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Abstract

The aversive effect of nicotine withdrawal is greater in female versus male rats, and we postulate 

that this sex difference is mediated in the nucleus accumbens (NAc). Nicotine withdrawal induces 

decreases in NAc dopamine and increases in acetylcholine (ACh) levels in male rats. To our 

knowledge, these neurochemical markers of nicotine withdrawal have not been compared in 

female versus male rats. Given the role of amino acids in modulating NAc dopaminergic and 

cholinergic transmission, concomitant measures of gamma-aminobutyric acid (GABA) and 

glutamate levels were also compared across sex. Rats received continuous nicotine exposure for 14 

days, and then NAc dialysate was collected during baseline and following administration of the 

nicotinic receptor antagonist mecamylamine to precipitate withdrawal. Chronic nicotine exposure 

was associated with larger increases in baseline dopamine, GABA and glutamate levels in the NAc 

of female versus male rats, whereas baseline ACh was only increased in male rats. During 

withdrawal, both sexes displayed equivalent increases in NAc ACh levels. As expected, male rats 

displayed decreases in dopamine, coupled with increases in GABA and decreases in glutamate 

levels, suggesting the possibility of increased inhibitory tone in the NAc during withdrawal. 

Relative to males, female rats displayed larger decreases in NAc dopamine and related increases in 

GABAergic transmission. As female rats also showed elevated glutamate levels that persist during 

withdrawal, it is suggested that sex differences may arise from increased glutamatergic drive of 

inhibitory tone in the NAc. The findings provide a potential mechanism whereby the aversive 

effects of nicotine withdrawal are enhanced in female rats.
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INTRODUCTION

Nicotine is the main compound that has been shown to motivate tobacco use. The positive 

reinforcing effects of nicotine have been characterized in humans and various rodent and 

primate species (Corrigall & Coen 1989; Le Foll & Goldberg 2009; Duke et al. 2015; 

Goodwin, Hiranita, & Paule 2015; Kohut & Bergman 2016). During abstinence from 

prolonged tobacco use, a nicotine withdrawal syndrome emerges that consists of physical 

signs and negative affective states (McLaughlin, Dani, & De Biasi 2015; Piper 2015). 

Nicotine withdrawal has been shown to play a central role in the maintenance of tobacco use 

and relapse behavior, and as a result, cessation therapies focus on alleviating withdrawal 

symptoms to avoid relapse (Benowitz 2008; Hall et al. 2015; Bruijnzeel 2016).

Epidemiological evidence has suggested that women are more susceptible to tobacco use 

than men. For example, women consume more tobacco products, exhibit lower quit rates and 

are less likely to benefit from nicotine replacement therapy as compared with men (Cepeda-

Benito, Reynoso, & Erath 2004; Perkins & Scott 2008; Piper et al. 2010). Females also 

display reduced relief from withdrawal and lower abstinence rates with nicotine replacement 

therapy as compared to males (Pomerleau et al. 1994). During smoking abstinence, women 

also report greater levels of depression and anxiety than men (Schnoll, Patterson, & Lerman 

2007; Xu et al. 2008). A study comparing physiological responses to fear-potentiated startle 

during smoking abstinence revealed that women display greater cue-induced fear responses 

and cortisol release than men (Hogle & Curtin 2006). Although the high rates of smoking 

likely contribute to health disparities in women, there is little information regarding the 

neural mechanisms that enhance vulnerability to tobacco use in females.

Pre-clinical rodent studies have revealed that the behavioral effects of nicotine are mediated, 

in large part, via the mesolimbic pathway, which originates in the ventral tegmental area 

(VTA) and projects to a series of forebrain structures, including the shell of the nucleus 

accumbens (NAc; Koob 2000). While acute administration of nicotine increases dopamine 

levels in the NAc, withdrawal from chronic nicotine exposure decreases dopamine in the 

NAc of male rats (Hildebrand et al. 1998; Di Chiara 2000; Rada, Jensen, & Hoebel 2001; 

Natividad et al. 2010). Nicotine withdrawal also produces an increase in acetylcholine (ACh) 

levels in the NAc of male rats (Rada et al. 2001; Carcoba et al. 2014). The decrease in 

dopamine and increase in ACh levels in the NAc have also been observed during withdrawal 

from other drugs of abuse, including ethanol and morphine (Pothos et al. 1991; Rossetti, 

Hmaidan, & Gessa 1992; Rada et al. 2004). These findings suggest that a decrease in 

dopamine and an increase in ACh levels in the NAc serve as a neurochemical marker of drug 

withdrawal in male rodents. However, sex differences in this biomarker profile have not been 

examined during nicotine withdrawal.

Work in our laboratory is focused on studying the underlying mechanisms that modulate sex 

differences in the behavioral effects of nicotine. We recently observed that female rats 

experiencing nicotine withdrawal display greater negative affective states and a larger 

upregulation of stress-associated genes in the NAc as compared with male rats (Torres et al. 
2013, 2015). The pattern of increases in stress-associated gene expression was largest in the 

NAc of female rats, as compared with modest changes observed in the hippocampus and 
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amygdala (Torres et al. 2013). These findings led to a neurobiological hypothesis that sex 

differences in nicotine withdrawal are likely modulated within the local circuits of the NAc 

(Torres & O’Dell, 2016). In order to test our hypothesis, the present study compared 

dopamine and ACh levels in the NAc of female and male rats experiencing nicotine 

withdrawal. Changes in the amino acid neurotransmitters, gamma-aminobutyric acid 

(GABA) and glutamate were also assessed, given that dopamine release in the NAc is 

modulated via inhibitory GABAergic innervation from local interneurons (Kalivas, 

Churchill, & Klitenick 1993; Melchior et al. 2015) and excitatory glutamatergic input from 

the prefrontal cortex (Del Arco & Mora 2008; Britt et al. 2012). Moreover, recent reports 

have revealed that glutamatergic inputs from the VTA to the NAc elicit aversive states via 

enhanced GABAergic tone in the NAc (Qi et al. 2016). Thus, we expected that potential sex 

differences in the neurochemical effects of nicotine withdrawal would be modulated via 

amino acid regulation of dopamine transmission in the NAc.

MATERIALS AND METHODS

Subjects and drugs

Adult male and female Wistar rats (n = 6–8 per group) were used. Animals were postnatal 

day 60–75 at the time of the pump implantation surgery. Rats were pair-housed in a 

humidity-controlled and temperature-controlled (20–22°C) vivarium using a reverse 12-hour 

light/dark cycle with lights on at 8:00 PM. The rats were given free access to food and water 

throughout the study. The animals were bred from a stock of outbred rats from Envigo 

(Indianapolis, IN, USA). All procedures were approved by the Institutional Animal Care and 

Use Committee and followed the guidelines of the NIH Guide for the Care and Use of 

Laboratory Animals.

The drugs used in the following experiments were (−) nicotine hydrogen tartrate salt and 

mecamylamine (Sigma Inc., St Louis, MO). Mecamylamine was dissolved in 0.9 percent 

sterile saline and administered in a volume of 1 mL/kg. The mecamylamine doses were 

chosen based on previous studies showing that these doses produce neurochemical changes 

in the NAc in male rats experiencing nicotine withdrawal (Natividad et al. 2010; 2012). The 

nicotine in the osmotic pump was dissolved in 0.9 percent sterile saline. The dose of nicotine 

was selected based on previous research showing that this concentration produces similar 

nicotine levels in female and male adult rats (Torres et al. 2013). All drugs were 

administered at physiological pH of 7.2–7.4.

Surgical procedures

Rats were anesthetized with an isoflurane/oxygen mixture (1–3 percent Isoflurane) and were 

prepared with osmotic pumps (model 2ML2 14-day; Alzet, Inc.) that were placed 

subcutaneously on the back of the animal parallel to the spine. Following pump 

implantation, or sham surgery in control rats, the surgical wound was closed with 9-mm 

stainless steel wound clips and treated topically with antibiotic ointment. Following surgery, 

all rats received subcutaneous administration of the analgesic flunixin (2.5 mg/kg; Vedco, St 

Joseph, MO). Thirteen days after the pump surgery, the rats were prepared with a dialysis 

probe in the NAc with an active membrane length of 2 mm (model CMA 11, Holliston, 
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MA). The probe was perfused for at least 1 hour prior to implantation at a rate of 1.0 μL/

minute using artificial cerebral spinal fluid adjusted to a pH of 7.2–7.4 with 0.1 M NaOH. 

The dialysis probes were implanted into the NAc using the following stereotaxic coordinates 

from bregma: AP = +1.7, ML = ±1.4, DV = −8.1. The hemisphere that was implanted with 

the probe was randomized to control for possible hemispheric differences across groups. 

Following surgery, animals were transferred to test cages, with food and water available ad 
libitum throughout testing.

Dialysis procedures

Approximately 6–8 hours after probe implantation, the perfusate flow rate was reduced to 

0.6 μL/minute for 1 hour to allow for equilibration. Samples were then collected in 20-

minute intervals for a 1-hour baseline period and then for two additional 1-hour periods 

following intraperitoneal administration of the non-selective nicotinic receptor antagonist 

mecamylamine (1.5 and 3.0 mg/kg) to precipitate withdrawal. After collection, the samples 

were frozen on dry ice and then stored at −80°C until analysis. At the end of testing, the rats’ 

brains were extracted, frozen and then sectioned for verification of probe placement using 

the Paxinos & Watson (2014) atlas. As an additional elimination criterion, each animals’ 

baseline values had to fall within a range that was less than two standard deviations from the 

group mean to be included in the final analysis. Based on these criteria, three rats were 

excluded from the study.

Neurochemical analysis

Most chemicals were purchased from Sigma Aldrich (St. Louis, MO), except Optima™ mass 

spectrometry (MS) grade water and acetonitrile, which were purchased from Fisher 

Chemical (Pittsburgh, PA, USA). Stock solutions of each neurotransmitter were prepared in 

MS grade water and kept at −80°C. The standard mixture was diluted from stock solutions 

using artificial cerebral spinal fluid from dialysis testing. Calibration curves were made 

using standards in a range of 5, 50, 100, 500 and 1000 nM for GABA and glutamate and 0.5, 

5, 10, 50 and 100 nM for dopamine and ACh. The internal standard and sample 

derivatization procedures followed the methods described in Buczynski et al. 2016 and Song 

et al. (2012). Quantification of neurotransmitters in dialysate samples was performed using 

an approach involving liquid chromatography-mass spectrometry LC-MS/MS analysis. The 

neurochemical analyses were performed using a Thermo Scientific UltiMate™ 3000 

Standard Quaternary System with a Waters BEH C18 column (1 mm × 100 mm, 1.7 μm, 130 

Å pore size) for separation. The autosampler was coupled to a TSQ Endura triple quadrupole 

MS. All dialysate data were acquired and processed with THERMO SCIENTIFIC 

TRACEFINDER™ software version 3.2.512. The peaks were visually inspected to detect 

artifacts. Peak areas were obtained and analyzed for each neurotransmitter with their 

respective internal standard. Standard curves were used to calculate the concentration of all 

neurotransmitters in each sample.

Statistical analyses

Each neurotransmitter was analyzed independently using multi-factorial ANOVA. Two 

levels of analysis were employed in order to examine: (1) neurochemical effects of nicotine 

withdrawal in control versus nicotine-treated rats; and (2) sex differences produced by 
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nicotine withdrawal in female versus male rats. The first level of analysis assessed nicotine 

withdrawal in female and male rats separately, using treatment group as a between-subject 

factor (control versus nicotine-treated) and time as a within-subject factor (20-minute 

samples). In instances where a significant interaction was observed, post hoc analyses 

compared between (control versus nicotine-treated; *P ≤ 0.05) or within groups (each 

timepoint during withdrawal versus average baseline value; †P ≤ 0.05) using Fisher’s 

protected least significant difference tests. The second level of analysis first compared sex 

differences in dialysate levels using repeated measures ANOVA with sex (female versus 

male) and treatment group (control versus nicotine-treated) as between-subject factors. In 

order to provide a comparison of sex differences that accounted for potential differences in 

baseline levels produced by nicotine exposure, the data were converted to percent change 

from respective control levels [(dialysate value/average control value) × 100]. These data 

were then analyzed using sex (female versus male) as a between-subject factor and time (20-

minute samples) as a within-subject factor. In instances where a significant interaction was 

observed, post hoc analyses compared between groups (female versus male rats; #P ≤ 0.05) 

using Fisher’s protected least significant difference tests.

RESULTS

Overall, baseline ACh levels were increased in nicotine-treated male rats relative to controls, 

and withdrawal produced an increase in ACh levels that was similar in female and male rats 

(Fig. 1). The analysis of ACh levels in female rats revealed an interaction between group and 

time F8,96 = 6.5, P = 0.0001, with nicotine-treated female rats displaying higher ACh levels 

than controls following each dose of mecamylamine (*P ≤ 0.05). Also, nicotine-treated 

female rats displayed an increase in ACh levels relative to baseline at each timepoint 

following both doses of mecamylamine (†P ≤ 0.05). The analysis of ACh levels in male rats 

revealed an interaction between group and time F8,112 = 4.6, P = 0.0001, with nicotine-

treated male rats displaying higher ACh levels than controls during all timepoints (*P ≤ 

0.05), except the last baseline sample. Also, nicotine-treated male rats displayed an increase 

in ACh levels relative to baseline following each dose of mecamylamine (†P ≤ 0.05), with 

the exception of the first sample following the 1.5 mg/kg dose of mecamylamine. With 

regard to sex differences, an initial analysis of ACh levels revealed that there was no 

interaction between sex, treatment group and time F8,208 = 0.86, P = 0.55. A subsequent 

analysis of the data expressed as a percent change from controls revealed an interaction 

between sex and time F8,112 = 2.5, P = 0.02, with nicotine-treated female and male rats 

displaying an increase in ACh levels relative to baseline following mecamylamine 

administration that was similar across groups.

Overall, baseline dopamine levels were increased in nicotine-treated female rats relative to 

controls, and withdrawal produced a decrease in dopamine levels that was larger in female 

versus male rats (Fig. 2). The analysis of dopamine levels in female rats revealed an 

interaction between group and time F8,88 = 16.48, P = 0.0001, with nicotine-treated female 

rats displaying higher dopamine levels than controls during the first and last baseline 

sampling period (*P ≤ 0.05). Also, nicotine-treated female rats displayed a decrease in 

dopamine levels relative to controls following both doses of mecamylamine (*P ≤ 0.05). 

Moreover, nicotine-treated female rats displayed a decrease in dopamine levels relative to 
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baseline at each timepoint following both doses of mecamylamine (†P ≤ 0.05). The analysis 

of dopamine levels in male rats revealed an interaction between group and time F8,96 = 4.57, 

P = 0.0001, with male rats displaying a decrease in dopamine levels relative to controls 

following the 3.0 mg/kg dose of mecamylamine (*P ≤ 0.05). Also, nicotine-treated male rats 

displayed a decrease in dopamine levels relative to baseline following each dose of 

mecamylamine (†P ≤ 0.05), except the third timepoint following the 1.5 mg/kg dose of 

mecamylamine. With regard to sex differences, an initial analysis of dopamine levels 

revealed that there was a strong trend for an interaction between sex, treatment group and 

time F8,184 = 1.88, P = 0.06. A subsequent analysis of the data expressed as a percent change 

from controls revealed an interaction between sex and time F8,104 = 2.65, P = 0.0001, with 

nicotine-treated female rats displaying lower levels of dopamine than male rats following 

administration of both doses of mecamylamine (#P ≤ 0.05), except the first timepoint after 

administration of the 3.0 mg/kg dose of mecamylamine.

Overall, baseline GABA levels were increased in nicotine-treated female rats relative to 

controls, and withdrawal produced an increase in GABA levels that was larger in female 

versus male rats (Fig. 3). The analysis of GABA levels in female rats revealed an interaction 

between group and time F8,96 = 5.8, P = 0.0001, with nicotine-treated female rats displaying 

higher GABA levels than controls during baseline and following each dose of 

mecamylamine (*P ≤ 0.05). Also, nicotine-treated female rats displayed an increase in 

GABA levels relative to baseline at each timepoint following both doses of mecamylamine 

(†P ≤ 0.05), except the first timepoint after the 1.5 mg/kg dose of mecamylamine. The 

analysis of GABA levels in male rats revealed that there was no interaction between group 

and time. However, there was a main effect of group F2,24 = 188.7, P = 0.0001, with 

nicotine-treated male rats displaying higher overall GABA levels than controls (*P ≤ 0.05). 

With regard to sex differences, the initial analysis of GABA levels revealed that there was an 

interaction between sex, treatment group and time F8,192 = 4.1, P = 0.001. A subsequent 

analysis of the data expressed as a percent change from controls revealed an interaction 

between sex and time F8,112 = 9.5, P = 0.001, with nicotine-treated female rats displaying 

higher GABA levels than male rats at all timepoints following administration of the 3.0 

mg/kg dose of mecamylamine (#P ≤ 0.05).

Overall, baseline glutamate levels were increased to a larger extent in nicotine-treated 

female versus male rats, and withdrawal produced an increase in glutamate in female rats 

and a decrease in glutamate levels in male rats (Fig. 4). The analysis of glutamate levels in 

female rats revealed an interaction between group and time F8,88 = 2.9, P = 0.0001, with 

nicotine-treated female rats displaying higher glutamate levels than controls during baseline 

and following each dose of mecamylamine (*P ≤ 0.05). Also, nicotine-treated female rats 

displayed an increase in glutamate relative to baseline during the second timepoint following 

the 3.0 mg/kg dose of mecamylamine (†P ≤ 0.05). The analysis of glutamate levels in male 

rats revealed an interaction between group and time F8,88 = 9.3, P = 0.0001, with nicotine-

treated male rats displaying higher glutamate than controls during baseline, but lower 

glutamate levels following the 3.0 mg/kg dose of mecamylamine (*P ≤ 0.05). Also, nicotine-

treated male rats displayed a decrease in glutamate relative to baseline following the 3.0 

mg/kg dose of mecamylamine (†P ≤ 0.05). With regard to sex differences, the initial analysis 

of glutamate levels revealed that there was an interaction between sex, treatment group and 
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time F8,176 = 10.1, P = 0.001. A subsequent analysis of the data expressed as a percent 

change from controls revealed an interaction between sex and time F8,88 = 20.7, P = 0.001, 

with nicotine-treated female rats displaying higher glutamate levels than male rats during 

baseline and following administration of both doses of mecamylamine (#P ≤ 0.05).

DISCUSSION

In order to summarize the pattern of sex differences produced by nicotine exposure and 

withdrawal, a heat map illustration is provided that denotes changes in each neurotransmitter 

relative to baseline values (Fig. 5). In summary, chronic nicotine exposure induced greater 

increases in baseline levels of GABA, glutamate and dopamine in the NAc of female relative 

to male rats, whereas baseline ACh levels were only enhanced in male rats. During 

precipitated withdrawal, an increase in ACh levels was observed that was similar across sex. 

However, female rats displayed a larger withdrawal-induced decrease in NAc dopamine than 

male rats. Concomitant measures of GABA and glutamate revealed critical differences in 

NAc amino acid transmission that may underlie sex-specific effects during nicotine 

withdrawal. Specifically, female rats displayed a larger withdrawal-induced increase in both 

glutamate and GABA levels as compared with male rats. Baseline levels of glutamate were 

also increased to a larger extent in female versus male rats. Below, a mechanistic hypothesis 

involving amino acid modulation of dopamine in the NAc is provided.

Previous work has revealed that dopaminergic fibers projecting from the VTA synapse onto 

GABAergic and cholinergic interneurons in the NAc that, together with innervating 

glutamatergic projections from the cortex, provide an extensive network that modulates the 

behavioral effects of nicotine and withdrawal from this drug (Di Chiara, Morelli, & Consolo 

1994; de Rover et al. 2002). With regard to cholinergic transmission, the present study 

revealed that nicotine withdrawal produced an increase in ACh levels in the NAc, consistent 

with previous reports in male rats (Rada et al. 2004; Carcoba et al. 2014). However, the 

present study expands previous work by showing that the withdrawal-induced increase in 

ACh levels in the NAc is similar in female and male rats. This suggests that sex differences 

in the behavioral effects of nicotine withdrawal are not likely modulated via cholinergic 

systems in the NAc, or at minimum not via the precipitated withdrawal procedures used 

here. Previous work has also revealed that the increase in ACh levels in the NAc produced 

by nicotine withdrawal is similar in adolescent and adult male rats (Carcoba et al. 2014). 

Taken together, these findings suggest that the neurochemical systems modulating ACh 

release in the NAc may not play a role in age and/or sex differences in the behavioral effects 

of nicotine withdrawal.

Previous work has revealed that decrements in NAc dopamine transmission are inextricably 

linked to anhedonia and negative affect states, particularly those elicited with withdrawal 

from drugs of abuse (Koob 2009). With regard to dopamine transmission, the present study 

revealed that nicotine withdrawal produced a decrease in NAc dopamine levels within a 

range that has been previously observed in male rats (Hildebrand et al. 1998; Natividad et al. 
2010). However, the withdrawal-induced decrease in dopamine levels in the NAc was larger 

in female versus male rats. A previous report revealed that female rats display a larger 

increase in dopamine D1 receptor messenger RNA levels in the NAcc during nicotine 
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withdrawal than male rats (Torres et al. 2015). The increase in post-synaptic D1 receptor 

levels is believed to serve as a compensatory mechanism produced by withdrawal-induced 

decreases in synaptic levels of dopamine. Thus, the larger upregulation of D1 receptors in 

the NAc of female rats is believed to serve as indirect evidence that synaptic levels of 

dopamine are reduced to a larger extent in female versus male rats. Together, these studies 

provide converging lines of evidence suggesting that nicotine withdrawal produces a larger 

decrease in dopamine release in the NAc of female versus male rats.

With regard to GABA transmission, nicotine withdrawal produced a general increase in 

GABA levels in the NAc of female and male rats. With regard to sex differences, female rats 

displayed a larger withdrawal-induced increase in GABA levels in the NAc than male rats. 

This large increase in GABAergic inhibition in the NAc likely promotes the large decrease 

in dopamine in female rats. This pattern of changes may not be surprising based on previous 

reports showing that dopamine transmission in the NAc is under local inhibitory GABAergic 

control (Kalivas et al. 1993; Melchior et al. 2015). The pattern of enhanced GABA release in 

the NAc is consistent with the pattern of changes observed in the VTA of male rats 

experiencing withdrawal (Natividad et al. 2012). These studies suggest that nicotine 

withdrawal produces enhanced GABAergic inhibition of dopamine systems in the cell body 

and terminal regions of the mesolimbic pathway. The possibility also exists that sex 

differences in dopamine responses may be modulated in the cell body region, with extended 

modulation serving to buffer the microenvironment in the NAc in a manner that facilitates 

larger decreases in dopamine in female rats.

One of the largest sex differences observed in the present study was with regard to glutamate 

transmission. Specifically, nicotine exposure facilitated an increase in baseline glutamate 

levels that persisted across precipitated withdrawal procedures in the NAc of female rats. 

However, nicotine withdrawal produced an opposite pattern in male rats involving a decrease 

in glutamate levels in the NAc. Here, it is posited that the pattern of changes between female 

and male rats may be explained via glutamatergic innervation of NAc dopamine release (see 

diagram). Our hypothesis is based on a recent report showing that there is a glutamatergic 

input from the VTA to the NAc that modulates aversive states (Qi et al. 2016). Specifically, 

targeted activation of glutamatergic inputs to the NAc produced place aversion for the 

environment paired with activation of this pathway, an increase in wheel turning to remove 

stimulation of this pathway and a reduction in operant food responding. The induction of 

aversive states was attributed to excitatory inputs to the NAc that directly synapse onto 

GABAergic interneurons. Thus, in the present study, nicotine exposure produced a larger 

increase in glutamate release in the NAc of female versus male rats. This is posited to 
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provide a larger relative activation of GABA interneurons in the NAc, which we hypothesize 

promotes a larger decrease in dopamine in female rats during withdrawal. In male rats, an 

opposite pattern was observed, with nicotine withdrawal producing a decrease in glutamate 

levels in the NAcc. This reduction in glutamate likely contributes to a lower relative 

activation of GABAergic inhibition of dopamine. As a result, male rats display a smaller 

decrease in dopamine during withdrawal as compared with female rats. We recognize that 

our hypothesis regarding sex differences in glutamate is based on a small fraction of the 

neuronal population in the NAc, as the large majority of cells in this region are GABAergic 

medium spiny neurons. Indeed, it has been posited that medium spiny GABAergic neurons 

in the NAc play a primary role in modulating the aversive effects of drugs of abuse 

(Carlezon & Thomas 2009). Future studies are needed to elucidate the relative contribution 

of different cell types in the NAc in modulating sex differences produced by withdrawal 

from chronic nicotine exposure.

Previous work has revealed that the aversive effects of nicotine withdrawal are heightened in 

female versus male rats. For example, female adult rats display more physical signs of 

nicotine withdrawal relative to male rats (Hamilton et al. 2009). Female rats also display a 

greater place aversion produced by nicotine withdrawal as compared with male rats (Torres 

et al. 2013). During nicotine withdrawal, female rats also display a larger increase in 

anxiety-like behavior and corticosterone release as compared with male rats (Gentile et al. 
2011). Female rats also display a larger increase in stress-associated gene expression in the 

NAc as compared with male rats experiencing withdrawal from nicotine (Torres et al. 2013). 

The present study expands previous behavioral work by offering a hypothesis that sex-

dependent differences in nicotine withdrawal are modulated via increased inhibitory tone in 

the NAc. Our work also speaks to the possibility that the recently discovered pathway 

involving glutamatergic inputs from the VTA to the NAc may play a critical role in 

modulating enhanced susceptibility to the aversive effects of nicotine withdrawal in female 

rats.
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Figure 1. 
The top panel reflects acetylcholine (ACh) levels (nM ± SEM) in the NAc of female rats 

(control n = 6; nicotine-treated n = 8) and the middle panel reflects male rats (control n = 8; 

nicotine-treated n = 8). The bottom panel reflects percent change in ACh (±SEM) in 

nicotine-treated female and male rats from their respective controls. Each point reflects a 20-

minute sampling period during baseline and then following mecamylamine administration 

(shaded area). Asterisks (*) denote a significant difference from controls, and daggers (†) 

denote a difference from average baseline values (P ≤ 0.05)
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Figure 2. 
The top panel reflects dopamine levels (nM ± SEM) in the NAc of female rats (control n = 

6; nicotine-treated n = 7) and the middle panel reflects male rats (control n = 6; nicotine-

treated n = 8). The bottom panel reflects percent change in dopamine (±SEM) in nicotine-

treated female and male rats from their respective controls. Each point reflects a 20-minute 

sampling period during baseline and then following mecamylamine administration (shaded 

area). Asterisks (*) denote a significant difference from controls (P ≤ 0.05), daggers (†) 

denote a difference from average baseline values and pound signs (#) denote a difference 

between female and male rats (P ≤ 0.05)
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Figure 3. 
The top panel reflects gamma-aminobutyric acid (GABA) levels (nM ± SEM) in the NAc of 

female rats (tcontrol n = 6; nicotine-treated n = 8) and male rats (control n = 6; nicotine-

treated n = 8). The bottom panel reflects percent change in GABA (±SEM) in nicotine-

treated female and male rats from their respective controls. Each point reflects a 20-minute 

sampling period during baseline and then following mecamylamine administration (shaded 

area). Asterisks (*) denote a significant difference from controls (P ≤ 0.05), daggers (†) 

denote a difference from average baseline values and pound signs (#) denote a difference 

between female and male rats (P ≤ 0.05)
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Figure 4. 
The top panel reflects glutamate levels (uM ± SEM) in the NAc of female rats (control n = 

7; nicotine-treated n = 6) and male rats (control n = 6; nicotine-treated n = 7). The bottom 

panel reflects percent change in glutamate (±SEM) in nicotine-treated female and male rats 

from their respective controls. Each point reflects a 20-minute sampling period during 

baseline and then following mecamylamine administration (shaded area). Asterisks (*) 

denote a significant difference from controls (P ≤ 0.05), daggers (†) denote a difference from 

average baseline values and pound signs (#) denote a difference between female and male 

rats (P ≤ 0.05)
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Figure 5. 
Heat map illustration of neurochemical changes in the NAc of female and male rats during 

baseline and following mecamylamine administration. The scale is based on a percent 

change from their respective control values. The green shades reflect an increase, the red 

shades reflect a decrease in each neurotransmitter relative to baseline and the white color 

denotes no change relative to baseline values. Pound signs (#) denote where a significant 

difference between female and male rats was observed (P ≤ 0.05)
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