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Sex hormones significantly impact women’s lives. Throughout the different stages of life,
from menarche to menopause and all stages in between, women experience dramatic
fluctuations in the levels of progesterone and estradiol, among other hormones. These
fluctuations affect the body as a whole, including the central nervous system (CNS). In
the CNS, sex hormones act via steroid receptors. They also have an effect on different
neurotransmitters such as GABA, serotonin, dopamine, and glutamate. Additionally,
studies show that sex hormones and their metabolites influence brain areas that regulate
mood, behavior, and cognitive abilities. This review emphasizes the benefits a proper
hormonal balance during the different stages of life has in the CNS. To achieve this goal, it
is essential that hormone levels are evaluated considering a woman’s age and ovulatory
status, so that a correct diagnosis and treatment can be made. Knowledge of steroid
hormone activity in the brain will give women and health providers an important tool for
improving their health and well-being.

Keywords: estrogens, progesterone, hormones, neurosteroids, ovarian continuum, neurotransmitters,
neuroprotection

INTRODUCTION

Levels of sex hormones, such as estrogen and progesterone, fluctuate naturally throughout the
different stages of a woman’s life (1). In women, steroid hormones are mostly synthesized in
peripheral glands and the adipose tissue as well as in the brain (2). Estrogen and progesterone act
by binding to steroid receptors through the classical pathway, making use of intracellular receptors
that, after a series of conformational changes, find their way into the nucleus where they regulate
gene expression (3). Additionally, sex steroid receptors can be found outside the nucleus, including
mitochondria, the endoplasmic reticulum, and the plasma membrane, where they activate different
signaling cascades exerting their action through a non-classical pathway (2).

Steroid hormones with activity in the nervous system are called “neurosteroids” or “neuroactive
steroids” (2, 4, 5). They may be synthesized de novo in the central and peripheral nervous
systems by neurons and glial cells or, peripherally and then cross the blood-brain barrier
(6). Although it has been shown that levels of steroid hormones in peripheral blood differ
from those obtained in cerebrospinal fluid, measurement of their plasma levels will be
important for the understanding of brain function, since steroid hormones cross the blood-
brain barrier. It is possible to classify the effects of these hormones on the CNS as activational
or organizational (7). Activational effects modify neural activity in a specific context and in a
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non-permanent manner through classical and non-classical
pathways; for example: modulating glutamatergic, GABAergic,
serotonergic, and dopaminergic synapses (2, 8). Organizational
effects include the capacity that molecules, such as sex steroids,
have to permanently alter the structure of the nervous system
through a variety of mechanisms, such as myelination, neural
pruning, apoptosis, and dendritic spine remodeling (9-11).

A good example of these effects is the role that neurosteroids
have in modulating synaptic plasticity through long-term
potentiation (LTP). This neuromodulative process refers to
events that produce an increase in synaptic strength, which
persists in time and correlates with the processes of memory
and learning (12, 13). LTP can be observed in the hippocampus,
a region that plays an important role in the consolidation of
information from short-term memory to long-term memory and
in spatial memory, where estrogen generates changes in plasticity
and induces an improvement in cognitive functions (14-17).

Through their organizational and activational actions in
the CNS, neurosteroids regulate different brain areas involved
in the modulation of mood, behavior, and cognition (11,
18). Therefore, the endogenous sexual hormonal fluctuations
during specific reproductive stages of a woman’s life are
related to an increased susceptibility of women to develop
mood disorders, as premenstrual dysphoric disorder, postpartum
depression, and perimenopausal depression (11, 19, 20). In
addition, endogenous estrogen and progesterone levels also may
affect different cognitive processes such as decision-making,
emotion recognition, consolidation of emotional memory, and
fear extinction (21, 22). For example, during the menstrual
cycle, women show improved verbal abilities and decreased
visual-spatial abilities when estradiol and progesterone levels
are high, however, when estradiol and progesterone levels
are low the opposite is observed (23). Also, low levels of
estradiol and progesterone (i.e., in ovariectomized non-human
primates) induce spatial memory deficits, which are reversed
with cyclical, low-dose estrogen treatment (24). This is consistent
with recent studies that show that neurosteroids could be an
effective therapeutic strategy against psychiatric disorders, such
as schizophrenia, depression, and also against neurodegenerative
disorders, such as Alzheimer’s, Parkinson’s, and multiple sclerosis
(6,25).

In the present review we analyze steroid hormone production
throughout a woman’s life and the mechanisms through which
neurosteroids affect neural cells in the female brain. We propose
that a hormonal balance of sex steroids proper to the different
life stages will help improve women’s well-being throughout their
lives and prevent neurocognitive dysfunctions.

HORMONAL PRODUCTION THROUGHOUT
A WOMAN'’S LIFE

The Ovarian Continuum

The ovarian continuum can be understood as the various types
of ovarian activity that a woman can present throughout her
lifetime, starting in intrauterine life (1, 26). When considering
the ovarian continuum, a healthy child is in an anovulatory

Box 1 | Main hormonal steps during a normal ovulatory cycle (26).

1. Follicle stimulating hormone (FSH) level increase leads to recruitment and
development of ovarian follicles.

2. Selected follicles produce rising estradiol levels.

3. Estradiol, together with inhibin, exerts a negative feedback upon the
hypothalamic-pituitary-gonadal (HPG) axis decreasing FSH levels. Estradiol
also has a negative feedback effect on the kisspeptinergic neurons (30).

4. One of the selected follicles becomes the dominant follicle.

5. Estradiol levels, produced by the dominant follicle, rise to peak levels and,
together with a small rise in progesterone, exert a positive feedback on the
kisspeptinergic neurons, hypothalamus, and hypophysis.

6. The positive feedback mechanism induces the mid-cycle gonadotropin
surge.

7. Follicular rupture and ovulation occur.

8. Progesterone rises due to follicular luteinization and the corpus luteum is
formed.

9. The corpus luteum secretes progesterone and estrogens, which further
inhibits follicular development.

10. If fertilization does not occur, the corpus luteum will last for 11 to 17 days.
11. Estradiol and progesterone concentrations drop, eliminating the negative
feedback exerted upon the HPG axis.

12. A new cycle begins.

state, with low plasma estradiol values (27). During puberty,
gonadotropin levels start to rise, which causes an increase in
estradiol plasma values (28). Menarche usually indicates that
the first ovulation has occurred (29). Once the reproductive
system fully matures, women between 12 and 50 years of age
normally exhibit regular ovulations characterized by 24- to 36-
day cycles with fluctuating plasma estradiol and progesterone
values according to the different phases of the cycle (Figure 1A)
(Box 1).

The functional capacity of the ovary diminishes with
age. Approximately 4 years before their final menstrual
period (menopause), women enter the perimenopausal period
(31) characterized by symptoms such as headaches, sleep
disturbances, mood fluctuations, anxiety, depressive symptoms,
impairment in cognitive function, hot flashes and, later on,
vaginal dryness and bone fractures, among others (32, 33).
During this period, due to gonadotropin stimulation, increased
estrogen levels are produced by the ovaries, which cause
endometrial growth that can be associated with heavy bleeding
and irregular cycles (31).

Hormonal levels will reach a state of little or no fluctuation
approximately 2 years after menopause, when estradiol and
progesterone values remain low (Figure 1A), while FSH levels
remain high (34). A decrease in steroid hormones has been
associated with cognitive impairments, reflected in a higher
incidence of neurodegenerative diseases such as Alzheimer’s
disease (35).

It is important to consider the effects that the aging process
has on the reproductive axis, particularly at the CNS level (36).
With age, the hypothalamic GnRH neurons, that contribute to
regulate the cyclicity of the menstrual cycle, are affected in a
functional and morphological manner (36). For this reason, it
is not possible to completely isolate the aging phenomena of
the endocrine system from the aging processes that occur in the
nervous system.
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Phases of the Ovarian Continuum
According to the concept of the ovarian continuum (1), cycles
can be classified as follows:

Cycles with no ovarian activity, in which estradiol and
progesterone plasma levels are low. This type of ovarian activity
will be present in childhood and menopause. It can also be found
in cases such as anorexia and hypogonadotropic hypogonadism
(Figure 1A).

Anovulatory cycles with fluctuating estrogen levels. Estrogen
levels will start to rise, but will not be adequate to induce a
luteinizing hormone (LH) rise and ovulation. This type of ovarian
activity will be found during pubertal development and, for
example, in women who are partially breastfeeding (Figure 1B).

Cycles With Anovulatory Ovarian Activity With
Constantly Increased Estrogen Levels

This pattern of ovarian activity can be found in women
with Polycystic Ovarian Syndrome, usually associated with the
presence of increased adiposity because adipocytes can produce
estradiol in considerable amounts (Figure 1C).

Cycles With a Luteinized Unruptured Follicle

This type of ovarian activity can be found during the
perimenopausal period and in cases of hyperprolactinemia
(Figure 1D).

Cycles With Ovulation Followed by a Deficient Luteal
Phase

As the previous type of activity, this pattern can also be
found after breastfeeding during the period of returning
fertility, the menopausal transition, and in women presenting
hypothyroidism and hyperprolactinemia (Figure 1E).

Ovulatory Cycles With Adequate Luteal Phases

This is the type of ovarian activity present when an adequate
hormonal balance between estradiol and progesterone is found
(Figure 1F) (26).

When the hormonal balance between estrogen and
progesterone is disrupted, women are at greater risk of
experiencing neurocognitive dysfunctions (5). For this reason,
whenever a woman is being treated for a mental health condition,
her pattern of ovarian activity should be taken into consideration.
Some of the mechanisms that may help to elucidate why this
association occurs are described below.

HORMONE ACTIONS IN THE FEMALE
BRAIN

Classical and Non-classical Pathways of

Estradiol and Progesterone Action

Estradiol

In the classical estrogenic pathway, estrogens diffuse into target
cells activating estrogen receptors (ER) a and B which form
dimers. The activated receptors go into the nucleus, where
they bind to estrogen responsive elements (ERE) of DNA (37,
38). It has been shown that ERa and ERP are also located in

mitochondria, where they bind to mitochondrial DNA (39, 40).
The activation of the EREs results in gene transcription at the
nuclear and mitochondrial levels.

In the non-classical pathway, estrogens act through different
receptors (ERa, ERP, GPER, and GqmER) located in the
plasma membrane (41-43). Through these receptors, estrogen
triggers the activation of different signaling cascades such
as phosphatidylinositol-3-kinase (PI3K), phospholipase C
(PLC), and mitogen-activated protein kinases (MAPK), second
messengers, ion influx, and efflux. Finally, genomic transcription
can also be induced by the non-classical pathway (43).

The activation of both pathways via estrogenic action will
exert a neuroprotective effect in the CNS through different
mechanisms:

(i) Activation of anti-apoptotic and cell survival pathways:
this action considers the expression of the transcription
factor CREB (cAMP response element-binding), which in
turn upregulates the transcription of neuronal survival
and neurotrophic genes, such as BDNF (brain-derived
neurotrophic factor) (40, 43). Estrogen action also enhances
the transcription of anti-apoptotic genes such as BCL2 (B-
cell lymphoma 2) (44). Among its functions, BCL2 protects
cells from excess of intracellular calcium by promoting
its mitochondrial uptake and preventing the activation of
different calcium-dependent enzymes that would damage cell
structures (45).

Additionally, through activation of PI3K and MAPK
pathways, estrogen provides a coordinated response that
results in the inactivation of the pro-apoptotic protein BAD
(BCL-associated death promoter) (45, 46). Yet another
mechanism by which estrogen enhances neuronal survival
occurs through its activity in mitochondrial DNA, where
it enhances the expression of enzymes that reduce free
radicals, diminishing oxidative damage, and its consequential
apoptotic process (47).

Regulation of bioenergetic systems: estrogen regulates
metabolic functions and sustains the energetic demands of
neural cells by increasing the availability of glucose within
the cell and ATP production by mitochondria (47). These
mechanisms are possible due to the increase in the number
of glucose transporters, glucose uptake, and the activity of
glycolytic enzymes in aerobic glycolysis (40). Estrogen also
increases the transcription of proteins and metabolic enzymes
(i.e., pyruvate dehydrogenase, aconitase, and ATP synthase)
needed for the generation of ATP (48).

Mitochondrial activity is also promoted through an increase
in calcium influx by the enhancement of the transcription
of BCL2 gene. In this way, this gene not only has a
neuroprotective effect, as explained above, but also contributes
to regulate bioenergetic systems (43, 45).

Regulation of neurogenesis: estrogen induces a significant
proliferation of neural progenitor cells in a time- and dose-
dependent manner (14, 40). It has been shown that this
action is due to a rise in MAPK which in turn increases
the neurotrophic factor BDNE, which protects neurons from
degeneration (14, 49, 50).

(ii)

(iii)
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FIGURE 1 | Diagram of fluctuating plasma estradiol (green) and progesterone (yellow) values according to the different phases of the ovarian continuum (upper: A-F,)
and three different forms of exogenous hormone administration (bottom: G-I).

Progesterone

In the classical pathway, progesterone diffuses into the cell
and binds to its receptors (PRa and PRP), acting through
specific progesterone response elements (PREs) within the
promoter region of target genes, and thus regulates transcription.
Progesterone, and some of its neuroactive metabolites, such
as allopregnanolone and dihydroprogesterone (DHP), also act

through the non-classical pathway. This pathway includes
membrane receptors such as PRa, PR, PQMR, and PGMRI1
(51, 52). Through these receptors, progesterone triggers the
activation of different signaling cascades [PI3K, PKC MAPK,
protein kinase A (PKA)], second messengers, ion influx
and efflux, and finally, the transcription of different genes
(53).
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FIGURE 2 | Schematic view of (A) estradiol and (B) progesterone signaling in
neural cells through both classical and non-classical pathways. In the classical
signaling pathway (right) the steroid hormone binds to its receptor located in
the cytoplasm; the activated receptor dimerizes and makes its way into the
nucleus where it interacts with responsive elements to activate or inhibit gene
transcription. Also steroid hormones can bind to mitochondrial receptors that
regulate mitochondrial DNA transcription. In the non-classical pathway (left)
steroid hormones act through membrane receptors, including the classical
receptors, GPCR receptors, ionotropic receptors, tyrosine kinase receptors,
and other neurotransmitter receptors. This non-classical pathway initiates
cytosolic signaling cascades, modulating the activation of various proteins and
of second messenger systems. Additionally, progesterone and its metabolites
promote myelination and remyelination at the oligodendrocyte level in the CNS
and that of Schwann cells in the PNS.

Both the classical and non-classical pathways of progesterone
have neuroprotective effects in the CNS causing: (i) a rise in
anti-apoptotic mechanisms and cell survival, (ii) regulation of
the bioenergetic systems (47), and (iii) induction of neural
cell proliferation more consistently than estrogen (54). It must

be emphasized that, although, estrogen and progesterone are
potent regulators of cell survival, bioenergetic systems, and
neurogenesis; the combination of estrogen and progesterone is
not synergistic and, when administered in combination, at the
same time, leads to a lower response compared to either hormone
administered alone or in sequence (47, 53).

Another neuroprotective role of progesterone is its regulatory
effect upon glial cells, where myelination has special relevance
(55). In the peripheral nervous system myelin is synthesized
by Schwann cells, while oligodendrocytes accomplish this in
the CNS (56). In the CNS, one oligodendrocyte can extend
up to 40 processes onto multiple adjacent axons, thus, each
oligodendrocyte influences the electrical activity of a large
number of axons (57).

Oligodendrocytes can proliferate from oligodendrocyte
progenitor cells (OPC), which migrate toward unmyelinated
axons, where they mature and form processes able to form the
myelin sheath (57). Progesterone plays an important role in
the stimulation of these steps (58) by promoting intracellular
signaling, proliferation of oligodendrocyte progenitors, and
transcription of key components in the synthesis pathways of
myelin (i.e., myelin basic protein and 2, 3’-cyclic nucleotide-
3’-phosphodiesterase) (57-59). Oligodendrocytes and their
precursors produce high amounts of progesterone and
metabolize progesterone from the bloodstream, or other
sources, into DHP and allopregnanolone. It has been shown
that, like progesterone, DHP also plays a role in the regulation
of oligodendrocyte function and myelination (57). Furthermore,
allopregnanolone acts like a potent positive allosteric modulator
of GABA-A receptors. This modulation induces the proliferation
of OPC in the form of an autocrine/paracrine loop (60).
Therefore, progesterone and its metabolites have an important
role in promoting cellular maturation and oligodendrocyte
function in the CNS (Figure 2).

In the PNS, neurons and Schwann cells produce progesterone
and, as oligodendrocytes do in the CNS, metabolize it to DHP
and allopregnanolone. Through the classical pathway, via PR,
progesterone and DHP bind to myelin gene promoters PO and P1,
which express myelin sheath specific proteins [i.e., glycoprotein
PO (P0) and peripheral myelin protein 22 (PMP22)] (61).

Allopregnanolone, via GABA receptors, promotes the
production of GABA, which induces the proliferation of
Schwann cells (61, 62). Through these mechanisms, progesterone
and its metabolites modulate the myelination and remyelination
processes in the PNS. It is important to mention that some of
these actions could explain the fundamental role of progestogens
in myelin repair under neurodegenerative conditions (63).

Estradiol, Progesterone, and

Neurotransmitters

Neurosteroids participate in the regulation and modulation of
neurotransmitter systems and neuronal excitability. We will
briefly describe the main role of four main neurotransmitters:
glutamate, gamma-Aminobutyric acid (GABA), serotonin (5-
HT), and dopamine; as well as some mechanisms through which
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estradiol, progesterone, and their metabolites act at the synaptic
level (Figure 3).

i. Glutamate is the main excitatory neurotransmitter in the brain
and glutamatergic synapses can be found from the prefrontal
cortex to brainstem areas, striatum, nucleus accumbens,
thalamus, hypothalamus, and hippocampus (64). It is involved
in cognitive processes such as memory and learning (65).

ii. GABA is the most abundant inhibitory neurotransmitter in
the brain (66). GABAergic synapses are found in the striatum,
substantia nigra, brainstem, thalamus, hippocampus, basal
ganglia, and cerebellum. Since it has a fundamental role in
balancing brain cell activity, alterations in these pathways
can cause anxiety. Inversely, the potentiation of its synapses
causes anxiolysis, as in the case of benzodiazepines. GABA also
contributes to motor control and diminishes neuronal firing
rates in the CNS (67).

iii. Serotonin (5-HT) has an important role in the limbic
system (68). Serotonergic pathways extend from the raphe
nuclei to all areas of the forebrain including the frontal
cortex, striatum, thalamus, amygdala, hypothalamus, and
hippocampus (67). They are important contributors to a
sense of well-being. Serotonergic pathways also modulate a
wide range of autonomic functions (i.e., digestion), the sleep-
wake cycle, sexual behavior, affections, mood, and cognitive
functions (69, 70).

iv. Dopamine is known as the reward neurotransmitter,
regulating pleasure, addiction, decision making, motivation,
motor control (71), and learning (72). Dopaminergic areas
include the ventral tegmental area, nucleus accumbens,
hippocampus, amygdala, prefrontal cortex, substantia nigra,
striatum, hypothalamus, and pituitary gland (73).

Estrogen in Synaptic Transmission
Estrogen potentiates release of glutamate and acts on
postsynaptic membranes via the positive modulation of the
ionotropic NMDA receptor which is related to synaptic
plasticity, learning, and memory (74). Estrogen also increases the
expression of this receptor and its sensitivity to glutamate, which
then induces an increase of neuronal sensitivity to synaptic input
through calcium influx (75). Hence, glutamatergic potentiation
by estrogen leads to an increase in neuronal excitability. This
has been presented as a mechanism through which estrogen
generates morphological plasticity changes such as an increase
in spine density in the hippocampus, amygdala, and prefrontal
cortex (PFC). The plasticity changes have been associated with
the role that estrogen has in improving learning, memory, and
other cognitive functions (14).

Another effect of estrogen is to act as a suppressor of
GABAergic transmission (76, 77) through the inhibition of the L-
type Ca** channel required for GABA release in the presynaptic
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terminal (78). In the striatum and the PFC, the inhibition
of GABAergic synapses promotes an increase in the synaptic
transmission of glutamatergic and dopaminergic neurons (76,
78).

Serotonergic synapses are regulated by estrogen at different
levels, including the promotion of serotonin synthesis through
an increase in tryptophan hydroxylase enzyme levels (79).
Additionally, estrogen inhibits serotonin degradation by
monoamine oxidase, an enzyme with a central role in the
catabolism of monoaminergic neurotransmitters (80), and
inhibits serotonin reuptake from the synaptic cleft back to the
presynaptic neuron (81), resulting in an increase in serotonin
availability. Also, estrogen increases serotonin receptor levels
via gene expression (82), and is reported to induce the increase
of serotonin binding with the 5-HT receptor (69). The fact
that serotonergic transmission in limbic areas and emotional
functions is potentiated by estrogen, strongly suggests a role
of the latter in mood and emotional states in women (83).
Finally, estrogen increases dopamine synthesis and decreases
its degradation, reuptake, and recapture. It also upregulates
dopaminergic receptors (67, 84). The effect of estrogen on the
dopaminergic system is of significant importance in the PFC, a
region with high amounts of estrogen compared to other cortical
areas (84, 85), where the presence of this neurosteroid impacts
working memory function by affecting dopamine levels (84).
Also, through these actions, estrogen protects certain cognitive
functions in the presence of stress in menopausal women
(86, 87). Furthermore, through its effects on PFC and limbic
regions (such as the nucleus accumbens), estrogen influences
emotional and motivational behaviors, for example by decreasing
impulsive behaviors (21, 88).

Progesterone in Synaptic Transmission
Progesterone and allopregnanolone have an inhibitory role
upon glutamatergic synapses (89). In the PFC, the progesterone
metabolite allopregnanolone inhibits dopamine induced
glutamate release (90), a mechanism that may be of special
importance in relating the effects of progesterone to cognition
and neuropsychiatric diseases (91). Allopregnanolone also
inhibits glutamate release through an inhibition of the
L-type Calcium channel (92). It has been observed that
allopregnanolone, through the potentiation of GABAergic
synapses, leads to a decrease in glutamate receptor efficiency
(93, 94). Through some of these mechanisms, progesterone
decreases neuronal excitability in glutamatergic projections.

Progesterone, especially allopregnanolone, potentiates
GABAergic synapses through GABA A receptor activation,
increasing the openings of GABA-gated chloride channels
(95) and thus inhibiting synaptic transmission (93, 94). For
this reason allopregnanolone has been attributed as having
anti-anxiety effects similar to those of benzodiazepines and
other positive modulators of GABA-A receptors (96, 97). Also,
decreased circulating allopregnanolone levels are associated
with depression in humans, and antidepressant treatment is
associated with an increase in this metabolite (11, 98).

With regard to its possible effects on cognition, the interaction
of progesterone with GABA receptors in the hippocampus could

give a reasonable explanation for why exogenous administration
of progestins has a negative impact on the performance of healthy
women in working memory tests (99).

When administered after an estrogen dose, progesterone
increases serotonergic neurotransmission in the preoptic area of
the hypothalamus (POA) (100). However, in the ventromedial
area of the hypothalamus, administration of estrogen, and
progesterone reduces serotonin release (101).

Other studies show that progesterone decreases serotonergic
neurotransmission by decreasing the expression of serotonin
receptors (102) and increasing serotonin degradation through
monoamine oxidase B (79). Furthermore, the stimulating
effect of progesterone on serotonin release in POA could be
associated with a decrease in copulatory behavior (103). Thus,
the coordinated action of estrogen followed by progesterone,
would enhance serotonergic synaptic activity, while isolated
progesterone would inhibit it, depending on the brain region.

Progesterone, as well as allopregnanolone, interacts with
dopaminergic systems (104, 105). In the striatum and POA,
progesterone can stimulate dopamine release only if there has
been a preexposure to estrogen (106, 107). In the striatum, this
action could be associated with the observed improvement in
sensorimotor functions during phases of the menstrual cycle
when progesterone is elevated (108). In the POA this action may
mediate some influence on maternal behavior (91).

In the nucleus accumbens, allopregnanolone has a largely
positive modulatory effect over the release of dopamine (109),
which could have an impact on behaviors that lead to drug abuse,
including depression (91). In the PFC, allopregnanolone has an
inhibitory effect on dopamine release (109), possibly related to
the modulation of emotion during physiological and pathological
conditions (108). In this way, the effect of progesterone on
dopaminergic systems would depend primarily on the previous
priming by estrogen and on the location of its activity.

EFFECTS OF EXOGENOUS
ADMINISTRATION OF SYNTHETIC
STEROID HORMONES IN BEHAVIOR,
MOOD CHANGES, AND COGNITIVE
ABILITIES

Exogenous Administration of Synthetic
Steroids: Contraceptives

There are millions of women who take hormonal contraceptives
on a daily basis, often starting at a young age, a time
when sex hormones have important organizational effects on
brain structure (110). There are three main formulations for
hormonal contraception: monophasic combination, multiphasic
combination, and progestin-only formulations (Figures 1G,H).
These can be administered either orally, by IM injections,
subcutaneous implants, or through medicated intrauterine
devices (IUDs).

Combined hormonal contraceptive pills by definition
combine progestin with one of two types of estrogens, most
commonly ethinyl estradiol, and less commonly ethinyl
estradiol 3-methyl ether, otherwise known as mestranol. The
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term progestin refers to synthetic progesterone (111). It is
this component of oral contraceptives (OCs) that, through
its binding with PRs at different levels, suppresses ovulation
(112, 113). In addition to its interaction with progesterone
receptors, progestins can also interact with other steroid
receptors such as the androgen receptor (AR), estrogen receptor,
glucocorticoid receptor, and mineralocorticoid receptor, because
all of these receptor proteins exhibit a structural similarity
(114). Those progestins which exhibit relatively high affinity
to the AR, generally belong to the first generation of synthetic
progestins and are derived from testosterone (115). Among these
are medroxyprogesterone acetate (MPA) and norethynodrel.
Second generation progestins have high binding affinity for the
AR, so they also have androgenic effects. In contrast, newer
progestins have a strong progestational action and exert anti-
estrogenic, antigonadotropic, and antimineralocorticoid effects
with decreased androgenic activity (116). Among these are
third-generation progestins: desogestrel or gestodene, derived
from levonorgestrel (LNG). Finally, fourth generation progestins
exhibit partial antiandrogenic activity (117) or even no activity
via the AR (118). Among these are drospirenone, a spirolactone
derivative, and dienogest, derived from a non-ethinylated
progestin.

In a recent study, which included a total of 1.061.997 women
and adolescents aged 15-34 years who were living in Denmark
and had no prior depression diagnosis, an association was found
between the use of hormonal contraception, a first diagnosis of
depression and the subsequent use of antidepressants, especially
among adolescents. All types of hormonal contraceptives had
a statistically significant association with depression among
adolescents, with levonorgestrel-only products exhibiting the
higher incidence rate (119). Another publication of the same
group has shown that OC users have an increase in the incidence
of suicide attempts and actual suicide. Unlike other studies, this
study included young women and found that the relative risk
(RR) for suicide attempt varied by age. RR estimates were 2.06
(95% confidence interval [CI], 1.92-2.21) for women between 15
and 19 years, 1.61 (95% CI, 1.39-1.85) for the 20-24 years interval
and 1.64 (95% CI, 1.14-2.36) for women between 25 and 33 years.
It should be noted that adolescents were more sensitive than older
women to the influence of hormonal contraception with regard
to first suicide attempt (120).

The greater effect of exogenous hormones on mood and
suicidal attempts among adolescents can partially be explained
by the fact that this is a period of neuronal plasticity (10),
that is, that hormone levels can induce changes in neurons and
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direct the architectural and structural functionality of the brain
(121).

Two studies that have included a large number of long-
term OC users (more than 3 years) showed that the percentage
of women who reported experiencing depressive symptoms
declined as the number of years of use increased. In the study
done by Duke et al. the effect plateaued after 5 years (122). The
authors suggest that there is a “survivor bias” whereby women
who experienced deterioration in mood or depressive symptoms
that they themselves associated with oral contraceptive use,
were more likely to have stopped taking oral contraceptives.
In the study done by Skovlund et al. the risk for first use of
antidepressants increased with length of use, and peaked after
6 months, thereafter the risk decreased (120). This also suggests
that women that present depressive symptoms or mood changes
related to OC use will stop the use of these (120). Furthermore,
longitudinal studies regarding the effect that long-term use of
hormonal contraception may have upon mood, should consider
the different types of OC’s and the reason for which women used
these, since it has been shown that women who use OC’ for
reasons other than contraception, were 1.32 (95% CI 1.07-1.62)
times more likely to be depressed than women who used them for
contraception (122).

Another study, using randomized, double-blind, placebo
controlled trials in a group of 332 women, showed that
continuous use of combined OC’s (150 pg levonorgestrel and
30 mg of ethinyl estradiol) significantly decreased general well-
being in healthy women (123). This same group showed, with
the same cohort (124), that levonorgestrel-containing OCs had
negative effects on sexual function in young women diminishing
sexual desire, arousal, and pleasure. On the other hand, orgasm,
concern, responsiveness, and self-image were not significantly
affected by them. Similar results can be observed in the long-
acting subdermal implant systems, which release a continuous
dose of levonorgestrel for 5-7 years. This dose would have a
suppressive effect on kisspeptin, GnRH, and LH, which would
then lead to the inhibition of ovulation for prolonged periods of
time (125). This results in a decrease in the levels of endogenous
estradiol and progesterone (126). It has been reported that
women users of LNG subdermal implants will develop mood
disorders (127), and are more likely to report mood swings,
nervousness, and depression than women using non-hormonal
methods (128). With regard to medicated IUDs, their mechanism
of action has not yet been clearly defined (129), but disruption of
ovulation has been reported in several studies (130). This effect
would lead to a hormonal imbalance which, added to the direct
action LNG could have in brain cells, can explain mood disorders
found in IUD users. The Danish study mentioned above showed
that in the 15 to 34-year-old group a 3.1 RR of antidepressant
use (95% 2.47-3.84) was found, this being the highest within the
contraceptives studied (120).

Furthermore, administration of levonorgestrel (in doses as
those found in emergency contraception) in primates during the
follicular phase, can inhibit ovulation, as shown by the profound
suppression of estradiol and the increase in cycle length from 32
to 52 days (131). Studies done in sterilized women also showed
that ovulation is generally inhibited or that short luteal phases are

observed when LNG is administered in the early or late follicular
phase, but not when administered during the LH peak.

This disruption on endogenous estradiol and progesterone
balance, added to a possible direct effect on brain cells, depends
on the phase of the cycle during which it is administered and
could affect mood in women using emergency contraception
(131-133). Further studies are needed in order to elucidate the
effects of LNG, administered as emergency contraception, on
mood in women. These studies should consider the phase of the
cycle, and the number of doses ingested.

These results can be explained, as mentioned earlier, through
the multiple ways in which progesterone and estrogens can
influence neural cells. For example, exogenous progestin
increases levels of monoamine oxidase, which decreases
serotonin concentrations and thus potentially produces
depressive symptoms, irritability, and mood disorders (127-
134). The estrogen and progesterone hormonal profile of OC
users differs from that of naturally cycling women (Figure 1);
endogenous levels are lowered and fluctuations are suppressed
via negative feedback mechanisms (18). Also, the administration
of exogenous estradiol causes an increase of hepatic sex
hormone-binding globulin (SHBG), which translates into a
decrease in the fraction of free estradiol, progesterone, and
testosterone (135). Both the decrease in the bioavailability of
these steroids and the lack of cyclicity could explain mood
deterioration and changes in brain activity observed in women
that use combined OCs (11).

In addition, the increase of serotonin release stimulated by
progesterone at the level of the POA nucleus in the hypothalamus
would result in a decrease of copulatory behaviors (136).
Considering that the effect of progestins is similar to that of
progesterone, this together with the increase of SHBG could
explain the decrease in libido that has been reported with the use
of OC’s (124, 137).

The activity of progestins will differ depending on whether
they are administered together with estrogen, administered
after estrogen or administered without estrogen. Therefore,
when analyzing steroid hormone activity, not only the available
concentration and its form of administration must be taken into
account, but the formulation to be administered (monophasic,
multiphasic, or progestin alone) should be considered as well.

Also, not all progestins act in the same way. MPA used
in injectable formulations deserves special attention, since, as
described earlier, many neuroprotective effects of progesterone
seem to be mediated by its conversion into neuroactive
metabolites, such as DHP and allopregnanolone. It has been
reported that MPA blocks the conversion of progesterone
into allopregnanolone by inhibiting the ARK1C enzyme (138),
possibly blocking progesterone’s neuroprotective effects. This
action should be taken into consideration when administering
these kinds of preparations to women, since, and despite
its benefits in the treatment of uterine bleeding, it may
have serious deleterious effects on the myelination of neural
cells.

Hence, when considering the effect that exogenous hormones
exert over the body, their impact on the CNS and their influence
on mood, behavior, and cognition should be evaluated.
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Exogenous Administration of Synthetic

Steroids: Menopausal Hormone Therapy
Life expectancy has increased from approximately 50 to 80 years,
but the age of menopause in women is relatively fixed. Given
this, a larger number of women will spend over one-third of their
lives in the postmenopausal state. Therefore, the repercussions
of diminishing levels of estrogen on multiple aspects of women’s
health are relevant (139). Hormone therapy (HT) protocols for
perimenopausal women, or those at an early postmenopause
stage, have been developed to correct symptoms and prevent
diseases related to the decline in hormonal secretion. HT
may be administered in a continuously combined formulation
(estrogen + progesterone), a sequentially combined formulation
or, as an unopposed estrogen-only treatment (Figure 1I) (140,
141). Nowadays FDA approved indications for HT include
vasomotor symptoms, prevention of bone loss, hypoestrogenism
and the genitourinary syndrome of menopause/vulvo-vaginal
atrophy (32, 142). Also, depression and cognitive impairment
are associated with declining steroidal hormone levels, effects
that can be reverted with proper HT (33, 135). However,
HT prescription may be associated with a higher incidence
of estrogen-sensitive cancers, heart disease, stroke, and venous
thromboembolism. Thus, it is appropriate to keep this under
consideration when counseling menopausal women (32).

Goodnick et al. (143) demonstrated that women undergoing
HT exhibit a reduction in depressive symptoms (143). Other
studies have shown an improvement in verbal memory, attention,
and reasoning (140) together with a reduction in the risk of
dementia (144). These results may be explained by estrogen’s
neuroprotective capacity combined with its role in synaptic
systems that influence memory and cognition. Estrogens also
have a neurotrophic action, as demonstrated by an increase
in the number of dendritic spine formations in the amygdala,
hippocampus, and the PFC (144, 145). Collectively, functional
magnetic resonance studies have shown that postmenopausal
women under HT have greater activation, larger volume, and
increased cerebral blood flow to the hippocampus (an area
known to be affected in major depressive disorder) compared
with non-users of HT (146).

HT will have pleiotropic effects that will vary according to the
timing of initiation, the form of estrogen and of progestin used,
the route of administration (e.g., oral vs. transdermal) and the
therapeutic scheme used (e.g., continuous or sequential).

Regarding time of initiation, a critical period or window
of opportunity hypothesis has shown that neurons become
insensitive to estrogens after long-term hormone deprivation
(87, 147). According to this hypothesis, only the administration
of estrogens during a critical period related to the cessation of
ovarian function will render beneficial effects. Estrogens given
after this critical period could cause negative effects (148). A
possible explanation implicates the loss of the alpha estrogen
receptor (ERa) in the brain resulting from long-term hormone
deprivation. This would not permit estrogen to act via its classical
and non-classical pathways (14). Thus, during a critical period
following the cessation of ovarian function, the presence or
absence of estrogen permanently alters the CNS. The end result
is that the presence of estrogen during the critical period has

beneficial effects on brain function, and decreases the risk of
neurodegeneration and cognitive impairment (140, 144).

With regard to the form of estrogens and progestins
administered, the proportion of estrogenic forms differs during
menopause compared to premenopause. Initially, the proportion
of estradiol (E2) is approximately five times greater than that of
estrone (E1) (141). Later, during menopause and postmenopause,
El is the predominant form of estrogen. Thus, to mimic
premenopausal physiology it is necessary to administer E2 in
HT (83). The transdermal use of E2 has shown a consistently
positive impact on women’s mood during their perimenopausal
stage (149, 150). Conversely, the administration of HT in the
form of continuous conjugated equine estrogens (CEEs) (0.625
mg/d), rich in E1, does not show positive results with regard to
mood (151).

When combined HT is indicated, it is important to consider
the type of progestin utilized. As mentioned earlier, multiple
studies have shown negative effects on the myelination of neural
cells with MPA use (87, 152).

A clear example of the importance of considering the timing
and the type of estrogen and progestin administered is shown
in the large multicenter WHI (Women’s Health Initiative)
randomized placebo-controlled trial (24, 152-155). According
to the WHI study, women with uterus received a combined
HT consisting of MPA (2.5 mg/d; Prempro) and CEE (0.625
mg/d) (24, 154, 155) and women without a uterus received CEE
only (152, 153). However, more than 65% of the population
of this study was older than 60 years of age, meaning that
many of the women included in it were beyond the time
when they could benefit from HT. After an average follow-
up of 4-5 years, the WHIMS (Memory Study portion) failed
to observe any improvement in measures of global cognition
or rates of either mild cognitive impairment or dementia in
women taking combined HT compared with placebo (24, 155).
Furthermore, WHIMS observed an increased risk of dementia
with this HT (155). These results can be partly explained
by the lack of positive results that could endorse the use of
CEE in postmenopausal women, the known adverse effects that
MPA has upon myelination and the negative effects of estrogen
administration out of the critical opportunity period.

CONCLUSIONS AND FUTURE
DIRECTIONS

The present review shows that fluctuations in steroid hormones,
influenced by factors such as age and health status, have
consequences at the level of CNS and PNS. Utilizing both
classical and non-classical pathways, neurosteroids participate in
the physiological regulation of neurogenesis, neuronal survival,
synaptic function, and myelin formation, thus influencing
neuronal plasticity. Because of these effects, neurosteroids
will have different modulatory actions, exerting control over
mood, cognition, and behavior. Additionally, they have a
neuroprotective role in relation to certain neurocognitive
pathologies (Figure 4).
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This must be taken into consideration when treating
patients with pathologies that affect ovarian function, such as
PCOS, hyperprolactinemia, or hypothalamic anovulation, among
others; and also when a woman consults for changes in mood or
cognition.

On the other hand, hormone therapy during menopause and
hormonal contraceptives are two modes of treatment through
which exogenous steroids are administered to women. When
facing a need for the administration of exogenous hormones,
the stage of life each woman finds herself in should always be
considered. When treating adolescents, special care should be
taken due to the temporal plasticity window. For example, there
are conditions in young women, such as anorexia nervosa, during
which the levels of estrogen and progesterone will be low. In
these cases, it is necessary, as part of the treatment, to administer
hormones. The same can be said of conditions such as aging,
during which steroidal hormone decline has been shown to have
negative effects. Thus, through the scientific evidence analyzed in
this review, it should be clear that, when an exogenous steroid
therapy is indicated, the timeliness of its administration and the
types of estrogen and progestin utilized must be precisely taken
into account.

REFERENCES

1. Brown JB, Thomas A. Types of ovarian activity in women and their
significance: the continuum (a reinterpretation of early findings). Hum
Reprod Update (2011) 17:141-58. doi: 10.1093/humupd/dmq040

2. Rupprecht R, Holsboer F. Neuroactive steroids: mechanisms of action
and neuropsychopharmacological perspectives. Trends Neurosci. (1999)
22:410-6. doi: 10.1016/S0166-2236(99)01399-5

3. Truss M, Beato M. Steroid hormone receptors:
deoxyribonucleic acid and transcription factors. Endocr Rev. (1993)
14:459-79.

4. Paul SM, Purdy RH. Neuroactive steroids. FASEB J. (1992) 6:2311-22.
doi: 10.1096/fasebj.6.6.1347506

5. Melcangi RC, Garcia-Segura LM, Mensah-Nyagan AG. Neuroactive steroids:
state of the art and new perspectives. Cell Mol Life Sci. (2008) 65:777-97.
doi: 10.1007/s00018-007-7403-5

6. Kancheva R, Hill M, Novak Z, Chrastina J, Velikova M, Kancheva L, et al.
Peripheral neuroactive steroids may be as good as the steroids in the
cerebrospinal fluid for the diagnostics of CNS disturbances. J Steroid Biochem
Mol Biol. (2010) 119:35-44. doi: 10.1016/j.jsbmb.2009.12.006

7. Phoenix CH, Goy RW, Gerall AA, Young WC. Organizing action of
prenatally administered testosterone propionate on the tissues mediating
mating behavior in the female guinea pig. Endocrinology (1959) 65:369-82.
doi: 10.1210/endo-65-3-369

8. Sisk CL, Zehr JL. Pubertal
brain and behavior. Front
doi: 10.1016/j.yfrne.2005.10.003

9. Schulz KM, Sisk CL. The organizing actions of adolescent gonadal steroid

hormones on brain and behavioral development. Neurosci Biobehav Rev.

(2016) 70:148-58. doi: 10.1016/j.neubiorev.2016.07.036

Vigil P, del Rio JP, Carrera B, Aranguiz FC, Rioseco H, Cortés ME. Influence

of sex steroid hormones on the adolescent brain and behavior: an update.

Linacre Q. (2016) 83:308-29. doi: 10.1080/00243639.2016.1211863

Schiller CE, Johnson SL, Abate AC, Schmidt PJ, Rubinow DR, Schiller CE,

et al. Reproductive steroid regulation of mood and behavior. Compr Physiol.

(2016) 6:1135-60. doi: 10.1002/cphy.c150014

Nicoll RA. A brief history of long-term potentiation. Neuron (2017)

93:281-90. doi: 10.1016/j.neuron.2016.12.015

interaction with

adolescent
26:163-74.

hormones
Neuroendocrinol.

organize the

(2005)

10.

11.

12.

Finally, questions to consider in future investigations include:
(i) in terms of the ovarian continuum, what patterns of ovarian
activity will have negative effects on the nervous system, and what
patterns will have positive effects? (ii) Should the effects of OCs
on the CNS be considered as adverse? Could they have positive
effects? (iii) Is there a different effect on the brain when OCs
are taken during adolescence? What is the effect of emergency
contraception upon the adolescent brain? (iv) To what degree
should HT formulations be guided by physiological patterns of
exposure? (i.e., cyclical vs. continuous).

In summary, the activity exerted by steroid hormones on the
nervous system emphasizes the notion that achieving hormonal
balance is a useful tool in seeking the well-being of women.
Healthcare providers, as well as the general population, should
be aware of this knowledge.

AUTHOR CONTRIBUTIONS

JD and MA researcher and writer. NM assistant researcher.
FS assistant researcher, image design manager. SM writer and
proofreader. PV corresponding author, tutor research guide,
writer and proofreader.

. Whitlock JR. Learning induces long-term potentiation in the hippocampus.
Science (2006) 313:1093-7. doi: 10.1126/science.1128134

. Brinton RD. Estrogen-induced plasticity from cells to circuits: predictions
for cognitive function. Trends (2009) 30:212-22.
doi: 10.1016/j.tips.2008.12.006

. Hasegawa Y, Hojo Y, Kojima H, lkeda M, Hotta K, Sato R, et al.
Estradiol rapidly modulates synaptic plasticity of hippocampal neurons:
involvement of kinase networks. Brain Res. (2015) 1621:147-61.
doi: 10.1016/j.brainres.2014.12.056

. Ogiue-Tkeda M, Tanabe N, Mukai H, Hojo Y, Murakami G, Tsurugizawa
T, et al. Rapid modulation of synaptic plasticity by estrogens as well
as endocrine disrupters in hippocampal neurons. Brain Res Rev. (2008)
57:363-75. doi: 10.1016/j.brainresrev.2007.06.010

. Vierk R, Bayer J, Freitag S, Muhia M, Kutsche K, Wolbers T, et al. Structure-
function behavior relationship in estrogen-induced synaptic plasticity. Horm
Behav. (2015) 74:139-148. doi: 10.1016/j.yhbeh.2015.05.008

. Montoya ER, Bos PA. How oral contraceptives impact social-emotional
behavior and brain function. Trends Cogn Sci. (2017) 21:125-36.
doi: 10.1016/j.tics.2016.11.005

. Walf AA, Frye CA. A review and update of mechanisms of estrogen

in the hippocampus and amygdala for anxiety and depression behavior.

Neuropsychopharmacology (2006) 31:1097-111. doi: 10.1038/sj.npp.1301067

Bloch M, Daly RC, Rubinow DR. Endocrine factors in the etiology

of postpartum depression. Compr Psychiatry (2003) 44:234-46.

doi: 10.1016/S0010-440X(03)00034-8

Smith CT, Sierra Y, Oppler SH, Boettiger CA. Ovarian cycle effects on

immediate reward selection bias in humans: a role for estradiol. ] Neurosci.

(2014) 34:5468-76. doi: 10.1523/JTNEUROSCI.0014-14.2014

Sundstrém-poromaa I, Gingnell M. Menstrual cycle influence on cognitive

function and emotion processing from a reproductive perspective. Front

Neurosci. (2014) 8:380. doi: 10.3389/fnins.2014.00380

Hampson E. Estrogen-related variations spatial

articulatory-motor skills. Psychoneuroendocrinology (1990) 15:97-111.

doi: 10.1016/0306-4530(90)90018-5

Rapp SR, Espeland MA, Shumaker SA, Henderson VW, Brunner

RL, Manson JE, et al. Effect of estrogen plus progestin on global

cognitive function in postmenopausal women. JAMA (2003) 289:2663.

doi: 10.1001/jama.289.20.2663

Pharmacol  Sci.

20.

21.

22.

23.

in  human and

24.

Frontiers in Public Health | www.frontiersin.org

11

May 2018 | Volume 6 | Article 141


https://doi.org/10.1093/humupd/dmq040
https://doi.org/10.1016/S0166-2236(99)01399-5
https://doi.org/10.1096/fasebj.6.6.1347506
https://doi.org/10.1007/s00018-007-7403-5
https://doi.org/10.1016/j.jsbmb.2009.12.006
https://doi.org/10.1210/endo-65-3-369
https://doi.org/10.1016/j.yfrne.2005.10.003
https://doi.org/10.1016/j.neubiorev.2016.07.036
https://doi.org/10.1080/00243639.2016.1211863
https://doi.org/10.1002/cphy.c150014
https://doi.org/10.1016/j.neuron.2016.12.015
https://doi.org/10.1126/science.1128134
https://doi.org/10.1016/j.tips.2008.12.006
https://doi.org/10.1016/j.brainres.2014.12.056
https://doi.org/10.1016/j.brainresrev.2007.06.010
https://doi.org/10.1016/j.yhbeh.2015.05.008
https://doi.org/10.1016/j.tics.2016.11.005
https://doi.org/10.1038/sj.npp.1301067
https://doi.org/10.1016/S0010-440X(03)00034-8
https://doi.org/10.1523/JNEUROSCI.0014-14.2014
https://doi.org/10.3389/fnins.2014.00380
https://doi.org/10.1016/0306-4530(90)90018-5
https://doi.org/10.1001/jama.289.20.2663
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Del Rio et al.

Steroid Hormones in Women’s Brains

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Skinner MK. Regulation of primordial follicle assembly and development.
Hum Reprod Update (2005) 11:461-71. doi: 10.1093/humupd/dmi020

Vigil P, Lyon C, Flores B, Rioseco H, Serrano F. Ovulation, a sign of health.
Linacre Q. (2017) 84:343-55. doi: 10.1080/00243639.2017.1394053

Peters H, Byskov AG, Grinsted J. Follicular growth in fetal and prepubertal
ovaries of humans and other primates. Clin Endocrinol Metab. (1978)
7:469-85. doi: 10.1016/S0300-595X(78)80005-X

Vigil P, Blackwell L, Cortés ME. The importance of fertility awareness in
the assessment of a woman’s health a review. Linacre Q. (2012) 79:426-450.
doi: 10.1179/002436312804827109

Vigil P, Ceric E Cortés ME, Klaus H. Usefulness of monitoring
fertility from menarche. ] Pediatr Adolesc Gynecol. (2006) 19:173-9.
doi: 10.1016/j.jpag,2006.02.003

Cortés ME, Carrera B, Rioseco H, Pablo del Rio J, Vigil P. The
role of kisspeptin in the onset of puberty and in the ovulatory
mechanism: a mini-review. ] Pediatr Adolesc Gynecol. (2015) 28:286-91.
doi: 10.1016/j.jpag.2014.09.017

Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW, et al. Executive
summary of the stages of reproductive aging workshop + 10: addressing the
unfinished agenda of staging reproductive aging. J Clin Endocrinol Metab.
(2012) 97:1159-68. doi: 10.1210/jc.2011-3362

Pinkerton JA V, Aguirre FS, Blake J, Cosman F, Hodis H, Hoffstetter
S, et al. The 2017 hormone therapy position statement of the
North American Menopause Society. Menopause (2017) 24:728-53.
doi: 10.1097/GME.0000000000000921

Santoro N, Adel T, Skurnick JH. Decreased inhibin tone and increased
activin a secretion characterize reproductive aging in women. Fertil Steril.
(1999) 71:658-62. doi: 10.1016/S0015-0282(98)00529-9

Randolph JE, Zheng H, Sowers MFR, Crandall C, Crawford S, Gold EB, et al.
Change in follicle-stimulating hormone and estradiol across the menopausal
transition: effect of age at the final menstrual period. J Clin Endocrinol Metab.
(2011) 96:746-54. doi: 10.1210/jc.2010-1746

Pike CJ, Carroll JC, Rosario ER, Barron AM. Protective actions of sex steroid
hormones in Alzheimer’s disease. Front Neuroendocrinol. (2009) 30:239-58.
doi: 10.1016/j.yfrne.2009.04.015

Yin W, Gore AC. Neuroendocrine control of reproductive aging: roles of
GnRH neurons. Reproduction (2006) 131:403-14. doi: 10.1530/rep.1.00617
Kuiper GGJM, Carlssofn B, Grandien K, Enmark E, Haggblad
J, Nilsson S, et al. Comparison of the ligand binding specificity
and transcript tissue distribution of estrogen receptors alpha and
beta.  Endocrinology ~ (1997) 138:863-70. doi:  10.1210/endo.138.
3.4979

Shang Y, Hu X, DiRenzo ], Lazar MA, Brown M. Cofactor dynamics and
sufficiency in estrogen receptor-regulated transcription. Cell (2000) 103:843—-
52. doi: 10.1016/S0092-8674(00)00188-4

Demonacos C V, Karayanni N, Hatzoglou E, Tsiriyiotis C, Spandidos
DA, Sekeris CE. Mitochondrial genes as sites of primary action of
steroid hormones. Steroids (1996) 61:226-32. doi: 10.1016/0039-128X(96)
00019-0

Rettberg JR, Yao J, Brinton RD. Estrogen: a master regulator of bioenergetic
systems in the brain and body. Front Neuroendocrinol. (2014) 35:8-30.
doi: 10.1016/j.yfrne.2013.08.001

Levin ER. Plasma membrane estrogen receptors. Trends Endocrinol Metab.
(2009) 20:477-82. doi: 10.1016/j.tem.2009.06.009

Qiu LR, Germann J, Spring S, Alm C, Vousden DA, Palmert MR, et al.
Hippocampal volumes differ across the mouse estrous cycle, can change
within 24 hours, and associate with cognitive strategies. Neuroimage (2013)
83:593-8. doi: 10.1016/j.neuroimage.2013.06.074

Arevalo M-A, Azcoitia I, Garcia-Segura LM. The neuroprotective actions
of oestradiol and oestrogen receptors. Nat Rev Neurosci. (2014) 16:17-29.
doi: 10.1038/nrn3856

Gollapudi L, Oblinger MM. Estrogen and NGF synergistically protect
terminally differentiated, ERalpha-transfected PC12 cells from apoptosis.
J Neurosci Res. (1999) 56:471-81. doi: 10.1002/(SICI)1097-4547(19990601)
56:5<471:AID-JNR3>3.0.CO;2-1

Nilsen J, Brinton RD. Mechanism of estrogen-mediated neuroprotection:
regulation of mitochondrial calcium and Bcl-2 expression. Proc Natl Acad
Sci USA. (2003) 100:2842-7. doi: 10.1073/pnas.0438041100

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Murphy AN, Bredesen DE, Cortopassi G, Wang E, Fiskum G. Bcl-2
potentiates the maximal calcium uptake capacity of neural cell mitochondria.
Proc Natl Acad Sci USA. (1996) 93:9893-8. doi: 10.1073/pnas.93.18.9893
Irwin RW, Yao J, Hamilton RT, Cadenas E, Brinton RD, Nilsen
J.  Progesterone and estrogen regulate oxidative metabolism
in  brain  mitochondria.  Endocrinology ~ (2008)  149:3167-75.
doi: 10.1210/en.2007-1227

Nilsen J, Irwin RW, Gallaher TK, Brinton RD. Estradiol in vivo
regulation of brain mitochondrial proteome. ] Neurosci. (2007) 27:14069-77.
doi: 10.1523/JNEUROSCI.4391-07.2007

Gibbs R. Long-term treatment with estrogen and progesterone enhances
acquisition of a spatialmemory task by ovariectomized aged rats. Neurobiol
Aging (2000) 21:107-16. doi: 10.1016/S0197-4580(00)00103-2

Li J, Siegel M, Yuan M, Zeng Z, Finnucan L, Persky R, et al. Estrogen
enhances neurogenesis and behavioral recovery after stroke. J Cereb Blood
Flow Metab. (2011) 31:413-25. doi: 10.1038/jcbfm.2010.181

Cooke PS, Nanjappa MK, Yang Z, Wang KKW. Therapeutic effects
of progesterone and its metabolites in traumatic brain injury may
involve non-classical signaling mechanisms. Front Neurosci. (2013) 7:108.
doi: 10.3389/fnins.2013.00108

Frye CA, Koonce CJ, Walf AA. Pregnane xenobiotic receptors and
membrane progestin receptors: Role in neurosteroid-mediated motivated
behaviours. ] Neuroendocrinol. (2013) 25:1002-11. doi: 10.1111/
jne.12105

Brinton RD, Thompson RE, Foy MR, Baudry M, Wang JM, Finch CE, et al.
Progesterone receptors: Form and function in brain. Front Neuroendocrinol.
(2008) 29:313-39. doi: 10.1016/j.yfrne.2008.02.001

Wang JM, Johnston PB, Ball BG, Brinton RD. The neurosteroid
allopregnanolone promotes proliferation of rodent and human neural
progenitor cells and regulates cellcycle gene and protein expression. ]
Neurosci. (2005) 25:4706-18. doi: 10.1523/JNEUROSCI.4520-04.2005
Morriss MC, Zimmerman RA, Bilaniuk LT, Hunter JV, Haselgrove JC.
Changes in brain water diffusion during childhood. Neuroradiology (1999)
41:929-34. doi: 10.1007/s002340050869

Curry JJ, Heim LM. Brain myelination after neonatal administration of
oestradiol. Nature (1966) 209:915-6. doi: 10.1038/209915a0

Taveggia C, Feltri ML, Wrabetz L. Signals to promote myelin formation and
repair. Nat Rev Neurol. (2010) 6:276-87. doi: 10.1038/nrneurol.2010.37
Schumacher M, Hussain R, Gago N, Oudinet JP, Mattern C, Ghoumari
AM. Progesterone synthesis in the nervous system: Implications
for myelination and myelin repair. Front Neurosci. (2012) 6:10.
doi: 10.3389/fnins.2012.00010

Jung-Testas I, Schumacher M, Robel P, Baulieu EE. Demonstration of
progesterone receptors in rat Schwann cells. ] Steroid Biochem Mol Biol.
(1996) 58:77-82. doi: 10.1016/0960-0760(96)00009-X

Gago N, El-Etr M, Sananés N, Cadepond F, Samuel D, Avellana-Adalid V, et
al. 3a,5a-Tetrahydroprogesterone (allopregnanolone) and y-aminobutyric
acid: autocrine/paracrine interactions in the control of neonatal PSA-
NCAM+ progenitor proliferation. ] Neurosci Res. (2004) 78:770-83.
doi: 10.1002/jnr.20348

Melcangi RC, Azcoitia I, Ballabio M, Cavarretta I, Gonzalez LC,
Leonelli E, et al. Neuroactive steroids influence peripheral myelination:
a promising opportunity for preventing or treating age-dependent
dysfunctions of peripheral nerves. Prog Neurobiol. (2003) 71:57-66.
doi: 10.1016/j.pneurobio.2003.09.003

Magnaghi V, Parducz A, Frasca A, Ballabio M, Procacci P, Racagni
G, et al. GABA synthesis in Schwann cells is induced by the
neuroactive steroid allopregnanolone. J Neurochem. (2010) 112:980-90.
doi: 10.1111/j.1471-4159.2009.06512.x

Schumacher M, Sitruk-Ware R, De Nicola AF. Progesterone and progestins:
neuroprotection and myelin repair. Curr Opin Pharmacol. (2008) 8:740-6.
doi: 10.1016/j.coph.2008.10.002

Schwartz TL, Sachdeva S, Stahl SM. Glutamate neurocircuitry: theoretical
underpinnings in: Schizophrenia. (2012)  3:195.
doi: 10.3389/fphar.2012.00195

Riedel G, Platt B, Micheau J. Glutamate
in learning and memory. Behav Brain Res.
doi: 10.1016/S0166-4328(02)00272-3

Front Pharmacol.

function
140:1-47.

receptor
(2003)

Frontiers in Public Health | www.frontiersin.org

12

May 2018 | Volume 6 | Article 141


https://doi.org/10.1093/humupd/dmi020
https://doi.org/10.1080/00243639.2017.1394053
https://doi.org/10.1016/S0300-595X(78)80005-X
https://doi.org/10.1179/002436312804827109
https://doi.org/10.1016/j.jpag.2006.02.003
https://doi.org/10.1016/j.jpag.2014.09.017
https://doi.org/10.1210/jc.2011-3362
https://doi.org/10.1097/GME.0000000000000921
https://doi.org/10.1016/S0015-0282(98)00529-9
https://doi.org/10.1210/jc.2010-1746
https://doi.org/10.1016/j.yfrne.2009.04.015
https://doi.org/10.1530/rep.1.00617
https://doi.org/10.1210/endo.138.3.4979
https://doi.org/10.1016/S0092-8674(00)00188-4
https://doi.org/10.1016/0039-128X(96)00019-0
https://doi.org/10.1016/j.yfrne.2013.08.001
https://doi.org/10.1016/j.tem.2009.06.009
https://doi.org/10.1016/j.neuroimage.2013.06.074
https://doi.org/10.1038/nrn3856
https://doi.org/10.1002/(SICI)1097-4547(19990601)56:5<471::AID-JNR3>3.0.CO;2-1
https://doi.org/10.1073/pnas.0438041100
https://doi.org/10.1073/pnas.93.18.9893
https://doi.org/10.1210/en.2007-1227
https://doi.org/10.1523/JNEUROSCI.4391-07.2007
https://doi.org/10.1016/S0197-4580(00)00103-2
https://doi.org/10.1038/jcbfm.2010.181
https://doi.org/10.3389/fnins.2013.00108
https://doi.org/10.1111/jne.12105
https://doi.org/10.1016/j.yfrne.2008.02.001
https://doi.org/10.1523/JNEUROSCI.4520-04.2005
https://doi.org/10.1007/s002340050869
https://doi.org/10.1038/209915a0
https://doi.org/10.1038/nrneurol.2010.37
https://doi.org/10.3389/fnins.2012.00010
https://doi.org/10.1016/0960-0760(96)00009-X
https://doi.org/10.1002/jnr.20348
https://doi.org/10.1016/j.pneurobio.2003.09.003
https://doi.org/10.1111/j.1471-4159.2009.06512.x
https://doi.org/10.1016/j.coph.2008.10.002
https://doi.org/10.3389/fphar.2012.00195
https://doi.org/10.1016/S0166-4328(02)00272-3
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Del Rio et al.

Steroid Hormones in Women’s Brains

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sieghart W, Sperk G. Subunit composition, distribution and function of
GABA(A) receptor subtypes. Curr Top Med Chem. (2002) 2:795-816.
doi: 10.2174/1568026023393507

Barth C, Villringer A, Sacher J. Sex hormones affect neurotransmitters and
shape the adult female brain during hormonal transition periods. Front
Neurosci. (2015) 9:37. doi: 10.3389/fnins.2015.00037

Hensler JG. Serotonergic modulation of the limbic system. Neurosci Biobehav
Rev. (2006) 30:203-14. doi: 10.1016/j.neubiorev.2005.06.007

Bethea CL, Lu NZ, Gundlah C, Streicher JM. Diverse actions of ovarian
steroids in the serotonin neural system. Front Neuroendocrinol. (2002)
23:41-100. doi: 10.1006/frne.2001.0225

Portas CM, Bjorvatn B, Ursin R. Serotonin and the sleep/wake cycle:
special emphasis on microdialysis studies. Prog Neurobiol. (2000) 60:13-35.
doi: 10.1016/S0301-0082(98)00097-5

Sealfon SC, Olanow CW. Dopamine receptors: from structure to behavior.
Trends Neurosci. (2000) 23:534-40. doi: 10.1016/S1471-1931(00)00025-2
Daniel JM, Sulzer JK, Hulst JL. Estrogen increases the sensitivity of
ovariectomized rats to the disruptive effects produced by antagonism of D2
but not D1 dopamine receptors during performance of a response learning
task. Horm Behav. (2006) 49:38-44. doi: 10.1016/j.yhbeh.2005.05.001

Felten D, Shetty A. Netter’s Atlas of Neuroscience. Philadelphia, PA: Elsevier
(2010).

Morris RGM, Anderson E, Lynch GS, Baudry M. Selective impairment
of learning and blockade of long-term potentiation by an N-methyl-

D-aspartate receptor antagonist, AP5. Nature (1986) 319:774-6.
doi: 10.1038/319774a0
Adams MM, Fink SE, Janssen WGM, Shah RA, Morrison JH.

Estrogen modulates synaptic N-methyl-D-aspartate receptor subunit
distribution in the aged hippocampus. ] Comp Neurol. (2004) 474:419-26.
doi: 10.1002/cne.20148

Murphy DD, Cole NB, Greenberger V, Segal M. Estradiol increases
dendritic spine density by reducing GABA neurotransmission
in  hippocampal  neurons. ]  Neurosci.  (1998)  18:2550-9.
doi: 10.1523/JNEUROSCI.18-07-02550.1998

Mukherjee ], Cardarelli RA, Cantaut-Belarif Y, Deeb TZ, Srivastava DP,
Tyagarajan SK, et al. Estradiol modulates the efficacy of synaptic inhibition
by decreasing the dwell time of GABA A receptors at inhibitory synapses.
Proc Natl Acad Sci USA. (2017) 114:11763-8. doi: 10.1073/pnas.1705075114
Hu M, Watson CJ, Kennedy RT, Becker JB. Estradiol attenuates the K+-
induced increase in extracellular GABA in rat striatum. Synapse (2006)
59:122-4. doi: 10.1002/syn.20221

Smith L], Henderson JA, Abell CW, Bethea CL. Effects of ovarian steroids and
raloxifene on proteins that synthesize, transport, and degrade serotonin in
the raphe region of macaques. Neuropsychopharmacology (2004) 29:2035-45.
doi: 10.1038/sj.npp.1300510

McEwen BS, Alves SE, Bulloch K, Weiland NG. Ovarian steroids and the
brain: Implications for cognition and aging. Neurology (1997) 48:8S—15S.
doi: 10.1212/WNL.48.5_Suppl_7.8S

Hiroi R, Neumaier JF. Estrogen decreases 5-HT1B autoreceptor mRNA in
selective subregion of rat dorsal raphe nucleus: Inverse association between
gene expression and anxiety behavior in the open field. Neuroscience (2009)
158:456-64. doi: 10.1016/j.neuroscience.2008.10.016

Halbreich U, Rojansky N, Palter S, Tworek H, Hissin P, Wang K. Estrogen
augments serotonergic activity in postmenopausal women. Biol Psychiatry
(1995) 37:434-41. doi: 10.1016/0006-3223(94)00181-2

Wharton W, Gleason CE, Olson SR, Carlsson CM, Asthana S.
Neurobiological underpinnings of the estrogen - mood relationship.
Curr Psychiatry Rev. (2013) 8:247-56. doi: 10.2174/157340012800792957
Jacobs E, D’Esposito M. Estrogen shapes dopamine-dependent cognitive
processes: implications for women’s health. J Neurosci. (2011) 31:5286-93.
doi: 10.1523/JNEUROSCI.6394-10.2011

Bixo M, Bickstrom T, Winblad B, Andersson A. Estradiol and
testosterone in specific regions of the human female brain in different
endocrine states. ] Steroid Biochem Mol Biol. (1995) 55:297-303.
doi: 10.1016/0960-0760(95)00179-4

Herrera AY, Al E. Estradiol therapy after menopause mitigates effects of
stress on cortisol and working memory. J Clin Endocrinol Metab. (2017)
102:4457-66. doi: 10.1210/jc.2017-00825

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

. Morrison

JH, Brinton RD, Schmidt Gore
menopause, and the aging brain:
inform hormone therapy in women. J Neurosci. (2006) 26:10332-48.
doi: 10.1523/JNEUROSCI.3369-06.2006

Nicola SM. The nucleus accumbens as part of a basal ganglia
action  selection circuit.  Psychopharmacology (2007)  191:521-50.
doi: 10.1007/s00213-006-0510-4

Hausmann M, Giintiirkiin O. Steroid fluctuations modify functional
cerebral asymmetries: The hypothesis of progesterone-mediated
interhemispheric ~ decoupling.  Neuropsychologia (2000) 38:1362-74.
doi: 10.1016/50028-3932(00)00045-2

Feng XQ, Dong Y, Fu YM, Zhu YH, Sun JL, Wang Z, et
al.  Progesterone of dopamine-induced
frequency of spontaneous excitatory postsynaptic currents in rat
prelimbic cortical neurons. Neuropharmacology (2004) 46:211-22.
doi: 10.1016/j.neuropharm.2003.08.002

pJ,
how basic

AC. Estrogen,
neuroscience can

inhibition increase in

. Zheng P. Neuroactive steroid regulation of neurotransmitter release in the

CNS: action, mechanism and possible significance. Prog Neurobiol. (2009)
89:134-52. doi: 10.1016/j.pneurobio.2009.07.001

Hu AQ, Wang ZM, Lan DM, Fu YM, Zhu YH, Dong Y, et al
Inhibition of evoked glutamate release by neurosteroid allopregnanolone
via inhibition of L-type calcium channels in rat medial prefrontal
cortex. Neuropsychopharmacology (2007) 32:1477-89. doi: 10.1038/sj.npp.
1301261

Deligiannidis KM, Sikoglu EM, Shaffer SA, Frederick B, Svenson
AE, Kopoyan A, et al. GABAergic neuroactive steroids and resting-
state functional connectivity in postpartum depression: a preliminary
study. J Psychiatr Res. (2013) 47:816-28. doi: 10.1016/j.jpsychires.2013.
02.010

Rupprecht R, Berning B, Hauser CAE, Holsboer F, Reul JMHM.
Steroid receptormediated effects of neuroactive steroids: characterization
of structure-activity relationship. Eur ] Pharmacol. (1996) 303:227-34.
doi: 10.1016/0014-2999(96)00036-2

Haage D, Druzin M, Johansson §S. Allopregnanolone modulates
spontaneous GABA  release via presynaptic Cl- permeability
in rat preoptic nerve terminals. Brain Res. (2002) 958:405-13.

doi: 10.1016/S0006-8993(02)03704-6

Bitran D, Shiekh M, McLeod M. anxiolytic effect of progesterone is
mediated by the neurosteroid allopregnanolone at brain GABAA receptors.
J Neuroendocrinol. (1995) 7:171-7. doi: 10.1111/j.1365-2826.1995.tb00744.x
Smith SS. Withdrawal properties of a neuroactive steroid: implications for
GABAA receptor gene regulation in the brain and anxiety behavior. Steroids
(2002) 67:519-28. doi: 10.1016/S0039-128X(01)00170-2

Strohle A, Romeo E, Hermann B, Pasini A, Spalletta G, Di Michele F, et al.
Concentrations of 3a-reduced neuroactive steroids and their precursors in
plasma of patients with major depression and after clinical recovery. Biol
Psychiatry (1999) 45:274-7. doi: 10.1016/S0006-3223(98)00328-X

Yen JY, Chang SJ, Long CY, Tang TC, Chen CC, Yen CF. Working
memory deficit in premenstrual dysphoric disorder and its associations with
difficulty in concentrating and irritability. Compr Psychiatry (2012) 53:540-5.
doi: 10.1016/j.comppsych.2011.05.016

Johnson MD, Crowley WR, Carroll BL. Role of central serotonin
systems in the stimulatory effects of ovarian hormones and naloxone on
luteinizing hormone release in female rats. Endocrinology (1986) 118:1180-6.
doi: 10.1210/endo-118-3-1180

Farmer CJ, Isakson TR, Coy DJ, Renner K]J. In vivo evidence for progesterone
dependent decreases in serotonin release in the hypothalamus and midbrain
central grey: relation to the induction of lordosis. Brain Res. (1996) 711:84-
92. doi: 10.1016/0006-8993(95)01403-9

Henderson JA, Bethea CL. Differential effects of ovarian steroids and
raloxifene on serotonin 1A and 2C receptor protein expression in macaques.
Endocrine (2008) 33:285-93. doi: 10.1007/s12020-008-9087-5

Sakuma Y, Pfaff DW. Mesencephalic mechanisms for integration of female
reproductive behavior in the rat. Am ] Physiol. (1979) 237:R285-90.
doi: 10.1152/ajpregu.1979.237.5.R285

Frye CA, Sora I. Progesterone reduces hyperactivity of female and male
dopamine transporter knockout mice. Behav Brain Res. (2010) 209:59-65.
doi: 10.1016/j.bbr.2010.01.015

Frontiers in Public Health | www.frontiersin.org

13

May 2018 | Volume 6 | Article 141


https://doi.org/10.2174/1568026023393507
https://doi.org/10.3389/fnins.2015.00037
https://doi.org/10.1016/j.neubiorev.2005.06.007
https://doi.org/10.1006/frne.2001.0225
https://doi.org/10.1016/S0301-0082(98)00097-5
https://doi.org/10.1016/S1471-1931(00)00025-2
https://doi.org/10.1016/j.yhbeh.2005.05.001
https://doi.org/10.1038/319774a0
https://doi.org/10.1002/cne.20148
https://doi.org/10.1523/JNEUROSCI.18-07-02550.1998
https://doi.org/10.1073/pnas.1705075114
https://doi.org/10.1002/syn.20221
https://doi.org/10.1038/sj.npp.1300510
https://doi.org/10.1212/WNL.48.5
https://doi.org/10.1016/j.neuroscience.2008.10.016
https://doi.org/10.1016/0006-3223(94)00181-2
https://doi.org/10.2174/157340012800792957
https://doi.org/10.1523/JNEUROSCI.6394-10.2011
https://doi.org/10.1016/0960-0760(95)00179-4
https://doi.org/10.1210/jc.2017-00825
https://doi.org/10.1523/JNEUROSCI.3369-06.2006
https://doi.org/10.1007/s00213-006-0510-4
https://doi.org/10.1016/S0028-3932(00)00045-2
https://doi.org/10.1016/j.neuropharm.2003.08.002
https://doi.org/10.1016/j.pneurobio.2009.07.001
https://doi.org/10.1038/sj.npp.1301261
https://doi.org/10.1016/j.jpsychires.2013.02.010
https://doi.org/10.1016/0014-2999(96)00036-2
https://doi.org/10.1016/S0006-8993(02)03704-6
https://doi.org/10.1111/j.1365-2826.1995.tb00744.x
https://doi.org/10.1016/S0039-128X(01)00170-2
https://doi.org/10.1016/S0006-3223(98)00328-X
https://doi.org/10.1016/j.comppsych.2011.05.016
https://doi.org/10.1210/endo-118-3-1180
https://doi.org/10.1016/0006-8993(95)01403-9
https://doi.org/10.1007/s12020-008-9087-5
https://doi.org/10.1152/ajpregu.1979.237.5.R285
https://doi.org/10.1016/j.bbr.2010.01.015
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Del Rio et al.

Steroid Hormones in Women’s Brains

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Yu L, Liao PC. Sexual differences and estrous cycle in methamphetamine-
induced dopamine and serotonin depletions in the striatum of mice. ] Neural
Transm. (2000) 107:419-27. doi: 10.1007/s007020070084

Becker JB. Estrogen rapidly potentiates amphetamine-induced striatal
dopamine release and rotational behavior during microdialysis. Neurosci
Lett. (1990) 118:169-71. doi: 10.1016/0304-3940(90)90618-]

Matuszewich L, Lorrain DS, Hull EM. Dopamine release in the
medial preoptic response
manipulation and sexual activity. Behav Neurosci. (2000) 114:772-82.
doi: 10.1037/0735-7044.114.4.772

Dazzi L, Serra M, Vacca G, Ladu S, Latrofa A, Trapani G, et
al. Depletion of cortical allopregnanolone potentiates stress-induced
increase in cortical dopamine output. Brain Res. (2002) 932:135-9.
doi: 10.1016/S0006-8993(02)02290-4

Motzo C, Porceddu ML, Maira G, Flore G, Concas a, Dazzi L, et
al. Inhibition of basal and stress-induced dopamine release in the
cerebral cortex and nucleus accumbens of freely moving rats by the
neurosteroid allopregnanolone. ] Psychopharmacol. (1996) 10:266-72.
doi: 10.1177/026988119601000402

Peper JS, van den Heuvel MP, Mandl RCW, Pol HEH, van Honk
J. Sex steroids and connectivity in the human brain: a review of
neuroimaging studies. Psychoneuroendocrinology (2011) 36:1101-13.
doi: 10.1016/j.psyneuen.2011.05.004

Stanczyk FZ. All progestins are not created equal. Steroids (2003) 68:879-90.
doi: 10.1016/j.steroids.2003.08.003

Gebel Berg E. The chemistry of the pill. ACS Cent Sci. (2015) 1:5-7.
doi: 10.1021/acscentsci.5b00066

Rivera R, Yacobson I, Grimes D. The mechanism of action of hormonal
contraceptives and intrauterine contraceptive devices. Am J Obstet Gynecol.
(1999) 181(5 Pt 1):1263-9. doi: 10.1016/50002-9378(99)70120-1

Germain P, Staels B, Dacquet C, Spedding M, Laudet V. Overview of
nomenclature of nuclear receptors. Pharmacol Rev. (2006) 58:685-704.
doi: 10.1124/pr.58.4.2

Stanczyk FZ, Hapgood JP, Winer S, Mishell DR. Progestogens used in
postmenopausal hormone therapy: differences in their pharmacological
properties, intracellular actions, and clinical effects. Endocr Rev. (2013)
34:171-208. doi: 10.1210/er.2012-1008

Africander D, Verhoog N, Hapgood JP. Molecular mechanisms of steroid
receptormediated actions by synthetic progestins used in HRT and
contraception. Steroids (2011) 76:636-52. doi: 10.1016/j.steroids.2011.03.001
Lello S. Nomegestrol acetate: pharmacology, safety profile and therapeutic
efficacy. Drugs (2010) 70:541-59. doi: 10.2165/11532130-000000000-
00000

Schindler AE, Campagnoli C, Druckmann R, Huber J, Pasqualini JR,
Schweppe KW, et al. Classification and pharmacology of progestins.
Maturitas (2003) 46:7-16. doi: 10.1016/j.maturitas.2003.09.014

Skovlund CW, Merch LS, Kessing LV, Lidegaard @. Association of hormonal
contraception with depression. JAMA Psychiatry (2016) 73:1154-62.
doi: 10.1001/jamapsychiatry.2016.2387

Skovlund CW, Merch LS, Kessing LV, Lange T, Lidegaard @. Association of
hormonal contraception with suicide attempts and suicides. Am ] Psychiatry
(2017) 75:appi.ajp.2017.1. doi: 10.1176/appi.ajp.2017.17060616

Moratalla NL, Alcala TE, Santiago E. Estrogens and feminine brain
maturation during adolescence: emergency contraceptive pill. Cuad Bioet.
(2011) 75:185-200.

Duke JM, Sibbritt DW, Young AF. Is there an association between the use of
oral contraception and depressive symptoms in young Australian women?
Contraception (2007) 75:27-31. doi: 10.1016/j.contraception.2006.08.002
Zethraeus N, Dreber A, Ranehill E, Blomberg L, Labrie F, von Schoultz B,
et al. A first-choice combined oral contraceptive influences general well-
being in healthy women: a double-blind, randomized, placebo-controlled
trial. Fertil Steril. (2017) 107:1238-45. doi: 10.1016/j.fertnstert.2017.02.120
Zethraeus N, Dreber A, Ranehill E, Blomberg L, Labrie F, von Schoultz B, et
al. Combined oral contraceptives and sexual function in women: a double-
blind, randomized, placebo-controlled trial. ] Clin Endocrinol Metab. (2016)
101:4046-53. doi: 10.1210/jc.2016-2032

Kroupova HK, Trubiroha A, Lorenz C, Contardo-Jara V, Lutz I, Grabic R,
et al. The progestin levonorgestrel disrupts gonadotropin expression and

area of female rats in to hormonal

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

sex steroid levels in pubertal roach (Rutilus rutilus). Aquat Toxicol. (2014)
154:154-62. doi: 10.1016/j.aquatox.2014.05.008

Wang R, Tian Y, Zhang L, Zhang Z. Simultaneous determination of
levonorgestrel and two endogenous sex hormones in human plasma based
on LC-MS/MS. Bioanalysis (2016) 8:1133-44. doi: 10.4155/bio-2015-0036
Wagner KDBA. Norplant-associated major depression and panic disorder. ]
Clin Psychiatry (1994) 55:478-80.

Brache V, Faundes A, Alvarez F, Cochon L. Nonmenstrual adverse events
during use of implantable contraceptives for women: data from clinical trials.
Contraception (2002) 65:63-74. doi: 10.1016/S0010-7824(01)00289-X
Crosignani PG. Intrauterine devices and intrauterine systems. Hum Reprod
Update (2008) 14:197-208. doi: 10.1093/humupd/dmn003

Barbosa I, Olsson SE, Odlind V, Goncalves T, Coutinho E. Ovarian function
after seven years' use of a levonorgestrel IUD. Adv Contracept. (1995)
11:85-95.

Heikinheimo O, Gordon K, Williams RE Hodgen GD. Inhibition of
ovulation by progestin analogs (agonists vs. antagonists): preliminary
evidence for different sites and mechanisms of actions. Contraception (1996)
53:55-64. doi: 10.1016/0010-7824(95)00255-3

Durand M, Del Carmen Cravioto M, Raymond EG, Durdn-Sdnchez
O, De La Luz CruzHinojosa M, Castell-Rodriguez A, et al. On the
mechanisms of action of short-term levonorgestrel administration
in emergency contraception. Contraception  (2001)  64:227-34.
doi: 10.1016/S0010-7824(01)00250-5

Gemzell-Danielsson K. Effects of levonorgestrel on ovarian function when
used for emergency contraception. Minerva Ginecol. (2006) 58:205-207.
Klaiber EL, Broverman DM, Vogel W, Peterson LG, Snyder MB.
Individual differences in changes in mood and platelet monoamine
oxidase (MAO) activity during hormonal replacement therapy in

menopausal women.  Psychoneuroendocrinology — (1996)  21:575-92.
doi: 10.1016/S0306-4530(96)00023-6

Hammond GL. Access of reproductive steroids to target
tissues.  Obstet  Gynecol Clin  North Am. (2002) 29:411-23.

doi: 10.1016/S0889-8545(02)00008-6

Morris JA, Jordan CL, Breedlove SM. Sexual differentiation of the vertebrate
nervous system. Nat Neurosci. (2004) 7:1034-9. doi: 10.1038/nn1325

Klaus H, Cortés ME. Psychological, social, and spiritual effects
of contraceptive steroid hormones. Linacre Q. (2015) 82:283-300.
doi: 10.1179/2050854915Y.0000000009

Khanim FE, Davies N, Veli¢a P, Hayden R, Ride J, Pararasa C, et al. Selective
AKRIC3 inhibitors do not recapitulate the anti-leukaemic activities of the
pan-AKRIC inhibitor medroxyprogesterone acetate. Br | Cancer (2014)
110:1506-16. doi: 10.1038/bjc.2014.83

Wise PM. Estrogens and neuroprotection. Trends Endocrinol Metab. (2002)
13:229-30. doi: 10.1016/51043-2760(02)00611-2

Gleason CE, Dowling NM, Wharton W, Manson JAE, Miller VM,
Atwood CS, et al. Effects of hormone therapy on cognition and mood in
recently postmenopausal women: findings from the randomized, controlled
KEEPS-cognitive and affective study. PLoS Med. (2015) 12:¢1001833.
doi: 10.1371/journal.pmed.1001833

Gleason CE, Carlsson CM, Johnson S, Atwood C, Asthana S. Clinical
pharmacology and differential cognitive efficacy of estrogen preparations.
Ann N'Y Acad Sci. (2005) 115:93-115. doi: 10.1196/annals.1347.007
Pinkerton JV, Pickar JH. Update on medical and regulatory issues pertaining
to compounded and FDA-approved drugs, including hormone therapy.
Menopause (2016) 23:215-23. doi: 10.1097/GME.0000000000000523
Goodnick PJ, Chaudry T, Artadi J, Arcey S. Women’ s issues
in mood disorders. Expert Opin Pharmacother. (2000) 1:903-16.
doi: 10.1517/14656566.1.5.903

Gillies GE, McArthur S. Estrogen actions in the brain and the basis for
differential action in men and women: a case for sex-specific medicines.
Pharmacol Rev. (2010) 62:155-98. doi: 10.1124/pr.109.002071

Brinton RD, Chen S, Montoya M, Hsieh D, Minaya J, Kim J, et
al. The women’s health initiative estrogen replacement therapy is
neurotrophic and neuroprotective. Neurobiol Aging (2000) 21:475-96.
doi: 10.1016/S0197-4580(00)00109-3

Maki P. Estrogen effects on the hippocampus and frontal lobes. Int ] Fertil
Womens Med. (2005) 50:67-71.

Frontiers in Public Health | www.frontiersin.org

May 2018 | Volume 6 | Article 141


https://doi.org/10.1007/s007020070084
https://doi.org/10.1016/0304-3940(90)90618-J
https://doi.org/10.1037/0735-7044.114.4.772
https://doi.org/10.1016/S0006-8993(02)02290-4
https://doi.org/10.1177/026988119601000402
https://doi.org/10.1016/j.psyneuen.2011.05.004
https://doi.org/10.1016/j.steroids.2003.08.003
https://doi.org/10.1021/acscentsci.5b00066
https://doi.org/10.1016/S0002-9378(99)70120-1
https://doi.org/10.1124/pr.58.4.2
https://doi.org/10.1210/er.2012-1008
https://doi.org/10.1016/j.steroids.2011.03.001
https://doi.org/10.2165/11532130-000000000-00000
https://doi.org/10.1016/j.maturitas.2003.09.014
https://doi.org/10.1001/jamapsychiatry.2016.2387
https://doi.org/10.1176/appi.ajp.2017.17060616
https://doi.org/10.1016/j.contraception.2006.08.002
https://doi.org/10.1016/j.fertnstert.2017.02.120
https://doi.org/10.1210/jc.2016-2032
https://doi.org/10.1016/j.aquatox.2014.05.008
https://doi.org/10.4155/bio-2015-0036
https://doi.org/10.1016/S0010-7824(01)00289-X
https://doi.org/10.1093/humupd/dmn003
https://doi.org/10.1016/0010-7824(95)00255-3
https://doi.org/10.1016/S0010-7824(01)00250-5
https://doi.org/10.1016/S0306-4530(96)00023-6
https://doi.org/10.1016/S0889-8545(02)00008-6
https://doi.org/10.1038/nn1325
https://doi.org/10.1179/2050854915Y.0000000009
https://doi.org/10.1038/bjc.2014.83
https://doi.org/10.1016/S1043-2760(02)00611-2
https://doi.org/10.1371/journal.pmed.1001833
https://doi.org/10.1196/annals.1347.007
https://doi.org/10.1097/GME.0000000000000523
https://doi.org/10.1517/14656566.1.5.903
https://doi.org/10.1124/pr.109.002071
https://doi.org/10.1016/S0197-4580(00)00109-3
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Del Rio et al.

Steroid Hormones in Women’s Brains

147.

148.

149.

150.

151.

152.

153.

and female
(2013)

Daniel JM. Estrogens, estrogen receptors,
aging: the impact of timing. Horm Behav.
doi: 10.1016/j.yhbeh.2012.05.003

Resnick SM, Henderson VW. Hormone therapy and risk of Alzheimer
disease: a critical time. J Am Med Assoc. (2002) 288:2170-2.
doi: 10.1001/jama.288.17.2170

Gregoire AJP, Kumar R, Everitt B, Henderson AF, Studd JWW. Transdermal
oestrogen for treatment of severe postnatal depression. Lancet (1996)
347:930-3. doi: 10.1016/S0140-6736(96)91414-2

Frey BN, Lord C, Soares CN. Depression during menopausal transition: a
review of treatment strategies and pathophysiological correlates. Menopause
Int. (2008) 14:123-8. doi: 10.1258/mi.2008.008019

Halbreich U, Kahn LS. Role of estrogen in the aetiology and
treatment of mood disorders. CNS Drugs (2001) 15:797-817.
doi: 10.2165/00023210-200115100-00005

Espeland MA, Rapp SR, Shumaker SA, Brunner R, Manson JE,
Sherwin BB, et al. Conjugated equine estrogens and global cognitive
function in postmenopausal JAMA (2004) 291:2959-68.
doi: 10.1001/jama.291.24.2959

Anderson GL, Limacher M, Assaf AR, Bassford T, Beresford SAA,
Black H, et al. Effects of conjugated equine estrogen in postmenopausal
women with hysterectomy: the Women’s Health Initiative randomized
controlled trial. JAMA (2004) 291:1701-12. doi: 10.1001/jama.291.
14.1701

cognitive
63:231-7.

women.

154. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,
Stefanick ML, et al. Risks and benefits of estrogen plus progestin in
healthy postmenopausal women: principal results From the Women’s Health
Initiative randomized controlled trial. ] Am Med Assoc. (2002) 288:321-33.
doi: 10.1001/jama.288.3.321

Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB, Ockene JK,
et al. Estrogen plus progestin and the incidence of dementia and
mild cognitive impairment in postmenopausal women. JAMA (2003)
289:2651-62. doi: 10.1001/jama.289.20.2651

155.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor is currently co-organizing a Research Topic with one
of the authors PV, and confirms the absence of any other collaboration.

Copyright © 2018 Del Rio, Alliende, Molina, Serrano, Molina and Vigil. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Public Health | www.frontiersin.org

15

May 2018 | Volume 6 | Article 141


https://doi.org/10.1016/j.yhbeh.2012.05.003
https://doi.org/10.1001/jama.288.17.2170
https://doi.org/10.1016/S0140-6736(96)91414-2
https://doi.org/10.1258/mi.2008.008019
https://doi.org/10.2165/00023210-200115100-00005
https://doi.org/10.1001/jama.291.24.2959
https://doi.org/10.1001/jama.291.14.1701
https://doi.org/10.1001/jama.288.3.321
https://doi.org/10.1001/jama.289.20.2651
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Steroid Hormones and Their Action in Women's Brains: The Importance of Hormonal Balance
	Introduction
	Hormonal Production Throughout a Woman's Life
	The Ovarian Continuum

	Box 1 | Main hormonal steps during a normal ovulatory cycle bib26.
	Phases of the Ovarian Continuum
	Cycles With Anovulatory Ovarian Activity With Constantly Increased Estrogen Levels
	Cycles With a Luteinized Unruptured Follicle
	Cycles With Ovulation Followed by a Deficient Luteal Phase
	Ovulatory Cycles With Adequate Luteal Phases


	Hormone Actions in the Female Brain
	Classical and Non-classical Pathways of Estradiol and Progesterone Action
	Estradiol
	Progesterone

	Estradiol, Progesterone, and Neurotransmitters
	Estrogen in Synaptic Transmission
	Progesterone in Synaptic Transmission


	Effects of Exogenous Administration of Synthetic Steroid Hormones in Behavior, Mood Changes, and Cognitive Abilities
	Exogenous Administration of Synthetic Steroids: Contraceptives
	Exogenous Administration of Synthetic Steroids: Menopausal Hormone Therapy

	Conclusions and Future Directions
	Author Contributions
	References


