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Abstract
Estrogens have numerous effects on the brain, both in adulthood and during development. These
actions of estrogen are mediated by two distinct estrogen receptor (ER) systems, ER alpha (ERα)
and ER beta (ERβ). In brain, ERα plays a critical role in regulating reproductive neuroendocrine
function and behavior, however, a definitive role for ERβ in any neurobiological function has been
slow in forthcoming. Clues to the function of ERβ in the central nervous system can be gleaned from
the neuroanatomical distribution of ERβ and the phenotypes of neurons that express ERβ. ERβ
immunoreactivity has been found in populations of GnRH, CRH, vasopressin, oxytocin and prolactin
containing neurons in the hypothalamus. Utilizing subtype-selective estrogen receptor agonists can
help determine the roles for ERβ in non-reproductive behaviors in rat models. ERβ selective agonists
exert potent anxiolytic activity when animals were tested in a number of behavioral paradigms.
Consistent with this, ERβ selective agonists also inhibited the ACTH and corticosterone response to
stress. In contrast, ERα selective agonists were found to be anxiogenic and correspondingly increased
the hormonal stress response. Taken together, our studies implicate ERβ as an important modulator
of some non-reproductive neurobiological systems. The molecular and neuroanatomical targets of
estrogen that are mediated by ERβ remain to be determined.

A number of splice variants of ERβ mRNA have been reported in brain tissue. Imaging of eGFP
labeled chimeric receptor proteins transfected into cell lines show that ERβ splice variation can alter
trafficking patterns and function. The originally described ERβ (herein termed ER-β1) is
characterized by possessing a high affinity for estradiol. Similar to ERα, it is localized in the nucleus
and is trafficked to nuclear sites termed “hyperspeckles” following ligand binding. In contrast, ER-
β2 contains an 18 amino acid insert within the ligand binding domain and as a result can be best
described as a low affinity form of ERβ. A delta3 (δ3) variant of ERβ has a deletion of the 3rd exon
(coding for the second half of the DNA binding domain) and as a result does not bind an estrogen
response element in DNA. δ3 variants are trafficked to a unique low abundance and larger nuclear
site following ligand binding. A delta4 (δ4) variant lacks exon 4 and as a result is localized to the
cytoplasm. The amount of individual splice variant mRNAs varies depending upon brain region.
Examination of neuropeptide promoter regulation by ERβ splice variants demonstrate that ERβ
functions as a constitutively active transcription factor. Moreover, it appears that splice variation of
ERβ alters its ability to regulate transcription in a promoter-dependent and ligand-dependent fashion.
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1. Expression and Function of Estrogen Receptors
The genomic actions of estrogen are mediated by two distinct intracellular receptors that
function as ligand-activated transcription factors. These have been termed estrogen receptor
alpha (ERα) and beta (ERβ) (Green et al., 1986; Kuiper et al., 1996). For both forms of ER,
the binding of estrogen results in receptor dimerization, binding to specific DNA sites in gene
promoter regions known as estrogen response elements (ERE), and subsequent modulation of
gene transcription (Tsai and O'Malley, 1994). ERα and ERβ share similar DNA binding
domains (96% homology), similar ligand binding domains (56% homology), and bind to the
same hormone response element on DNA (Figure 1) (Kuiper et al., 1996).

ERα and ERβ are expressed throughout the rostral-caudal extent of the brain and spinal cord.
The receptors have been shown to have overlapping expression patterns with a few exceptions
where either ERα or ERβ are not expressed, or one of the receptors is expressed at significantly
higher levels compared to the other. Brain regions, including the bed nucleus of the stria
terminalis (BNST), medial and cortical amygdaloid nuclei, preoptic area (POA), lateral
habenula, periaqueductal gray, parabrachial nucleus, locus ceruleus, nucleus of the solitary
tract, spinal trigeminal nucleus and superficial laminae of the spinal cord, express both forms
of ER. However there are also striking differences in the expression pattern in certain brain
areas. Only ERα is found in the ventromedial hypothalamic nucleus (VMH) and subfornical
organ. In contrast, neurons of the olfactory bulb, supraoptic (SON), paraventricular (PVN),
suprachiasmatic (SCN), and tuberal hypothalamic nuclei, zona incerta, ventral tegmental area,
cerebellum, laminae III–V, VIII, and IX of the spinal cord, and pineal gland contain exclusively
ERβ. Although both receptors are expressed by neurons in the arcuate nucleus and
hippocampus, ERα is more abundant in the arcuate nucleus, and ERβ is more prevalent in the
hippocampus (Shughrue et al., 1996; Chu and Fuller, 1997; Kuiper et al., 1997; Shughrue et
al., 1997; Laflamme et al., 1998; Hileman et al., 1999; Mitra et al., 2003). Recent studies have
also demonstrated that glia can also express ERα and ERβ (Santagati et al., 1994; Azcoitia et
al., 1999; Platania et al., 2003; Zhang et al., 2004; Mhyre and Dorsa, 2006), although the
function of glial ERs are not known.

ERβ has been shown to be differentially regulated under a number of physiological conditions.
ERβ expression levels in the periventricular preoptic, SON and posterodorsal medial amygdala
are strikingly different in pregnant and proestrous females. ERβ mRNA expression in the rat
POA and medial basal hypothalamus is highest during the diestrous phase of the estrous cycle
(Arteaga-Lopez et al., 2003). In addition, the number of ERβ mRNA expressing cells and
ERβ immunoreactive cells are significantly reduced in the external plexiform layer of the
olfactory bulb, entorhinal cortex, intermediate part of the lateral septal nucleus, nucleus of the
horizontal limb of the diagonal band, lateral, medial and basolateral parts of the amygdala,
anteroventral, laterodorsal and lateral posterior parts of the thalamus, medial geniculate
nucleus, PVN, medial amygdala, BNST, periventricular preoptic, SCN and Purkinje cells in
the cerebellum following estrogen treatment of ovariectomized female rats (Osterlund et al.,
1998; Patisaul et al., 1999; Shima et al., 2003). In addition, in primary hippocampal cultures,
17β-estradiol treatment has been shown to increase ERα expression, but decrease ERβ (Prange-
Kiel et al., 2003). Likewise, dexamethasone (DEX) and estradiol benzoate (EB) can change
the protein and expression levels of ERβ in the PVN and SON of ovariectomized female rats.
EB treatment of ovariectomized female rats decreases ERβ immunoreactive cell numbers and
mRNA levels in the PVN, whereas DEX treatment increases ERβ expression (Suzuki and
Handa, 2004). Similarly, Isgor et al. (Isgor et al., 2003) have shown that removal of endogenous
glucocorticoids by adrenalectomy reduces ERβ mRNA levels in the PVN of female rats and
that corticosterone replacement reverses this effect. However, in the latter study, upregulation
of ERβ mRNA by adrenal steroids was observed only during proestrous when estrogen levels
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are high. Downregulation of ERβ has also been seen in the SON following hypernatremia stress
(Somponpun and Sladek, 2003; Somponpun et al., 2004).

Interestingly, although ERα and ERβ share similar ligand binding domains, ERβ possesses a
relative binding affinity (RBA) for several steroid hormones that differs from that of ERα
(Kuiper et al., 1998b) (Table 1). Moreover, a number of ER modulators have been developed
that selectively bind ERα or ERβ (Veeneman, 2005). Diarylpropionitrile (DPN) is a subtype
selective agonist with a 70-fold greater RBA and 170-fold greater relative potency in
transcription assays for ERβ than for ERα (Meyers et al., 2001; Sun et al., 2003). In contrast,
propylpyrazole triol (PPT) is selective for ERα, with a 400-fold RBA for ERα over ERβ
(Stauffer et al., 2000). These subtype selective agonists provide indispensable tools for use in
functional assays.

Results of experiments with ERα and ERβnull mice (αERKO and βERKO, respectively) have
indicated that ERα, but not ERβ, is vital to reproductive function (Ogawa et al., 1998b; Hewitt
and Korach, 2003). Studies by Herbison and colleagues (Dorling et al., 2003; Wintermantel et
al., 2006) have clearly demonstarated that, although ERβ is found in GnRH neurons (Herbison
and Pape, 2001), it is not involved in regulating the preovulatory surge of leutinizing hormone
(LH) in response to rising levels of estrogen. Rather, based on studies showing modest increases
in LH levels in βERKO mice, ERβ may be partially involved in mediating the negative feedback
control of anterior pituitary LH secretion (Dorling et al., 2003). Of importance, behavioral
studies with βERKO mice indicate that ERβ may be involved in controlling anxiety-like as
well as learned helplessness types of behaviors (Krezel et al., 2001; Imwalle et al., 2005; Rocha
et al., 2005). Taken together, it appears that ERα is essential for reproductive neuroendocrine
function, whereas the function of ERβ in controlling behaviors has yet to be fully elucidated.

2. Effects of Estrogen Receptor β on Neuroendocrine Function and Behavior
2.1 Phenotypes of Estrogen Receptor β Containing Neurons

Clues to determining the function of ERβ in the CNS can be gleaned by identifying the
phenotype of ERβ expressing neurons. Information from our laboratory and others has
indicated that ERβ is expressed within several different phenotypes of neurons within the CNS.
ERβ immunoreactivity (IR) has been found in populations of gonadotropin-releasing hormone
(GnRH), corticotropin-releasing hormone (CRH), vasopressin (AVP), oxytocin (OXY) and
prolactin (PRL) containing neurons in the hypothalamus and in tryptophan hydroxylase
containing neurons in the midbrain (Nomura et al., 2005). ERβ-IR is co-localized with OXY-
IR within the medial parvocelluar PVN (84% of OXY neurons), and in the SON (60% of OXY
neurons) (Hrabovszky et al., 2004; Suzuki and Handa, 2004). Additionally, ERβ-IR is co-
localized with CRH-IR within the medial parvocellular PVN (13% of CRH neurons), and
ERβ mRNA is found in CRH-IR neurons of the caudolateral PVN (60–80% of ERβ neurons)
(Laflamme et al., 1998; Suzuki and Handa, 2004). ERβ-IR has also been observed within AVP-
IR in the parvocellular magnocellular PVN (66% of AVP neurons), and in the SON (88% of
AVP neurons) (Hrabovszky et al., 2004; Suzuki and Handa, 2004). PRL-IR neurons of the
parvocellular magnocellular PVN and the SON also contain ERβ-IR (85% and 88% of PRL
neurons, respectively) (Suzuki and Handa, 2004). Coexpression of GnRH and ERβ protein
and/or mRNA has now been described in a variety of species (Skynner et al., 1999; Hrabovszky
et al., 2000; Hrabovszky et al., 2001; Sharifi et al., 2002; Legan and Tsai, 2003; Skinner and
Dufourny, 2005) including the rat, sheep and mouse. In the rat, 75–88% of GnRH-IR neurons
of the preoptic area contain ER-β-IR (Hrabovszky et al., 2001). This matches the percentage
of GnRH neurons that contain ER-β mRNA in the mouse, but curiously, the ERβ protein has
not yet been found in mouse GnRH neurons.
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Anatomical evidence supporting a role for ERβ in depressive-like behaviors comes from
studies showing that greater than 90% of ERβ-IR neurons in the dorsal raphe and
periaqueductal gray also express tryptophan hydroxylase (TPH), the rate limiting enzyme in
serotonin synthesis (Nomura et al., 2005). This finding correlates with the behavioral effects
seen following treatment of rodents with ERβ selective ligands (see below), while the existence
of ERβ in neuropeptidergic neurons provides a potential explanation for the neuroendocrine
actions of these ligands. In summary, these findings further support the possibility of direct
effects of ERβ on neuropeptide expression and implicate estrogen involvement in the regulation
of various aspects of neuroendocrine function.

2.2 Stress and Anxiety-Related Behaviors
Estrogen is a well-known regulator of mood, with reported effects of estradiol treatment
ranging from depressant to anti-depressant (Fink et al., 1998; Shors and Leuner, 2003). Major
depressive disorder (MDD) is one of the most common psychiatric illnesses with a lifetime
prevalence of greater than 17% in the general population (Osterlund et al., 1998; Varghese and
Brown, 2001). Several studies have consistently reported that MDD episodes are twice as
common in women as compared to men (Angold and Worthman, 1993; Weissman et al.,
1993; Kornstein, 1997; Llewellyn et al., 1997). A potential link between this inherent sex
difference in MDD susceptibility and the variable effects of estrogen on mood may be explained
by opposing actions of estrogen when mediated through ERα or ERβ.

Studies performed on βERKO mice provided an initial clue for a role of ERβ in anxiety- or
depressive-like behaviors (Krezel et al., 2001). In the forced swim test (FST), a model for
depression (Porsolt et al., 1977), estradiol-treated wild type mice showed less depressive-like
behaviors (more time struggling and less time immobile) than controls, however, this effect of
estradiol was lost on βERKO mice suggesting that estradiol’s antidepressant actions are
mediated through ERβ (Rocha et al., 2005). In the elevated plus maze (EPM), a test to model
anxiety-like behaviors (Handley and McBlane, 1993), two separate studies indicate increased
anxiety-like behaviors in βERKO mice relative to their wild-type counterparts (Krezel et al.,
2001; Imwalle et al., 2005).

Studies performed in our laboratory utilizing subtype-specific ER agonists have concurred with
the experiments using knockout animals (Lund et al., 2005). In the open field test,
ovariectomized females treated with the ERβ agonist diarylpropionitrile (DPN) spent more
time in the middle of the arena, had more novel item interactions and a greater number of rears
as compared to controls. The total number of square-crossings remained consistent suggesting
an activity-independent decrease in anxiety-type behavior in DPN treated animals. In the light/
dark box, DPN treated animals had a significantly longer latency to enter the dark portion of
the box. Furthermore, in the elevated plus maze, DPN treated animals had more entries and
time spent on the open arms of the maze, a greater number of rears and head dips which are
signs of anxiolysis whereas they also exhibited fewer anxiogenic behaviors such as numbers
of fecal boli, and time spent grooming as compared to controls (Figure 2). Treatment of
gonadectomized males with DPN produced similar effects on anxiety-type behaviors in the
EPM. These behavioral effects have since been replicated with the use of other ERβ agonists
(Weiser et al., unpublished). The effects of DPN are prevented by concomitant treatment with
the ER antagonist tamoxifen, indicating an ER-mediated mechanism. Interestingly, treatment
with the ERα agonist propylpyrazoletriol (PPT) was anxiogenic on the EPM (Figure 2). Such
data could help explain why estrogen has been reported to have both anxiogenic and anxiolytic
effects (Palermo-Neto and Dorce, 1990; Leret et al., 1994).

Other studies have further confirmed the anxiolytic actions of ERβ agonists DPN treated
ovariectomized females exhibit less depressive-like behavior in the FST and horizontal
crossing task (Walf et al., 2004), as well as decreased anxiety in the EPM (Walf and Frye,
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2005). Administration of ERβ-selective ligands directly to the hippocampus decrease
depressive and anxiety-type behaviors, suggesting a possible role for ERβ in the hippocampus
(Walf and Frye, 2006). Furthermore, the Flinders Sensitive Line (FSL) of rat, a strain
selectively bred for depression, exhibit decreased immobility in the FST and increased social
interaction following DPN treatment, both signs of anxiolysis (Overstreet et al., 2006).

Behavioral actions of ERβ activation may be explained by direct effects on regulation of
neuropeptides that are involved in the stress response. ERβ has been shown to drive CRH and
AVP promoter activity in vitro (Shapiro et al., 2000; Miller et al., 2004; Pak et al., 2007), and
subtype selective ligands alter CRH, adrenocorticotropin hormone (ACTH), and corticosterone
(CORT) responses to a stressor (see below). Other possible mechanisms by which estradiol
regulates mood may include ERβ regulation of oxytocinergic or serotonergic
neurotransmission. Oxytocin has powerful anxiolytic properties (Uvnas-Moberg et al., 1994;
McCarthy et al., 1996; Windle et al., 1997; Mantella et al., 2003; Amico et al., 2004) that can
be augmented by estradiol (McCarthy et al., 1996; Ochedalski et al., 2007), and ERβ has been
found in most oxytocinergic neurons (Suzuki and Handa, 2005). Further, ERβ is the
predominant estrogen receptor in the midbrain/brainstem raphe nucleus, particularly in the
dorsal and ventral divisions of the dorsal raphe nucleus (DRN) (Nomura et al., 2005). Greater
than 90% of these ERβ-IR neurons also exhibit TPH immunoreactivity (Nomura et al.,
2005), suggesting a potential role for estrogen in regulation of TPH in the DRN. Accordingly,
recent studies by Hiroi et al. show that estradiol treatment of ovariectomized female rats
significantly increases TPH2, the predominant brain isoform, in the mid-ventromedial and
caudal subregions of the DRN (Hiroi et al., 2006). These studies are corroborated by findings
in ERβKO mice where serotonin content in the preoptic area and bed nucleus of the stria
terminalis, areas of high ERβ expression, is significantly decreased (Imwalle et al.,
2005).Furthermore, 5-HT1A receptor levels are significantly increased in the amygdala of
ERβKO mice, and estradiol increases serotonin transporter (SERT) expression in the DRN of
gonadectomized rats, implicating a role for estrogen and ERβ in serotonin reuptake dynamics
(McQueen et al., 1997; McQueen et al., 1999; Krezel et al., 2001).Thus, the positive effects of
estrogen on mood appear to be largely via its actions at ERβ and may be a dynamic interplay
between the stress and oxytocinergic or serotonergic systems in the brain.

2.3 Hypothalamic-Pituitary-Adrenal Axis Function
Gonadal steroid hormones play a vital role in modulating hypothalamic-pituitary-adrenal
(HPA) axis function. It has now been established that basal and stress-induced adrenal steroid
secretion is greater in females than in males (Critchlow et al., 1963; Kitay, 1963; Handa et al.,
1994a), and that the activational effects of gonadal steroids play an integral role in this sex
difference (Sencar-Cupovic and Milkovic, 1976). In females, ovariectomy reduces stress-
induced CORT and ACTH, and this is reversed by estrogen treatment (Burgess and Handa,
1992; Handa et al., 1994a; Suzuki et al., 2001). However, this is not always the case as several
groups have reported that estrogen can inhibit responses to stress (Young et al., 2001;
Figueiredo et al., 2002; Ochedalski et al., 2007).

In males, gonadectomy increases stress-induced CORT and ACTH, and is reversible with
testosterone or dihydrotestosterone (DHT) treatment (Bingaman et al., 1994; Handa et al.,
1994a; Handa et al., 1994b; Viau and Meaney, 1996; Suzuki et al., 2001; Viau et al., 2003;
Viau and Meaney, 2004). Furthermore, treatment of gonadectomized male rats with estrogen
increases stress-induced c-fos mRNA, CRH hnRNA, AVP hnRNA, and CORT, whereas DHT
treatment inhibits the response when compared to control animals (Lund et al., 2004b). Thus,
available evidence suggests that estrogen increases the gain of the HPA axis, while testosterone
and its non-aromatizable metabolite DHT decrease the gain of the HPA axis.
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The role of ERβ in HPA axis regulation has been explored with the use of ER subtype-selective
compounds. For example, studies from our laboratory show that treatment of ovariectomized
females with the ERβ selective agonist DPN causes a significant decrease, while treatment
with the ERα selective agonist PPT results in a significant increase in stress-induced ACTH
and CORT (Lund et al., 2005). This is consistent with the behavioral effects seen following
treatment with these compounds. Interestingly, treatment with the DHT metabolite, 5α-
androstan-3β, 17-β-diol (3β-diol) has a similar effect in significantly decreasing stress-induced
CORT secretion (Lund et al., 2004a). This may be explained by the fact that 3β-diol is not
androgenic, and does not bind the androgen receptor, but rather binds ERβ with relatively high
affinity and selectivity (Kuiper et al., 1997; Weihua et al., 2002). Since the actions of 3 β-diol
can be completely blocked by the ER antagonist, tamoxifen, but not the androgen receptor
(AR) antagonist, flutamide, such data suggest that DHT’s inhibition of corticosterone secretion
may be through the actions of its metabolite 3β-diol at ERβ (Lund et al., 2004a; Lund et al.,
2006).

The results of additional studies examining the distribution of ERβ in the brain suggest that its
role in HPA axis regulation may be indirect through alteration of glucocorticoid dependent
HPA axis negative feedback (Weiser et al., unpublished), in addition to a direct action upon
CRH and AVP neurosecretory neurons of the PVN. To test this hypothesis, we implanted wax
pellets containing the ERβ agonist DPN, ERα agonist PPT, or estradiol near the PVN of
gonadectomized male rats and measured stressinduced c-fos mRNA and plasma CORT and
ACTH levels. Similar to what was observed following peripheral administration, DPN
decreased while PPT and estradiol increased stress-induced c-fos mRNA and serum CORT
levels, and these effects could be blocked with concomitant treatment with tamoxifen (Lund
et al., 2006). These results suggest that attenuation of HPA reactivity via ERβ or augmentation
via ERα is mediated via neuronal populations in and/or around the PVN. While it has been
well established that ERβ is the dominant ER expressed by neurons within the PVN, recent
studies have indicated that ERα transcript and immunoreactivity are present near the PVN
(peri-PVN) and sparsely within the PVN (Laflamme et al., 1998; Suzuki and Handa, 2005).
Thus, the augmentation of the HPA axis seen with systemic and local treatment with estradiol
and PPT may be via ERα around the PVN.

Interestingly, implants of DHT and 3β-diol also cause a significant decrease in stress-induced
c-fos mRNA and CORT, and these effects can be blocked with concomitant tamoxifen in the
pellet (Lund et al., 2006). Local 3β-diol in the brain is produced by 5α-reduction of testosterone,
and subsequent metabolism of DHT by the actions of the enzymes 3α-HSD, 3β-HSD, and
17β-HSD (Krieger et al., 1983; Gangloff et al., 2003; Torn et al., 2003; Steckelbroeck et al.,
2004). We have determined that transcripts for 3α-HSD and 17β-HSD are present in the PVN,
and provide these neurons the ability to locally convert gonadal androgens to endogenous
ERβ ligands (Lund et al., 2006). Therefore, it appears that at one level, the inhibitory effects
of DHT on the HPA axis are mediated by its conversion to 3β-diol and subsequent actions on
ERβ. This is not to say that DHT does not act elsewhere to inhibit HPA function. Studies by
Viau et al.(Viau and Meaney, 1996; Viau et al., 2001) have clearly demonstrated an action of
DHT through the AR in BnST/POA in reducing HPA function as well.

The influence of gonadal steroids upon the HPA axis appears to be a delicate interplay between
estrogen’s actions at ERβ and ERα, as well as testosterone’s actions at ERβ (through its
metabolites DHT and 3β-diol) and AR. Our findings implicate ERs particularly around and
within the PVN as a site of action for estrogen and DHT on HPA axis output. Further studies
investigating the mechanisms of ERα and ERβ action on neurosecretory neurons of the PVN
is certainly warranted.
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3. Estrogen Receptor β Splice Variants
3.1 ERβ Splice Variant Characterization and Localization in Brain

There are five splice variants of ER-β mRNA described to date, including the originally
described wild-type form ERβ (ER-β1), that are thought to arise from alternative splicing of
the eight exons which encode ER-β (ER-β1, ER-β2, ER-β1δ3, ER-β2δ3, ER-β1δ4) (Figure 1).
Transcripts designated ER-β2 possess an in-frame insertion between exons 5 and 6 that encodes
an additional 18 amino acids (AAs) in the ligand binding domain (Chu and Fuller, 1997);
(Maruyama et al., 1998). A deletion of exon 3, which encodes 39 AAs in the carboxyl-terminal
half of the DNA binding domain, has been termed ER-β1δ3. ER-β2δ3 is characterized by the
addition of 18 AAs inserted between exons 5 and 6 and a deletion of exon 3 (Petersen et al.,
1998). ER-β1δ4 encodes an ERβ that is missing exon 4 and does not appear to bind estrogen
(Price et al., 2001).

We (Price and Handa, 2000; Price et al., 2000) and others (Petersen et al., 1998) have shown
that splice variants of ERβ mRNA are expressed in multiple tissues and in some cases at levels
equivalent to or exceeding those of the full-length mRNA. The high expression level of some
of the ERβ mRNA splice variants suggests that if corresponding proteins are expressed, they
too would be abundant. Sharma et al. (1999) demonstrated that multiple ERβ variants can be
seen with ERβ-specific antisera and Western blot analysis of proteins derived from ovary, a
tissue known to express ERβ at high levels (Fitzpatrick et al., 1999; O'Brien et al., 1999). The
distribution of at least one of these splice variants, ER-β2, has been shown in rat brain using
anti-peptide antibodies directed against the unique sequence of the insert in the ligand binding
domain. These studies have shown a distribution that largely matches that of ER-β1 and indicate
high amounts of ER-β2 in SON, cortex and raphe (Chung et al., 2005). Therefore, the splice
variants of ERβ must be considered when assessing receptor function.

ER-β1 is by far the most abundant of the splice variants mRNAs with expression in the lateral
septum, SCN, PVN, medial amygdala, hippocampus, cortex and cerebellum with the one
exception being the hippocampus. The relative expression levels of ER-β2 and ER-β1δ3 were
similar to one another in all ERβ positive brain regions, though both were expressed at a
significantly lower level than ER-β1. The isoform that is expressed consistently at the lowest
level is ER-β2δ3. In general, the β2 variants are less abundantly expressed than their β1
counterparts (β2 vs. β1 and β2δ3 vs. β1δ3). In the hippocampus, all variants except ER-β1δ4
are expressed at relatively low levels. ER-β1δ4 is also expressed at higher levels in LS and
CTX than in the SON, PVN or MA (Petersen et al., 1998; Price and Handa, 2000; Price et al.,
2000). The respective levels of the others (β1 is the highest; β1δ3; β2δ3 is the lowest) are
maintained, similar to the other brain regions.

Binding studies utilizing 3H-estradiol and in vitro transcribed ERβ splice variants have
demonstrated that splice variation can provide distinct characteristics to the subsequent forms
of ERβ. As shown in Table 2, the relatively high affinity of ER-β1 for estradiol (approx 0.1
nM) is reduced 10 fold by the β2 insertion in the ligand binding domain. In addition, this results
in a slower association, and more rapid dissociation of estradiol with ER-β2. Removal of the
3rd exon (δ3 variants), does not seem to have much effect on binding kinetics. Given the changes
in estradiol affinity of the β2 splice variant, we have proposed that ER-β2 represents a low
affinity form of ERβ that would help extend cellular sensitivity to estradiol with rising levels
of estrogen. Such a dual receptor system has been previously proposed for glucocorticoid and
mineralocorticoid receptors and their inhibitory feedback on the HPA axis (Reul and de Kloet,
1985;Reul et al., 1987).
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3.2 ERβ Splice Variant Transcriptional Activity
The ERβ protein has been shown to form homodimers in vitro and bind to consensus ERE
oligonucleotides with an affinity similar to that of ERα (Pettersson et al., 1997). In addition,
ERα and ERβ form heterodimeric complexes with EREs in vitro, as well as within intact cells
(Cowley et al., 1997; Pace et al., 1997; Pettersson et al., 1997; Ogawa et al., 1998a; Ogawa et
al., 1998c). The discovery of ERβ and the formation of heterodimers suggest the existence of
previously unrecognized pathways of estrogen signaling; via ERβ in cells that exclusively
express this receptor and via the formation of heterodimers in cells expressing both ERα and
the ERβ splice variants.

In vitro studies show that co-transfection of different isoforms of ERβ can influence estradiol-
induced gene transcription (Paech et al., 1997; Watanabe et al., 1997; Hyder et al., 1999).
Homo- and heterodimeric forms can bind to a consensus ERE and activate transcription of a
reporter gene (Cowley et al., 1997). Both ERα and ERβ are able to stimulate the transcription
of an ERE-driven reporter gene in a dose-dependent manner (Kuiper et al., 1996; Mosselman
et al., 1996; Cowley et al., 1997; Pettersson et al., 1997; Tremblay et al., 1997; Watanabe et
al., 1997; Kuiper et al., 1998a). Furthermore, 5α-androstane- 3β, 17β–diol, (3β-diol) a
metabolite of the potent androgen DHT, has been shown to activate ER-β1 induced
transcription mediated by an ERE equivalent to that of 17β-estradiol in the neuronal cell line,
HT22. Of importance, ER-β1 exhibits constitutive, or ligand independent, regulation of
transcription by activating reporter gene expression through binding an ERE and inhibiting
reporter gene activity through an AP-1 site (Pak et al., 2005).

Although the classically described mechanism for ER regulation of transcription involves the
binding of ERs to an ERE, non-classical mechanisms have also been described. ERs can
enhance transcription by modulating the activity of the activator protein complex-1 (AP-1)
(Webb et al., 1995; Pak et al., 2005), and it is this non-classical mechanism that diversifies
many of the actions of ERs in regulating endogenous promoters. For example, an important
difference exists between ERα and ERβ concerning activation through AP-1 sites. ERα is able
to activate AP-1 containing promoters in the presence of agonists, such as estradiol or
diethylstilbestrol (DES), and the partial agonist/antagonist tamoxifen. In contrast, ERβ is only
able to activate transcription from AP-1 sites in the presence of antagonists (Paech et al.,
1997). Moreover, we have shown that δ3 variants of ERβ, which cannot bind the consensus
ERE, exhibit ligand-dependent activation at AP-1-responsive reporters (Price et al., 2001; Pak
et al., 2005). The AP-1 regulation has been shown to be ER-sensitive in a manner that does
not require DNA binding (Webb et al., 1995; Webb et al., 1999), but rather through
protein:protein interactions with c-fos, one of the endogenous factors that bind AP-1 elements.
Interestingly, the δ3 variants activate at AP-1 sites in the presence of ER agonists unlike the
full-length ERβ, which activates at AP-1 sites only in the presence of ER antagonists such as
tamoxifen (Paech et al., 1997; Webb et al., 1999).

These functional interactions have been exemplified in our work to determine the estrogen
regulation of several neuropeptides through ERβ splice variants. To investigate whether ERs
could regulate CRH, AVP, and GnRH promoter activity, cells were cotransfected with the
respective promoter constructs and either ERα or individual ERβ isoforms. ERα weakly
stimulated CRH promoter transcriptional activity in a ligandindependent manner. Conversely,
all ERβ isoforms tested stimulated CRH promoter activity with different ligand profiles. ER-
β1 and ER-β2δ3 displayed constitutive activity (ER-β1 more than ER-β2δ3). Ligand-
dependent activity of β isoforms 1 and 2 was altered by an Exon3 splice variant (δ3) or by the
additional 18 amino acids in the ligand-binding domain of ER-β2 isoforms (Miller et al.,
2004). Likewise, cells cotransfected with the AVP promoter and individual ERβ isoforms
demonstrated a constitutive ligand independent activity of ER-β1 and ER-β2 (Shapiro et al.,
2000; Pak et al., 2007). Both of these isoforms were found to further increase expression in
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the presence of estradiol. No ligand independent or dependent activity was found in cells
transfected with the δ3-variants (Pak et al., 2007). In investigating ERβ variants in GnRH
protmoter activity, Pak et al. found a robust increase in GnRH-luciferase activity by all ERβ
splice variants in the absence of hormone. Furthermore, estradiol treatment abolished this
response for ER-β1 and ER-β2, but not ER-β1δ3 (Pak et al., 2006). The examination of
neuropeptide promoter regulation by ERβ and its splice variants demonstrate that in all cases
ERβ functions as a constitutively active transcription factor. Moreover, it appears that splice
variation of ERβ alters its ability to regulate transcription in a promoter-dependent and ligand-
dependent fashion.

The ability of ERβto act in a ligand-independent fashion to regulate transcription may provide
evidence of its ancient evolutionary roots. Indeed, estrogen receptors have been found in
invertebrate species such as Aplysia californica and Octopus vulgaris. However, although the
Octopus synthesizes estrogens, such invertebrate ERs do not bind estrogen and are not
responsive to estrogens or other steroid hormones. In such cases, ERs are constitutive activators
of transcription at an ERE (Thornton et al., 2003; Keay et al., 2006). It appears that like other
nuclear receptors, only later in evolution did the ER attain the ability to bind ligand and exploit
the ability to function in a ligand dependent fashion (Escriva et al., 1997; Thornton, 2001).
Thus, unlike ERα, ERβ may represent a transitional protein that retains many of the ancient
characteristics of the family, such as ligand independence, but has also developed functional
versatility by the addition of ligand-dependent activation properties as well.

3.3 Cellular Trafficking of ERβ Splice Variants
Additional evidence that splice variation of ERβ provides functional diversity comes from
studies examining the intracellular localization patterns of ERβ splice variants. By constructing
chimeric proteins in which the five known ERβ splice variants are tagged with eGFP and
overexpressed in cell lines, it was demonstrated that splice variation can drastically alter
cellular trafficking patterns (Figure 3). ERα (Stenoien et al., 2000) and ERβ(Price et al.,
2001) are both present in the nucleus even in the absence of ligand, thus supporting the idea
that ER (α and β forms) are predominantly nuclear proteins. Similar to ERα (Htun et al.,
1999;Stenoien et al., 2000), ER-β1 and ER-β2 are distributed in a reticular pattern within the
nucleus in the absence of ligand. In the presence of ER agonists this distribution becomes
“hyperspeckled” within the nucleus, distinguishing it from the diffuse distribution seen in the
absence of any hormone. In contrast, ER-β1δ3 and ER-β2δ3, two variants that have a deletion
of the 3rd exon coding for the DNA binding domain, localize to different yet discrete foci
within the nucleus in the presence of ER agonists. These foci are larger and less numerous than
the hyperspeckles seen when full-length ERβ is bound by ligand. The assembly of δ3 variants
to these intranuclear foci is enhanced by ER agonists and disrupted by antagonists. Real-time
imaging has revealed that this redistribution process is rapid and reversible. Likely, the forces
of attraction for these two variants are determined by protein:protein interactions rather than
DNA binding. Indeed, coactivator proteins of ER (co-transfected GFP-GRIP1 and endogenous
CBP) colocalize with δ3 variants in the spots in the presence of agonists (Schaufele et al.,
2000). This lends strength to the ligand-dependent interaction between δ3 variants and
coactivators being at least partially responsible for -δ3 localization to these foci. Lastly, the
ER-β1δ4 variant lacks exon 4, a region that contains the nuclear localization signal but not the
ligand binding domain. As a result, this variant is localized to the cytoplasm and our binding
studies have shown that it does not bind estrogen well. The loss of estrogen binding capacity
may result from an altered ability of the ligand binding domain to fold normally (Price et al.,
2000). It also may result from the loss of crucial sites for the heat shock protein association,
which is known to greatly aid in the folding of a receptive ER ligand-binding domain (Pratt
and Toft, 1997).
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In summary, it has been demonstrated that estrogen receptor beta is crucially involved in the
hormonal and behavioral responses associated with stress. ERβ appears to represent an ancient
receptor isoform that retains properties of constitutive regulation of transcription as well as
ligand-dependent functions. In addition, ERβ presents itself in brain in numerous isoforms
which alter the trafficking and functional properties of the receptor. As a result of the splicing
events which alter the structure of the mature protein, increased functional diversity of ERβ
can be attained.
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AP-1, activator protein complex-1
AR, androgen receptor
AVP, arginine vasopressin
BNST, bed nucleus of the stria terminalis
CBP, cAMP response element binding protein
CORT, corticosterone
CRH, corticotropin-releasing hormone
CTX, cortex
DEX, dexamethasone
DHT, dihydrotestosterone
DPN, diarylpropionitrile
DRN, dorsal raphe nucleus
eGFP, enhanced green fluorescent protein
EPM, elevated plus maze
ERα, estrogen receptor alpha
ERβ, estrogen receptor beta
ERE, estrogen response element
FSL, flinders sensitive line
FST, forced swim test
GnRH, gonadotropin-releasing hormone
GRIP-1, glucocorticoid receptor interacting protein-1
HPA, hypothalamic pituitary adrenal axis
HSD, hydroxysteroid dehydrogenase
IR, immunoreactivity
LH, luetinizing hormone
LS, lateral septum
MA, medial amygdala
MDD, major depressive dissorder
OXY, oxytocin
POA, preoptic area
PPT, propylpyrazoletriol
PRL, prolactin
PVN, paraventricular nucleus
RBA, relative binding affinity
SCN, suprachiasmatic nucleus
SERT, serotonin transporter
SON, supraoptic nucleus
TPH, tryptophan hydroxylase
VMH, ventromedial hypothalamic nucleus
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Figure 1.
Schematic representation of ERα and ERβ protein structure and relative homology, and ERβ
splice variant exon structure. Deletions are indicated by a single line, and insertions are
indicated by a shaded box. DBD = DNA binding domain, LBD = ligand binding domain.
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Figure 2.
DPN treatment of ovariectomized female rats reduced anxiety-type behavior in the elevated
plus maze. Quantification of behaviors included open arm entries (A), time spent on the open
arms (B), rears (C), head dips (D), fecal boli (E), and time spent grooming (F). n = 9 animals
per group, n = 8 for PPT. *, significant difference (P < 0.01) compared with control treatment.
Adapted from (Lund et al., 2005).
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Figure 3.
GFP-ERβ splice variants differentially localize within the nucleus in transiently transfected
CHO cells. Cells were transfected with constructs coding for chimeric receptor proteins
containing eGFP coupled to the various receptors. Schematic diagrams at the left show the
protein-encoding regions (boxes; deletions are indicated by a single line, and insertions are
shaded red). Panels A, C, E show cell nuclei in cells maintained in medium containing charcoal-
stripped FBS. Panels B, D, F show cell nuclei after exposure to 100 nM estradiol for 20 min.
Panels G – I show a time sequence of an individual nucleus following treatment with 100 nM
estradiol (G = 0 min, H = 10 min, I = 15 min). Panels J–K show a time sequence of an individual
nucleus following treatment with 100 nm tamoxifen (J = 0 min, K = 2 min, L = 10 min). The
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foci in G–L are larger and less abundant than the hyperspeckles shown in panels B, D, F, and
the appearance and disappearance of receptor from foci are rapid.
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Table 1
Binding affinities of selected compounds for ERα and ERβ

Compound Ki (nm)

ER-α ER-β

Estradiola 0.12 0.15
DPNa 195 2.5
PPTa 0.50 700
Diethylstilbestrolb 0.13 0.15
Moxestrolb 0.50 2.6
4-OH-Tamoxifenb 0.10 0.04
Genisteinb 2.6 0.30

Binding affinities (Ki) of ER-subtype-selective ligands as compared with estradiol. Values obtained from (Lund et al., 2005)a, and (Kuiper et al.,

1997)b.
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Table 2
Binding affinities of estradiol for ERα and selected ERβ isoforms

ER Isoform Kd (nM) T1/2 association (min) T1/2 dissociation (min)

ER-α 0.13 354 12
ER-β1 0.15 ± 0.02 <45 >60
ER-β2 1.84 ± 0.19 165 8
ER-β1δ3 0.41 ± 0.15 <45 ND
ER-β2δ3 1.44 ± 0.82 165 ND

Dissociation constant (Kd ± SEM), association half-life (T1/2 association), and dissociation half-life (T1/2 dissociation) of 3[H] for ERα and selected
ERβ isoforms. ND = not determined.
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