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Abstract

The control of energy homeostasis in women is correlated with the anorectic effects of oestrogen,
which can attenuate body weight gain and reduce food intake in rodent models. This review will
investigate the multiple signalling pathways and cellular targets that oestrogen utilises to control
energy homeostasis in the hypothalamus. Oestrogen affects all of the hypothalamic nuclei that
control energy homeostasis. Oestrogen controls the activity of hypothalamic neurones through
gene regulation and neuronal excitability. Oestrogen’s primary cellular pathway is the control of
gene transcription through the classical ERs (ERa and ERp) with ERa having the primary role in
energy homeostasis. Oestrogen also controls energy homeostasis through membrane-mediated
events via membrane-associated ERs or a novel, putative membrane ER that is coupled to G-
proteins. Therefore, oestrogen has at least two receptors with multiple signalling and
transcriptional pathways to activate during immediate and long-term anorectic effects. Ultimately,
it is the interactions of all the receptor-mediated processes in hypothalamus and other areas of the
CNS that will determine the anorectic effects of oestrogen and its control of energy homeostasis.

Introduction

It is well known that oestrogen is involved in the regulation of appetite, energy expenditure,
body weight and adipose tissue deposition/distribution in females (1-3). Food intake in
human females varies across the menstrual cycle with daily food intake lowest during the
peri-ovulatory period when oestrogen levels are at maximum (4). Menopausal women tend
to gain body fat, which appears to be a consequence of the decline in endogenous oestrogens
(5-7). In animal models, ovariectomy induces an increase in food intake and decreases
ambulatory and wheel running activities, which is reversed with oestrogen replacement (8—
12). Therefore, hypo-oestrogenic states are associated with decreased activity and an
increase in body weight in females. The anorectic effects of oestrogen are thought to be
mediated through the CNS actions based on the findings that direct injections of oestradiol
into the paraventricular nucleus or arcuate/ventromedial nucleus are the most effective to
reduce food intake, body weight and increase wheel running activity especially in females
(8,9,13).

In rodents and primates, energy homeostasis (defined by food intake, body weight,
metabolic rates, etc.) is altered by the phasic changes in oestrogen levels during the oestrous
cycle. A strong link between the reproductive cycle in females and the central control of
energy homeostasis and feeding behaviour in the hypothalamus has been previously
reviewed (4,14,15). Briefly, during the oestrous cycle, female guinea pigs, which have a true
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luteal phase unlike rats and mice, eat less during and immediately after the pro-oestrous
phase where oestrogen levels are at their peak (13) and during the oestrous cycle in rats,
energy expenditure and respiratory quotients, all measures of metabolic rates, decrease
during the oestrous phase of the cycle (16). Female rodents may eat about 25% less during a
significant portion of the oestrous cycle when oestrogen is at peak levels (4). The decrease
in food intake is mostly due to a decrease in meal size (meal frequency may actually
increase) (11). In rats, oestrogen inhibits meal size during the light cycle through a constant
or tonic effect while having a phasic effect on both meal size and meal number during the
dark cycle (17). The role of oestrogen in energy homeostasis has been further substantiated
through studies of mutant mice with targeted disruption of the aromatase (ArKO) gene, the
product of which converts androgens into oestrogens. In the ArKO genotype, females are
severely obese and the obesity is reversed with oestrogen treatment (18).

The greater tendency for post-menopausal women towards obesity and the alterations of
weight gain and feeding behaviour in rodent models clearly indicate that gonadal steroids,
especially oestrogen, have a significant role in the CNS control of energy homeostasis. The
cellular mechanisms and hypothalamic circuits involved in the CNS effects of oestrogen on
energy homeostasis are only partially understood. Oestrogen is known to attenuate weight
gain post-ovariectomy in multiple rodent models primarily through an ERa-dependent
mechanism although there is evidence suggesting a role for another receptor-mediated
mechanism (12,19). Furthermore, the multiple hypothalamic neuronal circuits that control
feeding and metabolism are known to express oestrogen receptors (ER) (20-24). This
review will discuss the potential transcriptional and rapid response mechanisms oestrogen
has to control energy homeostasis and feeding including classical ERs and novel membrane
receptors. While the nucleus of the solitary tract (NTS) in the brain stem is also involved in
the control of feeding behaviour, this discussion is limited to the hypothalamic control of
energy homeostasis and feeding because of the importance of oestradiol in the control of
multiple hypothalamic and homeostatic functions.

Hypothalamic control of energy homeostasis

The control of energy homeostasis and feeding behaviour has been extensively reviewed
(25-29) and will be described briefly herein. Only those nuclei and neuronal circuits
involved in feeding and metabolism relevant to oestrogen signalling mechanisms will be
discussed. These nuclei while distinct are not completely isolated with numerous reciprocal
neural connections between them. The arcuate nucleus contains neurones that are vital to the
control of energy homeostasis and are a primary targets for many peripheral signals
including glucose and leptin (25-27). The two types of arcuate neurones that are relevant to
the oestrogenic effects on energy homeostasis are the pro-opiomelanocortin (POMC) and
neuropeptide Y (NPY) neurones (12,30-33). These two distinct neuronal populations
function as a complementary/opposing circuit in the central control of energy homeostasis.
POMC neurones decrease food intake (anorectic) primarily by the activity of two transcripts,
a-melanocyte-stimulating hormone (a-MSH) and cocaine- and amphetamine-regulated
transcripts (CART). NPY neurones increase food intake (orexigenic) via the actions of NPY
and agouti gene-related protein (AgRP), which is an antagonist of thea-MSH receptor
(MC3/4) involved in the control of energy homeostasis (25-27).

Another hypothalamic area involved in the control of feeding is the lateral hypothalamus,
which is thought to be the downstream target of arcuate POMC/NPY neurones. Stimulation
of the lateral hypothalamus increases food intake (25,34). The primary neurones in the
lateral hypothalamus that affect feeding and energy homeostasis are the melanin-
concentrating hormone (MCH) neurones and the orexin neurones (25,28,34,35). Stimulation
of MCH neurones induces hyperphagia while MCH deficiency causes hypophagia and loss
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of body fat (36). Orexin neurones primarily control sleeping behaviour and arousal but also
regulate feeding behaviour. Thus, orexin neurones are the important modulators of these two
behavioural states to maintain survival and appear to control energy homeostasis by
synapsing on neurones in the paraventricular nucleus of the hypothalamus (PVN) (37).

The other hypothalamic areas involved in energy homeostasis are the ventromedial
hypothalamus (VMH), the dorsomedial hypothalamus (DMH) and the PVN. Neurones from
the VMH are glucose-sensitive and have direct connections with other nuclei such as the
PVN and the DMH (25). The DMH also has a role in energy homeostasis (38) and expresses
both the orexigenic peptide, NPY (39) and the anorectic peptide, CART (35,40). The DMH
is also involved in thermoregulation and, with direct connections to other hypothalamic
feeding centres (PVN and LH), may function as an integrator of energy homeostasis
(metabolism), stress and thermoregulation (41). The PVN is the hypothalamic nucleus where
multiple signals from the lateral hypothalamus and arcuate nucleus converge to control
energy homeostasis as well as the site where the effects of stress and metabolism
(corticotrophin-releasing factor (CRF) and thyrotrophin-releasing hormone (TRH)) are most
likely engaged in the control of energy homeostasis and feeding (25,28,42,43).

Expression of ERa and ER in the hypothalamus and their involvement in
the control of energy homeostasis

To regulate gene expression, oestrogen uses two classical nuclear steroid receptors, ERa and
ERpB. These two receptors are widely, but differentially, distributed throughout the central
nervous system including the relevant hypothalamic nuclei (20-22). ERa is highly expressed
the arcuate nucleus, the ventrolateral VMH, and the DMH. The lateral hypothalamus also
expresses ERa while there is little expression in the PVN of the rat or the mouse but robust
expression in the guinea pig and the human (20-23,44). Although ERp is expressed in the
arcuate nucleus, the DMH and the lateral hypothalamus, the highest expression of ER in
the hypothalamus is found in PVN primarily in the magnocellular division of the PVN (20—
22). The expression of ERP in the PVN is also differentially regulated during pregnancy and
postnatal development (45) indicating that sex steroids regulate ERP expression in the PVN.

In the neurones of the hypothalamic feeding circuits, ERa is highly expressed in POMC
neurones of the female guinea pig (24). The functionally opposing NPY neurones of the
ARC also express ER’s and the expression of NPY may depend on the ratio of ERa to ERp
(46-48). It appears that the orexigenic MCH and orexin neurones in the lateral
hypothalamus do not express ERa, whereas adjacent neurones in the lateral hypothalamus
do express the receptor (49,50). The lack of ER in these neurones indicates that oestrogen
probably controls the expression of MCH or orexin transcripts through an indirect
mechanism from neighbouring neurones or through afferents from other ERa-containing
neurones such as POMC/NPY neurones in the arcuate nucleus. Other neuronal cell types
involved in energy homeostasis such as CRF and TRH neurones also express classical ER.
Based on immunohistochemical studies, CRF neurones express ERa in the PVN of the
human (44) but express ERB in the rat PVN (51). TRH neurones express ERa in the PVN of
the rat (51).

Over the past decade since the production of ER knockout mice strains, there has been
conflicting evidence as to which ER subtype is involved in the effects of oestrogen on
energy homeostasis. An early observation of ER knockout mice suggested that the nuclear
oestrogen receptor involved in the effects of oestrogen on energy homeostasis was ERa.
These knockouts exhibited an obesity phenotype while the ERB knockout mice did not
(52,53). In general, studies in dERKO animals have found that females gain fat deposits at
the expense of muscle mass, although there are some inconsistencies depending on the KO
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mouse model (52,54,55). Initial data examining the role of ER subtypes in energy
homeostasis found that ERa was involved in the oestrogenic decrease in white adipose
accumulation (52). ERa was also deemed important for the attenuation of weight gain and
food intake and potentiation of cholecystokinin (CCK) function by oestrogen (19) and is
involved in the extrahypothalamic (NTS) control of food intake (56,56). Conversely, ER
may have a central role in the control of energy homeostasis because co-administration of
oestradiol with ERp anti-sense oligodeoxynucleotides (ODN) into the third ventricle
attenuated the inhibitory effects of oestradiol on food intake in ovariectomised rats while
infusion of ERa anti-sense ODN did not (57). Another study suggested a role for ERB in
adipose tissue accumulation based on an increase in weight gain and fat accumulation during
oestrogen treatment in ERa knockout mice (53). In specific nuclei, such as the VMH, ERa is
a possible mediator of oestrogen’s actions on multiple aspects of energy homeostasis (58).
Musatov et al., induced a phenotype defined by obesity, hyperphagia, glucose intolerance
and reduced activity (energy expenditure) by silencing ERa in the VMH by RNAI and that
this phenotype was resistant to oestrogen’s effect on activity. The loss of ERa in the VMH
also reduced basal metabolic rates, total energy expenditure and physical activity suggesting
that ERa may be a primary nuclear receptor for the control of energy expenditure, at least,
through the VMH. Collectively, these findings indicate that the primary nuclear receptor for
the central (hypothalamic and NTS) control of feeding behaviour and food intake by
oestrogen is mostly likely ERa. Both ERa- and ERB—mediated signalling may have a role in
the regulation of peripheral fat deposition.

Oestrogenic control of peptide gene expression and relevant nuclei
involved in energy homeostasis

Oestrogen regulates the expression and activity of many of the genes involved in the control
of energy homeostasis. In the arcuate nucleus, oestrogen may increase or decrease the
expression of the POMC gene or one of its peptide products, B-endorphin, depending up the
treatment paradigm and experimental model. In the short-term in vivo treatment (4—48 hr),
oestradiol increases the expression of the POMC gene or the immunostaining of B-endorphin
peptide in mice, rats, guinea pigs and sheep (33,59-62). Presumably the increase in POMC
gene expression consequently means an increase the expression of a—MSH, the anorectic
POMC peptide. In other long-term treatment of ovariectomised female rats, oestradiol
decreases the expression of the POMC gene and its related peptides in the medial basal
hypothalamus (63); however, in a recent study, long-term (30 day) systemic treatment of
ovariectomised guinea pigs with oestradiol benzoate the expression of the POMC gene
increase by almost 3-fold in the arcuate nucleus (64). The short-term response to oestrogen
treatment may be the normal physiological response to oestrogen peak levels during the
ovulatory cycle, which also corresponds to a decrease in food intake. Therefore, the chronic
treatment paradigm may negate the effects of the normal oestrogen cycle and allows for
other compensatory mechanisms during the oestrogenic control of energy homeostasis.
Furthermore, alterations in gene expression in POMC neurones may not be the only
mechanism oestrogen utilises to affect targets downstream of the melanocortin circuit
(12,32).

The other arcuate nucleus neuronal cell type involved in the oestrogenic control of energy
homeostasis is the NPY neurone. Similar to POMC expression, NPY has a differential
response to oestrogen treatment paradigms. Oestrogen deficiency (ovariectomy) results in an
increase in NPY expression in the PVN (65). In the arcuate nucleus, ovariectomy increases
NPY mRNA expression with oestradiol replacement suppressing the increase in gene
expression (31). In ovariectomised female rats, long-term (18 day) oestradiol treatment
significantly decreases the expression of NPY protein in the PVN based on RIA of NPY
(30). Oestradiol treatment also decreases the expression of NPY mRNA in the arcuate
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nucleus of the ovariectomised mouse within 3 hr of injection that lasted for up to 24 hr (33).
Oestradiol benzoate alone decreases NPY protein expression in the arcuate nucleus and
median eminence 48 hr post-treatment, but, when followed by progesterone, oestradiol
treatment increases the NPY expression in the median eminence but not in the arcuate
nucleus (66). Furthermore, during the pre-ovulatory/pro-oestrous phase of the ovarian cycle
associated with LH surge, NPY mRNA expression is increased in the medial basal
hypothalamus and, specifically, in the arcuate nucleus (67,68). In a clonal hypothalamic
neuronal cell line, oestradiol differentially regulates NPY and AgRP expression via ERa and
ERp—mediated mechanisms with the direction of regulation dependent on the ratio of ERa to
ERp in the cell (48). Interestingly, systemic oestradiol replacement in ovariectomised rats
attenuates the increase in food intake caused by central administration of NPY but not AgRP
(69). Regardless of the conflicting evidence pertaining to the reproductive effects on NPY
expression, it is apparent that some of the anorectic effects of oestrogen are mediated, in
part, by decreases in NPY and/or AgRP expression in the hypothalamus.

In the lateral hypothalamus, the orexigenic signals, MCH and orexin, is regulated by
oestrogen treatment although apparently through indirect mechanisms in castrated male rats
(49,50). In the ovariectomised female rat, pre-proMCH mRNA is down-regulated in the
lateral hypothalamus after 52 hr oestradiol benzoate + 4 h progesterone treatment but not by
oestradiol treatment alone (70). Furthermore, in the intact male rat, chronic oestradiol
treatment delivered via pellets significantly decreases the expression of MCH in the medial
basal hypothalamus (36). In wild-type, diet-induced obese male mice, MCH expression is
significantly decreased by chronic oestradiol treatment (71). Orexin peptide is potentially
affected by oestrogen treatment; however, there is little data on the regulation of orexin
peptide expression by oestrogen in females. In castrated males, pre-pro-orexin protein levels
are restored to normal levels by oestradiol benzoate treatment (49). One of the peptide
products of orexin neurones, orexin-A, is down-regulated by high doses of oestradiol
benzoate (2 mg every 7 days for 3 weeks) in intact female rats in the hypothalamus although
lower (5 ug daily for 22 days) doses of oestradiol in ovariectomised rats did not significantly
affect orexin-A peptide content of the hypothalamus (72). The physiological irrelevance of
the high dose of oestrogen in this experiments casts doubts on any significant regulatory
effects of oestrogen on the expression of orexin-A in the lateral hypothalamus in females
although further investigation is warranted.

The PVN expresses two other hypothalamic peptides involved in the control of energy
homeostasis, TRH and CRF. While ERa and ERp co-localise with TRH neurones in the
PVN (51), there is no evidence suggesting a direct effect of oestrogen on the expression of
the TRH gene. On the other hand, oestrogen is known to alter the expression of the stress-
related hormone CRF in the PVN depending upon treatment paradigm and model. In
ovariectomised female mice, oestradiol replacement restored the level of CRF mRNA
expression to that of intact animals within 12 hr of treatment (33). In ovariectomised
monkeys, chronic oestradiol treatment increases the CRF mRNA expression in the PVN
compared to untreated females and females treated with both oestradiol and progesterone
(73), while more recent data suggests that oestradiol and oestradiol plus progesterone
treatment decreases the CRF immunostaining and mRNA expression in the PVN of
ovariectomised female monkeys (74). Another new anorectic peptide associated with the
control of energy homeostasis by the PVN is the CRF receptor 1 and 2 ligand, urocortin
(urocortin 1) and is thought to provide a negative feedback mechanism to NPY induced-
feeding (75). In the PVN, ovariectomy decreases the number of cells expressing urocortin
MRNA expression, which is restored by oestradiol benzoate treatment (76).

Lesion and implantation/cannulation studies of relevant hypothalamic nuclei have
determined which hypothalamic nuclei are involved in the control of energy homeostasis
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and the anorectic effects of oestrogen. As early as 1975, the VMH/arcuate region of the
basal hypothalamus was shown to play a role in the anorectic effects of oestrogen. Beatty et
al. demonstrated that lesions of the VMH/arcuate attenuate the effects of peripheral
oestradiol administration (4 pg/kg) on body weight and food intake in ovariectomised rats
(77). A later study showed that lesions of the lateral hypothalamus had no significant effect
on the anorectic effects of oestrogen (78). The VMH/arcuate and the PVVN were identified as
the major nuclei involved in these oestrogenic effects in ovariectomised guinea pigs with
intracranial injections of crystalline oestradiol (13). A subsequent study in ovariectomised
rats implanted with diluted and undiluted crystalline oestradiol indicated that the PVN was
more important than the VMH/arcuate in the anorectic effects of oestradiol (79). However,
lesions of the PVN significantly attenuated the suppression of food intake by short-term (3
day) administration of oestradiol but not body weight gain in ovariectomised rats (80).
Conversely, another study found that lesions of the PVN did not significantly alter the
chronic effects of oestradiol on food intake and body weight (81). These studies, while
partially in conflict, have identified at least three hypothalamic nuclei; the arcuate nucleus,
the VMH and the PVN, involved in either the acute and/or chronic effects of oestradiol on
energy homeostasis. However, the interpretation of these data must be made with caution
because the inconsistent nature of lesions or implantations, the concentrations of implanted
oestradiol and the neuroendocrinology differences between the two animal models (rats and
guinea pigs). These studies do suggest that oestrogenic control of energy homeostasis in the
hypothalamus may originate in the basal hypothalamus (arcuate and VMH) with secondary
integration or modulation via other nuclei in the hypothalamus (PVN and lateral
hypothalamus).

Membrane-initiated steroid signalling and energy homeostasis

Typically, oestrogen controls gene expression via the classical ER (ERa and ERp) binding
to oestrogen-response elements or other promoter sites through protein-protein interactions
such as Sp-1 and Fos-Jun (AP-1) and activating transcription of important oestrogen
responsive genes (nuclear-initiated steroid signalling or NISS) (82). Oestrogen can also
activate a host of rapid signalling cascades that affect cell physiology and activate gene
transcription through other transcription factor (non-oestrogen response element) promoter
sites (membrane-initiated steroid signalling or MISS). The MISS mechanisms of oestrogen
have been extensively reviewed by many others (83—-86) and will not be thoroughly
described herein. Essentially, oestrogen can activate transcription via complexes with other
transcription factors through protein-protein interactions including pCREB, STATS, Elk-1-
SRF, ATF-2-Jun andNF«B inducing transcription via their respective promoter sites.
Oestrogen through a membrane-associated ER activates multiple signalling pathways
including phosphatidylinositol 3'-kinase (P13K), phospholipase C (PLC), mitogen-activated
protein kinase (MAPK) and protein kinase pathways (PKA, PKC, etc.) (83-87). The
primary ER involved in oestrogenic MISS is thought to be ERa (84) although recent data
suggests that in a transfected neuronal cell line, ERp is also associated with the membrane
and is translocated to the membrane by oestrogen to activate MAPK signalling (88).
Oestrogen regulates gene expression for at least a few of these signalling molecules in
various hypothalamic nuclei including the arcuate nucleus (24,89,90). Oestrogen receptors
are activated independent of ligand binding through phosphorylation of the receptor (84). In
the hypothalamus, oestrogen MISS signalling has been identified in the VMH to potentiate
the effects of oestrogenic NISS signalling during particular reproductive behaviours
(lordosis) (91) and may also affect oestrogen’s control of homeostasis via VIMH neurones.
While there is little to no direct evidence suggesting a role for the activation of membrane-
associated classical ER pathways in the control of energy homeostasis, there is evidence for
other rapid, MISS events that affect energy homeostasis.
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Oestrogen can attenuate food intake within 6 hours of administration into the third ventricle
via cannula after an overnight fast compared to saline in mice (92) and between 4 and 14
hours in fed rats (93). Besides activation of membrane-associated ER, oestrogen can also
activate signalling cascades initiated through G-protein coupled receptors (GPCR) that
would rapidly alter neuronal activity and initiate changes in feeding behaviour (12,32).
GPCR are vital membrane mediators for a host of central and peripheral signals that control
energy homeostasis in the hypothalamus (94). Since GPCR target potassium channels to
control neuronal excitability, an oestrogen-responsive GPCR may account for the one of the
rapid mechanism oestrogen utilises to control energy homeostasis. Indeed, acute
administration of oestrogen to hypothalamic slices will alter neuronal excitability of many
different types of relevant neurones through the modulation of various ion channels (95,96).
Recent evidence confirms that oestrogen has at least two different GPCRs (87,95) in the
brain. GPR30 was the first oestrogen-binding GPCR identified and localised in the brain.
GPR30 in the hypothalamus is localised primarily to the PVN and the supraoptic nucleus but
also is found in arcuate nucleus neurones (97). Whereas GRP30 is expressed in a few of the
hypothalamic nuclei that control energy homeostasis, the obesity phenotype of GPR30
knockout mice is unknown but is currently being investigated (Chambers et al., 2007) (98).

The other potential GPCR is the putative membrane oestrogen receptor (Gg-mER)
functionally characterised by Kelly and colleagues (12,32). While the Gg-mER has not been
cloned, the putative GPCR has been functionally identified in at least three types of arcuate
nucleus neurones including POMC, dopamine and y amino butyric acid (GABA) neurones.
The Gg-mER was initially characterised in female guinea pigs but has also been functionally
examined in ERa and ERpB knockout both male and female and in male ERof double-
knockout mice (12). The Gg-mER activates a Gg-PLC-PKA pathway that inhibits the
activation of G-protein coupled inwardly rectifying potassium channels (GIRK) by both
GABAg receptors and p—opioid receptors. The inhibition of the GIRK channel activity will
depolarise the POMC neurone and increase neuronal activity and potentially add another
mechanism for oestrogen to control energy homeostasis.

To elucidate this oestrogen pathway, a selective agonist for the Gg-mER was developed that
had no binding capacity to classical ER (99). This compound, called STX, is more potent
than oestrogen in attenuating the activation of GIRK channels by GABAg receptors (12,32).
The ability of STX to alter POMC neuronal excitability led us to hypothesise that the
putative Gg-mER has a role in energy homeostasis. Whole animal studies in which STX (2
mg/kg) was systemically injected in ovariectomised female guinea pigs over a period of four
weeks supports this hypothesis (12). Recently published data indicates a dose-effect on the
reduction in the body weight gain by systemic STX (6 mg/kg) treatment where the
attenuation of post-ovariectomy weight gain was greater than in previous experiments
(Figure 1). Both of these doses of STX, which is structurally similar to 4-OH tamoxifen, are
similar to doses of tamoxifen administered to women on hormone replacement therapy.
Furthermore, the administration of systemic STX generated new transcription in the arcuate
nucleus of these STX-treated female guinea pigs (64). Many of the genes regulated include
gene involved in the control of energy homeostasis (NPY) and neuronal activity (Cav3.1).
Therefore, Gg-mER may function in the oestrogenic control of energy homeostasis
presumably through activation of POMC neurones in the arcuate nucleus although other
hypothalamic nuclei may be involved (12). Whole animal studies in ovariectomised rates
have reported that a significant reduction in food intake by oestradiol treatment compared to
oil treatment was not detected after administration of the MC3/4 antagonist SHU919. The
site of action of the antagonist at the a—MSH receptors is downstream of oestradiol
activation of arcuate POMC neurones which supports our hypothesis (100). It is unknown, at
this time, if oestrogen has similar rapid effects in other neuronal cell types that control
energy homeostasis in the hypothalamus such as NPY, MCH, and orexin. See Figure 2 for a
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schematic summarisation of the oestrogenic effects on the nuclei of the hypothalamus and
specifically the hypothesis described above regarding the activation of arcuate POMC
neurones by the Gg-mER.

Oestrogen modulates of synaptic plasticity in the hypothalamus

A final mechanism for oestrogen to control energy homeostasis is the remodelling of
excitatory and inhibitory synapses on hypothalamic neurones. Synaptic connections in the
hypothalamus are not hardwired and synaptic plasticity has been reported in multiple
hypothalamic neuronal systems including PVN magnocellular neurones and GnRH neurones
of the arcuate nucleus and preoptic area (35). Recent data indicates that oestrogen-induced
synaptic remodelling in the arcuate nucleus also affects the excitatory input on POMC
neurones and has a potential role in the control of feeding and energy expenditure (93). The
rewiring of synaptic inputs into POMC neurones occurs within 4-6 hours of oestrogen
treatment, similar to the inhibition of food intake in fasted mice (92), and significantly
increases the frequency of EPSCs on POMC neurones. Gao et al. (94) suggest that this rapid
effect is mediated by ERa; however, the role of the Gg-mER receptor present in POMC
neurones was not examined. Oestrogen also increases the growth of dendritic spines and
alters synaptic plasticity in the ventrolateral VMH and in other parts of the brain (101,102).

The neurotrophin brain-derived neurotrophic factor (BDNF) controls synaptic plasticity in
many parts of the brain (103) and has a role in the control of energy homeostasis (104)
primarily through the VMH and the PVN (105,106). In the VMH, BDNF expressing
neurones also express ERa (107) although oestrogen apparently does not regulate the
MRNA expression of BDNF in the VMH using in situ hybridisation (108). While oestrogen
does not directly regulate the expression of BDNF, it may interact with the BDNF signalling
pathway through at least two mechanisms. BDNF is up-regulated by the melanocortin
pathway (MC4 receptor) in the VMH (109,110) and melanocortin signalling is a target for
the rapid and classical signalling of oestrogen in the arcuate nucleus (32,60). Furthermore,
BDNF signals through its tyrosine kinase receptor (TrKB) to activate PI3K signalling
pathways along with MAPK and PLC pathways (103). Interactions between BDNF and
oestrogen in the hypothalamus may occur through the activation of similar pathways. Recent
evidence suggests that oestrogen also rapidly activates PI3K signalling in the hypothalamic
arcuate nucleus as well as increases the expression of a PI3K regulatory subunit in a number
of hypothalamic nuclei including the arcuate and the VMH (90).

Concluding Remarks

In the hypothalamus, oestrogen controls energy homeostasis, which includes metabolic
processes, fat deposition and feeding behaviour, by interacting with specific neurones in the
hypothalamus. The dominant paradigm is that oestrogen regulates these neurones through
classical oestrogen signalling - i.e., regulation of gene transcription. Based on findings from
transgenic knockout mice, ERo appears necessary for the anorectic effects of oestrogen (19).
ERa is localised in many of the relevant hypothalamic nuclei, although there is little to no
expression found in the PVN of both rats and mice (20-22). A few authors have suggested
that the PVN is the primary site for oestrogen’s actions on energy homoeostasis particularly
feeding behaviour (111). However, since the PVN does not express significant levels of
ERa, these two hypotheses are incongruent and need further examination. Therefore, the
hypothesis that other receptors are involved in the control of energy homeostasis by
oestrogen should be investigated.

A candidate for another oestrogenic mechanism recently identified is the control of neuronal
excitability through a membrane GPCR receptor (12,32). The Gg-mER affects not only
neuronal activity but alters metabolic processes such as body weight gain. The molecular
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characterisation of this Gg-mER (cloning, localisation and regulation) is crucial for fully
understanding the role of the rapid, membrane-mediated effects of oestrogen on energy
homeostasis. STX, the selective agonist for the Gg-mER, is an excellent tool for the
elucidation of the role of the Gg-mER in energy homeostasis and gene regulation by MISS
(64). Experiments are underway to determine if the Gg-mER, utilising STX to target the
receptor, actually contributes to the regulation of energy homeostasis in tERKO mice.
Furthermore, oestrogen activation of rapid signalling pathways via the classical ER needs to
be thoroughly investigated. A recent advance in ERa transgenic technology is the
development of a mouse strain (NERKI, nonclassical ER knock-in) that express a selective
mutation in the DNA binding domain of ERa eliminating the capacity to activate gene
transcription via oestrogen response elements but retaining the ability to activate multiple
signalling pathways via ERa (112). These two developments are excellent tools to
investigate the involvement of non-classical oestrogen signalling in the control of energy
homeostasis.

In summary, oestrogen has multiple neuronal and transcriptional targets in the hypothalamus
to control numerous hypothalamic functions including energy homeostasis but also
reproduction, sexual behaviour, body temperature and stress responses. The control of
energy homeostasis through all these receptor-mediated mechanisms must be integrated with
the control of all these hypothalamic functions as well as the regulation of
extrahypothalamic nuclei (NTS) and peripheral hormonal signals (gut peptides) that impact
feeding behaviour and adiposity. Oestrogen can indirectly control the processes of
hypothalamic control of energy homeostasis by altering gene expression of signalling
pathways important for other hormonal signals including PI3K, PLC, PKC and calmodulin
(64,24). Oestrogen can directly activate and/or inhibit relevant neuronal cell types either by
altering neuronal excitability or altering gene transcription through MISS mechanisms.
Oestrogen has at least two receptor types with multiple membrane and nuclear signalling
pathways that are activated during the immediate and long-term effects on energy
homeostasis. Furthermore, oestrogen can also alter the synaptic morphology of and pre-
synaptic inputs into important hypothalamic neurones. Ultimately, it is the interactions of all
the receptor-mediated processes in the diverse, pertinent hypothalamic nuclei and neuronal
cell types that will determine the effects of oestrogen on feeding behaviour, fat metabolism
and energy homeostasis.
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Figure 1.

Oestrogen and STX significantly attenuate the body weight gain in female guinea pigs after
ovariectomy. Female guinea pigs were ovariectomised and allowed to recover for 1 week
(day 0) before being given bi-daily subcutaneous injections of propylene glycol (vehicle),
oestradiol benzoate (EB; 8 pg/kg, triangles), or STX (6 mg/kg, squares). A two-way
ANOVA (repeated measures) revealed an overall significant effect of both EB and STX (p <
0.001), and post hoc NewmafiKeuls analysis revealed daily significant differences between
STX and vehicle-treated groups (*p < 0.5; ** p < 0.01). Symbols represent the mean + SEM
of five, five and seven animals per group for vehicle, EB and STX treatment, respectively.
Modified from Roepke et al., 2008, Endocrinology online.
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Figure 2.

Oestrogen is known to affect neurones in the arcuate nucleus, the VMH, the PVN and lateral
hypothalamus (LH). Nuclear oestrogen receptors (ERa, ERB) are expressed in all of these
hypothalamic nuclei. Two membrane ER, GPR30 and Gg-mER are also expressed in the
hypothalamus. GPR30 is expressed in the PVN and the arcuate nucleus while the Gg-mER
is has been functionally identified in arcuate POMC neurones. The Gg-mER rapidly
increases the neuronal excitability, and over the long term gene expression, of these
anorectic neurones which have multiple projections to the VMH, the PVN and the lateral
hypothalamus (LH). These projections (dashed line) potentially synapse on several of the
neurones that control feeding behaviour, energy expenditure, etc., and affect these neurones
through the a—MSH MC3/4 receptor. Kelly and colleagues have hypothesised that the
oestrogenic activation of POMC neurones by the Gg-mER is important for the control of
energy homeostasis as evidenced by the effects of the selective Gg-mER agonist, STX, on
post-ovariectomy body weight gain. This hypothesis is supported by Polidori & Geary (100)
in which the anorectic effects of oestrogen were blocked by antagonists of the MC3/4
receptor infused into the lateral ventricle near the PVN.

J Neuroendocrinol. Author manuscript; available in PMC 2009 May 7.



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

wduosnue Joyiny vd-HIN

Roepke

Table 1

List of anorectic and orexigenic peptides and the effects of oestrogen

Nucleus Peptide Effect on energy homeostasis ~ Regulation by Oestrogen
Arcuate Nucleus POMC/a-MSH - +
CART - ND
NPY + -
AgRP + -
Ventromedial Hypothalamus BDNF - NC
NPY + -
Dorsomedial hypothalamus NPY + -
CART - ND
Lateral Hypothalamus MCH + -
Orexin + ?
CART - ND
Paraventricular Nucleus CRF - +-
TRH - ND
Urocortin - +
NPY - -
CART - ND
BDNF - ND

(+) denotes a positive effect or regulation.
(—) denotes negative effect or regulation. NC means no regulation.

(?) denotes mixed results.

ND means not determined.
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