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The purpose of this study was to examine sex differences in sensitivity to nicotine's reinforcing effects during
adolescence, a hormone transition phase characterized by rapid and marked changes in levels of gonadal
hormones. Male and female rats were trained to self-administer nicotine (5 or 10 pg/kg/infusion) under a fixed-
ratio 1 schedule beginning on postnatal day 30. Following acquisition, responding was assessed under a
progressive-ratio schedule until postnatal day 45 with blood sampling occurring prior to the first 5 sessions in
order to determine the relationship between gonadal hormones (i.e., estradiol and progesterone in females and

ﬁ?;vl?srisﬁce testosterone in males) and responding for nicotine. Under low dose conditions, a greater percentage of females
Estradiol than males acquired nicotine self-administration. Under progressive-ratio testing conditions, although
Estrous cycle adolescent females and males initially responded at similar levels, by the end of the adolescent testing period,
Motivation females responded at higher levels than males to obtain nicotine infusions. Levels of responding under the
Nicotine progressive-ratio schedule were negatively associated with progesterone and positively associated with the
Progesterone ratio of estradiol to progesterone. These findings demonstrate an enhanced sensitivity in adolescent females as

Progressive-ratio
Self-administration
Sex differences

compared to adolescent males to nicotine's reinforcing effects with evidence implicating circulating hormone
levels as modulating this sensitivity.

Testosterone
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1. Introduction

Men are approximately one and a half times more likely than
women to report past month use of a tobacco product and slightly
more likely to smoke cigarettes (Substance Abuse and Mental Health
Services Administration (SAMHSA), 2007). However, among adoles-
cents, the gender differential is eliminated with adolescent females
aged 12 to 17 equal to males on reported rates of current smoking (9.7%
versus 10.0%, respectively). Moreover, accumulating evidence indi-
cates that women are more vulnerable on certain aspects of nicotine
dependence than are men. For example, compared to male smokers,
female smokers take less time to become dependent after initial use,
report shorter and less frequent abstinence periods, and have more
difficulty quitting smoking (for review see Perkins, 2001).

Results from studies with adult laboratory animals support a greater
vulnerability to nicotine self-administration in females compared to
males (Chaudhri et al,, 2005; Donny et al., 2000, 2004; Rezvani et al.,
2008), suggesting that differences observed between men and women
smokers have a biological basis. For example, Donny et al. (2000) com-
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pared male and female rats on acquisition of nicotine self-administra-
tion and found that a greater percentage of females than males acquired
self-administration under the low dose conditions. They also showed
that females responded at higher levels than males on a progressive-
ratio schedule suggesting that they were more motivated to obtain
nicotine infusions than were males. Although this study did not find
estrous cycle dependent changes in progressive-ratio responding for
nicotine, studies conducted with humans suggest that ovarian
hormones contribute to smoking behavior in women. For example,
phase of the menstrual cycle has been shown to affect the subjective
effects of smoking and smoking behavior (DeBon et al., 1995; Mello et al.,
1987; Snively et al., 2000; but see Allen et al., 1996; Pomerleau et al.,
1994; Marks et al., 1999) and to be predictive of nicotine withdrawal
severity (Allen et al,, 1999; O'Hara et al., 1989; Perkins et al., 2000) and
vulnerability to craving and smoking relapse following abstinence
(Pomerleau et al,, 2000; Franklin et al, 2004, 2008; Carpenter et al.,
2006; Allen et al., 2008, 2009). Additionally, Sofuoglu et al. (2001)
demonstrated that exogenously administered progesterone reduced the
positive subjective effects of smoking and craving for cigarettes. Similar
findings of an increased vulnerability in females as a function of
hormonal phase have been reported in both laboratory animals and
humans for a variety of other drugs of abuse (Lynch, 2006; Lynch et al.,
2002; Carroll et al., 2004; Becker and Hu, 2008). These findings suggest
that ovarian hormones modulate the reinforcing effects of drugs of
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abuse, including nicotine, raising the possibility that vulnerability to
nicotine dependence may vary at hormone transition phases (e.g.,
adolescence, pregnancy, menopause).

Adolescence is a period of marked hormonal change that is asso-
ciated with an apparent vulnerability to smoking initiation. Addition-
ally, adolescents, particularly female adolescents, seem to progress
more rapidly to nicotine dependence after initial use than adults
(SAMHSA, 2007) and show higher rates of dependence, even though
adolescents report smoking fewer cigarettes than do adults (Tanski
et al, 2004; Storr, 2008). Despite these findings, and the fact that
smoking generally begins during adolescence, most animal studies have
focused on adult males (but see McQuown et al., 2007; Shram et al.,
2008a,b; Levin et al., 2007; Adriani et al., 2003). As a result, very little
information is available on sex differences in vulnerability to nicotine
dependence during adolescence, and it is not yet known whether
changes in vulnerability to nicotine dependence coincide with changes
in hormones.

Adolescence in the rat is associated with the onset of puberty and
has been broadly defined to include the few days preceding and
following its onset (from postnatal day 28 to 42; Spear and Brake,
1983). It is initiated by a surge in gonadal hormones on at around
postnatal day 28 (e.g., GnRH, testosterone and estrogen; Corpechot
etal., 1981).In adolescent females, vaginal opening occurs on postnatal
day 35, and by postnatal day 45, females are randomly cycling (Ojeda
etal., 1983).In males, following the surge in gonadal hormone, levels of
testosterone continue to increase beginning at around PND 35 with the
first free sperm appearing around postnatal day 45 (Ojeda et al., 1980).

An initial study conducted by Klein et al. (2004) in mice showed
that oral nicotine consumption in g/kg was significantly greater in
adolescent females as compared to adolescent males. Chen et al.
(2007) recently showed in rats that adolescent males and females did
not differ on acquisition of nicotine self-administration under low dose
conditions when responding was assessed beginning during late
adolescence (beginning between postnatal days 43 and 45). Levin et al.
(2003) also examined nicotine self-administration in female rats
during late adolescence (beginning between postnatal days 40 and 46)
and showed that adolescent females rapidly acquired self-administra-
tion, although a comparison to males was not included. To date, no
studies have examined estrous cycle phase in females or gonadal
hormone levels in females or males with regard to nicotine self-
administration during adolescence. Thus, the goal of this study was to
explore sex differences and hormonal influences on acquisition of
nicotine self-administration and subsequent motivation for nicotine as
assessed under a progressive-ratio schedule in adolescent rats
beginning at postnatal day 30 and ending at postnatal day 45. Estrous
cycle phase was monitored throughout the study. Blood levels of
estradiol and progesterone (females) and testosterone (males) were
also examined prior to each of the first 5 progressive-ratio sessions in
order to determine the relationship between levels of circulating
gonadal hormones and motivation for nicotine. Given previous
findings of sex differences in adult rats and previous findings of
hormonal influences in humans, we hypothesized that female rats
would show an enhanced sensitivity to the reinforcing effects of
nicotine as compared to male rats, and that ovarian hormones would
underlie the enhanced sensitivity.

2. Methods
2.1. Subjects

Female and male Sprague Dawley rats arrived at the laboratory at
postnatal day 22 with self-administration testing beginning at
postnatal day 30 and continuing until postnatal day 45.

Upon arrival at the laboratory, rats were individually housed in
operant conditioning chambers (ENV-018M; Med Associates, St. Albans,
VT), and maintained on a 12-hour light/dark cycle (lights on at 7-am)

with free access to food and water. In order to ensure that acquisition
occurred within the narrow window of time in which to study
adolescence, rats were pre-trained to lever-press for sucrose pellets
using methods previously described (Lynch, 2008). Briefly, this training
began following a 2-day habituation period (i.e., at postnatal day 25)
wherein 30 male and 30 female rats were trained to lever-press for
sucrose pellets (45-mg) during daily 23-h sessions beginning at 12-pm.
Training sessions were initiated daily by the introduction of the left lever
into the operant chamber and responding was reinforced under a fixed-
ratio 1 schedule with daily sessions continuing until rats obtained a
minimum of 50 pellets in a session (typically occurred within the first
three sessions). Rats were weighed on the day of surgery and for the
2 days that followed and there after, three times each week (i.e., Mon,
Wed, and Friday). The experimental protocols were approved by the
Animal Care and Use Committee of the University of Virginia and were
conducted in accordance with guidelines set by the National Institutes of
Health.

2.2. Surgery

Surgical implantation of a catheter (Silastic tubing; 0.51 mm o.d.
and 0.94 mm o.d.; Dow Corning Corporation, Midland, MI) in the right
jugular vein of each rat was conducted on postnatal day 28 under
ketamine (90 mg/kg) and pentobarbital (5.0 mg/kg) anesthesia using
methods previously described (Lynch, 2008; Lynch and Taylor, 2004).
Catheter patency was tested for 2 consecutive days following surgery
and thereafter every Mon, Wed, and Friday by flushing the catheter
with a small amount of heparinized saline and then pulling back until
blood appeared in the line. If a catheter was not patent (i.e., no blood
appeared in the line), the rat was replaced until there were a minimum
of 10 rats per group. Four of the 30 males and 5 of the 30 females lost
catheter patency before acquisition testing was completed, and their
data were excluded from all analyses.

2.3. Apparatus

After surgery animals were housed in 25 cm® Med Associates
testing chambers where they remained for the duration of the
experiment. Each chamber contained an insertion for a drinking
spout, a food jar, one standard response lever, and one retractable lever
(Med Associates, St. Albans, VT). Stimulus lights (4.76 W) were located
above each lever, and a house light (4.76 W) that was illuminated from
7-amto 7-pmwas located at the top of the chamber. Each chamber was
enclosed in a sound-attenuating wooden box that contained a fan for
ventilation. A Med Associates infusion pump containing a 10-ml
syringe for the nicotine solution was mounted inside the sound-
attenuating chamber. Each syringe was connected with Tygon tubing
to a swivel (Instech Laboratories Inc., Plymouth Meeting, PA) that was
mounted at the top of the chamber. A tether (C313CS; Plastic Products,
Roanoke, VA) was attached to the swivel and to the rat by a metal
cannula (C3236; Plastic Products, Roanoke, VA) that was embedded in
the center of a plastic covance infusion harness (Instech Laboratories
Inc., Plymouth Meeting, PA). An IBM-compatible computer with Med-
PC interface (Med Associates, St. Albans, VT) was used for program-
ming and data collection and storage.

2.4. Drugs

Nicotine bitartrate was purchased from Sigma-Aldrich (St. Louis,
MO). Nicotine was mixed in sterile saline solution and the pH was
adjusted to 7.4 4+ 0.5 with NaOH. Doses (5 and 10 ng/kg) are expressed
as free base weight which were adjusted for g/kg differences in weight
by changing the delivery volume (i.e., infusion duration was set at
0.6 s/100 g of body weight). Nicotine solutions were made weekly and
refrigerated, but they were added to the drug syringes at room
temperature.
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2.5. Acquisition of self-administration

Rats were assigned to self-administer one of two doses of nicotine
(5 or 10 pg/kg/infusion) during daily self-administration training ses-
sions that began at 12-pm on postnatal day 30. The 10 pg/kg dose of
nicotine dose was selected based on previous research showing that
responding in adult male rats is maximal at this dose (Corrigall and
Coen, 1989) and work showing that sex differences were revealed under
similar low dose conditions (Donny et al., 2000). However, since initial
findings from a pilot study revealed that adolescent rats rapidly ac-
quired self-administration under this dose condition, a lower dose (5 png/
kg/infusion) was included to slow the acquisition process and maximize
individual differences. Both doses were tested contemporaneously with
random group assignment. Training sessions were initiated by the
introduction of the left lever (nicotine-associated lever) into the operant
conditioning chamber and each response on this lever produced an
infusion of nicotine and the illumination of a stimulus light located
above the lever. One non-contingently administered infusion was
delivered at the beginning of each training session in order to signal
the availability of nicotine and to induce responding (Campbell and
Carroll, 2000). Nicotine infusions were available under a fixed-ratio 1
schedule until a total of 20 infusions had been obtained. During sessions
in which not all 20 infusions were obtained the lever was available for
almost 24 h (sessions started at 12.00 h and ended at 11.50 h the next
day) in order to increase the likelihood of acquisition. However, once an
animal began responding for nicotine, all 20 infusions available were
typically obtained within 3 h (average session length was 2 h), and this
typically occurred during the first hours of the session following the
nicotine prime. At this point, the left lever was retracted until the next
daily session. These training sessions continued until acquisition oc-
curred (defined as 2 consecutive sessions in which all 20 infusions that
were available were obtained) or until postnatal day 45.

2.6. Progressive-ratio self-administration

Progressive-ratio responding for nicotine was examined during
daily self-administration sessions beginning following the second
acquisition session and continuing until postnatal day 45. Each session
began with the introduction of the left lever (nicotine-associated
lever) into the operant conditioning chamber. Responses on this lever
were reinforced under a progressive-ratio schedule where the
response requirement to obtain a nicotine infusion (5 or 10 pg/kg)
increased progressively throughout the session in the following steps:
1,2,4,6,9,12,15, 20, 25, 32, etc. (as described in Arnold and Roberts,
1997). The last ratio completed, or breakpoint, was determined daily
(defined by the number of infusions self-administered in a session).
Although the lever was available for almost 24 h (sessions started at
12.00 hand ended at 11.50 h the next day), and the number of infusions
available was not limited, responding typically ceased within 2-3 h
(i.e., breakpoints were observed in an average of 2.5 h). The experi-
mental timeline of these procedures is summarized in Fig. 1.

2.7. Point of estrous determination and hormonal status verification

The point of estrous cycle phase was determined by microscopically
examining vaginal swabs. Vaginal swabbing occurred approximately

30 min prior to the daily self-administration session beginning
on postnatal day 35 (when vaginal opening occurs) using methods
previously described (Lynch et al., 2000). Estrous cycle phase was
determined on the basis of cell types present. Specifically, proestrus
and estrus were characterized by the presence of predominantly
nucleated epithelial cells and predominantly non-nucleated cornified
epithelial cells, respectively. Metestrus and diestrus phase were
categorized together and were characterized by the presence of
predominately leukocytes and necrotic epithelia. Male rats were
handled daily in a similar manner (i.e., their tails were raised and then
they were gently poked in a similar region with a wet cotton swab).

2.8. Hormone measurements

Hormone concentrations of testosterone were assessed in a sub-
set of male rats (n=9) and hormone concentrations of estradiol and
progesterone were assessed in a subset of female rats (n=12) using
methods previously described (Lynch, 2008; Feltenstein and See,
2007). Blood samples (0.45 ml/sample) were obtained from the same
catheter that was used for self-administration. Sampling occurred
between 30 and 60 min prior to the progressive-ratio self-adminis-
tration session beginning with the first session and continuing for an
additional 4 sessions. Serum samples were stored at — 20 °C until the
assays were performed. Radioimmunoassays were conducted by the
Reproduction Ligand Assay and Analysis Core at the University of
Virginia.

2.9. Data analysis

Acquisition of nicotine self-administration was compared between
males and females using methods similar to those previously reported
for cocaine, heroin, and methamphetamine (Perry et al., 2007; Roth
and Carroll, 2004; Lynch and Carroll, 1999). Specifically, the rate of
acquisition and percentage of female and male rats acquiring nicotine
self-administration was compared at each dose between males and
females using the Meier survival analysis followed by the Mantel-Cox
rank statistic. Rats that did not meet the acquisition criterion within
the testing period (i.e., by postnatal day 45) were excluded from all
subsequent analyses. For rats that met the acquisition criterion, the
number of inactive lever presses observed during the 2 sessions that
met the acquisition criterion was compared between males and
females using a 2-factor (dose and sex) ANOVA. Although the data
from the progressive-ratio sessions are plotted as active lever
responses, statistical comparisons were conducted on the number of
infusions as per standard protocol (see Arnold and Roberts, 1997). For
the first 5 progressive-ratio sessions, the average number of infusions
obtained was compared using repeated measures ANOVA with day as
the within subjects factor and sex and dose as the between subjects
factors. A similar analysis was used to compare the number of inactive
lever presses during these same sessions. The relationship between
the number of infusions obtained under the first 5 progressive-ratio
sessions and estradiol and progesterone (females) and testosterone
(males) concentrations was examined by calculating the Pearson
Correlation Co-efficient for each subject. The one-sample t-test was
used to determine whether these correlations were significantly
different from zero for each of hormone. In order to examine whether
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Fig. 1. Experimental timeline used to examine acquisition of nicotine self-administration (SA) under a fixed-ratio (FR) 1 schedule and subsequent maintenance self-administration
under a progressive-ratio (PR) schedule. Progressive-ratio testing was assessed once rats acquired nicotine self-administration under the fixed-ratio schedule, with sessions

beginning as early as postnatal day 32.
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progressive-ratio responding for nicotine varied over the adolescent
testing period, the average number of infusions and the number of
inactive lever responses observed during the initial testing sessions
(first three sessions which occurred between postnatal days 32 and 37)
were compared to those obtained during the last three testing sessions
(43-45) including only the animals that acquired self-administration
prior to postnatal day 35 and animals that maintained patency through
the adolescent testing period (note: data from these animals were
included in all other analyses). Specifically, 5 of the 6 males and 7 of the
9 females in the 5 pg/kg dose group that acquired nicotine self-
administration acquired prior to postnatal day 35 and maintained
catheter patency throughout the adolescent testing period. For the
10 ng/kg dose group, 8 of the 11 males and 6 of the 14 females that
acquired self-administration acquired prior to postnatal day 35 and
maintained catheter patency throughout the adolescent testing period
(note that 3 of these females did not acquire until mid-to-late
adolescence). The estrous cycle data were examined in female rats
that maintained patency through late adolescence. Since rats were
predominantly in the metestrus/diestrus phase of the estrous cycle,
and most showed only 1 full cycle of proestrus to estrus to metestrus—
diestrus, the number of infusions obtained under the progressive-ratio
schedule was compared between the phases for the first full cycle. One
rat did not exhibit a clear proestrus phase and was not included in the
estrous cycle analysis. These data were analyzed by repeated measures
ANOVA with subsequent pairwise comparisons made using the paired
t-test controlling for family wise error. A similar analysis was used to
examine phase differences in inactive lever responses. A p value <0.05
indicated significant differences.

3. Results
3.1. Acquisition

Acquisition of nicotine self-administration was achieved rapidly
in both males and females under both dose conditions (Fig. 2).
Specifically, under the 5 pg/kg dose condition 5 of 12 males (42%) and 7
of 10 females (70%) met the acquisition criterion within the first 2
sessions. Under the 10 ng/kg dose condition 8 of 14 males (57%) and 6
of 15 females (40%) met the acquisition criterion within the first 2
sessions. Although a similar number of females and males acquired
nicotine self-administration at the 10 ng/kg nicotine dose (79 versus
93%, respectively), a sex difference emerged at the 5 pg/kg nicotine
dose with a greater percentage of females compared to males acquiring
nicotine self-administration (90 versus 50%, respectively). A survival
analysis revealed an effect of sex within the 5 pg/kg dose condi-

tion (¥*>=6.6, p<0.05), but not under the 10 pg/kg dose condition
(p>0.05) indicating that the difference between males and females on
percent group acquisition under the low dose condition was
significant. However, for both doses, males and females acquired
self-administration at a similar rate. Specifically, of the rats that
acquired self-administration under the 5 pg/kg dose condition, males
acquired in a mean of 2.0 4- 0.0 days and females acquired in a mean of
3.340.9 days. Of the rats that acquired self-administration under the
10 pg/kg condition, males acquired in a mean of 2.5+0.3 days and
females acquired in a mean of 3.7+ 0.7 days. The number of inactive
lever responses did not differ significantly between males and females
for either the 5 pg/kg (8.3 +1.2,3.2 + 1.1, respectively) or 10 pg/kg (3.5
4+ 1.2, 12.12 £ 5.2, respectively) dose condition (p>0.05). Both males
and females quickly acquired sucrose self-administration (i.e., within
6 days and in a mean of 2.9 4+ 0.3, 2.8 £ 0.3 days, respectively), and the
mean number of days to acquire did not differ significantly between
males and females (p>0.05). Thus, under the low dose conditions, a
significantly greater percentage of females than males acquired
nicotine self-administration.

3.2. Progressive-ratio nicotine self-administration

Levels of responding to obtain nicotine infusions during the first 5
progressive-ratio self-administration sessions did not differ signifi-
cantly between males and females (Fig. 3; ps>0.05). However, within
females, serum progesterone concentration and the ratio of estradiol to
progesterone, but not estradiol, were associated with levels of
responding during these first 5 sessions (Fig. 4). These relationships
did not vary systematically with dose. Although the overall relation-
ships were variable, within each of the 12 rats tested, the number of
infusions and progesterone concentration was negatively associated,
and for 9 of these 12 rats, the association accounted for over 30% of the
variability in the number of infusions (Fig. 4, bottom left panel). The
individual r values were —0.91, —0.85, —0.81, —0.78, —0.76, — 0.75,
—0.73, —0.59, —0.55, —0.48, —0.31, and —0.24. Similarly, for the
ratio of estradiol to progesterone and number of infusions, a positive
association was observed in 11 out of the 12 rats with the association
accounting for over 30% of the variability in the number of infusions for
10 out of 12 rats (Fig. 4, bottom right panel). The individual r values
were 0.98, 0.97, 0.94, 0.91, 0.88, 0.86, 0.78, 0.72, 0.64, 0.63, 0.54, and
—0.13. A comparison of the Pearson Correlation Co-efficients using
separate one-sample t-tests revealed that these relationships were
statistically significant for progesterone (t=10.5, df= 11, p<0.001) and
for the ratio of estradiol to progesterone (t=38.2, df=11, p<0.001). In
males, there was no significant relationship between serum testosterone

10 pg/kg

-O— Males

c 5 ng/k

o 100_+Fema|es; Hg'kg

=

@

S 804 *
=2

o

(] 60 -

Q

:

S 404~

o

T 201

8

B 0 T 1 1T T 1T 1771 LI T 11
o

31 33 35 37 39 M
Postnatal day

43 45

T T 1T T 1T 17T 17T 717717717717 71771

31 33 35 37 39 41 43 45
Postnatal day

Fig. 2. Data are presented as an inverse survival function to illustrate the percentage of female and male rats to meet the acquisition criterion by postnatal day 45 under the 5 and
10 pg/kg nicotine dose conditions. The asterisk indicates a significant sex difference (p<0.05). Insets show the number of inactive lever responses for male (open bars) and female
(filled bars) rats for the 2 sessions that met the acquisition criterion. Each data point represents an N of 10 females and 12 males under the 5 pg/kg nicotine dose condition and an N of

15 females and 14 males under the 10 pg/kg nicotine dose condition.
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Fig. 3. The average number of responses on the active and inactive levers for the first five progressive-ratio sessions under the 5 and 10 pg/kg nicotine dose conditions. Each data point
represents an N of 9 females and 6 males under the 5 pg/kg nicotine dose condition and an N of 14 females and 11 males under the 10 pg/kg nicotine dose condition.

concentration and the number of infusions obtained (p>0.05). It should
be noted that the data from the subset of rats for which hormonal data
were assessed were statistically similar to the overall group in terms of
days to acquire self-administration (3.1 4-0.7 for females and 2.0+ 0.0
for males) and numbers of infusions obtained under the progressive-
ratio schedule (first 5 sessions; 7.3+ 0.7 for females and 7.340.5 for
males).

Although males and females did not initially differ on progressive-
ratio responding for nicotine, a sex difference became apparent toward
the end of the adolescent testing period (Fig. 5). A comparison of the
average number of infusions obtained by male and female rats during
the first 3 progressive-ratio sessions (averaged from the first 3
progressive-ratio sessions that occurred during postnatal days 32-37)
with those obtained during the last three sessions (averaged from
postnatal day 43 to 45) revealed a significant interaction of sex by
time (F (1,22) =73, p<0.05), but non-significant effects of dose and
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sex and their interaction (ps>0.05). Subsequent comparison within
each time-point revealed a significant effect of sex in the last three
sessions (F (1,22) = 8.2, p, 0.05), but not during the initial three sessions
(p>0.05). Levels of responding under the progressive-ratio schedule
also varied with estrous cycle phase (Fig. 5, bottom panel; F (1,9) =22.2,
p<0.001) with rats responding at the highest levels during estrus
as compared to during other phases of their cycle (estrus versus
metestrus/diestrus: t=4.7, df=10, p<0.001; estrus versus proestrus:
t=2.2, df=10, p=0.05). This effect did not vary systemically with
dose. Inactive lever responding did not differ significantly between
males and females at any point during the study (ps>0.05).

4. Discussion

The goal of this study was to explore sex differences and hormonal
influences on acquisition of nicotine self-administration and subsequent
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Fig. 4. (Top panel) Data are plotted for each of the 12 females and 9 males for the relationship between serum hormone levels and the number of infusions obtained under the
progressive-ratio schedule (E = estradiol; P = progesterone; T = testosterone). An asterisk indicates a significant difference from 0 (p<0.05). (Bottom panels) Data are plotted for
each of the 12 female rats for the relationship between serum concentration of progesterone (left) and the ratio of estradiol to progesterone (right) and the number of infusions
obtained under the progressive-ratio schedule. Regression lines are also shown for each rat.
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Fig. 5. (Top panels) The average number of active and inactive lever responses observed during the progressive-ratio nicotine self-administration sessions as function of postnatal day
across the adolescent testing period under the 5 and 10 ng/kg nicotine dose conditions. The asterisk indicates a significant interaction of sex by time (p<0.05). Each data point
represents an N of 7 females and 5 males under the 5 ng/kg nicotine dose condition and an N of 6 females and 8 males under the 10 pg/kg nicotine dose condition. Vertical bars with
asterisks represent a significant effect of sex for the last three sessions (p<0.05). (Bottom panel) The average number of active and inactive lever responses observed under the
progressive-ratio schedule as a function of phase of the estrous cycle (Met/Die = metestrus/diestrus; Pro = proestrus; Est = estrus). The asterisk indicates a significant difference in
the number of infusions obtained between estrus and the other 2 phases (ps <0.05). Each bar represents an N of 12.

motivation for nicotine during adolescence. The results were consistent
with our hypotheses that female rats would show an enhanced
sensitivity to the reinforcing effects of nicotine and that ovarian
hormones would underlie the enhanced sensitivity. Under the low
dose condition, a greater percentage of females than males acquired
nicotine self-administration. Sex differences in progressive-ratio
responding for nicotine, though not initially apparent, emerged at the
end of adolescent testing period suggesting that sex differences in
motivation for nicotine may result from changes in ovarian hormones.
Consistent with this idea, we also observed the highest levels of
responding under the progressive-ratio schedule during estrus, a
negative association of progesterone and progressive-ratio responding
for nicotine, and a positive association of the ratio of estradiol to
progesterone and progressive-ratio responding for nicotine. Together
these findings suggest that adolescent females are more sensitive than
adolescent males to the reinforcing effects of nicotine and that ovarian
hormones contribute to this enhanced sensitivity. These differences are
unlikely to be due to a general learning difference or to a difference in
general activity in that males and females did not differ on rates of
acquisition of responding for sucrose reinforcement or on levels of
responding on the inactive lever at any point during the study. These
differences are also unlikely attributable to a general motivational
difference given our previous work under similar experimental
conditions showing that adolescent males and females did not differ
on progressive-ratio responding for sucrose reward (Lynch, 2008).

The differences observed here between adolescent male and female
rats are consistent with findings in adult rats (Donny et al., 2000;
Rezvani et al., 2008) with evidence suggesting that females are more
sensitive to the reinforcing effects of nicotine. These findings of sex
differences for nicotine self-administration in adolescent rats are also
consistent with previous work with other drugs of abuse, such as

cocaine. For example, we recently showed that a greater percentage of
adolescent females acquired cocaine self-administration as compared to
adolescent males and that they responded at higher levels under a
progressive-ratio schedule to obtain cocaine infusions as compared to
males (Lynch, 2008). However, one interesting difference between the
present findings and the previous findings with cocaine is that the sex
difference in cocaine self-administration was relatively constant across
the adolescent testing period, whereas with nicotine, differences in
progressive-ratio responding for nicotine become more pronounced at
the end of the adolescent testing period. One possible explanation for
this difference is that the roles of progesterone and estradiol in
modulating the reinforcing effects of cocaine versus nicotine may be
different. This interpretation is in line with our present data with
nicotine showing that progesterone and the ratio of estradiol to
progesterone, but not estradiol, were associated with progressive-ratio
responding for nicotine and our previous work with cocaine showing
that estradiol, but not progesterone or the ratio of estradiol to
progesterone, was associated with progressive-ratio responding for
cocaine. Given that the time-course for changes in estradiol and
progesterone are different (e.g., progesterone rapidly increases on the
day of vaginal opening and further increases to adult levels over the next
several days; whereas, estradiol levels are relatively high at the
beginning of adolescence but begin to show more regular fluctuations
and stabilize out at adult levels at the end of adolescence; Dohler and
Wuttke, 1974), it is not surprising that the behavioral changes are also
different. Taken together, these results suggest that in females nicotine's
reinforcing effects may be altered by changes in circulating levels of
hormones that occur during adolescence, particularly with regard to
progesterone.

Interestingly, a sex difference was observed under the acquisition
paradigm but not during initial sessions under the progressive-ratio
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schedule. One explanation is that the acquisition paradigm may be more
sensitive than the progressive-ratio schedule for detecting individual
differences in sensitivity to the reinforcing effects of nicotine. Also, since
the question addressed with each paradigm is slightly different, they
may be measuring different aspects of nicotine's reinforcing effects.
Specifically, with the acquisition paradigm the question addressed is
“which animals can detect the reinforcing effects of this low drug dose?”
and with the progressive-ratio schedule the question addressed is
“which animals are more motivated to obtain drug infusions”. Another
possible explanation is that sex differences in nicotine metabolism may
have been relevant during initial exposure, but not following repeated
exposure. Evidence to support this idea is provided by results showing
that although females initially have higher brain levels of nicotine
following similar g/kg doses of nicotine, over time or following chronic
exposure, this sex difference disappears (Rosecrans, 1972; Rosecrans
and Schechter, 1972; also see Donny et al., 2000). The sex difference that
emerged during the later progressive-ratio sessions, however, cannot be
readily explained by differences in nicotine metabolism. More research
is needed to examine sex differences in nicotine metabolism during
adolescence.

The findings showing that progressive-ratio responding for
nicotine varied with estrous cycle phase and as a function of estradiol
and progesterone levels suggest that ovarian hormones are critical for
modulating nicotine's reinforcing effects in females. These findings are
consistent with previous work in humans (Sofuoglu et al., 2001; DeBon
et al.,, 1995; Mello et al., 1987; Snively et al., 2000), and with other
psychostimulant drugs (Roberts et al., 1989). They are also consistent
with neurochemical studies showing that dopaminergic signaling in
the striatum, which is believed to underlie nicotine's reinforcing
effects, is enhanced by estradiol but inhibited by progesterone (Feng
et al., 2004; Nuwayhid and Werling, 2003; Becker, 1999). However,
these findings are contrary to a previous study with nicotine self-
administration in adult female rats showing that progressive-ratio
responding did not vary with estrous cycle phase (Donny et al., 2000).
In the previous study, the authors cautioned that the negative result
may have been attributable to heterogeneity within each cycle in that
the data were averaged over time for each of the cycle phases. In the
present study, because so few regular cycles were observed, we
examined the first full estrous cycle, and in doing so, we may have
minimized the variability with each rat. Another possible explanation
for the divergent results between the present study and the previous
one is that the role ovarian hormones may be particularly apparent
during adolescence as compared to during adulthood although the
present data showing that sex differences in progressive-ratio
responding for nicotine emerge at the end of adolescent testing period
would argue against this possibility. It is also important to note that the
doses tested, stimulus cues that were associated with nicotine, as well
as the session length used in this study, were different from those used
in the previous study, and such differences may account for the
divergent results.

The present findings indicate that testosterone does not predict
nicotine self-administration in males. This finding is somewhat
surprising given that several previous studies in humans have found
a positive association of testosterone and cigarette smoking in both
adolescents and adults (Martin et al., 2001; Bauman et al., 1992; Dai
et al., 1988). Previous work with rats has also shown that chronic
nicotine administration is associated with lower testosterone levels
(Kavitharaj and Vijayammal, 1999). These results are, however, con-
sistent with previous work with other drugs of abuse, such as cocaine
where studies consistently demonstrate no relationship between
testosterone levels and self-administration (Lynch, 2008; Caine et al.,
2004, Hu et al., 2004).

Based on our previous experience with nicotine self-administration
in adults (Lynch and Carroll and unpublished results) and based on
previous findings from others (e.g., Lanza et al., 2004) showing that
acquisition of nicotine self-administration can be a lengthy process, a

lever-press training protocol was used in order to ensure that the
behavioral data on acquisition and subsequent maintenance respond-
ing would be obtained within the narrow window of time that we
had to study adolescence. A limitation of this lever-press training
protocol, however, is that it may have differentially affected subse-
quent responding in males versus females. We attempted to minimize
the likelihood that this would be a problem by using a short pre-
training period and food satiated rats, and under these conditions we
did show that males and females did not differ on the acquisition of
lever-press responding. That said, however, we still cannot rule out the
possibility that a sex difference in extinction of sucrose reinforcement
may have contributed to our findings, particularly for acquisition of
nicotine self-administration. Individual housing may also have
impacted our findings given that social isolation is a stressor that is
known to impact sensitivity to the reinforcing effects of drugs of abuse
(e.g., Kosten et al., 2000) with evidence indicating sex-dependent
differences (e.g., Kosten et al., 2004). However, because the previous
work with regard to sex differences is on the effects of neonatal
isolation, it is not clear whether social isolation during adolescence
underlies the current findings. It is also important to note although
some studies have found that early life stress has a greater impact on
drug-related behavior in females than males (e.g., Kosten et al., 2004),
others have shown that the effects are equal (Weiss et al., 2001),
or even greater in males compared to females (Lynch et al., 2005;
McCormick et al., 2004, 2005). Another limitation with the present
study is that because the animals gained weight so rapidly within the
adolescent testing period, catheter patency was an issue which
impacted the number of animals that maintained patency throughout
the study and prevented an examination of changes in nicotine self-
administration during the transition from late adolescence to adult-
hood. Further research is necessary to resolve these issues.

In summary, these findings indicate that adolescent female rats are
more sensitive to the reinforcing effects of nicotine with evidence to
suggest that circulating progesterone and estradiol levels, at least in
part, mediate the enhanced sensitivity in females. These data also
suggest that motivation for nicotine in females changes over the
adolescent period possibility as a result of the rapid change in
circulating hormones that occurs during this important hormone
transition phase. More research is needed to determine whether
hormonal changes during adolescence, particularly during the transi-
tion from late adolescence to adulthood, coincide with changes in
sensitivity to nicotine's reinforcing effects.
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