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Abstract

Over the past 30 years, research has demonstrated that estrogens are not only important for female
reproduction, but play a role in a diverse array of cognitive functions. Originally, estrogens were
thought to have only one receptor, localized exclusively to the cytoplasm and nucleus of cells.
However, it is now known that there are at least three estrogen receptors (ERs): ERa, ERp and G-
protein coupled ER1 (GPER1). In addition to being localized to nuclei, ERa and ERp are localized
to the cell membrane, and GPERL1 is also observed at the cell membrane. The mechanism through
which ERs are associated with the membrane remains unclear, but palmitoylation of receptors and
associations between ERs and caveolin are implicated in membrane association. ERa and ER are
mostly observed in the nucleus using light microscopy unless they are particularly abundant.
However, electron microscopy has revealed that ERs are also found at the membrane in
complimentary distributions in multiple brain regions, many of which are innervated by dopamine
inputs and were previously thought to contain few ERs. In particular, membrane-associated ERs
are observed in the prefrontal cortex, dorsal striatum, nucleus accumbens, and hippocampus, all of
which are involved in learning and memory. These findings provide a mechanism for the rapid
effects of estrogens in these regions. The effects of estrogens on dopamine-dependent cognition
likely result from binding at both nuclear and membrane-associated ERs, so elucidating the
localization of membrane-associated ERs helps provide a more complete understanding of the
cognitive effects of these hormones.
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The effects of estrogens on cognition, and the mechanisms through which these effects are
achieved in the brain, are more varied and complex than was initially believed. Estrogens are
a class of steroid hormones that include estrone, estrione, and estradiol (E2), the last of
which is the most potent estrogen in female mammals during their reproductive years. There
is substantial research examining the role of estrogens in cognition (see Luine, 2014 for
review). Interestingly, although estrogens have also been implicated in dopamine-dependent
cognition, the brain regions important for this (viz. the striatum (STR), nucleus accumbens
(NAC), prefrontal cortex (PFC) and hippocampus) have relatively sparse nuclear labelling for
estrogen receptors (ERs; Milner et al 2001, Mitra et al 2003, Shughrue et al 1998, Weiland
et al 1997). Some effects of estrogens on dopamine transmission in these regions occur over
a relatively long time course (> 10h) and are mediated by nuclear ERs (Luine et al 1998,
Korol and Kolo 2002, Quinlan et al 2010) but other estrogen effects are too rapid to occur
through binding at the nuclear ERs (Almey at al 2014, Becker and Rudick 1999, Thompson
and Moss 1994). This review examines the evidence for membrane-associated estrogen
receptors (MERS), the role of both nuclear ERs and mERs in dopamine-dependent cognition,
and recent immunoelectron microscopy research localizing mERs to the STR, NAc, PFC,
and hippocampus.

Following the discovery of estrogens in 1929 (Butenandt 1929), research on this class of
steroid hormones focused on their role in reproduction and the menstrual/estrous cycle in
females (Doisy 1972). In 1966, an ER was characterized in breast and uterine tissue (Toft
and Gorski 1966), and this ER was also localized to brain regions typically associated with
endocrine or reproductive functions, such as the hypothalamus (for review see McEwen and
Alves 1999). This receptor, now known as ERa, was observed primarily in cell nuclei,
typical for steroid hormone receptors. In the mid-1990s, a second ER, ERR, was discovered,
which also was localized to cell nuclei (Kuiper et al 1996). Both ERa and ERR are expressed
in the uterus, breast tissue, testicles, prostate, cardiovascular system, and to a lesser extent in
the bone and the lungs (Rollerova and Urbancikova 2000). More relevant to this review,
these ERs are expressed in the pituitary and many brain regions, including the
hypothalamus, the hippocampus, the amygdala, and the PFC, among others (Kuiper et al
1998, Montague et al 2008, Shughrue et al 1998, Shughrue and Merchenthaler 2001,
Spencer et al 2008). Estrogen activation of ERs either directly or indirectly contribute to
certain diseases and disorders (Brann et al., 2007) and have numerous behavioural effects
including: increasing agonistic behaviours, improving spatial learning and memory tasks,
and initiating copulatory behaviours (Luine et al 1998, Clipperton-Allen et al 2011,
Clipperton Allen et al 2010, Gervais et al 2013, Almey et al 2014, Brann et al 2007, Cornil
and Charlier 2010).

The original conceptualization of ERa and ERp was as typical steroid/nuclear receptor
located in the cytoplasm of cells when not activated. When estrogens bind to these receptors,
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the newly formed receptor-ligand complexes dimerize and translocate to the nucleus where
they bind to estrogen response elements (EREs) on DNA (Kumar and Chambon 1988) to
regulate the transcription of proteins (Nilsson et al 2001). It is difficult to predict the effects
of binding at an ERE, since EREs can have different transcriptional effects, and nhumerous
co-activators and co-repressors alter the transcriptional effects of binding at EREs (Kuiper et
al 1996, Rollerova and Urbancikova 2000). Nonetheless, there is evidence that estrogens
alter the production of multiple proteins in the central nervous system, including growth
factors (\Varea et al 2010, Woolley 1999), cytokines (Kovacs et al 2002), and apoptotic
factors in the brain (Kiess and Gallaher 1998, Vasconsuelo et al 2011). In addition to acting
through these nuclear ERs to elicit genomic effects, ERs can be found at the cell membrane,
where estrogen-binding induces rapid non-genomic effects such as altering membrane
permeability (Fu and Simoncini 2008, Wong and Moss 1992) and activating second
messenger cascades (Edwards and Boonyaratanakornkit 2003, Fu and Simoncini 2008).

The earliest evidence for membrane ERs (mERS) was from Pietras and Szego (1975), who
demonstrated that application of E2 to endometrial cells causes rapid depolarization as a
result of an increase in intracellular Ca2* influx. The authors then used subcellular
fractionation techniques to isolate the cell membrane from the cytoplasm, and demonstrated
that ERa is present in membrane fractions from endothelial tissue suggesting that ERa is
associated with cell membranes (Pietras and Szego, 1980). Shortly afterwards, estrogens
were shown to exhibit rapid cellular effects in the central nervous system, as the application
of E2 to parvocellular neurons in the medial preoptic area, arcuate nucleus, and the
ventromedial hypothalamus resulted in fast hyperpolarization of these cells (Kelly et al
1980, Kelly et al 1976). These findings inspired further research on these rapid effects of
estrogens, which then revealed that application of estrogens to neurons from the arcuate and
ventromedial hypothalamus or the amygdala resulted in hyperpolarization of these cells in
the presence of transcription blockers (Kelly et al 1980, Minami et al 1990, Nabekura et al
1986). Additionally, the membrane-impermeable E2-bovine serum albumin (BSA) conjugate
binds to receptors in the hypothalamus, cerebellum, and olfactory bulb (Zheng and Ramirez
1997). Since estrogens’ genomic effects cannot occur rapidly in the presence of transcription
blockers, or via E2-BSA, these early studies concluded that estrogens must bind at some
then-unknown membrane-associated ER to elicit these rapid, non-genomic effects.

1. Membrane associated estrogen receptors

1.1 ERa and ERB: steroid receptors in a novel location

There is now evidence that ERa and ERR are both found at the cell membrane, as well as in
nuclei and in the cytoplasm, where they were originally localized. These two receptors are
found as either homo- (ERa-ERa or ERB-ERp) or hetero- (ERa-ERp) dimers at the
membrane, and they are membrane-associated, but not actually embedded within the cell
membrane (Boonyaratanakornkit and Edwards 2007). mERa and mER( can induce a
number of intracellular events typically induced by activating G-protein coupled receptors.
mERs are thought to activate G-protein coupled receptors to regulate L-type CaZ* channels
and activate protein kinase A (PKA), protein kinase C (PKC), and mitogen activated protein
kinase (MAPK) signalling cascades (Coleman and Smith 2001, Fu and Simoncini 2008,
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Yang et al 2008). The mechanisms through which ERa and ERf} become associated with the
cell membrane remain unclear, but two are believed to be pivotal: the post translational lipid
modification of these ERs, and their interaction with membrane/cytoplasmic scaffolding
proteins (Boonyaratanakornkit 2011). Note that research on ER membrane association has
predominantly focused on ERa.

The primary form of lipid modification associated with mERs is palmitoylation.
Palmitoylation refers to the addition of the fatty acid, palmitic acid, to specific residues of
proteins, typically membrane-associated proteins (Basu 2004). If palmitoylation is inhibited
in hippocampal cell cultures, rapid estrogen-induced phosphorylation of cyclic AMP
response element binding protein (CREB) is eliminated (Meitzen et al 2013). Furthermore,
palmitoylation occurs at specific cysteine sites of ERa and ERp receptors; when these
palmitoylation sites are mutated, rapid estrogen-induced CREB phosphorylation and
activation of MAPK and PI3 kinase are blocked (Meitzen et al 2013, Pedram et al 2002).
Additionally, E2-induced decreases in synaptosomal membrane-associated ERa in the
hippocampus occur through depalmitoylation (Tabatadze et al 2013). Together, these
findings indicate that palmitoylation of specific cysteine residues of the ERs is critical for
the rapid effects of membrane-associated ERs. A truncated version of ERa was discovered
in endothelial cells; this truncated ERa is 46-kDa as opposed to the typical 67-kDa ERa.
This 46-kDa version of ERa is preferentially palmitoylated, and is more effective at rapidly
activating endothelial nitric oxide synthase than the traditional ERa (Li et al 2003), but does
not mediate transcriptional responses (Figtree et al 2003). This suggests that there is a
smaller isoform of ERa primarily associated with the cell membrane.

Interactions between ERs and certain scaffolding proteins also are believed to play a critical
role in the association of ERa and ERp with the cell membrane. The scaffolding proteins
receiving the most attention for their role in facilitating membrane-association of ERs are
caveolins (Boonyaratanakornkit 2011). Caveolins are the primary structural components of
caveolae, which are 50-100nm invaginations of the cell membrane. The structure of caveolae
is thought to promote protein-protein interactions and integrate receptors and signaling
molecules to facilitate rapid and specific signal transduction (Okamoto et al 1998). ERa is
localized in caveolar subfractions of endothelial plasma membranes (Chambliss et al 2000),
and confocal microscopy has observed extensive colocalization of caveolins and ERa
(Pedram et al 2002). Caveolins are hypothesized to facilitate transport of ERa from the
cytoplasm to caveolae, as endothelial cells expressing caveolin have a significantly higher
ratio of membrane to cytoplasmic ERa (Pedram et al 2002), and knocking down caveolin in
the arcuate nucleus of the hypothalamus reduces the expression of mERa (Christensen and
Micevych 2012). Additionally, estrogens affect the production of caveolins; application of
physiological levels of E2 significantly increases levels of caveolin and increases caveolin-
ERa associations (Razandi et al 2002). These results suggest that estrogens increase levels
of caveolin, which in turn facilitates transport of ERa to the cell membrane (Razandi et al
2002). Interestingly, when the palmitoylation site on ERa is mutated, the physical
association between ERa and caveolin is reduced (Pedram et al 2007); this suggests that
palmitoylation of ERa facilitates interactions between this receptor and caveolins.
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Palmitoylation of mERs and associations with caveolins allow these receptors to associate
with cell membranes, but does not explain the effects of binding at these mERs on neuronal
transmission. The rapid effects of estrogens have been shown to be sensitive to G protein
manipulation, which suggests that mERa and mERf may be able to alter G protein receptor
activity (Kelly and Wagner 1999). Research suggests that binding at mERa and mERp
stimulates metabotropic glutamate receptors (mGIuRs; Meitzen and Mermelstein 2011).
mGIuRs are G-protein-coupled receptors categorized into three families: mGIuRI (MGIuR1
and 5) that are Gq receptors, and mGIuRIl (mGIuR2 and 3) and 111 (mGIuR4, 6, and 7),
which are Gi/o receptors (Niswender and Conn 2010). In cultured hippocampal and striatal
cells, application of E2 increases CREB phosphorylation within 30 seconds, an effect that is
mediated by ERa (Boulware et al 2005, Grove-Strawser et al 2010). In cultured
hippocampal neurons this effect of E2 estradiol (E2) is replicated by applying an mGIluR1
agonist, and blocked by applying an mGIuR1 antagonist to the cells (Boulware et al 2005).
In contrast, in striatal neurons the E2-induced increase in CREB phosphorylation is
mimicked by mGIuR5 agonists and blocked by mGIuRS5 antagonists (Grove-Strawser et al
2010). Additionally E2 can have bidirectional effects on CREB phosphorylation in these
brain regions. In hippocampal cultures E2 also inhibits CREB phosphorylation via binding
at ERa and ERp, an effect blocked by mGIluR2 antagonists and mimicked by mGIluR2
agonists (Boulware et al 2005). In striatal cultures the E2-induced decrease in CREB
function is mediated by mGIuR3 receptors (Grove-Strawser et al 2010). More recently it was
shown that binding at ERa in the CA1 of the hippocampus activates mGluR1, mobilizing
components of the endocannabinoid system, leading to reduced GABA release (Tabatadze et
al 2013). The authors interpreted these findings to suggest that some of the rapid effects of
E2 in the hippocampus and STR are mediated by mER interactions with different members
of the mGIuRI and mGIuRII receptor families (Meitzen and Mermelstein 2011).

mGIuRs are frequently associated with caveolins, and inhibiting caveolin expression or
activity inhibits E2 effects on CREB phosphorylation, indicating that the association
between E2 and mGIuRI and/or mGIuRII is dependent on caveolins (Boulware et al 2007).
Taken together, these studies suggest that the classical ERs are palmitoylated, which may
promote the interaction between these ERs and caveolins (see Fig 1; Meitzen et al 2013).
Caveolins facilitate transport of mERs to caveolae where these receptors form associations
with mGIuRs; binding at these mERs alters CREB activity via activation of mGIuRs
(Meitzen et al 2013). There are other mechanisms involved in ER-membrane associations;
multiple proteins including the adapter protein Shc, the calmodulin binding protein Striatin,
and the modulator of non-genomic activity of estrogen receptor, have also been implicated in
the membrane association of estrogen receptors (Boonyaratanakornkit 2011,
Boonyaratanakornkit and Edwards 2007). However, the palmitoylation of mER, and mER
associations with caveolins and mGIuRs, provide the most complete explanation for how
mMERs become associated with the cell membrane, and occur in dopamine-innervated regions
(Boulware et al 2005, Grove-Strawser et al 2010, Meitzen and Mermelstein 2011, Huang
and Woolley 2012).
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1.2 GPER1: a membrane-bound G protein-coupled estrogen receptor

In addition to mERa and mER, a third membrane-associated ER was discovered. An
orphan G protein-coupled receptor, G protein coupled receptor 30 (GPR30; a protein
migrating at 30 kDa) is now designated as G protein-coupled ER 1 or GPER1. GPERL1 first
was identified in breast tissue (Carmeci et al 1997), and has a single binding site specific to
estrogens (Prossnitz et al 2008). Initially, GPER1 was observed at the endoplasmic reticulum
in neurons, so it was hypothesized that binding at GPER1 modulated the effects of estrogens
at ERa or ERB (Revankar et al 2005, Sakamoto et al 2007). GPERL1 is also found on the
plasma membrane of cells in the hippocampus and hypothalamus, indicating that binding at
GPER1 could have direct effects on neuronal transmission in these brain regions (Funakoshi
et al 2006, Prossnitz et al 2008, Waters 2015). The effects of binding at GPER1 are not fully
elucidated, but evidence demonstrates that application of E2 to COS (fibroblast-like cell
line) or HeL a cells transfected with GPER1 rapidly increases Ca2* influx (Bologa et al
2006, Funakoshi et al, 2006). Additionally, binding at GPER1 activates the phosphoinositide
3-kinase (PI3K) second messenger- signalling cascade (Prossnitz et al 2008), the MAPK
signalling cascades (Filardo et al 2000) and the PKA signalling cascade (Fu and Simoncini
2008). Recently, we found that GPERL1 in the hippocampus interacts with the PSD-95 and
the spine scaffolding protein SAP97 that would position GPER1 for non-genomic signalling
at the spine synapse (Akama et al 2013, Waters 2015). Additionally, application of E2 and
the GPERL1 agonist, G1, to cultured cortical neurons attenuated NMDA-induced
excitotoxicity via activation of MAPK signalling pathways (Liu et al, 2012). These findings
demonstrate that activation of GPER1, like mERa and mERR, increases intracellular Ca2*
and activates multiple second messenger cascades, suggesting that binding at this receptor
could have widespread effects on neuronal function.

1.3 Are there more membrane-associated estrogen receptors to be discovered?

Other potential membrane-associated receptors have been identified. The first is referred to
as ER-X. This receptor type is distinguished from ERa, ERR and GPER1 by its molecular
weight, which is 63 kDa compared to 67kDa, 60kDa, and 44kDa respectively (Filardo et al
2007, Toran-Allerand et al 2002). The putative ER-X can also be distinguished from other
ERs because the two stereoisomers of E2, 17a- and 17R3- E2 have equal affinity for this
receptor, whereas 17R-E2 has 100 times greater affinity for ERa and ERR than 17a-E2
(Toran-Allerand et al 2002). Another potential membrane-associated ER is a G-protein
coupled receptor called Gg-mER that is found in the arcuate nucleus of the hypothalamus
and is activated by has been the selective ER modulator, STX (Qiu et al 2003). STX has a
20-fold greater affinity for this receptor than it does for either ERa or ERp, and STX has
rapid effects in the hypothalamus of GPER1 knockout mice, suggesting that it is binding to
an undiscovered ER (Qiu et al 2003). Gg-mER is thought to shown to play an important role
in estrogens’ effects on metabolic function (Smith et al 2013), and affect multiple
homeostatic processes including reproduction, stress, sleep, as well as motivated behaviours
(Qiu et al 2008). These potential ERs (i.e. ER-X and Gg-mER) may provide alternate
mechanisms via which estrogens can rapidly affect neuronal function, and ultimately
cognition. However, there is not sufficient research to speculate on their role in cognition, so
the remainder of this review will focus on ERa, ERB, and GPERL, and their role in
dopamine-dependent cognition in females.
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2. Distribution of estrogen receptor containing cells in the CNS

Light microscopic immunocytochemical and /n situ hybridization studies have shown that
cells with ERa, ERp, and GPERL1 are found throughout the brain, from the most rostral
regions of the forebrain to the cerebellum. It would not be practical to list all regions
containing ERs, but regions where high levels of these receptors are consistently observed
are described. Interestingly, although these studies observe nuclear labelling for ERa and
ERB throughout the brain, reports of extra-hypothalamic mERa and mERP using light
microscopic methods are limited.

Cells with ERa are most commonly localized to the bed nucleus of the stria terminalis, the
medial amygdala, the preoptic area, and various hypothalamic nuclei. High levels of this
receptor were also observed in the periaqueductal grey and parabrachial nucleus, and lower
levels are observed in the locus coeruleus (Mitra et al 2003, Shughrue et al 1998). The
reported distribution of ERp differs slightly from ERa, but the regions with the most dense
labelling are similar, as this receptor has been observed primarily in the lateral septum, the
bed nucleus of the stria terminalis, the medial and basolateral amygdala, the preoptic region
and other hypothalamic nuclei, and the trigeminal nuclei (Creutz and Kritzer 2002, Milner et
al 2010, Mitra et al 2003, Shughrue et al 1999, Shughrue and Merchenthaler 2001).
Intermediate levels of ERp labelled cells are found in the hippocampus and cerebral cortex
(Milner et al 2005, Milner et al 2010, Mitterling et al 2010, Shughrue and Merchenthaler
2001). Some studies have observed ERJ labelled cells in the ventral tegmental area, the
locus coeruleus and in granulosa cells of the cerebellum (Mitra et al 2003, Shughrue and
Merchenthaler 2001).

GPER1 also is observed throughout the brain, with high levels in the olfactory bulbs, and
hypothalamus and various cortical regions including the motor, somatosensory piriform
cortices, the hippocampus, and the habenular nucleus of the epithalamus (Brailoiu et al
2007, Hazell et al 2009, Xu et al 2009, Waters et al 2015). More caudally, GPER1 is
observed in the nucleus of the solitary tract, and the Purkinje and granule cells of the
cerebellum (Hazell et al 2009, Spary et al 2013). Light microscopy observes GPER1 is seen
at cytoplasmic sites, and associated with the plasma membrane (Funakoshi et al 2006).

3. Estrogens affect dopamine-dependent diseases and cognitive processes

Estrogens affect a wide array of cognitive processes by altering transmission in various
neurotransmitter systems. There is growing evidence that estrogens affect dopamine-
dependent cognitive processes. Implications of estrogens’ involvement in dopamine
dependent diseases comes from clinical observations of sex differences in susceptibility to
Parkinson's, schizophrenia, and addiction.

Parkinson's disease is caused by decreased dopamine transmission in the STR, and
Parkinson's patients show hippocampal atrophy and decreased markers of neurogenesis in
the dentate gyrus (for review see Regensburger et al 2014). A higher incidence of
Parkinson's in males (Shulman and Bhat, 2006), however, Parkinson's symptoms in females
increase following menopause when endogenous estrogen production decreases (Ragonese
et al 2004). Moreover, women respond better to L-3,4-dihydroxyphenylalanine (L-DOPA),
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the first line treatment for Parkinson's disease, when it is administered with transdermal E2
(Blanchet et al 1999).

Schizophrenia is also hypothesized to result from dysregulated dopamine transmission, with
increased dopamine activity in the NAc and STR, and decreased dopamine transmission in
the PFC (Howes and Kapur 2009). Individuals with schizophrenia show numerous
hippocampal abnormalities including hippocampal atrophy, and symptom-related changes in
hippocampal metabolic activity, among others (for review see Harrison 2004). Women
exhibit later onset and less severe symptomatology than men (Hafner, 2003). However, these
symptoms increase when estrogen levels decrease, both during the postpartum period and
following menopause (Kulkarni et al 2012, Matevosyan 2011). Moreover, women respond
better to antipsychotic drugs when they are administered in conjunction with E2
(Akhondzadeh et al 2003, Kulkarni et al 2014). Lastly, addiction is also related to
dysfunctional dopamine transmission; repeated drug use is associated with a decrease in
dopamine release in the STR and NAc (Volkow et al 2009), and significant decreases in
adult hippocampal neurogenesis leading to changes in the striatal-cortical-frontal circuitry
(Chambers 2013). There are sex differences in the development of addiction, as women
escalate use of drugs, including opiates, psychostimulants, and nicotine more rapidly than
men (Hernandez-Avila et al 2004, Lynch et al 2002). Women also report a greater response
to amphetamines during the luteal phase of the menstrual cycle, when estrogens are high
(Justice and de Wit 1999). Collectively, these findings suggest that estrogens play a role in
central dopamine function, as these disorders are all associated with dysfunctional dopamine
transmission and hippocampal atrophy/decreased hippocampal function.

3.1 Estrogens alter dopamine-dependent cognitive processes in rats

There is evidence that estrogens affect many dopamine-dependent cognitive processes,
including selective attention object recognition memory and memory system bias. The
majority of research has examined the genomic effects of estrogens, administering E2 ~12
hours prior to testing, but research examining the rapid effects of E2 on cognition will be
described when available. Latent inhibition, a measure of selective attention, is dependent on
dopamine transmission within the mesocorticolimbic pathway. Lesions and local infusion of
a dopamine antagonist in the PFC enhance latent inhibition (Broersen et al 1996, George et
al 2010) whereas lesions of the NAc or hippocampus abolish latent inhibition (Gal et al
1997, Kaye and Pearce,1987, Oswald et al, 2002). Moreover, dopaminergic activity in the
anterior STR is positively correlated with behaviour in a latent inhibition task (Jeanblanc et
al 2003). Interestingly, increases in plasma levels of estrogens, either during the proestrus
phase of the estrous cycle or following E2 replacement in ovariectomized rats, disrupt the
expression of latent inhibition (Nofrey et al 2008, Quinlan et al 2010, Almey et al 2013).

Obiject recognition memory is another dopamine-dependent cognitive process affected by
estrogens. Systemic and intra-PFC administration of a D1 antagonist can impair object
recognition memory, reflected in poor performance on a novel object preference task
(Besheer et al 1999, Nagai et al 2007). Correspondingly, systemic administration of a D1
agonist enhances long-term object recognition memory when administered immediately
after training (de Lima et al 2011) or 10 minutes before testing (Hotte et al 2005).
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Administration of E2 to ovariectomized rats leads to improved object recognition memory
(Gervais et al 2013, Jacome et al 2010), an effect that is mimicked by diarylproprionitrile
(DPN), an ERp agonist, suggesting the effects of E2 are at least partially due to binding at
ERB (Inagaki et al 2010, Luine et al 1998). Interestingly, this dose of DPN resulted in a
100% increase in dopamine in the PFC, suggesting that estrogen-induced improvements in
recognition memory are due, in part, to increased dopamine (Inagaki et al 2010, Luine et al
1998).

Estrogens also affect the use of place or response memory to navigate an environment. Rats
use either spatial or egocentric cues to locate a reward. If spatial cues are used to locate a
reward, this is referred to as a place memory, which is mediated by the hippocampus; if
egocentric cues are used, this is called a response memory, which is mediated by the dorsal
STR (Packard et al 1989, Packard and White 1991, White and McDonald 2002, see also
review by Korol and Pisani in this issue). An infusion of amphetamine, an indirect-dopamine
agonist, into the hippocampus biases rats toward using place memory, but an amphetamine
infusion into the STR biases rats toward using response memory (Packard and White 1991).
Interestingly, when estrogen levels are high, either during the proestrus phase of the estrous
cycle or following E2 replacement in ovariectomized females, rats are biased toward using
place memory (Korol and Kolo 2002, Quinlan et al 2008). More recently we showed that an
infusion of E2 directly into the PFC biases female rats towards use of place memory,
indicating that E2 acts rapidly (<15 minutes) to affect memory system bias, possibly via
reciprocal projections with the STR and hippocampus (Almey et al 2014). These preclinical
studies provide evidence that estrogens affect dopamine-dependent cognitive processes.
Some of these cognitive effects of E2 occur rapidly (<4 hours; Almey et al 2014, Gervais et
al 2013, Inagaki et al 2010, Jacome et al 2010), suggesting that the cognitive effects of
estrogens result from binding at both nuclear and mERs, leading to genomic and non-
genomic effects.

3.2 Estrogens modulate central dopamine transmission

There is accumulating evidence that estrogens alter dopamine function at various stages in
transmission by affecting dopamine availability, dopamine receptor density, and the affinity
of the dopamine transporter. Again, the majority of research has examined the genomic
effects of estrogens, administering E2 ~12 hours prior to testing, but research examining the
rapid effects of E2 on dopamine transmission will be described when available. In the STR,
tonic dopamine availability is increased when estrogen levels are high (Xiao and Becker
1994); this increase in dopamine is mediated via both long-term and rapid effect of
estrogens, as maximal dopamine increases are observed when E2 is administered ~12 hours
prior to testing, and then again 30 minutes prior to testing (Becker and Rudick 1999). When
E2 is applied to tissue from the STR this rapidly decreases dopamine uptake by decreasing
the affinity of the dopamine transporter (Disshon et al 1998), providing a potential
mechanism for E2-induced increases in dopamine availability. Additionally, ovariectomized
rats receiving estrogen replacement have higher binding at dopamine D1 and D2 receptors,
but lower binding at D3 receptors, in the STR (Landry et al 2002, Le Saux et al 2006,
Levesque and Di Paolo 1989, Levesque et al 1989). This increase in dopamine D2 receptor
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binding occurs without any changes in dopamine D2 mRNA levels (Le Saux et al 2006),
indicating that this change occurs through non-genomic mechanisms.

The relationship between estrogens and dopamine transmission in the NAc is similar to that
observed in the STR (Thompson and Moss 1994), as E2 replacement administered to
ovariectomized rats is associated with increased tonic (Madularu et al 2014) and phasic
(Thompson and Moss 1994) levels of dopamine in the NAc. Systemic administration of E2
increases NAc phasic dopamine release within 15 minutes, indicating this is a rapid effect
mediated by mERs (Thompson and Moss 1994). E2 replacement administered to
ovariectomized rats was shown to attenuate dopamine reuptake in the NAc (Thompson
1999), providing a potential explanation for the E2-induced dopamine availability in the
NAc. Additionally E2 treatment increases dopamine D2 receptor binding in the NAc (Le
Saux et al 2006), paralleling findings in the STR.

Estrogens also alter dopamine transmission in the PFC. Females exhibit the highest baseline
dopamine levels during estrus, when estrogens are declining, and the lowest basal dopamine
levels during proestrus, when estrogen levels are high (Dazzi et al 2007). However, rats in
proestrus have higher ethanol-induced dopamine release in the PFC, suggesting that
estrogens decrease basal dopamine, but increase dopamine release in the PFC (Dazzi et al
2007). Additionally, dopamine D1 receptor density as well as dendritic spine density is
increased in the PFC when ovariectomized females are treated with E2 (Levesque et al 1989;
Wallace et al 2006).

The hippocampus receives a small dopaminergic afferent, and more substantial GABAergic
afferents from the VTA (Rocchetti et al 2015). Additionally, glutamatergic afferents from the
hippocampus to the NAc regulate the firing of dopaminergic neurons in the VTA (Floresco
et al 2001). Moreover, hippocampal projections to the PFC are thought to play a role in
amplifying neuronal activity in the PFC (Ishikawa and Nakamura 2003). These findings
suggest that hippocampal afferents can modulate dopamine activity throughout the
mesocorticolimbic pathway.

As discussed extensively in previous reviews (McEwen and Alves, 1999; McEwen and
Milner, 2007; Spencer et al., 2008; McEwen et al., 2012), the hippocampus is also sensitive
to the effects of estrogen. Female rats, either in the proestrus phase of the estrous cycle or
following E2 replacement after ovariectomy had significantly elevated spine synapse density
in CAL pyramidal neurons (Gould et al 1990; Woolley et al 1990). The effect of E2 on
synaptic spine density in the hippocampus has been shown to occur rapidly, within 30
minutes of subcutaneous E2 administration (MacLusky et al 2005). /n vivo studies
demonstrate that female rats administered an infusion of E2 in the hippocampus demonstrate
better recollection for the platform location in a watermaze task (Packard and Teather 1997),
and demonstrate a bias towards use of place memory to navigate a maze (Zurkovsky et al
2007).

Although estrogens have been shown to affect dopamine-dependent cognitive processes in
the STR, PFC and hippocampus, these brain are not recognized for having high levels of
ERs. Generally, light microscopy and /n situ hybridization observe low levels of ERa
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immunoreactivity (IR) in the STR and NAc, and almost none in the PFC (Mitra et al 2003,
Shughrue et al 1998; see also figures 2 & 4), although other light microscopy studies report
moderate levels of ERa in the PFC (Montague et al, 2008). Light microscopy studies
observe ERB-IR at low levels in the PFC, and very low levels in the STR and NAc (Mitra et
al 2003, Milner et al 2010; see also figures 2 & 4). Similarly, /in situ hybridization studies
observe low levels of ERp in the STR and NAc, and extremely low levels of the receptor in
the PFC (Shughrue et al 1999). Moderate levels of ERa-IR profiles were observed in
interneurons of the hippocampus using light microscopy, with the highest density in the
stratum radiatum and dentate hilus (Solum and Hanada 2001, Weiland et al 1997), and ERp-
IR is observed throughout the hippocampus at moderate levels (Zhang et al 2002). The
immunolabeling for ERa and ERp observed in these light microscopy experiments was
primarily nuclear labelling (Mitra et al 2003, Zhang et al 2002); these nuclear receptors are
likely responsible for the genomic actions of estrogens in these regions.

However, there are rapid behavioural effects of estrogen in the STR, NAc, PFC and
hippocampus that could not occur through binding nuclear ERs (Almey et al 2014, Cornil
and Charlier 2010, MacLusky et al 2005, Thompson 1999, Thompson and Moss 1994).
Immunolabeling for GPER1 is observed at relatively high levels in the hippocampus,
moderate levels in the PFC, and lower levels in the STR and NAc (Hazell et al 2009),
presumably at the cell membrane or associated with cytoplasmic organelles (Almey et al
2012, Otto et al 2008). Therefore, binding at GPER1 could be responsible for some of the
rapid effects of E2 in these brain regions, but these rapid effects of E2 also suggest mERa or
MERP may be present as well. Some light microscopy studies observe non-neuronal mER-
IR profiles (Milner et al 2005, Wagner, Silverman, and Morell 1998, Zhang et al 2002), but
the majority do not (Almey et al 2014, Almey et al 2013, Cruetz and Kritzer 2002, Mitra et
al 2003, Shughrue et al 1998, Weiland et al 1997), which suggests that light microscopy
does not have sufficient resolution to detect low levels of mERs. Immunoelectron
microscopy methods have higher resolution than light microscopy (See Box 1), and can
discriminate discreet labeling for mERs in the brain (Milner 2011). Consequently, we used
this technique to clarify the subcellular localization of mERS to specific neuronal profiles in
the hippocampus and the terminal regions of the mesocorticolimbic and nigrostriatal
pathways (see sections 4.2 and 4.3). The effects of estrogen on cognition likely result from a
combination of genomic and non-genomic actions; there is an impetus to clarify the
distribution of mERs, to better understand this non-genomic component of estrogen's effects.

4. Ultrastructural localization of ERs in the brain

To date, electron microscopic studies have examined the distribution of mERs in regions that
directly receive dopaminergic projections, including the STR, NAc, and PFC, or in the
hippocampus, which has reciprocal connections with these dopaminergic nuclei (Floresco et
al. 2001, Rocchetti et al 2015). These studies will be briefly summarized.

4.1 Early ER localization studies in hypothalamus

The earliest incidence of ultrastructural localization of ERs examined the distribution of ER
(later called ERa) in hypothalamic tissue (Blaustein et al 1992, Langub and Watson 1992).
Landub and Watson (1992) focussed on nuclear labeling for ERa in the medial preoptic area
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and the median eminence. While examining the ultrastructural localization of nuclear ERa
in the hypothalamus, a second research group noticed that ERa-IR profiles were also
localized to extranuclear sites in both dendrites and terminals (Blaustein et al 1992). These
findings implied that estrogens could have rapid, non-genomic effects on transmission in the
hypothalamus, in agreement with the observation that increases in estrogens during proestrus
reduced gonadotropin releasing hormone and lutenizing hormone in 30 minutes, an effect so
rapid that it could not be elicited via genomic ERs (Condon et al 1988, Sarkar and Fink
1980). This initial electron microscopic research in the hypothalamus was not pursued,
despite that it provided a mechanism for the rapid effects of estrogens in this region.
However it did suggest that electron microscopy is a powerful tool for observing mERs in
the brain.

4.2 Ultrastructural analysis of ERs in the hippocampus

Ultrastructural analysis of the distribution of ERs recommenced in the hippocampus in the
late 90s, based on evidence from McEwen and colleagues demonstrating that estrogens
induce rapid structural changes in the hippocampus as discussed above. mERa was localized
to the cytoplasmic surface of the membrane in interneurons throughout the hippocampus,
with the highest density in the stratum radiatum of the CA1 (see Fig 2B; Milner et al 2001).
In the hippocampus, 50% of all mERa-IR profiles in the hippocampus are presynaptic
profiles, i.e. axons and terminals. Presynaptic terminals with mERa-IR form both
asymmetric and symmetric synapses, suggesting that estrogens affect both excitatory and
inhibitory transmission in the hippocampus (Milner et al 2001). Additionally 25% of the
total mERa-IR profiles are post-synaptic, i.e. dendrites and dendritic spines (Milner et al
2001), providing a potential mechanism for the E2-induced changes in synaptic spine
density observed in the hippocampus (Gould et al 1990). The remaining 25% of mERa-IR
profiles in the hippocampus are glial, including astrocytes and microglia (Milner et al 2001),
suggesting a mechanism for E2 involvement in glial-mediated neuroprotection (Arevalo et al
2010). After this initial study in rats, subsequent studies have shown that ERa-IR profiles in
the mouse hippocampus are similarly distributed (Mitterling et al 2010). Some of the mERa-
IR profiles observed in the hippocampus are localized to cholinergic axons and terminals,
identified via the vesicular acetylcholine transporter, which suggests that mERa is
positioned to have rapid effects on cholinergic transmission in this region (Towart et al
2003). Additional electron microscopic autoradiography studies have shown that 1251-
estradiol binds to both pre- and post-synaptic profiles in the hippocampus supporting a
functional role for nonnuclear ERs (Milner et al 2008).

Ultrastructural studies have demonstrated that mERa is associated with small synaptic
vesicles in a subset of GABAergic axons and terminals in the CA1 of the hippocampus;
findings from this experiment suggest that estrogens may bind at these receptors to mobilize
vesicles towards synapses (Hart et al 2007). Further research demonstrated that some of the
mERa-IR vesicles contain GABA (Tabatadze et al 2013), and that E2 acts via ERa to reduce
GABA release through interactions with the cannabinoid system (Huang and Woolley 2012).
Together these findings demonstrate that mER« is observed in the hippocampus, where it is
positioned to affect presynaptic transmission in GABAergic and cholinergic neurons, and
affect E2-induced increases in spine density.
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The success of these studies on mERa distribution in the hippocampus led to studies
examining the distribution of mERP and GPERL1 in the rodent hippocampus. mERB-IR was
also observed at extranuclear sites in the hippocampus, in the CA1, CA3, and dentate gyrus
(see Fig 2A; Milner et al 2005, Mitterling et al 2010). Profiles with mER-IR were primarily
post-synaptic: ~25% of the total mERp-IR profiles were dendritic shafts, and ~15% of the
MERB-IR profiles were dendritic spines. There was a greater percentage of mERP localized
to dendritic spines in the CA1 region of the hippocampus (Milner et al 2005), where E2-
induced changes in spine synaptic density are observed (Gould et al 1990). Ten percent of all
mMERB-IR profiles were axon terminals, and 20% of the mERp-IR profiles were axons,
suggesting that binding at mERP would also affect presynaptic transmission in the
hippocampus. Similar to mERa, mERp-IR was localized to endomembranes, including the
membranes of endoplasmic reticulum and mitochondria, and has been observed in glial cells
in the hippocampus (Milner et al 2005). See earlier reviews (McEwen and Alves, 1999;
McEwen and Milner, 2007; Spencer et al., 2008; McEwen et al., 2012) for an in-depth
discussion of estrogen effects in the hippocampus.

Following the discovery and characterization of the newest ER, GPERL1, light microscopic
studies observed GPER1-IR in several subregions of the rodent hippocampus (Brailoiu et al
2007, Funakoshi et al 2006). Moreover, electron microscopic studies observed GPER-IR at
the plasma membrane of pyramidal cells in the CA2 (Funakoshi et al 2006). Recently,
collaborative studies with the Milner lab have furthered these findings, demonstrating that
GPERI1-IR is localized to pre- and post-synaptic sites in both the rat and mouse
hippocampus (see Fig 2C; Akama et al 2013, Waters 2015). Notably, GPER1 in this region
is exclusively extranuclear and found in pyramidal cells and interneurons throughout the
hippocampus (Waters 2015). Within perikarya, GPER1-IR is affiliated with the plasma
membrane and endoplasmic reticulum. Like mERa and mERp, GPER1-IR is localized to
dendritic spines, suggesting that estrogens could alter dendritic spine morphology by
binding at GPER1. Moreover, GPERL1 is found in axons and clusters of vesicles in axon
terminals, especially in CA3, where it could regulate synaptic transmission (Waters et al
2015).

Together, electron microscopic studies have demonstrated that profiles containing mERa,
mERp and GPERL1 are abundant in the hippocampus. Moreover, although the distribution of
these three receptors is overlapping, it is largely complementary. Light and electron
microscopic studies also have revealed that ERs are in hippocampal neurons that undergo
adult neurogenesis which are known to be important in cognitive processes (for review see
Leuner et al 2006). Systemic administration of estrogens significantly increases cell
proliferation in the dentate gyrus in a dose-dependent manner (Gould et al 2000, Tanapat et
al 2005). Using /n situ hybridization, Isgor and Watson (Isgor and Watson 2005)
demonstrated that ERa and ER mRNA are expressed in new cells in the hippocampus.
Electron microscopic studies have revealed that newly generated cells in the subgranular
region of the dentate gyrus express mERB-IR at the plasmalemmal membrane and the
membrane of cellular organelles (Herrick et al 2006). These findings implicate estrogens in
the genesis, and/or maturation of cells in the hippocampus.
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Additionally, estrogens have been shown to increase production of pre- and post-synaptic
proteins in the dorsal region of the CAL (Brake et al 2001), an effect that is mediated by both
ERa and ERp (Spencer-Segal et al 2012, Waters et al 2009). This provides further evidence
that estrogens are involved in synaptogenesis in the hippocampus, suggesting that estrogens
play a role in the formation of new synaptic connections. It has also been shown that
systemic E2 administration results an increase in phosphorylated Akt 6 hours following
administration, and an increase in phosphorylated TrkB 48 hours following administration—
an effect that occurs via binding at both ERa and ERp in the hippocampus (Spencer-Segal et
al 2012, Spencer et al 2008). Moreover, electron microscopic studies have shown that
estrogens regulate the levels and trafficking of pAkt and pTrkB in hippocampal neurons
(Spencer-Segal et al 2011, Yildirim et al 2011, Znamensky et al 2003). Both of these
signalling pathways are implicated in synaptic plasticity, so E2-induced activation of these
pathways provides another mechanism through which estrogens may cause synaptic
strengthening or remodelling. Current theories on the neural mechanisms responsible for
memory formation postulate that synaptic plasticity, synaptogenesis, and neurogenesis work
in concert in the hippocampus, allowing for memory formation and retention. Therefore, the
estrogen-induced changes in these brain plasticity mechanisms could impact hippocampal-
dependent memory. Interestingly, post-embedding electron microscopic studies have
revealed that aging negatively affects trafficking of mERa (Adams et al 2002) and mERf
(Waters et al 2011) in synapses within the hippocampus; together these findings provide a
potential mechanism for the cognitive impairments observed in post-menopausal women.

The success of ultrastructural analysis in the hippocampus led to experiments examining the
distribution of mERs in other brain regions where estrogens are known to have effects,
despite a paucity of nuclear receptor staining. Prior reviews have discussed the localization
of ERs in autonomic circuits (McEwen et al 2012), so it is not discussed here. Additionally,
ultrastructural analysis revealed that there was extranuclear mERa observed in serotonergic
neurons of the raphe nuclei (Milner 2003), providing a mechanism for rapid effects of
estrogens on serotonergic transmission in this region.

4.3 Ultrastructural analysis of mERs within dopamine terminal regions

Since ultrastructural analysis allowed for visualization of mERs in the hippocampus and
autonomic brain regions, the ultrastructural distribution of mERs in the terminal regions of
the mesocorticolimbic and nigrostriatal pathways was investigated. The initial experiments
examined the distribution of mERs in the STR of female rats. These experiments observed
little to no ERa- or ERB-IR using light microscopy (see Fig 3), but abundant mERa-IR and
moderate levels or mERB-IR, at exclusively extranuclear sites, using electron microscopy
(Almey et al 2012). Additionally, GPER1-IR was observed in the perikarya via light
microscopy, and correspondingly GPER1-IR was observed at extranuclear sites using
electron microscopy (Almey et al 2012). All three ERs were seen at all types of neuronal
profiles (See Fig 4 B-E), but they were most commonly observed in presynaptic profiles,
with axons and terminals being the majority (55-65%) of total profiles labeled with mERa,
mMERP, and GPER1 (Almey et al 2012). Additionally, ~25% of all mERa and GPER1-IR
profiles were glia, similar to findings in the hippocampus (Waters et al 2015, Milner et al
2001), providing a potential mechanism for E2 effects on glial-mediated neuroprotection
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(Arevalo et al 2010, Liu et al 2011). A similar number of mERa-IR and GPER1-IR profiles
were observed in the STR (~95 profiles in a 2416um area); profiles with mERa- and
GPER1-IR were observed ~5 times more frequently than profiles with mERB-IR (~20
profiles in a 2416um area) suggesting the majority of the effects of estrogens in the STR are
via mERa or GPERL. Despite previous findings that estrogens affect dopaminergic
transmission in the STR, mERa and GPER-1 are not localized to dopaminergic presynaptic
profiles in this brain area (Almey et al 2012). However, a proportion of cholinergic
interneurons contained mERa- and GPER1-IR in the STR; 13% of all GPER1-IR dendrites
contained vesicular acetylcholine transporter (VAChT) and 3% of GPER1-IR terminals
contained VAChT, while 5% of the total mERa-IR dendrites contained VAChT and 5% of
mERa containing terminals also contained VAChT (Almey et al 2012). Since less than 10%
of the ER labeled profiles are in cholinergic neurons, the remaining ER-labeled profiles in
the STR must belong to another neuron type. Recent unpublished observations find ~15% of
mERa-IR dendrites, and ~20% of GPER1-IR dendrites also contain immunoreactivity for
GABA, the most common type of interneuron in the STR (Almey, Milner, and Brake,
unpublished observations). Acetylcholine and GABA both have strong modulatory effects
on dopamine transmission in the STR, so estrogens could indirectly affect dopamine
transmission by altering cholinergic and/or GABAergic transmission (see Fig 4A).

The ultrastructural distribution of mERs was also examined in the medial PFC (mPFC)
following behavioural experiments demonstrating rapid behavioural effects of infusions of
E2 to this brain area (Almey et al 2014). Although light microscopy observed relatively low
levels of ERa and ERp (see Fig 5), at the ultrastructural level, mERa, mERf, and GPER1
are localized to extranuclear sites in neuronal and glial profiles in the mPFC of female rats
(see Fig 6 B-E; Almey et al 2014). Although mERs are observed at all types of neuronal
profiles, the majority of profiles are at axons and terminals; 60-70% of the total profiles with
immunoreactivity for mERa, mERp, and GPERL1 are presynaptic, suggesting that estrogens
alter transmission in the mPFC via presynaptic mechanisms (Almey et al 2014).
Immunoreactivity for all three ERs was also observed in postsynaptic profiles, but at much
lower levels. The presynaptic profiles that are immunoreactive for ERa, ERp, and GPER1
could be dopaminergic axons and terminals. This would provide a mechanism via which
estrogens could alter dopamine availability in the mPFC to affect dopamine-dependent
cognitive processes; dual labelling studies are required to determine whether these ERs are
in fact localized to dopaminergic neurons in the mPFC. ~25% of all profiles with mERs in
the mPFC are in glial cells, paralleling findings in the STR and hippocampus (Almey et al
2012, Milner et al 2005, Milner et al 2001). Profiles labeled with GPER1 are the most
abundant ER in the mPFC of female rats: GPER1 immunoreactivity is twice as abundant as
mERa-labeled profiles, and 4 times more abundant than mER. Future research using
agonist/antagonists for mERSs is required to determine how binding at each receptor type
contributes to the effects of E2 in the PFC (see fig 6A).

In addition to these findings, other unpublished electron microscopic studies (Almey, Milner
and Brake, unpublished findings) observe mERa and mERf and GPERL1 in the NAc shell
and core. A low proportion of these mERs are localized to dopaminergic neurons, and a
moderate proportion of mERs are in GABAergic neurons (see Fig 7). The localization of
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MERs to the STR, mPFC, and NAc shell and core provide a mechanism for estrogens’ rapid
effects on dopamine transmission.

These experiments demonstrate that electron microscopy is well suited to visualizing mERs
in neuronal tissue, which is helpful in light of the fact that the mERs in the hippocampus,
STR, NAc, and PFC are not frequently observed using light microscopy. These
ultrastructural analyses complement previous light microscopy and /n situ hybridization
experiments; together they map the distribution of nuclear ERs and mERs, providing a more
complete picture of how estrogens affect neurotransmission through genomic and non-
genomic mechanisms.

5. Conclusion

In the past 30 years, research has demonstrated that estrogens’ effects extend far beyond
reproduction; these hormones affect transmission in various dopaminergic pathways, and are
implicated in disease function and multiple cognitive processes. It is clear that estrogen
receptors are localized to cell membranes, in addition to being localized to nuclei, which has
changed the way that estrogens’ actions in the brain are conceptualized. These membrane-
associated receptors are positioned to have rapid neuronal effects, and to mediate some of
estrogens’ effects on dopamine-dependent diseases and cognitive processes. In particular,
electron microscopic studies have expanded initial observations of mERs in the
hippocampus and autonomic nuclei to the STR, PFC and NAc. These studies have yielded
critical information for understanding the rapid effects of estrogens on cognitive function,
including those mediated by dopamine.
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Box 1
What is Electron Microscopy?

Electron microscopy is similar to other types of microscopy, in that it magnifies images
of small samples, allowing for visualization of fine details. Electron microscopes focus a
beam of accelerated electrons on a sample — electrons pass through certain components
of a sample but scatter when they hit other components of the sample. The electron beam
that exits the sample carries information that is magnified with optical lenses and
projected on a fluorescent screen. Because the wavelength of electrons is 100,000 times
shorter than that of visible photons of light, electron microscopes have ~2000 times
greater resolution than light microscopes, and consequently can reveal the structure of
much smaller objects.

Electron microscopy allows for visualization of neurons, so immunoreactivity for
proteins can be localized to specific types of profiles (axons vs dendrites), and even
specific regions of neuronal profiles (i.e. associated with the cell membrane). This makes
electron microscopy ideal for investigating the distribution of mERSs, since this technique
allows for visualization of these receptors at the plasma membrane, associated with
synaptic vesicles and cellular organelles, and in close proximity to synapses, confirming
that ERa and ER( are localized to extra-nuclear sites.
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Fig 1.
Schematic representation of how ERa or ER may be bound to the neuronal membrane via
associations with caveolin following palmitoylation of the receptor.

Horm Behav. Author manuscript; available in PMC 2016 April 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Almey et al.

Page 28
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Fig 2.

Images of labeling for estrogen receptors and estradiol in the hippocampus of female rats. A)
Immunoperoxidase labeling for ERp in a dendritic spine (D) is contacted by an unlabeled
terminal (uT) in CAL stratum radiatum, B) Immunoperoxidase labeling for ERa is found in
two dendritic spines identifiable by the presence of spine apparati (SA), which arise from the
same dendrite (D). Both labeled spines are contacted by unlabeled terminals (uT), and an
ERa-labeled axon (Ax) is found nearby, C) Clusters of immunoperoxidase labeling for
GPER1 are found in small synaptic vesicles near the plasma membrane of a terminal, D)
Autoradiographic silver grains (black squiggly lines) denoting 1251-estradiol binding in
stratum radiatum of the CA1 region of the hippocampus in a dendrite (E-D) overlying a
mitochondrion (m). Black arrows = immunoperoxidase labeling/radioactive marker, Scale
Bar=500nm. The image in A) is taken from: Milner, T.A., Ayoola, K., Drake, C.T., Herrick,
S.P,, Tabori, N.E., et al. 2005. Ultrastructural localization of estrogen receptor beta
immunoreactivity in the rat hippocampal formation. J. Comp. Neurol. 491, 81-95, B) is
taken from: Milner, T.A., McEwen, B.S., Hayashi, S., Li, C.J., Reagan, L.P., Alves, S.E.
2001. Ultrastructural evidence that hippocampal alpha estrogen receptors are located at
extranuclear sites. J. Comp. Neurol. 429, 355-71., C) is taken from: Waters, E.M.,
Thompson,, L.1., Paterl, P., Gonzalez, A.D., Ye, H., Filardo, E.J., Clegg, D.J., Goreka, J.,
Akama, K.T., McEwen, B.S., Milner, T.A. 2015. G-Protein-Coupled Estrogen Receptor 1 Is
Anatomically Positioned to Modulate Synaptic Plasticity in the Mouse Hippocampus. J.
Neurosci. 35., D) is taken from: Milner, T.A., Lubbers, L.S., Alves, S.E., McEwen, B.S.
2008. Nuclear and extranuclear estrogen binding sites in the rat forebrain and autonomic
medullary areas. Endocrinology 149, 3306-12.
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Dorsal Striatum

Fig 3.

Ligght microscopic localization of ERs in the dSTR. A) Neither nuclear nor extranuclear
ERa-IR is detected. B) Dense nuclear ERa-IR in the ventromedial and arcuate nuclei of the
hypothalamus. C) No extranuclear ERB-IR is detected; however, rarely a nucleus with ERf3-
IR (arrow) is detected. D) Dense nuclear ERB-IR in the supraoptic nucleus. E) Dense
extranuclear GPER-1-IR is detected in the neuropil; moreover, several cells with GPER-1-IR
(arrows) are seen. F) A coronal schematic of the striatum [atlas level 14; AP +1.00mm from
bregma (Paxinos and Watson, 1998)] indicated the region (grey trapezoid) analysed by EM.
Images taken from Almey, A., Filardo, E.J., Milner, T.A., 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,
5373-83.
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Fig 4.

A)gRepresentation of estrogen receptor localization within pre- and post-synaptic profiles in
the dorsal striatum. Although estrogens are known to increase dopamine release in this area,
almost no estrogen receptors were observed on dopamine terminals. Thus, estrogens are
likely to affect dopamine release via changes in presynaptic transmission of GABA or
cholinergic neurons. B) ERa-immunoreactivity (IR) in a dendritic spine (SP) that is
contacted by an unlabeled axon terminal (UTER), and an axon terminal (TER) that forms an
asymmetric synapses with an unlabeled dendritic spine (uSP); C) ERa-IR in a dendritic
shaft (DEN) where it is affiliated with the plasma membrane and a mitochondrion (mit), and
in a glial process (GL); D) ERB-IR in an axon terminal where it is associated with the
plasma membrane and with a mitochondrion (mit) (TER), and an unmyelinated axon (AX);
E) GPER1-IR is found in Golgi bodies (Golgi) in a soma (SOM). Black arrow,
immunoperoxidase labeling for estrogen receptors; Scale Bar, 500nm. Images taken from
Almey, A., Filardo, E.J., Milner, T.A., 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, 5373-83.
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Medial Prefrontal Cortex
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Fig5.

Light microscopic examination of ER localization in the mPFC. A) No extranuclear
immunoreactivity (IR) for ERa, but there were very low levels of nuclear ERa-IR (arrows),
B) Dense ERa-IR in the ventromedial hypothalamus, C) No extranuclar ERB-IR was
observed in the mPFC, but a couple of labeled nuclei were observed (arrows), D) Dense
nuclear ERB-IR in the hypothalamus, E) Dense extranuclear GPER1-IR is detected in the
neuropil, F) A coronal schematic depicting the area of the mPFC (grey trapezoid) analyzed
by electron microscopy. Scale Bar, 100um. Taken from Almey, A., Cannell, E., Bertram, K.,
Filardo, E., Milner, T.A., Brake, W.G.. 2014. Medial prefrontal cortical estradiol rapidly
alters memory system bias in female rats: ultrastructural analysis reveals membrane-
associated estrogen receptors as potential mediators. Endocrinology 155, 4422-32.
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Fig 6.

A) Representation of estrogen receptor localization to pre- and post-synaptic profiles in the
prefrontal cortex. Estrogen receptors were most commonly localized to axons and terminals
in the prefronal cortex, depicted alongside the pyramidal neuron, and were also observed in
dendrites and dendritic spines at lower levels, depicted on the apical dendrite of the
pyramidal neuron. Low levels of nuclear labelling for ERa and ER( were observed via light
microscopy. B) ERa in an axon (AX) and in a terminal (TER), where immunoreactivity (IR)
is observed at small synaptic vesicles and on the membrane of a mitochondrion (mit), C)
GPER1-IR in an axon (AX) and in a dendrite (DEN),where it is associated with
microtubules and the cell membrane, D) ERB-IR in a glial cell (GL) that is in apposition to
an unlabeled dendritic spine (uSP), E) ERB-IR in a dendritic spine (SP) that forms an
asymmetrical synapse with an unlabeled terminal (UTER). Black arrow, immunoperoxidase
labeling for estrogen receptors; Scale Bar, 500nm. Taken from Almey, A., Cannell, E.,
Bertram, K., Filardo, E., Milner, T.A., Brake, W.G.. 2014. Medial prefrontal cortical
estradiol rapidly alters memory system bias in female rats: ultrastructural analysis reveals
membrane-associated estrogen receptors as potential mediators. Endocrinology 155,
4422-32.
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A) Representation of estrogen receptor localization in pre- and post-synaptic regions in the
nucleus accumbens. There are low levels of estrogen receptors associated with dopaminergic
terminals, so estrogens could affect dopamine transmission directly by binding at these
receptors. Additionally, a moderate proportion of ERa and GPERL1 are observed in
GABAergic terminals and dendrites; estrogens could indirectly affect dopamine release
through pre- or post-synaptic changes in GABAergic transmission. B) ERa-
immunoreactivity (IR) associated with small synaptic vesicles and a mitochondrion (mit) in
an axon terminal (TER) and in an axon (AX), C) GPER1-IR in a large dendrite, where it is
associated with microtubules, D) ERB-IR in two adjacent axons. Black arrow,
immunoperoxidase labeling for estrogen receptors; Scale Bar, 500nm.
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