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Abstract

Introduction: Tobacco is highly addictive, and after the development of dependence, it is difficult to
quit smoking.Therefore, it is important to understand the factors that play a role in the initiation of
smoking. The rewarding effects of nicotine play a role in the initiation of smoking and the goal of
the present study was to determine the rewarding effects of nicotine in adolescent and adult male
and female rats.

Methods: Male and female Wistar rats were prepared with intracranial self-stimulation (ICSS) elec-
trodes between postnatal day (P) 23 and 33. They were then trained on the ICSS procedure and
the effect of nicotine (0, 0.03, 0.1, 0.3 mg/kg) on the reward thresholds and response latencies was
investigated during adolescence (P40-59) or adulthood (>P75).

Results: Nicotine lowered the brain reward thresholds of the adult and adolescent male and female
rats. The nicotine-induced decrease in the reward thresholds was the same in the adult male and
adult female rats. However, nicotine induced a greater decrease in the reward thresholds of the
adolescent female rats than the adolescent male rats. Nicotine decreased the response latencies
of all groups and there was no effect of age or sex.

Conclusions: Nicotine enhances reward function and psychomotor performance in adolescent and
adult male and female rats. Adolescent female rats are more sensitive to the acute rewarding
effects of nicotine than adolescent male rats. Therefore, the rewarding effects of nicotine might
play a greater role in the initiation of smoking in adolescent females than in adolescent males.
Implications: The great majority of people start smoking during adolescence. The present studies
suggest that during this period female rats are more sensitive to the acute rewarding effects of
low and intermediate doses of nicotine than male rats. The rewarding properties of nicotine play a
role in the initiation of smoking and establishing habitual smoking.Therefore, the present findings
might explain why adolescent females are at a higher risk for becoming nicotine dependent than
adolescent males.
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adulthood.>* Furthermore, females who start smoking during ado-
lescence are at an even greater risk for becoming nicotine depend-
ent than males who start smoking during adolescence.® Therefore,
both the age of onset and sex affect the risk for becoming nicotine
dependent later in life. It might be possible that adolescent females
are at an increased risk of becoming nicotine dependent because they
are more sensitive to the acute rewarding effects of nicotine. Animal
studies have been conducted to investigate the effects of age and sex
on the reinforcing properties of nicotine.

Previous studies compared nicotine self-administration between
adult male and adult female rats.*'! There are no differences in oper-
ant responding for nicotine between adult male and adult female
rats when standard nicotine doses (0.03-0.06 mg/kg per infusion)
are used and the rats are tested under fixed-ratio schedules.®”
However, it has been reported that females have a higher level of
nicotine intake during the acquisition phase and a higher breakpoint
when tested under a progressive ratio schedule.”'®!" These studies
suggest that there are no differences in nicotine self-administration
between adult male and adult female rats under standard nicotine
self-administration conditions. However, females might acquire
nicotine intake faster and possibly have a higher motivation to self-
administer nicotine.

The effect of age and sex on the rewarding effects of nicotine has
also been investigated with the conditioned place preference (CPP)
procedure. In this test, nicotine is administered in the presence of
distinct environmental stimuli, and depending on the dose, the ani-
mals may develop a preference or aversion for the environment in
which they received the nicotine.!>!3 It has been firmly established
that low and intermediate doses of nicotine induce CPP in adult
male rats,'” and adolescent male rats are somewhat more sensitive
to the reward-enhancing effects of nicotine than adult rats.'* Place-
conditioning studies have reported conflicting findings with regard
to the role of sex in the rewarding effects of nicotine in adult rats.!'¢
One CPP study reported that adult males are more sensitive to the
rewarding effects of nicotine than adult females and another study
reported that adult females are more sensitive.'>'® The CPP para-
digm is an excellent test to investigate the rewarding effects of con-
textual cues associated with drug use.!” However, the test does not
provide insight into the state of the reward system in the presence
of the drug, and clear dose-dependent effects are often not observed
with the place-conditioning procedure.'®

We used the intracranial self-stimulation (ICSS) procedure to
investigate the acute rewarding effects of nicotine in adolescent and
adult male and female rats. The ICSS procedure provides insight into
the acute rewarding effects of drugs as changes in the reward thresh-
olds are determined in the presence of the drug. Nicotine and other
widely abused drugs decrease the brain reward thresholds, which
indicates that these drugs potentiate reward function.'”? In the pre-
sent studies, the response latencies were also assessed. The response
latency is the time interval between the onset of the noncontingent
electrical stimulus and the operant response of the rat. The response
latency reflects psychomotor performance, and stimulants decrease
the response latency and sedative drugs such as benzodiazepines
increase the response latency.'??!

The goal of the present studies was to investigate the acute
rewarding and psychomotor effects of nicotine in adolescent and
adult male and female rats. To the best of our knowledge, this is
the first study to test adolescent female rats in the ICSS procedure.
Furthermore, the acute effects of nicotine on reward thresholds and
response latencies have not been investigated in adolescent male,

adolescent female, or adult female rats. The rats were prepared with
electrodes between postnatal day (P) 23 and 33 and then trained on
the ICSS procedure. The rats were considered adolescent between
P40 and P60 and adult when they were older than P75.22* In the
present studies, we investigated the effects of low and intermediate
doses of nicotine (0.03, 0.1, 0.3 mg/kg) on the state of the brain
reward system."” In order to reduce the addictive properties of
cigarettes, the US Food and Drug Administration plans to limit the
amount of nicotine that is allowed in cigarettes.?** Therefore, it is
important to gain insight into the acute rewarding properties of low
and intermediate doses of nicotine in adolescent and adult male and
female rats.

Methods

Subjects

Adult male and female Wistar rats were purchased from Charles
River Laboratories (Raleigh, NC) and housed with a rat of the same
sex. The rats were housed in a climate-controlled vivarium on a
reversed 12-hour light-dark cycle (light off at 8 am). The rats that
were used for the ICSS studies were bred in our animal facilities.
A female rat was housed with a male breeder and they were sepa-
rated after at least 2 weeks if the female was visibly pregnant. If the
female was not pregnant, then they remained together for another
week. If this did not lead to a pregnancy, then the female was housed
with another male. The females were housed with the pups until they
were weaned at P21. After weaning, the rats were housed in same-sex
pairs. Food and water were available ad libitum in the home cage.
The animals were fed regular rodent chow (Teklad 2018, Envigo,
Indianapolis, IN). The female breeders received a food with lower
levels of natural phytoestrogens as these factors can have negative
effects on reproductive health (Teklad 2019). The experimental
protocols were approved by the University of Florida Institutional
Animal Care and Use Committee.

Drugs

Nicotine was purchased from Sigma (N5260, Sigma-Aldrich, St.
Louis, MO). Nicotine was dissolved in sterile saline (0.9% sodium
chloride, pH not adjusted) and administered subcutaneously (sc) in
a volume of 1 mL/kg body weight. Nicotine doses are expressed as
base.

Experimental Design

Rats were bred in house and weaned at P21. A total of 53 rat pups
from eight litters were used for this study (29 males and 24 females).
We only used rats that had recovered well from the surgery and
completed the ICSS training. The implantation of the electrodes
started at P23 and most of the electrodes were implanted within
several days. The rats were then trained on the ICSS procedure as
described in our previous work.?*?” The nicotine injections started
after the ICSS training was completed (>90% correct responses) and
the reward thresholds and response latencies had been collected for
at least 3 days. The effects of nicotine were investigated in adoles-
cent rats (P40-59, n = 32) and adult (P75 and older, 7 = 20) rats.??
The main goal of the study was to compare the rewarding effects of
nicotine in the adolescent and adult male and female rats. However,
a subgroup of the adolescent male rats could be considered middle
adolescent (P34-46). Therefore, a secondary analysis was conducted
to determine if there was a difference in the response to nicotine



174

Nicotine & Tobacco Research, 2020, Vol. 22, No. 2

between the middle and late adolescent male rats.?® It took longer to
train the adolescent females than the adolescent males and only two
female rats received nicotine during middle adolescence (Table 1).
Therefore, the rewarding effects of nicotine were not compared
between middle and late adolescent females. The doses of nicotine
(0.03, 0.1, 0.3 mg/kg, sc) were based on a previous study in which
we investigated the effects of nicotine on reward thresholds in adult
male rats.”” All rats received all doses of nicotine on four consecutive
days (different dose each day). Nicotine was administered according
to a Latin square design 15 minutes prior to ICSS testing.

Electrode Implantations

Rats were anesthetized with an isoflurane and oxygen vapor mix-
ture (1%-3% isoflurane) and placed in a stereotaxic frame (David
Kopf Instruments, Tujunga, CA). The top of the head was shaved
and a 1-cm incision was made. After cleaning the skull, five small
holes were drilled and four skull screws (0-80 x 1/16, Plastics One,
Roanoke, VA) were implanted. The fifth hole was used for the elec-
trode. The coordinates for the electrodes were based on a previous
study in which we implanted electrodes in adolescent rats.?® The elec-
trodes (11 mm in length, Plastics One) were implanted in the medial
forebrain bundle with the incisor bar set 5 mm above the interaural
line (adolescents: -0.5 anterior posterior, =1.48 medial lateral, -8.3
dorsal ventral from dura). After at least 3 days of recovery, the rats
were trained on a modified discrete-trial ICSS procedure.?*3°

ICSS Procedure

The operant conditioning chambers were housed in sound-attenu-
ating chambers (Med Associates, Georgia, VT). The operant con-
ditioning chambers had a 5-cm wide metal response wheel that
was centered on a sidewall and a photobeam detector recorded
every 90° of rotation. Brain stimulation was delivered by constant
current stimulators (Model 1200C, Stimtek, Acton, MA). The rats
were initially trained to turn the wheel on a fixed-ratio 1 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 for
stimulation on this fixed-ratio 1 schedule, defined as 100 reinforce-
ments within 10 minutes, the rats were trained on a discrete-trial
current-threshold procedure. The discrete-trial current-threshold
procedure that was used was a modification of a task developed
by Kornetsky and Esposito,*! and previously described in detail by
Bruijnzeel and Markou.??>** Each trial began with the delivery of

Table 1. Age and Body Weight of the Adult and Adolescent Rats

a noncontingent electrical stimulus, followed by a 7.5-second re-
sponse window during which the animal could respond to receive
a second identical stimulus. A response during this 7.5-second re-
sponse window was labeled a positive response, whereas the lack
of a response was labeled a negative response. During the 2-second
period immediately after a positive response, additional responses
had no consequence. The intertrial interval, which followed ei-
ther a positive response or the end of the response window, had
an average duration of 10 seconds (ranging from 7.5 seconds
to 12.5 seconds). Responses that occurred during the intertrial
interval resulted in a further 12.5-second delay of the onset of the
next trial. During training on the discrete-trial procedure, the dur-
ation of the intertrial interval and delay periods induced by time-
out responses were gradually increased until animals performed
consistently at standard test parameters. Training was completed
when the animals responded correctly to more than 90% of the
noncontingent electrical stimuli. It took 1-2 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.
A test session consisted of four alternating series of descending
and ascending current intensities starting with a descending series.
Blocks of three trials were presented to the rats at a given stimula-
tion intensity, and the intensity was altered systematically between
blocks of trials by 5-pA steps. The initial stimulus intensity was set
40 pA above the baseline current-threshold for each animal. All the
rats were tested at least three times on the current threshold pro-
cedure before the start of the nicotine injections. The coefficient of
variation of the thresholds and latencies on the 3 days prior to the
nicotine injections is reported in Supplementary Table 1. Each test
session typically lasted 30-40 minutes and provided two depend-
ent variables for behavioral assessment (brain reward thresholds
and response latencies). The brain reward threshold (microampere)
was defined as the midpoint between stimulation intensities that
supported responding and stimulation intensities that failed to sup-
port responding. The response latency(s) was defined as the time
interval between the beginning of the noncontingent stimulus and a
positive response. A decrease in reward thresholds is indicative of a
potentiation of reward function.’! Drugs that have sedative effects
or induce motor impairments increase the response latency and
stimulants decrease the response latency.'*?! The nicotine injections
started at least several days after the onset of the current-threshold
procedure.

Age at electrode

BW at electrode Age at start of nicotine BW at start of

Group Sex Group size implantation (days) implantation (g) injections (days) nicotine injections (g)
Adult Male 8 261 78 3 92+6 395 =19
Female 13 28 =1 80 =4 136 = 24 285 = 17**
Adolescent? Male 21 27 =1 82 + 4 49 = 1 232 = 13#
Female 11 28 +1 79 =3 501 175 = 7*#
Late adolescent Male 14 271 82+ 4 53=+1 266 = 10#
Female 9 28 =1 80 =4 52«1 182 = 7%*#
Middle adolescent Male 7 27+ 1 81«35 41+0.3 162 = 5#
Female 2 27 =1 79 = 0.4 41+ 0.0 146 = 6*

Asterisks (*p < .01, **p <.001) indicate lower body weights compared to male rats of the same age. Pound signs (#p < .001) indicate lower body weights compared

to adult rats of the same sex. Data are expressed as averages + SEM. BW = body weights.

aBoth late and middle adolescent rats are included.
A statistical comparison was not conducted because of the small group size.
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Statistics

The body weights of the adolescent and adult male and female rats
were compared with a two-way analysis of variance (ANOVA) with
age and sex as between-subject factors. The body weights of the mid-
dle adolescent and late adolescent rats were compared with a one-way
ANOVA. The baseline brain reward thresholds and response laten-
cies were also compared with one-way ANOVAs. The brain reward
thresholds and response latencies were expressed as a percentage of
the pretest day threshold or latency (Supplementary Table 1). The
ICSS parameters were analyzed with two-way ANOVAs with age or
sex as between-subject factors and nicotine dose as within-subject
factor. When the ANOVA revealed significant effects, the Bonferroni
post hoc test was conducted. The data were analyzed with SPSS
Statistics 25 and GraphPad Prism 7 for Windows.

Results

The electrode implantations started at P23, and at the onset of the
implantations, there were no differences in body weights between
the groups (Table 1, Supplementary Figure 1A). On the day of the
electrode implantations, the average age of the rats was 27.3 days
and the average body weight was 80.2 g. On the first day of the
nicotine injections, the body weights of the adult rats were higher
than the body weight of the adolescent rats and the body weights
of the female rats were lower than the body weight of the male
rats (Sex F1,49 = 26.55, p < .0001; Age F1,49 = 71.59, p < .0001,
Table 1, Supplementary Figure 1B). The late adolescent male rats
had a higher body weight than the middle adolescent male rats on
the day of the first nicotine injection (F1,19 = 48.231, p < .0001,
Supplementary Figure 1C). Prior to the onset of the nicotine injec-
tions, the brain reward thresholds of the adult male rats were higher
than those of the adult females and the adolescent males and females
(F3,49 = 5.353, p < .01, Supplementary Table 1). The thresholds of
the adult males were also higher than those of the late adolescent
males and females (F4,46 = 4.088, p < .01). There was no difference
between the baseline thresholds of the adult males and middle ado-
lescent males. There were no differences in the response latencies
between the adult and adolescent male and female groups.

The administration of nicotine decreased the brain reward
thresholds of the adult male and adult female rats and there was
no effect of sex (Dose F3,57 = 6.141, p < .01, Figure 1A). Nicotine
also lowered the brain reward thresholds of the adolescent rats and
nicotine induced a larger decrease in the reward thresholds of the
adolescent females than the adolescent males (Dose F3,90 = 14.16, p
<.0001; sex F1,30 = 4.558, p < 0.05, Figure 1C). A similar effect was
observed when the data from the late adolescent rats were analyzed.
Nicotine decreased the brain reward thresholds of the late adoles-
cent rats and the nicotine-induced decrease in the reward thresh-
olds was larger in the females (Dose F3,63 = 9.968, p < .0001; Sex
F1,21 = 4.501, p < .05, Figure 1E).

Nicotine lowered the brain reward thresholds of the adoles-
cent male and adult male rats (Dose F3,81 = 8.661, p < .0001,
Supplementary Figure 2A), and the middle adolescent male rats
and late adolescent male rats (Dose F3,57 = 8.594, p < .0001,
Supplementary Figure 2C), but there was no effect of age (adoles-
cent vs. adult or early-adolescent vs. late adolescent). There was,
however, a trend toward a larger nicotine-induced decrease in the re-
ward thresholds of the adolescent female rats compared to the adult
female rats (Dose F3,66 = 9.917, p < .0001; Age F1,22 = 2.925,
p = .10, Supplementary Figure 2E). These findings indicate that

nicotine decreases the brain reward thresholds and that nicotine
induces a larger decrease in the reward thresholds of the adolescent
female rats than the adolescent male rats.

Nicotine decreased the response latencies of the adult male and
adult female rats (F3,57 = 4.486, p = .01, Figure 1B), the adoles-
cent male end adolescent female rats (F3,90 = 13.54, p < .0001,
Figure 1D), and the late adolescent male and late adolescent female
rats (F3,63 = 11.51, p < .0001, Figure 1F). There was no effect of
sex on the nicotine-induced decrease in the response latencies in the
adult and adolescent rats.

Additional analyses were conducted to compare the laten-
cies between the adult and adolescent rats for each sex. Nicotine
decreased the response latencies of the adult male rats and the
adolescent male rats (Dose F3,81 = 4.035, p < .05, Supplementary
Figure 2B), and the middle and late adolescent male rats (Dose
F3,57 =7.213,p <.001, Supplementary Figure 2D). In both analyses,
there was no effect of age. Nicotine also decreased the latencies of
the adult female and adolescent female rats and there was no effect
of age (Dose F3,66 = 12.57, p < .0001, Supplementary Figure 2F).
These findings indicate that nicotine decreases the response latencies
of the adolescent and adult male and female rats and the effects of
nicotine are not affected by the age or sex of the animals.

Discussion

The goal of the present studies was to investigate the rewarding and
psychomotor effects of nicotine in adolescent and adult male and
female rats. The studies showed that nicotine decreased the brain
reward thresholds of all groups of rats. However, nicotine induced
a larger decrease in the reward thresholds of the adolescent females
than the adolescent males. The adolescent females were also slightly
more sensitive to the rewarding effects of nicotine than the adult
females (nonsignificant trend). Nicotine decreased the response
latencies of all groups of rats and there was no effect of age or sex.
Overall, these findings indicate that nicotine is more rewarding in
adolescent female than in adolescent male rats.

In the present study, we found that nicotine lowered the brain
reward thresholds of the adult male rats. The highest dose of nico-
tine (0.3 mg/kg) lowered the brain reward thresholds by about 10%
in the adult male rats. This is in line with former studies by us and
others that showed that this dose of nicotine decreases the reward
thresholds in adult males by about 10% and is the most rewarding
dose of nicotine.'** The nicotine-induced decrease in the reward
thresholds in the adult females was similar as in the adult males.
This finding suggests that there are no differences in the reward-
ing effects of nicotine between adult males and adult females. On
the basis of this observation, one would expect that there are no
differences in nicotine self-administration in adult males and adult
females. Indeed, previous studies have reported that adult male
and adult female rats self-administer the same amount of nico-
tine under standard self-administration conditions (fixed-ratio
schedule, 0.03-0.06 mg/kg per infusion).®* Place-conditioning
studies have been conducted to compare the rewarding effects of
nicotine in adult male and adult female rats. One study did not find
significant CPP in adult females with low or intermediate doses
of nicotine (0.2-0.8 mg/kg), and only a high dose of nicotine pro-
duced CPP in the females and aversion in males.!> This suggests
that adult females are more sensitive to the rewarding effects of
a high dose of nicotine and possibly less sensitive to the aversive
effects of a high dose. Another CPP study did not find differences
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Figure 1. Nicotine lowers the brain reward thresholds and response latencies of adult, adolescent, and late adolescent male and female rats. Figures depict the
effect of nicotine on the reward thresholds and response latencies of the adult rats (A, B), adolescent rats (C, D), and late adolescent rats (E, F). Asterisks indicate
a decrease in the reward thresholds and response latencies compared to rats of the same age or sex treated with vehicle. *p < .05, **p < .01, ***p < .001. Data

are expressed as means = SEM.

in the rewarding effect of nicotine between adult males and adult
females.’® One specific dose of nicotine (0.4 mg/kg) induced CPP
in the female rats but not in the adult male rats. There was, how-
ever, no significant difference between the adult male and adult
female rats at this dose. Therefore, these CPP studies suggest that
there is no or possibly only very small difference in the rewarding
effects of nicotine between adult males and adult females but these
groups might react differently to high and aversive doses of nico-
tine. Overall, the present ICSS study and the aforementioned CPP
and self-administration studies would suggest that there are no dif-
ferences in the rewarding effects of low and intermediate doses of
nicotine between adult male and adult female rats.

The present results show that adolescent female rats are more
sensitive to the rewarding effects of nicotine than the adolescent
male rats. The highest dose of nicotine induced a 17% decrease in
the brain reward thresholds of the adolescent females. Although
this is a relatively large decrease in reward thresholds, it is not the
maximum response that can be observed with the ICSS method.
Larger decreases in the thresholds have been observed with more
potent psychostimulants such as methamphetamine and the bath salt
3,4-methylenedioxypyrovalerone.?*5 We are not aware of any stud-
ies that have directly compared the acute rewarding effects of nico-
tine in adolescent male and adolescent female rats. However, in one
CPP study both adolescent male and adolescent female rats received
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0.03 mg/kg of nicotine prior to the training sessions.*® Nicotine
induced a 400% increase in preference in the adolescent female rats
and a 200% increase in the adolescent male rats. Although only one
dose of nicotine was used and the groups were not directly compared,
this observation suggests that adolescent females are more sensitive
to the rewarding effects of nicotine than adolescent males. Several
studies have compared intravenous nicotine self-administration
between adolescent male and adolescent female rats. Two of these
studies reported similar levels of nicotine self-administration in the
adolescent male and adolescent female rats.'¥” One study reported a
higher level of nicotine self-administration in adolescent males than
adolescent females, but this effect was only observed during the first
2 weeks of nicotine self-administration.!" Therefore, the adolescent
nicotine self-administration studies do not support that there is a
difference in the reinforcing effects of nicotine between males and
females. Nicotine intake has also been compared between adolescent
male and adolescent female mice using a voluntary oral nicotine con-
sumption procedure.*® The female mice consumed a larger amount
of nicotine when intake was adjusted for body weights. Taken to-
gether, our ICSS study suggests that nicotine is more rewarding in
adolescent female rats than in adolescent male rats. This is in line
with CPP and oral self-administration studies that suggest that the
adolescent females might be somewhat more sensitive to the reward-
ing effects of nicotine than adolescent males.

In the present study, it was not investigated if the increased sen-
sitivity to the rewarding effects of nicotine in the adolescent females
translates into a higher risk for becoming dependent. However, sev-
eral studies suggest that adolescent females are particularly vulner-
able for becoming nicotine dependent. Adolescent female rats have a
higher level of nicotine self-administration than adult female rats.*®
Interestingly, female rats that start with nicotine self-administration
during adolescence have a higher level of nicotine intake in adult-
hood than females that start during adulthood. Rats with a high
level of nicotine intake are more likely to become dependent*’; there-
fore, female rats that start nicotine intake during adolescence might
be more likely to become nicotine dependent. A similar pattern of
results has been reported in humans. Lanza and Vasilenko® reported
that the rate of nicotine dependence in adulthood is related to the
age of onset of regular smoking. People who start smoking during
adolescence are at a higher risk for becoming nicotine dependent in
adulthood than people who start smoking as adults. Interestingly,
females who start smoking during adolescence are more likely to
become nicotine dependent during adulthood than males who start
smoking during adolescence.’ Overall, these findings indicate that
nicotine is more rewarding in adolescent females than in adolescent
males. People who experience their first cigarette as very pleasur-
able are more likely to become daily smokers than people who have
an unpleasant first experience.* Therefore, the fact that adolescent
females experience nicotine as more rewarding than their male coun-
terparts could play a role in their increased risk for becoming nico-
tine dependent.

In the present study, we also investigated the effect of nicotine
on the response latencies. The administration of nicotine decreased
the response latencies in all groups to a similar degree. Nicotine is
a mild psychostimulant and it was therefore expected to improve
psychomotor performance. Previous ICSS studies have also shown
that nicotine decreases the response latencies.!”*! The present study
showed that there is no effect of sex or age on the nicotine-induced
decrease in the response latencies. We only investigated the effects of
low and intermediate doses of nicotine. The pharmacological effects

of nicotine typically follow a U-shaped dose-response curve, and in
a previous study with adult male rats, we showed that an intermedi-
ate dose of nicotine (0.3 mg/kg) decreased the response latencies
and a higher dose of nicotine (0.6 mg/kg) was without effect.’ In
the present study, nicotine induced a slightly larger decrease in the
latencies of the adolescent females than the adolescent males and
the difference in the response latencies between these groups became
larger with increasing doses of nicotine. Therefore, it cannot be ruled
out that larger differences in the response latencies between the ado-
lescent male and adolescent females might have been detected with
higher doses of nicotine. This is supported by studies with adolescent
rats in which the locomotor response to nicotine was investigated.
Nicotine induced a larger increase in locomotor activity in adoles-
cent female rats than in the adolescent male rats and this effect was
largest with the highest doses of nicotine (0.5 and 1 mg/kg).*
There is some evidence that the rewarding properties of nicotine
differ for early, middle, and late adolescent rats. Low doses of nico-
tine induce CPP in early adolescent mice, but not in middle adoles-
cent, late adolescent, or adult mice.** Furthermore, early adolescent
mice prefer a nicotine solution over water but middle and late ado-
lescent mice do not prefer the nicotine solution over water.* In both
studies, there were no differences in the rewarding effects of nicotine
between the middle and late adolescent mice.*** That is in line with
the present study in which the ANOVA analysis did not reveal a
significant difference in the rewarding effects of nicotine between
the middle and late adolescent rats. In the present study, we were
not able to compare the rewarding effects of nicotine between the
middle and late adolescent female rats. We trained 24 female rats on
the ICSS procedure, but only two of the female rats met the response
requirement during middle adolescence. In contrast, seven out of 29
males met the response requirements during middle adolescence.
The adolescent females were somewhat more difficult to train than
the adolescent males. This might have been due to the fact that the
adolescent female rats are more active compared to the adolescent
male rats.*” However, it should be noted that in both groups, only
a relatively small number of animals met the response requirements
during middle adolescence. The rat ICSS procedure might have to be
modified in order to be able to better investigate the rewarding prop-
erties of drugs in early and middle adolescent male and female rats.
In the present study, the baseline brain reward thresholds of the
adult male rats were higher than those of the adult females and the
adolescent males and females. We believe that this did not affect the
response to nicotine. Nicotine decreased the brain reward thresholds
of the adult male rats by 12%. We found a similar, 14%, nicotine-
induced decrease in brain reward thresholds in adult male rats in a
previous study.” In the previous study, the baseline brain reward
thresholds were much lower than in the present study (185 vs.
91 pA). This suggests that the baseline reward threshold has little or
no effect on the nicotine-induced changes in the reward thresholds.
Furthermore, in the present study, the latencies of the adult male
rats did not differ from the latencies of the adult females and the
adolescent males and females. This indicates that the adult males
performed as well on the ICSS test procedure as the other groups
of rats. In our study, we did not compare plasma and brain nicotine
levels between the adolescent and adult rats. However, there is evi-
dence that the age of the rats affects plasma and brain nicotine lev-
els.* Plasma and brain nicotine levels are lower in adolescent male
rats (P40) than in adult male rats (P90), 30 minutes after systemic
nicotine administration (0.8 mg/kg nicotine base, sc).* In the pre-
sent studies, we observed a trend toward a larger nicotine-induced
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decrease in the reward thresholds of the adolescent female rats com-
pared to the adult female rats. It cannot be ruled out that the differ-
ential sensitivity of the adolescent and adult female rats was due to
differences in nicotine metabolism.

The present study provides insight into the dose—effects of nico-
tine in adolescent and adult male and female rats on brain reward
function. Our study showed that adolescent females are most sen-
sitive to the acute rewarding effects of nicotine. There has been a
strong interest in reducing the nicotine content of tobacco to de-
crease the addictive properties of cigarettes.*®*” Preclinical stud-
ies have focused on determining the threshold dose below which
nicotine has no reinforcing properties.”** However, so far most
of these studies have been conducted with adult rats. The present
finding suggest that adolescent females are very sensitive to the
rewarding effects of nicotine, and most people start smoking dur-
ing adolescence.’® Therefore, in future animal studies, adolescent
females should be included to be able to provide scientific guidance
regarding the effectiveness of nicotine reduction policies in people
with different age and sex. In the present study, we investigated the
effects of low and intermediate doses of nicotine on the reward
thresholds. Higher doses of nicotine are aversive, and the aversive
aspects of nicotine might deter some people from continuing to ex-
periment with cigarettes.'”’! Therefore, future studies may also ex-
plore the aversive aspects of nicotine in adolescent and adult male
and female rats.

In conclusion, our study shows that adolescent females are more
sensitive to the acute rewarding effects of nicotine than adolescent
males. This increased sensitivity to the acute rewarding effects of
nicotine in adolescent females could potentially increase the risk for
becoming nicotine dependent.
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