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Abstract

Objective—This report reflects a meta-analysis that systematically reviewed the literature on
intravenous self-administration (IVSA) of nicotine in female and male rats. The goal was to
determine if sex differences in nicotine IVSA exist, estimate the magnitude of the effect, and
identify potential moderators of the relationship between sex differences and nicotine
consumption.

Methods—Extensive search procedures identified 20 studies that met the inclusion criteria of
employing both female and male rats in nicotine IVSA procedures. The meta-analysis was
conducted on effect size values that were calculated from mean total intake or nicotine deliveries
using the Hedges’ unbiased gV statistic.

Results—A random effects analysis revealed that overall females self-administered more
nicotine than males (weighted g" = 0.18, 95% CI [0.003, 0.34]). Subsequent moderator variable
analyses revealed that certain procedural conditions influenced the magnitude of sex differences in
nicotine IVSA. Specifically, higher reinforcement requirements (> FR1) and extended-access
sessions (23 h) were associated with greater nicotine IVSA in females versus males. Females also
displayed higher nicotine intake than males when the experiment included a light cue that signaled
nicotine delivery. Sex differences were not influenced by the diurnal phase of testing, dose of
nicotine, or prior operant training.

Conclusion—Overall, the results revealed that female rats display higher levels of nicotine
IVSA than males, suggesting that the strong reinforcing effects of nicotine promote tobacco use in
women.
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1. Introduction

The addictive nature of tobacco products is largely due to the presence of the major alkaloid
compound, nicotine. Clinical studies have revealed that nicotine self-administration induces
positive subjective ratings of pleasure and drug liking in human subjects [26,42,52]. Some of
the early pre-clinical studies also demonstrated reliable intravenous self-administration
(IVSA) of nicatine in non-human primates [15,20] and rodents [13,51]. Nicotine IVSA is
based on reinforcement principles that involve strengthening a behavioral response, such as
a lever press, nose poke, or licking behavior for the delivery of nicotine infusions. The
frequency of self-administered infusions and the quantity of intake are used as indices of the
reinforcing effects of nicotine. This review focuses on behavioral studies involving IVSA
because it is the most common route of administration used in rodent studies, and it mimics
the rapid distribution of nicotine to the brain via inhalation methods [4].

The National Institutes of Health currently mandate that sex be included as a biological
variable in biomedical studies [37]. Indeed, epidemiological studies have shown that women
are more likely to use tobacco products, and are more susceptible to the long-term negative
health consequences of smoking [34,54]. In order to reduce the health disparities produced
by tobacco use in women, there is a critical need to understand the biological basis for sex-
based differences in nicotine addiction [22]. One possible factor that promotes tobacco use
in women is the strong reinforcing effects of nicotine. This claim is based on the finding that
women rate nicotine as more pleasurable [43] and report greater positive subjective effects
following presentation of smoking-related stimuli [41,42] as compared to men.

To understand the biological basis of sex differences in tobacco use, pre-clinical studies have
compared nicotine IVSA in female and male rats. However, these reports have yielded
mixed results. Some studies report that females display higher rates of nicotine IVSA than
males [21,49,59], whereas other studies report that males display higher rates of nicotine
IVSA than females [25,30]. There are also studies that report no sex differences in nicotine
IVSA [18,31,44,55,56]. These conflicting findings may be due to methodological
differences that influence the magnitude of sex differences, such as the presence of cues [6]
or differences in social context [40]. The absence of sex differences in some studies may
also be due to small sample sizes that reduce statistical power, thereby decreasing the
likelihood of detecting sex differences in IVSA when such differences exist in the
population.

Several narrative reviews of pre-clinical studies have shed light on the various factors that
may promote tobacco use in females [3,14,35,58]. These reviews have been useful in
suggesting patterns of sex differences in the litany of pre-clinical studies, and thereby
generating hypotheses for further scientific investigation. Recently, Pogun et al. [45]
presented an extensive narrative review of sex differences in the behavioral effects of
nicotine. These authors suggested that sex is an important factor that influences nicotine
IVSA, a hypothesis that is statistically tested in the current meta-analytical review. Despite
the strengths of narrative reviews, they cannot statistically integrate findings from a large
body of conflicting evidence, such as the existing studies of sex differences in nicotine
IVSA. Also, narrative reviews cannot estimate the magnitude of sex differences in IVSA,

Physiol Behav. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flores et al.

Page 3

identify moderator variables, or overcome problems arising from low statistical power
among individual studies [5].

Meta-analytic reviews offer an alternative approach for summarizing IVSA findings,
allowing for an empirical synthesis of effect sizes to help resolve uncertainties among a large
pool of mixed reports [17,60]. Specifically, meta-analysis combines studies in a manner that
increases statistical power and the likelihood of detecting sex differences in a set of studies
even when the individual studies themselves may fail to reveal an effect [12]. Meta-
analytical approaches can also be useful towards identifying the degree to which certain
procedural variables influence sex differences in nicotine IVSA. The results of these
moderator variable analyses are useful for generating hypotheses regarding the parameters
under which sex differences are more likely to be detected, and these parametric variables
need to be tested in future empirical studies. For example, Bardo et al. [1] published a meta-
analysis of rodent studies that assessed the magnitude of conditioned place preference (CPP)
produced by stimulant and opiate drugs. Their analysis revealed that certain experimental
features, such as dose, housing conditions, and route of administration influenced the
magnitude of drug-induced CPP. Based on their analysis, the authors provided
recommendations regarding the optimal experimental features for studying CPP produced by
drugs of abuse in rodents. Indeed, a subsequent empirical study found that the magnitude of
CPP produced by cocaine was influenced by dose and route of administration [39], as
suggested by Bardo and colleagues. A similar approach may help to advance our
understanding of sex differences in nicotine IVSA. Thus, the current review presents a meta-
analytic review of studies investigating sex differences in nicotine IVSA in female and male
rats. The overall goal of this review was to estimate the magnitude of sex differences in
nicotine IVSA and identify potential moderator variables.

2. Methods

2.1. Literature search

A comprehensive literature review was conducted via a computer search of the following
databases: Web of Science, PubMed, JSTOR, and Google Scholar. A search for unpublished
findings was also conducted via Proquest. The following terms were used for all searches:
nicotine, reward, reinforcement, sex difference(s), gender difference(s), male(s), female(s),
rat(s), rodent(s), intravenous self-administration, IVSA, SA, and operant procedure(s). The
title and abstract of each paper were both searched for these terms. The search was limited to
documents in English. The search period included January 1, 1955 to June 22, 2017. An
unpublished study was also added from our laboratory. Additional studies were identified by
searching the reference lists of an empirical report [44], and a recent review paper [45].

The PRISMA diagram above depicts the outcome of the literature search. The search
procedure yielded a pool of 1,245 potentially relevant papers to include in the meta-analysis.
The title and abstract of each study were carefully screened by an investigator (RF) that
eliminated 324 duplicate studies and added a data set from our laboratory (Uribe et al.,
unpublished). Two investigators (RF and KU) then performed abstract and title screening,
and they removed 883 studies on the basis of including: 1) human subjects, 2) only female
or male rats, 3) procedures other than SA, and 4) drugs other than nicotine. The full text of
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the remaining 39 studies were screened, and 18 studies were removed because they

included: 1) oral SA procedures, 2) IVSA of nicotine and acetaldehyde, and 3) genetically
modified mice. Of the 21 remaining papers, 1 was removed because the information needed
for the meta-analysis was not available and the statistics did not indicate if there was a main
effect of sex [7]. The above criteria yielded 20 studies for inclusion in the meta-analysis. The
study characteristics are presented above in Fig. 1

2.2. Effect size (ES) extraction and calculation

The process of extracting comparable ES values across IVSA studies presented unique
challenges that were handled as follows. First, IVSA studies do not result in a single test day
value given the longitudinal nature of this procedure. This was handled by calculating an ES
value from total nicotine intake or drug deliveries across IVSA sessions, depending on
which of these values were reported. Both intake and drug deliveries provide an assessment
of nicotine consumption, since intake is a function of deliveries multiplied by the
concentration of nicotine. Second, for some studies, multiple ES values could have been
derived from the same set of animals during the acquisition and maintenance phases of
IVSA. Since meta-analysis requires that ES values be derived from independent samples,
some studies only contributed ES values from one phase of IVSA.

The index of ES used in this meta-analysis was the Hedges’ unbiased gV statistic, where g4
represents the mean difference between female and male IVSA divided by the pooled
within-group standard deviation. Subsequent ES values were corrected for small sample
bias, which yielded an unbiased estimate of the population ES value [23]. The use of
Hedges’ unbiased g" was preferred over other approaches, such as Cohen’s d, which yields a
biased estimate of the population ES for small samples (n < 20; [24]).

When possible, sample ES values were computed directly from information provided in the
reports using standard formulas for converting means, standard deviations, and test-statistic
values (e.g., £ F) into gY[32]. When papers omitted the information needed to compute ES
values, the authors were contacted for the missing information. Four published reports
[8,44,46,49] provided the results of F-tests that were used to compute ES values. The
corresponding authors of 13 published reports were contacted because their reports did not
include the information needed to calculate ES values. Twelve of these authors provided the
mean nicotine intake, infusions, standard deviations, and group sizes. Two studies were from
our laboratory ([19]; Uribe et al., unpublished data). Two studies lacked ES information, but
the authors indicated an absence of sex differences in nicotine IVSA [6,50]. In these cases,
the ES values were set to zero, reflecting a conservative approach that made detecting sex
differences in nicotine IVSA more difficult, if they exist [53].

2.3. Procedural variable coding

The present meta-analysis compared sex differences under different procedural variable
conditions described in Table 1. A subsequent moderator analysis was performed on the
following procedural variables (Age, Cue, Diurnal Phase, Dose, Operant Training, Schedule
of Reinforcement, and Session Length). Age was categorized as adolescent (postnatal day;
PND 28-55) or adult (> PND 60). Cue was categorized as the presence of only a light cue or
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both a light and tone cue that signaled nicotine delivery. Diurnal Phase was categorized by
IVSA testing during the light or dark phase of the diurnal cycle. Dose was categorized as
either < 0.03, 0.03, or > 0.03 mg/kg of nicotine. Operant Training was categorized as
‘present’ or ‘absent,” with “present’ indicating training on the operant lever or lickometer
with food or sucrose reinforcement prior to nicotine IVSA. Schedule of Reinforcement was
categorized as either fixed-ratio 1 (FR1) or > FR1, with FR10 being the largest ratio
requirement included in our analysis. A simple dichotomy of FR1 versus > FR1 allowed us
to compare studies with a single operant requirement to those that exceeded a one-to-one
response contingency. This approach also allowed for the inclusion of sufficient studies to
compare the influence of a single versus multiple reinforcement contingencies on sex
differences in nicotine IVSA. Session Lengthwas categorized as either short (< 3 h) or
extended (23 h) access to nicotine IVSA. Forty-five minutes was the minimum session
length that was included in the short-access condition. Several experimental conditions were
excluded from the analysis due to the low number of studies within each category or
challenges in coding the relevant information, such as rat strain, the number of IVSA
sessions, or days off between sessions.

2.4. Statistical analyses

For the overall meta-analysis, both fixed effects (FE) and random effects (RE) analyses were
conducted. A weighted average ES value (weighted g¥) was computed for the FE and RE
analyses, along with a 95% confidence interval (Cl) to determine if the ES values were
significantly different from zero. The FE analysis assumes that all sample ES values
estimate the same population ES. Within the FE statistical model, the variability among
sample ES values is presumed to reflect sampling error. This assumption is rarely justified,
but many previous meta-analytic reviews have employed FE analyses, which are reported
here for comparison purposes. RE analyses were also conducted, as recommended by the
National Research Council [38]. RE analyses are considered to be more conservative when
dealing with heterogeneity across studies, which reduces the likelihood of Type-I errors [27].
Metaanalyses can be subject to ‘publication bias’ because significant findings are more
likely to be published than non-significant findings [33]. To address this issue, Rosenthal’s
[47] Fail-Safe N was computed to provide an estimate of the number of additional studies
with null effects that would need to be included in the meta-analysis to render the weighted
average ES non-significant (p > 0.05).

For the moderator variable analyses, the goal was to assess the influence of various
procedural variables on sex differences in nicotine IVSA. One common approach to confirm
the presence of a moderator variable is to compare subgroup means across levels within an
experimental condition [5]. For example, the magnitude of sex differences was compared
between studies that employed short- versus extended- access sessions in order to assess the
moderator effect of Session Length on sex differences in nicotine IVSA. The sub-group
analysis first separated the ES values from each study into subgroup categories. Then,
Hedge’s analog to ANOVA compared subgroup means for each procedural variable [24]. If
the ANOVA was significant, follow up contrasts were conducted for procedural variables
with more than two levels. The moderator variable analyses were conducted using both the
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FE and RE models. The RE model incorporated a pooled estimate of the random variance
component, as recommended by Borenstein et al. [5].

3.1. Overall meta-analysis

The results of the overall meta-analysis are presented in Table 2. Twenty studies yielded 42
independent ES values derived from n = 1,169 rats. Positive ES values indicate a sex
difference that favors female rats, and negative ES values indicate a sex difference that
favors males. ES values ranged from —1.71 to 1.54. The FE analysis yielded a weighted
average ES value of 0.21, with a 95% CI of [0.09 to 0.33], indicating that female rats
displayed an average of 0.21 standard deviations more nicotine I'VSA than males. There was
significant heterogeneity among sample ES values (Hedge’s Q statistic = 78, p < 0.05),
suggesting the presence of at least one moderator variable, as described below. The RE
analysis yielded a weighted average ES value of 0.18, with a 95% CI of [0.003 to 0.35],
indicating that nicotine IVSA in female rats was almost one-fifth of a standard deviation
higher than males. Rosenthal’s Fail-Safe N test revealed that > 88 null results would need to
be added to the current meta-analysis to render the present effects non-significant.

3.2. Moderator variable analyses

The results of the moderator variable analyses are presented in Table 3. The significant
results from the Hedge’s Q test above signals the presence of variables that moderate sex
differences in nicotine IVSA. With regard to Age, the FE model yielded an average ES value
of 0.11 with a 95% CI of [-0.11, 0.34] for adolescents, and an ES value of 0.23 with a 95%
Cl of [0.09, 0.36] for adults. Sixteen ES values were included for adolescents (ES# 9-15,
20-22, 24, 26-29, and 37), and 26 for adults (ES# 1-8, 16-19, 23, 25, 30-36, and 38-42).
There was no significant heterogeneity detected in the adolescent group (Q = 12.8, p = 0.61).
However, significant heterogeneity was detected in the adult group (Q = 66.9, p < 0.05). The
RE model yielded an average ES value of 0.09 with a 95% CI of [-0.22, 0.39] for
adolescents, and an ES value of 0.17 with a 95% CI of [-0.03, 0.37] for adults. The
moderator variable analysis revealed that Age did not influence sex differences in nicotine
IVSA (RE model; Hb = 1.65, df = 1, p = 0.19).

With regard to Cue, the FE model yielded an average ES value of 0.28 with a 95% CI of
[0.10, 0.45] for studies that included a light cue, and an ES value of —0.08 with a 95% CI of
[-0.31, 0.15] for studies that included a light + tone cue. Twenty-one ES values were derived
from studies that included a light cue (ES# 1-4, 9-10, 23, 26-38, and 42), and 12 ES values
were derived from studies that included a light + tone cue (ES# 11-22). There was no
significant heterogeneity detected in studies that included a light cue (Q = 15.73, p = 0.73)
or in studies that included a light + tone cue (Q = 17.30, p = 0.10). The RE model yielded an
average ES value of 0.28 with an 95% CI [0.09, 0.46] for studies that included a light cue,
and an ES value of —0.09 with a 95% CI of [-0.33, 0.15] for studies that included a light +
tone cue. The moderator variable analysis revealed that Cue did influence sex differences in
nicotine IVSA (RE model; Hb = 5.50, df = 1, p < 0.01). Specifically, studies that employed a
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light cue only produced larger sex differences as compared to studies that included a light +
tone cue.

With regard to Diurnal Phase, the FE model yielded an average ES value of 0.13 with a 95%
Cl of [-0.004, 0.27] for studies that tested in the dark phase, and an ES value of 0.25 with a
95% CI of [-0.01, 0.53] for studies that tested in the light phase of the diurnal cycle. Thirty-
one ES values were derived from studies that tested in the dark phase (ES# 1-8, 11-22,
25-32, and 39-41), and 5 ES values from studies that tested in the light phase (ES# 34-38).
Heterogeneity was detected in the dark phase group (Q = 60.0, p < 0.05). However, there
was no significant heterogeneity detected in the light phase group (Q = 5.50, p = 0.23). The
RE model yielded an ES value of 0.10 with a 95% CI of [-0.11, 0.31] for studies that tested
in the dark phase, and an ES value of 0.19 with a 95% CI of [-0.29, 0.67] for studies that
tested in the light phase of the diurnal cycle. The moderator variable analysis revealed that
Diurnal Phase did not influence sex differences in nicotine IVSA (RE model; Hb = 0.12, df
=1,p=0.72).

With regard to Dose, the FE model yielded an average ES value of 0.06 with a 95% CI of
[-0.15, 0.29] for studies that used < 0.03, an ES value of 0.29 with a 95% CI of [0.13, 0.45]
for studies that used 0.03, and an ES value of 0.18 with a 95% CI of [-0.13, 0.50] for studies
that used > 0.03 mg/kg of nicotine. Twelve ES values were derived from studies using <
0.03 (ES# 1, 9, 10, 20-21, 24, 26-27, 30-31, 39, and 40), 19 ES values from studies using
0.03 (ES# 2, 5, 8, 11-17, 19, 22, 25, 28, 32, 34-36, and 41), and 7 ES values from studies
using > 0.03 (ES# 3-4, 6-7, 18, 23, and 29) mg/kg of nicotine. There was no significant
heterogeneity detected in the < 0.03 (Q = 14.68, p = 0.19) or > 0.03 mg/kg (Q =5.10,p =
0.52) groups. However, heterogeneity was detected in the 0.03 mg/kg group (Q =50.20, p <
0.05). The RE model yielded an ES value of 0.11, with a 95% CI of [-0.23, 0.45] for studies
that used < 0.03, an ES value of 0.19, with a 95% CI of [-0.07, 0.45] for studies that used
0.03, and an ES value of 0.30, with a 95% CI of [-0.18, 0.78] for studies that used > 0.03
mg/kg of nicotine. The moderator variable analysis revealed that Dose did not influence sex
differences in nicotine IVSA (RE model; Hb = 2.54, df = 2, p = 0.28).

With regard to Operant Training, the FE model yielded an average ES value of 0.13 with a
95% CI of [-0.06, 0.34] for studies that included operant training, and an ES value of 0.24
with a 95% CI of [0.09, 0.38] for studies that did not. Twenty ES values were derived from
studies that included operant training (ES# 1-10, 12-16, 19-22, and 34), and 22 ES values
were derived from studies that did not include operant training (ES# 11, 17-18, 23-33, and
35-42). Heterogeneity was detected in the studies that included operant training (Q = 32.56,
p < 0.05) and in studies that did not include operant training (Q = 45.03, p < 0.05). The RE
model yielded an average ES value of 0.12 with a 95% CI of [-0.14, 0.38] for studies that
included operant training, and an ES value of 0.21 with a 95% CI of [-0.01, 0.44] for studies
that did not include operant training. The moderator variable analysis revealed that Operant
Training did not influence sex differences in nicotine IVSA (RE model; Hb =0.32,df =1, p
=0.56).

With regard to Schedule of Reinforcement, the FE model yielded an average ES value of
0.07 with a 95% CI of [-0.09, 0.23] for studies that used an FR1, and an ES value of 0.37
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with a 95% CI of [0.20, 0.55] for studies that employed a schedule of reinforcement > FR1.
Seventeen ES values were derived from studies employing an FR1 schedule (ES# 9-10,
12-18, 24, 33, 35-39, and 42), and 23 ES values were derived from studies that used a
schedule > FR1 (ES# 1-7, 11, 20-23, 25-32, 34, and 40-41). There was significant
heterogeneity detected in the FR1 schedule group (Q = 41.0, p < 0.05). However,
heterogeneity was not detected in the > FR1 schedule group (Q = 29.56, p = 0.13). The RE
model yielded an average ES value of —0.003 with a 95% CI of [-0.21, 0.20] for studies that
used an FR1, and an ES value of 0.33 with a 95% CI of [0.12, 0.54] for studies that
employed a schedule > FR1. The moderator variable analysis revealed that Schedule of
Reinforcement did influence sex differences in nicotine IVSA (RE model; Hb = 4.99, df = 1,
p < 0.02). Specifically, studies that employed a schedule of reinforcement > FR1 produced
larger sex differences as compared to studies that employed an FR1 schedule of
reinforcement.

With regard to Session Length, the FE model yielded an average ES value of 0.07 with a
95% CI of [-0.06, 0.20] for studies that employed short sessions, and an ES value of 0.56
with a 95% CI of [0.21, 0.91] for studies that used extended sessions. Thirty-five ES values
were derived from studies that used short sessions (ES# 1-8, 11-22, 26-32, and 34-41), and 6
ES values were derived from studies that used extended sessions (ES# 9-10, 23-24, 33, and
42). There was no significant heterogeneity detected in the short (Q = 43.22, p = 0.13) or
extended access (Q = 7.12, p = 0.21) groups. The RE model yielded an average ES value of
0.07 with a 95% CI of [-0.09, 0.22] for studies that included short sessions, and an ES value
of 0.56 with a 95% CI of [0.16, 0.95] for studies that used extended sessions. The moderator
variable analysis revealed that Session Length did influence sex differences in nicotine
IVSA (RE model; Hb = 5.16, df = 1, p < 0.05). Specifically, studies that employed extended
sessions resulted in larger sex differences as compared to studies that employed short
sessions.

4. Discussion

4.1. Overall meta-analysis of sex differences in nicotine IVSA

The present meta-analysis assessed the presence and magnitude of sex differences in
nicotine IVSA based on data derived from 20 studies and 42 independent ES values. The
major finding was that there are sex differences in nicotine IVSA, with female rats
displaying higher levels of nicotine IVSA compared to males. The finding that female rats
self-administer more nicotine than males is consistent with several published reports
[6,16,19,21,36,46,49,59]. The pattern of results is also consistent with several studies
showing that female rodents display higher rates of oral nicotine SA (see [45]). Moreover,
females display a larger preference for a chamber paired with nicotine than male rats [57]
and mice [28]. These pre-clinical studies suggest that the reinforcing effects of nicotine
likely promote tobacco use in women. Importantly, the present results appear to generalize
to other drugs of abuse, given that the reinforcing effects of cocaine, opiates, and alcohol are
also magnified in female versus male rodents (see [2,35,48]). Together, these studies suggest
that strong reinforcing effects of drugs of abuse contribute to the rapid development of drug
dependence in females.
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The unique contribution of this meta-analysis is that it provides an estimate of the magnitude
of sex differences in nicotine IVSA. Specifically, female rats self-administer on average 0.18
standard deviations more nicotine than males. This numerical index of sex differences in
nicotine 1VVSA can be useful to the field in several ways. First, future studies assessing sex
differences in nicotine IVSA can compare their ES values to the present meta-analysis,
which provides an estimate of the population ES based on a collection of reports. Second,
future studies can compare sex differences in IVSA to other behavioral effects of nicotine,
such as the aversive effects of withdrawal or locomotor behavior. These types of
comparisons may provide insight into the degree to which the different behavioral effects of
nicotine contribute to tobacco use in women. Meta-analytic reviews may also be useful to
compare sex differences in IVSA of nicotine to other drugs of abuse, such as cocaine or
methamphetamine. Lastly, the present meta-analysis provides an ES estimate to conduct
power analyses to calculate adequate group sizes. This will help advance future studies
examining the mechanisms that modulate sex differences in nicotine IVSA.

4.2. Influence of moderator variables on sex differences in nicotine I[VSA

The moderator variable analyses assessed the influence of various experimental conditions
on the magnitude of sex differences in nicotine IVSA. To summarize, female rats displayed
higher levels of nicotine IVSA than males in experimental conditions involving a light cue to
signal nicotine delivery, schedules of reinforcement > FR1, and extended-access sessions.
The influence of each of these procedural variables is considered in the following text below
in the context of the existing literature.

The present study revealed that sex differences in nicotine IVSA were larger in studies that
included a light cue to signal nicotine delivery. Specifically, female rats displayed higher
levels of nicotine IVSA than males in studies that included a light cue. The latter finding is
consistent with a previous report showing that female rats display greater nicotine IVSA
than males in an experimental condition that included a cue light that signaled nicotine
delivery as compared to a condition where there were no light cues [6]. Surprisingly, the
present study revealed that there were no sex differences in nicotine IVSA in studies that
included both a light and tone cue. Future studies are needed to examine the contribution of
compound stimuli to sex differences in nicotine IVSA.

Sex differences in nicotine IVSA were also larger in studies involving reinforcement
schedules > FR1, with females displaying higher levels of nicotine IVSA when the
reinforcement requirements were > 1 operant response. This finding might reflect sex
differences in motivation, with females responding more for nicotine under schedules with
high reinforcement demands. Indeed, a previous report revealed that female rats display
higher levels of nicotine IVSA than males when the schedule of reinforcement was steadily
increased from an FR1 to a progressive ratio [16].

Sex differences in nicotine IVSA were also larger in studies that employed extended- versus
short-access sessions. One possibility is that the latter effect is related to a more rapid
development of nicotine dependence in females as compared to males. This is based on
previous work showing that extended access to nicotine IVVSA produces an escalation of
nicotine intake and physical signs of withdrawal that are believed to reflect the development
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of dependence [9-11]. Thus, sex differences may be more readily observed in procedures
involving extended access to nicotine IVSA as compared to short-access procedures that do
not induce nicotine dependence. An alternative explanation is that females are able to sustain
higher levels of nicotine IVSA in extended access procedures because they experience
reduced aversive effects of nicotine as compared to males [57]. Indeed, female rats display
more nicotine intake than males at higher doses of an escalating dose regimen of extended
access to nicotine IVSA [19].

Lastly, there were several procedural variables that did not appear to influence the magnitude
of sex differences in nicotine IVSA. With regard to age, sex differences in nicotine IVSA
were similar in adolescent versus adult rats. This finding is consistent with previous reports
showing a lack of sex differences in IVSA procedures that included both female and male
adolescent and adult rats [29,50]. With regard to diurnal phase of testing, there were no sex
differences in nicotine IVSA. This is consistent with a previous report showing that female
and male rats display similar levels of nicotine intake in the light versus dark phase of the
diurnal cycle [7]. Lastly, sex differences were not influenced by operant training prior to
nicotine IVSA. Future studies are needed to empirically test the unique contribution of
different procedural variables that may influence the magnitude of sex differences in
nicotine IVSA.

4.3. Limitations of the present meta-analysis

There are some limitations to consider with the present meta-analysis. First, one report met
the inclusion criteria, but was not included in the final analysis because the data were not
available. One might consider that this study may limit the current estimate of the true
population ES. However, this study did not detect sex differences in nicotine IVSA and
Rosenthal’s Fail-Safe N test revealed that 88 additional ES values of zero would be needed
to nullify the present findings. Second, the moderator variable analysis included an array of
experimental conditions that were dichotomized based on our experience with [VSA
procedures. Although some groupings may appear to be arbitrary, the ranges allowed for
sufficient ES values in each subgroup, and an attempt was made to include reasonable
minimal and maximal extremes. For example, the categories for the moderator variables that
were significant included minimum (FR1 and short-access sessions) versus maximum (>
FR1 and 23 h) values. The information provided in this meta-analysis is an important first
step towards understanding the mechanisms that promote sex differences in the reinforcing
effects of nicotine.
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1,245 papers identified from 5 databases |

| 324 duplicates removed

1 unpublished study added

T

922 papers remaining Via abstract and title screening, 883 studies were removed
because they included:

* Human subjects

* Only female or male rats

* Procedures other than SA

* Drugs other than nicotine

-

39 papers remaining

Via full text screening, 18 papers removed because they
included:

*  Oral SA of nicotine

¢ IVSA of nicotine with acetaldehyde

*  Genetically modified mice

T

21 papers remaining

Via full text screening, | paper was removed
because the data were not obtained.

-

20 papers in the meta-analysis,
with the final inclusion criteria reflecting studies that compared
nicotine IVSA in both female and male rats.

Fig. 1.
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0.18  0.003,0.35
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Table 2
Effect sizes (ES) and results of the meta-analysis (CI = confidence interval).
References Statistical Results ES
ES# ES 95% Cl -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
Donny et al., 2000 1 0.78  0.004,1.60 ——
u 2 045  -0.36,1.30 —
“ 3 015 -0.62,093 —
“ 4 033 -043,1.12 —
Chaudhri et al., 2005 5 000 -1.19 119 1
# 6 000 -1.19,1.19 ' i
= 7 000 -1.19,1.19
Rezvani et al., 2008 8 1.54 0.52,2.72 ®
Lynch., 2009 9  -0.35 -1.45,071 9 4
“ 10 017 -063,099 —_
Chen et al., 2011 11 043  -0.69,1.62 *
Levin et al., 2011 12 -0.22  -1.16,0.70 g
£ 13 049 -1.48,045 e
“ 14 005 -0951.05 ! |
“ 15 -007 -1.10,095 *
* 16 -1.71 -2.89,-0.70 ! * i
Feltenstein etal.. 2012 17 -0.02 -051,048
£ 18 -004 -057,049 :E
Johnson etal., 2012 19 -079 -1.83,0.17 & |
Li etal, 2012 200 011 -0.73,096 e
- 21 037 -051,1.28 @
= 22 071 -0.19,1.68 5 ]
Grebenstein et al., 2013 23 1.38 0.25, 2.70 [ ® |
Sanchez etal., 2014 24 D89 0.22,1.60 ——
Wang etal, 2014 25 118 0.76,1.63 —@—
Schassburger et al,, 2016 26 0 -1.65, 1.65 1
u 27 0 -0.86, 0.86 —
5 28 0 -0.88,0.88 ; |
“ 29 027  -1.20,1.82 * i
* 30 0 -1.34,1.34 "
# 31 0 -1.01,1.01 | |
“ 32 0 -1.01, 1.01 v i
Flores etal., 2016 33 0.84 004,174 e
Pittinger et al., 2016 34 0.69 -0.16, 1.61 L 4 i
Swalve etal., 2016(a) 35 033 -008,074 —@—
Swalve etal., 2016 (b) 36 042  -0.13,0.98 [ —
Larraga etal., 2017 37 -0.15 -1.02,0.70 —
“ 38 -0.61 -1.62,034 [ |
Peartree etal., 2017 39 035 -083,0.12 —§—+
“ 40 -034 -097,028 ——
¥ 41 011 -050,0.72 —
Uribe et al., (Unpublished) 42 0.41___-0.44,1.30 Ty T, T,

The size of the bubble in the Forest plot represents the relative contribution of each study to the meta-analysis.
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Table 3
Results of the moderator variable analyses (ES = effect size; n = number of values; Cl = confidence interval,

Z L-light: L+ T = light + tone; FR = fixed ratio).

f5_|-

o

% Coded Variables Statistical Results ES

) ES n= 95% Cl1 -040 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

S

;e

=, Adult 0.17 26 -0.01,0.37 ——

= Adolescent 009 16 -0.21,0.42 ®

Cue
I; 028 21 0.09, 0.46 —
L+T -0.09 12 -0.33,0.15 @ 1

;g Diurnal Phase

= Dark 0.10 31 -0.11,0.31 e

) Light 019 5  -0.29,067 ®

§

g Dose

g <0.03 mg/kg 0.11 12 -0.23, 0.45 @

%- 0.03 mg/kg 019 19 -0.07, 0.45 o

- >0.03 mg/kg 030 7 -0.18,0.78 @

Operant Training
Present 0.12 20 -0.14, 0.38 &
Absent 0.21 22 -0.01, 0.44 @

E Schedule

8' FR1 -0.003 17 -0.21,0.20 ——

% >FR1 033 23 0.12,0.54 b @

g

c Session Length

8 Short 007 35 -0.09,0.22 ———

-§ Extended 056 6 0.16,0.95 ' @
Positive values reflect an ES in favor of the females and the negative values reflect an ES in favor of the males. Values were derived from the RE
model.
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