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ARTICLE INFO ABSTRACT

Background: The preclinical literature identifies the ventral striatum (VS) as a key player in drug-conditioned
responses, guiding hypotheses examining neural substrates involved in human drug cue reactivity, including the
study of sex differences. Men show a replicable response that includes the VS, while women’s responses have
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Estradiol ) been weaker and variable. New evidence suggests that the hormonal milieu modulates women’s responses to
E\r/[(;glesterone striatum drug cues in the dorsal striatum (DS), specifically, in the putamen. Here we tested the hypothesis that the

hormonal milieu affects neural responses to smoking cues (SCs) in the putamen in women cigarette smokers.
Methods: We re-examined our three previous neuroimaging studies of the influence of sex and menstrual cycle
(MC) phase effects on SC neuroactivity, incorporating the DS as a region of interest.

Results: As previously shown, men exhibited increased ventral medial prefrontal cortex (vmPFC) and VS/V
pallidum responses, and women showed increased vmPFC responses that were greater in women during the
follicular phase (high estradiol), compared to the luteal phase (high progesterone). Reducing the statistical
threshold within luteal phase women revealed select deactivation of the putamen.

Conclusions: These preliminary findings shed light upon factors that may modulate drug cue reactivity in
women, specifically the influence of hormones on DS responses. Emerging literature suggests that manipulating
the hormonal milieu may open a fundamental window into sex-specific treatment targets. More rigorous study of
the brain substrates involved in drug cue reactivity and other reward-related behavior that may be influenced by

sex and the hormonal milieu is imperative.

1. Introduction

Smoking a cigarette and the cues associated with smoking, such as
the smell of a lit cigarette, the feel of the smoke entering the lungs, or
the sight of a favored brand of cigarettes, are rewarding to individuals
who smoke. Exposure to smoking-related cues (SCs), days, months or
even years after quitting smoking can lead to SC-induced craving and
relapse (Sinha and Li, 2007). As such, the addiction field has studied
SC-induced craving extensively, including the study of individual
variability in the effects of SC exposure on relevant endpoints, such as
craving and physiological and neurophysiological responses. Given its
potential relevance to relapse and treatment strategies, variability
conferred by sex differences has been one such area of study.

One method of examining SC-induced responses is through the use
of neuroimaging during SC exposure. Our group has previously re-
ported on sex differences in response to SC exposure using perfusion

functional magnetic resonance imaging (fMRI). We reported that both
men and women with nicotine use disorder (NUD) show increased re-
sponses to SCs compared to non-SCs, with men exhibiting increased
ventral medial prefrontal cortex and ventral striatum/ventral pallidum
responses, and women showing increased ventral medial prefrontal
cortex responses (Wetherill et al., 2013). Subsequently, using the same
methodology in a new cohort, we observed similar results within men
who showed greater responses to SCs in the ventral medial prefrontal
cortex, ventral striatum/ventral pallidum, the ventral anterior insula,
and the parahippocampus (Dumais et al., 2017). These results are in
agreement with our original study of SC reactivity independent of
withdrawal (Franklin et al., 2007). However, in the Dumais et al. study,
we did not observe a SC-elicited brain response in women, which is
inconsistent with our prior study and other studies showing heightened
SC-induced brain reactivity in women (Janes et al., 2010, 2009;
Wetherill et al., 2013).
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As our group has long been interested in the effects of hormonal
fluctuations on SC-induced craving and relapse (Franklin et al., 2015,
2008; Franklin and Allen, 2009; Wetherill et al., 2014), we hypothesize
that the variability in SC response in women may be related to the
influence of gonadal sex hormones (i.e., estradiol and progesterone)
that fluctuate over the course of the natural MC. Given that estradiol
enhances rewarding behavior and progesterone may protect against it
(Becker and Hu, 2008; Fattore et al., 2008), we hypothesize that hor-
monal variation among participants in our two prior studies (Dumais
et al., 2017; Wetherill et al., 2013) masked our ability to replicate or see
strong reward-related effects in women. In our studies and those of
others (Janes et al., 2010, 2009), the composition of the hormonal
status of the female participants was heterogenous, consisting of
women who were naturally cycling and in different phases of their MC,
taking exogenous hormones (i.e., birth control), or were peri- or post-
menopausal. Such heterogeneity could result in reduced ability to see a
SC-induced reward response and/or cause inconsistencies across stu-
dies.

To probe our hypothesis of hormonal status effects on SC reactivity
in women, we conducted another study comprising only women who
were premenopausal and naturally cycling. The first half of the MC, the
follicular phase, is dominated by a rapid increase in the level of estra-
diol, whereas the second half of the MC, the luteal phase, begins fol-
lowing ovulation and is dominated by progesterone (See Fig. 1). For
this study, women were grouped according to MC phase and partici-
pated in procedures consistent with those of the first two sex differences
studies (Dumais et al., 2017; Franklin et al., 2015; Wetherill et al.,
2013). Women in the follicular phase (FPs) showed increased neural
responses to SCs compared to non-SCs in the ventral medial prefrontal
cortex, whereas responses within luteal phase women (LPs) were non-
existent. Furthermore, FPs showed SC-elicited craving (i.e., greater
craving following SC exposure) that was correlated with neural re-
sponse in the ventral anterior insula, a known craving substrate
(Droutman et al., 2015), whereas LPs did not report SC-elicited craving
or show correlations (Franklin et al., 2015). These findings were
somewhat consistent with our hypothesis that FPs would show greater
SC-elicited responses; however, FPs did not show greater effects in the
ventral striatum (i.e., the nucleus accumbens), a region clearly estab-
lished within the preclinical literature as a critical reward substrate
within the dopaminergic mesolimbic pathway (Corrigall et al., 1994;
Laviolette et al., 2002). These preliminary findings were not without
limitations. First, this study was retrospective; women were not re-
cruited and randomized by MC phase, potentially resulting in selection
bias. Second, MC phase was used as a crude proxy of hormonal status,
without knowledge of whether ovulation actually occurred in the par-
ticipants (Harlow and Ephross, 1995). And third, as depicted in Fig. 1,
hormonal variability exists in both of the major MC phases, diminishing
the ability to observe the potential rewarding effects of high levels of
estradiol (Di Paolo et al., 1985; Fattore et al., 2008; Lynch et al., 2002;
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Fig. 1. Diagram depicting the fluctuations of estradiol and progesterone across
an idealized human menstrual cycle.
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Thompson and Moss, 1994) or protective effects of high levels of pro-
gesterone (Becker and Hu, 2008; DeVito et al., 2014; Schiller et al.,
2012; Sofuoglu et al., 2001). Although it was not within our means to
address the limitations of these novel and intriguing findings, recent
advancements within the field revealed a fourth limitation that we
could address.

Our original a priori hypothesis of the brain regions involved in SC
reactivity was based on a large body of literature conducted over sev-
eral decades that was generally conducted in males (Childress et al.,
1999; Galvan et al., 2005; Robinson and Berridge, 1993; Wilson et al.,
2005; Wise, 1988). Our regions of interest (ROIs) included the ventral
striatum and other interconnected limbic circuitry; however, recent
work by Cummings et al. (2014) suggests that we overlooked a key
region that may be especially important in women. Specifically, Cum-
mings et al. showed that 1) in female rats, estradiol escalates drug-
related behavior including drug-induced sensitization of stereotypy and
locomotion with no effect on male rats; and 2) estradiol enhances do-
pamine release in the dorsal but not ventral striatum in female rats with
no effects in male rats in either ventral or dorsal striatum. The findings
from this carefully conducted study suggest that the dorsal striatum,
specifically the putamen, is a key player in drug reward in females and
that it is heavily modulated by the hormonal milieu (Cummings et al.,
2014). Contemporaneously, a human positron emission tomography
(PET) study was published with findings that aligned well with
Cummings et al. (2014). Cosgrove et al. (2014) showed that when ci-
garette smoking individuals smoke a cigarette during PET imaging,
dopamine is released within the ventral striatum of male smokers, while
in women, dopamine release is more rapid and is observed only in the
putamen (Cosgrove et al., 2014). These two recent papers are not the
first studies to observe an effect of conditioned drug cues in the dorsal
striatum (Boileau et al., 2007; Redish et al., 2008; Volkow et al., 2006),
yet the majority of studies consistently point to the ventral striatum.
Findings from these two recent studies begin to tease apart the influ-
ence of sex and hormones on individual variability in responses and led
us to test the hypothesis that SCs will preferentially activate the pu-
tamen in women and that the response will be modulated by the hor-
monal milieu. Thus, the current study addresses the fourth limitation of
our three earlier studies by re-analyzing the previously acquired data
and including the putamen as an a priori ROI to explore a potential
mechanistic basis for the variable and weak responses we have ob-
served previously in SC reactivity within women. In conjunction with
the emerging literature described above, this exploration may aid in
identifying previously unexplored treatment targets for women who are
vulnerable to cue-induced relapse by providing a framework upon
which to build future study.

2. Methods

The study participants and detailed methods are described in their
respective published works (Dumais et al., 2017; Franklin et al., 2015;
Wetherill et al., 2013). Briefly, sated cigarette-dependent individuals
underwent pseudo-continuous arterial spin-labeled (pCASL) perfusion
fMRI during exposure to audio/visual clips consisting of highly appe-
titive SCs and carefully matched non-SCs. The SC video included in-
dividuals differing in race, age, and sex, who were smoking and using
language explicitly designed to induce appetitive desire for a cigarette.
The non-SC video was similar in content; however, the video did not
portray cigarette smoking or smoking reminders.

Analyses were conducted in SPM (The FIL Methods Group, 2016)
using an arterial spin labeling (ASL) data processing toolbox (Wang
et al., 2005) for pCASL perfusion data analyses, as described previously
(Dumais et al., 2017; Franklin et al., 2015, 2007; Wetherill et al., 2013).
Contrasts between SC versus non-SC sets were defined in the general
linear model to assess the voxel by voxel CBF difference for each sub-
ject. Using the corresponding parametric maps of the contrast, random
effects analysis was employed to test for a main effect of condition (SC
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A. Original Limbic Mask

Fig. 2. Shown in A. are sagittal, coronal and axial images of the original limbic
mask used in Wetherill et al., 2013; Dumais et al., 2017 and Franklin et al.,
2015 which can be viewed in its entirety at http://franklinbrainimaging.com/
mj%2010_13/Mask_axial.html. B. depicts the mask used in the current study
that includes the dorsal striatum (circled).

versus non-SC) in each sex or group, with a statistical parametric map
of the t-statistic at each voxel for population inference within the ROI
mask.

Based on a priori hypotheses generated from our previous studies on
SC-reactivity among NUDs (Dumais et al., 2017; Franklin et al., 2015,
2007; Wetherill et al., 2013), the ROI mask included the ventral medial
prefrontal cortex, ventral striatum/ventral pallidum, hippocampus,
extended amygdala (i.e., amygdala; bed nucleus of stria terminalis),
supra- and sub-genual anterior cingulate cortex, and insula. For the
current retrospective re-analyses, the dorsal striatum was added to the
mask (See Fig. 2). The ROI mask was created using the Harvard—Oxford
probabilistic anatomical atlas provided with FMRIB Software Library
(FSL) (Smith et al., 2004). Significance level was set at p < 0.005,
cluster size =20.

3. Results

Data Set 1: Wetherill et al., The impact of sex on brain responses to
smoking cues: A perfusion fMRI study (Wetherill et al., 2013). Data Set 1
remained unchanged by the addition of the dorsal striatum to the ROI
mask. Both men and women showed increased responses to SCs com-
pared to non-SCs, with men exhibiting increased ventral medial pre-
frontal cortex and ventral striatal/ventral pallidum responses and
women showing increased ventral medial prefrontal cortex responses.

Data Set 2: Dumais et al., Multi-site exploration of sex differences in
brain reactivity to smoking cues: Consensus across sites and methodologies
(Dumais et al., 2017). Data Set 2 remained unchanged by the addition
of the putamen to the ROI mask. Men had greater brain responses to SCs
relative to non-SCs in the ventral medial prefrontal cortex, ventral
striatum/pallidum, ventral anterior insula, and the parahippocampus.
In women, there were no regions that showed greater responses to SCs
relative to non-SCs.

Data Set 3: Franklin et al., Influence of menstrual cycle phase on neural
and craving responses to appetitive smoking cues in naturally cycling females
(Franklin et al., 2015). FPs showed increased neural responses to SCs
compared to non-SCs in the ventral medial prefrontal cortex, while LPs
had no response in any ROI Notably, reducing the threshold to
p < 0.05 revealed reduced responses to SC compared to nonSCs se-
lectively in the left putamen in LPs (t = 2.77; see Fig. 3). Although this
finding does not pass the stringent correction that is warranted for
neuroimaging studies, it is reported here as fundamental hypothesis-
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generating information for the field.
4. Discussion

The purpose of this retrospective study was to re-examine our three
previous neuroimaging studies of the influence of sex and/or MC phase
differences on SC neuroactivity, incorporating the dorsal striatum into
our a priori ROI mask. Our goal was to explore a potential mechanistic
basis for the variable and weak responses we have observed in SC re-
activity in women, providing a framework upon which to build future
study. Based on an emerging literature (Cosgrove et al., 2014;
Cummings et al., 2014), we tested the hypothesis that the hormonal
milieu will affect the neural response to SCs in the putamen of women.
In reanalyzing data from our two previous studies that examined the
effects of sex on dorsal striatal neuroactivity, previous results remained
unchanged. In the third study, wherein MC phase was used as a proxy
for hormonal status in naturally cycling women, reducing the statistical
threshold within women who were exposed to SCs during the luteal
phase, when progesterone is high, revealed select deactivation of the
putamen. These results provide a hint that our previous underwhelming
results in women are a result of hormonal variation in our samples and
suggest that hormonal influences may exert effects in other studies of
drug cue reactivity.

Several lines of evidence throughout the preclinical and clinical
literature show that estradiol escalates drug reward-related behavior
while progesterone may be protective (Di Paolo et al., 1985; Dluzen and
Anderson, 1997; Thompson and Moss, 1994). For example, within the
animal literature, estradiol contributes to faster acquisition of drug-
seeking behavior, escalation of drug consumption and accelerated drug-
primed and drug-cue induced reinstatement, an animal model of re-
lapse (Lynch et al., 2002). In particular, in rats trained to self-admin-
ister nicotine, levels of responding on a progressive ratio schedule were
inversely correlated with progesterone and positively correlated with
the estradiol to progesterone ratio (Lynch, 2008). The human literature
on the effects of the hormonal milieu on addiction processes is less
clear, as studies are limited by factors such as heavy reliance upon self-
report, not randomizing by phase, use of arbitrary phase classifications
and/or lack of hormonal verification. However, more recent studies are
controlling for such factors (Fattore et al., 2008; Mello, 2010; Sofuoglu
et al., 2001). For example, Sofuoglu et al. (2001) have demonstrated
that exogenous administration of progesterone decreases the positive
subjective effects of cigarette smoking and craving (Sofuoglu et al.,
2001). Collectively the above-mentioned studies, and others (DeVito
et al., 2014; Schiller et al., 2012; Sofuoglu et al., 2001), suggest that
estradiol may increase the relative rewarding value of SCs while pro-
gesterone may protect against such effects.

It is important to note that this re-examination of previously ac-
quired data is still flawed. Although we have expanded our prior ex-
aminations to include the putamen, the other limitations of the original
studies remain. As noted previously, all three prior studies were ret-
rospective, potentially introducing selection bias. Second, in both of the
sex differences studies, the female group consisted of naturally cycling
women at varying time points in their MC, women taking exogenous
hormones, and peri- and post- menopausal women. Thus, if the hor-
monal milieu does exert an influence over SC neuroactivity, it could
have been masked by the inclusion of women of variable hormonal
status.

The MC study provided some confirmation that hormones exert an
effect on SC reactivity. Naturally, cycling women exposed to SCs during
the follicular phase showed increases in SC-induced neural responses
that correlated with SC-elicited craving, while women in the luteal
phase did not. However, given its focus on differences modulated by
MC phase, this study was also limited. As previously mentioned, MC
phase is a crude proxy of hormonal status. Indeed, approximately one-
third of all MCs are anovulatory, and as such, the predicted monthly
fluctuations in gonadal hormones are disrupted (Harlow and Ephross,
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Dorsal Striatal (putamen) Deactivation to SCs
in Women during the Luteal Phase

Yy

Fig. 3. Sagittal, coronal and axial images showing select deactivation of the putamen in luteal phase females (n = 15) during exposure to SCs compared to non-SCs (t
(12) = 2.77,p = 0.05).

1995). Furthermore, and most importantly, hormonal variability exists
within both the follicular and luteal phases. The follicular phase is
characterized by low levels of both estradiol and progesterone in the
early part of the phase, and rising levels of estradiol in the later stages
of the phase. The luteal phase begins immediately after ovulation and
ends at menses, and is characterized by high levels of progesterone in
conjunction with a smaller estradiol peak, followed by sharp decreases
in both hormones towards the end of the phase (See Fig. 1). Thus, the
vastly different hormonal milieu that exists within the major MC phases
diminishes the ability to observe potential rewarding effects of high
levels of estradiol or protective effects of high levels of progesterone.
Although this re-analysis does not unequivocally illuminate the dorsal
striatum as a key player in women’s drug cue reactivity, it suggests that
it could be and that further study is needed while attending to sex and
hormonal status.

Using a crude measure of hormonal variability, we observed a
progesterone-mediated reduction of dorsal striatal brain activity during
SC exposure, albeit weak. Recent findings implicate this region as an
important substrate of drug motivation in females, and that it is
modulated by the hormonal milieu (Cosgrove et al., 2014; Cummings
et al., 2014). The majority of drug addiction research has been thus far
conducted mostly in males, and has clearly identified the ventral
striatum as the final common pathway of all drugs of abuse, albeit a few
studies have revealed a role for the dorsal striatum (Boileau et al., 2007;
Redish et al., 2008; Volkow et al., 2006). Perhaps the dorsal striatum,
modulated by the hormonal milieu, plays a larger role in females. Thus,
we consider these preliminary findings valuable as they contribute to a
growing literature that may open a fundamental window into sex-spe-
cific treatment targets by providing a framework upon which to build
future study. Given the plausible importance of the influence of hor-
mone variation on reward-related behavior and its implications on re-
lapse and sex-specific treatment strategies, more rigorous study of the
regions involved in SC reactivity and other reward-related behavior
that may be influenced by sex and the hormonal milieu is imperative.
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