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Abstract
Estrogen has long been known to play an important role in coordinating the neuroendocrine events
that control sexual development, sexual behavior and reproduction. Estrogen actions in other, non-
reproductive areas of the brain have also been described. It is now known that estrogen can also
influence learning, memory, and emotion and has neurotrophic and neuroprotective properties. The
actions of estrogen are largely mediated through at least two intracellular estrogen receptors. Both
estrogen receptor-alpha and estrogen receptor-beta are expressed in a wide variety of brain regions.
Estrogen receptor-alpha (ERα), however, undergoes developmental and brain region-specific
changes in expression. The precise molecular mechanisms that regulate its expression at the level of
gene transcription are not well understood. Adding to the complexity of its regulation, the estrogen
receptor gene contains multiple promoters that drive its expression. In the cortex in particular, the
ERα mRNA expression is dynamically regulated during postnatal development and again following
neuronal injury. Epigenetic modification of chromatin is increasingly being understood as a
mechanism of neuronal gene regulation. This review examines the potential regulation of the ERα
gene by such epigenetic mechanisms.

Introduction
Estrogens, and in particular, 17β-estradiol (E2), the primary biologically active form of
estrogen, have long been known to play a crucial role in coordinating the neuroendocrine events
that control sexual development, sexual behavior and reproduction. In rodents, E2 is critical
for sexual differentiation of the brain (see review by Gore in this issue and [1]. Generation of
the differences between the male and female brain results from the exposure of the male brain
to E2 [2]. During early postnatal development, the female brain is believed to be isolated from
E2 by the presence of alpha-fetoprotein that prevents circulating E2 from crossing the blood
brain barrier [3]. The effects of E2 on neural circuits and apoptosis of neurons lead to long-
term differences in the male and female brain [4;5;6]. In addition to its role in development,
E2 modulates numerous facets of brain function in the adult brain (for review see [7]). Such
actions include protection against neuronal injury, involvement in learning and memory as well
as promoting the formation of synapses [8;9;10;11;12].

The majority of these crucial and diverse actions of E2 require the action of an estrogen
receptor, whether it be in a classical nuclear manner or mediated by cytoplasmic or membrane
mechanisms. Indeed, E2 binding studies have shown a unique binding pattern in non-
reproductive brain areas such as the cortex and hippocampus [13;14]. Furthermore, these
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binding patterns change during postnatal development and decrease dramatically as the animal
approaches puberty [15]. While the molecular actions of steroid hormones mediated through
their receptors have been extensively studied in the brain and in peripheral tissues, considerably
less is known about the molecular mechanisms that regulate the expression of steroid hormone
receptors themselves. Because of the dramatic and dynamic regulation of estrogen receptor-
alpha (ERα) mRNA described below, and its important role in numerous neuronal processes,
this review will focus on the regulation of expression of the ERα gene in several brain regions
and present potential molecular mechanisms that control its expression.

Estrogen Receptor Expression
The physiological effects resulting from E2 actions in target tissues are mediated by changes
in the expression patterns of specific target genes. Many of these actions are mediated by
intracellular receptors, and to date, two nuclear estrogen receptors have been well
characterized, ERα and ERβ [16;17;18;19;20]. Additionally, membrane receptors are believed
to mediate rapid actions of estrogens under certain physiological conditions [21;22;23;24].
Both ERα and ERβ have been detected in both neurons and glia in the brain [25;26] and are
expressed throughout the brain, albeit with distinct patterns of expression. The distribution of
the expression of protein and mRNA for ERα and ERβ have been detailed elsewhere [27;28;
29;30]. In general, the protein expression patterns often match the mRNA expression patterns
[31;32]. Examples exist, however, where ER protein levels do not correlate with ERα mRNA
expression [15;33;34]. Whether these differences reflect alterations in post-transcriptional
processing or translation remain to be seen. Alternatively, the sensitivity of some of the
methods utilized to identify protein levels have not be sufficient to observe subtle differences
in protein expression.

Significant homology exists between the human, mouse and rat genes, at both RNA and protein
levels. In all species, the ERα gene is preceded by multiple promoters which generate several
mRNA splice variants (Figure 1 modified from [35] and [36]). Alternative splicing occurs at
the first exon of each promoter, which is then spliced to a common splice acceptor site upstream
of the translational initiation codon in Exon 1 the ERα gene. This alternative promoter splicing
results in mRNA splice variants that differ only in their 5’ untranslated region. The existence
of these different RNAs is thought to be important in regulating stability or processing of the
mRNA [35]. The regulatory binding sites of transcription factors that control gene expression
are likely upstream of these exons, but may also be contained within the untranslated regions.
All variants, however, produce the same protein suggesting that this differential promoter usage
may be important for tissue or development-specific gene regulation.

The human estrogen receptor gene contains at least seven upstream promoters that can initiate
transcription [35] (Figure 1). Promoters A and C are expressed in normal and cancerous breast
and uterine tissue [37;38;39]. Promoter E1/E2 is utilized in human liver [40;41] and promoter
F is utilized to drive ERα expression in osteoblasts [42]. In the brain, distinct patterns of
promoter usage have been detected by in situ hybridization [27]. Promoter A is associated with
areas of the human brain that express low, constitutive levels of ERα mRNA including the
supraoptic nucleus, diagonal band of Broca, amygdala, and hippocampus (CA3 and dentate
gyrus). Promoter B is utilized in restricted areas where ERα mRNA is more highly expressed
including the arcuate nucleus of the hypothalamus. Additionally, low levels of promoter B are
detected in Layer V of the temporal cortex in humans.

In rats, at least four upstream promoters have been identified [43;44;45]. The predominant
exons include C, 0S, 0N and 0/B. 0/B is equivalent to promoter C in humans (Figure 1) and is
expressed in the anterior pituitary, hypothalamus, amygdala as well as uterus and ovary. 0N is
utilized in the liver [45]. A promoter equivalent to the human promoter A does not exist in the
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rat [45]. In transgenic rats engineered to express GFP under the control of the 0/B promoter,
expression is observed in the preoptic area, bed nucleus of the stria terminalis, arcuate nucleus
and medial amygdala [46]. 0/B driven expression was also detected in the cortex and
hippocampus. In the neonatal rat cortex 0/B and 0S are both utilized [47]. Additionally,
promoter 0T has been described in rats, and while it is present in the brain, its function is not
known [48].

The mouse ERα gene is preceded by at least six promoters (A, B, C, F1, F2 and H) generating
five mRNA splice variants [49]. F1/F2 are spliced together to produce a single transcript. The
ERα promoters are differentially expressed among various cell types and tissues [49]. A, C,
and F are widely expressed in the uterus, brain, kidney, and muscle. Promoter H is utilized
exclusively in liver, while Promoter C dominates ERα expression in the whole brain of adult
mice. Recently, we have examined the promoter expression in the neonatal cortex of mice by
RT-PCR using primers specific to the different mouse promoters [49] [50] (Figure 2). The
timepoints examined correlate with dramatic changes in ERα mRNA expression as the animal
approaches puberty [51;52]. All promoters were utilized in the cortex of both male and female
mice throughout postnatal life. These experiments were performed in triplicate. Quantification
of the relative intensity of the PCR products did not demonstrate significant differences the
utilization of the promoters across development. Additionally, although it is not possible to
make direct comparisons between PCR products from different primer sets, it appears that all
are expressed at relatively comparable levels in the developing cortex. This observation would
suggest that differential usage of the known promoters is not responsible for the developmental
changes in ERα mRNA observed in the cortex [51;52]. It remains possible, however, that other
unknown brain-specific promoters exist that have not yet been identified that contribute to the
regulation of ERα mRNA expression. Identification of such unknown promoter regions will
lead to new potential players in understanding how the ERα gene is regulated at the molecular
level.

Regulation of Estrogen Receptor mRNA
Developmental regulation of estrogen receptor-alpha

Dynamic changes take place throughout development in ERα protein levels that are also
reflected by changes in ERα mRNA expression [15;29;53]. Autoradiographic studies first
demonstrated high levels of estradiol binding in non-hypothalamic regions such as the cortex
and hippocampus during the first two weeks of life [13;54;55]. Interestingly, this expression
declines as animals approach puberty. In rats, ERα mRNA expression was also shown to
correlate with the changes in estrogen binding in the hippocampus [56]. Similar changes in
ERα mRNA expression during the first three weeks of postnatal life have also recently been
shown in the cortex of mice [52]. By the time animals reach adulthood, however, ERα mRNA
is expressed at very low levels in the mouse cortex.

The factors that control this developmental decline in ERα mRNA expression are not known.
The triggers, however, are believed to be intrinsic to the cells and independent of external
influences [57;58]. Studies by O’Keefe and colleagues demonstrated that when either rat fetal
hippocampal or cortical tissue was transplanted to the brain of a neonatal animal, the
developmental profile of ERα mRNA expression in both the hippocampal and the cortical
transplants continued with the profile of the age of the donor. This suggests that the control of
the change in ERα gene expression is programmed in the developing tissue and does not rely
on cues from the surrounding tissue. Similar results were observed with transplants from the
hypothalamus transplanted to animals treated with different hormonal paradigms [57],
suggesting that hormonal signals do not regulate ER expression.
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To begin to characterize these changes further, we have recently employed in an in vitro model
utilizing organotypic explants cultures of neonatal cortex to study the developmental changes
in ERα mRNA expression. These cultures consist of 300 µM thick slices of the isocortex taken
from postnatal day 3 mice that are allowed to grow in vitro for up to three weeks. Over this
time, the same changes in ERα mRNA expression that are observed in intact animals are also
observed in vitro (Figure 3). Control experiments have shown that these changes are specific
to ERα mRNA. These data appear to confirm that the signal that causes the decline is not the
result of extrinsic factors or synaptic inputs from other brain regions, but rather either the loss
of a stimulatory signal or intrinsic to the cells themselves.

Regulation of estrogen receptor-alpha mRNA in the adult
In the adult brain, E2 can regulate its own receptor gene expression. ERα mRNA levels have
been shown to fluctuate with the estrous cycle with levels highest on estrus and lowest on
proestrus [59], suggesting E2 decreases ERα mRNA expression. Furthermore, ovariectomy
results in increased expression of ERα mRNA levels in several brain areas including the medial
preoptic nucleus, arcuate nucleus and ventromedial nucleus of the hypothalamus [59;60]. This
relationship does not hold true in all brain regions or in both genders suggesting that other
factors may interact to control ERα mRNA expression in addition to simply E2. A similar
phenomenon has also been observed in humans where E2 appears to differentially regulate
ERα mRNA expression in specific hypothalamic nuclei [61;62]. Women have more ER-
expressing cells in the diagonal band of Broca, suprachiasmatic nucleus and the ventromedial
nucleus of the hypothalamus, while there appears to be less of an effect of E2 in other nuclei
such as the medial preoptic area, paraventricular nucleus and lateral hypothalamus. Whether
these gender differences in expression reflect a different response to gonadal hormones in the
adult, or an underlying sex difference in the brain, remains to be seen.

In adult female rodents, ERα mRNA expression, which is virtually absent in the adult, is
reactivated in the cortex following neuronal injury such as stroke [63]. Middle cerebral artery
occlusion (MCAO) is a well-established model of focal ischemia in rodents. Early studies
demonstrated a striking gender difference in neuronal cell death following MCAO [64;65;
66]. Pretreatment with even low doses of E2 is sufficient to exert dramatic neuroprotection in
the brains of both female and male rats [63;65;67]. MCAO results in a loss of blood flow
injuring the striatum and overlying cortex, causing primarily apoptotic cell death in the cortex
[68]. E2 has been shown to prevent this cell death in the cortex and this protection is dependent
on the presence of ERα [69;70]. Following MCAO, the ERα gene in the cortex is rapidly
increased from nearly undetectable levels to high levels within hours of the onset of the injury
[71]. Although some slight differences are observed in the timecourse of expression, this
activation is independent of E2 treatment. Recently it has been demonstrated that this increase
in ERα mRNA expression is specific to females, as males do not show a similar increase
[72]. These data indicate that following a noxious stimulus such as stroke, neurons may revert
back to a developmental expression pattern of gene expression, perhaps as a compensatory
mechanism to prevent cell death. As a result, ERα mRNA and protein are upregulated in
females and cell death can be prevented. Understanding mechanisms of ERα mRNA regulation
during development and following a stimulus such as neuronal injury, is critical for identifying
a potential molecular target for mediating the neuroprotective actions of E2.

Additionally, a similar phenomenon occurs in an in vitro model of stroke. A chemical model
of ischemia (potassium cyanide/2-deoxyglucose) that models the metabolic environment of
ischemia in MCAO has been successfully used in organotypic explants from the cortex to
induce apoptotic cell death [73;74]. In organotypic cultures that have been grown in culture
for two weeks and thus, lack ERα mRNA expression (Figure 3), this metabolic injury also
stimulates an increase in ERα mRNA expression as measured by RT-PCR [75]. Taken together,
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these data suggest that cellular factors are activated in response to neuronal injury to influence
ERα mRNA expression. Furthermore, these signals are not hormonally or synaptically
mediated as ERα mRNA is also activated in isolated cortical cultures.

Molecular regulators of ERα gene expression
Very little is known about the molecular factors that directly regulate the control of ERα mRNA
expression [76]. Some extracellular signals have been shown to in inhibit ERα expression in
breast and ovarian tissue [77;78;79;80]. In particular progesterone, vitamin D, and insulin can
all decrease ERα mRNA expression in these tissues. Additionally, epidermal growth factor
and gonadotropin releasing hormone have been shown to suppress ERα mRNA expression in
the ovary and in MCF breast cancer cells [81;82]. Aside from E2 as described in specific areas
of the hypothalamus above, very little has been shown to increase ERα mRNA expression in
the brain [76]. Little is known about the regulatory elements in the promoter regions of ERα.
One notable exception is the study of the role of the Stat5 consensus sequence in the 0/B
promoter of the rat [83]. Stat5 is a transcriptional activator protein involved in the JAK2-Stat5
pathway that has shown to be activated by prolactin, resulting in increased expression of
ERα in the uterus and in the medial preoptic area of the hypothalamus [84]. Inhibition of Stat5
binding abolishes the ability of prolactin to increase ERα gene expression [85]. While the
possibility of these factors in the brain regulating ERα mRNA in a similar fashion during
development or after injury cannot be ruled out, it appears that additional mechanisms of
ERα mRNA regulation in the brain need to be investigated. This is likely particularly true to
enhance our understanding of the developmental differences in expression observed in a brain-
region specific manner.

Epigenetic Regulation of Estrogen Receptor-alpha Gene Expression
At the molecular level, epigenetic modification of chromatin involves chemical changes to the
DNA and associated proteins (for review see [86] and [87]). These modifications are heritable
and can be passed to daughter cells during mitosis or meiosis [88]. Epigenetic modifications
include DNA methylation, histone methylation and histone acetylation [89;90]. Histones can
also be ubiquitinated and phosphorylated leading to epigenetic regulation of gene expression
where methylated DNA and condensed chromatin result in decreased gene expression [86].
DNA methylation can suppress transcription directly by recruiting binding proteins that
interfere with basal transcriptional machinery or can recruit histone deacetylases that further
compact the chromatin and thus suppress gene transcription [88](Figure 4). Although neurons
do not divide, epigenetic modification of chromatin in neurons plays an important role in
regulating gene expression during neuronal development and in learning and memory [91;
92]. Although histone modifications also likely play a role as well in the epigenetic regulation
of gene expression, this review will focus on the epigenetic modification of DNA methylation.

The first step in DNA methylation involves the enzymatic transfer of a methyl group to the 5-
position of the pyrimidine ring of a cytosine residue that is followed by a guanine (CpG
dinucleotides). These modifications of the cytosines in CpG islands are carried out initially by
DNA methyl transferase 3A (DNMT3A) [87]. Methylated cytosines are then recognized by
methyl-CpG-binding proteins that inhibit transcription by interfering with the normal
transcriptional machinery [90]. These CpG islands can be found upstream or downstream of
the transcriptional start site. The family of methyl-CpG-binding proteins includes methyl
binding domain (MBD) proteins 1, 2, 3, 4 and MeCP2 [93;94;95]. These proteins also associate
with co-repressor complexes that include histone deacetylases (HDAC) [96;97]. Together,
these complexes suppress transcription of genes with methylated promoter DNA.
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Peripheral Tissues
Methylation of the ERα promoter has been reported to occur as a direct function of
physiological aging in the normal human colon [98] and as part of a pathological progression
of numerous types of cancerous tissues [98;99;100;101;102;103;104]. Although evidence
exists for multiple mechanisms of epigenetic modification of the ERα gene, DNA methylation
has been the most widely described epigenetic phenomenon.

Up to one third of breast cancers that initially express ERα, lose ERα expression during tumor
progression [105]. The prognosis and treatment are poor for ERα -negative tumors due to a
lack of effective endocrine therapies [106;107]. In a significant fraction of breast cancers, the
absence of ERα RNA expression is a result of aberrant methylation of CpG islands in the
promoter areas located in the 5’ regulatory regions of the ERα gene [104;108]. The methylation
of ERα promoters in breast cancer cell lines can be reversed by the administration of a DNMT
inhibitor that reverses methylation resulting in the re-expression of ERα mRNA expression.
In breast cancer cells, all MBD proteins and MeCP2 have been shown to interact with the
ERα promoter [109]. Interestingly, MeCP2 is also essential for normal brain development and
plays a role in normal neuronal function [110]. It is present in high levels in mature neurons
[111] and is thought to play a role in regulating genes that regulate synaptic function [112].

Methylation of the ERα promoter is also associated with atherosclerosis in humans [113].
Atherosclerotic plaques and aortic smooth muscle cells from patients with atherosclerosis have
increased methylation of the ERα promoter as compared to controls. Additionally, the
methylation of the ERα gene increases with age in cells of the right atrium. Thus, aberrant
methylation of the ERα gene also appears to correlate with cardiovascular disease suggesting
a global mechanism by which the ERα gene is regulated. An understanding of how the ERα
gene is regulated in normal conditions is critical to understanding the aberrant regulation in
pathological conditions.

Maternal Behavior
Maternal care of rodent pups can lead to long-term effects affecting the life-long response to
stress in the offspring [114]. Mothers that have high rates of licking and grooming behavior
have offspring with a more modest response to stress. Variations in the rates of licking and
grooming are inherited such that mothers with high rates of licking and grooming activity have
pups that show the same behavior when they become mothers [115]. These differences in
maternal care have been linked to oxytocin levels in the medial preoptic area of the
hypothalamus, and ovariectomy and E2 replacement can regulate this oxytocin-binding
[116]. In rats of low licking and grooming mothers, however, E2 is not able to regulate oxytocin
activity, suggesting a permanent alteration of estrogen receptor expression. Adult offspring of
mothers that exhibited high licking and grooming activity had increased expression of ERα
mRNA in the medial preoptic area of the hypothalamus, and this increased expression was
associated with less methylation at the ERα 0/B promoter, while the ERα promoter in offspring
from low licking and grooming mothers was hypermethylated [85]. Such long-term changes
in expression due to DNA methylation suggest DNA methylation is a critical component of
developmental gene expression. These studies are reviewed in-depth by Champagne in the
present issue.

Development
As discussed above, ERα mRNA expression is dynamically regulated during development,
particularly in the cortex. Recently, we have described the progressive methylation of two of
the ERα promoters that are expressed in the neonatal mouse cortex [117]. Both Exon A and
Exon C of the mouse ERα gene become methylated at postnatal day 10. This age corresponds
with the beginning of the decline in ERα mRNA expression in the cortex. Furthermore, MeCP2
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binds to these promoters at the same time they become methylated, further suggesting that
methylation may play a role in the suppression of ERα mRNA in the developing brain and that
ERα is a target of MeCP2 activity. Currently we are investigating the developmental regulation
of these and other factors to determine their role in the regulation of ERα mRNA and the
potential consequences of aberrant ERα mRNA expression.

Stroke
As discussed above, ERα mRNA is expressed at very low, nearly undetectable levels in the
adult rodent cortex, but following a neuronal insult such as that initiated during a stroke,
ERα is dramatically and rapidly reactivated [71;118]. We have recently observed that ERα
promoters are methylated in the female adult cortex when ERα mRNA expression is low
[72]. The methylation status of the ERα promoter in male and intact female rats following
MCAO was also examined (Figure 5). Genomic DNA was isolated from the cortex 24 hours
after injury, and subjected to methylation-specific PCR (MSP). Using MSP targeting CpG
islands within the promoter 0/B of the rat ERα gene, we found that ischemia decreased
methylation in the ischemic cortex of females, while there was no change in methylation in the
male. Furthermore, using chromatin immunoprecipitation assays, we examined the association
of MeCP2 with the ERα promoter. MeCP2 was associated with the ERα promoter on the
uninjured side of the brain of both male and female rats, but dissociated from the ERα promoter
following injury only in female rats, corresponding with the methylation status of the promoter
(Figure 6). These data are the first to demonstrate a difference in the regulation of ERα mRNA
expression in response to MCAO between male and female rats and correlate DNA methylation
with this sex difference. Future studies will determine if this sex difference plays a role in the
ability of E2 to act as a neuroprotective factor.

Not all changes in ERα mRNA expression, however, have been shown to correspond with
methylation of the ERα promoter. Neonatal exposure to estrogenic compounds alters ERα
mRNA in the mouse [36]. Rats exposed to the xenoestrogen, bisphenol A, during the first week
of life had elevated ERα mRNA levels in the medial preoptic area of the hypothalamus at 21
days of age as compared to adults [36]. However, in this case, no changes in the methylation
status of the ERα promoters examined were observed. Instead, bisphenol A altered the
expression promoter usage suggesting a complex interaction between both promoter usage and
promoter methylation. This suggests that both may be intimately related and that specific
factors or stimuli can regulate one or both functions.

Potential Relationships with Human Neurological Function
Learning and Memory

Epigenetic regulation of gene expression in neurons is associated with long-term memory
formation and synaptic plasticity [119;120]. In the rodent hippocampus fear conditioning has
been shown to induce DNA methyltransferase 3A (Dnmt3A) and Dnmt3B expression [121].
Additionally, fear conditioning in rats resulted in the rapid methylation of the protein
phosphatase 1 gene promoter, a gene known to be involved with LTP and memory formation
[119]. E2 has long been thought to influence specific types of learning and memory [122]. In
rats, E2 has been shown to affect the development of LTP after fear conditioning [123;124;
125]. Although the role of the classical ERα in mediating these effects is not clear, it remains
possible, and likely, that membrane or cytoplasmic estrogen receptors mediate the effects of
E2 on modulation of learning and memory.

Neurological Disorders
In recent years, alterations in DNA methylation have been observed to be associated with a
variety of neurological disorders, including Rett Syndrome and schizophrenia [126;127].
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Mutations in the methyl-CpG-binding protein gene, MeCP2, are believed to be the cause of
some cases of Rett syndrome [126]. Since MeCP2 is a central player in epigenetic regulation
of gene expression, these data demonstrate the critical role of coordinated expression of genes
during neural development and the potential critical role of regulating neuronal genes by
epigenetic mechanisms. Recently, increasing evidence has emerged that epigenetic
mechanisms are also involved in the development of schizophrenia [128;129]. Taken together,
these studies demonstrate an increased understanding of the importance of DNA methylation
on the regulation and gene expression in neurons and as a potential therapeutic target for many
neurological disorders.

A direct connection between E2 and estrogen receptor expression to these disorders has not
been made, however E2 is known to influence many of these processes. E2 is implicated in
modulating symptoms of major mental illnesses including depression and schizophrenia
[130;131;132]. Symptom severity has been shown to fluctuate across the menstrual cycle and
is often modified during pregnancy. Interestingly, although alterations in circulating E2 levels
have not been consistently reported, recent studies do suggest a link between decreased E2 and
schizophrenia in both men and women [133;134;135;136;137]. Additionally, ERα is expressed
in the amygdala, hippocampus and cortex, brain regions thought to be involved in the
development of schizophrenia, and a decline in ERα mRNA expression has been reported in
the hippocampus of an individual with schizophrenia [138]. Although the connection between
DNA methylation of the estrogen receptor and the development of neurological disorders has
not been directly established, the potential exists that the mechanisms described in this review
may play a role in estrogen receptor expression in the human brain. This possibility opens the
door to future investigations integrating the role of epigenetic control of gene expression and
the neuroendocrine brain.

Summary
Estrogens mediate numerous effects on the brain, and most require the presence of the estrogen
receptor. Regulation of the ERα gene is critical for mediating these responses in an age, gender,
and brain region-specific manner. Alterations in this regulation either during development,
disease or aging could potentially interfere with estrogen action. We propose that numerous
physiological influences can potentially regulate ERα gene expression using reversible
epigenetic mechanisms. An understanding of these mechanisms could lead to our
understanding of potential future therapeutic targets in disorders that require estrogen
signaling. Investigation into this relatively unexplored mechanism of gene expression in the
neuroendocrine brain is a rapidly growing area of research.
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Figure 1.
Schematic representation of the promoter regions of the human, rat and mouse ERα gene
(modified from [35] and [36]). The boxes represent exons of the ERα gene. The first exon that
encodes the ERα protein is represented by the white box containing “ERα”. The arrows
represent transcriptional start sites and the translational start site is shown (ATG). The stippled
boxes represent the upstream exons that encode for different 5’ untranslated regions of the
ERα mRNA, driven by different promoters. Exons that do not contain a promoter are spliced
together (lines under the boxes). The black triangles indicate the common splice site to which
all upstream exons are spliced to the exon that encodes the ERα protein. All nomenclature
regarding the naming of the promoters in this review is based on the nomenclature originally
proposed by Kos, et al. [35] with the addition of the rat promoter (0T) as described in [36].
The percentages above the ERα protein refer to the percent homology compared to humans.
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Figure 2.
Known ERα promoters are present in the isocortex during postnatal development in both male
(Left) and female mice (Right). RT-PCR was performed on RNA isolated from postnatal day
(PND) 1, PND4, PND10, PND18 and PND25 mouse cortex utilizing promoter specific primers
[49]. These days represent various times during postnatal development in which ERα is
dynamically regulated leading to puberty. PCR products were separated by agarose gel
electrophoresis and visualized with ethidium bromide. A representative micrograph of the PCR
products are shown. A positive control with the housekeeping gene, His3.1 was also performed
(data not shown). All experiments were repeated three times with an n=3.
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Figure 3.
Developmental decline in ERα mRNA expression in the mouse cortex both in vivo (Left) and
in vitro (Right). (Left) Quantitative real-time PCR was performed on total RNA isolated from
the isocortex of PND1, PND4, PND10, PND18 and PND25 female mice. Data were normalized
to the housekeeping gene Histone 3.1 and expressed relative to PND1. (Right) ERα mRNA
expression in vitro follows in vivo trends across developmental time points. Quantitative real-
time PCR utilizing ERα specific primers was performed on RNA isolated from organotypic
explants from PND3 females kept in culture for varying lengths of time. Explant cultures
contain neurons and glia of the cortex in the absence of other brain regions. The corresponding
postnatal days to the days in vitro are shown on the X- axis. Data were normalized to the
housekeeping gene Histone 3.1 and expressed relative to PND1. Bars represent the mean +/−
SEM, n=4. * = significantly different from PND1. (Redrawn from [52]).
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Figure 4.
Schematic diagram of DNA methylation in regulating transcriptional activity. CpG islands in
the promoter regions are represented as black circles. Under active transcriptional conditions,
histone acetyltransferases (HAT) co-activators (CA) and the basal transcriptional machinery
(TF) all interact at the promoter of active genes. Following methylation of the cytosines in CpG
islands (red circles) by DNA methyltransferases (DNMT), methyl-DNA binding proteins
(MBPs) bind to the methylated DNA, recruit histone deacetylases (HDAC) and co-repressors
(CR) to the promoter. Transcription of the target gene is inhibited and CA, HAT and TFs no
longer interact with the promoters.
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Figure 5.
Ischemia changes the methylation status of the ERα promoter in female (Top), but not male
(Bottom) rats. Gonadally intact animals underwent unilateral middle cerebral artery occlusion
(MCAO) and tissue was harvested and frozen at −80°C twenty-four hours later. 250µM thick
sections were taken on a cryostat and genomic DNA was extracted from micropunches from
the ipsilateral (ischemic) and contralateral (control) sides of the cortex as previously described
[72]. Genomic DNA was treated with sodium bisulfite to convert the unmethylated cytosines
to uracils. Methylation-specific PCR on the bisulfite-modified DNA was performed using
primers specific for methylated DNA for four different CpG islands (Lanes 1–4) within the rat
ERα 0/B promoter. A 100 kb ladder (L) is pictured as a reference for size of the PCR products.
Each experiment was repeated at least three separate times.
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Figure 6.
Chromatin immunoprecipitation assay (ChIP) using a MeCP2 antibody on nuclear extracts
from both female (Top) and male (Bottom) rats was performed as previously described
[139]. Genomic DNA was isolated from micropunches from the ipsilateral (ischemic) and
contralateral (control) sides of the cortex twenty-four hours after middle cerebral artery
occlusion. Protein-DNA complexes were cross-linked and sheared by sonication to produce
300 to 500 base pair fragments. These protein/DNA fragments were incubated with an antibody
specific for MeCP2. The immunoprecipitated complexes were dissociated and the associated
DNA was amplified by PCR with primers specific for the ERα 0/B promoter. PCR products
were analyzed by agarose gel electrophoresis and visualized by ethidium bromide staining.
Negative controls with non-specific IgGs were also performed. Input= sample before
immunoprecipitation, IP= ChIP product after incubation with MeCP2 antibody. A 100 kb
ladder is pictured as a reference for the size of the PCR products.
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