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Abstract

Female smokers are more likely to relapse than male smokers, but little is known about sex
differences in nicotine withdrawal. Therefore, male and female rats were prepared with
minipumps that contained nicotine or saline and sex differences in precipitated and spontaneous
nicotine withdrawal were investigated. The intracranial self-stimulation (ICSS) procedure was
used to assess mood states. Elevations in brain reward thresholds reflect a deficit in reward
function. Anxiety-like behavior was investigated after the acute nicotine withdrawal phase in a
large open field and the elevated plus maze test. The nicotinic receptor antagonist mecamylamine
elevated the brain reward thresholds of the nicotine-treated rats but did not affect those of the
saline-treated control rats. A low dose of mecamylamine elevated the brain reward thresholds of
the nicotine-treated male rats but not those of the females. Mecamylamine also precipitated more
somatic withdrawal signs in the nicotine-treated male than female rats. Minipump removal
elevated the brain reward thresholds of the nicotine-treated rats for about 36 h but did not affect
those of the saline-treated rats. There was no sex difference in the reward deficit during
spontaneous nicotine withdrawal. In addition, the nicotine-treated male and female rats did not
display increased anxiety-like behavior three to four days after minipump removal. In conclusion,
these studies suggest that relatively low doses of a nicotinic receptor antagonist induce a greater
reward deficit and more somatic withdrawal signs in male than female rats, but there is no sex
difference in the reward deficit during spontaneous withdrawal.
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1. Introduction

Nicotine is the main psychoactive component in combustible cigarettes and e-cigarettes.
Worldwide there are more than 1 billion people who smoke, and about 7 million people die
each year from smoking (WHO, 2018). In the US, the use of combustible cigarettes is on the
decline, but there has been a sharp increase in the use of e-cigarettes (Cullen et al., 2018).

Nicotine is mildly rewarding and enhances cognitive function (Henningfield et al., 1985;
Rezvani and Levin, 2001). Prolonged nicotine use leads to the development of dependence
and cessation of nicotine use leads to affective and somatic withdrawal signs, which play an
essential role in the maintenance of nicotine use (Cook et al., 2004). People who quit
smoking experience an intense craving for nicotine, anhedonia, cognitive impairment, and
increased anxiety (Cook et al., 2017; Cook et al., 2015). There is evidence that female
smokers are more likely to relapse than male smokers (Jackson et al., 1986; Smith et al.,
2016; Tunstall et al., 1985). Nicotine addiction is a complex disorder, and many factors play
a role in smoking and relapse. It has been hypothesized that females experience nicotine
withdrawal as more aversive than males and that they are therefore more likely to relapse
(O’Dell and Torres, 2014). This is supported by research with daily smokers that shows that
women experience greater negative affect during nicotine withdrawal than men (Faulkner et
al., 2018). However, another study with a large group of daily cigarette smokers found that
only the level of nicotine dependence, and not sex, affects nicotine withdrawal (craving,
irritability, frustration, anxiety, concentration, restlessness, depression, appetite, and
insomnia)(Langdon et al., 2013). Other differences between male and female smokers could
account for the higher relapse rate in females. Female smokers are more likely to be
depressed than male smokers, and depression contributes to relapse (Bruijnzeel, 2012;
Killen et al., 2002). Furthermore, smoking cessation treatments such as nicotine gum and the
patch are less effective in diminishing withdrawal and relapse in females than males
(Hatsukami et al., 1991; Perkins and Scott, 2008). Some smoking cessation treatments might
be less effective in females than males because smoking in females is more reinforced by
non-nicotine factors and less by nicotine (Perkins, 1996).

Animal studies have compared differences between males and females in nicotine
withdrawal. Numerous studies show that female rats, compared to male rats, have higher
plasma corticosterone levels during nicotine withdrawal (Gentile et al., 2011; Skwara et al.,
2012; Torres et al., 2013). Furthermore, female rats have higher corticotropin-releasing
factor (CRF) levels in the nucleus accumbens during nicotine withdrawal and display higher
levels of anxiety-like behavior (Torres et al., 2013). In one study, a place conditioning
procedure was used to compare nicotine withdrawal between male and female rats. A
nicotinic acetylcholine receptor (NAChR) antagonist caused place aversion in the nicotine-
treated male and female rats, but this effect was more pronounced in the female rats (O’Dell
and Torres, 2014). Although place conditioning procedures do not directly measure the
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mood state of the animals, this outcome suggests that nicotine withdrawal is more aversive
in female than male rats (O’Dell and Torres, 2014). Another study reported that there are no
differences in spontaneous somatic nicotine withdrawal signs between male and female rats
in a brightly-lit environment, however, females showed more somatic withdrawal signs than
males in a dimly-lit environment (Hamilton et al., 2009).

The main goal of the present studies was to compare affective and somatic nicotine
withdrawal signs between male and female rats. The reward deficit associated with nicotine
withdrawal was investigated with the ICSS procedure, which provides a quantitative
measure of the state of the brain reward system (Barr et al., 2002). In the present study, we
determined the effect of sex on nicotine withdrawal by administering a wide range of doses
of mecamylamine (precipitated withdrawal) to nicotine-treated rats and removing the
nicotine pumps (spontaneous withdrawal). Sex differences in somatic withdrawal signs and
anxiety-like behavior were also determined. Previous studies have investigated the effects of
acute nicotine administration on locomotor activity and anxiety-like behavior, however, little
is known about the effects of chronic nicotine administration on locomotor activity and
anxiety-like behavior (Bruijnzeel et al., 2011; File et al., 1998). Therefore, we also
investigated the effects of chronic nicotine administration on locomotor activity and anxiety-
like behavior in male and female rats.

2. Materials and Methods

2.1. Animals

Wistar rats (males 200-225 g, females 175-200 g, Charles River, Raleigh, NC) were housed
socially in a climate-controlled vivarium on a reversed 12 h light-dark cycle (light off at 7
AM). Food and water were available ad libitum. All animal procedures were performed in
accordance with the University of Florida Institutional Animal Care and Use Committee as
well as National Institutes of Health guidelines.

2.2. Drugs

Nicotine and mecamylamine were purchased from Sigma (Sigma-Aldrich, St. Louis, MO,
USA). Nicotine and mecamylamine were dissolved in sterile saline (0.9 % sodium chloride).
Mecamylamine was administered subcutaneously (sc) in a volume of 1 ml/kg body weight.
Nicotine doses are expressed as free base, and mecamylamine doses are expressed as salt.

2.3. Experimental design

In Experiment 1, male and female rats were prepared with ICSS electrodes and trained on
the ICSS procedure. When the brain reward thresholds were stable (£10% over 5 days)
(Bruijnzeel and Markou, 2003), the rats were prepared with osmotic minipumps that
contained nicotine or saline (see Fig. S1 for a schematic overview). After at least seven days
of nicotine administration, the effects of mecamylamine on brain reward thresholds and
response latencies were investigated. The minipumps were removed on day 14, and the brain
reward thresholds were determined 6, 12, 24, 36, 48, 72, and 96 h later. Three days after the
removal of the minipumps, the rats were tested in the large open field test, and the following
day (day 4) they were tested in the elevated plus maze test. The effect of the estrous cycle on
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the reward thresholds and response latencies was determined using ICSS data from the five
test days before the implantation of the minipumps. The effect of the estrous cycle on brain
reward thresholds and response latencies during spontaneous nicotine withdrawal was
investigated at the 6 and 12 h time point. The brain reward thresholds of the nicotine-treated
female rats were elevated after the administration of 3 mg/kg of mecamylamine. However,
because only 2 of the 10 females were in estrus, the effect of the estrous cycle on
precipitated nicotine withdrawal could not be determined. In Experiment 2, male and female
rats were prepared with minipumps that contained nicotine or saline, and after 10 days
mecamylamine-precipitated somatic withdrawal signs were counted (schematic overview,
Fig. S1). Sex differences in the locomotor effects of chronic nicotine administration were
determined in a large open field on day 6 and in a small open field on day 13. In both
experiments, mecamylamine was administered subcutaneously (sc) 15 min before testing.

2.4. Estrous cycle

Rats have a short estrous cycle that lasts 4-5 days and consists of 1 day of proestrus, 1-2
days of estrus, and 2—3 days of diestrus (Andersson et al., 2013). To determine the stage of
the estrous cycle, vaginal samples were collected, and cytological assessments were
performed (Marcondes et al., 2002; McLean et al., 2012). The vaginal samples were
collected daily at 9 AM by inserting a disposable transfer pipette with 0.5 mL of sterile
saline and then flushing and aspirating two to three times (Cora et al., 2015). A drop of the
sample was placed on a glass slide, and the slides were air dried. The slides were stained
with 1% Methylene Blue overnight (Biopharm Inc., Hatfield, AR) and rinsed with distilled
water in the morning. After applying a drop of mounting medium, glass coverslips were
placed on the slides. The samples were evaluated using a Leica DM2500 light microscope
and a 10x or 20x objective. Samples that contained clusters of nucleated epithelial cells were
labeled as proestrus. Samples that contained predominantly cornified squamous epithelial
cells were labeled as estrus. Samples with mainly small, darkly stained leukocytes and
sometimes cornified squamous epithelial cells were labeled as diestrus (McLean et al.,
2012). It was determined if the estrous cycle affects spontaneous nicotine withdrawal.
Because of the small number of animals at each stage and the lack of differences between
proestrus and diestrus in addiction studies (Feltenstein and See, 2007; Fuchs et al., 2005),
data from the proestrus and diestrus rats were combined (non-estrus) and compared with
those of rats in estrus as described previously (Kerstetter et al., 2008; Nicolas et al., 2019).
See figure S2 for representative images of the different stages of the estrous cycle.

2.5. Surgical procedures

2.5.1. Osmotic minipump implantation—Rats were anesthetized with isoflurane (1
3% isoflurane) and received minipumps (14-day pumps; Durect Corporation, Cupertino,
CA, USA) filled with either saline or nicotine dissolved in saline. The nicotine concentration
was adjusted to compensate for differences in body weight and to deliver a dose of 3.16
mg/kg/day nicotine free base.

2.5.2. Electrode implantation—Rats were anesthetized with isoflurane and placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). The head of the rat was
shaved from the area between the eyes to the back of the head, and a 1-cm incision was
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made. After cleaning the skull, 5 small holes were drilled, and 4 skull screws (0-80 x 1/16,
Plastics One, Roanoke, VA, USA) were implanted. The fifth hole was used for the electrode.
The coordinates for the electrodes were based on previous studies in which electrodes were
implanted in the medial forebrain bundle of adult rats (Epping-Jordan et al., 1998; Qi et al.,
2016). The electrodes (11 mm in length, Plastics One) were inserted in the medial forebrain
bundle with the incisor bar set 5 mm above the interaural line (-0.5 AP, £1.7 ML, -8.3 DV
from dura). After at least 7 days of recovery, the rats were trained on a modified discrete-
trial ICSS procedure (Bruijnzeel et al., 2009; Markou and Koob, 1992).

2.6. Behavioral tests

2.6.1. ICSS procedure—The operant conditioning chambers were housed in sound-
attenuating chambers (Med Associates, Georgia, VT, USA). The operant conditioning
chambers had a 5 cm wide metal response wheel that was centered on a sidewall, and a
photobeam detector recorded every 90 degrees of rotation. Brain stimulation was delivered
by constant current stimulators (Model 1200C, Stimtek, Acton, MA, USA). The rats were
first trained to turn the wheel on a fixed ratio 1 (FR1) schedule of reinforcement. Each
quarter turn of the wheel resulted in the delivery of a 0.5 s train of 0.1 ms cathodal square-
wave pulses at a frequency of 100 Hz. After the acquisition of responding on this FR1
schedule, defined as 100 reinforcements within 10 minutes, the rats were trained on a
discrete-trial current-threshold procedure. The discrete-trial current-threshold procedure is a
modification of a task developed by Kornetsky and Esposito (Kornetsky and Esposito,
1979), and previously described in detail (Bruijnzeel and Markou, 2003, 2004). Each trial
began with the delivery of a non-contingent electrical stimulus, followed by a 7.5 s response
window during which the animal could respond to receive a second identical stimulus. A
response during this 7.5 s response window was labeled a positive response, while the lack
of a response was labeled a negative response. During the 2 s period immediately after a
positive response, additional responses had no consequence. The inter-trial interval (ITI),
which followed either a positive response or the end of the response window, had an average
duration of 10 s (ranging from 7.5 s to 12.5 s). Responses that occurred during the 1Tl
resulted in a further 12.5 s delay of the onset of the next trial. During training on the
discrete-trial procedure, the duration of the ITI and delay periods induced by time-out
responses were increased until the animals performed consistently at standard test
parameters. The training was completed when the animals responded correctly to more than
90% of the non-contingent electrical stimuli. It took 1 to 2 weeks of training for most rats to
meet this response criterion. The rats were then tested on the current-threshold procedure in
which stimulation intensities varied according to the classical psychophysical method of
limits. Each test session consisted of four alternating series of descending and ascending
current intensities starting with a descending sequence. Blocks of three trials were presented
to the rats at a given stimulation intensity, and the intensity was altered systematically
between blocks of trials by 5 pA steps. The initial stimulus intensity was set 30 LA above the
baseline current-threshold for each animal. All the rats were tested at least 5 days on the
current threshold procedure before the minipumps were implanted. Each test session
typically lasted 30—40 minutes and provided two dependent variables for behavioral
assessment (brain reward thresholds and response latencies). The brain reward threshold
(LA) was defined as the midpoint between stimulation intensities that supported responding
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and stimulation intensities that failed to support responding. The response latency (s) was
defined as the time interval between the beginning of the non-contingent stimulus and a
positive response. A decrease in reward thresholds is indicative of the potentiation of reward
function (Kornetsky and Esposito, 1979). Drugs that have sedative effects or induce motor
impairments increase the response latency, and stimulants decrease the response latency
(lgari et al., 2013; Liebman, 1985).

2.6.2. Somatic withdrawal signs—~Rats were observed for 10 minutes in Plexiglas
observation chambers (25 x 25 x 46 cm; L x W x H) with 0.5 cm of corncob bedding. The
rats were habituated to the observation chamber for 5 minutes per day on 3 consecutive days
before testing with mecamylamine. The rats received 2 mg/kg (sc) of mecamylamine and
were placed in the observation chamber 15 min later. The rats received 2 mg/kg of
mecamylamine because in previous studies we showed that this dose induces withdrawal
signs in nicotine-treated male rats but not in saline-treated control rats (Bruijnzeel et al.,
2010; Rylkova et al., 2008). The following somatic signs were recorded: body shakes, cheek
tremors, escape attempts, gasps, genital licks, head shakes, ptosis, teeth chattering, writhes,
and yawns (Malin et al. 1992; Rylkova et al. 2008). Ptosis was counted once per minute if
present continuously. The total number of somatic signs was defined as the sum of the
individual occurrences. For the statistical analyses, the signs were divided into the following
categories: abdominal constrictions which included gasps and writhes; shakes included head
shakes, and body shakes; ptosis; other signs occurred occasionally and included all other
recorded signs.

2.6.3. Large open field test—The large open field test can be used to assess anxiety-
like behavior (Liebsch et al., 1998). The test was conducted as described previously
(Bruijnzeel et al., 2016; Qi et al., 2016). The open field apparatus is a large arena measuring
120 x 120 x 60 cm (L x W x H) and is placed in a brightly lit (500 lux) room. The open
field was divided into 16 zones (30 x 30 cm). The border zone consisted of the 12 border
squares, and the center zone consisted of the 4 central squares. The arena is made of black
high-density polyethylene panels that are fastened together and placed on a plastic bottom
plate (Faulkner Plastics, Miami, FL) with gray laminate floor covering. The rats’ behavior
was recorded with a camera mounted above the arena and analyzed manually with
EthoVision XT 11.5 software (Noldus Information Technology, Leesburg, VA). The
following behaviors were analyzed: total number of crossings, border crossings, center
crossings, time in the border zone, and time in the center zone. The open field was cleaned
with a Nolvasan solution between rats.

2.6.4. Elevated plus maze test—The elevated plus maze test is used to assess anxiety-
like behavior and was conducted as described previously (Qi et al., 2016; Rylkova et al.,
2009). The test setup consists of four black polypropylene arms (Coulbourn Instruments,
Whitehall, PA). The two “open” arms had 0.5 cm ledges, and the two “closed” arms had 30
cm walls. The open arms were placed opposite of each other. The arms were 10 cm wide, 50
cm long, and were placed on 55 cm tall acrylic legs. Testing occurred in a quiet, brightly lit
room. At the beginning of each test, the rats were placed in the center of the apparatus facing
an open arm. Rats were allowed to explore the device for 5 min, and their behavior was
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recorded with a camera that was mounted above the maze. Behavior was scored
automatically using EthoVision XT 11.5 software. The following behaviors were analyzed:
total distance traveled, duration in the open and closed arms, and the number of open and
closed arm entries. It was considered an open arm entry when the center of the rat was in
one of the open arms. The apparatus was cleaned with a Nolvasan solution between rats.

2.6.5. Small open field test—The small open field test was conducted to assess
locomotor activity (Bruijnzeel et al., 2016; Febo et al., 2003). The total distance traveled,
and vertical beam breaks (i.e., rearing) were measured with an automated animal activity
cage system in a dark room (AccuScan Instruments, Columbus, OH, USA). The system
consisted of four animal activity cages made of clear acrylic (40 cm x 40 cm x 30 cm; L x
W x H), with 16 equally spaced (2.5 cm) infrared beams across the length and width of the
cage. One set of infrared beams was positioned 2 cm above the cage floor (horizontal
activity beams), and another set of heams was placed 14 cm above the cage floor (vertical
activity beams). All beams were connected to a VersaMax analyzer which sent information
to a computer that displayed beam data through VersaDat software. The test setup was
cleaned with a Nolvasan solution between animals.

2.7. Statistics

Data were analyzed with multi-factor ANOVASs appropriate for each experimental design,
using IBM SPSS Statistics version 25 or GraphPad Prism version 7. Behavioral test data
were analyzed using three-factor ANOVAs, with minipump content and sex as between-
subjects factors and time or mecamylamine dose as the within-subjects factor. For all
statistical analyses, significant interactions in the ANOVA were followed by Bonferroni’s
post hoc tests to determine which groups differed from each other. P values less or equal to
0.05 were considered significant. Significant main effects and interactions are reported in the
Results section.

3. Results

3.1.

Experiment 1: Sex differences in ICSS and nicotine withdrawal

3.1.1. Precipitated withdrawal and ICSS (nicotine on board)—There were no
differences in the absolute brain reward thresholds and response latencies between the male
and female rats before the implantation of the minipumps (male thresholds 100.4 + 7.4 pA,
male latencies 3.3 £ 0.1 s, female thresholds 95.1 + 5.3 pA, female latencies 3.1 + 0.1 s).
There was also no effect of the stage of the estrous cycle on the absolute brain reward
thresholds and the response latencies during the 5 days before the implantation of the
minipumps (Table 1). The administration of nicotine briefly decreased the brain reward
thresholds (F1,31=11.08, p<0.01, Fig. 1A) and the response latencies F1,31=12.63, p<0.01,
Fig. 1B). Furthermore, during these 5 days, the reward thresholds of the males slightly
increased and those of the females slightly decreased (Days x Sex, F1,31=18.57, P<0.0001,
Fig. S3A). There was no effect of sex on the response latencies (Fig. S3B). A separate
ANOVA showed that on day 5 (test day before the onset of mecamylamine injections), there
were no differences in the reward thresholds and response latencies between the nicotine-
treated rats and the saline-treated control rats or between the male and female rats.
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Mecamylamine increased the brain reward thresholds of the nicotine-treated rats, but not
those of the saline-treated control rats (Nicotine treatment F1,31=8.64, P<0.01;
Mecamylamine dose F3,93=10.31, P<0.0001; Mecamylamine dose x Nicotine treatment
F3,93=5.15, P<0.001, Fig. 2A.). The effect of mecamylamine on the reward thresholds was
greater in the nicotine-treated males than the nicotine-treated females (Sex x Nicotine
treatment F1,31=4.77, P<0.05). The posthoc analysis indicated that 1 mg/kg of
mecamylamine increased the brain reward thresholds of the nicotine-treated male rats but
not those of the nicotine-treated female rats, but the 3 mg/kg dose had the same effect in the
nicotine- treated males and females. Mecamylamine also increased the response latencies
(Mecamylamine dose F3,93=8.9, P<0.0001, Fig. 2B). The effect of mecamylamine on the
response latencies was greater in the nicotine-treated rats than the saline-treated control rats
(Nicotine treatment F1,31=4.65, P<0.05; Mecamylamine dose x Nicotine treatment
F3,93=7.70, P<0.0001). The sex of the rats did not affect the response latencies.

3.1.2. Spontaneous withdrawal and ICSS (post pump removal)—Removal of the
minipumps led to an elevation in brain reward thresholds of the nicotine-treated rats but not
those of the saline-treated rats (Nicotine treatment: F1,31=9.05, P<0.01; Time: F6,186=5.61,
P<0.0001; Nicotine treatment x Time: F6,186=6.68, P<0.0001, Fig. 2C). There was no
effect of sex on the nicotine-withdrawal induced increase in brain reward thresholds.
Removal of the minipumps led to an increase in the response latencies of the nicotine-treated
rats but not in those of the saline-treated rats (Nicotine treatment: F1,31=7.69, P<0.01,

Time: F6,186=5.202, P<0.0001, Fig. 2D). There was no effect of the stage of the estrous
cycle on the elevations in brain reward thresholds or the increase in response latencies
associated with nicotine withdrawal at the 6 or 12 h time point (estrus n=4, non-estrus n=6;
Table S1). There was no significant difference in brain reward thresholds and response
latencies between the 6 and 12 h time points in the female nicotine rats. When the ICSS data
from these two time points were combined, there was no effect of the stage of the estrous
cycle on the reward thresholds or response latencies during nicotine withdrawal (estrus n=8,
non-estrus n=12).

3.1.3. Large open field test (post pump removal)—The large open field test was
conducted 3 days after the removal of the minipumps. There was no effect of nicotine
treatment on total crossings, crossings in the border or center zone, and time spent in the
border or center zone. The total number of crossings was higher in females than males
(F1,32=17.79, P<0.0001, Fig. 3A). The females had a higher number of crossings in the
border zone (F1,32=16.47, P<0.0001) and the center zone (F1,32=9.90, P<0.01, Fig. 3A).
Compared to the males, the females spent less time in the border zone (F1,32=5.96, P<0.05,
Fig. 3B) and more time in the center zone (F1,32=6.13, P<0.05).

3.1.4. Elevated plus maze test (post pump removal)—The elevated plus maze test
was conducted 4 days after the removal of the minipumps. Prior treatment with nicotine
decreased the total distance traveled in the elevated plus maze test (F1,31=12.21, P<0.01,
Fig. 4A), but there was no effect of sex on the total distance traveled. The females made
more entries in the open arms compared to the males (F1,31=11.37, P<0.01, Fig. 4B), but
there was no sex difference in the number of closed arm entries (Fig. S4A). Open or closed
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arm entries were not affected by nicotine treatment. There was a strong trend towards the
females have a higher percentage of open arm entries compared to the males (F1,31=4.092,
P=0.0518, Fig. 4C). Sex or nicotine treatment did not affect the amount of time in the closed
arms. However, prior nicotine treatment increased the amount of time on the open arms in
the males (Nicotine treatment F1,31=6.277, P<0.05; Sex x Nicotine treatment F1,31=4.618,
P<0.05, Fig S4B). Nicotine treatment increased the percentage of time on the open arms in
the males, but not in the females (Sex x Nicotine treatment F1,31=6.11, P<0.05, Fig. 4D).

Experiment 2: Sex differences in somatic signs and locomotor effects of continuous

nicotine administration

3.2.1. Somatic withdrawal signs (nicotine on board)—Mecamylamine
precipitated a larger number of somatic signs (F1,26=13.56, P<0.001, Fig. 5), abdominal
constrictions (F1,26=16.61, P<0.0001, Table 2), and occurrences of ptosis (F1,26=5.37,
P<0.05, Table 2) in the nicotine-treated rats than the saline-treated control rats. The male rats
treated with nicotine displayed more somatic signs (Sex F1,26=4.92, P<0.05; Sex x Nicotine
treatment F1,26=6.44, P<0.05) and abdominal constrictions (Sex F1,26=16.61, P<0.0001;
Sex x Nicotine treatment F1,26=10.80, P<0.01 ) than the female rats treated with nicotine.
Furthermore, the males had more occurrences of ptosis (Sex, F1,26=6.22, P<0.05) and
shakes (Sex, F1,26=6.22, P<0.01) compared to the female rats.

3.2.2. Small open field test (nicotine on board)—In the small open field test, there
was an effect of sex and time on the distance traveled (Sex F1,26=26.17, P<0.0001; Time
F2,52=267.09, P<0.0001, Fig. 6A, B). Chronic nicotine treatment had a larger effect on
locomotor activity in the females than the males (Sex x Nicotine treatment F1,26=8.78,
P<0.01) and the females were also more active at the beginning of the test than the males
(Time x Sex F2,52=10.36, P<0.0001, Fig. 6A, B). The posthoc showed that female-nicotine
rats traveled a greater distance than all other groups. There was an effect of sex on rearing
activity, with the females showing more rearing activity than the males (Sex F1,26=14.63,
P<0.001; Time F2,52=162.75, P<0.0001, Fig. 6C, D). Rearing activity was not affected by
chronic nicotine treatment.

3.2.3. Large open field test (nicotine on board)—The females traveled a greater
distance (more crossings) in the large open field than the males (F1,30=21.28, P<0.0001,
Fig. 3C) and this was not affected by chronic nicotine-treatment. The females traveled a
greater distance than the males in the border zone (F1,30=25.31, P<0.0001), and the males
and females traveled the same distance in the center zone (Fig. 3C). The males and the
females spent the same amount of time in the border zone and center zone and the time they
spent in the two zones was not affected by nicotine treatment (Fig. 3D).

4. Discussion

The main goal of the present study was to determine sex differences in the effects of
precipitated and spontaneous nicotine withdrawal on emotional states in rodents. This study
showed that a low dose of mecamylamine (1 mg/kg) elevated the brain reward thresholds of
nicotine-treated male rats, but not those of nicotine-treated female rats. There was no
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difference in mecamylamine-induced elevations in brain reward thresholds between
nicotine-treated males and females when a high dose of mecamylamine (3 mg/kg) was used.
Furthermore, there was no difference in the elevations in brain reward thresholds between
nicotine-treated male and female rats during spontaneous withdrawal. A relatively low dose
of mecamylamine (2 mg/kg) also induced more somatic withdrawal signs in nicotine- treated
male rats than female rats. Thus, a low dose of mecamylamine precipitates a greater deficit
in reward function and more somatic withdrawal signs in nicotine-treated male than female
rats, but there is no sex difference in the reward deficit when a high dose of mecamylamine
is used or during spontaneous nicotine withdrawal.

In the present study, the effects of precipitated and spontaneous nicotine withdrawal on
reward function were investigated. Our findings suggest that there are no sex differences in
impairments in reward function between males and females after the administration of a
high dose of mecamylamine and during spontaneous withdrawal. This is in line with a study
in human smokers that showed that withdrawal signs are affected by the level of dependence
but not by the sex of smokers (Langdon et al., 2013). Another study, with hundreds of
adolescent smokers, also found no differences in the type or frequency of withdrawal
symptoms (craving, nervous and tense, restless, irritable, hungry, poor concentration, sad,
sleep problems) between males and females (Rojas et al., 1998). The present studies are not
in line with a conditioned place aversion study in which nicotine-treated female rats
displayed more place aversion compared to nicotine-treated male rats (O’Dell and Torres,
2014). In the study mentioned above, nicotine and mecamylamine doses were not reported;
therefore, it is not known if differences between our study and the place aversion study were
due to dose differences. One difference between the ICSS paradigm and the place
conditioning procedure is that the ICSS procedure directly measures the state of the brain
reward system while the place conditioning procedure measures the behavioral response to a
previous experience. Interestingly, many studies have shown that females are better at
avoiding and escaping places where they have had an aversive experience (Beatty and
Beatty, 1970; Dalla and Shors, 2009; Saavedra et al., 1990). Therefore, the difference
between the males and females in the place aversion procedure might not reflect a greater
deficit in reward function during nicotine withdrawal, but better avoidance behavior in the
females. It might also be possible that different neuronal networks mediate place aversion
and elevations in ICSS thresholds.

Before investigating the effects of nicotine and nicotine withdrawal on brain reward
thresholds, it was determined if the stage of the estrous cycle affects the brain reward
thresholds. There were no differences in the brain reward thresholds between the different
stages of the estrous cycle (proestrus, estrus, or diestrus). This is in line with previous work
that has shown that the stage of the estrous cycle does not affect reward thresholds in the
ICSS procedure (Rao and Desiraju, 1990; Stratmann and Craft, 1997). Furthermore, the
stage of the estrous cycle did not affect the elevations in brain reward thresholds associated
with spontaneous nicotine withdrawal. This is in line with previous studies that have shown
that the stage of the estrous cycle does not affect nicotine withdrawal (Hamilton et al.,
2009). It should be noted that in the present study the group sizes were relatively small
(estrus n=4, non-estrus n=6), and therefore it cannot be ruled out that with larger group sizes
an effect of the estrous phase on nicotine withdrawal might have been observed.
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It was also investigated if the rats display increased anxiety-like behavior in the large open
field test and the elevated plus maze test after cessation of nicotine administration. In the
large open field test, the female rats traveled a greater distance than the male rats and also
spent more time in the center of the open field, but there was no effect of prior nicotine
exposure. This suggests that exposure to nicotine does not have a long term effect of
anxiety-like behavior in the large open field test. In the elevated plus maze, the females
traveled a greater distance than the males, made more entries in the open arms, and spent
more time in the open arms. Prior exposure to nicotine did not affect the percentage of open
arm entries, which suggest that prior nicotine exposure did not increase-anxiety-like
behavior. We also found that the female control rats and nicotine-treated female rats spent
the same amount of time on the open arms. The male control rats spent less time on the open
arms than the nicotine-treated male rats. It was somewhat surprising that the male control
rats spent less time on the open arms than the nicotine-treated male rats. This pattern of
results suggest that the male control rats might have been somewhat stressed during the
elevated plus maze test, which limits the interpretation of sex differences in this test.

Many studies suggest that rodents display increased anxiety-like behavior immediately after
cessation of nicotine administration, but some studies also suggest that prior nicotine
exposure has no effect on anxiety-like behavior or reduces anxiety-like behavior (Chae et al.,
2008; Damaj et al., 2003; Irvine et al., 2001; Kota et al., 2008; Morud et al., 2018; Stoker et
al., 2008). In the present study, we did not observe the increase in anxiety-like behavior after
the cessation of nicotine administration that other studies reported (Chae et al., 2008; Damaj
et al., 2003; Irvine et al., 2001). It cannot be ruled out that this is related to the time point at
which we investigated anxiety-like behavior in the elevated plus maze test. The rats were
tested in the elevated plus maze 4 days after the removal of the minipumps while nicotine
withdrawal-induced anxiety-like behavior is most severe during the first few days after
cessation of nicotine administration (Damaj et al., 2003). Damaj et al., (2003) reported
increased anxiety-like behavior in the elevated plus maze in male mice 2 and 3 days after the
cessation of nicotine administration, but not at later time points. Furthermore, other studies
reported an increase in anxiety-like behavior in rats 1 to 3 days after cessation of nicotine
administration (Chae et al., 2008; Irvine et al., 2001). Therefore, it might have been possible
that in the present study, an increase in anxiety-like behavior could have been observed at an
earlier time point.

In the present study, we found that low doses of mecamylamine induced more affective and
somatic withdrawal signs in male than female rats. One possible explanation for this
differential sensitivity to mecamylamine in nicotine-treated male and female rats could be
that nicotine administration induces a faster or larger increase in nAChRs in male than
female rats. This is supported by studies that showed that male smokers have higher levels of
B2 containing nAChR levels than female smokers, while there are no differences in 2
NAChR levels between males and females who do not smoke (Cosgrove et al., 2012). An
animal study showed that once a day nicotine administration to rats leads to an upregulation
of nAChRs in males but not in females (Koylu et al., 1997). However, chronic continuous
administration of nicotine, like in the present study, increases nAChR levels in female
rodents (Hoegberg et al., 2015; Marks et al., 1985). Therefore, it is unlikely that the current
nicotine exposure protocol did not lead to an increase in NAChR levels in females.
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To our knowledge, this is the first study that compared precipitated somatic nicotine
withdrawal signs between males and females. Several previous studies examined
spontaneous somatic withdrawal signs in males and females (Hamilton et al., 2009; Torres et
al., 2013). One study found more somatic nicotine withdrawal signs in male than female
rats, but this effect did not reach statistical significance (Torres et al., 2013). Another study
found that the expression of somatic withdrawal signs in males and females is dependent on
the lighting conditions (Hamilton et al., 2009). In a brightly-lit environment, the males and
females had the same number of somatic withdrawal signs, and in a dimly-lit environment,
the females displayed more somatic withdrawal signs. There are strong similarities between
somatic nicotine withdrawal and somatic opioid withdrawal signs. A slightly modified
opioid withdrawal scale is used to determine nicotine withdrawal, but overall fewer nicotine
withdrawal signs are counted than opioid withdrawal signs (Malin et al., 1992). Many
studies have also reported increased precipitated opioid withdrawal signs in male compared
to female rats and mice (Craft et al., 1999; Kest et al., 2001; Radke et al., 2013). Taken
together, these studies suggest that there are of sex differences in somatic nicotine
withdrawal signs and whether the males or females show more signs might depend on the
test conditions.

Previous studies have shown that acute nicotine administration affects locomotor activity
(Bruijnzeel et al., 2011; Clarke and Kumar, 1983), but little is known about the effects of
chronic nicotine administration on locomotor activity in male and female rats. In the present
study, the rats were chronically treated with saline or nicotine and then tested in a small and
large open field. The females traveled a greater distance than the males in the small and
large open field, which is in line with previous studies that have shown that females are more
active in open field tests (Bruijnzeel et al., 2019; Gray, 1971). Interestingly, the effects of
chronic nicotine administration on locomotor activity were dependent on the sex and test
conditions. Chronic nicotine infusion increased locomotor activity in female rats in the small
open field but not in the large open field and did not affect activity in male rats in the small
and large open field. These findings suggest that females, even after prolonged exposure, do
not develop tolerance to the stimulant-like effects of nicotine. It is not completely clear why
the effects of nicotine in females are dependent on the test environment. Both tests were
conducted under the same lighting conditions (brightly lit environment) and the rats had not
been exposed to the experimental setups before. One possible explanation is that the rats
were more fearful in the large open field than the small open field and this might have
suppressed the locomotor enhancing effects of nicotine in the large open field. Another
possible difference between the two tests was that the animals were tested in the small open
field one week after they had been tested in the large open field. It might be possible that
more prolonged exposure to nicotine contributed to the larger nicotine-induced increase in
locomotor activity in the female rats in the small open field test.

One potential point of concern is that in the present studies the sex differences were mainly
observed during mecamylamine-precipitated withdrawal and there is little clinical evidence
for precipitated withdrawal in smokers. One clinical study reported that oral mecamylamine
does not precipitate nicotine withdrawal in smokers (Eissenberg et al., 1996). However, it
has also been shown that mecamylamine leads to higher levels of intravenous nicotine self-
administration in humans with a history of smoking (Rose et al., 2003). It was suggested that
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smokers treated with mecamylamine had higher levels of nicotine intake because
mecamylamine prevents nicotine from diminishing withdrawal symptoms (Rose et al.,
2003). In our previous work, we also found that mecamylamine increases nicotine self-
administration in nicotine dependent rats (Geste et al., 2019). A study with nicotine-treated
and untreated rhesus monkeys showed that the nicotine-treated monkeys are more sensitive
to the effects of mecamylamine in a drug discrimination study (Cunningham et al., 2014). It
was suggested that this was due to mecamylamine-induced nicotine withdrawal. Overall,
these findings suggest that there are some similarities and discrepancies in findings with
mecamylamine in nicotine dependent rodents and smokers. Some of these discrepancies
might be due to the route of mecamylamine administration (oral vs subcutaneous), level of
dependence, or metabolism of mecamylamine in humans versus rodents. Another concern is
that in the present study, sex differences in nicotine withdrawal were observed after the
administration of mecamylamine, but not after the removal of the minipumps. Rats excrete
mecamylamine in the urine, and there are sex differences in renal clearance of drugs (Soldin
et al., 2011). In addition to this, sex differences in the effect of mecamylamine on
antinociception and reward function have been observed (Chi and de Wit, 2003; Chiari et al.,
1999). These findings suggest that sex differences in renal clearance and sensitivity to
mecamylamine could have contributed to the outcome of this study.

In conclusion, the present studies indicate that chronic nicotine administration leads to
nicotine dependence in male and female rats and increased activity in female rats in a small
open field. Nicotine- treated male rats are more sensitive to a low dose of mecamylamine
than nicotine-treated female rats. However, a high dose of mecamylamine and removal of
the minipumps leads to a similar increase in brain reward thresholds in the nicotine-treated
male and female rats. The present findings suggest that there are sex differences in the
expression of nicotine withdrawal in rats, but these sex differences are mainly observed after
the administration of low doses of mecamylamine.
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Highlights

. A low dose of mecamylamine precipitates nicotine withdrawal in males but
not females

. There is no sex difference in reward deficits during spontaneous nicotine
withdrawal

. The stage of the estrous cycle does not affect the brain reward threshold of
rats

. Chronic nicotine administration only increases locomotor activity in female
rats

. There is no increase in anxiety 3—4 days after cessation of nicotine

administration
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Figure 1. Continuous nicotine administration lowers the brain reward thresholds and decreases

the response latencies.

The rats were prepared with minipumps that contained nicotine or saline and the brain
reward thresholds and response latencies were determined daily. N=8-10/group. Data are

expressed as means + SEM.
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Figure 2. Sex differences in precipitated but not spontaneous nicotine withdrawal.
Rats were prepared with minipumps that contained nicotine or saline and the effects of

mecamylamine-precipitated and spontaneous withdrawal on brain reward thresholds (A, C)
and response latencies (B, D) were investigated. A, B) Asterisks indicate significantly
different compared to rats of the same sex that received saline pumps and were treated with
the same dose of mecamylamine. Plus signs indicate significantly different from rats in the
same group (sex and pump content) and treated with vehicle (0 mecamylamine). C)
Asterisks indicate significantly different from rats of the same sex and prepared with saline
pumps. * p<0.05, ** ++ P<0.01. N=8-10/group. Data are expressed as means = SEM.
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Large open field (post pump removal)

=3 male EE female

Border Center

Large open field (nicotine on board)

4 male EE female

Border Center

Rats were tested in the large open field 3 days after the removal of the nicotine and saline
pumps (A, B) or 6 days after the implantation of the nicotine and saline pumps (C, D). The
female rats traveled a greater distance in the open field than the male rats, but chronic
nicotine administration or cessation of nicotine administration did not affect open field
behavior. N=7-10/group. Data are expressed as means + SEM.
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Figure 4. Decreased locomotor activity in the elevated plus maze in males and females after

chronic nicotine administration.

Rats were exposed to nicotine or saline for 14 days and tested on the elevated plus maze 4
days after removing the minipumps. Total distance traveled (A), the number of open arm
entries (B), percentage open arm entries (C), and percentage time in open arms (D) were
determined. Asterisks indicated a higher percentage of time on the open arms compared to
male rats treated with saline. * p<0.05. N=8-10/group. Data are expressed as means + SEM.
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Figure 5. Sex differences in mecamylamine-precipitated somatic withdrawal signs.
Rats were treated with nicotine for 10 days and then withdrawal was precipitated and

somatic signs were counted. The total number of somatic signs are shown. The plus sign
indicates more somatic signs compared to female rats that were prepared with nicotine
pumps. Asterisks indicate more somatic signs compared to male and female rats that were
prepared with saline pumps. + p<0.05, ** P<0.01. N=7-8/group. Data are expressed as
means = SEM.
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Figure 6. Chronic exposure to nicotine Increases locomotor activity in female rats in the small

open field.

Rats were prepared with nicotine or saline pumps and locomotor activity (A, B) and rearing
(C, D) was investigated on day 13. A) Pound signs indicate a larger distance traveled
compared to rats in the male nicotine group, plus signs indicate a larger distance traveled
compared to rats in the female saline group, and asterisks indicate a larger distance traveled
compared to rats in the male saline group. **, ##, ++ P<0.01; + P<0.05. N=7-8/group. Data

are expressed as means + SEM.
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Absolute brain reward thresholds and response latencies during stages of the estrous cycle

Table 1.

N | Thresholds (uA) | Latencies (s)
Proestrus | 26 | 925+4.5 31+0.1
Estrus 21 | 93951 32%01
Diestrus | 43 | 97.4+3.8 31+0.1
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Table 2.
Individual somatic withdrawal signs.
N | Abdominal Ptosis Shakes Other
constrictions

Male saline 7 1.0+£0.3 31+£13 0.3+0.2 | 0.0+£0.0
Male nicotine 7 8.0+ 1.8** 93+ 1.7+ 0.1+0.1 06+04
Female saline 8 | 0.3+£0.2 20+1.1 24+10 | 05+0.3
Female nicotine | 8 | 1.0+0.3 29+17 31+10 | 06+04

Ak
Asterisks (p<0.01) indicate more abdominal constrictions compared to all other groups.

+
Plus sign (p<0.05) indicates more occurrences of ptosis compared to the female groups.

Neuropharmacology. Author manuscript; available in PMC 2020 December 01.

Page 26



	Abstract
	Introduction
	Materials and Methods
	Animals
	Drugs
	Experimental design
	Estrous cycle
	Surgical procedures
	Osmotic minipump implantation
	Electrode implantation

	Behavioral tests
	ICSS procedure
	Somatic withdrawal signs
	Large open field test
	Elevated plus maze test
	Small open field test

	Statistics

	Results
	Experiment 1: Sex differences in ICSS and nicotine withdrawal
	Precipitated withdrawal and ICSS (nicotine on board)
	Spontaneous withdrawal and ICSS (post pump removal)
	Large open field test (post pump removal)
	Elevated plus maze test (post pump removal)

	Experiment 2: Sex differences in somatic signs and locomotor effects of continuous nicotine administration
	Somatic withdrawal signs (nicotine on board)
	Small open field test (nicotine on board)
	Large open field test (nicotine on board)


	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

