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Women and men exhibit differences in behavior when making value-based decisions. Various hypotheses have
been proposed to explain these findings, stressing differences in functional lateralization of the brain, functional
activation, neurotransmitter involvement and more recently, sex hormones. While a significant interaction of
neurotransmitter systems and sex hormones has been shown for both sexes, decision-making in women might be
particularly affected by variations of ovarian hormones. In this review we have gathered information from
animal and human studies on how ovarian hormones affect decision-making processes in females by interacting
with neurotransmitter systems at functionally relevant brain locations and thus modify the computation of
decision aspects. We also review previous findings on impaired decision-making in animals and clinical popu-
lations with substance use disorder and depression, emphasizing how little we know about the role of ovarian

hormones in aberrant decision-making.

1. Introduction

We make choices by assigning subjective value to options available
for us multiple times a day. However, numerous neuropsychiatric dis-
orders which display a prominent sexual dimorphism, such as major
depression and addiction, suffer from aberrant decision-making as a
core feature (Wittchen et al., 2011). On the neural level, decision
processes may be inappropriately affected by changes in neuro-
transmitter systems due to the disorder. In addition, further modula-
tions of the decision-making processing may occur due to the interac-
tion between the neurotransmitter systems and sex hormones, which
has been shown for both women and men (Barth et al., 2015). For
women in particular, decision-making processes may be affected by
systematic variation of ovarian hormones — both monthly as well as
over the course of their reproductive years. This may pose unique
challenges to decision-making in healthy and clinical populations of
women.

Healthy women and men exhibit differences in behavior when
making value-based decisions, although usually the effect sizes found in

the studies addressing these sex differences are small (for a meta-ana-
lysis, please see Nelson, 2016). For instance, while men are biased to-
wards maximizing rewards even if this strategy is not optimal, women
prefer frequent but smaller rewards. Relative to men, women are also
more sensitive to information on foregone rewards as they tend to re-
gret suboptimal changes in their decision-making strategy (Byrne and
Worthy, 2015; Cornwall et al., 2018). In a similar fashion, loss of re-
ward during the previous decision increases women’s tendency to
choose safe options (Lee et al., 2009). Women and men are also dif-
ferently affected by stress during decision-making: albeit similar in-
crease in cortisol levels following stress induction, women were slower
than men in reward collection rate, decision speed and had lower total
earnings when stressed (Lighthall et al., 2012). Combined with sexual
dimorphisms in prevalence for mental disorders, these differences
might have a substantial effect on one’s quality of life.

Various hypotheses have been proposed to explain these behavioral
sex differences in value-based decision-making. On a neural level,
sexual dimorphisms may arise (i) from sex differences in functional
lateralization of the brain areas involved in decision-making circuits,

* Corresponding author at: Department of Psychiatry and Psychotherapy, University of Tiibingen, Tiibingen, Germany.

E-mail address: birgit.derntl@med.uni-tuebingen.de (B. Derntl).
! Shared first authorship.

https://doi.org/10.1016/j.yfrne.2020.100873

Received 12 March 2020; Received in revised form 28 July 2020; Accepted 15 September 2020

Available online 26 September 2020
0091-3022/ © 2020 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00913022
https://www.elsevier.com/locate/yfrne
https://doi.org/10.1016/j.yfrne.2020.100873
https://doi.org/10.1016/j.yfrne.2020.100873
mailto:birgit.derntl@med.uni-tuebingen.de
https://doi.org/10.1016/j.yfrne.2020.100873
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yfrne.2020.100873&domain=pdf

A. Ambrase, et al.

Frontiers in Neuroendocrinology 60 (2021) 100873

A Rodent Estrous Cycle C Impact of High Estradiol Levels on Decision-making
Ovulation
X%,
Progesterone o\ N 1 effort expenditure T SR 17B-estradiol
l" “‘0 I: “ 4 Dy B N\
. R . ¥ £ R
3 i "- e :' “. A - \\\
Ry

e
|proestrus “ estrus |

| metestrus “ diestrus

0 48 96 hours
B Human Menstrual Cycle
Ovulation
follicular phase ” luteal phase
1 14 28 days

T approach behavior
1 avoidance learning
T hedonic reward experience

Fig. 1. Schematic representation of ovarian hormone variation across the rodent estrous and human menstrual cycle, and the impact of high estrogen levels on
decision-making in humans. (A) Displays the systematic variation of estradiol (solid orange line) and progesterone (dashed gray line) system across the rodent estrous
cycle, and (B) across the human menstrual cycle. (C) Over the human menstrual cycle, increase in endogenous estradiol level (i) positively modulates effort
expenditure in decision-making by interacting with behavioral control mechanisms in the prefrontal brain areas; (ii) promotes learning of approach behavior,
possibly by facilitating the dopaminergic reward prediction error signals (RPE) in the limbic system and intensifying the hedonic experience of reward; but also (iii)
inhibits avoidance learning by interfering with the coding of the negative RPEs. Increasing progesterone level may also positively modulate the readiness in
expending effort and behavioral control over the menstrual cycle, but more research is needed.

like the ventromedial prefrontal cortex (VMPFC) and the amygdala
(Tranel et al., 2005; Tranel and Bechara, 2009; Sutterer et al., 2015);
(ii) from sex differences in typical functional activation of the amygdala
and orbitofrontal cortex (OFC) (Sacher et al., 2013); or (iii) from sex
differences in the neuroanatomical basis of the behavioral inhibition
(BIS) and behavioral activation systems (BAS) (Li et al., 2014) as well as
(iv) dissimilar involvement of the dopaminergic and stress systems in
decision-making for the sexes (Georgiou et al., 2018). Moreover, cur-
rent research in clinical samples (Becker and Chartoff, 2019) — con-
cerning development of disorders, prevalence and response to treat-
ment — suggests a significant role for sex hormones as modulators to
account for these behavioral sex differences both in mental health and
disease.

Emerging evidence suggests effects of ovarian hormones, such as
estradiol and progesterone, on value-based decision-making in women.
Estradiol and progesterone vary across women’s lifespan with in-
creasing levels during puberty and pregnancy, withdrawal states during
postpartum and during the transition to menopause, and variable levels
across the menstrual cycle. How the variation impacts decision-making
is still understudied. This is a critical research gap as such knowledge is
crucial to understand sex differences and the effects of female-specific
hormonal transition phases on prevalence, course, and treatment re-
sponse in neuropsychiatric pathologies. So far, most human studies
focused on menstrual cycle effects on decision-making.

In this review, we aim to provide an overview of the basic principles
of decision-making processing and to highlight the interactions between
the two major neurotransmitter systems involved in decision-making —
dopamine and serotonin — and their hormonal modulators — estradiol
and progesterone — in females, combining the knowledge from both
animal and human literature. Where possible, we discuss findings on
modulation by estradiol and progesterone, however, studies assessing

the effects of the latter are even more scarce than those assessing the
effects estradiol, both in animal and human literature. We will discuss
evidence on the modulatory effects of ovarian hormones on decision-
making in both healthy females and females suffering from substance
use disorder and unipolar depression. Both disorders have been linked
to aberrant neurotransmission in the brain. Substance use disorder can
be traced back to the impairments of the dopaminergic signaling (for
review see Volkow et al., 2004); and depression may involve aberrant
serotonergic neurotransmission (for review see Dell'Osso et al., 2016).
Although substance use disorder is more prevalent in men, women are
more affected in terms of addictive attributes and relapse rates (for
reviews see Becker, 2016; Becker and Chartoff, 2019). Depression is the
most prevalent neuropsychiatric disorder in women worldwide
(Kuehner, 2017).

1.1. Variation of ovarian hormones across the menstrual cycle

Modulatory effects of ovarian hormones in decision-making have
been investigated mostly across the natural menstrual cycle as it pro-
vides (i) a natural model of investigating hormonal influences in
women, as well as (ii) convenience, financial advantages and proper
ethical considerations. Very few studies measured interactions between
ovarian hormones and behavioral changes in decision-making during
other significant hormonal transitions, like puberty (Op de Macks et al.,
2016), pregnancy and postpartum period (Hellgren et al., 2012) or
menopause (Thomas et al., 2014). Therefore, in this review, we will
mainly focus on the effects of the menstrual cycle in decision-making.

Across the menstrual cycle, ovarian hormones show characteristic
variation in the course of 28 days on average (Bull et al., 2019). In the
follicular phase, covering onset of menses and ovulation, estradiol le-
vels slowly rise and surge shortly before ovulation, while progesterone
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Fig. 2. Schematic representation of the main brain regions and neurotransmitter systems involved in decision-making. (A) Displays the central dopaminergic system
(blue) and (B) the serotonergic system. Ovarian hormone receptor sites are depicted for the main brain regions involved in decision-making. Estrogen receptors (red
triangles, ER-a and ER-f receptors combined) have been found in the ventral tegmental area (VTA), the raphe nuclei of the midbrain, striatum, amygdala, frontal and
prefrontal cortex, substantia nigra and the anterior cingulate cortex (ACC). However, evidence for receptor sites in the ACC is weaker in comparison to other brain
regions (Gundlah et al., 2002; Osterlund and Hurd, 2001; Mitra et al., 2003; Perlman et al., 2005; Sugiyama et al., 2010; Almey et al., 2015; Xiao et al., 2013). While
the nucleus accumbens is largely devoid of nuclear estrogen receptors (Zhang et al., 2002; Pérez et al., 2003; Laflamme et al., 1998; Simerly et al., 1990; Tonn
Eisinger et al., 2018), membrane-associated estrogen receptors may be present (not displayed, Almey et al., 2015). Progesterone (filled circles, PR-A and PR-B
receptors combined) receptors are present in the amygdala, striatum, midbrain, and frontal as well as frontal and prefrontal cortex (Bethea, 1993; Gundlah et al.,
2001; Meffre et al., 2013). (A) The dopaminergic pathways originate in the midbrain: mainly the VTA and substantia nigra (Felten and Shetty, 2010; Barth et al.,
2015). Projections from VTA to limbic structures and prefrontal cortex are associated with reward processing, while projections from VTA to cerebral cortex are
linked to cognition and learning (Ayano, 2016). Other dopaminergic pathways contribute to movement and sensory stimuli processing, and the endocrine system
(Ayano, 2016). (B) The serotonergic projections originate from the dorsal and median raphe nuclei (Felten and Shetty, 2010; Barth et al., 2015). The medial raphe
predominantly projects to the frontal cortex and the hippocampus (Hornung, 2003) and is implicated in learning and memory processes (Meneses and Perez-Garcia,
2007). The dorsal raphe mainly innervates the thalamus, striatum and cerebral cortex (Geyer et al., 1976) and has been linked to variety of physiological as well as

cognitive functions (Meneses, 1999). Figure adapted with author’s permission from Barth et al. (2015).

levels remain low. After ovulation, in the luteal phase, progesterone
levels increase gradually, with a mid-luteal peak in parallel to a second
blunted peak of estradiol. Preceding menses, estradiol and progesterone
levels rapidly withdraw (Sundstrom Poromaa and Gingnell, 2014).
Please see Fig. 1 for an illustration of rodent estrus (A) and human
menstrual (B) cycle-related hormonal variation as well as impact of
high estradiol levels on decision-making (C). For a summary on how
each included study assessed the menstrual cycle phase in humans
please see supplementary materials (Table S1).

1.2. Mechanisms of interaction between ovarian hormones, brain function
and neurotransmitter systems

The two main ovarian steroid hormones, estradiol and progesterone,
are master regulators of functions such as mood, cognition and arousal,
which extends their role far beyond the reproductive tract (Brinton
et al.,, 2015). The ability of estradiol and progesterone to influence
emotional and cognitive functioning is largely by modifying gene ex-
pression via classical genomic as well as non-genomic membrane-as-
sociated receptors in the human brain. Activated by estradiol, nuclear
estrogen receptors — ER-a and ER-f — promote the expression of nuclear
encoded genes that are required for cell growth, development, differ-
entiation, and homeostasis (Marino et al., 2006). Progesterone also
impacts genomic gene expression by binding to its nuclear receptors
PR-A and PR-B (Brinton et al., 2008). Both ER and PR receptors are
highly expressed in brain regions involved in emotion regulation and
cognitive control, such as the hippocampus, amygdala and prefrontal
cortex (Brinton et al., 2015; Mitra et al., 2003). Apart from classic ER/
PR-dependent genomic regulation, estradiol and progesterone can also
bind to transmembrane G protein-coupled receptors and directly trigger
non-genomic rapid signaling pathways such as mitogen-activated pro-
tein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K) cascades

(Mannella and Brinton, 2006). Among others, these signaling cascades
have been demonstrated to be neuroprotective by promoting cell
growth, proliferation and survival as well as apoptosis (Cao et al., 2019;
Kasubuchi et al., 2017). While genomic actions of estradiol and pro-
gesterone are relatively slow, minutes to hours, non-genomic mem-
brane-associated signaling is much faster, requiring only milliseconds to
seconds (Cornil et al., 2006). Rapid non-genomic actions of estrogen are
mediated by membrane-associated ER-a and ER-B as well as the G-
protein coupled estrogen receptor (GPERI1, Srivastava and Evans,
2013). While the motivational brain circuitry is largely devoid of nu-
clear estrogen receptors (Tonn Eisinger et al., 2018), membrane-asso-
ciated ERs are expressed in the dorsal striatum and nucleus accumbens
as well as in the prefrontal cortex and the hippocampus (Almey et al.,
2015), providing a potential mechanism for estradiol’s rapid effects on
cognition. For instance, GPER1 rapidly regulates hippocampal dendritic
morphology and synaptic plasticity, and may subsequently enhance
learning and memory (for review see Alexander et al., 2017). Besides
rapid estrogenic actions, progesterone also mediates a wide range of
physiological processes through non-classical signaling pathways via
various non-nuclear progesterone receptors including membrane-asso-
ciated receptors and the distinctly different progesterone receptor
membrane component 1 (PGRMCI, for review see Garg et al., 2017).
Yet, genomic and non-genomic actions of estradiol and progesterone
are highly intertwined, leaving a less clear-cut distinction as was first
thought (Vasudevan and Pfaff, 2008).

Besides the activation of their own receptors, ovarian hormones can
also act on other receptor types including y-aminobutyric acid (GABAA)
(Gulinello et al., 2001), N-methyl-d-aspartate (NMDA) (Foy et al., 1999;
Kow and Pfaff, 2018), serotonin (Sumner and Fink, 1998; Borrow and
Cameron, 2014) and dopamine receptors (Becker, 1990a, 1990b;
Diekhof, 2018). Ovarian hormones can modulate the responsiveness of
postsynaptic receptors (Maejima et al., 2013; Yankova et al., 2001) or
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the presynaptic release of neurotransmitters (Yokomaku et al., 2003),
thereby pivotally shaping neurotransmission (for review see Barth
et al., 2015).

The action of ovarian hormones in the brain is largely dependent on
the specific location of the receptors (McEwen and Alves, 1999). For
instance, estradiol and progesterone receptors are densely present along
the midbrain dopaminergic neurons and other areas related to the re-
ward systems, such as the amygdala and striatum (see Fig. 2A; Lammers
et al., 1999; Creutz and Kritzer, 2004; Vandegrift et al., 2017; Willing
and Wagner, 2016). Considerable evidence from animal and human
studies suggests that the mesolimbic and mesocortical dopamine sys-
tems are susceptible to circulating ovarian hormones. Particularly es-
tradiol is known to exert complex modulatory control over dopamine,
mainly enhancing its neurotransmission. Animal studies indicate that
estradiol may enhance dopaminergic activity by modulating dopamine
synthesis, release and turnover, and the basal firing rate of dopamine
neurons (Xiao and Becker, 1994; Pasqualini et al., 1995; Becker, 1990a,
1990Db). The effects of estradiol on dopamine function may, however, be
sexually dimorphic as well as regionally specific and time-dependent.
For instance, ovariectomized rats showed a significant decrease in
striatal dopamine (D2) receptor binding in the caudal striatum 30 min
after a single injection of estradiol benzoate (Bazzett and Becker, 1994).
This was not the case for castrated rats: striatal D2 receptor binding
significantly increased in the rostral striatum four hours after the in-
jection. After two weeks of chronic estradiol treatment, the density of
dopamine (D1) receptors significantly increased in ovariectomized rats
(Lévesque et al., 1989). This effect was lost when treatment was in-
itiated two weeks or later after ovariectomy. In humans, women have
generally higher presynaptic dopamine synthesis capacity in the
striatum compared to men (Laakso et al., 2002), while men have more
basal dopamine release in multiple regions of the striatum compared to
women (Munro et al., 2006). In addition, while women may have lower
D2 receptor affinity than men, striatal D2 receptor density and binding
potential seem to decline with age faster in men than in women
(Pohjalainen et al., 1998). In sum, estradiol seems to increase the ac-
tivity and density of D1 receptors (Auger et al., 2001; Lévesque et al.,
1989), and may in turn reduce the affinity of D2 receptors (Lévesque
and Di Paolo, 1989; Becker, 1999). This estrogenic effect on dopamine
receptors seems to vary across the menstrual cycle. Studies in rats in-
dicate that striatal D1 receptors fluctuate across the estrous cycle, with
highest density during diestrus. Further, menstrual-cycle-dependent
variations in D2 receptor availability have also been reported in non-
human primates (Czoty et al., 2009).

However, variations in estradiol levels across the menstrual cycle do
not happen in isolation, but rather in parallel with progesterone and its
neuroactive derivative allopregnanolone. From the follicular to the lu-
teal phase, both increases in progesterone and decreases in estradiol
have been associated with activity changes in brain areas linked to
reward processing such as the prefrontal cortex (PFC), limbic and
striatal regions (Dreher et al., 2007; van Wingen et al., 2008;
Ossewaarde et al., 2011). It has been suggested that progesterone may
decrease dopamine release or synthesis (Diekhof et al., 2018). However,
progesterone’s impact on dopaminergic transmission seems dependent
on baseline estradiol levels as stimulating effects on dopamine release
were found in rats which were pre-exposed with estradiol (Becker,
1990a, 1990b). Allopregnanolone, a neuroactive steroid, which can be
synthesized from steroid hormone precursors, such as progesterone, or
synthesized de novo from cholesterol (Walton & Maguire, 2019) has
been shown to modulate cognitive functions (Marx et al., 2009), likely
due to modulatory effects on GABAergic neurotransmission (Majewska
et al.,, 1986). Just like progesterone and its derivative, GABA levels
increase from the follicular to the luteal phase (Epperson et al., 2002).

Ovarian hormones also interact with the serotonergic system.
Serotonergic neurons are densely expressed in the dorsal and medial
raphe nuclei (DRN, MRN) of the midbrain with ascending fibers pro-
jecting to areas rich in ovarian hormone receptors such as the frontal
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cortex, striatum, thalamus, amygdala, hypothalamus and hippocampus
(see Fig. 2B; for review see Barth et al., 2015). Estradiol modulates the
serotonergic system from the level of serotonin synthesis and de-
gradation to binding and reuptake (for review see Del Rio et al., 2018).
However, describing the effects of estradiol on serotonin as clearly
excitatory or inhibitory is challenging. For instance, while most studies
observed that estradiol increases serotonin transporter expression in
many brain areas, some studies report a decrease in serotonergic ac-
tivity after estradiol treatment in a dose-dependent manner (for review
see Thibeault et al., 2019). In contrast to the effect of estradiol, pro-
gesterone seems to clearly increase serotonergic neurotransmission by
regulating the expression of serotonin-related genes and proteins (for
review see Barth et al., 2015).

2. Effects of sex hormones on neural decision-making circuits

Decision-making can be divided into several processes that are in-
herently intertwined due to their neurobiological underpinnings and
scientific paradigms used to investigate them. Nevertheless, relying on
a theoretical division of decision-making processes can be useful in
order to highlight process-specific effects of systematic variation of
ovarian hormones. As a guideline for our review, we thus decided to
follow the model from Rangel et al. (2008), which postulates five main
computational processes of decision-making. These processes include
(i) representation of the decision problem, including internal and ex-
ternal states (e.g. environmental factors) that provide information on
the decision at hand - here called prediction cues; (ii) evaluation of
available action choices by assigning a value to them — here termed
valuation; (iii) action selection based on the valuation process — here
termed action selection and execution; (iv) outcome valuation; (v) and
learning — which we put together based on the available literature.
These processes are neurobiologically well-described and can be in-
vestigated with specified paradigms. Every “decision process” will start
with the neurobiological mechanism, followed by experimental results
from animal studies which will be complemented by the available
findings from humans. Ovarian hormones may differentially affect all of
these decision-making processes in females by interacting with neuro-
transmitter systems at functionally relevant brain locations, and thus
modify the computation of the relevant decision aspects, such as deci-
sion valence, choice value and its modulators, such as risk, uncertainty,
temporal delay, hedonia, and motivation. As we aim at highlighting the
impact of ovarian hormones on the decision-making processes parti-
cularly in females, we have put a specific emphasis on reporting those
studies that either directly assessed endocrinological levels or used a
study design that allowed inferences about hormonal states (please see
also supplementary Table S1 for a summary on how each included
study assessed the menstrual cycle phase in humans).

2.1. Decision process: Prediction cues

2.1.1. The neurobiological mechanism

Recognition of the decision problem at hand might begin with di-
recting attention to valenced cues which suggest whether rewards or
punishments are to be expected. The majority of research in this area
has focused on positively valenced decision problems, i.e. measuring
reward sensitivity and salience signals, and their impact on reinforced
learning in animals as well as humans (for review see O'Doherty et al.,
2017). Negatively valenced decision problems that use punishment as a
reinforcer have been scarcely used in previous research, therefore,
brain signals related to punishment are less well understood. While
learning will be addressed later on, in this section we will focus on
recognition of cue valence and prediction of decision outcome.

Reward prediction cues are coded by the midbrain dopamine neu-
rons in the ventral tegmental area (VTA), which projects the signal
further to the nucleus accumbens (NAcc) in the ventral striatum and
higher cortical areas (Schultz, 1997; Dichter et al., 2012; Krolick et al.,
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2018), and are also coded in the serotonergic neurons in the DRN
(Cohen et al., 2015). The dopaminergic and the serotonergic systems
are assumed to interact in reward prediction coding as some of the DRN
neurons terminate in the VTA and the NAcc (Liu et al., 2014; Zhou
et al., 2015). Reward prediction signals are relayed to prefrontal and
cingulate cortex via dopaminergic projections from the striatum (Haber
and Knutson, 2010).

Punishment prediction cues have been shown to mainly suppress
the basal activity of the VTA dopamine neurons while simultaneously
exciting GABAergic neurons in this region (Cohen et al., 2012). Animal
studies have also shown that the central area of the ventral striatum is
dedicated for processing aversive stimuli (for review see Saga and
Tremblay, 2017), the same region has also been shown to react to
aversive stimuli in humans (Palminteri et al., 2015; for a review see
Delgado et al., 2008).

2.1.2. Effects of ovarian hormones on prediction cues: Evidence from
animals

Animal studies have indicated that estradiol modulates the signaling
in the VTA-NAcc pathway and in the DRN, affecting perception of re-
ward cues. Preliminary evidence suggests that elevated estradiol cor-
responds with enhanced responses of dopaminergic VTA neurons
thereby increasing their sensitivity to reward cues such as ethanol or
cocaine (Zhang et al., 2008; Vandegrift et al., 2017). Reward prediction
signals in the NAcc are also believed to be affected by concentration
changes of estradiol. As reviewed by Yoest et al. (2018), estradiol can
affect dopamine release in the NAcc by either (i) increasing the firing
rates of VTA dopaminergic neurons (Calipari et al., 2017), (ii) directly
influencing dopamine reuptake in the NAcc (Thompson and Moss,
1994) or (iii) facilitating dopamine release in the NAcc by binding to
transmembrane G protein-coupled estrogen receptors (Yoest et al.,
2014).

Although not directly assessed in the decision-making domain,
evidence suggests a positive effect of estradiol on the serotonergic
neurotransmission in the DRN as well: estradiol treatment, unopposed
by progesterone, of ovariectomized female rats increased serotonin
synthesis in caudal DRN and correlated with decreased anxiety-like
behaviors (Hiroi et al., 2006, 2016). Felton and Auerbach (2004) found
higher extracellular serotonin level during the proestrus as compared to
the estrus phase.

Based on these findings, one can hypothesize that the interaction of
the dopaminergic and serotonergic systems in cue recognition may in-
crease affective bias formation towards positive cues or decrease bias
formation towards negative cues when circulating estradiol is high.

2.1.3. Effects of ovarian hormones on prediction cues: Evidence from
humans

Based on human brain imaging studies, attention to reward cues as
well as value ascription may be affected by varying levels of estradiol
and progesterone, and their ratio. However, the direction of this effect
might also depend on the type of stimuli as well as valence of in-
formation presented.

In a monetary reward task, the ventral striatum showed stronger
activation to rewards in the late luteal phase as compared to the late
follicular phase (Ossewaarde et al, 2011). Using electro-
encephalography (EEG) and a monetary incentive delay task, Banis and
Lorist (2017) found larger cue-related theta power increases in poten-
tial reward trials versus no reward trials during the late luteal phase as
compared to the follicular phase, similar to the findings reported by
Ossewaarde et al. (2011).

Frank et al. (2010) observed increased functional activation in the
NAcc, amygdala and hippocampus during the late follicular phase when
comparing presentation of pictures with high caloric food vs. neutral
pictures. However, the same experiment showed that functional acti-
vation of the OFC was greater in the luteal phase as compared to fol-
licular when looking at high caloric in comparison to low caloric food
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pictures (Frank et al., 2010). In another experiment, when presented
with food pictures, participants in a fasting condition showed a nega-
tive association between functional activation of the right fusiform
gyrus (part of visual attention circuit) and endogenous estradiol, in-
dicating reduced sensitivity to reward cues when estradiol was high
(Alonso-Alonso et al., 2011).

Based on these findings, it has been recently suggested that the ef-
fects of estradiol on reward processing in humans might not fully mirror
the findings observed in rodent models (Diekhof, 2018). One of the
factors contributing to this inconsistency of results may be differences
in research paradigms used in animals and humans to study reward
sensitivity. Animals usually undergo a training phase in these para-
digms and are conditioned to recognize reward cues, while human
experiments do not include this step. In fact, animal research has shown
that in untrained animals high estradiol phases coincide with a decrease
in eating behavior, reduced meal sizes and increased bias towards lower
effort rewards (for review see Yoest et al., 2014), indicating that pro-
cessing of rewards in more natural experimental conditions might be
affected differently by varying levels of ovarian hormones.

2.2. Decision process: Valuation

2.2.1. The neurobiological mechanism

The neurophysiological valuation mechanism is assumed to be
based on cost-benefit weighting, resulting in the subjective value
parameter for each available choice alternative (Basten et al., 2010).
Risk, uncertainty, temporal delay, as well as physical or even cognitive
effort in this process are considered as costs (Westbrook et al., 2019;
Chong et al., 2017; Croxson et al., 2009), while physical and social
rewards, like food, sex or money, as well as the hedonic experience
from receiving the reward constitute benefits. All these decision vari-
ables might impact the calculation of subjective value (for review see
Khani and Rainer, 2016).

The valuation system in the brain utilizes the dopaminergic and
serotonergic reward prediction signals from the ventral striatum
(Rushworth et al., 2012; Tobia et al., 2014) and integrates them with
subjective preference, or else ‘liking’ information within the VMPFC
(Bouret and Richmond, 2010; Fischer and Ullsperger, 2017) via the
glutamatergic medial OFC and basolateral amygdala connection
(Malvaez et al., 2019). The serotonergic signals, relayed from the DRN
in the midbrain to frontal cortical areas, have been primarily associated
with formation of ‘liking’ (Dolen et al., 2013; Li et al., 2016) and form
the basis of subjectivity in the valuation signals. The cingulate cortex
tracks the cost-benefit balance for the choice options (Bartra et al.,
2013) and has been suggested to generate effort expenditure signals by
utilizing dopamine neurotransmission in this area (Wang et al., 2017).
Studies in monkeys have shown that electrical stimulation of the
anterior cingulate cortex (ACC) increased their avoidance behavior,
most probably via the direct connection to the ventral striatum
(Amemori and Graybiel, 2012).

2.2.2. Effects of ovarian hormones on valuation: Evidence from animals
While sex differences in the valuation behavior of integrating costs
and benefits have been investigated to some extent in animals (for re-
view see Orsini and Setlow, 2017), direct evidence on the modulatory
effects of ovarian hormones on the valuation mechanism is lacking.
Orsini et al. (2016) and Georgiou et al. (2018) did not observe a sig-
nificant effect of estrous cycle (Fig. 1A) phase in female rats in risk-
taking behavior. Uban et al. (2012) investigated the effect of ovar-
iectomy and estradiol administration on effort-based decision-making.
While ovariectomy increased the preference for larger but more phy-
sically effortful rewards, high estradiol decreased this preference. No-
tably, the authors also showed that estradiol affects decision-making via
ER-a and ER-B, albeit in opposing directions, and report no effect of
estrous cyclicity on decision making. Wallin-Miller et al. (2017) re-
ported that ovariectomized rats treated with estradiol exhibited a trend
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towards a greater preference for larger, uncertain rewards than ovar-
iectomized rats without estradiol treatment. While the reported results
are inconclusive, the studies differ in many aspects and estradiol may
modulate decision-making for larger rewards differently when risk or
effort is linked to that reward. Also, estrogen receptor types involved
may exert different effects. More research is needed to further elucidate
the role of estradiol on valuation mechanisms.

2.2.3. Effects of ovarian hormones on valuation: Evidence from humans

Generally, women prefer safer yet smaller rewards in gambling
tasks as opposed to men. This finding is consistent across different age
ranges and has been replicated in animals (for reviews see van den Bos
et al., 2013; Orsini and Setlow, 2017). Self-report data indicated that
risk-taking behavior in women significantly rises when estradiol is high
(Sukolova and Sarmany-Schuller, 2011). Ovulating women were also
more likely to choose a risky over a safe option and showed reduced
loss aversion compared to women in other menstrual cycle phases as
well as men. In addition, women in their ovulatory phase were also
more successful in maximizing their wins in a gambling task relative to
other menstrual cycle phases (Lazzaro et al., 2016).

Other studies, however, did not report an effect of menstrual cycle
phase on risk-taking behavior (Reavis and Overman, 2001; van den Bos
et al.,, 2007). Hence, it is currently unclear whether female risk-taking
behavior is in fact influenced by ovarian hormone variation.

For instance, reported sex differences in risk-taking behavior are
already present in prepubescent children before age-related changes in
sex hormone levels (Overman et al., 2004; Crone et al., 2008; van den
Bos et al., 2013). Age-related differences in estradiol also could not
explain changes in risk-taking behavior in women aged 8-28 years in a
longitudinal study by Peper et al. (2018). While Derntl et al. (2014) also
did not find a general effect of menstrual cycle phase on risk-taking
behavior, higher progesterone in the luteal phase correlated with in-
creased risk-taking in women.

Taken together, these results do not indicate a clear interaction
between ovarian hormones and the valuation of benefits and costs — a
process which is mainly dependent on higher cortical areas. In rodents,
a non-linear relationship between estradiol and risk-taking behavior
may be proposed, although more studies are necessary to draw firm
conclusions. In humans, however — when an effect was observed — both
estradiol and progesterone were positively related to increased risk-
taking.

One major limitation in discussing effects of ovarian hormones on
valuation processes is the lack of variety in experimental paradigms.
Different benefit-cost combinations — utilizing not only risk but also
uncertainty, physical and mental effort, primary and secondary pun-
ishment — could be used to design more insightful animal and human
studies, additionally controlling for valence and primary/secondary
reward distinction. Furthermore, risk-taking behavior in women as well
as men is largely affected by endogenous and exogenous testosterone
and its ratio with steroid cortisol (Stanton et al., 2011; Mehta et al.,
2015). This opens another question on what the effects of ovarian
hormones are when the effects of testosterone are simultaneously
tested, as testosterone is aromatized to estradiol in women (Azcoitia
et al., 2011).

2.3. Decision process: Action selection and execution

2.3.1. The neurobiological mechanism

The action selection mechanism and the vigor to which the action
is executed are related to the concept of ‘wanting’, that is, choice
motivation and incentive salience to stimuli (Berridge and Robinson,
1998). When it comes to action, both appetitive and aversive out-
comes can be actively pursued (i.e. ‘go to receive reward’) or avoided
(i.e. ‘go to avoid punishment’) as well as passively pursued (i.e. ‘no-
go to receive reward’) or avoided (i.e. ‘no-go to avoid punishment”).
The concept of ‘wanting’ contributes to the choice between approach
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or avoidance behavior (Guitart-Masip et al., 2014; Boureau and
Dayan, 2011).

It has been suggested that value information from the valuation
circuit is relayed to the OFC for choice selection (Padoa-Schioppa and
Conen, 2017). From the OFC, the ventral striatum receives this top-
down signal as well as information on valence from the amygdala.
‘Liking’ and ‘wanting’ signals are believed to interact in action selection
and contribute to the control of effort expenditure and timing of the
action (Miyazaki et al., 2012). The dopaminergic activity in the ACC
has been suggested to code effort expenditure signals which further
activate action preparation systems via its limbic afferents, while the
serotonergic activity in DRN and its projections to OFC and VMPFC —
the ‘liking’ mechanism — might control action execution.

The higher serotonergic DRN activity has been related to increased
willingness to wait longer for rewards in temporal delay tasks. In these
tasks, the reward cue and the acquisition of reward are separated by a
predictable or unpredictable period of time, and the more the reward is
delayed, the less valuable it becomes, i.e. it is discounted (Ainslie,
1975). Higher serotonergic activity in the DRN, however, is associated
with prevention of delay discounting effects by elevating the behavioral
control of impulsive reactions to reward cues and enhancing perse-
verance to pursue the ‘wanted’ action (Miyazaki et al., 2018; Lottem
et al., 2018). Serotonin release has also been associated with processing
of aversive events: it has been shown that serotonin-depleted animals
show reduced behavioral inhibition in the face of punishing cues and
contexts. However, similarly as in delay discounting, it is more likely
that the general behavioral control mechanism is affected by serotonin
depletion, rather than the processing of punishment (for review see
Soubrié, 1986).

To discuss action selection modulation by ovarian hormones we will
discuss results from various ‘Go/No-Go’ tasks and the findings related to
the modulation of the dopaminergic and serotonergic systems.
Although ‘Go/No-Go’ tasks with temporal delay could also be discussed
along the cost-benefit analysis of the valuation system, they are good
indicators of how choice selection is achieved as well as approach/
avoidance strategies selected and controlled, for example, when a ‘Go’
response has to be withhold and ‘No-Go’ strategy selected to obtain
reward or avoid punishment. Therefore, we will use evidence from
these tasks to illustrate the interaction between ovarian hormones and
action selection.

2.3.2. Effects of ovarian hormones on action selection and execution:
Evidence from animals

In a ‘Go/No-Go’ task with food stimuli, exogenous progesterone
application in both male and female rats resulted in a more stable
‘No-Go’ response when it was required but did not affect the ‘Go’
response (Swalve et al., 2016). Conversely, the ‘No-Go’ response for
cocaine in a temporal delay task was stronger in female but not male
rats when treated with both unopposed progesterone and in combi-
nation with atomoxetine, a selective noradrenaline reuptake in-
hibitor (Smethells et al., 2016). Similarly, progesterone treatment
affected female but not male rats in reducing impulsive ‘Go’ re-
sponses to cocaine when ‘No-Go’ was required, yet no effect of pro-
gesterone treatment was found for cocaine self-administration
(Swalve et al., 2018). The findings are consistent with effects of
varying endogenous levels of progesterone in female rats: cocaine
seeking is lowest in a high progesterone state and highest in the low
progesterone state (Feltenstein and See, 2007).

Taken together, these results indicate that progesterone differen-
tially reduced impulsive action and impulsive choice for cocaine in
female rats but less so in male rats. It was suggested that a potential
mechanism of progesterone’s actions on drug use might be its ability to
reduce impulsive drug seeking (Swalve et al., 2018). Notably, effects of
estradiol in temporal delay tasks, however, have not been investigated
in rodents.
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2.3.3. Effects of ovarian hormones on action selection and execution:
Evidence from humans

Using a delay discounting task with monetary rewards, impulsive
‘Go’ responses decreased significantly with rising estradiol from the
menstrual to the late follicular phase, close to ovulation (Smith et al.,
2014). This negative correlation was driven by women with assumed
lower frontal dopamine levels based on Vall58Met polymorphisms in
the catechol-O-methyltransferase (COMT) gene. COMT accounts for
60% of the total dopamine turnover in the PFC (Mannisto and
Kaakkola, 1999). Carriers of a met/met allelic variant showed lower
COMT activity, enhanced PFC-dependent cognitive function and
greater cortical efficiency, indicating optimal dopamine levels in these
individuals (Egan et al., 2001; Tunbridge et al., 2006). Based on the
findings by Smith et al. (2014), one might speculate that levels of
fluctuating estradiol and COMT-genotype-dependent frontal dopamine
might influence decision-making in women across the menstrual cycle.
A reduction of impulsive responses from the early to the late follicular
phase was also demonstrated in women with low trait impulsivity but
not in women with high trait impulsivity (Diekhof, 2015). This suggests
that the systematic changes of hormonal levels during the menstrual
cycle might be more pronounced in individuals with high trait im-
pulsivity.

On the neural level, hormonal variation over the menstrual cycle
could also impact functional brain activation. Using a monetary in-
centive delay task, Bayer et al. (2013) reported that women’s right OFC
activation was higher while waiting for rewards in the early follicular
phase compared to mid-luteal phase, even though no differences in
behavior were observed. Furthermore, while waiting for the loss out-
come, women had less increase in activation of the ventral striatum and
the ACC during the luteal than the early follicular phase (Bayer et al.,
2013). Using a monetary reward paradigm, Dreher et al. (2007) found
that in the mid-follicular phase, women showed an increased activation
of the OFC and the amygdala to uncertain rewards during the reward
anticipation period compared to the mid-luteal phase. This finding
seems consistent with the evidence from animal literature where pro-
gesterone attenuates approach signals when waiting is required, al-
though the exact role of OFC function and its interaction with proges-
terone has not been studied in humans. Bonenberger et al. (2013),
however, did not find any differences in functional brain activation
when women were waiting for a reward across the menstrual cycle.

Using an emotional response inhibition task (verbal ‘Go/No-Go’),
Amin et al. (2006) measured healthy women twice across their in-
dividual menstrual cycle to investigate the impact of diverging hor-
mone levels on brain activation. Women showed increased activation in
the ACC, dorsolateral prefrontal cortex (DLPFC), and right putamen
during response inhibition to positive words in the mid-luteal phase
compared with the early follicular phase. Moreover, individual differ-
ences in blood-oxygen-level-dependent (BOLD) response during the
mid-luteal phase were modulated by levels of estradiol but not pro-
gesterone. Estradiol levels correlated positively with BOLD response
during response inhibition to positive stimuli, but negatively during
response inhibition to negative stimuli. In an EEG study, Griskova-
Bulanova et al. (2016) found a positive correlation between estradiol
and P3 latency (a measure of valuation) in the ‘Go’ condition, i.e. higher
levels of estradiol indicated prolongation of P3 latency in the ‘Go’
condition. Higher progesterone levels led to a P3 latency shortening in
the ‘No-Go’ condition. The authors suggested that P3 wave latency
shortening in the ‘No-go’ condition resulted from a decrease in dopa-
minergic tone with increasing progesterone levels, thereby facilitating
the ‘No-Go’ pathway. The positive association between P3 wave latency
and estradiol levels in the ‘Go’ condition could stem from negative ef-
fects of estradiol on cognitive control. For instance, Colzato et al. (2010,
2012) found that the late follicular phase was associated with less ef-
ficient inhibitory output control (in a stop-signal task) and more effi-
cient inhibitory input control (in a cued target-detection task).
Griskova-Bulanova et al. (2016) also found that estradiol was
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negatively associated with the negative frontal N2 amplitude (a mea-
sure of inhibitory response control) both in the ‘Go’ and the ‘No-Go’
condition. The authors interpreted this result as mediating effects of
estradiol on the serotonin system. Roberts et al. (2008) used a ‘Go/No-
Go’ response inhibition task with male and female faces as stimuli and
measured healthy women during the follicular phase and the luteal
phase (within-subject design). Here, inferior frontal gyrus activity was
reduced during successful inhibitions irrespective of cycle phase, while
ACC activity was enhanced for inhibitory errors in the follicular phase.
These results indicated a heightened performance monitoring to inhibit
a ‘Go’ response that was specific to male faces. Protopopescu et al.
(2005) found OFC activity to be modulated by menstrual cycle phase by
using an emotional linguistic ‘Go/No-Go’ task: specifically, anterior-
medial OFC activity for negative stimuli was increased in the late luteal
phase and decreased in the late follicular phase. Lateral OFC activity
showed an inverse pattern. The OFC plays a major role in modulating
primary regions for emotional behavior, including amygdala and hy-
pothalamus (Drevets, 2000; Cavada et al., 2000). Thus, the authors
interpreted these results as enhanced top-down modulation of limbic
activity in the face of negative stimuli, which is specific to the pre-
menstrual phase, in which the limbic system may be more excitable.
Taken together, the findings from temporal delay and ‘Go/No-Go’
tasks suggest that estradiol and progesterone modulate effort ex-
penditure in these paradigms. While animal literature provides insight
into positive effects of progesterone in waiting and abstaining from the
more intuitive approach strategy (‘No-Go to receive reward’) most
likely by interacting with the serotonergic neurotransmission in pre-
frontal brain areas, human literature ascribes this role to estradiol. Due
to different research approaches used — progesterone treatment in an-
imals versus natural hormonal variation during the menstrual cycle in
humans as well as different lengths of estrous vs. menstrual cycle —
direct comparison between animal and human literature is limited,
although increase in progesterone has been shown in more effortful
approach strategy during risk-taking behavior in women as well (as
discussed in Section 2.2.3: study by Derntl et al., 2014). However, the
majority of evidence from human studies suggests that endogenous
estradiol is positively related to behavioral control mechanisms in terms
of action selection. Selection of an appropriate response to a decision
problem (whether it be ‘Go’ or ‘No-Go’ response) was better with higher
estradiol levels, as shown by findings from temporal delay and risk-
taking paradigms where estradiol had facilitating effects on approach
behavior (Sections 2.2.3 and 2.3.3). Positive correlations between the
brain areas associated with choice selection, behavioral control and
top-down regulation of the limbic system, like OFC, ACC and DLPFC
and increasing estradiol level further support the suggested hypothesis.

2.4. Decision processes: Outcome valuation and learning

2.4.1. The neurobiological mechanism

Upon presentation of the decision outcome, VTA dopaminergic
neurons increase their firing rate if the predicted rewards occur as ex-
pected, and this signal is called a positive reward prediction error
(RPE). If the reward is lower or undelivered, the firing rate decreases
below the basal firing level, indicating a negative RPE. Positive RPE
signals are relayed via a direct pathway from the dopaminergic VTA
neurons containing dopamine D1-receptors, while a negative RPE is
transmitted via the indirect pathway from the dopaminergic neurons
containing D2-receptor type neurons in the substantia nigra pars com-
pacta (SNc) (Cox and Witten, 2019; Frank and Hutchison, 2009) to the
striatum, NAcc and frontal cortex (Schultz et al., 1997). Midbrain D3-
receptors have been associated with relearning cue associations with
new outcomes, however, the exact role of these receptors is less clear
(Groman et al., 2016).

Separate punishment signals have been identified and are believed
to be coded by serotonin in multiple brain structures: starting with the
punishment prediction error (PPE) in the DRN, as observed in animal
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studies (Nakamura et al., 2008; Cools et al., 2011; Cohen et al., 2015;
Matias et al., 2017), and possibly relaying the error signal further to the
VTA and lateral habenula (Kumar et al., 2018; Lawson et al., 2014), and
the striatum (Moran et al., 2018), as detected in humans.

Learning from decision outcomes is based on these error signals as
the valuation system integrates past experiences and updates subjective
value computations by implementing working and long-term memory
processes (Rangel et al., 2008). Reward reception and the hedonic ex-
perience from consumption of rewards (i.e. food or drug) is considered
a powerful reinforcer in the learning process (Kringelbach, 2005).

Animal as well as human studies suggest the PFC as the main can-
didate for updating action and outcome relationship and facilitating
flexible learning, while distinct parts of this region contribute to dif-
ferent aspects of learning (Walker et al., 2008; Dalton et al., 2016;
Verharen et al., 2020). For example, in a recent rodent study, Verharen
et al. (2020) demonstrated that pharmacological impairment of the
infralimbic cortex and medial OFC resulted in lower punishment
learning rates, impairment of prelimbic cortex and lateral OFC was
followed by combined negative effects in reward and punishment
learning, and overall PFC impairment reduced learning in general.

2.4.2. Effects of ovarian hormones on outcome valuation and learning:
Evidence from animals

Reinforcement learning paradigms in animals have been based on
appropriate responses (correct physical turn towards reward) and place
learning (physical reward placement in the environment) for rewards
and associated with brain structures, such as dorsal striatum for re-
sponse learning and hippocampus for place learning (Shelton et al.,
2013). Experiments with response learning in normally cycling and
ovariectomized rats have demonstrated that direct administration of
estradiol to the dorsal striatum impaired response learning (Davis et al.,
2005; Zurkovsky et al., 2007; Wang et al., 2008). Combined with a D2-
receptor antagonist but not D1-receptor antagonist, chronic estradiol
treatment of ovariectomized rats resulted in increased response
learning error rates (Daniel et al., 2006). Consistently, there is also
evidence from studies on dopamine’s interaction with estradiol that
chronic estradiol treatment in ovariectomized rats can have down-
regulatory effects on D2-receptors in the ventral and dorsal striatum
and upregulating effects on D3-receptors in the VTA with no effects on
D1-receptors (Lammers et al., 1999; Zhou et al., 2002). Taken together,
the findings suggest that high doses of estradiol might negatively affect
learning processes by possibly acting on negative RPEs.

When it comes to relearning reward cues and the appropriate re-
sponse, estradiol replacement in ovariectomized rats seems to play a
protective role by keeping relearning and reward cue memory processes
intact (Lipatova et al., 2014; Anderson and Petrovich, 2015). Combined
with antipsychotic drugs, estradiol rapidly facilitated reversal learning
in ovariectomized rats in several studies (Arad and Weiner, 2012;
Almey et al., 2017), establishing its role in sustaining striatum-based
memory processes.

The hedonic experience of rewards — a reinforcer in the learning
process — is increased during high estradiol phases in naturally cycling
rats and in ovariectomized rats with estradiol replacement, as demon-
strated by Bless et al. (1997). Similarly, estradiol replacement in
ovariectomized rats with induced anhedonia had positive effects on
reducing anhedonia-related behaviors (Schiller et al., 2013). However,
how this estradiol-modulated increase in hedonic experiences affects
reinforcement learning has not yet been directly investigated in rodent
models.

2.4.3. Effects of ovarian hormones on outcome valuation and learning:
Evidence from humans

Only two studies have assessed interactions between ovarian hor-
mones and reinforcement learning in women. As shown by Reimers
et al. (2014), in the late follicular phase as compared to mid-luteal
phase, women learned to slow down their response in order to
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maximize their rewards, but no effect was observed for speeding up the
response. Better behavioral performance in the task during the folli-
cular phase was associated with increased activation in the inferior
frontal junction and rostral cingulate. As shown by preliminary results
in Jakob et al. (2018), learning of active avoidance was increasingly
disturbed from early to late follicular phase in women who supposedly
have lower dopaminergic neurotransmission in the striatum as in-
dicated by the presence of 9-repeat allele in their DAT1-genotype, but
their reward sensitivity remained unchanged.

Similar to rodent studies, estradiol may also modulate the hedonic
experience of rewards and could impact reinforcement learning rates in
humans. Hummel et al. (1991) demonstrated that hedonic ratings of the
chemosignal androstenone were higher at ovulation in healthy natu-
rally cycling women relative to the rest of the menstrual cycle. During
the late luteal phase women without premenstrual symptoms reported
less amusement in response to emotional visual stimuli than in the mid-
follicular phase and had a decrease in putamen-VMPFC and putamen-
DMPEFC functional connectivity (Dan et al., 2019). When it comes to
choosing between pleasurable foods, like desserts, women preferred
more variety in hedonic foods but not in non-hedonic food category
during the late follicular phase in comparison to other menstrual cycle
phases (Faraji-Rad et al., 2013). However, Tucci et al. (2010) did not
find modulatory effects of menstrual cycle phase on hedonic ratings of
hedonic foods.

The findings of Reimers et al. (2014) are consistent with the positive
effect of estradiol in behavioral control discussed in Section 2.3.3.
However, Jakob et al. (2018) results indicate estradiol-related dis-
turbances in the coding of the negative RPE signal during avoidance
learning particularly in women whose striatal dopamine levels are al-
ready low. A similar effect was discussed with high estradiol dose in
rodent models, making it likely that by facilitating the dopaminergic
neurotransmission in the limbic areas increased estradiol interferes
with a suppression of the tonic dopamine signal required for coding a
negative RPE. An inverted U-shape relationship between estradiol and
behavioral control could be suggested (Jakob et al., 2018). Finally,
increase in hedonic experience with higher estradiol might be related to
positive effects of estradiol on the dopaminergic positive RPE signal and
thus promote reinforcement learning.

3. Effects of ovarian hormones in impaired decision-making in
humans

Aberrant decision-making is a core feature of several mental dis-
orders such as substance use disorder and major depression (Wittchen
etal.,, 2011). A profound understanding of the underlying psychological
and neurobiological mechanisms of these impairments is needed to
develop theory-based prevention and treatment strategies. Depending
on which component is affected, dysfunctions in brain networks un-
derlying aberrant decision-making may result in distinct patterns of
cognitive, affective, and motivational phenomena in mental disorders,
which open distinct avenues for prevention and specialized treatment
(Goschke, 2014).

In the following, we review the modulatory effects of ovarian hor-
mones on impaired decision-making in substance use disorder and
major unipolar depression. While the decision-making impairments in
substance use disorder mainly involve modulated dopaminergic sig-
naling in the brain (Volkow et al., 2004), aberrant decision-making may
be traced back to impaired serotonergic neurotransmission in depres-
sion (Dell'Osso et al., 2016). Moreover, we chose these two mental
disorders as examples with prominent sexual dimorphisms both in
prevalence and course, which plead for ovarian hormone related
modulations of underlying psychological and neurobiological mechan-
isms.
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3.1. Substance use disorder

Substance use disorder is a relapsing neuropsychiatric illness,
characterized by loss of control over drug intake. This maladaptive
decision-making behavior indicates a dysregulating of the brain reward
circuitry. Consummation of drugs of abuse or exposure to drug condi-
tioned stimuli activates the mesolimbic dopamine pathway via VTA
dopamine release into the NAcc (Owesson-White et al., 2009; Phillips
et al., 2003; Pierce and Kumaresan, 2006). Long-term functional
changes within this pathway result from chronic drug intake, i.e. from
chronically enhanced activation of the mesolimbic dopamine trans-
mission. Consequently, a sensitized increase in dopamine neuro-
transmission may cause morphological and functional changes in the
mesolimbic reward circuitry (Hedges et al., 2010), which in turn leads
to hypersensitivity to drug-associated stimuli (Di Chiara et al., 1999;
Everitt and Wolf, 2002; Nestler, 2002a,b). These permanent neuroa-
daptations in the mesolimbic dopamine system contribute to the long-
term behavioral and psychological changes observed in substance use
disorder (for review see Guttman et al., 2018).

Although substance use disorders are two times more prevalent in
men than in women (Grant et al., 2016), women show more severe
illness progression and poorer treatment outcomes (for review see,
Becker, 2016). For instance, drug use escalates more quickly and shows
patterns of bingeing more often in women relative to men (Becker and
Hu, 2008; Lynch et al., 2002). Women with substance use disorder also
exhibit exaggerated emotional withdrawal symptoms and craving
(Hudson and Stamp, 2011), and have poorer outcomes for quitting and
treatment compared with men (Becker and Hu, 2008; Lynch et al.,
2002).

Women’s heightened vulnerability to stages of substance use dis-
order, such as acquisition, escalation and relapse, has been extensively
investigated in animal models. Female rodents self-administered the
drug at a faster rate, showed enhanced bingeing patterns of drug intake,
and were also more vulnerable to relapse of drug-seeking behavior
compared with male rodents (for reviews see Anker and Carroll, 2011;
Becker and Hu, 2008; Becker et al., 2012; Carroll and Anker, 2010).
Based on the findings from rodent studies, one could speculate that
women may be at higher risk for these behavioral dysregulations due to
underlying neurobiological mechanisms related to ovarian hormones
(Becker and Hu, 2008; Carroll and Anker, 2010). Enhanced drug-
seeking behavior and subjective drug-effects have been associated with
higher levels of endogenous estradiol, while progesterone has been
found to attenuate drug responses in animals and humans (Carroll and
Anker, 2010; Evans, 2007; Evans and Foltin, 2006; Terner and de Wit,
2006; Evans et al., 2002; Sofuoglu et al., 1999). While this potential
underlying mechanism has been extensively studied in animal models
(e.g., in ovariectomized rodents; for review see Becker, 2016), research
in humans is still scarce. In the following, we will evaluate hormonal
modulation of decision-making mechanisms in substance use disorder
with a focus on human literature.

3.1.1. Prediction cues: Hormonal modulation of drug-associated cues and
craving

Context has a major impact on decision-making and can lead to
violations of rational economic models, in which preferences change,
for instance, according to the availability of other options (Tversky and
Kahneman, 1989). Contextual cues of the immediate environment can
have considerable effects on drug-related choices (Chase et al., 2011;
Perry et al., 2014; Redish, 2004). These conditioned stimuli can en-
hance drug-seeking behavior (Everitt and Robbins, 2005), i.e. craving,
that increases the subjective value of drug-related choices compared
with alternative choices. On a neural level, drug-related cues lead to
enhanced activity in meso-cortico-limbic regions (medial OFC, ventral
striatum/ventral pallidum, hippocampus, amygdala, and insula) com-
pared with neutral cues (Bonson et al., 2002; Volkow et al., 2006;
Wilson et al., 2004), and in particular insula activity correlates with

Frontiers in Neuroendocrinology 60 (2021) 100873

cue-induced craving in female and male drug users (Brody et al., 2007;
Kilts et al., 2004; Sell et al., 1999).

Women show different reactions to external drug-associated cues
than men (Robbins et al., 1999; Elman et al., 2001). For instance,
smoking cues led to higher cue-induced craving and enhanced the
hedonic and reinforcing value of smoking in women compared with
men (Perkins et al., 2001; Field and Duka, 2004). On a neural level,
women showed higher medial OFC activation and lower bilateral
hippocampal/amygdala activation to smoking cues compared with
non-smoking cues than men (Wetherill et al., 2013). On a behavioral
level, women had higher craving ratings in the follicular phase
compared with their luteal phase (Mello, 2010). Similarly, Franklin
et al. (2015) observed that smoking-satiated women showed greater
activity in the medial OFC and stronger craving to appetitive
smoking cues in the follicular phase compared with women in the
luteal phase. However, menstrual cycle phase was not hormonally
verified, and authors only relied on self-report.

3.1.2. Decision choice and outcome: Hormonal modulation of subjective
responses to drugs

Internal signals like autonomic and affective processes can influence
our choices and thus our decision-making. Autonomic processes, such
as increased heart rate as a proxy for arousal, alter cognitive processes
and produce interoceptive signals, which contribute to affective states
and decision-making (Critchley et al., 2013). The integration of these
internal autonomic and affective processes is thus crucial for adaptive
decision-making and has been shown to be impaired in substance use
disorder (Goldstein et al., 2009). Physiological responses to affective
signals are integrated with cognitive information through the insula,
ACC, amygdala, and the somatosensory cortex (Medford and Critchley,
2010), all relying on activity of the VMPFC (Bechara et al., 1994).
Especially the insula is involved in the influence of autonomic functions
on cognition (Singer et al., 2009). Insula-dependent systems are sup-
posed to integrate experience and recall of pleasure from interoceptive
drug effects into the decision-making process (Naqvi and Bechara,
2010).

It has been shown that men had higher subjective responses to sti-
mulants than women, but only when women were tested in their luteal
phase; subjective responses were almost identical between men and
women tested in their follicular phase (for review see Evans, 2007).
Thus, in women, subjective responses to stimulants were greater in the
follicular phase than in the luteal phase (e.g., Justice and de Wit, 1999;
White et al., 2002; for review see Terner and de Wit, 2006). For in-
stance, the subjective evaluation of ‘liking’ a low dose of amphetamine,
i.e. the psychological response, was increased during the late follicular
phase when endogenous estradiol levels were high and unopposed by
progesterone (Justice and De Wit, 2000). Similarly, women reported
more pleasurable responses to amphetamine together with a stronger
desire for more drugs when an estradiol patch was applied during the
early follicular phase (Justice and De Wit, 2000). In contrast, psycho-
logical responses to cocaine or amphetamine were blunted during the
luteal phase, when progesterone is also elevated (Evans, 2007). In sum,
responses of ‘liking’ the drug, ‘wanting’ more of the drug, feeling ‘high’,
or craving were lower during the luteal phase (Justice and de Wit,
1999; Sinha et al., 2007; Sofuoglu et al., 1999; White et al., 2002). On
the physiological level, women showed attenuated heart rate and blood
pressure to cocaine or cocaine-related cues in the luteal phase relative
to the follicular phase (Sinha et al., 2007; Sofuoglu et al., 1999).
However, in contrast to results from rodent studies, the above reported
human studies provide only little evidence that estradiol is responsible
for enhanced subjective responses to stimulants in humans. Rather,
progesterone seems to be of particular interest, based on the compelling
evidence that progesterone may be effective in reducing self-adminis-
tration of stimulants and relapse in female rats (Evans and Foltin, 2010;
Hudson and Stamp, 2011). In humans, this has been more difficult to
demonstrate and further studies are warranted to highlight
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progesterone’s clinical utility for reducing relapse in women (Reed
et al., 2011).

3.1.3. Action selection and learning: Hormonal modulation of relapse and
treatment

Relapse is probably the most challenging feature of substance use
disorder, with more than two thirds of patients relapsing within weeks
to months after initiating treatment and more than 85% within one year
(for review see Sinha, 2011). The exact mechanisms why such long-
lasting urges to use drugs exist are still not fully understood. Yet, the
persistent nature of drug-craving and the resulting adverse decision-
making to reinitiate drug-use indicate that substance use disorder is
characterized by long-term changes in brain function, especially those
related to outcome valuation and learning mechanisms.

Women and men are differently affected by relapse, e.g. women are
less likely to achieve long-term abstinence (Smith et al., 2016) and have
greater difficulty quitting than men (McKee et al., 2016; Wetter et al.,
1999). This sex difference in relapse vulnerability is most commonly
reported for cigarette smoking (Smith et al., 2016). Interestingly,
women showed improved smoking cessation outcomes when they at-
tempted to quit smoking in the luteal phase, i.e. when progesterone is
high, compared to the follicular phase, i.e. when progesterone is low
(Allen et al., 2008), in line with rodent data where progesterone was
effective in reducing self-administration of stimulants and relapse
(Evans and Foltin, 2010; Hudson and Stamp, 2011).

A recent double-blind placebo-controlled randomized trial in-
vestigated the effects of long-term exogenous progesterone adminis-
tration (200 mg twice daily for 12 weeks) on smoking cessation out-
comes and smoking-related symptomatology (withdrawal, craving,
mood, and stress) in women and men (Tosun et al., 2019). Compared
with women in the placebo group, women receiving progesterone had
three times higher odds of abstinence at week 4 and about six more
abstinent days before they relapsed. However, there was no effect of
progesterone treatment on cessation outcomes in men at any time
point. This finding complements studies which reported that
8-12 weeks of progesterone administration helps preventing smoking
relapse in postpartum women (Allen et al., 2016; Forray et al., 2017).
Yet, the causal mechanisms and neurobiological underpinnings of this
promising avenue of hormone administration for treatment of sub-
stance use disorder, especially in women, are still lacking.

3.1.4. Summary

The course of substance use disorder differs between men and
women, with women showing different risk and susceptibility rates to
certain phases of addiction. Evidence from rodent and human studies
suggest that these differences arise due to ovarian hormone effects on
underlying neurobiological mechanisms of decision-making (Becker
and Hu, 2008; Carroll and Anker, 2010).

In summary, women have higher ratings of craving in the follicular
phase compared with the luteal phase, both on a behavioral and a
neural level. Similarly, women show greater subjective responses to
drug stimuli, both on a psychological and physiological level, in the
follicular phase compared with the luteal phase. Together with findings
from animal and human studies as reviewed above (please see 2.3.2 and
2.3.3), it has been suggested that it is rather the attenuating effect of
progesterone on subjective drug responses in the luteal phase than the
elevating effect of estradiol on subjective drug responses in the folli-
cular phase that accounts for this difference. This hypothesis has al-
ready been successfully translated into new treatment developments:
both acute and long-term progesterone administration leads to im-
proved smoking and stimulant cessation outcomes in women.

However, clinical research in women is still scarce and does not
always complement preclinical findings. Moreover, precise designations
of menstrual cycle phases are often lacking as well as biochemical
verification of hormonal levels (see also Table S1). On a more general
level, so far it is not well understood how ovarian hormones impact
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decision-making in substance use disorder in women. Understanding
the neurobiological mechanisms and neurotransmitter systems involved
in generating the proposed effects of ovarian hormones is an important
step for developing specifically tailored treatment trajectories for
women, which can then be tested in rigorous randomized controlled
trials, e.g. scheduling a quit date when subjective drug responses are
less intense and developing hormone-targeted treatments.

3.2. Depression

Unipolar depression has been consistently associated with mono-
aminergic imbalance, most prominently with altered serotonin function
(Deakin, 1991). Low levels of serotonin have been associated with be-
havioral inhibition, a hypothesis that is supported by empirical data
showing that depleting central serotonin reduced behavioral activation
(for review see Cools et al., 2008). Next to depressed mood, anhedonia
is a core feature of depression and describes reduced interest or plea-
sure in normally rewarding activities (Eshel and Roiser, 2010). This
negative bias in reward processing, together with aberrations in striatal
connectivity have also been reported to be predictive of depression
onset (Morgan et al., 2013; Stringaris et al., 2015; Pan et al., 2017). A
recent meta-analysis found blunted striatal activity during reward
feedback in patients with depression compared with healthy volunteers,
most consistently shown in the caudate, but also in putamen and globus
pallidus (Keren et al., 2018). Especially the robust findings for the
caudate have been interpreted as evidence for reduced reinforcement of
actions in depressed individuals.

Women experience unipolar depression twice as often as men in
their lives, starting with puberty (Kuehner, 2017). However, to date it is
not fully understood whether this female preponderance is related to
ovarian hormone dynamics. Hormonal transition phases, e.g. puberty,
postpartum or menopause, are defined by larger alterations in en-
dogenous hormone levels in women; these phases have been associated
with considerable mood changes and elevated risk for depression onset
(Freeman et al., 2014; Munk-Olsen et al., 2006; Zsido et al., 2017; Lewis
et al., 2019).

Rodent models of postpartum depression provide a first link be-
tween ovarian hormones and impaired decision-making in depression:
female rodents showed a reduced preference for sucrose following
ovarian hormone withdrawal, which could be alleviated with estradiol
treatment (Galea et al., 2001; Green et al., 2009; for review see
Brummelte and Galea, 2016). Similarly, in a rodent model of pre-
menstrual dysphoria, abrupt withdrawal from physiological doses of
progesterone led to depressive behavior, including anhedonia in the
sucrose preference test (Li et al., 2012). However, if and how transitions
in ovarian hormone levels impact decision-making in the human brain
is still poorly understood. In the following, we will outline hormonal
modulation of decision-making mechanisms, which could underlie
variation in mood and thus eventually contribute to depression risk.

3.2.1. Valuation: Hormonal modulation of response to positive stimuli

A blunted hedonic response to rewards can underlie a negative bias
in reward processing which has been shown in patients with unipolar
depression (Eshel and Roiser, 2010). Macoveanu et al. (2016) used a
gonadotropin-releasing hormone agonist (GnRHa) administration in a
double-blind, placebo-controlled design to investigate the brain re-
sponse to monetary rewards in healthy premenopausal women. GnRHa
administration manipulates endogenous ovarian hormone milieu, by
first increasing hormone levels which is then followed by a rapid de-
cline. Following this acute decline in ovarian hormone levels, women
had increased depression symptoms and reduced amygdala responses to
monetary rewards. The acute change in ovarian hormone levels may
impact the cortico-limbic top-down control of emotional valuation of
reward encoded by the amygdala (Murray, 2007). This fits well with
the finding that depressed patients show decreased attentional bias to
positive stimuli, with decreased responses in amygdala and ventral
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striatum (Leppanen, 2006; Victor et al., 2010; Stuhrmann et al., 2013).
Furthermore, the decreased response of the ventral striatum and
amygdala to positive stimuli has been associated with anhedonia, and
not depression scores per se (Keedwell et al., 2005).

3.2.2. Action selection and execution: Hormonal modulation of behavioral
inhibition

Using acute tryptophan depletion to mimic the impairment of the
serotonergic neurotransmission in depression, Helmbold et al. (2015)
investigated serotonergic modulation of behavioral inhibition in a ‘Go/
No-Go’ task with reward and punishment conditions (Crockett et al.,
2009) in healthy women during the early follicular phase. Neural ac-
tivation during ‘No-Go’ trials in the punishment condition was posi-
tively correlated with the magnitude of serotonin depletion in the right
OFC, right subgenual ACC, left ventral ACC, and left inferior temporal
area. However, this study did not include male participants and it is
thus not possible to draw inferences if the observed results are female
specific. Moreover, although this study controlled for menstrual cycle
phase by measuring all women during the early follicular phase when
ovarian hormones are low, a hormone-specific interpretation of the
obtained results is limited.

Bannbers et al. (2012) investigated women diagnosed with pre-
menstrual dysphoric disorder (PMDD) and healthy control women
twice, once during the mid-follicular phase and once during the late
luteal phase using a lexical ‘Go/No-Go’ task. Women with PMDD ex-
perience symptoms equivalent to a major depressive episode during the
premenstrual, i.e. late luteal phase (Epperson et al., 2012). It is hy-
pothesized that women with PMDD are particularly susceptible to
subtle hormonal changes across the menstrual cycle (Backstrom et al.,
2003). Bannbers et al. (2012) reported decreased activation in the mid-
follicular phase and increased activation in the late luteal phase in
PMDD patients compared with controls in the left insula during re-
sponse inhibition. Additionally, the within-group comparison revealed
enhanced insula activity during the late luteal vs. mid-follicular phase
in PMDD. Moreover, PMDD women showed a general decrease in brain
activation in parietal regions and right caudate body during response
inhibition compared with controls, independent of menstrual cycle
phase. While the study by Bannbers et al. (2012) did not find any dif-
ferences in behavioral performance, Yen et al. (2014) reported deficits
in response inhibition performance in a numerical ‘Go/No-Go’ task in
PMDD women compared to healthy controls. Specifically, women with
PMDD had more commission errors in ‘Go’ trials in the premenstrual
phase compared with healthy controls, which may reflect impaired
sustained attention in PMDD in this phase. Most importantly, this effect
was observed only in PMDD women with the G allele of the serotonin
1A receptor polymorphism (HTR1A; rs6295). Moreover, changes in
estradiol level from the follicular phase to the premenstrual phase were
negatively associated with performance in the ‘Go/No-Go’ task. Thus,
the results from studies investigating women with PMDD can not only
be interpreted in terms of activational changes induced by ovarian
hormones, but also suggest an association with altered serotonergic
neurotransmission across the menstrual cycle in response inhibition.
Yet, this suggested mechanism needs to be further tested.

3.2.3. Outcome valuation and learning: Hormonal modulation of feedback
and goal-directed behavior

Mulligan et al. (2018) investigated healthy women’s event-related-
potentials (ERPs) in response to monetary reward and loss in the mid-
follicular and the mid-luteal phase (within-subject design). Ad-
ditionally, women filled out a depression symptom inventory at both
time-points, indicating no significant differences in self-reported
symptoms between cycle phases. However, participants with high
overall depression scores showed a reduced ERP to rewards in the mid-
luteal phase as compared to the mid-follicular phase, whereas partici-
pants with low depression scores showed a similar ERP to rewards in
both cycle phases. Depressive symptoms were not associated with ERPs
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to monetary loss. Reduced ERPs to rewards have previously been found
in individuals at risk for depression (Bress et al., 2013; Nelson et al.,
2016; Proudfit, 2015). More specifically, ERPs to rewards have been
suggested to reflect a reward prediction error signal in the ACC, which
alleviates adaptive goal-directed behavior and contributes to learning
(Holroyd and Coles, 2002; Holroyd et al., 2008; Sambrook and Goslin,
2015; Walsh and Anderson, 2012). Based on this, it can be suggested
that depressive symptoms may moderate the hormonal impact on one’s
ability to engage in adaptive goal-directed behavior in response to re-
ward feedback.

3.2.4. Summary

Acute changes in ovarian hormone levels may increase the vulner-
ability for depression in women by modulating their response to re-
warding stimuli. To the best of our knowledge, there are only few
human studies directly investigating this association on a neural level.

Following an acute pharmacologically induced decline in ovarian
hormone levels, i.e. mimicking the postpartum period or menopausal
declines, women had increased depression symptoms and reduced
amygdala responses to monetary rewards. This may reflect reduced
affective processing of positive, rewarding experiences following the
decline of ovarian hormones, in line with the decreased attentional bias
to positive stimuli in depression. Menstrual cycle phase dependent
differences in response inhibition in women with PMDD - both within
the PMDD group and in between-group comparisons with healthy
controls — provide another indication for hormonal modulation of de-
cision-making in depression. Women with PMDD had deficits in re-
sponse inhibition performance and increased activation in areas asso-
ciated with cognitive and affective processing in the luteal phase;
contrary to findings from health women, who mainly showed stronger
activation during the mid to late follicular phase (as compared to the
luteal phase). With a stronger focus on depressive symptomatology, it
has been shown that women had menstrual cycle phase related differ-
ences in brain activation in response inhibition tasks, following phar-
macologically induced reduced serotonergic neurotransmission.
Moreover, depressive symptoms moderated the hormonal impact on
adaptive goal-directed behavior, with reduced responses to reward
feedback in the luteal phase compared with the follicular phase.

In summary, there is a clear paucity of studies investigating ovarian
hormone related influences in women on impaired decision-making in
depression. To date, we have no conclusive understanding of the neu-
robiological mechanisms, which may underlie these aberrations. We are
in need of studies which pharmacologically alter both serotonin and
ovarian hormone levels in order to deduct a mechanistic understanding.
This is a critical gap to develop specifically tailored prevention and
hormone-targeted treatment trajectories for women suffering from de-
pression or are at risk for depression.

4. Conclusions and future perspectives

Variation of ovarian hormones over the menstrual cycle have an
impact on decision-making on a behavioral as well as neural level.
However, what these modulatory effects are and how they influence the
changes in different elements of decision-making, is still largely un-
derstudied. In this review we were able to suggest some hypotheses on
what the possible roles of estradiol and progesterone in modulating
decision-making may be but more attention and model-based ap-
proaches to this research topic are necessary. Most of the discussed
studies do not provide consistent results and replications of tentative
findings are mostly missing.

When studying value-based decision-making, it is important to re-
cognize its complexity. As Rangel et al. (2008) point out, decision-
making can be divided into distinct components. Each of these com-
ponents could be considered as a separate neurobiological process and
may be differently modulated by internal and external factors. While
neurocomputational methods are increasingly used to understand the
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underlying neurobiological mechanisms of these decision-making ele-
ments and their interactions, the distinction between the elements is
not yet clearly implemented in the experimental paradigms assessing
the modulatory effects of ovarian hormones in decision-making. In this
review, we attempted to fit different research paradigms into this dis-
tinction of decision-making elements to better understand the roles of
ovarian hormones and their interaction with neurotransmitter systems
when it comes to decision-making. We are not, however, claiming that
this is the only way to differentiate between decision-making elements
and their respective experimental paradigms. We do nevertheless hope
that future studies will recognize the benefits of breaking down deci-
sion-making into smaller components as it allows the researchers to
target different computational signals, neurotransmitter systems as well
as behavioral aspects of decision-making.

Moreover, we found that the decision-making components are dif-
ferently modulated by varying ovarian hormones. However, not in
every aspect of decision-making animal and human findings were
consistent. While rising estradiol increased the dopaminergic signaling
in the limbic areas and thus facilitated attention to reward cues in ro-
dents, in humans an opposite effect was found. More consistently, es-
tradiol (i) played a positive role in effort expenditure and cognitive
control during action selection, most likely by interacting with neuro-
transmitter systems in higher cortical areas, especially prefrontal areas;
(ii) augmented the hedonic qualities of the reward; and thus (iii) fa-
cilitated approach behavior; but also (iv) impeded avoidance learning.
However, discrepancies between animal and human findings should be
considered in light of a number of methodological differences. In ani-
mals, hormone levels are often manipulated via gonadectomy and
exogenous hormone administration, while natural hormone variations
in humans are mainly evaluated by comparing different stages of the
menstrual cycle with each other. Following gonadectomy, some animal
studies use different hormone replacement regimes, including supra-
physiological doses, rendering a direct comparison to findings in hu-
mans difficult (Bowen et al., 2012; Wallin et al., 2015). Furthermore,
most animal studies rely on rodent models, which are, although well-
established, inadequate to fully capture the hormonal variations seen
across the human menstrual cycle (see Fig. 2). Non-human primates
more closely resemble the human menstrual cycle, however, the long
lifespan, high expenses, and substantial barriers to access non-human
primates (Brinton, 2012) as well as ethical considerations make it hard
for laboratories to study these animals as translational models. Another
major methodological difference is the tight experimental control over
the environment in animals but not humans, likely impacting beha-
vioral choices and actions.

Relative to estradiol, a lot less has been found on the role of pro-
gesterone in decision-making, both in rodents and humans. Yet the
available findings indicate that progesterone acts beyond by attenu-
ating the effects of estradiol. More research is necessary to understand
how progesterone is interacting with neurotransmitter systems and
other sex hormones in decision-making. Furthermore, it is worthwhile
noting, that most animal and human studies assume classical hormonal
variations across the estrous and menstrual cycle, of on average 96 h
and 28 days, respectively (see Fig. 2). However, cycle length and the
amplitude of cyclical changes in hormone levels largely vary within and
between individuals (Schank, 2000). This high amount of heterogeneity
may lead to individual differences in decision-making between cycles,
and may contribute to inconsistencies in results across studies. Future
studies may employ a repeated measures within-individual design
across more than one estrous/menstrual cycle to study potential var-
iations in decision-making strategies on an individual level.

Another prospective line of future research could target the role of
ovarian hormones in modulating decision-making aspects which de-
pend on higher cortical areas, especially prefrontal cortex and cingulate
cortex. These brain areas are involved in processing more than one
function in decision-making, therefore, by applying a model-based ap-
proach and differentiating between the more intricate decision-making
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elements, the influence of ovarian hormones could be better char-
acterized.

The valence dimension has also been overlooked when it comes to
the effects of ovarian hormones in decision-making. Although we have
made effort to cover the evidence on the interaction during positively
and negatively valenced decision-making, the number of studies using
rewards as stimuli are far greater than the studies using punishment.
Affective bias formation and variation in valence perception could be
modulated by ovarian hormones, therefore, future studies should ad-
dress both ends of the valence spectrum. Neuroimaging studies could
profit from closer investigations of the amygdala-OFC and amygdala-
striatum connections in relation to valence.

Another limitation of discussing the effects of ovarian hormones on
decision-making is that they do not function in isolation from the rest of
the endocrine system. Other hormones, like testosterone and cortisol,
have been indicated as modulators of decision-making processes. A
combined approach, testing effects of ovarian hormones and the pre-
sence of testosterone in women, could help to further understand their
interaction and contribution in decision-making. Contrary to biological
modulators of decision-making, research on influential psychosocial
factors is still sparse. Emerging evidence suggests that environmental
stressors such as early adverse life events (e.g. childhood trauma) in
combination with genetic factors might influence decision-making
abilities and the risk for mood disorders (Guillaume et al., 2013;
Stoltenberg et al., 2011). However, whether environmental factors may
alter observed hormone-neurotransmitter interaction effects in deci-
sion-making is largely unknown, and represents a fascinating avenue
for future research. Understanding the biopsychosocial architecture of
decision-making will have broad societal implications.

In this review, we focused on substance use disorders and unipolar
depression to illustrate how ovarian hormones interact with impair-
ments of separate decision-making aspects. Unfortunately, there is a
clear lack of studies which systematically investigate hormone-related
decision-making deficits in women with these disorders. This is a cri-
tical gap in research as this knowledge is crucial to understand in-
dividual differences in prevalence, course, and treatment response in
psychiatric pathologies. Integration of results from healthy populations
and clinical samples is challenging due to several methodological lim-
itations: i) although similar tasks have been used (e.g. Go/No-Go) there
are several versions available (numerical, lexical, verbal, monetary,
etc.) which hinder direct comparisons, and ii) the phases of the men-
strual cycle when healthy individuals vs. patients were measured vary.
So far, no study systematically investigated the effects of the different
menstrual cycle phases or hormone levels (e.g. using hormone admin-
istration such as GnRHa) in healthy women and in female patients
suffering from substance use disorder or major depression, using the
same methods (e.g. menstrual cycle staging, hormone assessment,
tasks). Also, to our knowledge, no study has investigated the same
decision-making processes in different female patient groups while
considering ovarian hormone levels. Trying to combine what has been
reported in both disorders, it seems that higher ovarian hormone levels
increase craving and the subjective response to stimulants in substance
use disorder, while affecting attentional biases to positive stimuli in
depression which has been particularly associated with anhedonia.
During the late luteal phase, when estradiol and progesterone are low,
reduced sustained attention and higher insula activation have been
reported in women suffering from PMDD. Interestingly, during the lu-
teal phase, women also reported blunted responses to stimulants com-
pared to the follicular phase. Thus, while mood symptoms may be po-
tentiated by the decline of ovarian hormones, enhanced craving and
risk for relapse have been reported during phases when ovarian hor-
mones are high.

Currently several issues remain unsolved including (i) the under-
lying neurobiological mechanisms and receptor systems involved in
modulating the effects of ovarian hormones on decision-making in
mental disorders are not fully understood to date; (ii) clinical research
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in women is still scarce and does not always complement findings from
rodent studies; (iii) precise designation of menstrual cycle phases and
hormonal verifications in general are often lacking; (iv) research spe-
cifically investigating hormonal transition periods across the female
lifespan, i.e. pregnancy, postpartum, or menopause, is still scarce, in
both healthy and clinical populations.

We encourage future studies to tackle these issues and provide by
separating specific elements of decision-making a general framework to
systematically investigate decision-making deficits in women. Our ap-
proach is in line with current research initiatives like the Research
Domain Criteria (RDoC; Cuthbert and Insel, 2013; Insel, 2014) frame-
work, which reflects the need for psychiatry to move beyond the mere
observation of symptoms and to integrate many levels of psychological
and biological systems in order to understand basic dimensions of
human functioning. Up to now, the impact of ovarian hormones and
thus the systematic investigation of hormonal alteration and transition
periods has not been included in the RDoC domains. While research in
substance use disorders already provides first promising avenues from
systematic investigations of decision-making deficits in women, e.g.
scheduling a quit date during the menstrual cycle when subjective drug
responses are less intense and developing hormone-targeted treatments,
research in depression-related decision-making deficits in women is still
in its infancy. Acknowledging the possible effects of the menstrual cycle
is an important step for developing tailored preventive strategies and
treatment regimens for women in general, and specifically for phases
with severe changes in ovarian hormone levels in women, such as
pregnancy, postpartum, or menopause.
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