and normalized each of the associated changes in synaptic plasticity to saline 

control levels. However, while exercise alone was without effect in the core, it produced 

similar effects as nicotine in the shell. Together, these findings indicate an association 

between the enhancement of nicotine-seeking following extended access self-administration 

and abstinence and synaptic plasticity in the NAc, particularly in the core, and indicate that 

the efficacy of exercise to reduce nicotine-seeking may be mediated by reversing these 

adaptations.

Many previous studies have demonstrated that nicotine exposure and nicotine-seeking is 

associated with adaptations in the morphology and density of spines in the NAc (Brown & 

Kolb, 2001; McDonald et al., 2005; 2007; Gipson et al., 2013b), but this study is the first to 

examine changes associated with nicotine-seeking at the level of the synapse. As predicted, 

enhanced nicotine-seeking was associated with an increase in the density of asymmetric 

synapses, and their densities also positively correlated with levels of nicotine-seeking. The 

fact that these synapses were on dendrites, however, is a relatively novel finding that may 

reflect the migration of asymmetric synapses from spines to the dendrite as the result of 

spine retraction (Alcantara et al., 2011; Ovtscharoff et al., 2008). The fact that there were no 

differences in the density of asymmetric synapses onto spines is consistent with previous 

findings showing that while nicotine-seeking following short access self-administration and 

extinction training was associated with an increase in spine head diameter, there were no 

differences in the density of spine heads in the core (Gipson et al., 2013b).

We also observed an increase in the density of symmetric synapses onto dendrites, and these 

synapses were also positively associated with levels of nicotine-seeking. This is a novel 

finding since few studies, even with other drugs of abuse, have reported changes in 

symmetric synapses suggesting that the effect may be specific to nicotine-seeking. Like 

asymmetric synapses, this increase was specific to symmetric synapses onto dendrites. 

These synapses are likely dopaminergic inputs from the midbrain, which modulate the 

excitatory drive originating from asymmetrical contacts, presumably glutamatergic inputs 

from the prefrontal cortex, on the same dendritic spines (Koya et al., 2009; Robinson & 

Kolb, 2004; Sesack & Pickel, 1990; Smith & Bolam, 1990). That each of these changes 

were observed in the core, and not shell, is consistent with numerous studies indicating a 

preferential role for the core over the shell in drug-seeking following extended access self-

administration (Ferrario et al., 2005; Fischer et al., 2013; Guillem et al., 2014). While these 

findings suggest that synapses involved in integrating glutamatergic and dopaminergic 

signaling in the NAc core become re-organized with the development of the incubation of 

nicotine-seeking, further research using vesicular glutamate transporter or tyrosine 

hydroxylase antibodies is needed to directly examine the source of the terminals forming the 

asymmetric and symmetric synapses. Additionally, due to the 3D nature of synapses and 
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their highly variable sizes and shapes, the use of 3D reconstruction methods is necessary in 

the future to more reliably address the changes in synapse density observed here.

Further support for the idea that changes represent an increase in glutamatergic synaptic 

plasticity is provided by our findings showing that enhanced nicotine-seeking, as observed in 

the nicotine sedentary group, was associated with the elongation of asymmetric synapses 

onto spines. This effect may be analogous to the increase in spine head size reported by 

Gibson et al. (2013b) as these two measures are directly correlated (i.e., larger spines contain 

longer synapses; Harris & Sevens, 1989), and is likely associated with an increase in α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor surface expression 

(Baude et al., 1995; Kharazia & Weinberg, 1999; Takumi et al., 1999). Indeed, along with 

abstinence-induced enlargement of spine head diameter following extinction training during 

abstinence, Gipson et al. (2013b) observed evidence of increased surface expression of 

calcium permeable AMPA receptors. Findings with cocaine further show that the incubation 

effect is associated with the insertion of highly conductive calcium permeable AMPA 

receptors in the postsynaptic membrane of NAc neurons, and preventing this insertion, 

prevents its development (Conrad et al., 2008; Loweth et al., 2014). Taken together, these 

results suggest that an increase in the length of synapses not only represents an increase in 

structural and functional plasticity, but also may underlie heightened nicotine-seeking 

following extended access nicotine self-administration and abstinence.

One limitation to our study is that changes were not compared to earlier time-points during 

abstinence leaving open the possibility that changes are due to effects of nicotine and/or 

extinction/reinstatement testing, and not necessarily reflective of incubated nicotine-seeking. 

It is possible that some of our changes reflect rapid, transient changes resulting from cue-

induced reinstatement testing (Gibson et al., 2013a; b; Shen et al., 2011). In fact, Gibson et 

al. (2013b) showed that following exposure to nicotine-associated cues, spine head diameter 

showed a rapid, but transient increase. These types of changes are thought to occur through a 

Hebbian form of long-term potentiation (LTP) and happen within seconds or minutes 

following activity-dependent neuronal activation (Fauth & Tetzlaff, 2016). However, some 

of the changes observed here, particularly the elongation of synapses, were likely mediated 

by nicotine self-administration and abstinence given that we obtained the tissue immediately 

after the test session and these changes require several hours or days to occur (Lisman, 

2017). The elongation of synapses is likely slower because the processes needed for the 

integration of additional AMPARs, namely the growth of presynaptic boutons, the 

enlargement of the PSD, and protein synthesis (Lisman, 2017), take time. This late stage of 

LTP can be described as ‘neoHebbian’, as in addition to the Hebbian requirement of 

synchronized activation of pre- and postsynaptic neurons, a third factor marking the 

salience, novelty, or reward of the stimuli and signaled through neuromodulators, such as 

dopamine, is also involved (Gerstner et al., 2018; Lisman, 2017). Indeed, dopamine has been 

reported to promote dendritic protein synthesis in the CA1 hippocampal region as well as 

the enlargement of dendritic spines in the NAc when paired with pre- and postsynaptic 

spikes (Smith et al., 2005; Yagishita et al., 2014). While this idea is also consistent with our 

finding of increased symmetric synapses onto dendrites, future research is needed to directly 

examine this possibility.
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Another limitation of the present study is that presentation of nicotine-associated cues did 

not significantly reinstate nicotine-seeking in our model. This finding is likely attributable to 

the small sample size used for behavioral testing, especially considering that effects were 

examined in adolescent/young adult rats which are known to respond at lower levels than 

adults in response to drug-associated cues (Anker & Carroll, 2010). However, it is important 

to note that robust and consistent nicotine-seeking was observed in the absence of cues, 

during extinction. Additionally, total nicotine-seeking, which includes cue-induced 

reinstatement responding, was highest in the nicotine sedentary group.

Another goal of this study was to determine if exercise, a behavioral intervention that has 

been shown to decrease nicotine-seeking in this adolescent-onset model (Sanchez et al., 
2013), also affects structural plasticity in the NAc. As expected, exercise during abstinence 

attenuated subsequent nicotine-seeking. Interestingly, this behavioral normalization was 

accompanied by normalized volumetric density of asymmetric and symmetric synapses onto 

dendrites, further supporting the notion that these synapses are important for nicotine-

seeking. In addition, exercise during abstinence normalized synapse length in both the core 

and shell. However, our observation that nicotine and exercise alone similarly increased 

synapse length in the shell suggests that the efficacy of exercise to reduce nicotine-seeking 

likely does not rely on synaptic plasticity in the NAc shell. Taken together, these results 

indicate that the effectiveness of exercise may be associated with its ability to reverse 

increases in the number of excitatory and inhibitory synapses onto dendrites and size of 

excitatory synapses onto spines within the NAc core following extended access self-

administration and abstinence.

The mechanism through which exercise might impact abstinence-induced synaptic plasticity 

is unknown. It is possible that effects are mediated through either, or both, glutamatergic and 

dopaminergic systems (Lynch et al., 2013; Greenwood et al., 2011; Grigsby et al., 2018; 

Guezennec et al., 1998; Real et al., 2010; Robison et al., 2018). Exercise has been shown to 

modulate glutamatergic signaling in cortical regions, and microdialysis studies have 

demonstrated that during exercise, extracellular glutamate and dopamine levels are increased 

in the striatum (Meeusen et al., 1997) and NAc (Wilson & Marsden, 1995). Given that 

exercise has been shown to be rewarding and to affect dopaminergic signaling (Iversen, 

1993; Belke, 1997; Lett et al., 2000; 2001; Belke & Wagner, 2005; Brené et al., 2007; 

Greenwood et al., 2011), it is possible that exercise could block nicotine-induced changes in 

glutamatergic and dopaminergic signaling that lead to synaptic plasticity. Exercise also 

promotes stable changes in gene expression through epigenetic regulation of chromatin 

(Gomez-Pinilla et al., 2011), and these effects are believed to underlie the persistent 

beneficial effects of exercise as an intervention for cocaine-seeking since the protection can 

persist well beyond the period of exercise (Beiter et al., 2016 ). Whether this type of 

mechanism also occurs with nicotine is not yet known.

In summary, nicotine-seeking following extended access self-administration and abstinence 

is associated with an increase in the volumetric density of asymmetric and symmetric 

synapses onto dendrites as well as the length of asymmetric synapses onto spines in the 

NAc. In addition, the effectiveness of exercise in reducing nicotine-seeking may involve its 

ability to prevent the plasticity of glutamatergic and dopaminergic connectivity within the 
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NAc core following extended access self-administration and abstinence. Future studies 

should aim to elucidate the identity and location of neurons that project to the NAc involved 

in both abstinence-induced plasticity and the efficacy of exercise. These findings describe 

novel synaptic plasticity associated with enhanced nicotine-seeking and point to a potential 

mechanism for the effectiveness of exercise in treating nicotine addiction. Future research is 

necessary to determine if similar mechanisms underlie the efficacy of exercise to reduce 

nicotine-seeking in females, particularly considering that relapse vulnerability is enhanced in 

females versus males.
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Figure 1. 
Summary of the experimental time-line as a function of postnatal day (PND). Rats arrived at 

PND 22, and following a 6-day habituation period, underwent jugular catheterization 

surgery on PND 28. A 5-day self-administration training period began following recovery on 

PND 30 wherein rats had fixed ratio 1 access to 20 nicotine or saline infusions/day. A 10-

day extended access period began on PND 35 wherein rats had access to an unlimited 

number of infusions for 23-hours/day. During the 10-day abstinence period that followed, 

rats had 2-hour/day access to an unlocked (exercise) or locked (sedentary) running wheel 

(PND 45–54). After the last exercise/sedentary session, rats were returned to their self-

administration boxes. Nicotine-seeking was assessed the next day on PND 55 using a 

within-session extinction/cue-induced reinstatement procedure.
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Figure 2. 
Schematic of areas within the nucleus accumbens core (AcbC; green squares) and shell 

(AcbS; blue squares) analyzed at approximately Bregma 1.92 mm. The orange trapezoid 

represents the area from each coronal slice that used to make ultrathin sections. Modified 

from Paxinos and Watson 2006.
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Figure 3. 
An example electron micrograph of neuropil from which synapses were measured. In panel 

A, a dendritic spine that connects back to the dendritic shaft (dendrite) is highlighted in red, 

asymmetric synapses are highlighted in blue, symmetric synapse is highlighted in green with 

black arrow, and a myelinated axon is highlighted in orange. In panel B, red arrows mark 

dendritic spines, the black arrow marks a spine apparatus, and asterisk marks a postsynaptic 

dendrite. Panel C shows an enlarged image of a dendritic spine (red arrow) with asymmetric 

and symmetric synapses. Panel D shows an enlarged image of an asymmetric synapse onto a 

dendrite (asterisk) with a clearly defined synaptic cleft. Scale bar represents 0.5 μm.
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Figure 4. 
Behavioral data (mean ± SEM) for extended access self-administration (A and B), distance 

run during abstinence (C and D), and active-lever responses during extinction (E) and 

reinstatement testing (F). In panel A, the number of infusions obtained is plotted for each of 

the groups and for each of the sessions during the 10-day extended access self-

administration period. An asterisk indicate a significant difference between the saline and 

nicotine groups. In panel B, average daily nicotine intake is plotted for each animal in the 

nicotine sedentary and nicotine exercise groups. In panel C, the daily distance run in 

kilometers (km) is plotted for each exercise session during the 10-day abstinence period. In 

panel D, the average daily distance run is plotted for each animal in the saline exercise and 

nicotine exercise groups. The active-lever responses made during all extinction sessions 

(Panel E) and during the last extinction session versus the reinstatement test session (Panel 

F) is plotted for each animal in each of the groups. In panel E, an asterisk indicates a 
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significant difference from the saline sedentary group, and a number signs indicates a 

significant difference from the nicotine sedentary group. n = 3 (saline, sedentary and 

exercise) or 4 (nicotine, sedentary and exercise). Exer, exercise; Nic, nicotine; Sal, saline; 

Sed, sedentary.
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Figure 5. 
Volumetric density (mean ± SEM) of asymmetric synapses onto dendrites (A and E), 

symmetric synapses onto dendrites (B and F), asymmetric synapses onto spines (C and G), 

and symmetric synapses onto spines (D and H) within the core (A-D) and shell (E-H). Data 

are based on average densities for each of the three regions within the core and shell for each 

of the rats in the saline (n = 3) and nicotine (n = 4) groups (data points are shown for each 

rat for each of the three regions). An asterisk indicates a significant difference from the 

saline sedentary group (Panel A), and a number signs indicates a significant difference from 

the nicotine sedentary group (Panels A and B). Exer, exercise; Nic, nicotine; Sal, saline; Sed, 

sedentary.
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Figure 6. 
Association between total active-lever responses during extinction and the density of 

asymmetric (A) and symettric (B) synpases onto dendrites averaged over the three regions of 

the nucleus accumbens core for each subject. n = 3 (saline, sedentary and exercise) or 4 

(nicotine, sedentary and exercise). Exer, exercise; Nic, nicotine; Sal, saline; Sed, sedentary.

Sanchez et al. Page 24

Eur J Neurosci. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Cumulative distribution (% of total) of asymmetric synapses onto spines by length in 

nucleus accumbens core for each of the groups up to 1.00 µm (A), and for a focused 

comparison of the saline and nicotine sedentary groups (B), the nicotine sedentary and 

exercise groups (C), and the saline sedentary and nicotine exercise groups up to to 0.40 µm. 

Asterisks indicate significant differences at a p < 0.05 (*) or 0.001 level (***). Exer, 

exercise; Nic, nicotine; Sal, saline; Sed, sedentary.
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Figure 8. 
Cumulative distribution (% of total) of asymmetric synapses onto spines by length in 

nucleus accumbens shell for each of the groups up to 1.00 µm (A), and for a focused 

comparison of the saline and nicotine sedentary groups (B), the nicotine sedentary and 

exercise groups (C), and the saline sedentary and nicotine exercise groups up to to 0.40 µm. 

Asterisks indicate significant differences at a p < 0.05 (*) or 0.01 level (**). Exer, exercise; 

Nic, nicotine; Sal, saline; Sed, sedentary.
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