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Abstract

From its origins in how the brain controls the endocrine system via the hypothalamus and pituitary
gland, neuroendocrinology has evolved into a science that now includes hormone action on many
aspects of brain function. These actions involve the whole central nervous system and not just the
hypothalamus. Advances in our understanding of cellular and molecular actions of steroid
hormones have gone beyond the important cell nuclear actions of steroid hormone receptors to
include signaling pathways that intersect with other mediators such as neurotransmitters and
neuromodulators. This has, in turn, broadened the search for and identification of steroid receptors
to include non-nuclear sites in synapses, dendrites, mitochondria and glial cells, as well as cell
nuclei. The study of estrogen receptors and estrogen actions on processes related to cognition,
mood, autonomic regulation, pain and neuroprotection, among other functions, has led the way in
this new view of hormone actions on the brain. In this review we summarize past and current work
in our laboratory on this topic. This exciting and growing field involving many laboratories
continues to reshape our ideas and approaches to neuroendocrinology both at the bench and the
bedside.
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Introduction

Circulating hormones have turned out to be a very effective way to probe brain structure and
function. They have helped to demonstrate the plasticity of the adult and developing brain,
not only in relation to the important events in the hypothalamus that regulate reproductive
functions and homeostasis, but also higher cognitive processes as well as emotional
regulation and decision-making. This review will highlight our laboratories’ role in this
story. We will do so in the context of a brief overview of the history of neuroendocrinology
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dating back to the work of Geoffrey Harris and subsequent pioneers on the connections
between the brain and the endocrine system via the hypothalamus and the portal blood
vessels, which carry releasing factors from the hypothalamus to the pituitary gland (Harris
1948; Meites 1992). Then we shall move to the present and discuss the remarkable changes
in our understanding of how steroid hormones affect cell functions, beginning with the
nuclear receptors and expanding to non-nuclear receptors and indirect genomic as well as
non-genomic actions. This new view has broadened the sites of steroid hormone action,
especially for estrogens, to include the entire central nervous system (CNS).

A brief history

After the portal blood supply was shown to carry blood from the hypothalamus to the
anterior pituitary (Harris 1948), heroic efforts using hypothalami from slaughterhouse
animals led to the isolation and structural identification of peptide releasing factors
(Guillemin 1978; Schally et al 1973). The feedback regulation of hypothalamic and pituitary
hormones implied the existence of receptor mechanisms for gonadal, adrenal and thyroid
hormones. Then the identification of cell nuclear hormone receptors in peripheral tissues
(Jensen et al 1981) using tritiated steroid and iodinated thyroid hormones led to the
demonstration of similar receptor mechanisms in the hypothalamus and pituitary gland
(Pfaff & Keiner 1973; Stumpf & Sar 1976). For this, it was necessary to use
autoradiographic methods because of the discrete nature of these receptor-containing cells,
although more conventional cell fractionation methods also were used along with sucrose
density gradient centrifugation to demonstrate receptors with molecular sizes similar to
those in the peripheral tissues (Gerlach & McEwen 1972; McEwen & Plapinger 1970; Pfaff
& Keiner 1973; Zigmond & McEwen 1970).

What about behavior?

Before the demonstration of nuclear estrogen and androgen receptors in hypothalamus, some
suggested that sex hormones acted indirectly to activate sex behavior (Young 1961). Yet, the
demonstration of binding sites and receptors for estrogens in hypothalamus led to studies
using hormone implants as well as sophisticated neuroanatomical and neurophysiologic
methods that demonstrated that sex hormones facilitate sex behavior via receptors in the
hypothalamus (Davis et al 1979; Pfaff 1980).

But there are other brain functions and behaviors besides sex behavior that are influenced by
estrogens (McEwen et al 1998; McEwen & Alves 1999). These include fine motor control,
motor coordination, pain, mood regulation, cognitive function, cardiovascular regulation,
neuroprotection and many others. These behaviors and brain functions involve brain areas
beyond the hypothalamus, including the spinal cord, cerebellum, nigrostriatal and
mesolimbic system, amygdala, hippocampus, cerebral cortex and brainstem, as well as a
large array of neurotransmitter and neuromodulator systems, including cholinergic,
noradrenergic, serotonergic, dopaminergic, glutamatergic, neuropeptide Y and opioidergic
systems.

How do these effects come about? First, tritiated steroid hormone cell nuclear uptake and
retention was not all confined to the hypothalamus, although, in the case of sex hormones,
the major concentration of such receptors is in the hypothalamus and the amygdala (Pfaff &
Keiner 1973). The big surprise was the discovery of cell nuclear receptor sites for
glucocorticoids in the hippocampus, not only of rodents but also monkeys with extension to
other species (Gerlach & McEwen 1972; Gerlach et al 1976; McEwen et al 1968). This
unexpected finding directed us to brain functions above the hypothalamus and, in particular,
to the function of the hippocampus, a brain region important for memory and other aspects
of behavioral regulation (Eichenbaum & Otto 1992).
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Moreover, as it turned out, a further serendipitous finding of estrogen receptors in the
hippocampus (Loy et al 1988) also represented a turning point in our realization that not all
steroid hormone actions occur via cell nuclear receptors but rather operate via receptors in
other parts of the cell using a variety of signaling pathways (McEwen & Milner 2007;
Milner et al 2001). This is now recognized to be the case for all classes of steroid hormones
(Edwards 2005), including Vitamin D (Huhtakangas et al 2004), aldosterone (Wehling et al
1992), androgens (Tabori et al 2005), glucocorticoids (Johnson et al 2005), as well as
estrogens and progestins, as will be discussed in this article.

Non-genomic estrogen receptors and estrogen-regulated synapse

formation

The discovery of non-nuclear estrogen receptors

Because of the paucity of cell nuclear estrogen receptors in the hippocampus (Loy et al
1988; Pfaff & Keiner 1973), it was a surprise to find that hippocampal CA1 pyramidal
neurons demonstrate reversible synaptogenesis (Figure 1) in response to ovarian steroids, a
process that is regulated by excitatory amino acids via NMDA receptors in female rats
(McEwen et al 1995; Woolley 1999). CA1 synaptic remodeling is a relatively rapid event,
occurring during the female rats’ 5 day estrous cycle: the synapses take several days to be
induced under the influence of estrogens and activated NMDA receptors and then disappear
within 12 hours under the influence of the proestrus surge of progesterone (McEwen et al
1995). Treatment of ovariectomized females with estradiol benzoate for 72 hours, confirmed
estrogen’s short-term effects on spine and synapses (Woolley & McEwen 1992).
Interestingly, reports of an even more rapid induction of spine-like profiles within 40-60
minutes in which the normally inactive estradiol 17a is effective along with estradiol 17 8
(MacLusky et al 2005) as is an estrogen receptor alpha (ERa) agonist but not an estrogen
receptor beta (ERB) agonist (Phan et al 2011), suggest that the relative importance of each
estrogen receptor changes during different stages of spine development, although there is no
indication how mature and functional these spines may be within a few hours of estrogen
treatment.

Estrogen induction of spine synapses was first presaged with the finding of cyclic variations
in the threshold of the dorsal hippocampus to elicitation of seizures, with the greatest
sensitivity occurring during proestrus (Terasawa & Timiras 1968). We subsequently found
that estradiol regulates expression of pre- and post-synaptic proteins in the female rat
hippocampus (Waters et al 2009) and female mouse hippocampus (Li et al 2004; Spencer et
al 2008). In rats, the ability of estradiol to increase spines and thus new synaptic connections
between hippocampal cells through multisynaptic boutons connecting different neurons
(YYankova et al 2001) suggests a two-step process that first produces new filopodia and then
induces their maturation into mature spine synapses. However, mice differ from rats in that
estradiol did not increase the density of dendritic spines in mouse CA1 but rather increased
the number of mushroom-shaped spines; these are presumed to be mature, functional spine
synapses (Li et al 2004).

Spine maturation is also regulated by ovarian hormones in the rat hippocampus (Gonzalez-
Burgos et al 2005). Estrogen receptors in the hippocampus are largely non-nuclear with the
exception of nuclear receptors in scattered interneurons (Loy et al 1988; McEwen & Milner
2007). Electron microscopic autoradiography studies with 12°] estradiol show these non-
nuclear ER’s appear capable of binding estradiol and thus may be functional receptors
(Milner et al 2008b). Estrogen receptors are found in dendrites, dendritic spines and certain
types of presynaptic terminals as well as glia (Hart et al 2007; Herrick et al 2006; Ledoux et
al 2009; Milner et al 2005; Milner et al 2001; Towart et al 2003). Labeling for ERa and
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ERB is also associated with membranes. In terminals, ERa-immunoreactivity (-ir) is often
associated with synaptic vesicles (Hart et al 2007). Moreover, ERp—ir is often associated
with mitochondria in both pre- and post-synaptic profiles (Milner et al 2005).

The expression of ERs in the hippocampus is dynamic, suggesting a possible role in
hippocampal excitability/activity or function as estrogen levels change with ovarian cycling
and aging. The numbers of ERa— and ERB—containing profiles fluctuate across the estrous
cycle in mice (Mitterling et al 2010). Post-synaptic localization of ERa is regulated by
estradiol in young but not aged female rats; however, ER is estrogen sensitive in both
young and aged females (Adams et al 2002; Waters et al 2011). In particular, more ERa-
and ERp-labeled dendritic spines are observed at diestrus, the phase when estrogens are the
lowest (Mitterling et al 2010) (Milner et al 2008b). Both receptors contribute to estrogen
regulation of synaptic proteins; estradiol increases the expression of PSD-95 as does
agonists for ERa and ERp, however, only the ERp agonist regulated the expression of
AMPA receptor subunits GIuR2 and 3 (Waters et al 2009).

Non-classical estrogen receptors also may contribute to membrane-initiated signaling in the
brain. This category of receptors would include ER-X, although its biochemical structure
has yet to be fully characterized (Toran-Allerand et al 2002) and the seven-transmembrane
G-protein coupled estrogen receptor 1 (GPER1; formerly GPR30) (Prossnitz et al 2008).
GPERL is a novel estrogen receptor first identified in breast cancer cells that is also
expressed in the hippocampus (Brailoiu et al 2007). Studies have demonstrated that
endogenous GPERL protein is localized at the plasma membrane (Filardo et al 2007;
Funakoshi et al 2006) and in endoplasmic reticulum (Langer et al 2010), and we have
identified GPER1 with immunoelectron microscopy in pre- and post-synaptic compartments
in the hippocampus, similar to ERa and ER (T. Milner, E. Waters, K. Akama
unpublished). Treatment with a GPER1 agonist, G1 (Bologa et al 2006), increases PSD-95
expression in the female mouse hippocampus 48 hours after treatment (E. Waters, T. Milner
unpublished data). A recent study also used the GPER1 agonist, G1 to address the role of
GPERL1 on basal forebrain cholinergic neurons and to demonstrate that GPER1 can mediate
estrogen effects on cognitive performance (Hammond & Gibbs 2011). Altogether these
reports along with overlapping expression profiles suggest a complex interplay between the
various estrogen receptors to coordinate rapid and sub-chronic attributes of estrogen
signaling and synaptic plasticity.

Progestin receptors and actions

The hippocampus also expresses estrogen-inducible progestin receptors (PRs), albeit at
much lower levels than in the hypothalamus (Parsons et al 1982). PR-ir in hippocampus is
present in axons, dendrites and synaptic terminals, as well as glial cell processes in both rats
and mice (Waters et al 2008)The critical involvement of progesterone in ovarian steroid
regulation of dendritic spine density was demonstrated in rats, where progesterone
administration rapidly potentiated estrogen-induced spine formation, but then triggered the
down-regulation of spines on CA1 neurons; moreover, the natural down-regulation of
dendritic spines between the proestrus peak and the trough on the day of estrus was blocked
by the progesterone antagonist, RU38486 (Woolley & McEwen 1993). Progesterone
administration also decreases estrogen mediated increased expression of PSD-95 and
synaptophysin in the rat CA1 stratum radiatum and in hippocampal primary cultures (E.
Waters unpublished). Progesterone’s effects on dendritic spines is likely dependent on the
classical PR; however, a number of novel membrane progesterone receptors (Thomas 2008)
that are present in the hippocampus (E. Waters unpublished) may also contribute to
progesterone’s actions, particularly neuroprotection.
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Androgen receptors and actions

Dendritic spines are up-regulated by testosterone in gonadectomized female and male rats
(Leranth et al 2004). This could occur via aromatization of androgens to estrogen, but
estradiol benzoate fails to increase spines in male rats, suggesting a direct effect of
testosterone (Leranth et al 2003; Lewis et al 1995). In rat hippocampus, androgen receptor
(AR) immunoreactivity is prominent in CA1 pyramidal cell nuclei (Tabori et al 2005). Like
ERa, ERp and PR, ARs are located at extranuclear sites. AR-ir is found in dendritic spines,
many arising from pyramidal and granule cell dendrites. AR-ir also is associated with
clusters of small, synaptic vesicles in axon terminals and axons, particularly those arising
from granule cells (i.e., mossy fibers) (Tabori et al 2005). In addition, AR labeling is
prominent in astrocytic profiles (Tabori et al 2005). Dendritic spines are upregulated by
testosterone in gonadectomized female and male rats (Leranth et al 2004). This could occur
via aromatization of androgens to estrogen, but estradiol benzoate fails to increase spines in
male rats (Leranth et al 2003; Lewis et al 1995). Interestingly, in 7fmrats, lacking ARs,
testosterone and dihydrotesterone are still able to modulate spine number suggesting that
novel ARs remain to be discovered (MacLusky et al 2006).

Role of NMDA receptors and excitatory amino acids

Besides progesterone, the single most novel feature of estrogen-induced spinogenesis on
CAL pyramidal neurons is that it is blocked by concurrent administration of NMDA receptor
antagonists but not by AMPA-kainate receptor antagonists (Woolley & McEwen 1994).
Spine synapses are excitatory and likely express NMDA receptors; one of the long-term
effects of estradiol is to induce NMDA receptor binding sites in the CA1 region of the
hippocampus (Weiland 1992). However, while increases in NMDAR1 subunit
immunoreactivity in both the cell bodies and dendrites of CA1 pyramidal neurons have been
reported (Gazzaley et al 1996); other reports have found no changes in NMDARL1 or
NMDAR?2 A and B (Snyder et al 2011). Furthermore, the actions of estradiol on NMDA
receptor binding are mimicked by enhancing cholinergic function, just as the actions of
estradiol are blocked by antagonizing cholinergic activity (Daniel & Dohanich 2001).
Estrogen receptor activation may influence the cholinergic system directly by influencing
cholinergic afferents (Towart et al 2003) or indirectly by influencing inhibitory GABAergic
interneurons (Rudick et al 2003; Rudick & Woolley 2001). Activation of NMDA receptors
themselves could lead to induction of new synapses, in which case estrogen/cholinergic
induction of NMDA receptors would be a primary event leading to synapse formation.

Second messenger pathways

Non-nuclear estrogen receptors are able to interact with second messenger pathways, as
shown in a seminal study (Razandi et al 1999) reporting that transfection of ERa and ERB
into Chinese hamster ovarian cells led to coupling of the estrogen receptors with second
messenger systems that are stimulated by estrogens and blocked, at least partially, by non-
steroidal estrogen antagonists. The association between the ERa-ir and ERB-ir and dendrites
in hippocampus (McEwen & Milner 2007) supports a possible local, non-genomic role for
these estrogen receptors in regulation of dendritic spine density via second messenger
systems.

In addition to their direct and rapid effects on synaptic function and morphology, non-
nuclear estrogen receptors can also initiate signaling pathways that regulate nuclear
transcriptional events. Studies performed both in vivo and in vitro examining one second
messenger pathway, the phosphorylation of CREB (pCREB), have indicated that estrogen
acts within as little as 15 minutes to increase pCREB-ir in cell nuclei of hippocampal
pyramidal neurons (Lee et al 2004). Another estrogen-sensitive pathway involves
phosphoinositol-3 kinase (P13K), and the phosphorylation of Akt, (Akama & McEwen 2003;
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Datta et al 1999; Spencer et al 2008; Znamensky et al 2003) and another, the
phosphorylation of LIM kinase (Spencer et al 2008; Yildirim et al 2008; Yuen et al 2010). In
vitro cell models followed by in vivo studies using light and electron microscopic
immunocytochemistry have consistently demonstrated the involvement of these pathways.
As noted in Figure 2, the LIMK pathway is associated with actin polymerization via cofilin
phosphorylation, whereas the pAkt pathway leads to PSD-95 de novo translation and spine
maturation. Investigations in the mouse have shown the fluctuation of the pAkt and pLIMK
pathways in hippocampus during the estrous cycle, suggesting that this phenomenon is
physiologically relevant. (Figures 3 and 4).

How estradiol might feed into these signal transduction pathways is under current
investigation. Although estrogen receptors do not have intrinsic kinase activity, membrane-
initiated estrogen signaling in neurons likely stems from interactions of membrane-
associated estrogen receptors with signaling molecules and scaffolding proteins to form
multimolecular complexes, as well as actions of novel, non-classical estrogen receptors like
GPERL. Tissue- and cell-type specific estrogen receptor complexes would allow for the
wide range of estrogen mediated outcomes reported to date, particularly in regards to cross-
talk between estrogen signaling and other ligand-activated pathways. Since a direct
interaction between ERa and PI3K was discovered (Simoncini et al 2000), numerous kinase
and phosphatases have been implicated in ERa and ERp actions (Levin 1999), likely
mediated through an estrogen receptor signaling complex. In addition, the novel estrogen
receptor GPER1 has been shown to initiate rapid Ca?*, cAMP, and ERK-dependent
signaling in vitro (Filardo et al 2007; Kuo et al 2010; Quinn et al 2009).

Scaffolding proteins, such as the recently identified MNAR/PELP1 protein (Brann et al
2008), that may form an ER signaling complex were first identified and well studied in
breast cancer cell lines (Boonyaratanakornkit 2011). PELP1 is capable of coupling estrogen
receptors together with signaling intermediates such as Src kinase and PI3K (Cheskis et al
2008), and in breast cancer cells, PELP1 knockdown demonstrates its essential role for
mediating estrogen-stimulated Akt activation (Dimple et al 2008). PELP1 protein expression
is identified in CNS structures, including the hippocampus, where it is observed to co-
localize with ERa (Khan et al 2005). Ultrastructurally, PELP1-ir is found in dendritic spines
(T. Milner, K. Akama unpublished). The co-localization with ERa has led to preliminary
studies that suggest that PELP1 might play a similarly significant role in non-genomic
estrogen action on kinase activity in the brain (Raz et al 2008). PELP1 scaffolding protein
may be involved in recruiting estrogen receptors to non-nuclear locations in hippocampal
neurons and provide a means by which estrogen receptors can activate membrane-initiated,
non-genomic signaling in the brain.

Involvement of brain-derived neurotrophic factor

Both mouse and rat show ovarian hormone-dependent variation in brain derived
neurotrophic factor (BDNF) immunoreactivity and phosphorylation of the BDNF receptor
TrkB in hippocampus (Figure 5) (Scharfman & MacLusky 2006; Spencer et al 2008;
Spencer-Segal et al 2011). The observation that this estradiol effect is not apparent 6 hours
but rather 48 hours after treatment provides evidence that rapid and short term effects of
estradiol work synergistically to both prime and activate signaling systems (Spencer-Segal et
al., unpublished). Estradiol induction of the BDNF system had been linked to its
epileptogenic potential, as well as to its role in neuroprotection. We explored the location
and estrogen-sensitivity of the activated TrkB receptor in mouse hippocampus, where pre-
synaptic pTrkB appears to be a key target (Spencer-Segal et al 2011). In our further studies
using the transgenic BDNF Val66Met mouse we found that BDNF genotype predicts estrous
cycle variations in mood and cognition and hippocampal signaling pathways (Spencer et al
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2010). Thus, BDNF is likely an important target for estradiol actions on hippocampal-
dependent behaviors.

It has been suggested that one action of BDNF that converges with estrogen’s effects is the
induction of NPY synthesis. This represents one of the ways by which both estradiol and
BDNF produce effects on the brain, such as the ability to attenuate excitability (Scharfman
& MacLusky 2006). In addition, estradiol facilitation of the release of NPY in which results
in the attenuation of seizures is an example of a non-genomic presynaptic action of estradiol
(Ledoux et al 2009). This effect is not rapid per se but rather short-term, requiring treatment
24 hours prior to testing. During a similar 24 hour period, estradiol treatment also
upregulates expression of NPY mRNA in CA1, possibly through BDNF (Scharfman &
MacLusky 2006). Treatment with C1628, a selective estrogen response modulator that acts
as an antagonist for nuclear estrogen receptor, blocked estrogen-induced increase of NPY
mRNA levels but did not alter the number of parvalbumin, calretinin, and cholecystokinin
immunoreactive cells, nor mRNA levels for parvalbumin and cholecystokinin (Nakamura &
McEwen 2005). Interestingly, there was no estrogen effect on the number of neurons with
NPY mRNA or immunoreactivity in the dentate gyrus or the CA3 region (T. Milner
unpublished). Given the ability of estrogens to non-genomically regulate NPY release
(Ledoux et al 2009) and increase seizure suspectibility, the ability of estrogen-induced
BDNF to also upregulate NPY after seizure as well as independent of seizure (Poulsen et al
2002) maybe contribute to recovery. These links between estrogen, BDNF and NPY
expression and release (Scharfman & MacLusky 2006), contribute to the regulation of
glutamate-dependent neuronal activity in the adult rat hippocampus.

Aging in hippocampus and prefrontal cortex (PFC)

The female rat hippocampus loses the ability to show estrogen-induced spine synapse
formation by 22 months (Adams et al PNAS 2001). This is accompanied by loss of ERa. in
dendrites of CAL pyramidal cells (Adams et al 2002) as well as reduction in the ability of
estrogen treatment to increase pLIMK-ir in the CAL region of the aging brain (Yildirim et al
2008), both of which appear to be part of the mechanism for spine synapse formation (Yuen
et al 2010). Another glimpse into age related loss of plasticity in the rhesus monkey brain is
the loss of thin spine synapses that accompanies impaired PFC function (Dumitriu et al
2010a; Dumitriu et al 2010b). Estrogen treatment is able to reduce this loss of function by
inducing spine formation in the aging rhesus monkey brain (Dumitriu et al 2010b), and it
should be noted that the aging rhesus brains studied so far are not as old relative to lifespan
as is the case in the 22 month old rat. Therefore, it cannot be ruled out that the rhesus brain
will also lose the ability to respond to estradiol at even older ages. How can this be
prevented? There are indications from investigations of the aging rodent brain that estrogen
treatment during the aging processes prevents age-related loss of memory capacity (Gibbs
2000), and there is evidence that this occurs in humans as well (Sherwin 2009).

Sex differences

There are sex differences in spine synapse formation. Male rats castrated as adults do not
exhibit hippocampal synaptogenesis in response to estrogens (Leranth et al 2003). However,
if the process of sexual differentiation has been blocked by aromatase inhibitors
immediately after birth, adult males show an estrogen-induced increase in dendritic spines in
(Lewis et al 1995). Yet castrated male rats show a decrease in spine synaptic density in
hippocampus that is restored by treatment with testosterone or dihydrotestosterone (Kovacs
et al 2003). Along with evidence that spatial memory processes show sex differences
programmed by the aromatization of estrogens early in neonatal life (Williams & Meck
1991), these results indicate that the hippocampus undergoes sexual differentiation.
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Estrogen actions in autonomic circuitry

Estrogens act in other extra-hypothalamic brain regions, including the nigrostriatal system,
cerebellum, brain stem and spinal cord by both direct and indirect genomic and non-
genomic mechanisms (McEwen & Milner 2007; Milner et al 2003; Monks et al 2001; Smith
et al 1988; Zsarnovszky et al 2005). One of the best-studied extra-hypothalamic systems
outside of the hippocampus is the central autonomic system of the brainstem. Ovarian
hormones, particularly estrogens, can modulate central autonomic networks through both
genomic (e.g., nuclear receptors) and non-genomic (e.g., extranuclear receptors)
mechanisms. Light and electron microscopic immunocytochemical studies in rodents have
revealed that the distributions of nuclear and extranuclear estrogen receptor’s, PR’s and
AR’s are complementary and overlapping in three major autonomic regions: the rostral
ventrolateral medulla (RVLM), nucleus of the solitary tract (NTS) and paraventricular
nucleus of the hypothalamus (PVN) (Figure 6). Moreover, electron microscopic
autoradiography studies using 12°1 estradiol indicate that non-nuclear estrogen receptors in
autonomic medullary regions detected by immunocytochemistry are capable of binding, and
presumably responding to, estradiol (Milner et al 2008b).

Our anatomical and physiological studies have shown that sex and ovarian hormones can
alter the expression and subcellular distribution of components of the Angiotensin-I1 (Angll)
signaling pathway in the C1 catecholaminergic RVLM neurons. Angll plays an important
role in the central regulation of hypertension (Peterson et al 2006). In particular, Angll
injected into the RVLM increases sympathetic nerve activity and blood pressure (Averill et
al 1994; Hirooka et al 1997). Catecholaminergic dendrites from young (4 month old) and
middle aged (12 month old) female rats had more angiotensin type 1 (AT1) receptor labeling
and less labeling for the downstream effector of the AT1 receptor p47, an NADPH oxidase
signaling molecule, than males (Pierce et al 2009; Wang et al 2008). Moreover, young
proestrus females had more AT1 receptors on the plasma membrane of RVLM
catecholaminergic dendrites compared to diestrus females (Pierce et al 2009). In contrast,
p47 did not differ across the estrous cycle. In dissociated RVLM neurons from young males
and females, Angll induced a comparable production of reactive oxygen species (ROS), an
effect mediated by AT1 receptors and NADPH oxidase but larger L-type Ca2* currents in
females (Wang et al 2008). Increased L-type Ca?* currents may reflect greater plasticity in
the central autonomic circuitry in females. All this suggests that estrogen are involved in the
relative protection of females against hypertension.

Steroid receptor changes may underlie the adaptive responses that protect young females
from the deleterious effects of hypertension (Pamidimukkala et al 2005). In non-
hypertensive animals, ERa-labeled nuclei are more abundant than those with PR-ir in all
three autonomic regions (Milner et al 2008c). In contrast, ERB and AR-immunoreactivities
are almost exclusively found at extranuclear sites (Milner et al 2007; Milner et al 2010;
Wang et al 2006); unpublished observations). At high estrogen levels, the levels of nuclear
ERa’s and PR’s fluctuate in the NTS and PVN. Specifically, in proestrus rats or in OVX
rats supplemented with estrogen, fewer ERa-labeled nuclei are found in the commissural
NTS (cNTS) and PVN (Milner et al 2008a); conversely, the number of PR-immunoreactive
nuclei are increased in the cNTS in proestrus or OVX + E supplemented rats (Haywood et al
1999; Milner et al 2008a). In the rat commissural and medial NTS, about half of the neurons
containing ERa-labeled nuclei are catecholaminergic whereas fewer ERa-containing nuclei
are found in catecholaminergic neurons in the dorsomedial NTS and RVLM (Haywood et al
1999; Lee et al 2000; Milner et al 2008a). Following chronic infusion of Angll, a rat model
of hypertension, the levels of nuclear ERa increases whereas nuclear PR decreases in the
commissural NTS. Moreover, in the commissural NTS, chronic Angll infusion increases the
cytoplasmic-to-nuclear ratio selectively in catecholaminergic neurons (Milner et al 2008a).
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The extranuclear distribution of ER’s, PR’s and AR’s has been investigated most
extensively in the RVLM (Figure 7). In this brain region, extranuclear ERp is found mostly
on the somata and dendrites of catecholaminergic neurons (Wang et al 2006). In RVLM as
well as the PVN, extranuclear ER is found on spinally-projecting neurons (Milner et al
2010; Wang et al 2006) that are importantly involved in the tonic regulation of arterial
pressure (Aicher et al 2000; Benarroch 2005). In contrast, extranuclear ERa—, PR- and AR-
ir’s are found almost exclusively in axons and terminals (Milner et al 2007; Milner et al
2008c; Wang et al 2006). ERa and AR containing terminals have numerous dense core
vesicles, resembling the morphology of NTS chemosensory afferents (Aicher et al 2000)
and/or PVN inputs. PR- and ERB-containing axons and terminals are smaller; PR-labeled
presynaptic profiles can contain GABA, possibly originating from the caudal ventrolateral
medulla (CVL) (Milner et al 2008c). Some terminals containing ER’s, PR’s and AR’s
synapse on catecholamine containing dendrites. Unlike the hippocampus, few glial profiles
contain ERa-, ERB- and PR-immunoreactivities. However, similar to the hippocampus,
numerous glial profiles contain AR-labeling (Milner et al 2007). Our electrophysiological
data indicates that 17p-estradiol reduced L-type Ca2* currents in RVLM catecholaminergic
bulbospinal neurons either directly through ERp or indirectly through ERa in selected
afferents (Wang et al 2006). The modulation of Ca2* currents may underlie the decrease in
sympathetic tone evoked by local 17 p-estradiol application (Saleh et al 2000). Altogether,
these findings provide a potential structural and functional basis through which ovarian
hormones could contribute to not only to sex differences in the risk of cardiovascular disease
but also to similarities between males and females where estrogens may play a analogous
role.

Other Directions

What are important next steps? In all of the examples cited in this review, the relative levels
and locations of estrogen receptors provides a fruitful ground for understanding the effects
of estrogens on neuronal plasticity. ERa and ERB have been shown to work in a complex,
both complementary and sometimes antagonistic manner (Lindberg et al 2003; Monroe et al
2003) and have functionally distinct roles in regulating synaptic connectivity. For example,
treatment with ERa agonists rapidly increased dendritic spines in hippocampal CA1 stratum
radiatum of ovariectomized females while an ERB agonist did not (Phan et al 2011).
Moreover, ERp expression in hippocampal neurons attenuates estradiol induced spine
formation (Szymczak et al 2006). Both the levels and spatial relationship of estrogen
receptors undoubtedly contribute to their rapid effects on synaptic transmission. Estrogen-
induced elevations of ERa-ir in the pre-synaptic cytoplasmic pool (Adams et al 2002),
where synaptic vesicles reside, may promote neurotransmitter release (Becker 1990; Ledoux
et al 2009) and reuptake (O’Malley et al 1987). Moreover, it is possible that ERa enhances
fiilopodia formation. In contrast, activation of postsynaptic ERp by a specific agonist, leads
to enhanced fast EPSPs (Kramar et al 2009) and in this way may promote synaptic
potentiation and spine maturation. ERa and ER are not only present in neuronal
compartments at different levels, but they also change differentially as a result of aging and
estrogen treatment. Novel estrogen receptors like GPR30/GPER1 also come into play but
much remains to be discovered about their regulation and actions in the brain. Together,
these findings imply that a changing balance of estrogen receptor expression, possibly in
specific cell compartments, underlies differences found in the aging compared to young
brains and in male compared to female responses to experience, blood pressure regulation,
and inflammation. Further research is needed to understand the interactions between
estrogen and estrogen receptors and the mechanisms underlying estrogen actions in both
homeostasis and plasticity in the brain.
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In addition to the largely neuronal effects of estrogens and the role of the several receptor
types, estrogens affect other cell types both genomically and non-genomically. Estradiol,
progesterone and testosterone have also been implicated in sex differences in innate, as well
as acquired and auto-immunity (Marriott & Huet-Hudson 2006; Whitacre et al 1999). Not
surprisingly, this is a complicated relationship, because although estrogens enhance normal
immunity and autoimmunity (Cunningham & Gilkeson 2011), females also experience
higher rates of some autoimmune disorders such as lupus, rheumatoid arthritis and multiple
sclerosis (McCombe et al 2009; Whitacre 2001). In contrast, androgens are generally shown
to suppress immune system responses, although males do experience higher rates of
psoraisis and Guillain-Barré Syndrome than females (McCombe et al 2009). Numerous
reports suggest both pro- and anti-inflammatory actions of estrogen, while expression of
ERa and ERp within the various peripheral immune cells may vary with immune state
(Straub 2007). In the central nervous system ERa and ERp are found in astrocytes (Milner
et al 2005; Milner et al 2001; Spence et al 2011) but very little ERa and no ERp in
microglia (Sierra et al 2008). A relatively greater influence of ERa on innate and adaptive
immunity is suggested by the role estrogen plays in the differentiation of dendritic cells:
utilization of estrogen receptor agonists suggest that ERa and not ER enhances dendritic
cell function (Douin-Echinard et al 2008). Although reports offer conflicting results about
the actions of estrogens during immune disease states, higher estrogen levels in females
likely contributes to sex differences in immunity noted during normal and disease states.
The mechanism by which estrogens can exert anti-inflammatory effects that are evident in
neurological diseases and in the aging process demands further investigation.

Conclusions

The investigation of cellular and molecular actions of estrogens on the brain has contributed
to at least two important areas of knowledge. First, the mechanism of estrogen action has
expanded to include indirect genomic and non-genomic actions of these hormones along
with their traditional genomic effects. This has led to the finding of estrogen receptors in
many parts of the brain in neuron cell bodies, dendrites, pre-synaptic terminals,
mitochondria and glial cell processes using high-resolution immunocytochemical techniques
involving electron microscopy. Second, these findings have revitalized studies of estrogen
actions on diverse functions in many parts of the brain, such as the action of estradiol on
hippocampus and prefrontal cortex in both rodent and monkey models and the effects of
aging on estrogen actions and on autonomic centers in the brain stem. These potentially
affect cognition, mood, and blood pressure regulation, and potentially alter inflammatory
processes and innate and acquired immune function not only in the brain but throughout the
body.
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Figure 1.

Representation of CA1 pyramidal neurons in the female rat hippocampus during the 4-5 day
estrous cycle: (A) diestrus, when estradiol levels begin to gradually increase; (B) proestrus,
before ovulation; (C) estrus, after ovulation. From McEwen and Schmeck The Hostage
Brain Rockefeller University Press, 1994. Drawing by Lidia Kibiuk.
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Figure 2.
Schematic summaries of the postulated role of estrogen stimulation of two pathways that can

lead to spine synapse formation and maturation. First, estradiol signaling activates P13
kinase and leads to phosphorylation of Lim Kinase 1 (LIMK1) leading, in turn, to
phosphorylation of cofilin. This phosphorylation disinhibits actin polymerizatin and leads to
filopodia formation that leads, in turn, to contacts with presynaptic elements that can lead to
new, stable synaptic contact. In addition, PI3K increased phosphorylation of AKT and
subsequent phosphorylation of 4E-BP1 leading to increased PSD95 translation. This effect
promotes spine and synapse maturation.
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Fig. 3.

LIMK is activated during proestrus. (A) Images of peroxidase labeling of phosphorylated
LIMK in the dorsal hippocampal formation of representative sections from one proestrus
and one diestrus mouse. pLIMK-ir is darker throughout the hippocampus in proestrus than
in diestrus. (B) Quantification of pLIMK-ir in four hippocampal subregions across the
estrous cycle. pLIMK-ir was significantly higher in proestrus than in estrus (P<0.01) or
diestrus. From (Spencer et al 2008). (P<0.0001) by permission.
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Akt is activated during proestrus and inactivated during estrus. (A) Images of peroxidase

labeling of phosphorylated Akt in the dorsal hippocampal formation of representative
sections from one proestrus and one estrus mouse. pAkt-ir is darker throughout the

hippocampus inproestrus than in estrus. (B) Quantification of pAkt-ir in four hippocampal
subregions across the estrus cycle. pAkt-ir was significantly higher in proestrus compared
with estrus (P<0.0001), and in diestrus compared with estrus (P<0.0001). From (Spencer et

al 2008) by permission.
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B Val proestrus
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Met diestrus

BDNF Val66Met mice have increased hippocampal BDNF and TrkB expression. (A)
Optical density of BDNF mRNA in the CA3 pyramidal cell layer (box) from in situ
hybridization films. (B) Optical density of TrkB mRNA in the CA1 pyramidal cell layer
(box) from in situ hybridization films. *, P < 0.05 for genotype. n = 6 for Val proestrus, 4 for
Val diestrus, 5 for Met proestrus, and 4 for Met diestrus. Error bars represent SEM. (Scale
bars: 100 wm.) From (Spencer et al 2010) by permission.
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Figure6.

Schematic diagram of distribution of steroid receptors in autonomic circuits. The
baroreceptor reflex is formed by projections from the NTS to CVL to RVLM to the

Baroreceptor
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interomedial lateral cell column (IML) of the spinal cord. The NTS projects directly to the
RVLM (chemoreceptor pathway) and PVVN. The PVN projects directly to the RVLM and

IML. ERa and PR predominate in neurons in the autonomic regions of the NTS, ERB
predominates in the PVN and RVLM neurons, and AR predominates in the PVN.
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Figure7.

Schematic diagram of the subcellular distributions of steroid receptors in the RVLM. ERa is
found in the nuclei of catecholaminergic (CA) RVLM neurons and in afferent terminals,
possibly arising from the NTS or hypothalamus. ERB is mostly found on the plasma
membranes or affiliated with mitochondria of CA neurons and sometimes in terminals. PR is
almost exclusively in axons, some colocalized with GABA which possibly arise from the
CVL. ARs are in large afferent terminals resembling NTS and hypothalamic afferents and in
glia.
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