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Abstract

The steroid hormone, estradiol (E,), has numerous targets in the central nervous system, including
the hippocampus, which plays a key role in cognition and affective behavior. This review focuses
on our evidence from studies in rodents that E, has diverse mechanisms in the hippocampus for its
functional effects E, has rapid, membrane-mediated effects in the hippocampus to enhance cognitive
performance. Administration of E, to the hippocampus of rats for 10 minutes following training
enhances performance in a hippocampus-mediated task. Increased cell firing in the hippocampus
occurs within this short time frame. Furthermore, administration of free E; or an E, conjugate,
E,:bovine serum albumin (BSA), to the hippocampus produces similar performance-enhancing
effects in this task, suggesting that E, has membrane actions in the hippocampus for these effects.
Further evidence that E, has rapid, membrane-mediated effects is that co-administration of E, and
inhibitors of mitogen activated protein kinase (MAPK), rather than intracellular E, receptors (ERS)
or protein synthesis, attenuate the enhancing effects of E; in this task. Despite these data that
demonstrate E, can have rapid and/or membrane-mediated effects in the hippocampus, there is clear
evidence to suggest that intracellular ERs, particularly the B (rather than o) isoform of ERs, may be
important targets for E,’s functional effects for hippocampal processes. Administration of ligands
that are specific for ERp, but not ERa, have enhancing effects on hippocampal processes similar to
that of E, (which has similar affinity for ERa and ERp). These effects are attenuated when ER
expression is knocked down in transgenic models or with central administration of antisense
oligonucleotides. Thus, there may be a convergence of E,’s actions through rapid, membrane-
mediated effects and intracellular ERs and in the hippocampus for these functional effects.
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INTRODUCTION

There are many potential mechanism(s) of action by which E; may influence functions
mediated by the hippocampus, such as cognitive and/or affective behaviors. Due to the
multiplicity of mechanisms, a comprehensive discussion them all is beyond the scope of this
review. One manageable approach to begin to consider divergent mechanisms of E; is to
investigate the two different broad categories of E, actions, i.e. non-classical actions that are
rapid and/or membrane-mediated and classical actions involving binding to intracellular
estrogen receptors (ERs). E; may have membrane actions that involve rapid signaling and/or
actions at membrane receptor targets that initiate signal transduction cascades (e.g. MAPK,
AKT, CREB). E5 can also have traditional actions through cognate intracellular ERs, of which
two subtypes have been characterized (o and B), and bind to the E, response element (ERE)
or the AP-1 binding site. Notably, it may be that E,’s actions involve integration of both
intracellular ER and rapid signaling (as has been described in [1-3] and herein). In this review,
the model system that we utilize to investigate putative mechanisms of E, will be described.
This will be followed by a discussion of the evidence that E, has rapid/membrane-mediated
effects, actions involving cognate ERs, and a possible integration of these classical and non-
classical effects, for behavioral processes mediated by the hippocampus.

IN VIVO MODEL UTILIZED TO INVESTIGATE THE MECHANISMS OF E, FOR
ITS FUNCTIONAL EFFECTS

In our laboratory, the mechanism of steroid hormones, such as E,, in brain targets, such as the
hippocampus, are investigated using an animal model. E, has concentration- and regimen-
specific functional effects on processes mediated by the hippocampus (e.g. cognitive and
affective behavior) [4]. As such, the primary approach that we have utilized to investigate
E,’s actions is to remove the main endogenous sources of E,, the ovaries, by ovariectomy
(OVX), then E, can be administered in a dosage- and timeframe-specific manner. To be able
to elucidate the site-specific mechanisms of E,, E, and/or drugs that targets it putative
mechanisms, are typically administered directly to the dorsal hippocampus. Behavioral
endpoints that are mediated by the hippocampus, such as performance in cognitive tasks (e.g.
inhibitory avoidance task) and/or behavior in anxiety tasks (e.g. elevated plus maze) are then
assessed. Additional details of this experimental approach can be found in recent reviews [4—
6]. Using this paradigm, we have demonstrated that E,, within a physiologically-relevant
regimen, produces cognitive-enhancing and anti-anxiety effects through its actions in the
hippocampus. Briefly, rats that are naturally-receptive (proestrus) have improved performance
in the inhibitory avoidance and elevated plus maze tasks, compared to rats that are in diestrus
and have low E; levels [4,6—7. OV X attenuates the cognitive-enhancing and-anti-anxiety
effects observed during proestrus. E; administered subcutaneously or to the hippocampus in a
regimen that produces proestrus-like E, levels, reverses the effects of OVX [4,6,8-9]. See
Figure 1. Given these clear, replicable effects of E, in this task as well as other hippocampus-
mediated tasks, data in this review will be presented as % of OVX, vehicle-administered
control. These studies, which characterized some of E,’s effects in the hippocampus for these
behaviors, provided a schema for further investigation of the mechanisms of E, for these
behaviors. As such, the results of experiments using this general approach to elucidate
mechanisms of E;, in the hippocampus for its functional effects are discussed in the following
sections.
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One challenge to elucidating the mechanisms of E; which may underlie some of its behavioral
effects are the diversity of actions of E,. Briefly, E, can alter neurons, their membranes, the
availability of specific membrane receptor proteins, their mitochondrial functions, the
production and function of neurotransmitters, and neuromodulators [10-13]. E alters astrocyte
functions [14] and growth factors [15-17] that influence dendritic branching [18] and
synaptogenesis [19]. Some of these processes, and/or others, may account for rapid effects of
E,. Because of the plethora of potential actions, the results of several converging approaches
that have been utilized to dissociate rapid, membrane actions from those mediated through
cognate estrogen receptors are described below.

Some of E,’s effects on behavior that may occur in part independent of direct actions at
intracellular ERs, have been referred to as “non-genomic” or non-classical. E, can have rapid
effects within seconds to minutes that are sufficiently fast to preclude actions at intracellular
ERs [20]. There are several tools that are typically-used for determining whether E,’s
behavioral effects are via rapid, membrane actions that are independent of actions at
intracellular ERs. First, a research approach that is utilized to investigate rapid signaling of
E, is a timecourse study. Non-classical effects usually occur in seconds to minutes [21],
whereas classical effects are more likely to take hours to days [22]. The minimum latency for
transcription, translation, and synthesis of new proteins resulting from steroids’ actions at
intracellular steroid receptors is 10-15 minutes [20]. Hence, effects of steroids with a latency
of 10 minutes or less are often attributed to non-classical actions. For example, in dissociated
hippocampal cells, E; increases kainate-induced currents in 3 minutes [23]. We have
demonstrated that administration of E; improves affective processes within 10 minutes of
administration when administered directly to the hippocampus [24], which supports the idea
that some of E,’s effects in the hippocampus for these processes are rapid. This is supported
further by a timecourse study that we have done investigating the minimum duration of E;
administration to the hippocampus that is necessary to improve performance in the
hippocampus-mediated inhibitory avoidance task. In this study, OV X rats with stereotaxically-
implanted cannulae aimed at the dorsal hippocampus were administered E» via inserts that
were filled with crystalline E, for 5 or 10 minutes following training in this task. Rats were
then were tested 24 hours later. We found that exposure of E, for 10, but not 5, minutes
improved performance in this task (see Figure 2). Cell firing in the hippocampus was recorded
in rats before and after administration of E,. These studies revealed that enhanced cell firing
in the hippocampus were observed at 10 minutes, compared to 5 minutes, following E,
administration, suggesting that these behavioral effects may correspond to increased activity
in the hippocampus produced by E; in this rapid timeframe (see Figure 2). Thus, E; has rapid
actions in the hippocampus.

A second approach that is often utilized is administration of E, conjugates that have membrane-
relegated effects because E, is bound to a large macromolecule that cannot readily permeate
cell membranes. One example of a typically-utilized E, conjugate is E,:bovine serum albumin
(BSA). It must be noted that there is some concerns that conjugates may be contaminated with
free E, or become unbound and be able to permeate membranes, which would void any
interpretation about E,-¢ actions via cell membranes. However, E>:BSA can be purified by
stripping free E, from the E, conjugate with charcoal [25]. Moreover, transfection studies have
demonstrated the purity of some sources of E, conjugates [26]. In support, E>:BSA fails to
induce an ERE reporter gene in cells transfected with ERs [26]. E»:BSA rapidly alters a signal
transduction molecule, mitogen-activated protein kinase (MAPK) [26], which is a likely
downstream target of E,’s membrane effects. We have found that administration of free E, or
E,:BSA produces similar effects to enhance inhibitory avoidance performance over that of
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blank or BSA control implants administered to the hippocampus [9]. See Figure 3. These data
suggest that E, can have membrane actions for its functional effects.

A third approach that can be taken to investigate the rapid, membrane actions of E; is to
elucidate the downstream mechanisms for these effects. Potential targets for E,’s rapid, non-
classical actions include membrane ERs and/or other membrane targets, which likely involve
activation of several signal transduction pathways and/or second messengers, such as MAPK,
extracellular signal-regulated kinase, phosphatidylinositol-3-kinase, or adenylyl cyclase
cascades [27-37]. Indeed, we have found that co-administration of E to the hippocampus with
a MAPK inhibitor blocked the facilitating actions of E, for inhibitory avoidance performance
(Figure 3). Together, these rapid effects of E; and the demonstration that inhibiting a signal
transduction pathway attenuates these effects suggest that E; has membrane actions in the
hippocampus for some of its functional effects.

A fourth approach that is often taken to investigate whether steroids actions can occur
independent of cognate, intracellular steroid receptors is to evaluate the effects of steroids in
the absence of receptors. For example, E, can alter the structure and function of glial cells,
even in cells that do not have ERs [398]. To evaluate behavioral effects, the effects of steroids
can be ascertained when they are administered directly to brain regions with few cognate
receptors. For example, E, can enhance paced mating behavior when applied to the striatum,
an area with few traditional intracellular ERs [39]. Given that the hippocampus has high
expression of ERs (as described in detail in the next section), this approach is not tenable in
our model. However, using knockout mice that do not express ERs is another approach that
can be utilized to determine if ERs are integral for E;’s functional effects. In support, E; rapidly
increases kainate-induced currents in the hippocampus of ER knockout mice [40]. Moreover,
some of these studies by Moss and colleagues demonstrated that an ER antagonist, 1C1182,780,
when applied to the hippocampus did not attenuate effects of E,. However, given the question
of the capacity of ICI 182,780 to have antagonistic actions at in the hippocampus at nuclear
and/or membrane-associated ERs [36,41], whether some of E,’s rapid/membrane actions may
also involve intra-nuclear ERs needs to be addressed.

ESTROGEN-RECEPTOR MEDIATED ACTIONS OF E;, IN THE HIPPOCAMPUS
FOR FUNCTIONAL EFFECTS

E, may have classical actions at intracellular ERs in the hippocampus for its behavioral effects.
Intracellular binding sites for E; were identified nearly 50 years ago [42]. ERs were localized
in the rodent brain using autoradiography. Radioactively-labeled E; injected into female rats
is highly concentrated in the hippocampus and other brain areas considered to be important for
mediating cognition and/or affect (e.g. medial and cortical amygdala and the lateral septum)
[43]. Although these autoradiographic findings were of great importance for localizing
hormone target sites, the poor resolution and lack of ability to quantify ERs were serious
limitations. Recent studies using in situ hybridization and/or immunocytochemistry with
greater resolution indicate that ERs have high expression in the hippocampus [44—45]. Indeed,
actions at ERs in the hippocampus may underlie some of E,’s functional effects at this brain
target.

ERs function as transcription factors that can be modulated by Ej. E; binds to intracellular ERs
in a ligand-dependent manner, resulting in synthesis of proteins that carry out the cell’s
functional response [46-47]. To investigate whether E,’s functional effects in the hippocampus
required protein synthesis, we co-administered E, and a protein synthesis inhibitor,
cycloheximide, or vehicle, to the hippocampus immediately after training in the inhibitory
avoidance task. No differences in performance were observed with co-administration of
cycloheximide or vehicle and Ej, suggesting that in this paradigm protein synthesis may not
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be required (Figure 4). However, follow-up studies using ER antagonists, as described next,
suggest that some of E,’s functional effects in the hippocampus may require actions at ERs.

Another way to investigate the ER-dependency of E,’s effects in the hippocampus is by using
ER antagonists, such as tamoxifen and 1C1182,780. Although there are issues about
pharmacological action and tissue- and ER isoform-specificity of tamoxifen and 1C1182,780,
these compounds are useful in that effects of ER knockdown can be relegated to a specific
timeframe, unlike in knockout mouse models that have perturbed ER function throughout
development. We have found that administration of E; SC or to the hippocampus and/or
tamoxifen SC or IC1182,780 to the hippocampus similarly improved inhibitory avoidance
performance, suggesting that, in this paradigm, activation of ERs was not required [9].
Administration of the ER antagonist, 1C1182,780, to the hippocampus, but not the amygdala,
attenuated the anti-anxiety and anti-depressive effects of E, [4]. ICI 182,780 may have effects
in the hippocampus to block both nuclear and plasma-membrane associated actions at ERs
[36,41. It must be noted that tamoxifen is a less-specific ER ligand that can have both agonistic
and antagonistic properties for ER activity, depending on the dosing, tissue targets, as well as
other factors. For example, agonistic actions of tamoxifen have been described in bone [48—
49], but antagonist effects in breast tissue [50] and brain [51] have also been described. This
may explain why systemically administered tamoxifen blocked E; and SERMs’ effects for
affective behavior [52]. Furthermore, tamoxifen has mixed agonist/antagonist actions
involving ERa and is described as a pure antagonist of ERp [53-56]. Despite these caveats of
using pharmacological tools to determine the role of ERs for E,’s effects, these data suggest
that E; may have ER-independent and ER-dependent actions in the hippocampus for its effects
on cognitive and affective behavior. Given these results, it was important to further investigate
the effects of E5 in the hippocampus via intracellular ERs. Indeed, as described above, blocking
ERs in the hippocampus via infusions of 1C1182,780, attenuates anti-anxiety behavior in the
elevated plus maze and other affective behavioral tasks [4]. Although these data suggest that
E,’s actions at ERs in the dorsal hippocampus underlie its effects for some hippocampal
processes, whether these effects were due to actions at specific ER isoforms was of interest.

ERB-MEDIATED ACTIONS IN THE HIPPOCAMPUS FOR E,'S FUNCTIONAL

EFFECTS

An added level of complexity in the investigation of the molecular mechanisms of E, for its
functional effects in the hippocampus has arisen following the identification of a second
isoform of the ER. The original ER identified E, binding site [42] is now referred to as ERa,
after a second form of ER, called ERp, was identified in rat prostate and uterine tissue [57—
58]. ERa and ERp are homologous in their DNA (97%) and ligand-binding (60%) domains
[58], but are located on different chromosomes and with distinct N-terminal regions encoded
by these different genes [57-62]. Indeed, there are differences between expression of ERa and
ERp, which suggests that there may be different functional effects of these isoforms.

The expression of ERa and ERp differs between and within different tissues in the body [44,
63]. Some organs (lung, bladder, intestines) and glands (prostate, pituitary) differ in their
expression, with ERp being greater than ERo. [60,64—66]. Notably, within tissues, the
distribution of ERa and ERp can also vary. For example, bone predominantly expresses
ERa, except in the marrow which is primarily ERB[63]. Similarly, in the uterus, ERa is greater
but ERp is expressed in the glandular epithelium [57,67]. A point of particular clinical
relevance is that ERa is the target of E,’s trophic effects in mammary and uterine tissue [63].
Thus, we have been investigating the relative role of ERa and ERp for E,’s functional effects.

In the brain, there are some regional similarities and differences in expression of ERa and
ERB, which support both convergent and divergent actions of E, and these substrates. ERa and
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ERB are both co-expressed in the preoptic area, bed nucleus of the stria terminalis, and medial
amygdala [44,68]. However, expression of ERa is greater than ER in the ventromedial
hypothalamus and pituitary. Moreover, ERpB expression is more predominant than ERa in the
cerebral cortex, hippocampus, anterior olfactory nucleus, dorsal raphe, substantia nigra,
midbrain ventral tegmental area, and cerebellum [44,45,69]. This distribution of ERa and
ERB, which is overlapping but also shows distinct differences in expression, has substantiated
investigation of whether there are functional effects associated with actions at ERa versus
ERB.

To determine whether ER in the hippocampus is a target of E; for its modulation of affective
behavior, we compared effects of chronic and acute knock down ER. First, cycling or OVX,
E,-replaced mice were tested in a variety of tasks to assess affective behavior. Adult, wildtype
(WT) and ERp knockout (BERKO) mice were left intact and tested in proestrus (high
physiological E levels) or diestrus (low E; levels) or were OV X and, 44-48 hours before
behavioral testing, mice were administered vehicle (vegetable oil) or E, (0.09 mg/kg, which
produces proestrus-like E, levels; as per [70-72]). Second, the effects of acute knockdown of
ERP were investigated given the potential compensatory mechanisms that can be observed
with lifetime knockdown of a gene. As such, adult rats were OV X, implanted with guide
cannulae aimed at the left ventricle, primed with 0.09 mg/kg E, (which produces physiological
E, levels similar to those seen in proestrus), and then tested 44—-48 hours later for affective
behavior (open field, elevated plus maze, forced swim test). Throughout E,-priming, rats were
administered antisense oligodeoxynucleotides (AS-ODNSs) targeted toward ERao and/or ERf
or control treatments (saline or scrambled AS-ODN) [73]. To verify that this AS-ODN regimen
was effective, expression of ERa and ERf was determined in the hippocampus and a control
site, the ventral medial hypothalamus, by immunocytochemistry of ERa. and ERp. Mice and
rats were tested several tasks that measure hippocampus function. In these studies, our
hypothesis that E, has actions in part via ERB for hippocampal processes was supported.
Chronic or acute knockdown of ERp attenuated the effects of endogenous increases in E,, or
administration of E, to OV X mice or rats, for hippocampally-mediated processes. Mice that
were WT, but not BERKO, and had physiological circulating E; levels had improved affective
and cognitive behavior compared to their counterparts that had low E; levels [4,70-72]. Similar
to these effects of chronic knockdown of ERp in mice over their entire lifetime, administration
of ERB AS-ODN:Ss alone, or co-administered with ERa AS-ODNS, attenuated the anti-anxiety
effects of E,-priming to OV X rats. No effects were observed with the administration of a
scrambled control or ERo. AS-ODN [73]. Indeed, these, and similar AS-ODN manipulations
to the hippocampus or striatum, significantly reduced expression of ERs in these regions and
others, such as the hypothalamus, as measured by western blotting and/or
immunocytochemistry [73-75]. Thus, chronic and acute knock down of ERp abrogates the
effects of E, for affective behavior.

Because knockout mice have life-long deletion in ER, the organizational and activation effects
of ERP cannot be dissociated. As such, it is important that a similar pattern was observed for
BERKO mice and rats administered ERB AS-ODNSs for 48 hours of E,-priming. A lack of
species differences and similar effects of acute and chronic knockdown of ERp suggest that
this mechanism is physiologically-relevant. However, another way to address some limitations
from studies using ERB knockdown is to investigate effects with administration of ligands that
activate ERp.

Another important consideration to make regarding the efficacy of E, for modulating
hippocampus processes through ER is to be able to produce or enhance these effects, rather
than simply block them pharmacologically or with transgenic mice as was demonstrated in the
previous series of experiments. Behavioral effects of SERMs that have greater affinity for
ERP support the notion that ER may be important for E,’s anti-anxiety-like effects. Lifelong

Steroids. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walf and Frye

Page 7

administration of phytoestrogens with a greater affinity for ERp than ERa, such as genistein
and daidzein, in the diet of male and female rats increases anti-anxiety behavior in the elevated
plus maze [76]. We have found that administration of SERMs SC or to the hippocampus, but
not another ERB-rich brain site, the ventral tegmental area (VTA), of OV X rats improves
affective behavior across a variety of tasks, compared to vehicle administration [24,52,77].
Together, these data are further evidence that ERp is an important receptor target in the
hippocampus for specific functional effects involving hippocampal processes.

Although these approaches may support converging evidence for the role of ERp for E;’s
effects in the hippocampus, there are some criticisms with each of these approaches that need
to be addressed. For instance, in investigations using ERB knockout mice or lifelong
administration of dietary SERMs, the potential nonspecific and/or compensatory effects (e.g.
overexpression of a related gene) due to lifelong deletion or activation of ERB must be taken
into consideration. Indeed, some of the caveats that need to be considered when interpreting
data using knockout models are possible pleiotropic effects, developmental abnormalities, and/
or production of truncated proteins that have uncertain functional activity. As well, whether
functional effects of ERp are organizational or activational in nature cannot be addressed with
these studies given that manipulations occur throughout development and adulthood. As such,
the specificity of ERP as a target for E,’s effects was investigated. To this end, comparisons
were made between wildtype and BERKO mice administered vehicle, E, (0.09 mg/kg), or an
ERpB-selective SERM, diarylpropionitrile (DPN; (0.09 mg/kg) for affective and cognitive
behavior [70-72]. The results of the present study supported the a priori hypothesis that
ERB in the hippocampus is required for E,’s and ERB-selective SERMs’ modulation of
affective behavior. E; or DPN administered subcutaneously to OVX WT mice produced similar
effects to improve affective behavior in the elevated plus maze. This effect was not observed
among mice with chronic knockdown of ERp. Thus, ERp is a likely target in the hippocampus
for some of E,’s functional effects.

Another consideration to make regarding the functional effects of E; is the specificity of these
effects at ERP to females. The testosterone metabolite, 3a-androstanediol, may have actions
via ERp [78]. Indeed, we have demonstrated that the performance enhancing effects of 3a-diol
are attenuated with co-administration of AS-ODNSs that are targeted against ERp, but not
ERa, when administered to the hippocampus [74]. Furthermore, we have found that males can
be responsive to ERp ligands. We compared the effects of administration of Ep, ERa-(PPT,
170-E5), and ERB-(DPN, coumestrol) SERMs (0.09 mg/kg; SC) to intact, aged (18-22 months
old) male congenic mice on a C57BL6J background to vehicle for performance in a variety of
tasks mediated by the hippocampus. Similar to what we have observed in OV X rodents,
administration of E,, DPN, and coumestrol improved performance in tasks mediated by the
hippocampus compared to vehicle administration (Figure 5). As well, differences were not
observed in an activity monitor, suggesting that behavioral effects observed were not due to
non-specific effects on motor behavior. No differences were observed between males
administered vehicle and those administered ERa-SERMSs (data not shown). Given the
relevance of the mechanisms of androgens as they pertain to prostate cancer, further
investigation of these effects at ER[ in males are underway. Together, these data provide
further support of the role of ERB in the hippocampus for some of E,’s functional effects.
Another factor to consider in relation to the findings from the present series of experiments is
the role of ERa and how this may be integrated with actions of ERp.

THE ROLE OF ERa (AND ERB) FOR FUNCTIONAL EFFECTS OF ESTOGENS

Differential localization of ERo.and ERp support the notion that E, may have distinct functional
effects at these ER isoforms. The studies discussed herein have suggested that an important
functional role for ERB is its effects in the hippocampus. On the other hand, ERa may regulate
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E,—facilitated sexual behavior in rodents through actions in the hypothalamus. ERa knockout
mice have reproductive dysfunction [79-80] and knocking down ERa in the hypothalamus of
female mice with an adeno-associated virus vector expressing a small hairpin RNA targeting
ERa [81]. In the studies that are described in the previous sections, we utilized sexual
receptivity as a control measure. These studies validated our findings with ERB manipulations,
showed that ERa. manipulations were effective, and that differences observed were differences
in functional response, not non-specific effects of the ER isoform manipulations. We found
that SC administration of E, or ERa-selective SERMs, enhance sexual behavior [52,82].
Furthermore, knockdown of ERa in the hypothalamus attenuates acute effects of E, to facilitate
sexual behavior among OV X rats [73]. Although these data imply distinct functional effects
of these receptors, the interaction of these ER subtypes for function is of interest. For example,
BERKO mice do not show the same levels of sexual dysfunction as ERa mice demonstrate,
and, furthermore, have slightly enhanced sexual receptivity than do their WT counterparts
[83]. ERp-selective phytoestrogens (e.g. genistein, daidzien, coumestrol) attenuate sexual
receptivity of female rodents when administered neonatally [84-85]. Other studies in support
of the idea that some of these functional effects of E, may involve integrated actions of ERa
and ER are those in which both receptors are expressed.

ERa and/or ERB may be involved in the proliferative effects of E in the hippocampus.
Proliferating cells can co-express ERa or ERB and neuronal markers, such as doublecortin, in
the hippocampus [86—88]. Administration of E;, or the ERB-SERM, DPN, increased cell
proliferation in the hippocampus of adult female rats as did the ERa-SERM, PPT, at the
moderate dosing utilized [88]. Interestingly, cell proliferation was reduced with co-
administration of DPN and PPT [88]. Furthermore, ERa. in the hippocampus has been suggested
to influence neuronal morphology by stimulating dendritic branching [89], whereas spatial,
hippocampus-dependent learning has been shown to be mediated by both ERa [90-91] and
ERB [82,92-93].

Evidence for co-localization of ERa and ERa within the same brain region and in the same
cells leaves the possibility that some of the differential effects of activating these mechanisms
may be due to their role as ERa or ER3 homodimers or ERa/p heterodimers. [94]. Whether
ERs act as homodimers versus heterodimers for these effects requires further investigation.
Furthermore, ERp has demonstrated effects to enhance or inhibit ERa activity in in vitro and
in vivo systems [95-99]. However, there is evidence that ER[ expression is regulated by
activation of ERa [100]. Notably, both ERa and ERp regulate unique downstream genes and
signaling pathways [101]. Thus, these intricacies of some of the factors related to E; signaling
though ERs and other substrates will be investigated in the near future.

Taken together the results of these experiments support non-classical and classical actions of
E, in the hippocampus. Indeed, these results leave open the possibility that E>’s modulation
of hippocampally-mediated processes may involve an integration of both membrane and
intracellular ER actions. A discussion of the data in support of this notion is as follows.

POTENTIAL INTEGRATION OF RAPID AND ER-MEDIATED SIGNALING IN
THE HIPPOCAMPUS FOR E;'s FUNCTIONAL EFFECTS

We have used several experimental approaches (i.e. pharmacological blockers/ligands,
transgenic mice, expression studies) to demonstrate that E,’s functional effects require ERB in
the hippocampus for affective behavior. We also have evidence that some of E;’s effects in
the hippocampus may be rapid and/or membrane-mediated. This has spurred the question of
whether some of these hippocampal processes may be modulated by an integration of E5’s
effects at both non-classical and classical substrates. Indeed, it may be that membrane-mediated
effects of E, potentiate classical actions at ERs (See Figure 6). This idea has been thoroughly
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discussed in a recent review (see [3]). In brief, in vivo and in vitro work demonstrates that E,
may act at membrane ERs that potentiate its effects through nuclear ERs and require activation
of protein kinase A or C for its effects [1-3]. Administration of E>:BSA followed by a pulse

of free E; results in asignificant increase in luciferase activity in vitro and lordosis when applied
to the hypothalamus, compared to administration of free E, alone [1-2]. A question is whether
E,’s effects for hippocampal processes, such as affective and cognitive behavior, may be via
an integration of non-classical actions of E, that prime classical actions.

Differences that we have found for the mechanisms of E; in the hippocampus and amygdala
provide some indirect evidence that E, may have both membrane and intracellular actions for
cognitive or affective behavior. Although this review has focused on the hippocampus as a
target for E,’s effects, other sites, such as the amygdala, are targets of E, and involved in
cognitive and affective behavior, and deserve mention here. For example, administration of
E, to the hippocampus or amygdala produce similar improvements in affective behavior as
does systemic administration of E, [4,24]. Although these data support the notion that the
amygdala is one target of E,, administration of an ER antagonist to the hippocampus, but not
the amygdala, blocked the effects of endogenous E, for affective behavior [4]. As such, a
possibility to investigate more in the future is the site-specific mechanisms of E; in these
regions for affective processes. Thus, it may be that E,’s functional effects involve its binding
at membrane targets and subsequent activation of downstream signaling molecules in the
amygdala that may potentiate actions of E, at ERs (and/or membrane targets) in the
hippocampus.

Studies using SERMs provide additional support that E,’s functional effects due to an
integration of rapid, membrane and intracellular ER actions for hippocampal processes. As
was described in detail elsewhere [24], administration of E; as well as ERp ligands (e.g. DPN,
coumestrol) improve affective behavior within 10 minutes when administered directly to the
hippocampus. This short-time frame suggests that these effects may involve a membrane-
mediated mechanism and/or leave open the possibility that E,’s effects occur with an
integration of both rapid, membrane and intracellular ERp actions in the hippocampus. Another
important aspect of this system to consider is that ERs can translocate to the membrane for a
relatively brief time and, thus, this may confer some of the rapidity of E,’s actions [102]. This
has been shown to be robust for actions of ERpB [103-104]. Indeed, future studies will further
investigate how membrane actions of E; may potentiate intracellular ER activation for Ey’s
functional effects in the hippocampus.

CONCLUSIONS

There are a number of pathways by which E, may have rapid signaling integrated with classic
actions involving cognate ERs. The data reviewed suggest that ER and/or actions at membrane
substrates are critical for E,’s functional effects in the hippocampus. Experiments are underway
to further establish the role of ERp and rapid non-ER signaling as well as their integrative
actions, and downstream targets of these pathways, for hippocampal processes. Experiments,
such as these, are timely given that there is a growing disproportion in prevalence of disorders
related to hippocampal integrity (e.g. anxiety, mood, cognitive aging, Alzheimer’s Disease)
among men and women. Although there is some evidence that Eo-based therapies may provide
some relief to women, not all studies find this and serious side effects related to cell proliferation
limit their usage in some women. Indeed, development of more efficacious therapies with fewer
side effects is of interest and will be informed by basic studies investigating the mechanisms
of E,’s effects for hippocampal processes and cell proliferation in the body and brain.
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Figure 1. Characterization of E5’s effects on hippocampuse-mediated processes

Figure depicts that rats that have proestrus-like, physiological levels of E, in the hippocampus
(proestrous, OVX + E, subcutaneously (SC) or to the hippocampus (hippo); levels + sem
indicated by circles) have improved performance in the elevated plus maze compared to
diestrous or OV X rats (behavior indicated by bars; mean secs + sem). * indicates significant
difference from diestrous or OVX, vehicle control.

Steroids. Author manuscript; available in PMC 2009 October 1.

(busbd) sjaas) 3 jledwesoddiH



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walf and Frye

Page 17
(:\ 3 | . |
‘§‘0 e’e}\(\ %‘\{J" *(5('% \Q’q’
6{& o7 & & &
o2 & & Q
&
AN

150- N q

100-
o
g 50
c OVX +
§ 0 vehicle
E Control

=50 -

-100

E2 for Es for
Smins 10 mins

Figure 2. Rapid functional effects of E, in the hippocampus

Administration of E; to the dorsal hippocampus for 10 minutes, but not 5 minutes, following

training in the inhibitory avoidance task improves performance. Similar to the pattern of
behavioral effects observed with intra-hippocampal administration of Ej, cell firing in the
hippocampus was increased between 5 and 10 minutes following E, application. No differences

were observed in data collected before E, administration to the hippocampus (during

habituation or baseline), after E, implants were removed from the hippocampus (data shown
in inset above behavioral data), or in an area of the brain that was not administered E,, the
cortex (data not shown). Data shown are means expressed as a percent of the control group
(age-matched OV X rats administered vehicle to the hippocampus). * indicates significant
difference from vehicle control.
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Figure 3. Membrane-mediated functional effects of E; in the hippocampus

The left side of the figure depicts effects of administration of free E; or a membrane
impermeable E,, E;:BSA, to the dorsal hippocampus following training in the inhibitory
avoidance task similarly improving performance. The right side of the figure depicts effects
of infusions of a MAPK inhibitor (PD98059) with E; to the dorsal hippocampus not improving
performance in the inhibitory avoidance task, compared to infusions of E, alone. Data shown
are means expressed as a percent of the control group, age-matched OV X rats administered
vehicle to the hippocampus. * indicates significant difference from vehicle control.
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Figure 4. Protein synthesis in the hippocampus is not required for Ey’s functional effects
Co-administration of E, and vehicle, or co-administration of E; and a protein synthesis
inhibitor, to the dorsal hippocampus post-training in the inhibitory avoidance task similarly
improves performance. Data shown are means expressed as a percent of the control group, age-
matched OV X rats administered vehicle to the hippocampus. * indicates significant difference
from vehicle control.
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Figure 5. ERp in the hippocampus is important for Eo’s functional effects

Administration of E; and ERB-SERMs (DPN, coumestrol-COUM) improve performance of
intact, aged male mice, but do not alter general motor behavior in an activity monitor. Data
shown are means expressed as a percent of the control group, age-matched mice administered
vehicle. * indicates significant difference from vehicle control.
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Figure 6. Possible mechanisms of E»’s action in the hippocampus for affective behavior

Data have supported that E, may have direct genomic (or “classical”) effects involving ERp.
E, may also have indirect genomic effects where binding of ER may lead to activation of
signal transduction pathways. E; may bind membrane receptors and activate these signaling
pathways. Alternatively, there may be an integration of E,’s actions at membrane and
intracellular targets for functional effects of E; in the hippocampus.
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