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Estradiol, the most potent and prevalent member of the estrogen class of steroid
hormones and is expressed in both sexes. Functioning as a neuroactive steroid,
it plays a crucial role in modulating neurotransmitter systems affecting neuronal
circuits and brain functions including learning and memory, reward and sexual
behaviors. These neurotransmitter systems encompass the serotonergic,
dopaminergic, and glutamatergic signaling pathways. Consequently, this review
examines the pivotal role of estradiol and its receptors in the regulation of these
neurotransmitter systems in the brain. Through a comprehensive analysis of
current literature, we investigate the multifaceted effects of estradiol on key
neurotransmitter signaling systems, namely serotonin, dopamine, and glutamate.
Findings from rodent models illuminate the impact of hormone manipulations,
such as gonadectomy, on the regulation of neuronal brain circuits, providing
valuable insights into the connection between hormonal fluctuations and
neurotransmitter regulation. Estradiol exerts its effects by binding to three
estrogen receptors: estrogen receptor alpha (ERa), estrogen receptor beta
(ERB), and G protein-coupled receptor (GPER). Thus, this review explores the
promising outcomes observed with estradiol and estrogen receptor agonists
administration in both gonadectomized and/or genetically knockout rodents,
suggesting potential therapeutic avenues. Despite limited human studies on
this topic, the findings underscore the significance of translational research
in bridging the gap between preclinical findings and clinical applications.
This approach offers valuable insights into the complex relationship between
estradiol and neurotransmitter systems. The integration of evidence from
neurotransmitter systems and receptor-specific effects not only enhances our
understanding of the neurobiological basis of physiological brain functioning
but also provides a comprehensive framework for the understanding of possible
pathophysiological mechanisms resulting to disease states. By unraveling the
complexities of estradiol's impact on neurotransmitter regulation, this review
contributes to advancing the field and lays the groundwork for future research
aimed at refining understanding of the relationship between estradiol and
neuronal circuits as well as their involvement in brain disorders.
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1 Introduction

17p-estradiol (E2) is a naturally occurring steroid hormone
synthesized by the ovaries in females or produced through the
aromatization of testosterone in males (Cooke et al., 2017; Hariri
and Rehman, 2023). While it plays a crucial role in maintaining the
reproductive system, its influence extends beyond, encompassing
functions such as modulation of the cardiovascular system, mood,
memory, and cognition (Russell et al., 2019; Ueda et al., 2020;
Hwang et al., 2021). Traditionally recognized as a sex hormone
with daily or monthly fluctuations in females, including rodents
and humans, E2 is also widely distributed in the male brain,
derived from the conversion of testosterone through aromatase
enzymes (MacLusky et al., 1987; Sharpe, 1998; Simpson et al., 2000;
Danielson, 2002). It worth noting that in addition to the role of
E2 in males and females, it plays an important role in intersex
individuals. Specifically, excess estrogen production or sensitivity
can influence the development of female secondary sex
characteristics in people with XY chromosomes (Gillies and
McArthur, 2010; Wisniewski, 2012). Conversely, individuals with
XX  chromosomes and undervirilization (incomplete
masculinization) might have lower estrogen levels, impacting their
pubertal development and potentially requiring estrogen
replacement therapy later (Gillies and McArthur, 2010; Wisniewski,
2012). It is crucial to remember that intersex is a diverse spectrum,
and the relationship between estrogen and individual presentations
is highly nuanced.

E2 exerts its effects by binding to estrogen receptors o or § (ER
alpha and beta) and G protein-coupled estrogen receptor (GPER).
Estrogen receptors can function as transcription factors, binding
to the estrogen response element (ERE) to initiate transcription, or
act as membrane receptors. Specifically, ERa and ERp, as
transcription factors, target and regulate distinct genes. Membrane
bound estrogen receptors (mERs) achieve the same results acting
rapidly through kinases and signaling pathways. Similar to mERs,
GPER utilizes signaling pathways and protein kinases to achieve
transcription of E2-regulated genes. Although activated by
estrogens (Estrone—E1, 17f-estradiol —E2, Estriol —E3, Estetrol—
E4), with E2 being the most potent ligand, these receptors can also
be activated independently without ligand binding through
mechanisms such as activation by phosphorylation of kinases or
transcription factor cross-talk. Both receptors share some target
genes, yet exhibit unique transcriptional effects in different cell
types, influenced by ligands and binding sites (Zhao et al., 2008).

ERa is predominantly expressed in breast tissue, uterus, ovaries
(thecal cells), prostate stroma, and the liver, whereas ER is most
highly expressed in the ovaries (granulosa cells), lungs, prostate
epithelium, colon, and the immune system (Hewitt et al., 2000;
Dahlman-Wright et al., 2006; Heldring et al., 2007; Paterni et al.,
2014; Bondesson et al., 2015). GPER is expressed in a variety of
tissues including reproductive tissues, adrenal, kidney, pancreatic
islets, liver, skeletal muscle endothelium, breast, intestine, and
inflammatory cells (Carmeci et al., 1997; Haas et al., 2007; Wang
et al., 2007; Dennis et al., 2009; Hazell et al., 2009; Prossnitz and
Barton, 2011). Nevertheless, all three receptors are present in the
cardiovascular system, nervous system, and adipose tissues
(Dahlman-Wright et al., 2006; Heldring et al., 2007; Prossnitz and
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Barton, 2011; Paterni et al., 2014). In females, E2 is predominantly
localized in the ovaries, adrenal glands, and fat tissue, while males
synthesize E2 in the testes, adrenal and pituitary glands. These
sex-specific differences suggest that E2 may lead to significant
variations in physical and emotional responses between males and
females. Ongoing research aims to deepen our understanding of
which receptor subtype should be targeted for the treatment of
various pathological disorders.

The regulation of gene transcription by ER involves two
mechanisms: classical (genomic-slow) and nonclassical
(non-genomic-fast). In the classical mechanism, E2 binds to
inactive ERs upon entering the cell. Steroid hormones, being
nonpolar molecules, enable E2 to diffuse across the cell membrane
and enter the cell (Oren et al., 2004). The inactive ER is associated
with heat shock proteins, HSP70 and HSP90. It undergoes
dissociation from the heat shock protein upon binding with E2,
thereby activating the ER. ER dimerization follows, where two
activated ERs ionically bind to each other, forming either
heterodimers (ERa bound to ERf) or homodimers (ERa bound to
ERa or ERP bound to ERP). Dimerization facilitates the entry of
ERs into the nucleus, targeting the ERE within DNA. Successful
transcription of E2-regulated genes requires the recruitment of
basal transcriptional machinery and coregulator proteins CoA and
CoR (Bjornstrom and Sjoberg, 2005; Le Dily and Beato, 2018).

The majority of research focuses on the genomic mechanisms
of ERs, however, exploration of the non-genomic mechanisms may
lead to a better understanding of the rapid effects of E2 and ERs.
Srivastava, et al., have shown an abundance of extranuclear ER«a
and ERP immunoreactivity within the adult mouse hippocampus
suggesting the presence of mERs. Alongside the localization of
ERs, they noted the influence of the estrus cycle on receptor
expression. ERa showed greater expression during diestrus and in
males compared to ERP where expression was higher during estrus
and diestrus and mild during proestrus and in males. During high
periods of estrogen, such as during proestrus or the luteal phase,
nuclear ER expression decreases (Mitterling et al., 2010) indicating
another mechanism responsible for E2-mediated transcription
besides nuclear ERs. When utilizing the non-genomic mechanism,
ER achieves its transcriptional effects without binding to DNA. This
can occur through a process called transcriptional cross-talk,
where signaling happens via protein-protein interaction between
receptors (Gottlicher et al., 1998). Another way to achieve
transcription through non-genomic mechanisms is through
extracellular E2 interacting with membrane bound GPER. GPER
activation can lead to mobilization of intracellular calcium ions,
(cAMP)
activation of protein and lipid kinases, and activation of the MAPK
and PI3K signaling pathways (DeLeon et al., 2020). Once cAMP is
produced, it can enter the PI3K signaling pathway to activate

cyclic adenosine 5’-monophosphate production,

protein kinase cascades. These cascades phosphorylate and activate
transcription factors, resulting in the transcription of E2-related
genes. Additionally, the protein kinase cascades can be activated
by E2 bound to mER within the cell membrane. This activation
stimulates the protein tyrosine kinase/mitogen-activated protein
kinase (Boonyaratanakornkit and Edwards, 2007) and occurs
through interactions with the metabotropic glutamate receptors
(Tonn Eisinger et al., 2018).

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Bendis et al.

2 Effects of estradiol on
neurotransmitter systems

E2 has demonstrated an impact on crucial systems involved in
mood regulation and memory systems, including the serotonergic,
dopaminergic, and glutamatergic systems in both sexes, suggesting
that targeting the E2-ER system could present novel therapeutic
approaches for treating impairments associated with dysfunction of
these systems. It is crucial to acknowledge that the effects observed in
different hormonal contexts or with hormone replacement therapy
may not solely be attributed to estradiol or estrogens alone. Other
steroid hormones could contribute to or modify these effects,
highlighting the complexity of hormonal interactions and their
implications for physiological processes or therapeutic interventions.
However, the effects of other hormones are beyond the scope of this
review. Below we discuss the findings supporting an interaction
between E2 and these systems.

2.1 Serotonin

Previous findings indicate a potential role of E2 and ERs in the
serotonergic system, which is implicated in mood regulation and
consequently the development of mood disorders such as depression
and anxiety (Baldwin and Rudge, 1995; Hernandez-Hernandez et al.,
2019). While ERa predominantly expresses in regions dedicated to
reproductive function in the body and brain, ERf is found in diverse
brain areas, notably the hippocampus and amygdala, both relevant to
learning and memory and emotional regulation (Mitra et al., 2003;
Imwalle et al., 2005). Additional studies reveal ERp expression in the
dorsal raphe nucleus (DRN) of male and female mice (Alves et al.,
1998). The DRN, housing a third of the brain’s serotonergic neurons,
assumes a pivotal role in the serotonergic system (Jacobs, 2010). It is
responsible for serotonergic projections (5-HT) to various brain areas,
including the hippocampus and amygdala.

Tryptophan hydroxylase (TPH) serves as a rate-limiting enzyme
in serotonin synthesis (Kuhn and Hasegawa, 2020). TPH exists in two
isoforms: TPH-1, predominantly expressed in the periphery, and
TPH-2, found in neuronal cells (Walther and Bader, 2003). An
investigation used the serotonergic cell line, B14, derived from
embryonic rat medullary raphe cells which endogenously expresses
ERp but not ERa, and transfected with human TPH2-luc to investigate
the role of E2 and ERP in TPH2 activity (Hiroi and Handa, 2013).
Subsequent treatment of TPH2-luc cells with E2 or R-DPN, the more
active isoform of diarylpropionitrile (an ERP agonist), resulted in
increased TPH2-luc activity in B14 cells, suggesting ERf utilizes
genomic mechanisms to induce TPH2 transcriptional activity. B14
cells also exhibited an ERE half-site between nucleotides —792
and — 787, the DNA section for TPH-2 transcription, which was
hindered by an ER antagonist (Hiroi and Handa, 2013). This implies
that ERP must be active for TPH-2 transcription to occur. In line with
this, it was shown that female ERP knockout mice showed significantly
lower serotonin levels in several brain regions, including the
hippocampus and nucleus accumbens (NAc), compared to wild-type
mice (Imwalle et al., 2005). Male ERB knockout mice also experienced
a statistically significant decrease in TPH mRNA expression in the
DRN compared to both wild-type and ERa knockout mice (Nomura
et al, 2005) whereas administration of an ERP agonist and E2
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increased expression of tph2 in the DRN (Donner and Handa, 2009).
Likewise, Suzuki et al. demonstrated that ERf but not ERa is strongly
expressed in the DRN and there was a significant decrease in the
number of TPH-positive normal-looking neurons and a significant
increase in TPH-positive spindle-shaped cells in ovariectomized
(OVX), WT, and ERp knockout mice (Suzuki et al., 2013). Treatment
with the selective ERp agonist, LY3201, for 1-3 weeks prevented these
neuronal changes (Suzuki et al., 2013). These findings suggest that
ERB, rather than ERa, is involved in TPH transcriptional activity and,
consequently, serotonin synthesis. It has also been proposed that acute
tryptophan depletion has led to relapse in patients recovered from
depression and induced depressive symptoms in healthy subjects
(Albert etal., 2011). This is noteworthy because estradiol regulates the
expression of TPH-2, which is then converted to 5-HT by the
tryptophan hydroxylase enzyme and further decarboxylated to
produce serotonin.

Furthermore, E2 may impact the serotonergic system through
interactions with the serotonin reuptake transporter (SERT). SERT
facilitates the reuptake of excess extracellular 5-HT from the synaptic
cleft to the presynaptic terminal (Kanova and Kohout, 2021). Selective
serotonin reuptake inhibitors (SSRIs), which block SERT, increase
synaptic serotonin concentration. SSRIs are the first-line treatment for
major depressive disorder, and their effectiveness is attributed to the
elevation of 5-HT neurotransmission. This results in reduced 5-HT
cell firing, activation of 5-HT), receptors, and terminal 5-HT release
(Imwalle et al., 2005). Prior research indicates that both depressed
males and females show decreased SERT in the diencephalon, but
females experience a more pronounced decrease, possibly explaining
the increased antidepressant effect in females from SSRIs compared to
males (Staley et al., 2006). An aggregation of published studies reveals
varying effects of E2 on SERT. While a majority of studies indicate that
E2 upregulates SERT expression across numerous brain regions, there
are some disparities in the findings (Hudon Thibeault et al., 2019).
Specifically, in female OVX mice, SERT binding density significantly
decreases in the hippocampus compared to wild-type mice (Bertrand
et al,, 2005). In agreement, OVX macaques reveal reduced SERT
expression intensity and the number of 5-HT-positive cells in the
rostral dorsal raphe compared to intact animals (Bethea et al,, 2011).
OVX rats treated with estradiol benzoate, an E2-based estrogen
medication, exhibit significantly increased SERT mRNA expression in
the DRN and heightened SERT-binding site density in various brain
areas, including the ventromedial hypothalamic nucleus (VMN;
McQueen et al., 1997). Altogether these findings suggest a correlation
between E2 and SERT function and expression, consequently
suggesting that E2 may be one of the contributing mechanisms for the
antidepressant effect of SSRIs.

An extensive investigation was performed regarding estrogen’s
impact on the brain serotonergic system, suggesting that gene
expression for serotonin transporter and monoamine oxidase A are
decreased and, tryptophan hydroxylase and serotonin receptor 2A
(5-HT,, receptor) are increased (Hildebrandt et al., 2010; Hudon
Thibeault et al., 2019). The activation of 5-HT, receptors reduces the
firing activity of 5-HT neurons (Riad et al., 2001). E2 suppresses
5-HT),, receptor signaling by uncoupling 5-HT, receptors from their
associated G protein (Raap et al., 2002; Mize et al., 2003), indicating a
potential increase in the activity of 5-HT neurons. Similarly, Adeosun
et al. demonstrated the impact of the non-genomic mechanism of E2
on the 5-HT,, protein. Using SH SY5Y neuroblastoma cells, known
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for expressing TPH-2 and 5-HT,, it was shown that E2 downregulated
the presence of 5-HT,, and upon withdrawing E2, 5-HT,, levels
returned to normal. 5-HT,, lacks ERE in the promoter region
suggesting mERs or G-protein coupled receptor Ga, may
be responsible for the effect E2 has on regulation of the protein
(Adeosun et al., 2012). Moreover, it was shown that the desensitization
of 5-HT),, receptors that is necessary for SSRI therapeutic efficacy in
the paraventricular nucleus of the hypothalamus in rats, depends on
GPER (McAllister et al., 2012). Notably, in sl6a4—/— mice with
reduced 5-HT concentration in the brain, the density of 5-HT,,
receptors decreases more significantly in females than in males (Li
et al.,, 2000), suggesting a potential promotion of the effects of 5-HT
on 5-HT,, receptor expression by female hormones. GPER and
5-HT,, receptors were found to be co-expressed in the hypothalamus
in rats, further supporting this concept (Lu et al., 2009; Xu et al., 2009;
Akama et al., 2013). Nonetheless, E2 treatment, in cells transfected
with 5-HT , receptors and ERa promoters, increased 5-HT) , receptors
levels through ERa and NF-kxB activation suggesting that NF-xB
collaborates with ERax to recruit cofactors that collectively enhance
activity of 5-HT}, receptor gene promoter (Wissink et al., 2001).

Post-synaptic 5-HT,, receptors serve as excitatory neuron
receptors. E2 increases 5-HT,, receptor levels in the brains of post-
menopausal females (Kugaya et al., 2003; Moses-Kolko et al., 2003).
Rapkin et. Activation of 5-HT,, receptors induces transient
desensitization of 5-HT, receptor signaling (Zhang et al., 2001). It is
theorized that after 5-HT,, receptor activation, 5-HT1, receptors
become unable to reduce 5-HT production, resulting in an increase in
5-HT concentrations (Rybaczyk et al., 2005). Additionally, an increase
in the firing rate of DRN serotonergic neurons was observed in OVX
rats treated with E2 (Robichaud and Debonnel, 2005). Rybaczyk et al.
suggest that the balance between 5-HT,, and 5-HT,, receptor
signaling contributes to different pathophysiological changes
depending on which system is affected (Rybaczyk et al., 2005).

Moreover, it was suggested that E2 affects the brain’s serotonergic
system through its actions on ERP (Gupta et al., 2011). In ERf
knockout mice, 5-HT levels are lower in various brain regions
compared with controls (Imwalle et al., 2005). Likewise, in the rodent
dorsal raphe nucleus, tphl levels were heightened by E2, an effect
mediated by ERB (Gundlah et al., 2005; Nomura et al., 2005).
Additionally, E2 administration induced reduction of serotonin
clearance through ERp activation (Benmansour et al., 2014). This
effect required activation of the MAPK/ERK1/2 signaling pathways
and implicated interactions both with TrkB and IGF-1R (Benmansour
et al., 2014). Using rat derived serotonergic neuronal cell line that
expresses SERT and ERP but lacks ERa, it was shown that E2
application resulted in a reduction of SERT activity (Koldzic-
Zivanovic et al., 2004).

Several studies have indicated a correlation between estrogen and
serotonin levels during the menstrual cycle. During the follicular
phase, when there is an abundancy of estrogen, there is an increase in
serotonin levels. The opposite has been seen during the luteal phase,
where estrogen levels are low and progesterone levels are high, there
is a decrease in serotonin levels (Rapkin et al., 1987; Sacher et al.,
2023). Moreover, it was suggested that in the presence of both E2 and
progesterone (representing pre-menopausal stage) 5-HT,, receptor
density increases, while only E2 (representing post-menopausal stage)
increases 5-HT, receptor signaling (Rybaczyk et al., 2005). Steroid
hormones can also influence levels of the serotonin precursor,
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tryptophan. For example, E2 administration or anti-androgen
treatment in male-to-female transsexuals, resulted in decreased
tryptophan levels, whereas in the opposite situation testosterone
administration enhanced tryptophan levels (Giltay et al., 2008).

2.2 Dopamine

Like serotonin, dopamine (DA) is a neurotransmitter implicated
in reward processing and mood regulation (Diehl and Gershon, 1992;
Belujon and Grace, 2017). Tyrosine hydroxylase (TH), similar to TPH
in serotonin synthesis, is a rate-limiting enzyme in the synthesis of
catecholamines, including DA (Paravati et al., 2023).

Both ERa and ERp have been implicated in the transcription of
TH. A study examined PC12 cells, a type of catecholamine cells that
synthesize, store and release dopamine, transfected with the reporter
construct p5’'TH (—773/+27)/Luc and expression vectors for mouse
ERa and ERB, investigating ERs’ influence on TH transcription. The
reporter constructs with luciferase illuminated ER activity during TH
transcription. PC12 cells treated with varying E2 concentrations
(ranging from 0.01 nm E2 to 10nm E2) showed increased reporter
activity in ERa at higher concentrations, while ERP exhibited
decreased reporter activity by 25-50% at any E2 concentration
(Maharjan et al., 2005). This suggests that both ERa and ER affect
TH transcription rates, potentially working in tandem to maintain TH
concentration at homeostatic levels. The study also observed that
genetic removal of the putative half ERE did not alter E2’s effect on TH
transcription (Maharjan et al., 2005), indicating the possibility that
E2’s transcriptional regulation of TH might occur through
nongenomic mechanisms.

Moreover, while estradiol exerts notable modulatory effects on
DA systems in females, there is no evidence supporting its ability to
enhance striatal DA release in males (Becker, 1990, 2005; Yoest et al.,
2014, 2018). Despite recent advancements, the precise mechanism
through which E2 influences DA systems remains not well understood.
E2 exhibits both acute and chronic effects on functional activity,
impacting DA release, reuptake, and downstream targets of DA
receptor activation.

Exogenous E2 administration demonstrates a biphasic effect on
dopamine D2 receptor (D2) expression. Apart from its acute
downregulation of D2 binding in OVX females, chronic E2 has been
observed to enhance D2 binding in the striatum and NAc core, likely
mediated by its effect on ERf (Bazzett and Becker, 1994; Le Saux et al.,
2006). In contrast with these findings, no change was observed in DA
D2 receptor availability in human females in the whole striatum and
its subregions during the high-estrogen vs. low-estrogen phases of the
menstrual cycle (Petersen et al., 2021).

In female OVX rats, the acute administration of E2 was shown to
elevate levels of the dopamine metabolite, dihydroxyphenylacetic acid
(DOPACQ), in the prefrontal cortex (PFC; Inagaki et al., 2010). In
agreement with this, Pasqualini et al. demonstrated that acute
exposure to E2 rapidly enhances DOPAC concentrations (Pasqualini
et al., 1995). However, it is important to note that this increase was
associated with alterations in DA synthesis and not with escalation in
DA release (Pasqualini et al., 1995). It was also revealed that the
administration of physiological doses of E2 not only boosted the
synthesis of DA and DOPAC but did so without causing a change in
their overall concentrations within the striatum. The mechanism
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behind this effect was suggested to involve a reduction in the
inhibitory impact of DA on TH, possibly through enzyme
phosphorylation (Pasqualini et al., 1995).

Long-term treatment with E2 or the selective ERP agonist
diarylpropionitrile (DPN) prevented the decrease in dopamine
transporter (DAT) expression in the medial striatum caused by OVX
in mice, with no significant impact on mRNA expression. However,
these changes might be outcomes of an enhancement in DA release
and not a direct E2 effect on receptor expression (Morissette et al.,
2008). DAT activity is known to be regulated by kinases including
PI3K, MAPKs, PKA, and PKCs. PC12 cells treated with kinase
inhibitors for PI3K, MAPK, PKA, and PKC and E2 at a dose of 10° M
showed significant inhibition of E2-mediated dopamine influx in all
groups except the PI3K and PKA inhibited cells (Alyea et al., 2008;
Alyea and Watson, 2009). This suggests the importance of PI3K and
PKC activation in E2-mediated dopamine efflux and the use of
non-genomic mechanisms to achieve E2-mediated dopamine influx.
Acute E2 treatment has been demonstrated to increase the
amphetamine-induce DA response in the striatum of females, both in
vitro and in vivo, but not in males (Becker, 1990; Castner et al., 1993).
Additionally, acute E2 treatment enhances K+ -stimulated DA release
in both the striatum and NAc (Becker, 1990; Thompson and Moss,
1994). Moreover, it was shown that the administration of E2 to the
striatum, but not the medial PFC or substantia nigra, increased DA
release induced by amphetamine administration and electrical
stimulation, in OVX female rats (Shams et al., 2016, 2018).
Interestingly, elevated baseline DA levels were observed during estrus,
coinciding with a decline in estrogen levels, and reduced basal
dopamine levels during proestrus, when estrogen levels peak (Dazzi
et al., 2007). Notably, rats in proestrus display heightened ethanol-
induced dopamine release in the PFC, suggesting a dual action of
estrogens: decreasing basal DA levels while enhancing DA release in
this brain region (Dazzi et al., 2007). Moreover, increased in ventral
tegmental area DA neuron excitability was revealed during estrus
compared with proestrus and metestrus (Shanley et al., 2023).
Remarkably, the impact of E2 on DA release in response to cocaine
was attenuated following lesions of the medial preotic area in rats, an
effect that was reversed by E2 microinjections in the medial preotic
area (Tobiansky et al., 2016). In line with these findings, male ERa
knockout mice showed decreased in the hyperlocomotion induced by
amphetamine, compared wildtype mice, suggesting a possible
interaction between ERa and dopaminergic signaling (Georgiou et al.,
2019). The likely interplay between ERa and the dopaminergic system
is further corroborated by observations indicating that male mice
lacking ERa exhibit decreased levels of TH mRNA and protein in the
midbrain (Kiippers et al., 2008), which may also explain the finding
that male ERoa knockout mice exhibit decreased response to
amphetamine-induced hyperlocomotion.

Moreover, accumulating evidence suggests a clear role of mERs in
DA neurotransmission. The rapid augmentation of both tonic and
phasic DA release by E2 has been documented (Shams et al., 2016,
2018), alongside its ability to decrease calcium currents via mER,
particularly in the dorsal striatum. Moreover, while systemic E2
injections administered 48 h prior to testing lead to decreased phasic
DA release in the NAc, direct infusion of E2 into the NAc enhances
phasic DA release within 15min (Thompson and Moss, 1994),
suggesting opposing genomic and nongenomic effects of E2 on DA
release. Also, rapid effects of E2 on NAc DA was observed, with
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systemic administration of E2 resulting in increased cocaine-evoked
DA release within 30min (Yoest et al., 2018). Additionally, E2
promptly boosted DA metabolism in the NAc, evidenced by elevated
levels of DOPAC and homovanillic acid within 30min of
administration (Di Paolo et al., 1985).

Additionally, light and electron microscopy in the dorsal striatum
revealed the presence of ERa, ERp at nonnuclear sites, particularly in
GABAergic and, to a lesser extent, cholinergic and catecholaminergic
neurons (Almey et al., 2012, 2016, 2022) and previous studies utilizing
light microscopy and in situ hybridization have reported minimal ERa
and ERP immunolabeling in the adult rodent NAc, predominantly at
nuclear sites (Shughrue et al., 1998; Mitra et al., 2003; Lorsch et al.,
2018; Krentzel et al., 2021; Quigley and Becker, 2021). GPERI is also
detected at low levels in the perikaryal cytoplasm of the adult rodent
NAg, likely localized to cellular organelles and the plasma membrane
(Hazell et al., 2009), as previously observed (Funakoshi et al., 2006;
Otto et al.,, 2008). Nuclear ERa, ERB, and GPER1 binding by estrogens
could underlie the genomic effects in the NAc, while GPER1 might
contribute to some nongenomic effects. However, the rapid
nongenomic effects of estrogens in the NAc may also involve
membrane associated ERa or ERP. Further investigation, possibly
through ultrastructural analysis, is warranted to determine the
presence and localization of mER«, mERP, and GPER1 in the NAc
and their distribution among various cell types.

E2 may also exert downstream effects on the mesolimbic DA
system. Specifically, pre-treatment with E2 in cells decreases D2
receptor inhibition and increases D1 receptor activation of adenylate
cyclase activity (Maus et al., 1989). Furthermore, E2 treatment reduces
the expression of Regulator of G protein Signaling 9-2, which is
associated with D2 receptor signaling (Silverman and Koenig, 2007).

Findings by Mermelstein et al. suggest that E2 might influence DA
release through GABA medium spiny neurons (Mermelstein et al.,
1996). Tissue application of E2 acutely decreases Ca** currents in
GABAergic striatal neurons in females but not males. This effect is also
observed with E2 conjugated with and is not reversed by prevention
of GTP inactivation, suggesting that E2 acts on a G-protein coupled
receptor on the cell membrane (Mermelstein et al., 1996). Moreover,
bovine serum albumin conjugated E2 exert the same effects as E2 in
enhancing amphetamine-induced striatal dopamine release,
supporting the presence of striatal mERs since conjugated E2 cannot
cross the cell membrane (Xiao and Becker, 1998).

While investigations into the impact of E2 on DA release in males
revealed limited effects, there is evidence of E2 influencing DA
receptor sensitivity. In a manner akin to OVX females, intact male rats
administered with a single dose of E2 valerate, which undergoes slow
metabolism over 6 days in rats, exhibited heightened sensitivity to the
apomorphine-induced stereotypical effects 6 days later. Additionally,
they displayed an extended duration of rotating behavior induced by
amphetamine (Hruska and Silbergeld, 1980a). Unlike females, males
did not exhibit an acute decrease in DA receptor sensitivity or
alterations in DA receptor binding affinity (Hruska et al., 1980; Hruska
and Silbergeld, 1980b). Instead, DA receptor sensitivity changes in
males following E2 valerate administration attributed to modifications
in the expression of DA receptors within the striatum. The increase in
DA receptor expression (Bmax) was observed 3days after E2
administration (Hruska and Silbergeld, 1980a,b). Intriguingly, these
alterations in DA receptor sensitivity were nullified after
hypophysectomy, suggesting that estradiol indirectly influenced DA
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receptor expression in males, potentially through the mediation of
prolactin (Hruska et al., 1980).

The expression of ERa and ERp in dopamine neurons has been
identified in the basal ganglia (Shughrue et al., 1998), an area of the
brain rich in dopaminergic neurons and responsible for decision-
making, motivation, reward, and addiction. Administration of E2 to
2-week-old OVX rats significantly increased the density of dopamine
receptors in the dorsal lateral striatum; however, a non-significant
increase in DA receptors was observed in the dorsomedial caudate-
putamen (Falardeau and Di Paolo, 1987).

Like estrogens, progesterone and its receptors are present
throughout the dopaminergic system and has been shown to affect
several brain regions including the amygdala and striatum.
Progesterone has been implicated in the activation of the amygdala-
hippocampal complex in regard to reward anticipation in humans.
During the luteal phase of the menstrual cycle, progesterone is
correlated with the activation of the right amygdala-hippocampal
complex with E2 playing a limited role, while during the follicular
phase of the menstrual cycle E2 is correlated with the activation of this
complex (Dreher et al., 2007). This change in activating hormones
through the menstrual cycle may be due to an increase in progesterone
during the luteal phase and a decrease during the follicular phase and
an inverse in E2 levels during the same phases. Periods of low
progesterone levels, such as proestrus, have been shown to increase
vulnerability to cocaine self-administration in female OVX rats.
Treatment with progesterone reduced the amount of cocaine
voluntarily administered to the rats suggesting that in reward-seeking
behaviors, such as cocaine usage and addiction, lower levels of
progesterone, which can be seen during post-menopause, are
correlated with an increase in reward-seeking behaviors and
administration of progesterone. E2, simulating the pre-menopausal
stage, has shown a negative correlation with self-administered cocaine
consumption suggesting an effect on the dopaminergic reward system
(Harp et al., 2020).

These studies implicate E2 as an impactful hormone in the
dopaminergic system, specifically in brain regions associated with
reward and mood regulation, such as the striatum, NAc, and HPA
axis. Further research will contribute to a better understanding of how
E2 and ER play a role in DA function.as it pertains to regular reward
functioning and reward-associated disorders.

2.3 Glutamate

Glutamate, the primary excitatory neurotransmitter in the brain
with a seminal role in neurotransmission and the development of
psychiatric disorders. Its complex interplay with estrogen has become
a focal point in understanding the molecular dynamics that underlie
mood regulation and mental health. Interestingly, evidence supports
the neuroprotective role of estrogen against diseases and injuries
affecting the nervous system. For instance, Chen et al. (1998)
demonstrated the protective properties of E2 on CA1 hippocampal
cells following ischemia in gerbils. Moreover, estrogen was recognized
for its unique role in the nervous system, with contributing to synaptic
function (Wong and Moss, 1992; Woolley and McEwen, 1992; Warren
et al,, 1995; Murphy and Segal, 1996; Cérdoba Montoya and Carrer,
1997; Murphy et al., 1998; Pozzo-Miller et al., 1999). Such synaptic
function is deemed essential for emotional behavior, learning, and
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memory (Brown et al., 1988; Tsien and Malinow, 1991; Tsumoto, 1992;
Bliss and Collingridge, 1993; Izquierdo, 1994; Maren, 1999; Blair et al.,
2001; Tto, 2001). However, the exploration of estrogen-mediated
synaptic plasticity has been somewhat limited.

Foy et al. (1999) reported that E2 treatment rapidly enhanced
NMDA glutamate receptor-mediated excitatory postsynaptic potential
and hippocampal long-term potentiation. In the hippocampal CA1
region of OVX rats, chronic E2 treatment not only increased dendritic
spine density (Woolley and McEwen, 1994) but also augmented the
number of NMDA receptor binding sites (Weiland, 1992; Gazzaley
et al,, 1996). Moreover, estrogens enhance kainate-induced currents
in hippocampal neurons from both wild-type (Gu and Moss, 1998)
and estrogen-receptor ERa knockout (Gu et al., 1999) mice.
Additionally, they prompt rapid formation of spine synapses in the
CAL1 hippocampus of OVX rats (MacLusky et al., 2005). Moreover, the
acute application of estrogens to hippocampal slices results in
increased transmission of NMDA and AMPA receptors (MacLusky
et al., 2005), induces both long-term potentiation (LTP) and long-
term depression (LTD; Good et al., 1999), and modulates neuronal
excitability in the rat medial amygdala (Nabekura et al., 1986) and
hippocampus (Nabekura et al., 1986). These findings suggest the
potential involvement of estrogen in neuronal plasticity through the
potentiation of postsynaptic function.

While the significance of postsynaptic function is acknowledged,
the importance of the presynaptic system in neuronal plasticity is also
crucial. Zakharenko et al. (2001) demonstrated that short-term and
long-term synaptic plasticity at the CA3-CAl synapse in acute
hippocampal slices may, in part, depend on enhanced transmitter
release from presynaptic neurons. Consequently, the regulation of
presynaptic function could be critical for changes in synaptic
transmission. However, the contribution of estrogen to presynaptic
function remains incompletely understood, and the signaling
mechanisms governing estrogenic regulation of synaptic transmission
are yet to be elucidated.

Moreover, it has been shown that estradiol enhances
depolarization-induced glutamate release by up-regulating the
exocytotic machinery (Yokomaku et al., 2003). Conversely, it has no
effect on the release of GABA induced by high potassium (HK+)-
evoked depolarization (Yokomaku et al., 2003). This enhanced release
by estradiol is contingent on the activation of phosphatidylinositol
3-kinase (PI 3-kinase) and MAPK (Yokomaku et al., 2003).
Collectively, these findings suggest that estrogen augments excitatory
synaptic transmission by increasing the release of the neurotransmitter
glutamate. In support of this, in a period of low E2, such as
perimenopause or menopause, concentrations of glutamate within the
medial prefrontal cortex also decrease. The influence concentrations
of E2 have on glutamate levels may explain the increase in depression
that comes with age (Yap et al, 2021). Additionally, it was
demonstrated that a high physiological dose of estradiol (200 pM)
significantly increased firing rate and miniature postsynaptic current
frequency during proestrus in hypothalamic GnRH neurons, with
ER@ inhibition blocking these effects indicating that it is key player in
mediating estradiol’s facilitatory glutamate neurotransmission effect
(Farkas et al., 2018). Similarly, it was shown that estradiol increases
kisspeptin 1 neuronal excitability and glutamate neurotransmission in
the hypothalamus in females (Qiu et al., 2018). Moreover, a decrease
in glutamatergic neurons and an increase in GABAergic neurons was
observed in the preoptic area in OVX rats, with a concomitant
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decrease in both ERa and P expression. Estrogen administration
reversed these changes demonstrating that the decreased in estradiol
was responsible for the decrease in glutamatergic neurons (Sun et al.,
2022). Also, in male orchiectomized (ORX) mice, a decrease in
neuronal activity was observed in response to social reward stimuli in
the ERB-expressing glutamatergic projection from the basolateral
amygdala to NAc following acute stress (Georgiou et al., 2022). These
observations imply that estradiol modulates glutamatergic activity via
ERB, influencing the subsequent responsiveness to rewarding stimuli,
and may represent one of the fundamental mechanisms contributing
to depressive phenotypes.

In addition to the effects of estrogens on ionotropic glutamate
receptors and synaptic plasticity, an interaction between metabotropic
glutamate receptors (mGluRs) and membrane-localized estrogen/
estrogen receptors were observed. Boulware et al. used CA3-CAl
hippocampal pyramidal neurons from male and female rat pups to
better understand how E2 is affecting mGluRs. Within 5min of
introducing E2 into the pyramidal neurons, there was a significant
increase in cAMP, response element-binding protein (CREB;
Boulware et al., 2005), a transcription factor that has been implicated
in addiction within the NAc (Lonze and Ginty, 2002), phosphorylation
created by the MAPK/ERK. CREB phosphorylation can be activated
by mGluR1a through ERa activation, while mGluR2 can limit CREB
phosphorylation through both ERa and ERp suggesting non-genomic
mechanisms of ER due to phosphorylation by kinase pathways
(Boulware et al., 2005). This shows that both E2 and ERs initiate
mGluR signaling of CREB phosphorylation and in turn leads to
transcription of genes. Also, several reports support that mGluRs are
functionally coupled to the classical estrogen receptors, ERa and ERp,
through association with caveolin proteins, a group of scaffolding
proteins guiding receptors to the membrane, and consequently,
regulate the E2 membrane effects (Mermelstein, 2009; Martinez et al.,
2014; Tonn Eisinger et al., 2018). The mechanism of action of mER
involves glutamate-independent transactivation of mGluRs, resulting
in a variety of signaling outcomes (Johnson et al., 2022). Specifically,
caveolin 1 is responsible for the interactions of mERa with mGluR1
or mGluR5, and this transactivation leads to the activation of MAPK/
cAMP, which results in Ca?* release. The interactions of caveolin 3
with mERa or mER are associated with mGluR2 and mGluR3 when
cAMP and Ca?* flux is reduced (Mermelstein, 2009; Martinez et al.,
2014; Barabds et al., 2018; Tonn Eisinger et al., 2018). Moreover. the
activation of mGluR1a through ERp by E2 has been identified in male
quails to regulate sexual behavior, and both males and females have
been shown to display mER-mGluR signaling in the cerebellum
(Cornil et al,, 2012; Seredynski et al., 2015; Hedges et al., 2018).
Additionally, E2 binding to ERa activates mGIuR5, leading to the
activation of the Gq subunit and increased CREB phosphorylation.
Simultaneously, E2 binding to both ERx and ERf-associated mGluR3
hinders CREB phosphorylation due to the Gi/o subunit activation
(Mermelstein, 2009). The functional interaction of these receptors
seems to be driven by caveolin proteins, with caveolin 1 for mGluR5
and caveolin 3 for mGluR3 (Boulware and Mermelstein, 2009;
Mermelstein, 2009). Additionally, in diestrus where E2 levels are low,
mERa-mediated
endomorphin 2 antinociception. However, in proestrus, which E2

activation of mGIuR1l suppressed spinal
levels are high, spinal endomorphin 2 antinociception was facilitated
independently of mERa, namely, through glutamate-activated

mGluR1 (Liu et al,, 2019). Altogether, these findings underscore the
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significance of the interaction between mER and glutamate receptors
in the regulation of neuronal activity and emphasize the need for
further investigation to delineate their roles in physiological functions
and in disease states.

Similar to serotonin and dopamine, glutamate is affected by the
presence of progesterone. When working in conjunction with E2,
progesterone increases the expression of transporters GLT-1 and
EAAT3 which are responsible for glutamate uptake (Nematipour et al.,
2020). When observed separate from E2, progesterone can activate the
neuroprotective  mitogen-activated  protein  kinase  and
phosphoinositide-3 kinase pathways in order to decrease glutamate-
induced toxicity (Goyette et al., 2023). Progesterone also plays a role
in glutamate release. When reacting with 5a-reductase, progesterone
produces 5a-dihydroprogesterone which can be converted into
allopregnanolone through 3-hydroxysteroid oxidoreductase (Reddy,
2010). During the luteal phase of the menstrual cycle and menopause,
the abundance of progesterone is higher than that of estrogens which
in turn can increase the amount of circulating allopregnanolone
(Giacometti et al., 2022). Allopregnanolone plays a role in glutamate
release and potentially glutamate uptake in the peripheral nervous
system, but more research is needed to better understand the role of
progesterone in glutamate release (Perego et al., 2012; Goyette et al.,
2023). One study presents a correlation between plasma estrogen and
progesterone and glutamate levels in the blood in humans. They found
that when blood samples were taken while estrogen and progesterone
levels were low, as seen during menstruation, glutamate levels were
high. Similarly, their results indicate that when estrogen and
progesterone levels are high, blood glutamate levels drop to nearly half
the value seen at the beginning of the menstrual cycle (Giacometti
etal, 2022). Another study found that an intravenous treatment of E2
prior to local application of glutamate lead to a significant reduction
in the size of the lesion caused by glutamate in rats (Jincao et al., 2001).
While these mechanisms remain unclear, overall, the results suggest
that E2 may play a role in glutamate regulation in the plasma.

In summary, the interplay between E2 and glutamate reveals a
nuanced relationship in neuronal dynamics, encompassing
neuroprotection, synaptic plasticity, and excitatory neurotransmission
(for summary of main effects see Table 1). Despite substantial strides
in understanding postsynaptic effects, the impact on presynaptic
mechanisms and the underlying signaling pathways remain areas
warranting further exploration.

3 Discussion

Estradiol is a steroid hormone that influences the serotonergic,
dopaminergic, and glutamatergic systems. E2 exerts its effects through
classical mechanisms by binding to nuclear estrogen receptors o, and
B (Bjornstrom and Sjoberg, 2005; Le Dily and Beato, 2018), or through
nonclassical mechanisms through binding to membrane bound
estrogen receptors o, f, and GPER (DeLeon et al., 2020).

One of the most investigated neurotransmitter systems impacted
by E2 is the serotonergic system. E2Estradiol has been implicated in
the synthesis of serotonin through its action on the classical ERp.
Specifically, it increases transcription of TPH2, the type of TPH found
in neuronal cells in both males and females (Donner and Handa, 2009;
Hiroi and Handa, 2013). The influence of E2 and ERP on the
transcription of neuronal TPH influences the amount of serotonin
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TABLE 1 Summary of the main findings on the role of E2 on serotonin, glutamate, and dopamine systems.

Study Type

Neurotransmitter

System

E2 Effects

Relevant Brain
Regions

10.3389/fnins.2024.1348551

References

through mGluR5 and mGluR3,
associated with CAV1 and
CAV3 proteins, respectively.

Human Studies Serotonin Increases 5-HT,,R binding PFC Kugaya et al. (2003) and
Moses-Kolko et al. (2003)
Rodent Studies Serotonin Effects to Up-regulates SERT DRN, BLA, ventral nucleus of McQueen et al. (1997) and
mRNA expression and SERT the thalamus, and ventromedial | Hudon Thibeault et al., (2019)
binding density hypothalamic nucleus
Modulates 5-HT1AR signaling = Hippocampus, Hypothalamus, Mize et al. (2003) and
PFC Raap et al. (2002)

Dopamine Biphasic effects on D2 receptor | Striatum Bazzett and Becker (1994) and
binding Le Saux et al. (2006)
Enhances DA release in Striatum Becker (1990), Shams et al.
females, but not in males (2018) and Castner et al. (1993)
Increases D2 receptor Striatum Hruska and Silbergeld et al.
sensitivity in males (1980)

Reduces the expression of NAc Silverman and Koenig (2007)
RGS9-2, a GTPase-activating

protein associated with D2

receptor signaling.

Glutamate Increases dendritic spine CAL1 hippocampus Woolley and McEwen (1994)
density and NMDA receptor and Gazzaley et al. (1996)
binding sites
Modulates glutamatergic BLA to NAc pathway. Georgiou et al. (2022)
activity.

Increases neuronal activity and Hypothalamic GnRH and Farkas et al. (2018) and
glutamate neurotransmission kisspeptin neurons Qiu et al. (2018)
Farkas et al. (2018), Qiu et al. Striatum Martinez et al., (2014) and
(2018) Grove-Strawser et al., (2010)
Rodent Brain Slices Glutamate Enhances NMDA receptor- Transverse hippocampus slices Foy et al. (1999)
mediated excitatory
postsynaptic potential and
hippocampal long-term
potentiation
Enhances depolarization- Hippocampus Yokomaku et al. (2003)
induced glutamate release
Cell Cultures Serotonin Increases TPH-2 expression DRN, hippocampus Hiroi and Handa (2013)
and activity
Modulates 5-HT1AR signaling Hippocampus, DRN Wissink et al. (2001)
Dopamine Both ERa and ERf influence PCI2 cells Maharjan et al. (2005)
TH transcription rates
Decreases D2 receptor Decreases D2 receptor Maus et al. (1989)
inhibition of adenylate cyclase inhibition of adenylate cyclase
activity and enhance activity and enhance
Glutamate Coordinates membrane effects Striatum Boulware and Mermelstein

(2009)

Modulates mGluR signaling
and CREB phosphorylation

CA3-CA1 hippocampus

Boulware et al. (2005)

Abbreviations: 5-HT,4R: Serotonin receptor 1A; 5-HT2,R: Serotonin receptor 2A; BLA: Basolateral amygdala; CA1: Hippocampal area cornu ammonis area 1; CA3: Hippocampal area cornu ammonis
area 3; CAV: Caveolin; CREB: cAMP-response element binding protein; DA: dopamine; DRN: Dorsal raphe nucleus; D2: Dopamine D2 receptor; ERa: Estrogen receptor alpha; ERf: Estrogen receptor
beta; GTPase: nucleotide guanosine triphosphate hydrolase enzyme; mGluR: metabotropic glutamate receptor; NAc: Nucleus accumbens; NMDA: N-methyl-D-aspartate; PFC: Prefrontal cortex; RGS9-
2: Regulator of G-protein signaling 9; SERT: Serotonin transporter; TH: Tyrosine hydroxylase; TPH-2: Tryptophan hydroxylase 2; VMN: Ventromedial hypothalamus.
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that can be synthesized, as TPH is the rate limiting factor in serotonin
synthesis. E2 has also shown to affect the serotonin reuptake
transporter which assists in reuptake of serotonin into the presyntaptic
terminal (Kanova and Kohout, 2021). While the effects of E2 on SERT
remain inconclusive there have been several reported cases suggesting
a correlation between E2 and SERT expression and function in OVX
animals suggesting E2 plays a role in the reuptake of serotonin in the
presynaptic terminal. Several studies suggest that under OVX
conditions SERT binding density, expression intensity, and
5-HT-positive cells were significantly decreased (Bertrand et al., 2005;
Bethea et al., 2011). Other studies found that in OVX rats treated with
E2-based estrogen medications, estradiol benzoate, increased SERT m
RNA expression and SERT binding density (McQueen et al., 1997).
Altogether, these findings suggest a correlation between E2 and SERT
expression and function, at least in females. There is an
underrepresentation of males and other gender identities in the data
indicating the importance of increasing our knowledge on E2’s effect
of SERT other populations as well. Additionally, E2 has been shown
to affect serotonin receptors 5-HT,, and 5-HT),, both of which have
been implicated in neuropsychiatric disorders due to their ability to
be activated by 5HT. Estradiol suppresses the 5-HT,, receptor
signaling resulting in an increase in the firing activity of the 5-HT
neurons (Riad et al., 2001; Raap et al., 2002; Mize et al., 2003)
suggesting a negative correlation between E2 and 5-HT,, activity.
Interestingly ERa has been implicated in recruiting cofactors to
enhance 5-HT, gene promoter activity (Wissink et al., 2001). 5-HT,,
are excitatory neuron receptors that when activated desensitize
5-HT1, consequently increasing serotonin concentration (Zhang
et al,, 2001; Kugaya et al., 2003; Moses-Kolko et al., 2003; Rybaczyk
et al., 2005). While there have been many studies examining the
relationship between E2 and the serotonergic system, there are still
areas that need further investigation. Attention needs to be especially
paid to other populations in addition to females as there is limited
information pertaining to the effects of E2 on the serotonergic system
in males. A better understanding of the roles of E2 and ERs in the
serotonergic system will help to gain knowledge on neuropsychiatric
disorders caused by impairments of this system.

When observing the effects of E2 on the dopaminergic system, it
is shown that ERa and B play a role in TH transcription. Maharjan
et al,, reported increased activity in ERa when the cells were under
high concentrations of E2 and ERf decreased activity at any E2
concentration (Maharjan et al., 2005), suggesting both ERa and 8
work in tandem to ensure TH transcription rates remain at
homeostatic levels. Similar to TPH, TH is the rate-limiting enzyme in
dopamine synthesis indicating that E2, ERa, and ERP influence
dopamine transcription. It is also thought that E2 exerts these effects
on its receptors through nonclassical mechanisms as the half-ERE site
on the DNA was genetically removed in this specific study (Maharjan
et al, 2005). Apart from affecting transcription within the
dopaminergic system, E2 has been shown to affect D2receptor. Several
studies indicate that OVX decreases D2 binding while chronic E2
increases D2 binding in the striatum and NAc core (Bazzett and
Becker, 1994; Le Saux et al., 2006). Other studies observed no change
in D2 availability in the striatum during both the high and
low-estrogen phases of the menstrual cycle (Petersen et al., 2021).
These contradictory findings leave inconclusive results for determining
the effect of E2 on D2. Future studies should not only be replicated to
ensure accuracy among findings of the relationship of E2 and DA, but
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also should include males as they are severely underrepresented in this
line of research. Dopamine transporter activity is regulated by several
kinases including PI3K and PKA that do not show significant
inhibition of E2-mediated dopamine influx (Alyea et al., 2008; Alyea
and Watson, 2009), suggesting E2 exerts its effects on PI3K and PKA
through the nonclassical mechanism in to assist in the regulation of
DAT influencing the rate at which dopamine can be transported. In
OVX mice long-term treatment with E2 or DPN prevented the
decrease in DAT expression, although it may be due to the
enhancement of DA release and not directly caused by E2 (Morissette
et al., 2008). Amphetamine-induced DA response increased in the
striatum (Becker, 1990; Castner et al., 1993) and K + -stimulated DA
release increased in both the striatum and NAc (Becker, 1990;
Thompson and Moss, 1994) in vivo, vitro, and OVX females when
treated with E2, but not in males. It will be beneficial to future research
to gain a better understanding of how E2 and ERs influence dopamine
function in order to explore the impact E2 has neuropsychiatric
disorders linked to dopamine dysfunction.

Finally, estradiol has been implicated in several areas within the
glutamatergic system. Treatment with E2 enhanced NMDA glutamate
receptor-mediated excitatory postsynaptic potential, hippocampal
long-term potentiation (Foy et al., 1999), increase in dendritic spine
density (Woolley and McEwen, 1994), and increased the number of
NMDA receptor binding sites (Weiland, 1992; Gazzaley et al., 1996).
The postsynaptic effects of E2 on these actions is necessary to
understand the synaptic plasticity capabilities of estradiol. The
presynaptic effects need further investigation as its function with E2
is insufficiently understood. E2 enhances depolarization-induced
glutamate release by upregulating the exocytotic machinery and has
no effect on the high-potassium induced release of GABA, glutamate’s
counterpart (Yokomaku et al., 2003). A decrease in E2 levels correlates
with the decrease of glutamate concentrations within the medial PFC
(Yap et al,, 2021). High doses of E2 significantly increased firing rate
and miniature postsynaptic current frequencies in hypothalamic
GnRH neurons. ERp inhibition blocked these increased effects
indicating the importance of ERP in facilitating glutamate’s
neurotransmission effect (Farkas et al., 2018). OVX rats experienced
a decrease in glutamatergic neurons in the preoptic area and a
decrease in both ERa and f expression (Sun et al., 2022). ORX mice
experienced a decrease in neuronal activity in response to social
reward stimuli following acute stress in the ERp-expressing
glutamatergic projection from the BLA to NAc (Georgiou et al., 2022).
Both of these findings suggest E2 modulates glutamatergic activity via
ERP. Metabotropic glutamate receptors and mERs have been observed
in interaction with E2. ERa, in the presence of E2, has the ability to
achieve transcription through activation of mGluR1a to initiate CREB
while mGluR?2 initiates CREB phosphorylation through both ERs
(Boulware et al., 2005) to achieve transcription. CREB can then
be inhibited through the binding of E2 to both ERs associated with
mGluR3. mGluRs have also been reported to be coupled to classical
ER through association with caveolin proteins and in turn may
regulate E2’s effects (Mermelstein, 2009; Martinez et al., 2014; Tonn
Eisinger et al., 2018). This evidence suggests that E2 may regulate
mGluRs and consequently the reception of glutamate. Further
investigation into the role E2 plays in the glutamatergic system will
help to better understand the impact of E2 in brain disorders caused
by the impairment of the glutamatergic system in both females
and males.
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In summary, the effects of E2/ERs on neurotransmitter systems is
vast, complicated, and more research is necessary. While E2 is mainly
thought of as a female sex hormone, the culmination of evidence
implicating E2 in neurotransmitter system function and regulation is
heavily evident. Further investigation into the effects of E2 on the
serotonergic, dopaminergic, and glutamatergic system will not only
help to solidify contradictory and inconclusive findings but help to
better understand the influence of E2 in underrepresented populations.

4 Conclusion and future directions

In conclusion, we provide a comprehensive review of the many
effects of E2 on neurotransmitter systems and more specifically
we provide evidence supporting the hypothesis that E2 may enhance
serotoninergic, dopaminergic and glutamatergic neurotransmission.
Investigating animal, human, and cellular data has proven beneficial
in understanding how, where, and why E2 exerts its effects on both the
male and female brain. Further investigation into the effects estradiol
on the brain, specifically in males and intersex individuals is required
to address the current knowledge gabs. Moreover, the investigation on
how the estrogenic regulation of this neurotransmitter systems may
affect or underlie pathophysiological states needs to be further
explored. Specifically, targeting the etrogenic system might be a novel
approach for the treatment of mood disorders, learning and memory
deficits as well as schizophrenia.

Also, it is important to state that there is a huge variety of
approaches used to examine the role of the estrogen system in the
brain and their behavioral outcomes which makes conclusions
challenging. Standardizing methodologies including hormone
manipulation, neuronal manipulations, and behavioral studies will
allow for consistency among results and will result to more robust
conclusions. Expanding research to include diverse populations with
varying age ranges, sex and gender identities will allow for the most
comprehensive analysis of future data. Additionally, more studies on
the effects of genomic vs. non-genomic actions of ERs are necessary,
especially pertaining to hypogonadal conditions like aging. It was
shown that in female rats there is a negative correlation with mER«a
and mERp trafficking and aging within the synapses of the
hippocampus (Adams et al., 2002; Waters et al., 2011). The decline in
mER functioning with age may partially explain why there is an
increase in depression and depression-like symptoms in post-
menopausal females and increase in Alzheimer’s and related dementias
(Jamshed et al.,, 2014; Hidalgo-Lopez and Pletzer, 2017). Future
research is needed to determine the role of estrogen in modulating the
relationship between the different neurotransmitter systems, mERs

References

Adams, M. M, Fink, S. E., Shah, R. A,, Janssen, W. G. M., Hayashi, S., Milner, T. A,,
etal. (2002). Estrogen and aging affect the subcellular distribution of estrogen receptor-
alpha in the hippocampus of female rats. J. Neurosci. 22, 3608-3614. doi: 10.1523/
JNEUROSCI.22-09-03608.2002

Adeosun, S. O,, Albert, P.R., Austin, M. C., and Iyo, A. H. (2012). 17p-estradiol-induced
regulation of the novel 5-HT1A-related transcription factors NUDR and Freud-1 in SH
SY5Y cells. Cell. Mol. Neurobiol. 32, 517-521. doi: 10.1007/s10571-012-9809-3

Akama, K. T., Thompson, L. I, Milner, T. A., and McEwen, B. S. (2013). Post-synaptic
density-95 (PSD-95) binding capacity of G-protein-coupled receptor 30 (GPR30), an
estrogen receptor that can be identified in hippocampal dendritic spines. J. Biol. Chem.
288, 6438-6450. doi: 10.1074/jbc.M112.412478

Frontiers in Neuroscience

10.3389/fnins.2024.1348551

and the menstrual cycle. Furthering our knowledge of
neurotransmitter systems involved in mental and neuropsychiatric
disorders will be crucial to understanding how E2 impacts these
systems and how it may be utilized to target therapeutic approaches
for impairments in the

serotonergic, dopaminergic, and

glutamatergic systems.

Author contributions

SZ: Writing - review & editing, Writing - original draft. PB:
Writing - review & editing, Writing - original draft. AO: Writing -
review & editing, Funding acquisition. PZ: Writing - review & editing,
Funding acquisition. PG: Writing - review & editing, Writing -
original draft, Funding acquisition, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by a European Commission Marie Sktodowska-Curie
fellowship 101031317 to PG and UWM startup funds to PG. A
research & Innovation Foundation - Excellence Hubs 2021
(EXCELLENCE/0421/0543) grant to PZ, with AO being the co-I. This
publication was made possible by support from the Infectious Diseases
Society of America (IDSA) Foundation. Its contents are solely the
responsibility of the authors and do not necessarily represent the
official views of the IDSA Foundation.

Conflict of interest

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Albert, P. R, Le Frangois, B., and Millar, A. M. (2011). Transcriptional
dysregulation of 5-HT1A autoreceptors in mental illness. Mol. Brain 4:21. doi:
10.1186/1756-6606-4-21

Almey, A, Filardo, E. J., Milner, T. A., and Brake, W. G. (2012). Estrogen receptors are
found in glia and at Extranuclear neuronal sites in the dorsal striatum of female rats:
evidence for cholinergic but not dopaminergic Colocalization. Endocrinology 153,
5373-5383. doi: 10.1210/en.2012-1458

Almey, A., Milner, T. A., and Brake, W. G. (2016). Estrogen receptor o and
G-protein coupled estrogen receptor 1 are localized to GABAergic neurons in
the dorsal striatum. Neurosci. Lett. 622, 118-123. doi: 10.1016/j.neulet.
2016.04.023

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.22-09-03608.2002
https://doi.org/10.1523/JNEUROSCI.22-09-03608.2002
https://doi.org/10.1007/s10571-012-9809-3
https://doi.org/10.1074/jbc.M112.412478
https://doi.org/10.1186/1756-6606-4-21
https://doi.org/10.1210/en.2012-1458
https://doi.org/10.1016/j.neulet.2016.04.023
https://doi.org/10.1016/j.neulet.2016.04.023

Bendis et al.

Almey, A., Milner, T. A., and Brake, W. G. (2022). Estrogen receptors observed at
extranuclear neuronal sites and in glia in the nucleus accumbens core and shell of the
female rat: evidence for localization to catecholaminergic and GABAergic neurons. J.
Comp. Neurol. 530, 2056-2072. doi: 10.1002/cne.25320

Alves, S. E., Weiland, N. G., Hayashi, S., and McEwen, B. S. (1998).
Immunocytochemical localization of nuclear estrogen receptors and progestin receptors
within the rat dorsal raphe nucleus. J. Comp. Neurol. 391, 322-334. doi: 10.1002/(SICI
)1096-9861(19980216)391:1<322::AID-CNE12>3.0.CO;2-U

Alyea, R. A., Laurence, S. E, Kim, S. H., Katzenellenbogen, B. S,
Katzenellenbogen, J. A., and Watson, C. S. (2008). The roles of membrane estrogen
receptor subtypes in modulating dopamine transporters in PC-12 cells. . Neurochem.
106, 1525-1533. doi: 10.1111/j.1471-4159.2008.05491.x

Alyea, R. A., and Watson, C. S. (2009). Nongenomic mechanisms of physiological
estrogen-mediated dopamine efflux. BMC Neurosci. 10:59. doi: 10.1186/1471-2202-10-59

Baldwin, D., and Rudge, S. (1995). The role of serotonin in depression and anxiety. Int.
Clin. Psychopharmacol. 9, 41-46. doi: 10.1097/00004850-199501004-00006

Barabds, K., Godd, S., Lengyel, E, Ernszt, D., P4l, J., and Abrahdm, I. M. (2018). Rapid
non-classical effects of steroids on the membrane receptor dynamics and downstream
signaling in neurons. Horm. Behav. 104, 183-191. doi: 10.1016/j.yhbeh.2018.05.008

Bazzett, T. J., and Becker, J. B. (1994). Sex differences in the rapid and acute effects of
estrogen on striatal D2 dopamine receptor binding. Brain Res. 637, 163-172. doi:
10.1016/0006-8993(94)91229-7

Becker, J. B. (1990). Direct effect of 17 beta-estradiol on striatum: sex differences in
dopamine release. Synap. N. Y. N 5, 157-164. doi: 10.1002/syn.890050211

Becker, J. B. (2005). “Rapid effects of estradiol on motivated behaviors” in Hormones
and the brain, research and perspectives in endocrine interactions. eds. C. Kordon, R.-C.
Gaillard and Y. Christen (Berlin/Heidelberg: Springer-Verlag), 155-172.

Belujon, P, and Grace, A. A. (2017). Dopamine system dysregulation in major depressive
disorders. Int. J. Neuropsychopharmacol. 20, 1036-1046. doi: 10.1093/ijnp/pyx056

Benmansour, S., Privratsky, A. A., Adeniji, O. S, and Frazer, A. (2014). Signaling
mechanisms involved in the acute effects of estradiol on 5-HT clearance. Int. J.
Neuropsychopharmacol. 17, 765-777. doi: 10.1017/S146114571300165X

Bertrand, P. P, Paranavitane, U. T., Chavez, C., Gogos, A., Jones, M., and van den
Buuse, M. (2005). The effect of low estrogen state on serotonin transporter function in
mouse hippocampus: a behavioral and electrochemical study. Brain Res. 1064, 10-20.
doi: 10.1016/j.brainres.2005.10.018

Bethea, C. L., Smith, A. W,, Centeno, M. L., and Reddy, A. P. (2011). Long-term
ovariectomy decreases serotonin neuron number and gene expression in free ranging
macaques. Neuroscience 192, 675-688. doi: 10.1016/j.neuroscience.2011.06.003

Bjornstrom, L., and Sjéberg, M. (2005). Mechanisms of estrogen receptor signaling:
convergence of genomic and nongenomic actions on target genes. Mol. Endocrinol. 19,
833-842. doi: 10.1210/me.2004-0486

Blair, H. T., Schafe, G. E., Bauer, E. P, Rodrigues, S. M., and LeDousx, J. E. (2001).
Synaptic plasticity in the lateral amygdala: a cellular hypothesis of fear conditioning.
Learn. Mem. Cold Spring Harb. N 8, 229-242. doi: 10.1101/lm.30901

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361, 31-39. doi: 10.1038/361031a0

Bondesson, M., Hao, R., Lin, C.-Y., Williams, C., and Gustafsson, J.-A. (2015).
Estrogen receptor signaling during vertebrate development. Biochim. Biophys. Acta 1849,
142-151. doi: 10.1016/j.bbagrm.2014.06.005

Boonyaratanakornkit, V., and Edwards, D. P. (2007). Receptor mechanisms mediating
non-genomic actions of sex steroids. Semin. Reprod. Med. 25, 139-153. doi:
10.1055/s-2007-973427

Boulware, M. I, and Mermelstein, P. G. (2009). Membrane estrogen receptors activate
metabotropic glutamate receptors to influence nervous system physiology. Steroids 74,
608-613. doi: 10.1016/j.steroids.2008.11.013

Boulware, M. 1., Weick, J. P, Becklund, B. R., Kuo, S. P, Groth, R. D., and
Mermelstein, P. G. (2005). Estradiol activates group I and II metabotropic glutamate
receptor signaling, leading to opposing influences on cAMP response element-binding
protein. J. Neurosci. 25, 5066-5078. doi: 10.1523/JNEUROSCI.1427-05.2005

Brown, T. H., Chapman, P. F, Kairiss, E. W, and Keenan, C. L. (1988). Long-term
synaptic potentiation. Science 242, 724-728. doi: 10.1126/science.2903551

Carmeci, C., Thompson, D. A,, Ring, H. Z., Francke, U., and Weigel, R. J. (1997).
Identification of a gene (GPR30) with homology to the G-protein-coupled receptor
superfamily associated with estrogen receptor expression in breast cancer. Genomics 45,
607-617. doi: 10.1006/geno.1997.4972

Castner, S. A., Xiao, L., and Becker, J. B. (1993). Sex differences in striatal dopamine:
in vivo microdialysis and behavioral studies. Brain Res. 610, 127-134. doi:
10.1016/0006-8993(93)91225-h

Chen, J., Adachi, N, Liu, K., and Arai, T. (1998). The effects of 17beta-estradiol on
ischemia-induced neuronal damage in the gerbil hippocampus. Neuroscience 87,
817-822. doi: 10.1016/s0306-4522(98)00198-5

Cooke, P. S., Nanjappa, M. K., Ko, C,, Prins, G. S., and Hess, R. A. (2017). Estrogens
in male physiology. Physiol. Rev. 97, 995-1043. doi: 10.1152/physrev.00018.2016

Frontiers in Neuroscience

11

10.3389/fnins.2024.1348551

Coérdoba Montoya, D. A., and Carrer, H. E. (1997). Estrogen facilitates induction of
long term potentiation in the hippocampus of awake rats. Brain Res. 778, 430-438. doi:
10.1016/50006-8993(97)01206-7

Cornil, C. A, Ball, G. E, and Balthazart, J. (2012). Rapid control of male typical
behaviors by brain-derived estrogens. Front. Neuroendocrinol. 33, 425-446.

Dahlman-Wright, K., Cavailles, V., Fuqua, S. A., Jordan, V. C., Katzenellenbogen, J. A.,
Korach, K. S, et al. (2006). International Union of Pharmacology. LXIV. Estrogen
receptors. Pharmacol. Rev. 58, 773-781. doi: 10.1124/pr.58.4.8

Danielson, P. B. (2002). The cytochrome P450 superfamily: biochemistry, evolution and
drug metabolism in humans. Curr. Drug Metab. 3, 561-597. doi: 10.2174/1389200023337054

Dazzi, L., Seu, E., Cherchi, G., Barbieri, P. P,, Matzeu, A., and Biggio, G. (2007). Estrous
cycle-dependent changes in basal and ethanol-induced activity of cortical dopaminergic
neurons in the rat. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol.
32, 892-901. doi: 10.1038/sj.npp.1301150

DeLeon, C., Wang, D. Q.-H., and Arnatt, C. K. (2020). G protein-coupled estrogen
receptor, GPERI, offers a novel target for the treatment of digestive diseases. Front.
Endocrinol. 11:578536. doi: 10.3389/fendo.2020.578536

Dennis, M. K., Burai, R., Ramesh, C., Petrie, W. K., Alcon, S. N, Nayak, T. K., et al.
(2009). In vivo effects of a GPR30 antagonist. Nat. Chem. Biol. 5, 421-427. doi: 10.1038/
nchembio.168

Diehl, D.J., and Gershon, S. (1992). The role of dopamine in mood disorders. Compr.
Psychiatry 33, 115-120. doi: 10.1016/0010-440X(92)90007-D

Di Paolo, T., Rouillard, C., and Bédard, P. (1985). 17p-estradiol at a physiological dose
acutely increases dopamine turnover in rat brain. Eur. J. Pharmacol. 117, 197-203. doi:
10.1016/0014-2999(85)90604-1

Donner, N., and Handa, R. J. (2009). Estrogen receptor beta regulates the expression
of tryptophan-hydroxylase 2 mRNA within serotonergic neurons of the rat dorsal raphe
nuclei. Neuroscience 163, 705-718. doi: 10.1016/j.neuroscience.2009.06.046

Dreher, J.-C., Schmidt, P. J., Kohn, P, Furman, D., Rubinow, D., and Berman, K. F.
(2007). Menstrual cycle phase modulates reward-related neural function in women.
Proc. Natl. Acad. Sci. USA 104, 2465-2470. doi: 10.1073/pnas.0605569104

Falardeau, P, and Di Paolo, T. (1987). Regional effect of estradiol on rat caudate-
putamen dopamine receptors: lateral-medial differences. Neurosci. Lett. 74, 43-48. doi:
10.1016/0304-3940(87)90048-6

Farkas, 1., Balint, F,, Farkas, E., Vastagh, C., Fekete, C., and Liposits, Z. (2018).
Estradiol increases glutamate and GABA neurotransmission into GnRH neurons via
retrograde NO-signaling in Proestrous mice during the positive estradiol feedback
period. eNeuro 5:ENEURO.0057-18.2018. doi: 10.1523/ENEURO.0057-18.2018

Foy, M. R,, Xu, J., Xie, X, Brinton, R. D., Thompson, R. E, and Berger, T. W. (1999).
17beta-estradiol enhances NMDA receptor-mediated EPSPs and long-term potentiation.
J. Neurophysiol. 81, 925-929. doi: 10.1152/jn.1999.81.2.925

Funakoshi, T., Yanai, A., Shinoda, K., Kawano, M. M., and Mizukami, Y. (2006). G
protein-coupled receptor 30 is an estrogen receptor in the plasma membrane. Biochem.
Biophys. Res. Commun. 346, 904-910. doi: 10.1016/j.bbrc.2006.05.191

Gazzaley, A. H., Weiland, N. G., McEwen, B. S., and Morrison, J. H. (1996). Differential
regulation of NMDAR1 mRNA and protein by estradiol in the rat hippocampus. J.
Neurosci. 16, 6830-6838. doi: 10.1523/JNEUROSCI.16-21-06830.1996

Georgiou, P, Mou, T.-C. M., Potter, L. E., An, X,, Zanos, P,, Patton, M. S., et al. (2022).
Estradiol mediates stress-susceptibility in the male brain. bioRxiv 2022:1. doi:
10.1101/2022.01.09.475485

Georgiou, P, Zanos, P, Jenne, C. E., and Gould, T. D. (2019). Sex-specific involvement
of estrogen receptors in behavioral responses to stress and psychomotor activation.
Front. Psychol. 10:81. doi: 10.3389/fpsyt.2019.00081

Giacometti, L. L., Buck, L. A., and Barker, J. M. (2022). Estrous cycle and hormone
regulation of stress-induced reinstatement of reward seeking in female mice. Addict.
Neurosci. 4:100035. doi: 10.1016/j.addicn.2022.100035

Gillies, G. E., and McArthur, S. (2010). Estrogen actions in the brain and the basis for
differential action in men and women: a case for sex-specific medicines. Pharmacol. Rev.
62, 155-198. doi: 10.1124/pr.109.002071

Giltay, E. J., Bunck, M. C., Gooren, L. J., Zitman, E. G., Diamant, M., and Teerlink, T.
(2008). Effects of sex steroids on the neurotransmitter-specific aromatic amino acids
phenylalanine, tyrosine, and tryptophan in transsexual subjects. Neuroendocrinology 88,
103-110. doi: 10.1159/000135710

Good, M., Day, M., and Muir, J. L. (1999). Cyclical changes in endogenous levels of
oestrogen modulate the induction of LTD and LTP in the hippocampal CA1 region. Eur.
J. Neurosci. 11, 4476-4480. doi: 10.1046/j.1460-9568.1999.00920.x

Géttlicher, M., Heck, S., and Herrlich, P. (1998). Transcriptional cross-talk, the second
mode of steroid hormone receptor action. J. Mol. Med. Berl. Ger. 76, 480-489. doi:
10.1007/s001090050242

Goyette, M. J., Murray, S. L., Saldanha, C. J., and Holton, K. (2023). Sex hormones,
Neurosteroids, and glutamatergic neurotransmission: a review of the literature.
Neuroendocrinology 113, 905-914. doi: 10.1159/000531148

Grove-Strawser, D., Boulware, M. 1., and Mermelstein, P. G. (2010). Membrane
estrogen receptors activate the metabotropic glutamate receptors mGluR5 and mGluR3

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/cne.25320
https://doi.org/10.1002/(SICI)1096-9861(19980216)391:1<322::AID-CNE12>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9861(19980216)391:1<322::AID-CNE12>3.0.CO;2-U
https://doi.org/10.1111/j.1471-4159.2008.05491.x
https://doi.org/10.1186/1471-2202-10-59
https://doi.org/10.1097/00004850-199501004-00006
https://doi.org/10.1016/j.yhbeh.2018.05.008
https://doi.org/10.1016/0006-8993(94)91229-7
https://doi.org/10.1002/syn.890050211
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1017/S146114571300165X
https://doi.org/10.1016/j.brainres.2005.10.018
https://doi.org/10.1016/j.neuroscience.2011.06.003
https://doi.org/10.1210/me.2004-0486
https://doi.org/10.1101/lm.30901
https://doi.org/10.1038/361031a0
https://doi.org/10.1016/j.bbagrm.2014.06.005
https://doi.org/10.1055/s-2007-973427
https://doi.org/10.1016/j.steroids.2008.11.013
https://doi.org/10.1523/JNEUROSCI.1427-05.2005
https://doi.org/10.1126/science.2903551
https://doi.org/10.1006/geno.1997.4972
https://doi.org/10.1016/0006-8993(93)91225-h
https://doi.org/10.1016/s0306-4522(98)00198-5
https://doi.org/10.1152/physrev.00018.2016
https://doi.org/10.1016/s0006-8993(97)01206-7
https://doi.org/10.1124/pr.58.4.8
https://doi.org/10.2174/1389200023337054
https://doi.org/10.1038/sj.npp.1301150
https://doi.org/10.3389/fendo.2020.578536
https://doi.org/10.1038/nchembio.168
https://doi.org/10.1038/nchembio.168
https://doi.org/10.1016/0010-440X(92)90007-D
https://doi.org/10.1016/0014-2999(85)90604-1
https://doi.org/10.1016/j.neuroscience.2009.06.046
https://doi.org/10.1073/pnas.0605569104
https://doi.org/10.1016/0304-3940(87)90048-6
https://doi.org/10.1523/ENEURO.0057-18.2018
https://doi.org/10.1152/jn.1999.81.2.925
https://doi.org/10.1016/j.bbrc.2006.05.191
https://doi.org/10.1523/JNEUROSCI.16-21-06830.1996
https://doi.org/10.1101/2022.01.09.475485
https://doi.org/10.3389/fpsyt.2019.00081
https://doi.org/10.1016/j.addicn.2022.100035
https://doi.org/10.1124/pr.109.002071
https://doi.org/10.1159/000135710
https://doi.org/10.1046/j.1460-9568.1999.00920.x
https://doi.org/10.1007/s001090050242
https://doi.org/10.1159/000531148

Bendis et al.

to bidirectionally regulate CREB phosphorylation in female rat striatal neurons.
Neuroscience. 170, 1045-1055. doi: 10.1016/j.neuroscience.2010.08.012

Gundlah, C., Alves, S. E., Clark, J. A., Pai, L.-Y., Schaeffer, J. M., and Rohrer, S. P.
(2005). Estrogen receptor-beta regulates tryptophan hydroxylase-1 expression in the
murine midbrain raphe. Biol. Psychiatry 57,938-942. doi: 10.1016/j.biopsych.2005.01.014

Gupta, S., McCarson, K. E., Welch, K. M. A, and Berman, N. E. J. (2011). Mechanisms
of pain modulation by sex hormones in migraine. Headache 51, 905-922. doi: 10.1111/j.
1526-4610.2011.01908.x

Gu, Q., Korach, K. S., and Moss, R. L. (1999). Rapid action of 17beta-estradiol on
kainate-induced currents in hippocampal neurons lacking intracellular estrogen
receptors. Endocrinology 140, 660-666. doi: 10.1210/endo.140.2.6500

Gu, Q,, and Moss, R. L. (1998). Novel mechanism for non-genomic action of 17 beta-
oestradiol on kainate-induced currents in isolated rat CA1 hippocampal neurones. J.
Physiol. 506, 745-754. doi: 10.1111/§.1469-7793.1998.745bv.x

Haas, E., Meyer, M. R., Schurr, U, Bhattacharya, I, Minotti, R., Nguyen, H. H., et al.
(2007). Differential effects of 17beta-estradiol on function and expression of estrogen
receptor alpha, estrogen receptor beta, and GPR30 in arteries and veins of patients with
atherosclerosis. ~ Hypertens. Dallas  Tex 49, 1358-1363. doi: 10.1161/
HYPERTENSIONAHA.107.089995

Hariri, L., and Rehman, A., (2023). Estradiol in StatPearls. StatPearls Publishing,
Treasure Island (FL).

Harp, S. ], Martini, M., Lynch, W. ], and Rissman, E. . (2020). Sexual differentiation
and substance use: a Mini-review. Endocrinology 161:bqaal29. doi: 10.1210/endocr/
bqaal29

Hazell, G. G.J,, Yao, S. T., Roper, J. A., Prossnitz, E. R., O’Carroll, A.-M., and Lolait, S. J.
(2009). Localisation of GPR30, a novel G protein-coupled oestrogen receptor, suggests
multiple functions in rodent brain and peripheral tissues. J. Endocrinol. 202, 223-236.
doi: 10.1677/JOE-09-0066

Hedges, V. L., Chen, G., Yu, L., Krentzel, A. A, Starrett, J. R., Zhu, J.-N., et al (2018).
Local Estrogen Synthesis Regulates Parallel Fiber-Purkinje Cell Neurotransmission
Within the Cerebellar Cortex. Endocrinology 159, 1328-1338. doi: 10.1210/
en.2018-00039

Heldring, N., Pike, A., Andersson, S., Matthews, J., Cheng, G., Hartman, J., et al.
(2007). Estrogen receptors: how do they signal and what are their targets. Physiol. Rev.
87,905-931. doi: 10.1152/physrev.00026.2006

Hernandez-Herndndez, O. T, Martinez-Mota, L., Herrera-Pérez, J. J., and
Jiménez-Rubio, G. (2019). Role of estradiol in the expression of genes involved in
serotonin neurotransmission: implications for female depression. Curr. Neuropharmacol.
17, 459-471. doi: 10.2174/1570159X16666180628165107

Hewitt, S. C., Couse, E, and Korach, K. S. (2000). Estrogen receptor transcription and
transactivation: estrogen receptor knockout mice - what their phenotypes reveal about
mechanisms of estrogen action. Breast Cancer Res. BCR 2, 345-352. doi: 10.1186/bcr79

Hidalgo-Lopez, E., and Pletzer, B. (2017). Interactive effects of dopamine baseline
levels and cycle phase on executive functions: the role of progesterone. Front. Neurosci.
11:403. doi: 10.3389/fnins.2017.00403

Hildebrandt, T., Alfano, L., Tricamo, M., and Pfaff, D. W. (2010). Conceptualizing the
role of estrogens and serotonin in the development and maintenance of bulimia nervosa.
Clin. Psychol. Rev. 30, 655-668. doi: 10.1016/j.cpr.2010.04.011

Hiroi, R., and Handa, R. J. (2013). Estrogen receptor-f regulates human tryptophan
hydroxylase-2 through an estrogen response element in the 5" untranslated region. J.
Neurochem. 127, 487-495. doi: 10.1111/jnc.12401

Hruska, R. E., Ludmer, L. M., and Silbergeld, E. K. (1980). Characterization of the
striatal dopamine receptor supersensitivity produced by estrogen treatment of male rats.
Neuropharmacology 19, 923-926. doi: 10.1016/0028-3908(80)90095-7

Hruska, R. E., and Silbergeld, E. K. (1980a). Estrogen treatment enhances dopamine
receptor sensitivity in the rat striatum. Eur. J. Pharmacol. 61, 397-400. doi:
10.1016/0014-2999(80)90081-3

Hruska, R. E., and Silbergeld, E. K. (1980b). Increased dopamine receptor sensitivity
after estrogen treatment using the rat rotation model. Science 208, 1466-1468. doi:
10.1126/science.7189902

Hudon Thibeault, A.-A., Sanderson, J. T., and Vaillancourt, C. (2019). Serotonin-
estrogen interactions: What can we learn from pregnancy? Biochimie 161, 88-108. doi:
10.1016/j.biochi.2019.03.023

Hwang, W. J,, Lee, T. Y., Kim, N. S., and Kwon, J. S. (2021). The role of estrogen
receptors and their signaling across psychiatric disorders. Int. J. Mol. Sci. 22:373. doi:
10.3390/ijms22010373

Imwalle, D. B., Gustafsson, J.-A., and Rissman, E. E (2005). Lack of functional
estrogen receptor beta influences anxiety behavior and serotonin content in female mice.
Physiol. Behav. 84, 157-163. doi: 10.1016/j.physbeh.2004.11.002

Inagaki, T., Gautreaux, C., and Luine, V. (2010). Acute estrogen treatment facilitates
recognition memory consolidation and alters monoamine levels in memory-related
brain areas. Horm. Behav. 58, 415-426. doi: 10.1016/j.yhbeh.2010.05.013

Ito, M. (2001). Cerebellar long-term depression: characterization, signal transduction,
and functional roles. Physiol. Rev. 81, 1143-1195. doi: 10.1152/physrev.2001.81.3.1143

Frontiers in Neuroscience

12

10.3389/fnins.2024.1348551

Izquierdo, I. (1994). Pharmacological evidence for a role of long-term potentiation in
memory. FASEB. J. Off. Publ. Fed. Am. Soc. Exp. Biol. 8, 1139-1145. doi: 10.1096/
fasebj.8.14.7958619

Jacobs, B.L., (2010). Handbook of the Behavioral Neurobiology of Serotonin, Handbook
of behavioral neuroscience. 1st ed, London. Academic Press.

Jamshed, N., Ozair, E E, Aggarwal, P, and Ekka, M. (2014). Alzheimer disease in
post-menopausal women: intervene in the critical window period. J. -Life Health 5,
38-40. doi: 10.4103/0976-7800.127791

Jincao, C., Ting, L., Ritz, M.-E, and Mendelowitsch, A. (2001). Effect of 17p-estradiol
on the brain damage and metabolic changes in rats. J. Tongji Med. Univ. 21, 62-64. doi:
10.1007/BF02888040

Johnson, C. S., Micevych, P. E., and Mermelstein, P. G. (2022). Membrane estrogen
signaling in female reproduction and motivation. Front. Endocrinol. 13:1009379. doi:
10.3389/fend0.2022.1009379

Kanova, M., and Kohout, P. (2021). Serotonin—its synthesis and roles in the healthy
and the critically ill. Int. . Mol. Sci. 22:4837. doi: 10.3390/ijms22094837

Koldzic-Zivanovic, N., Seitz, P. K., Watson, C. S., Cunningham, K. A., and
Thomas, M. L. (2004). Intracellular signaling involved in estrogen regulation of
serotonin reuptake. Mol. Cell. Endocrinol. 226, 33-42. doi: 10.1016/j.mce.2004.07.017

Krentzel, A. A., Willett, J. A, Johnson, A. G., and Meitzen, J. (2021). Estrogen receptor
alpha, G-protein coupled estrogen receptor 1, and aromatase: developmental, sex, and
region-specific differences across the rat caudate-putamen, nucleus accumbens core and
shell. J. Comp. Neurol. 529, 786-801. doi: 10.1002/cne.24978

Kugaya, A., Epperson, C. N., Zoghbi, S., van Dyck, C. H., Hou, Y., Fujita, M., et al.
(2003). Increase in prefrontal cortex serotonin 2A receptors following estrogen
treatment in postmenopausal women. Am. J. Psychiatry 160, 1522-1524. doi: 10.1176/
appi.ajp.160.8.1522

Kuhn, D. M., and Hasegawa, H. (2020). “Chapter 12 - tryptophan hydroxylase and
serotonin synthesis regulation” in Handbook of behavioral neuroscience, handbook of the
behavioral neurobiology of serotonin. eds. C. P. Miiller and K. A. Cunningham (US:
Elsevier), 239-256.

Kiippers, E., Krust, A., Chambon, P, and Beyer, C. (2008). Functional alterations of
the nigrostriatal dopamine system in estrogen receptor-alpha knockout (ERKO) mice.
Psychoneuroendocrinology 33, 832-838. doi: 10.1016/j.psyneuen.2008.03.007

Le Dily, E, and Beato, M. (2018). Signaling by steroid hormones in the 3D nuclear
space. Int. J. Mol. Sci. 19:306. doi: 10.3390/ijms19020306

Le Saux, M., Morissette, M., and Di Paolo, T. (2006). ERbeta mediates the estradiol
increase of D2 receptors in rat striatum and nucleus accumbens. Neuropharmacology 50,
451-457. doi: 10.1016/j.neuropharm.2005.10.004

Li, Q, Wichems, C., Heils, A., Lesch, K. P,, and Murphy, D. L. (2000). Reduction in
the density and expression, but not G-protein coupling, of serotonin receptors (5-HT1A)
in 5-HT transporter knock-out mice: gender and brain region differences. J. Neurosci.
20, 7888-7895. doi: 10.1523/JNEUROSCI.20-21-07888.2000

Liu, N.-J,, Storman, E. M., and Gintzler, A. R. (2019). Pharmacological modulation of
endogenous opioid activity to attenuate neuropathic pain in rats. J. Pain 20, 235-243.
doi: 10.1016/j.jpain.2018.10.003

Lonze, B. E.,, and Ginty, D. D. (2002). Function and regulation of CREB family
transcription factors in the nervous system. Neuron 35, 605-623. doi: 10.1016/
$0896-6273(02)00828-0

Lorsch, Z.S., Loh, Y.-H. E., Purushothaman, I, Walker, D. M., Parise, E. M., Salery, M.,
et al. (2018). Estrogen receptor a drives pro-resilient transcription in mouse models of
depression. Nat. Commun. 9:1116. doi: 10.1038/s41467-018-03567-4

Lu, C.-L., Hsieh, J.-C., Dun, N. J,, Oprea, T. I, Wang, P. S., Luo, J.-C,, et al. (2009).
Estrogen rapidly modulates 5-hydroxytrytophan-induced visceral hypersensitivity via
GPR30 in rats. Gastroenterology 137, 1040-1050. doi: 10.1053/j.gastro.2009.03.047

MacLusky, N. J,, Clark, A. S., Naftolin, F, and Goldman-Rakic, P. S. (1987). Estrogen
formation in the mammalian brain: possible role of aromatase in sexual differentiation
of the hippocampus and neocortex. Steroids 50, 459-474. doi:
10.1016/0039-128x(87)90032-8

MacLusky, N. J., Luine, V. N., Hajszan, T., and Leranth, C. (2005). The 17alpha and
17beta isomers of estradiol both induce rapid spine synapse formation in the CA1
hippocampal subfield of ovariectomized female rats. Endocrinology 146, 287-293. doi:
10.1210/en.2004-0730

Mabharjan, S., Serova, L., and Sabban, E. L. (2005). Transcriptional regulation of
tyrosine hydroxylase by estrogen: opposite effects with estrogen receptors alpha and beta
and interactions with cyclic AMP. ] Neurochem. 93, 1502-1514. doi:
10.1111/j.1471-4159.2005.03142.x

Maren, S. (1999). Long-term potentiation in the amygdala: a mechanism for emotional
learning and memory. Trends Neurosci. 22, 561-567. doi: 10.1016/s0166-2236(99)01465-4

Martinez, L. A., Peterson, B. M., Meisel, R. L., and Mermelstein, P. G. (2014). Estradiol
facilitation of cocaine-induced locomotor sensitization in female rats requires activation
of mGluR5. Behav. Brain Res. 271, 39-42. doi: 10.1016/j.bbr.2014.05.052

Maus, M., Bertrand, P, Drouva, S., Rasolonjanahary, R., Kordon, C., Glowinski, J.,
et al. (1989). Differential modulation of D1 and D2 dopamine-sensitive adenylate

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuroscience.2010.08.012
https://doi.org/10.1016/j.biopsych.2005.01.014
https://doi.org/10.1111/j.1526-4610.2011.01908.x
https://doi.org/10.1111/j.1526-4610.2011.01908.x
https://doi.org/10.1210/endo.140.2.6500
https://doi.org/10.1111/j.1469-7793.1998.745bv.x
https://doi.org/10.1161/HYPERTENSIONAHA.107.089995
https://doi.org/10.1161/HYPERTENSIONAHA.107.089995
https://doi.org/10.1210/endocr/bqaa129
https://doi.org/10.1210/endocr/bqaa129
https://doi.org/10.1677/JOE-09-0066
https://doi.org/10.1210/en.2018-00039
https://doi.org/10.1210/en.2018-00039
https://doi.org/10.1152/physrev.00026.2006
https://doi.org/10.2174/1570159X16666180628165107
https://doi.org/10.1186/bcr79
https://doi.org/10.3389/fnins.2017.00403
https://doi.org/10.1016/j.cpr.2010.04.011
https://doi.org/10.1111/jnc.12401
https://doi.org/10.1016/0028-3908(80)90095-7
https://doi.org/10.1016/0014-2999(80)90081-3
https://doi.org/10.1126/science.7189902
https://doi.org/10.1016/j.biochi.2019.03.023
https://doi.org/10.3390/ijms22010373
https://doi.org/10.1016/j.physbeh.2004.11.002
https://doi.org/10.1016/j.yhbeh.2010.05.013
https://doi.org/10.1152/physrev.2001.81.3.1143
https://doi.org/10.1096/fasebj.8.14.7958619
https://doi.org/10.1096/fasebj.8.14.7958619
https://doi.org/10.4103/0976-7800.127791
https://doi.org/10.1007/BF02888040
https://doi.org/10.3389/fendo.2022.1009379
https://doi.org/10.3390/ijms22094837
https://doi.org/10.1016/j.mce.2004.07.017
https://doi.org/10.1002/cne.24978
https://doi.org/10.1176/appi.ajp.160.8.1522
https://doi.org/10.1176/appi.ajp.160.8.1522
https://doi.org/10.1016/j.psyneuen.2008.03.007
https://doi.org/10.3390/ijms19020306
https://doi.org/10.1016/j.neuropharm.2005.10.004
https://doi.org/10.1523/JNEUROSCI.20-21-07888.2000
https://doi.org/10.1016/j.jpain.2018.10.003
https://doi.org/10.1016/S0896-6273(02)00828-0
https://doi.org/10.1016/S0896-6273(02)00828-0
https://doi.org/10.1038/s41467-018-03567-4
https://doi.org/10.1053/j.gastro.2009.03.047
https://doi.org/10.1016/0039-128x(87)90032-8
https://doi.org/10.1210/en.2004-0730
https://doi.org/10.1111/j.1471-4159.2005.03142.x
https://doi.org/10.1016/s0166-2236(99)01465-4
https://doi.org/10.1016/j.bbr.2014.05.052

Bendis et al.

cyclases by 17 beta-estradiol in cultured striatal neurons and anterior pituitary cells. J.
Neurochem. 52, 410-418. doi: 10.1111/j.1471-4159.1989.tb09136.x

McAllister, C. E., Creech, R. D., Kimball, P. A., Muma, N. A., and Li, Q. (2012). GPR30
is necessary for estradiol-induced desensitization of 5-HT1A receptor signaling in the
paraventricular nucleus of the rat hypothalamus. Psychoneuroendocrinology 37,
1248-1260. doi: 10.1016/j.psyneuen.2011.12.018

McQueen, J. K., Wilson, H., and Fink, G. (1997). Estradiol-17 beta increases serotonin
transporter (SERT) mRNA levels and the density of SERT-binding sites in female rat
brain. Brain Res. Mol. Brain Res. 45, 13-23. doi: 10.1016/s0169-328x(96)00233-1

Mermelstein, P. G. (2009). Membrane-localised oestrogen receptor alpha and beta
influence neuronal activity through activation of metabotropic glutamate receptors. J.
Neuroendocrinol. 21, 257-262. doi: 10.1111/j.1365-2826.2009.01838.x

Mermelstein, P. G., Becker, J. B., and Surmeier, D. J. (1996). Estradiol reduces calcium
currents in rat neostriatal neurons via a membrane receptor. J. Neurosci. 16, 595-604.
doi: 10.1523/JNEUROSCI.16-02-00595.1996

Mitra, S. W., Hoskin, E., Yudkovitz, J., Pear, L., Wilkinson, H. A., Hayashi, S., et al.
(2003). Immunolocalization of estrogen receptor beta in the mouse brain: comparison
with estrogen receptor alpha. Endocrinology 144, 2055-2067. doi: 10.1210/
en.2002-221069

Mitterling, K. L., Spencer, J. L., Dziedzic, N., Shenoy, S., McCarthy, K., Waters, E. M.,
et al. (2010). Cellular and subcellular localization of estrogen and progestin receptor
immunoreactivities in the mouse hippocampus. J. Comp. Neurol. 518, 2729-2743. doi:
10.1002/cne.22361

Mize, A. L., Young, L.]., and Alper, R. H. (2003). Uncoupling of 5-HT1A receptors in
the brain by estrogens: regional variations in antagonism by ICI 182,780.
Neuropharmacology 44, 584-591. doi: 10.1016/50028-3908(03)00044-3

Morissette, M., Le Saux, M., D’Astous, M., Jourdain, S., Al Sweidi, S., Morin, N., et al.
(2008). Contribution of estrogen receptors alpha and beta to the effects of estradiol in
the brain. J. Steroid Biochem. Mol. Biol. 108, 327-338. doi: 10.1016/j.jsbmb.2007.09.011

Moses-Kolko, E. L., Berga, S. L., Greer, P. ], Smith, G., Cidis Meltzer, C., and
Drevets, W. C. (2003). Widespread increases of cortical serotonin type 2A receptor
availability after hormone therapy in euthymic postmenopausal women. Fertil. Steril.
80, 554-559. doi: 10.1016/s0015-0282(03)00973-7

Murphy, D. D,, Cole, N. B, Greenberger, V., and Segal, M. (1998). Estradiol increases
dendritic spine density by reducing GABA neurotransmission in hippocampal neurons.
J. Neurosci. 18, 2550-2559. doi: 10.1523/JNEUROSCI.18-07-02550.1998

Murphy, D. D., and Segal, M. (1996). Regulation of dendritic spine density in cultured
rat hippocampal neurons by steroid hormones. J. Neurosci. 16, 4059-4068. doi: 10.1523/
JNEUROSCI.16-13-04059.1996

Nabekura, J., Oomura, Y., Minami, T., Mizuno, Y., and Fukuda, A. (1986). Mechanism
of the rapid effect of 17 beta-estradiol on medial amygdala neurons. Science 233,
226-228. doi: 10.1126/science.3726531

Nematipour, S., Vahidinia, Z., Nejati, M., Naderian, H., Beyer, C., and Azami
Tameh, A. (2020). Estrogen and progesterone attenuate glutamate neurotoxicity via
regulation of EAAT3 and GLT-1 in a rat model of ischemic stroke. Iran. J. Basic Med.
Sci. 23, 1346-1352. doi: 10.22038/ijbms.2020.48090.11039

Nomura, M., Akama, K. T., Alves, S. E., Korach, K. S., Gustafsson, J.-A., Pfaff, D. W,
et al. (2005). Differential distribution of estrogen receptor (ER)-a and ER-p in the
midbrain raphe nuclei and periaqueductal gray in male mouse: predominant role of
ER-p in midbrain serotonergic systems. Neuroscience 130, 445-456. doi: 10.1016/j.
neuroscience.2004.09.028

Oren, L., Fleishman, S. ], Kessel, A., and Ben-Tal, N. (2004). Free diffusion of steroid
hormones across biomembranes: a simplex search with implicit solvent model
calculations. Biophys. J. 87, 768-779. doi: 10.1529/biophys;j.103.035527

Otto, C., Rohde-Schulz, B., Schwarz, G., Fuchs, 1., Klewer, M., Brittain, D., et al.
(2008). G protein-coupled receptor 30 localizes to the endoplasmic reticulum and is not
activated by estradiol. Endocrinology 149, 4846-4856. doi: 10.1210/en.2008-0269

Paravati, S., Rosani, A., and Warrington, S.J., (2023). Physiology, Catecholamines in
StatPearls. StatPearls Publishing, Treasure Island (FL).

Pasqualini, C., Olivier, V., Guibert, B., Frain, O., and Leviel, V. (1995). Acute
stimulatory effect of estradiol on striatal dopamine synthesis. J. Neurochem. 65,
1651-1657. doi: 10.1046/j.1471-4159.1995.65041651.x

Paterni, I, Granchi, C., Katzenellenbogen, J. A., and Minutolo, F. (2014). Estrogen
receptors alpha (ERa) and Beta (ERp): subtype-selective ligands and clinical potential.
Steroids 90, 13-29. doi: 10.1016/j.steroids.2014.06.012

Perego, C., Di Cairano, E. S., Ballabio, M., and Magnaghi, V. (2012). Neurosteroid
allopregnanolone regulates EAAC1-mediated glutamate uptake and triggers actin
changes in Schwann cells. J. Cell. Physiol. 227, 1740-1751. doi: 10.1002/jcp.22898

Petersen, N., Rapkin, A. J., Okita, K., Kinney, K. R., Mizuno, T., Mandelkern, M. A,
et al. (2021). Striatal dopamine D2-type receptor availability and peripheral
17B-estradiol. Mol. Psychiatry 26, 2038-2047. doi: 10.1038/s41380-020-01000-1

Pozzo-Miller, L. D., Inoue, T., and Murphy, D. D. (1999). Estradiol increases spine
density and NMDA-dependent Ca2+ transients in spines of CA1 pyramidal neurons

from hippocampal slices. J. Neurophysiol. 81, 1404-1411. doi: 10.1152/
jn.1999.81.3.1404
Frontiers in Neuroscience

13

10.3389/fnins.2024.1348551

Prossnitz, E. R., and Barton, M. (2011). The G-protein-coupled estrogen receptor
GPER in health and disease. Nat. Rev. Endocrinol. 7, 715-726. doi: 10.1038/
nrendo.2011.122

Qiu, J., Rivera, H. M., Bosch, M. A, Padilla, S. L., Stincic, T. L., Palmiter, R. D., et al.
(2018). Estrogenic-dependent glutamatergic neurotransmission from Kkisspeptin
neurons governs feeding circuits in females. eLife 7:¢35656. doi: 10.7554/eLife.35656

Quigley, J. A., and Becker, J. B. (2021). Activation of G-protein coupled estradiol
receptor 1 in the dorsolateral striatum attenuates preference for cocaine and saccharin
in male but not female rats. Horm. Behav. 130:104949. doi: 10.1016/j.yhbeh.2021.104949

Raap, D. K., DonCarlos, L. L., Garcia, E, Zhang, Y., Muma, N. A, Battaglia, G., et al.
(2002). Ovariectomy-induced increases in hypothalamic serotonin-1A receptor function
in rats are prevented by estradiol. Neuroendocrinology 76, 348-356. doi:
10.1159/000067582

Rapkin, A. ], Edelmuth, E., Chang, L. C., Reading, A. E., McGuire, M. T., and Su, T. P.
(1987). Whole-blood serotonin in premenstrual syndrome. Obstet. Gynecol. 70, 533-537.

Reddy, D. S. (2010). Progress in brain research. Neurosteroids 186, 113-137. doi:
10.1016/B978-0-444-53630-3.00008-7

Riad, M., Watkins, K. C., Doucet, E., Hamon, M., and Descarries, L. (2001). Agonist-
induced internalization of serotonin-1A receptors in the dorsal raphe nucleus
(autoreceptors) but not Hippocampus (Heteroreceptors). J. Neurosci. 21, 8378-8386. doi:
10.1523/JNEUROSCI.21-21-08378.2001

Robichaud, M., and Debonnel, G. (2005). Oestrogen and testosterone modulate the
firing activity of dorsal raphe nucleus serotonergic neurones in both male and female
rats. J. Neuroendocrinol. 17, 179-185. doi: 10.1111/j.1365-2826.2005.01292.x

Russell, J. K., Jones, C. K., and Newhouse, P. A. (2019). The role of estrogen in brain
and cognitive aging. Neurotherapeutics 16, 649-665. doi: 10.1007/s13311-019-00766-9

Rybaczyk, L. A., Bashaw, M. ], Pathak, D. R., Moody, S. M., Gilders, R. M., and
Holzschu, D. L. (2005). An overlooked connection: serotonergic mediation of estrogen-
related  physiology and pathology. BMC Womens Health 5:12. doi:
10.1186/1472-6874-5-12

Sacher, J., Zsido, R. G., Barth, C., Zientek, E, Rullmann, M., Luthardst, J., et al. (2023).
Increase in serotonin transporter binding in patients with premenstrual dysphoric
disorder across the menstrual cycle: a case-control longitudinal Neuroreceptor ligand
positron emission tomography imaging study. Biol. Psychiatry 93, 1081-1088. doi:
10.1016/j.biopsych.2022.12.023

Seredynski, A. L., Balthazart, J., Ball, G. E, and Cornil, C. A., (2015). Estrogen
Receptor f Activation Rapidly Modulates Male Sexual Motivation through the
Transactivation of Metabotropic Glutamate Receptor 1a. J. Neurosci. Off. ]. Soc. Neurosci.
35,13110-13123.

Shams, W. M., Cossette, M.-P,, Shizgal, P,, and Brake, W. G. (2018). 17B-estradiol
locally increases phasic dopamine release in the dorsal striatum. Neurosci. Lett. 665,
29-32. doi: 10.1016/j.neulet.2017.11.039

Shams, W. M., Sanio, C., Quinlan, M. G., and Brake, W. G. (2016). 17f-estradiol
infusions into the dorsal striatum rapidly increase dorsal striatal dopamine release
in vivo. Neuroscience 330, 162-170. doi: 10.1016/j.neuroscience.2016.05.049

Shanley, M. R., Miura, Y., Guevara, C. A., Onoichenco, A., Kore, R., Ustundag, E., et al.
(2023). Estrous cycle mediates midbrain neuron excitability altering social behavior
upon stress. J. Neurosci. 43, 736-748. doi: 10.1523/JNEUROSCI.1504-22.2022

Sharpe, R. M. (1998). The roles of oestrogen in the male. Trends Endocrinol Metab 9,
371-377. doi: 10.1016/s1043-2760(98)00089-7

Shughrue, P. ], Lane, M. V,, Scrimo, P. J., and Merchenthaler, I. (1998). Comparative
distribution of estrogen receptor-alpha (ER-alpha) and beta (ER-beta) mRNA in the rat
pituitary, gonad, and reproductive tract. Steroids 63, 498-504. doi: 10.1016/
$0039-128x(98)00054-3

Silverman, J. L., and Koenig, J. I. (2007). Evidence for involvement of ERp and
RGS9-2 in 17-P estradiol enhancement of amphetamine-induced place preference
behavior. Horm. Behav. 52, 146-155. doi: 10.1016/j.yhbeh.2007.03.017

Simpson, E., Rubin, G., Clyne, C., Robertson, K., O’'Donnell, L., Jones, M., et al.
(2000). The role of local estrogen biosynthesis in males and females. Trends Endocrinol
Metab 11, 184-188. doi: 10.1016/s1043-2760(00)00254-x

Staley, J. K., Sanacora, G., Tamagnan, G., Maciejewski, P. K., Malison, R. T,
Berman, R. M., et al. (2006). Sex differences in diencephalon serotonin transporter
availability in major depression. Biol. Psychiatry 59, 40-47. doi: 10.1016/j.
biopsych.2005.06.012

Sun, Y., Wang, H., Wang, W, Lu, ], Zhang, J., Luo, X,, et al. (2022). Glutamatergic and
GABAergic neurons in the preoptic area of the hypothalamus play key roles in
menopausal hot flashes. Front. Aging Neurosci. 14:14. doi: 10.3389/fnagi.2022.993955

Suzuki, H., Barros, R. P. A., Sugiyama, N., Krishnan, V,, Yaden, B. C., Kim, H.-J.,, et al.

(2013). Involvement of estrogen receptor f in maintenance of serotonergic neurons of
the dorsal raphe. Mol. Psychiatry 18, 674-680. doi: 10.1038/mp.2012.62

Thompson, T. L., and Moss, R. L. (1994). Estrogen regulation of dopamine release in
the nucleus accumbens: genomic- and nongenomic-mediated effects. J. Neurochem. 62,
1750-1756. doi: 10.1046/j.1471-4159.1994.62051750.x

Tobiansky, D. J., Will, R. G., Lominac, K. D., Turner, J. M., Hattori, T., Krishnan, K.,
et al. (2016). Estradiol in the preoptic area regulates the dopaminergic response to

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/j.1471-4159.1989.tb09136.x
https://doi.org/10.1016/j.psyneuen.2011.12.018
https://doi.org/10.1016/s0169-328x(96)00233-1
https://doi.org/10.1111/j.1365-2826.2009.01838.x
https://doi.org/10.1523/JNEUROSCI.16-02-00595.1996
https://doi.org/10.1210/en.2002-221069
https://doi.org/10.1210/en.2002-221069
https://doi.org/10.1002/cne.22361
https://doi.org/10.1016/S0028-3908(03)00044-3
https://doi.org/10.1016/j.jsbmb.2007.09.011
https://doi.org/10.1016/s0015-0282(03)00973-7
https://doi.org/10.1523/JNEUROSCI.18-07-02550.1998
https://doi.org/10.1523/JNEUROSCI.16-13-04059.1996
https://doi.org/10.1523/JNEUROSCI.16-13-04059.1996
https://doi.org/10.1126/science.3726531
https://doi.org/10.22038/ijbms.2020.48090.11039
https://doi.org/10.1016/j.neuroscience.2004.09.028
https://doi.org/10.1016/j.neuroscience.2004.09.028
https://doi.org/10.1529/biophysj.103.035527
https://doi.org/10.1210/en.2008-0269
https://doi.org/10.1046/j.1471-4159.1995.65041651.x
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1002/jcp.22898
https://doi.org/10.1038/s41380-020-01000-1
https://doi.org/10.1152/jn.1999.81.3.1404
https://doi.org/10.1152/jn.1999.81.3.1404
https://doi.org/10.1038/nrendo.2011.122
https://doi.org/10.1038/nrendo.2011.122
https://doi.org/10.7554/eLife.35656
https://doi.org/10.1016/j.yhbeh.2021.104949
https://doi.org/10.1159/000067582
https://doi.org/10.1016/B978-0-444-53630-3.00008-7
https://doi.org/10.1523/JNEUROSCI.21-21-08378.2001
https://doi.org/10.1111/j.1365-2826.2005.01292.x
https://doi.org/10.1007/s13311-019-00766-9
https://doi.org/10.1186/1472-6874-5-12
https://doi.org/10.1016/j.biopsych.2022.12.023
https://doi.org/10.1016/j.neulet.2017.11.039
https://doi.org/10.1016/j.neuroscience.2016.05.049
https://doi.org/10.1523/JNEUROSCI.1504-22.2022
https://doi.org/10.1016/s1043-2760(98)00089-7
https://doi.org/10.1016/s0039-128x(98)00054-3
https://doi.org/10.1016/s0039-128x(98)00054-3
https://doi.org/10.1016/j.yhbeh.2007.03.017
https://doi.org/10.1016/s1043-2760(00)00254-x
https://doi.org/10.1016/j.biopsych.2005.06.012
https://doi.org/10.1016/j.biopsych.2005.06.012
https://doi.org/10.3389/fnagi.2022.993955
https://doi.org/10.1038/mp.2012.62
https://doi.org/10.1046/j.1471-4159.1994.62051750.x

Bendis et al.

cocaine in the nucleus Accumbens. Neuropsychopharmacol. Off. Publ. Am. Coll.
Neuropsychopharmacol. 41, 1897-1906. doi: 10.1038/npp.2015.360

Tonn Eisinger, K. R., Gross, K. S., Head, B. P, and Mermelstein, P. G. (2018).
Interactions between estrogen receptors and metabotropic glutamate receptors and their
impact on drug addiction in females. Horm. Behav. 104, 130-137. doi: 10.1016/j.
yhbeh.2018.03.001

Tsien, R. W, and Malinow, R. (1991). Changes in presynaptic function during long-
term potentiation. Ann. N. Y. Acad. Sci. 635, 208-220. doi: 10.1111/j.1749-6632.1991.
tb36493.x

Tsumoto, T. (1992). Long-term potentiation and long-term depression in the
neocortex. Prog. Neurobiol. 39, 209-228. doi: 10.1016/0301-0082(92)90011-3

Ueda, K., Adachi, Y., Liu, P,, Fukuma, N., and Takimoto, E. (2020). Regulatory actions
of estrogen receptor signaling in the cardiovascular system. Front. Endocrinol. 10:10. doi:
10.3389/fendo0.2019.00909

Walther, D. J., and Bader, M. (2003). A unique central tryptophan hydroxylase
isoform. Biochem. Pharmacol. 66, 1673-1680. doi: 10.1016/s0006-2952(03)
00556-2

Wang, C., Prossnitz, E. R, and Roy, S. K. (2007). Expression of G protein-coupled
receptor 30 in the hamster ovary: differential regulation by gonadotropins and steroid
hormones. Endocrinology 148, 4853-4864. doi: 10.1210/en.2007-0727

Warren, S. G., Humphreys, A. G., Juraska, J. M., and Greenough, W. T. (1995). LTP
varies across the estrous cycle: enhanced synaptic plasticity in proestrus rats. Brain Res.
703, 26-30. doi: 10.1016/0006-8993(95)01059-9

Waters, E. M., Yildirim, M., Janssen, W. G. M., Lou, W. Y. W,, McEwen, B. S.,
Morrison, J. H., et al. (2011). Estrogen and aging affect the synaptic distribution of
estrogen receptor f-immunoreactivity in the CA1 region of female rat hippocampus.
Brain Res. 1379, 86-97. doi: 10.1016/j.brainres.2010.09.069

Weiland, N. G. (1992). Estradiol selectively regulates agonist binding sites on the
N-methyl-D-aspartate receptor complex in the CA1 region of the hippocampus.
Endocrinology 131, 662-668. doi: 10.1210/endo.131.2.1353442

Wisniewski, A. B. (2012). Gender development in 46,XY DSD: influences of
chromosomes, hormones, and interactions with parents and healthcare professionals.
Australas. Sci. 2012:834967. doi: 10.6064/2012/834967

Wissink, S., van der Burg, B., Katzenellenbogen, B. S., and van der Saag, P. T.
(2001). Synergistic activation of the serotonin-1A receptor by nuclear factor-kappa
B and estrogen. Mol. Endocrinol. Baltim. Md 15, 543-552. doi: 10.1210/
mend.15.4.0629

Frontiers in Neuroscience

14

10.3389/fnins.2024.1348551

Wong, M., and Moss, R. L. (1992). Long-term and short-term electrophysiological
effects of estrogen on the synaptic properties of hippocampal CA1 neurons. J. Neurosci.
12, 3217-3225. doi: 10.1523/J]NEUROSCI.12-08-03217.1992

Woolley, C. S., and McEwen, B. S. (1992). Estradiol mediates fluctuation in
hippocampal synapse density during the estrous cycle in the adult rat. J. Neurosci. 12,
2549-2554. doi: 10.1523/JNEUROSCI.12-07-02549.1992

Woolley, C. S., and McEwen, B. S. (1994). Estradiol regulates hippocampal dendritic
spine density via an N-methyl-D-aspartate receptor-dependent mechanism. J. Neurosci.
14, 7680-7687. doi: 10.1523/JNEUROSCI.14-12-07680.1994

Xiao, L., and Becker, J. B. (1998). Effects of estrogen agonists on amphetamine-
stimulated striatal dopamine release. Synap. N. Y. N 29, 379-391. doi: 10.1002/(SICI
)1098-2396(199808)29:4<379::AID-SYN10>3.0.CO;2-M

Xu, H., Qin, S., Carrasco, G. A., Dai, Y., Filardo, E. J., Prossnitz, E. R., et al. (2009).
Extra-nuclear estrogen receptor GPR30 regulates serotonin function in rat
hypothalamus. Neuroscience 158, 1599-1607. doi: 10.1016/j.neuroscience.2008.11.028

Yap, S., Luki, J., Hanstock, C. C., Seres, P,, Shandro, T., Hanstock, S. E. C. et al (2021).
Decreased Medial Prefrontal Cortex Glutamate Levels in Perimenopausal Women.
Front. Psychiatry 12:763562. doi: 10.3389/fpsyt.2021.763562

Yoest, K. E., Cummings, J. A., and Becker, J. B. (2014). Estradiol, dopamine and
motivation. Cent. Nerv. Syst. Agents Med. Chem. 14, 83-89. doi: 10.217
4/1871524914666141226103135

Yoest, K. E., Quigley, J. A., and Becker, J. B. (2018). Rapid effects of ovarian hormones
in dorsal striatum and nucleus Accumbens. Horm. Behav. 104, 119-129. doi: 10.1016/j.
yhbeh.2018.044002

Yokomaku, D., Numakawa, T., Numakawa, Y., Suzuki, S., Matsumoto, T., Adachi, N, et al.
(2003). Estrogen enhances depolarization-induced glutamate release through activation of
phosphatidylinositol 3-kinase and mitogen-activated protein kinase in cultured hippocampal
neurons. Mol. Endocrinol. 17, 831-844. doi: 10.1210/me.2002-0314

Zakharenko, S. S., Zablow, L., and Siegelbaum, S. A. (2001). Visualization of changes
in presynaptic function during long-term synaptic plasticity. Nat. Neurosci. 4,711-717.
doi: 10.1038/89498

Zhang, Y., D’Souza, D., Raap, D. K., Garcia, E, Battaglia, G., Muma, N. A,, et al. (2001).
Characterization of the functional heterologous desensitization of hypothalamic
5-HT1A receptors after 5-HT2AReceptor activation. J. Neurosci. 21, 7919-7927. doi:
10.1523/JNEUROSCI.21-20-07919.2001

Zhao, C., Dahlman-Wright, K., and Gustafsson, J.-A. (2008). Estrogen receptor beta:
an overview and update. Nucl. Recept. Signal. 6:e003. doi: 10.1621/nrs.06003

frontiersin.org


https://doi.org/10.3389/fnins.2024.1348551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/npp.2015.360
https://doi.org/10.1016/j.yhbeh.2018.03.001
https://doi.org/10.1016/j.yhbeh.2018.03.001
https://doi.org/10.1111/j.1749-6632.1991.tb36493.x
https://doi.org/10.1111/j.1749-6632.1991.tb36493.x
https://doi.org/10.1016/0301-0082(92)90011-3
https://doi.org/10.3389/fendo.2019.00909
https://doi.org/10.1016/s0006-2952(03)00556-2
https://doi.org/10.1016/s0006-2952(03)00556-2
https://doi.org/10.1210/en.2007-0727
https://doi.org/10.1016/0006-8993(95)01059-9
https://doi.org/10.1016/j.brainres.2010.09.069
https://doi.org/10.1210/endo.131.2.1353442
https://doi.org/10.6064/2012/834967
https://doi.org/10.1210/mend.15.4.0629
https://doi.org/10.1210/mend.15.4.0629
https://doi.org/10.1523/JNEUROSCI.12-08-03217.1992
https://doi.org/10.1523/JNEUROSCI.12-07-02549.1992
https://doi.org/10.1523/JNEUROSCI.14-12-07680.1994
https://doi.org/10.1002/(SICI)1098-2396(199808)29:4<379::AID-SYN10>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1098-2396(199808)29:4<379::AID-SYN10>3.0.CO;2-M
https://doi.org/10.1016/j.neuroscience.2008.11.028
https://doi.org/10.3389/fpsyt.2021.763562
https://doi.org/10.2174/1871524914666141226103135
https://doi.org/10.2174/1871524914666141226103135
https://doi.org/10.1016/j.yhbeh.2018.04.002
https://doi.org/10.1016/j.yhbeh.2018.04.002
https://doi.org/10.1210/me.2002-0314
https://doi.org/10.1038/89498
https://doi.org/10.1523/JNEUROSCI.21-20-07919.2001
https://doi.org/10.1621/nrs.06003

Bendis et al. 10.3389/fnins.2024.1348551
Glossary
BLA Basolateral amygdala
BLA Cyclic adenosine 5’-monophosphate
CREB cAMP response element-binding protein
DAT Dopamine transporter
DOPAC Dihydroxyphenylacetic acid
DRN Dorsal Raphe Nucleus
DPN Diarylpropionitrile
D2 Dopamine receptor
EB Estradiol benzoate
ERa Estrogen receptor alpha
ERP Estrogen receptor beta
ERE Estrogen receptor element
E2 Estradiol (17p-estradiol)
GPER G protein-coupled estrogen receptor
LTD Long-term depression
LTP Long-term potentiation
mERs Membrane bound estrogen receptors
mGluRs Metabotropic glutamate receptors
NAc Nucleus accumbens
ORX Orchiectomized
OVX Ovariectomized
PFC Prefrontal cortex
PPT Propyl-pyrazole-triol
SERT Serotonin reuptake transporter
SERMs Selective estrogen receptor modulators
SSRIs Selective serotonin reuptake inhibitors
TPH Tryptophan hydroxylase
TPH-2 Tryptophan
5-HT Serotonergic projections
VMN Ventromedial hypothalamic nucleus
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