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ABSTRACT

ARTICLE HISTORY

Ovarian hormones, particularly oestrogen and progesterone, undergo major fluctuations across
the female lifespan. These hormone transition periods, such as the transition from pregnancy to
postpartum, as well as the transition into menopause (perimenopause), are also known to be
times of elevated susceptibility to depression. This study reviews how these transition periods
likely influence neurochemical changes in the brain that result in disease vulnerability. While
there are known associations between oestrogen/progesterone and different monoaminergic systems, the interactions and their potential implications for mood disorders are relatively unknown.
Positron Emission Tomography (PET) allows for the in-vivo quantification of such neurochemical
changes, and, thus, can provide valuable insight into how both subtle and dramatic shifts in hormones contribute to the elevated rates of depression during pre-menstrual, post-partum, and
perimenopausal periods in a woman’s life. As one better understands how to address the challenges of PET studies involving highly vulnerable populations, such as women who have recently
given birth, one will gain the insight necessary to design and individualize treatment and therapy. Understanding the precise time-line in younger women when dramatic fluctuations in the
hormonal milieu may contribute to brain changes may present a powerful opportunity to intervene before a vulnerable state develops into a diseased state in later life.
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Introduction
Depression is ranked by the World Health
Organization as the largest contributor to disability
worldwide, and it is predicted to be the leading cause of
disease burden by 2030 (World Health Organization,
2008). Unfortunately, due to a lack of knowledge of the
specific underlying neuropathophysiological mechanisms, treatment decisions for depression are guided
primarily by observable symptoms rather than the
actual pathology specific to an individual. Several recent
NIMH initiatives, including the Research Domain
Criteria (RDoc) project framework, reflect the need for
psychiatry to move beyond the mere observation of
symptoms and to configure how genomic, enviromic,
endophenomic, and phenomic domains can be tested at
the individual level to inform the most indicated course
of anti-depressive treatment (Cuthbert, 2014). One
important potential source of such individual variance
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is biological sex. Sex differences in mood disorders are
currently of peak interest in the field of neuroscience.
In fact, the National Institute of Health now requires
consideration of sex as a biological variable in grant
applications (National Institutes of Health, 2015). This
requirement is, in part, driven by the prominent epidemiological sexual dimorphism observed in numerous
neuropsychiatric disorders, such as major depressive
disorder (MDD), which women are twice as likely to
develop as men (Kessler, 2003; Weissman et al., 1993).
Recent work not only suggests that differences
between men and women influence mood disorder
aetiology, but individual differences among women
further create particular windows of vulnerability to
depression. The prevalence of depression in women is
most prominent during the reproductive years (Soares
& Zitek, 2008), and especially during times such as
post-partum (Mehta et al., 2014; O’hara, Stuart,
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Gorman, & Wenzel, 2000; Sohr-Preston & Scaramella,
2006) and perimenopause (Freeman, Sammel,
Boorman, & Zhang, 2014; Freeman, Sammel, Lin, &
Nelson, 2006; Rekkas et al., 2014), which are periods
defined by extreme fluctuations in ovarian hormones.
This evidence strongly suggests that hormone changes
across the individual mean, especially dramatic
decreases in oestrogen, may be a risk factor for
depression. While several studies have shown an association between changes in mood and ovarian hormone levels in women, we lack a detailed
understanding of the specific mechanisms underlying
the relationship between mood and hormonal
transitions.
We require methodological incorporation from the
fields of cognitive science, genetics, and neuroimaging
in order to clarify the biological contributors to sex
differences in mood disorders, as well as to explain
windows of heightened vulnerability to mood disorders across the lives of women. Among the broad
field of rapidly developing neuroimaging techniques,
Positron Emission Tomography (PET) stands out as it
allows for the in vivo quantification of a specific
neurochemical target at a specific molecular site
(Konarski, McIntyre, Soczynska, Bottas, & Kennedy,
2006). PET may allow for the early identification
of biochemical markers of mood disorders before
structural brain changes take place, providing an
opportunity for earlier and more specific diagnosis,
intervention, and treatment (Chen, Liu, Li, Zhang, &
Tian, 2011). Radioligand PET studies provide information at the biochemical level about binding affinity,
receptor-density parameters, neurotransmission activity, and location of different transmitter pathways.
Moreover, these studies can give insight into medication dosing by quantifying receptor binding following
drug administration, thereby measuring drug occupancy and confirming that the drug is reaching and
affecting the target site.
Numerous PET studies examined regional cerebral
blood flow, cerebral glucose metabolism rate, and
cerebral oxygen metabolism rate in patients with
depression, and found these measures changed, especially in the prefrontal cortex and limbic structures,
which are regions involved in emotional regulation
and memory formation. In general, cerebral blood
flow/metabolism is decreased in the prefrontal cortex
(Baxter et al., 1989; Bench, Friston, Brown,
Frackowiak, & Dolan, 1993; Buchsbaum et al., 1997;
Hosokawa, Momose, & Kasai, 2009; Kennedy et al.,
2001; Kimbrell et al., 2002) and increased in the
amygdala (Drevets et al., 2002). The abnormal hyper-
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and hypo-metabolism in these regions, respectively,
are also correlated with the severity of depression
(Baxter et al., 1985, 1989; Drevets et al., 2002: Ketter
et al., 2001; Kimbrell et al., 2002). Additionally, there
are reports of decreased blood flow and metabolism
in the sub-genual prefrontal cortex (Brooks et al.,
2009; Drevets et al., 1997), and increases in the hippocampus, cerebellum, anterior cingulate gyrus, and
basal ganglia in depressed patients. These findings
support that depressed patients have functional deficits in the frontal lobes, limbic system, basal ganglia,
and cerebellum.
The neuroplasticity hypothesis of depression suggests that there is reduced neurogenesis and plasticity
in response to external or internal environmental
stimuli, and that antidepressants may serve to
improve neuroplasticity (Serafini, 2012; Wainwright &
Galea, 2013). According to the monoamine hypothesis, depression is caused by a deficit in monoamine
levels in the central nervous system (Delgado, 2000).
There is currently no other imaging technique as
promising as PET radioligand studies for directly analysing specific neurotransmitter abnormalities in the
central nervous system and their biological consequences in humans in vivo. These theories are not
likely exclusive, but rather complementary, supporting
the need for gathering neurochemical information via
PET in conjunction with network and connectivity
data, with the ultimate aim to identify the appropriate
molecular target.
Most PET depression studies have focused on disruptions in the serotonin and dopamine systems, both
of which are neurotransmitters widely implicated in
mood disorders. Serotonin dysfunction in depressed
patients has been shown in serotonin synthesis, serotonin transporter binding potential (5-HTT BP), and
5-HT1A and 5-HT2A receptors BP. The findings have
been mixed, some reporting increases or decreases in
transporter BP, increases or decreases in 5-HT1A BP,
and increases or decreases in 5-HT2A BP. While the
data are controversial, there is consistency with
respect to implicated brain regions. Dopamine system
dysfunction has also been highly implicated in depression (Drevets et al., 2001; Dunlop & Nemeroff, 2007;
Nestler & Carlezon, 2006; Willner, Hale, &
Argyropoulos, 2005). Primary rewards are associated
with striatal dopamine increases, and deficiencies are
thought to underlie the loss of pleasure and motivation rewarding in depression (Whitton, Treadway, &
Pizzagalli, 2015). However, the findings are discrepant
in imaging studies. Monoamine oxidase A (MAO-A)
is an enzyme that metabolizes monoamine
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neurotransmitters, such as serotonin and dopamine
(Youdim, Edmondson, & Tipton, 2006). Thus, it has
been suggested that elevated MAO-A density could be
the primary monoamine-lowering process during
depression (Meyer et al., 2006), as excessive removal
of these monoamines is associated with a lower mood
(Hasler et al., 2008). Indeed, depressed patients show
exaggerated MAO-A binding rates as compared to
healthy controls (Meyer et al., 2009). These studies
are a promising beginning to a better understanding
of the underlying mechanisms of neurochemical dysfunctions in mood disorders via the use of
radioligands.
This review will explore how and why PET is a tool
that uniquely allows us to explore the causes and consequences of mood disorders across the lifespan of a
woman. Specifically, we will report the major findings
of PET studies that have explored sex differences in
mood disorders, as well as differences within women
driven by hormonal changes. We will discuss recent
innovative approaches to model hormonal transition
periods in human in vivo PET research and extend the
discussion of this experimental work to a focused
review on how periods of endogenous and physiological hormonal transitions, such as the menstrual
cycle, perimenopause, and post-partum, can serve both
as a time of vulnerability and opportunity in understanding the transition from health to a disease state.
We will further explore how a deeper understanding
of this can aid us in facing challenges in neuroimaging
research, such as establishing safety protocols in postpartum patients who are breastfeeding.
If we better understand how sex and hormonal
changes influence mood, we can identify windows of
increased vulnerability to depression and can better
optimize/tailor treatment to the individual patient. A
deeper understanding of neurotransmitter dysfunction, particularly in relationship to endogenous hormonal changes across the female lifespan, can help us
design, test, and personalize drug treatment for
women. Beyond the clinical implications, this could
also have important social/practical implications such
as increased understanding of and support during the
many female-specific life events that are currently
misunderstood and often stigmatized simply due to a
faulty grasp of the biological origins linked to these
events. because we do not fully understand their biological origins yet. A neurobiological approach also
challenges many of the stereotypes, which often
unfortunately continue to be associated with
female-specific periods across the lifespan, such as the
pre-menstrual phase, menopausal transition, and

post-partum blues, as we view these periods as more
than just individual psychological conflicts and rather
as products of a complex interaction of hormonal and
neurochemical transitions that are also psychologically
influenced by certain psychological and societal
expectations. Thus, to add to the important discussion
of psychological factors, we require more research
into the complex interactions between hormones and
brain functional and neurochemical activity. This
review will discuss ways of overcoming practical challenges in this topic.
If we can overcome these challenges and address
this stigma, we can identify windows of increased vulnerability, prevent/intervene during the transition
from depression-vulnerable state to a diseased state,
and optimize therapy and drug treatment during specific times of hormonal fluctuations.

Evidence for sex differences
There is extensive literature on the heightened risk of
developing depression in women than in men, with
the lifetime risk of major depression at 21% for
women vs only 13% in men (Kessler et al., 1994).
Beyond that, symptom severity and duration are
higher in women, as well as rates of associated weight
gain, anxiety, and physical manifestations of the disease (Angst & Dobler-Mikola, 1984; Frank, Carpenter,
& Kupfer, 1988; Kornstein et al., 2000; Young,
Scheftner, Fawcett, & Klerman, 1990). While differences are demonstrated across all age groups, the gap in
depression risk between the sexes is widest during the
reproductive years (Soares & Zitek, 2008).
PET can be used to visualize in vivo neurochemical
changes and metabolism in the midst of a depressive
episode. While sex differences in this area are often
only reported as secondary findings, there is increasing attention within this field. There have been sexrelated PET findings in glucose metabolism, in which
women showed enhanced activity in the left amygdala
and men in the right amygdala related to emotionally
influenced memory (Cahill et al., 2001). Radioligand
neuroreceptor studies have also shown that depression-relevant neurotransmitters exhibit sex differences
in healthy controls. For example, healthy women have
higher 5-HT1A receptor BP (Costes et al., 2005;
Jovanovic et al., 2008; Parsey et al., 2002), and the 5HT1A receptor demonstrates decreased BP with age
in men, but not in women (Meltzer et al., 2001).
Furthermore, women show lower 5-HTT BP in cortical and subcortical brain regions, as compared with
healthy men (Costes et al., 2005; Jovanovic et al.,
2008; Parsey et al., 2002). However, other studies
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(Staley et al., 2001) found greater availability of
5-HTT in females. Discrepancies have also been
reported in serotonin synthesis. Women have
decreased serotonin synthesis compared to males after
tryptophan was depleted (Nishizawa et al., 1997).
Women show lower a-[11C]methyl-L-tryptophan
brain trapping constant (an index of serotonin synthesis) in a number of cerebral cortical regions compared
with men (Sakai 2006). In another study, women
showed elevated levels of serotonin, as well as the
serotonin metabolite 5-hydroxyindoleacetic acid, compared with men (Young, Gauthier, Anderson, &
Purdy, 1980). For the dopamine system, women
showed a higher concentration of synaptic dopamine
in the striatum than men, and age decreases these levels in men more than in women (Laakso et al., 2002).
Women also show less dopamine release in the ventral striatum, anterior putamen, and anterior and posterior caudate nuclei in response to amphetamines
than do men (Munro et al., 2006).
Given that it has been proposed that individuals
with depression have abnormal neurotransmission,
the findings in healthy subjects do not necessarily
reflect what is happening in the brains of depressed
men and women. Sex differences in depressed populations, however, have not been the primary focus of
clinical PET studies. Videbech et al. (2001) reported
significant sex differences in cerebral blood flow in
the parietal lobe (and a trend for sex differences in
the temporal lobe) for the entire sample of MDD
patients and healthy controls (n ¼ 89, 42 patients
including 12 males, 47 controls including 16 males).
When regressing out the effects of sex and age, the
research revealed increased blood flow to the hippocampus as the main finding in major depression, but
no statistically significant correlations were found
between any region and the Hamilton Depression
Scale (HDS). Videbech et al. (2002) later re-investigated this secondary finding, and reported that sex
displayed a noteworthy interaction for hippocampal
blood flow in major depressive disorder (MDD): a
positive correlation between symptom severity (HDS
score) and blood flow in the hippocampus in female
MDD-patients, but the reverse relationship in males.
Their study was not designed to investigate sex
differences, however, and so they warned against
over-interpreting the results due to the low male
population (n ¼ 12 compared to female n ¼ 30)
included. Hosokawa et al. (2009) uniquely looked at
an all-female population, and found a decrease in glucose metabolism in the right temporal gyrus, right
insula, and left posterior cingulate gyrus in depressed
women.
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There have also been sex differences reported in
monoaminergic systems in depressed patients. RosaNeto et al. (2004) found a lower a-[11C]methyl-Ltryptophan brain trapping constant (an index of
serotonin synthesis) in the bilateral anterior cingulate cortex (ACC) of MDD women compared to
female healthy controls, and lower levels in the left
ACC in MDD males compared to male healthy
controls as well. Their lab later directly compared
male to female samples and found that depressed
women have higher serotonin synthesis in multiple
regions of the prefrontal cortex and limbic system
involved with mood regulation, as compared with
depressed men (Frey, Skelin, Sakai, Nishikawa, &
Diksic, 2010). Monoamine tryptophan depletion
results in a temporary decrease in serotonin transmission, and this increased depressive symptoms in
females significantly more than in males (Moreno,
McGahuey, Freeman, & Delgado, 2006). There have
been reports, however, of no effect of sex on 5HTT BP (Meyer et al., 2004) or 5-HT1A receptor
BP (Parsey, Olvet, et al., 2006; Parsey, Oquendo,
et al., 2006).
While these are promising findings, it is noticeable that the primary aim of most of these studies
was not to investigate sex differences. For the minority of studies that did make it their primary focus,
the reported results have been conflicting. A likely
reason for these discrepancies may be the heterogeneity of the female sample, in particular the challenges
to monitor the details of reproductive status. If ovarian hormones are highly implicated in depression
aetiology, as well as known to influence key monoaminergic systems, women with different hormonal
profiles may exhibit very different responses.
However, hormonal levels were not measured in the
previously mentioned studies. This may lead to false
negatives or false positives, depending on the hormonal profile of the female cohort. If all women were
in the follicular phase or all in the luteal phase, they
would have specific hormonal profiles (described in
next section) that may bias the results. More likely,
the women were in different phases of their menstrual cycle, and there may be a masked effect on
results. The potential likelihood is especially high
when sample sizes are relatively small, as is often the
case in studies not specifically designed to compare
males and females, but rather have a combined
group. Since depression has become such a serious
problem in health today, identifying biomarkers/biological contributors is of crucial importance to better
understand the influence of hormones in depression
across the lives of women.
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Ovarian hormones
Oestrogen is the ovarian hormone that exhibits the
most dramatic endogenous changes across the female
lifespan. Oestrogen levels rise during puberty, and
then remain high but unstable throughout the reproductive years. The physiological changes that occur to
indicate the transition into menopause are known as
perimenopause. Women typically exhibit initial
changes beginning in their late 30s and early 40s, and
then changes continue, on average, until the late 40s
(Mitchell, Woods, & Mariella, 2000). Perimenopause
is characterized by dramatic fluctuations and
decreases in oestrogen, followed by chronic low oestrogen levels during the post-menopause years.
Progesterone, the other main ovarian hormone, also

rises in level during puberty and remains relatively
stable until perimenopause, when the level gradually
but continuously decreases. For a more in-depth
review of changes in ovarian hormones across the
female lifespan, please see Barth, Villringer, and
Sacher (2015).
These ovarian hormones have known effects on
neurotransmitter functions, mainly through the alteration of the responsiveness of post-synaptic receptors
and/or the pre-synaptic release of neurotransmitters.
Figure 1 shows a schematic of oestrogen and progesterone receptors in the glutamatergic, GABAergic,
dopaminergic, and serotoninergic systems. Briefly,
oestrogen facilitates glutamate transmission (Adams,
Fink, Janssen, Shah, & Morrison, 2004; Gazzaley,

Figure 1. Localization of oestrogen receptors, progesterone receptors, and monoaminergic pathways in the female brain (adapted
with copyright permission granted from Barth et al., 2015). Co-expression of ovarian hormone receptors in the CNS alongside
neurotransmitter localization. The glutamatergic (pink), GABAergic (green), dopaminergic (blue), and serotonergic (yellow) pathways
are displayed separately for clearer representation. For a detailed description of ovarian hormone receptor distribution in each
pathway, please see Barth et al. (2015). (A) Glutamatergic pathways in the central nervous system. (B) GABAergic pathways in the
central nervous system. (C) Dopaminergic pathways in the central nervous system. (D) Serotoninergic pathways in the central nervous system.
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Weiland, McEwen, & Morrison, 1996; Smith &
Woolley, 2004), which plays a significant role in synaptic plasticity, learning, and memory. Progesterone
has been shown to do the opposite, instead inhibiting
the excitatory glutamate response (Hausmann &
G€
unt€
urk€
un, 2000). Oestrogen suppresses GABA
inhibitory inputs (Murphy, Cole, Greenberger, &
Segal, 1998), and progesterone exhibits excitatory
effects through its action on GABAA receptors (van
Wingen et al., 2008). Both the serotonergic and dopaminergic systems are influenced by oestrogen. In
rodents, oestrogen appears to promote dopamine
activity and release in the striatum, thereby enhancing
the dopamine turnover rate (Di Paolo, Falardeau, &
Morissette, 1988; Levesque, Gagnon, & Di Paolo,
1989; Shimizu & Bray, 1993; Xiao & Becker, 1994). In
rodents and non-human primates, oestrogen administration enhances serotonergic tone by increasing serotonin synthesis (Bethea, Mirkes, Shively, & Adams,
2000), decreasing degradation (Gundlah, Lu, &
Bethea, 2002), and decreasing inhibitory feedback to
serotonergic neurons in the dorsal raphe nucleus
(Henderson & Bethea, 2008; Lu & Bethea, 2002). If
these ovarian hormones impact the neurochemical
systems involved in emotional and cognitive functioning, which are also known to be altered in depression,
it is critical that we examine how hormones and these
neurotransmitters interact to influence mood—a complex question that PET imaging is uniquely qualified
to answer.

Hormonal transitions
Periods of vulnerability
Epidemiological evidence suggests the highest vulnerability towards depressed mood during life phases
when ovarian steroid hormones fluctuate or decline
rapidly (Deecher, Andree, Sloan, & Schechter, 2008),
such as post-partum (Gavin et al., 2005; Le Strat,
Dubertret, & Le Foll, 2011) and during menopausal
transition (Freeman et al., 2014) (Figure 2). During
pregnancy, there is a large increase in both oestrogen
and progesterone, which is followed by a rapid, dramatic drop in both hormones following delivery.
Post-partum depression (PPD) is defined as a major
depressive episode starting within 4 weeks of delivery,
and markedly affects 13% of women within the first 3
months of giving birth. With its high prevalence rate,
PPD is ranked as the most common medical complication of child-bearing (Sit & Wisner, 2009); and with
its extremely adverse effect on maternal–infant bonding and infant development (O’Higgins, Roberts,
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Glover, & Taylor, 2013; Poobalan et al., 2007;
Weikum, Oberlander, Hensch, & Werker, 2012), it is
a critical concern.
As the symptoms often appear within the first
month post-partum, PPD pathophysiology is likely
linked to the hormonal disruptions occurring after
delivery. Evidence supports that it is not only the
absolute concentration of ovarian hormone levels that
mediates PPD, but also subsequent neurochemical
alterations influenced by the dramatic hormonal
changes. Women may develop PPD in part due to
imbalanced monoamine levels and activity following
the massive withdrawal of oestrogen and
progesterone.
Moses-Kolko et al. (2008) evaluated 5HT1A receptor BP in women experiencing PPD. They concluded
that, even though reproductive hormone levels did
not differ between groups, post-synaptic BP in the
depressed women was significantly reduced compared
to in healthy controls, especially in the anterior cingulate, mesial-temporal, and lateral orbitofrontal cortices. Their group also investigated D2 receptor BP,
due to known alterations in the dopaminergic system
in healthy, maternal animal studies. They found
reduced D2 receptor BP in the ventral striatum in
post-partum compared to non-post-partum women,
and reduced BP in unipolar depression patients compared to healthy controls (Moses-Kolko et al., 2006).
They later (Moses-Kolko et al., 2012) looked for
depression-by-post-partum interaction effects on D2
and D3 receptor binding, but they failed to find that
combined depressed and post-partum status produced
additive lowering of D2 and D3 receptor BP. The
authors suggest that the lower BP may not be specific
to depression and post-partum status, but rather a
shared consequence of stress experienced by both
depressed patients and recent mothers. However, they
also report that the anatomical extent of striatal D2
and D3 receptor reductions differed between
depressed and post-partum women: while both postpartum status and depression were associated with
7–8% lower BP in the whole striatum and ventral
striatum, only depression showed a trend (p ¼ 0.06)
for a 5% reduction in BP in the dorsal striatum. The
sub-regions of the striatum participate in a wide
range of motivational and associative brain functions,
with findings linking the ventral striatum to initial
rewarding effects of a drug, and dorsal regions more
to consequent habitual behaviour (Koob, Everitt, &
Robbins, 2013; Stewart & Paulus, 2013). Thus, there
remains the possibility of mechanistic differences in
hormone-mediated dopamine activity that is unique
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Hormonal Transition Periods and Mood Disorder Findings in PET in the Reproductive Years
Pregnancy

Post-Partum

Perimenopause

Hormones

Puberty

Depression

Premenstrual syndrome (PMS)
Premenstrual dysphoric
disorder (PMDD)

Post-partum depression (PPD)

PET Findings

Estrogen
Progesterone

Jovanovic et al., 2006: 5-HT1A
BP changed in the raphe nuclei
from the follicular to the luteal
phase of the menstrual cycle in
HCs, but observed change was
significantly smaller in PMDD
Eriksson et al., 2006: Inverse
relationship of negative mood
symptoms and positive relationship of positive mood symptoms
serotonin precursor trapping in
PMDD

Moses-Kolko et al., 2008: reduced 5HT1A receptor
postsynaptic BP in the ACC, mesiotemporal, and
lateral orbitofrontal cortices in PPD women compared to HCs
Moses-Kolko et al., 2006, 2012: reduced D2 and
D3 receptor BP in ventral striatum in postpartum
compared to non post-partum
Sacher et al., 2010: elevated MAO-A levels
throughout the brainA in post-partum blues compared to HCs
Sacher et al., 2015: post-partum crying associated
with greater MAO-A levels in the PFC and ACC

Perimenopausal depression

Rekkas et al., 2014: elevated MAO-A levels in the
brainB of perimenopausal age compared to both
reproductive age and menopause, tendency to cry
correlated with MAO-A levels in the PFC

Abbreviations: anterior cingulate cortex (ACC), healthy controls (HCs), serotonin 1A (5HT1A), dopamine 2 and 3 (D2, D3), binding potential (BP)
A prefrontal cortex, anterior cingulate cortex, anterior temporal cortex, thalamus, dorsal putamen, hippocampus, midbrain
B prefrontal cortex, anterior cingulate cortex, dorsal striatum, ventral striatum, thalamus, hippocampus, midbrain

Figure 2. Hormonal transition periods and mood disorder findings in PET in the reproductive years. Hormones: oestrogen and progesterone rise during puberty and undergo subtle, cyclical variations during the menstrual cycle. Oestrogen and progesterone rapidly increase and maintain high levels during pregnancy, followed by a dramatic withdrawal following delivery in the post-partum
period. Both hormones decrease during perimenopause, but oestrogen is markedly unpredictable and erratic in its fluctuations.
Depression: depression associated with hormonal fluctuations during the pre-menstrual phase of the menstrual cycle, following
delivery in the post-partum period, and in the transition into menopause. PET Findings: summary of PET imaging studies that
focused on women suffering from hormone-mediated depression.

to post-partum status, in which dorsal striatum alterations are a specific feature of prolonged depression,
and
not
to
post-partum-related
depression.
Furthermore, because of the hormonal transition and
behavioural adaptations unique to post-partum
women, the authors suggest that other experimental
designs could more precisely distinguish dopaminergic alterations that are exclusive to depression vs
post-partum depression. Regardless, Moses-Kolko
et al. (2006, 2012) succeeded in showing post-partum
modifications of the striatal dopamine system, which
may contribute to the high risk of depression following delivery. In addition, a recent paper (Atzil et al.,
2017) found that maternal behaviour is associated
with increased dopamine responses in women to their
infants, and stronger intrinsic connectivity within the
nucleus accumbens, amygdala, and medial pre-frontal
cortex (an intrinsic network that supports social functioning). Moreover, stronger network connectivity is

associated with increased dopamine responses within
the network.
While the previously mentioned studies are exceptional pioneering studies, post-partum studies are
uniquely challenging in terms of recruitment and ability to schedule a PET scan immediately after childbirth, and, thus, their participants were scanned
ranging 4–13 weeks after delivery. Since oestrogen levels decrease 100–1000-fold during the first 3–4 days
after delivery, there may be a particular neurochemical dysregulation associated with this acute window.
Indeed, 70% of new mothers experience ‘post-partum
blues’ within a week of delivery, which is a syndrome
characterized by anxiety, insomnia, poor appetite,
irritability, and overall depressed mood. Beyond this,
women with post-partum blues have a 4-fold risk of
developing PPD, and greater severity of post-partum
blues is associated with a greater risk for PPD. Sacher
et al. (2010) compared healthy non-post-partum to
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Figure 3. Elevated brain monoamine oxidase A binding in the early post-partum period (adapted with copyright permission
granted from Sacher et al., 2010). Using post-partum endogenous hormone fluctuations as a neurobiological model for depression.
(A) Oestrogen levels decrease 100–1000-fold within the first 3–4 days after delivery, and continue to decline at a moderate rate
afterwards. (B) Monoamine oxidase A (MAO-A) levels are significantly increased during the post-partum period, especially in the
early period. There is a peak in MAO-A levels on day 5 post-partum. (C) Approximately 70% of post-partum women experience
mood symptoms such as sadness, anxiety, and irritability. Mood is lowest on day 5 post-partum.

women who had given birth within 4–6 days
(Figure 3). They looked at MAO-A, due to its previously described role in monoamine depletion.
Additionally, lower oestrogen levels are associated
with greater MAO-A levels and activity. They found
that the MAO-A distribution volume was significantly
elevated throughout the pre-frontal cortex, anterior
cingulate cortex, anterior temporal cortex, thalamus,
dorsal putamen, hippocampus, and midbrain. They
also found that, on the day when symptoms are most
severe, day 5, MAO-A levels were significantly greater
than on day 4 and day 6. Later, Sacher et al. (2015)
also found that both PPD and greater disposition to
post-partum crying were associated with greater
MAO-A density in the pre-frontal cortex and anterior
cingulate cortex. This work provides great insight into
the consequences following a major oestrogen decline,
finding significant MAO-A alterations in a broad

range of structures that may be implicated in depression in the post-partum period.
Similar to the dramatic decrease of oestrogen in
the post-partum period, perimenopause is also defined
by oestrogen decline and associated risk of depression
with the magnitude by which oestradiol levels fluctuate around a woman’s own mean as the strongest predictor of a depressive episode during the menopausal
transition (Freeman et al., 2006, 2014). While there
are currently no PET studies specifically looking at a
clinically-depressed perimenopausal cohort, Rekkas
et al. (2014) examined MAO-A levels in perimenopausal women, and found that MAO-A is uniquely
elevated in this age group compared to women in
either reproductive age or post-menopause across a
broad range of brain regions: the prefrontal
cortex, anterior cingulate cortex, dorsal striatum, ventral striatum, thalamus, hippocampus, and midbrain.
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A tendency to cry was positively correlated with
MAO-A levels in the pre-frontal cortex. This was the
first study in perimenopausal women to report a
change of a central monoamine that is highly involved
in major depression, and calls for further research to
assess MAO-A dysfunction as a target to prevent
mood disorders.
Other endogenous hormonal fluctuations periods
as critical time-windows: from heightened
vulnerability to opportunities for intervention
Beyond these large hormonal shifts across the female
lifespan, there are also more acute fluctuations that
pre-dispose women to depressive symptoms. There
are cyclical fluctuations that naturally occur across the
menstrual cycle on a monthly basis throughout the
reproductive years. The follicular phase occurs
between the onset of menses and ovulation, characterized by rising oestrogen and low levels of progesterone. Shortly before ovulation, oestrogen levels
significantly surge. The luteal phase is the time after
ovulation and before the next onset of menses.
During the luteal phase, progesterone levels slowly
rise, with a mid-luteal peak in parallel to a second
blunted peak in oestrogen. Both ovarian hormones
rapidly decrease at the end of the luteal phase near
the onset of the next menses. These cyclical fluctuations can be parallelled by cyclical change in mood
and behaviour, which up to 80% of women report to
be affected by (B€ackstr€
om et al., 2014). Thus, the
menstrual cycle provides a naturalistic model for
studying hormone-mediated changes in neurochemical mechanisms, and how this interaction influences
depression aetiology.
PET allows us to go beyond the impact of hormones on healthy brain structural and functional connectivity by allowing the quantification of the
hormone-mediated neurochemical changes that may
underlie the heightened vulnerability of women for
depression. The central serotonergic (5HT) system is
one of the candidate systems that may mediate the
abnormal mood and behavioural response to ovarian
steroids. A large body of pre-clinical and clinical evidence supports crosstalk between oestrogens, in particular oestradiol, and key features of the serotonin
system. The serotonin transporter (5-HTT) is the primary mechanism for clearing extracellular serotonin
and, thus, regulates synaptic serotonin. Nevertheless,
the contribution from 5-HTT across phases of sexsteroid hormone fluctuation and the timing of such
serotonergic integration of ovarian steroid hormone
information is far from clear and sparsely studied in

humans. A recent study elegantly evaluated the interaction between mood and cerebral 5-HTT during hormonal fluctuation by using a gonadotropin-releasing
hormone agonist (GnRHa) to induce a biphasic ovarian hormone response, with an initial increase in oestrogen levels and then subsequent decrease in healthy
women (Frokjaer et al., 2015). Frokjaer et al. (2015)
found that the pharmacologically induced fluctuations
in hormone levels triggered sub-clinical depressive
responses in healthy women without any previous history of depressed mood. Symptom severity was positively correlated with magnitude of oestrogen decline
and neocortical serotonin transporter increases. In
contrast, Jovanovic, Karlsson, Cerin, Halldin, and
Nordstr€
om (2009) reported no 5-HTT binding difference in the high-oestrogen follicular phase vs low-oestrogen luteal phase of healthy females, although they
did find a trend for increased 5-HTT binding in the
ralphe nuclei in the high-oestrogen follicular phase,
which is notable given their small sample size (n ¼ 8).
As individuals with depression may have abnormal
neurotransmission, the findings in healthy subjects do
not necessarily reflect what is happening in the brains
of women with clinical-level pathology. Indeed,
Jovanovic et al. (2006) did report 5-HT1A BP changes
in the raphe nuclei from the follicular to the luteal
phase of the menstrual cycle in HCs, but observed
change was significantly smaller in women with premenstrual dysphoric disorder (PMDD) (Figure 2).
PMDD is a DSM-5 recognized condition occurring
specifically in the pre-menstrual period with symptom
severity equivalent to that of a major depressive episode. Eriksson et al. (2006) found strong associations
between mood and serotonin precursor trapping in
PMDD patients: negative mood symptoms inversely
correlated with serotonin precursor trapping, while
positive mood symptoms positively correlated with
serotonin precursor trapping. A theory suggests that
women who are vulnerable to pre-menstrual mood
changes do not have abnormal levels of hormones or
some type of hormonal dysregulation, but rather a
particular sensitivity to normal cyclical hormonal
changes (B€ackstr€
om et al., 2003). This theory, in conjunction with the stated findings, suggests that there
is an irregularity in the oestrogen-mediated serotonin
mechanisms in the PMDD population that makes
them more vulnerable to depressed mood. This is
supported by previous findings showing different
responses in PMDD patients to the serotonin-releasing drug dl-fenfluramine (Fitzgerald et al., 1997) and
serotonergic agent m-chlorophenylpiperazine (Su,
Schmidt, Danaceau, Murphy, & Rubinow, 1997),
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suggesting serotoninergic dysfunction in PMDD. This
all supports a need for further investigation of hormone-mediated monoamine systems in women with
depression during reproductive years.
Starting the study of these mechanisms in health
during the reproductive years, with a longitudinal follow-up later in mid- and late-life, may also provide
important insight into potential consequences for risk
across the ageing process (late menopausal transition,
post-menopause, and late life). By systematically characterizing menstrual-cycle associated neurochemical
dynamics in younger populations, we will better
understand how these interactions might influence
the transition from vulnerability for depression into a
diseased state, during times across the menstrual
cycle, pregnancy to post-partum depression, and
reproductive years into perimenopausal, post-menopausal, and late life depression. These findings also
have the chance to inform therapeutic approaches by
identifying susceptible time windows across the menstrual cycle for pharmacological interventions, such as
SSRI administration or intake of dietary precursors
for targeting the serotonergic system (Dowlati et al.,
2017).
Challenges in research
As the clinical and conceptually driven application of
PET imaging continues to build on rapid advancements in tracer-development (Sabri, Seibyl, Rowe, &
Barthel, 2015) and the integration of simultaneous
MR-imaging (Aiello et al., 2015; Atzil et al., 2017),
new challenges and concerns arise as research extends
into more complex patient populations. For example,
using PET in a post-partum cohort is a rather recent
development and requires careful consideration of
additional factors, such as the potential radiotracer
effect on breastmilk. While there are relatively few
PET studies examining this population, they have
shown that it is possible to do so in a safe manner.
For example, Moses-Kolko et al. (2006, 2008, 2012)
and Sacher et al. (2010, 2015) measured and confirmed undetectable radioactivity levels in breastmilk
within 250 min after injection of carbon 11-labelled
tracers with a radio-active half-life of 20 min. In addition, these studies all found robust findings in monoamine abnormalities in post-partum women, which
have major implications on vulnerability for PPD in
recent mothers. Thus, the additional costs and consideration that make studies in these vulnerable populations possible is a worthy, enlightening endeavour.
This section will focus on suggestions on what
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concerns must be addressed in study design in the
hopes of facilitating and encouraging further research.
The first suggestion is to reach out to other disciplines and invest in a multi-professional team. Sacher
et al. (2010, 2015) employed a paediatric ICU nurse
for their post-partum studies, who not only contributed critical professional knowledge, but also made
the recent mothers more comfortable and confident
to participate — a key component to the feasibility of
participant recruitment. The nurse advised and provided the mothers with infant care and soothing strategies. They also employed a lactation consultant, who
encouraged the use of a special artificial nipple to
avoid nipple confusion in the infants. Thus, the
infants could be fed previously pumped breastmilk
with a bottle while the mothers underwent scanning
as well as after the scan, while the mother’s breastmilk
was tested for radioactivity. The multidisciplinary
team also collectively brainstormed all logistical planning that made study participation more practicable
and achievable immediately after childbirth, such as
providing safe transport and a special infant car-seat
throughout the study. The findings in these studies,
such as elevated MAO-A levels in PPD, are critical
indications that we need to further investigate neurochemical mechanisms in post-partum women, and
justify the value in additional investments such as a
multidisciplinary staff, additional equipment, and
transportation services.
The neuroscience field does not need to shy away
from the challenges associated with working in
highly vulnerable populations. As previously
described, consideration of menstrual cycle status is
highly informative in mood disorders that are likely
to be mediated by ovarian hormones. However, there
is a lack of adequate menstrual cycle monitoring
strategies in most current literature. Self-reports are
likely an inadequate way to determine current cycle
phase, as less than half of women correctly report
their last menstruation when recall is 3 or more
weeks after bleeding cessation (Wegienka & Baird,
2005). While it is demanding to monitor menstrual
cycle status, a recent study (Barth et al., 2016) conveys the exciting and worthwhile potential of implementing rigorous monitoring techniques. Barth et al.
(2016) studied the in-vivo dynamics of hippocampal
structural changes across the menstrual cycle. They
acquired 30 diffusion weighted imaging scans in a
single healthy subject across two menstrual cycles, as
well as daily blood samples for serum hormone levels and urine ovulation tests to detect the lutropin
hormone surge. They found that structural
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hippocampal changes parallel fluctuations in
endogenous ovarian hormone levels rapidly across
the menstrual cycle. Specifically, they observed a
positive correlation between daily oestrogen level and
microstructural integrity in the bilateral hippocampus
with zero time lag, and the same oestrogen levels
were negatively correlated with radial diffusivity.
This paper extended previous papers that show menstrual cycle associated fluctuations in functional connectivity, particularly in the hippocampus (Arelin
et al., 2015; Lisofsky et al., 2015), by measuring on a
daily basis. These in vivo findings from human neuroimaging studies further support the extensive evidence from animal research for an immediate
subsequent effect of acute changes in oestrogen on
brain plasticity across the menstrual cycle. This line
of work strongly suggests that acute monitoring in
patients who show hormone-related mood disorders
is both feasible and relevant to the individual patient
trajectory for illness, treatment, and relapse-risk.
These lines of work delineate the impressive effect
of the menstrual cycle on brain region dynamics
involved in the pathophysiology of depression and call
for integration with PET imaging to fully understand
the interplay between ovarian hormones, functional
and structural connectivity, and neurochemical mechanisms. To better investigate this effect, we suggest a
combination of following strategies for comprehensive
cycle monitoring: (1) daily recording of body temperature to assess the reproductive phase as marked
by an increase in core body temperature up to 1
degree, (2) assessment of ovarian hormone serum
blood levels at each time point to measure fluctuation
dynamics and menstrual cycle phase, (3) confirmation
of ovulation by lutropin surge in urine, and (4) vaginal ultrasounds to confirm and determine time of
ovulation by measuring follicle size. Applying these
methods in combination does require time and financial investment, but doing so will provide critical
information for staging the menstrual cycle phase of
each individual participant.
In summary, there is now strong scientific evidence
for the influence of ovarian hormone fluctuations on
brain connectivity, neurochemical pathways, and
depression psychophysiology. The female populations
that most critically require scientific attention often
first appear too complicated and ‘messy’ to investigate,
and thus are often systematically excluded from scientific research. Here, we have only begun to describe
the existing resources that make these studies feasible,
and encourage further discussion on how to address
populations who most direly need scientific
understanding.

Outlook
In summary, PET is a tool providing us with unique
insight into how ovarian hormones trigger neuroplastic changes through their interactions with neurotransmitter systems and how these interactions can
influence the transition from a potential individual
vulnerability for depression to a diseased state. This is
especially important because there is no current
standard approach based on neurobiological evidence
for preventing or treating major depression onset in
post-partum or during the menopause transition,
which takes the unique hormonal environment during
which symptoms occur into consideration.
We require more targets specifically dedicated to
the ovarian hormone receptors in the CNS. [18F]FES is a PET tracer that is used in clinical practice
to image the oestrogen receptor (ER) in breast cancer and the most widely studied ER (Lin et al.,
2017; Venema et al., 2017), but its potential suitability for imaging of ER in the human brain has not
yet been systematically investigated. The ER consists
of two isoforms, ERa and ERb, which have distinct
biologic functions. Whereas activation of ERa stimulates cell proliferation and cell survival, ERb promotes apoptosis. While selective imaging of ERa can
be done effectively with [18F]FES, synthesis and
evaluation of a potential ERb-selective PET tracer:
2-18F-fluoro-6-(6-hydroxynaphthalen-2-yl)pyridin-3-ol
(18F-FHNP) has recently been introduced (Antunes,
van Waarde, et al., 2017; Antunes, Willemsen, et al.,
2017).
Two newer approaches to get at aromatase imaging
are 11C-cetrozole and [N-methyl-11C-vorozole].
Aromatase converts androgens to oestrogens, thus
allowing us to control local oestrogen synthesis. In
addition, it is challenging to measure local concentrations of oestrogen in the brain, and so tracers for this
enzyme provide insight onto the dynamics. Ovarian
uptake of 11C-vorozole did vary across the menstrual
cycle in pre-menopausal women; however, regional
brain uptake did not (Biegon et al., 2015). The group
did observe significant menstrual cycle-dependent
changes in modelled kinetic parameters in female
baboon brains (Pareto et al., 2013) and found significant differences between men and women (Biegon
et al., 2015). It remains to be tested in a larger sample
and applying accurate menstrual cycle staging whether
11
C-vorozole brain uptake is subject to endogenous
shifts in steroid hormone environment in humans.
11
C-cetrozole shows a promising signal-to-noise
ratio in the amygdala, hypothalamus, and nucleus
accumbens in the brain of non-human primates
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(Takahashi et al., 2014), but remains to be tested in
humans.
As depression is becoming more and more a
‘multimodal’ condition, we require a multimodal solution. Integration of PET with other techniques and
research methods would vastly improve identification
of depression-related brain abnormalities. The MRPET Hybrid scanner is an exceptional example, allowing both structural and functional brain mechanisms
to be examined. This is especially important if one is
looking at ovarian hormones in the menstrual cycle,
as ovulation lasts 24 h, thus providing only a short
and dynamic time-window, which, using simultaneous
scanning protocol, seems much more feasible to map.
As there is likely an interaction between hormonal
changes, neurochemical processes, and individual vulnerability, PET research may also be combined with
genetic risk investigation in specific hormonal phases.
One study in PMDD women found preliminary evidence in an emotion processing task where there was
an interaction between the less functional variant of
the brain derived neurotropic factor polymorphism:
brain derived neurotropic factor (BDNF) Val66Met
and decreased fronto-cingulate activity during the
luteal phase. In healthy women, the COMT
Val158Met genotype has been shown to play a modulatory role on the association between oestradiol and
pre-frontal cortex activity during memory tasks in
healthy women (Jacobs & D’Esposito, 2011).
While PET is too expensive and invasive to be part
of any routine diagnostic workup, it plays a significant
role in informing conceptual treatment and medication decisions, and it can, thus, help in avoiding a
more invasive treatment strategy in certain clinical
populations. For example, PET studies that found
MAO-A levels to be dysregulated in vulnerable populations, such as post-partum, suggest therapeutically
targeting or compensating elevated MAO-A levels. In
more sensitive populations, such as breastfeeding
mothers post-partum, this could be as non-invasive as
administering dietary amino acids that are precursors
for the monoamines that are depleted as a result of
MAO-A (Dowlati et al., 2017). In severe but less sensitive cases, such as during severe perimenopausal
depressive episode with a previous MDD history, this
could include inhibiting MAO-A or increasing multiple monoamines with anti-depressive augmentation
strategies.
Since dose-occupancy studies are integral in
pharmacotherapy, PET ligand studies are integral for
guiding medication dosing, and can identify specific
treatment needs for hormonal transition periods.
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For example, oestradiol treatment in depressed perimenopausal women has shown an antidepressant
effect comparable to that observed with classical antidepressant treatment. However, the same hormonal
intervention did not effectively treat depression in
post-menopausal women, suggesting that a different
mechanism occurs during these different hormonal
profiles in the life span.

Conclusion
Ovarian hormones, particularly oestrogen and progesterone, impact the neurochemical systems involved in
emotional and cognitive functioning that are known
to be altered in depression. However, we still lack an
in-depth understanding of how hormones and neurochemical processes interact in the context of depression in patient populations. Neurotransmitter
dysfunction, in relationship to endogenous hormonal
changes across the female lifespan, can help us design,
test, and personalize drug treatment for women.
Studying PMDD, PPD, and perimenopausal depression provides a unique opportunity to gain insight
into how sex hormones influence mood-regulation.
The menstrual cycle can serve as a model of different
vulnerability states, and it may shed light on the
mechanisms of transition from a high-risk to a diseased state. Widespread hormonal contraceptive use
needs to be urgently considered as a modulating factor of the delicate hormonal balance in the brain, as
increasing evidence suggests depressive symptoms as a
potential side-effect of hormonal contraceptive use
(Skovlund, Mørch, & Lidegaard, 2017). It is clear that
the unique quantitative information PET imaging can
provide during hormonal transition periods across the
female lifespan has important implications for the
field of mood disorders, and it may have the potential
to transform individual care in female mental health.
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