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Abstract

The neurotrophin, brain-derived neurotrophic factor (BDNF), is recognized as a key component in
the regulation of central nervous system ontogeny, homeostasis and adult neuroplasticity. The
importance of BDNF in central nervous system development and function is well documented by
numerous reports from animal studies linking abnormal BDNF signaling to metabolic disturbances
and anxiety or depressive-like behavior. Despite the diverse roles for BDNF in nearly all aspects
of central nervous system physiology, the regulation of BDNF expression, as well as our
understanding of the signaling mechanisms associated with this neurotrophin, remains incomplete.
However, links between sex hormones such as estradiol and testosterone, as well as endogenous
and synthetic glucocorticoids, have emerged as important mediators of BDNF expression and
function. Examples of such regulation include brain region-specific induction of BanfmRNA in
response to estradiol. Additional studies have also documented regulation of the expression of the
high-affinity BDNF receptor TrkB by estradiol, thus implicating sex steroids not only in the
regulation of BDNF expression, but on mechanisms of signaling associated with it. In addition to
gonadal steroids, further evidence also suggests functional interaction between BDNF and
glucocorticoids, such as in the regulation of corticotrophin-releasing hormone and other important
neuropeptides. In this review, we provide an overview of the roles played by selected sex or stress
hormones in the regulation of BDNF expression and signaling in the central nervous system

Introduction

Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family of proteins,
is translated from the BDNF gene into a small precursor protein, proBDNF. This precursor
protein is subsequently cleaved to BDNF and then secreted from both neurons and glial
cells. As with other members of the neurotrophin family of proteins, BDNF binds with low
affinity to p75, a neurotrophin receptor subunit common to all neurotrophin receptors, to
exert a variety of downstream effects (Barrett, 2000). However, the majority of trophic
effects mediated by BDNF are thought to occur following binding to the high-affinity,
protein kinase receptor, Tropomyosin-Related Kinase B (TrkB). Interactions between BDNF
and TrkB result in homodimerization and phosphorylation of the receptor followed by
activation of either mitogen-activated protein kinase (MAPK), phosphatidylinositol-3-kinase
(PI3K), or phospholipase C (PLC) (Huang and Reichardt, 2003). Activation of the MAPK,
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PI3K, or PLC subsequently leads to a variety of downstream events characterized by
neuronal survival (Yoshii and Constantine-Paton, 2010), neurite growth (Davies et al.,
1986), cell migration (Behar et al., 1997), glutamate release (Zhang et al., 2012), synapse
formation (Hofer and Barde, 1988), and neuropeptide expression (Jeanneteau et al., 2012).
The wide variety of signaling pathways and downstream effects mediated by BDNF thus
emphasize the critical role that this neurotrophin plays in the maintenance of homeostatic
mechanisms in the central nervous system. However, despite the recognized importance for
BDNF in maintaining neuronal homeostasis, essential aspects governing the control of the
expression of BDNF and TrkB, as well as its downstream activity are still not fully
understood.

Deciphering the regulation of BDNF expression and action is hindered by the complexity of
the Badnfgene in both rodents and humans (Figure 1). In both species, the Banfgene
consists of at least eight non-translated exons which form a variety of splice variants with
the final exon, which is ultimately translated into the precursor protein proBDNF (Aid et al.,
2007). Distinct promoter regions upstream of each non-translated exon drive expression of
the gene and are thought to be key components of tissue- and cell-specific expression of
BDNF splice variants (Pattabiraman et al., 2005; Aid et al., 2007). Of the eight non-coding
exons currently recognized, exon IV, which is heavily expressed in cultured embryonic
neurons, has received the most extensive scrutiny regarding molecular events which regulate
expression, revealing multiple Ca2* and cAMP response elements (Lyons and West, 2011).
By contrast, regulation of the remaining non-coding exons remains poorly understood. In
addition to regulation through a variety of transcription factor response elements, Badnfgene
expression is also controlled through epigenetic mechanisms including methylation of at
least 11 CpG islands dispersed along the entire gene, as well as histone methylation (Boulle
etal., 2012).

Investigation into the regulation of Bdnfgene expression and the signaling mechanisms
through which this neurotrophin exerts its biological effects has revealed interactions
between hormone signaling and BDNF. Such examples include the regulation of BDNF
expression by gonadal steroid hormones, which may influence the role played by BDNF in
sexually dimorphic development of the brain (Arevalo et al., 2012) or in sexually dimorphic
brain functions and behaviors. Evidence demonstrates that the gonadal steroid hormone,
estradiol, regulates region-specific developmental expression of BDNF in the brain (Solum
and Handa, 2002). Besides gonadal steroids, additional research has demonstrated a balance
between BDNF and glucocorticoid (GC) signaling is responsible for the expression of
hypothalamic neuropeptides such as corticotrophin-releasing hormone (CRH) (Jeanneteau et
al., 2012). Mechanisms behind GC/BDNF functional interactions have been reported to
include convergence at a single molecular “control point”, such as CAMP-mediated
signaling (Jeanneteau et al., 2012), while additional evidence suggests that GC may directly
bind with and modulate the activity of TrkB (Numakawa et al., 2009). In the present review,
we provide an overview of the interactions between BDNF and selected gonadal and stress
hormones, with discussion of affected biological processes and potential mechanisms of
action.

Gonadal Steroid Hormones Regulate BDNF expression

A role for Estrogen in BDNF expression

In rodents, sexual differentiation of the brain is largely governed by the intracellular
transformation of testosterone into estradiol by the aromatase enzyme and, subsequently,
through activation of estrogen receptors, resulting in the programming of a male behavioral
and physiological phenotype. Lacking circulating testosterone, developing female rodents
are shielded from maternal estrogen by circulating -fetoprotein, a liver-derived protein
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which binds estradiol with high affinity. Thus, in rodents, the absence of estrogen receptor
stimulation leads to a default pattern of feminized behaviors, whereas the presence of
androgens and estrogen during development lead to masculinization and defeminization of
the brain (Lenz et al., 2012). Recently, a direct role for sex chromosomes have also been
implicated in some aspects of brain sexual differentiation (McCarthy and Arnold, 2011).
Some brain regions that are most influenced by estrogens during development include the
midbrain (Beyer and Karolczak, 2000), cerebellum (Minano et al., 2008), hippocampus
(Bender et al., 2010), hypothalamus (Lenz and McCarthy, 2010) and preoptic area (Simerly
et al., 1985a; Simerly et al., 1985b). Within the hypothalamus, estradiol promotes the
formation of sex differences in the neuronal circuitry controlling feeding, growth, and
reproductive behaviors (Arevalo et al., 2012). Although mechanisms underlying estrogen
receptor-mediated brain development and growth are not completely understood, evidence
exists suggesting that interactions with BDNF and other neurotrophic factors are crucial
(Arevalo et al., 2012).

Early studies demonstrating an interaction between estradiol and neurotrophins employed
dual /n situhybridization to colocalize estrogen receptor mRNA with Banf, TrkB, or p75
mRNA throughout multiple brain regions in tissue harvested from Sprague Dawley rats
(Miranda et al., 1993). This hypothesized interaction between estradiol and BDNF was
subsequently proven by a study showing the rapid induction of BdnfmRNA following the
administration of estradiol to ovarectomized rats (Sohrabji et al., 1995). Despite the
induction of BanfmRNA by estradiol reported by Sohrabyji et al (1995), expression of this
gene was not suppressed following ovariectomy, suggesting that regulation of BanfmRNA
by estradiol constitutes only one component of a multifaceted regulatory system. Additional
evidence that estradiol regulates BONFmMRNA was reported by Dittrich et al., (1999) who
demonstrated that the induction of this gene occurred in the high vocal center of male zebra
finches following the administration of estradiol. Interestingly, similar induction was not
observed in the females, indicating possible sex differences in the regulation of BDNF by
estradiol (Dittrich et al., 1999).

Additional studies demonstrating estrogen responsive BDNF expression have been reported
in mice. BDNF protein has been shown to be elevated in the cerebellum following injections
of estradiol benzoate (Sasahara et al., 2007). This same study also reported that estradiol-
mediated induction of BDNF was prevented if the mice were co-treated with the estrogen
receptor antagonist, tamoxifen (Sasahara et al., 2007). Thus, estrogen receptor activity
appears to be critical for the induction of BDNF by estradiol. Besides the cerebellum,
reports also indicate that hippocampal BDNF expression mirrors the changes in estradiol
that occur across the estrous cycle in rodents, although inconsistency exists between the
various studies. For example, it was reported by one study, which tracked hippocampal Badnf
mMRNA using /n situ hybridization, that expression of this gene was minimal during late
proestrus and into estrus (Gibbs, 1998), shortly after the peak of circulating estradiol.
However, another report indicates that the expression of BDNF protein in the hippocampus
is induced on the day of proestrus and into estrus (Scharfman et al., 2003). Aware of this
discrepancy, the report by Scharfman et al. (2003) suggested that the contrasting results
reported between their study and that of Gibbs (1998) may be due to methodological
differences, since they were measuring BDNF protein, which may be influenced by antibody
specificity, while Gibbs measured mMRNA (Scharfman et al., 2003). Furthermore, the
discrepancy between these studies may also be due to the population of neurons studied.
Because the majority of BDNF protein in hippocampus is located in the mossy fiber axons,
inclusion of other regions in the analysis, or a focus on regions outside the mossy fiber
axons, may result in variable quantification. Additional observations reported by Scharfman
etal., (2003), also linked the pattern of BDNF protein expression in the hippocampus across
the estrous cycle with corresponding changes in hippocampal excitability, thus suggesting a
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physiological role for fluctuating BDNF. Reports correlating estradiol levels to hippocampal
BDNF expression also include those indicating that ovariectomy of Sprague Dawley rats
results in reduced BanfmRNA expression in the frontal and temporal cortices and the CA2
CA3, CA4, and dentate gyrus regions of the rat hippocampus (Singh et al., 1995). However,
Singh et al (1995) also demonstrated that the estrogen-mediated Banfexpression is region
specific since estradiol replacement following ovariectomy only induced BadnfmRNA in the
CA3, CA4, and dentate gyrus regions of the hippocampus, while no induction was observed
in the CA2 region of the hippocampus nor in the frontal or temporal cortices (Singh et al.,
1995). This distribution of estrogen sensitivity is not necessarily consistent with the
distribution of ERs in the hippocampus (Simerly et al., 1990). Nonetheless, the concept that
estrogen influences BDNF expression in a region-specific manner is reinforced by studies
indicating the presence of ER, ER in mossy fibers of the hippocampus which also contain
high amounts of BDNF (Mitterling et al., 2010). Moreover, studies report that estrogen
replacement therapy in ovariectomized rats resulted in increased BDNF expression in the
olfactory bulb, but decreased expression in the cingulate cortex (Jezierski and Sohrabji,
2000) further emphasizing the region specific nature of this interaction.

Given the documented influence of estradiol on BDNF signaling in adult animals, it has
been hypothesized that estrogen can influence sexually dimorphic brain development
through a BDNF-mediated mechanism (Solum and Handa, 2002). This study built off
previous work which demonstrated that estrogen binding and estrogen receptor (ER) mRNA
(O’Keefe and Handa, 1990; O’Keefe et al., 1995), and later that the estrogen receptor (ER)
alpha subtype, are all heavily expressed in the rat hippocampus during the early neonatal
period of hippocampal development (Solum and Handa, 2001). Gonadectomy of male
offspring on the day of birth followed by measurement of the expression of hippocampal
Bdnfand TrkB mRNA using quantitative real-time PCR (QRT-PCR) showed reduced
expression of Bdnffrom PD 0-10, although by PD15 mRNA expression had recovered to
the level observed in intact offspring (Solum and Handa, 2002). The administration of a
single injection of estradiol benzoate immediately following castration, resulted in recovery
of BanfmRNA levels to those observed in intact animals thus demonstrating the
requirement for estradiol in developing hippocampal Badnfexpression.

Regulation of TrkB Expression by BDNF

Because TrkB is required for the trophic effects mediated by BDNF, the expression of this
receptor in response to estradiol has also been explored. However, results vary based on the
model used and the brain region examined. Specifically, the administration of a TrkB
antisense oligonucleotide prevented estradiol-induced axon elongation in cultured primary
hypothalamic neurons (Brito et al., 2004). Additional studies conducted in primary
hypothalamic neurons demonstrated that estradiol induced TrkB protein in the presence of
astrocyte-conditioned media (Cambiasso et al., 2000). This report also showed a sexual
dimorphism in the observed response, where estradiol only potentiated TrkB protein
expression in neurons isolated from male rats, and had no effect on TrkB expression in
neurons from females in the presence or absence of the conditioned media. Therefore, it is
still questionable whether estradiol alone is responsible for induction of TrkB. However,
although a role for estrogen in TrkB expression is suggested by a variety of in vitro studies,
estradiol administration to castrated rat pups was not shown to affect TrkB gene or protein
levels in the hippocampus (Solum and Handa, 2002). Therefore, whether or not TrkB
expression is influenced by estradiol remains controversial, with the possibility that such
regulation occurs in a region specific manner, as observed with BDNF. Additionally, these
data further emphasize the possibility that the effects of estrogen on BDNF expression and
function may differ between adult and developing organisms.
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Molecular Mechanisms of BDNF gene regulation by estrogen

To address the molecular mechanisms for estradiol regulation of BDNF expression, a scan
of the rat Banfgene by Sohrabji et al., (1995) for the canonical estrogen response element
(ERE; GGTCAnNnTGACC) revealed a putative ERE in Exon 1X. Although the sequence of
this putative ERE-motif (GGTGAGAAGAGTGATGACC) differs from the canonical ERE
in that the pentamers are separated by a longer spacer, it was also demonstrated that the
incubation of DNA containing the putative ERE, with nuclear protein extract, resulted in a
band shift using a gel shift assay. Such responses suggest that the ER protein does in fact
interact with this DNA region (Sohrabji et al., 1995). Moreover, the notion that this DNA
sequence was bound by ER is supported by the observation that no gel shift occurred if
oligonucleotides containing the known ERE of the vitellogenin gene, a common marker of
estrogen signaling, were included in the incubation (Sohrabji et al., 1995). These data
suggest a classical mechanism of Banfinduction by an ERE in its promoter region, which
would require that the gene and ER are present in the same cell. Dual imaging
immunohistochemical analyses were therefore conducted using brain tissue from Fischer
344 rats in which BDNF and ER alpha were found to be co-expressed in various regions
throughout the brain (Blurton-Jones et al., 2004). Interestingly, the hippocampal regions
showing BDNF/ER dual labeling only included the CA3 region, whereas no dual labeling
was observed in the CA2 region or dentate gyrus (Blurton-Jones et al., 2004), although
expression of BdnfmRNA was previously demonstrated to be increased in these regions by
estrogen (Solum and Handa, 2002). This lack of co-localization goes against the findings
from a number of earlier studies co-localizing ER with Badnf(Miranda et al., 1993), but may
be explained by differences in the choice of model, since rodents used by Blurton-Jones et
al., (2004) were conducted at random points in the estrous cycle using mature female rats,
while Miranda et al., (1993) measured BdnfmRNA in rats approximately two weeks old, the
latter eliminating any effects from the estrous cycle.

The discrepancy between estrogen-mediated induction of Bdnfand co-expression of the
gene and estrogen receptor suggests alternate mechanisms by which this regulation occurs.
Although cellular colocalization was not found extensively throughout the regions profiled
by Blurton-Jones et al. (2004), cells expressing Banfor ER (both and) were observed with
high frequency. This observation suggests that cross-talk between BDNF expressing neurons
and other cell types, such as astrocytes, may play a role in this process. Such cross-talk is
supported by reports that astrocytes express both forms of estrogen receptor (Al-Bader et al.,
2011), as well as observations that glial-conditioned media influence neuronal BDNF
activity (Martin et al., 2012). Another explanation for the regulation of BDNF by estrogen
was described in a report by Blurton-jones and Tuszynski (2004), in which the
administration of 17- -estradiol to ovariectomized rats resulted in the inhibition of
GABAergic interneurons in the perirhinal cortex (Blurton-Jones et al., 2004). Consequently,
it was proposed by the authors that inhibition of these inhibitory interneurons resulted in
increased tone on BDNF-expressing neurons, leading to increased expression of this
neurotrophin.

Functional Interactions Between Glucocorticoid and BDNF

Stress hormones, BDNF, and depression

Activation of the hypothalamic-pituitary-adrenal (HPA) axis is associated with the
neuroendocrine response to stressful events, which may also influence BDNF activity.
Reactivity of the HPA axis is characterized by the release of corticotrophin-releasing
hormone (CRH) and arginine vasopressin (AVP) by hypophysiotrophic neurons of the
paraventricular nucleus of the hypothalamus (PVN). Upon release, these hormones travel
through the hypothalamo-hypophyseal portal vasculature to act upon corticotrophs of the
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pituitary gland to promote the secretion of adrenocorticotropic hormone (ACTH). ACTH
subsequently enters the general circulation and ultimately stimulates the release of
glucocorticoid by the adrenal cortex (Fernandez-Guasti et al., 2012). Activation of the HPA
axis is typically self-limiting due to the inhibitory effects of GC on the stress response.
However, sustained stimulation of the HPA axis due to chronic stress or through
dysregulation of GC-mediated negative feedback is thought to be neuroendangering and
cause damage to the central nervous system, and has been linked to mood disorders such as
depression (McEwen, 2005).

Associations between HPA hyperactivity and depression have been well established.
Following an initial report indicating a correlation between elevated CRH in the
cerebrospinal fluid and the incidence of depression in humans (Nemeroff et al., 1984) came
findings of increased numbers of CRH and vasopressin neurons within the postmortem
hypothalamus of depressed patients (Purba et al., 1995; Raadsheer et al., 1995). Additional
clinical evidence which suggests dysregulation of the HPA as a factor in depression include
observations of elevated ACTH and cortisol secretion following the administration of a
combination of a synthetic glucocorticoid, dexamethasone (DEX), and CRH to patients
diagnosed with depression (Heuser et al., 1994; Kunugi et al., 2006). Because this challenge
is designed to measure GC-mediated negative feedback on the HPA axis, the results of these
studies collectively indicate impaired negative regulation of the HPA by GC in depressed
patients.

The connection between HPA hyperactivity and depression may be explained in part by
reports that chronic elevated GC results in structural remodeling of the brain. Magnetic
resonance imaging studies in depressed humans have revealed significant volume reduction
in regions of the brain including the prefrontal cortex (Coffey et al., 1990). Additional
evidence also exists demonstrating reduced volume of the hippocampus, although this effect
was more pronounced in chronically-depressed individuals when compared to those with
remitted depression (Shah et al., 1998). Similar evidence has also been reported in animal
models of chronic stress, which results in decreased hippocampal volume and a depressive-
like phenotype (Joels et al., 2004). Mechanistically, it is unclear what link exists between
HPA hyperactivity and brain remodeling, but an additional study has also indicated that
BDNF may play a role in the neuropathology resulting from chronic stress, based on
observations that hippocampal plasticity was restored by BDNF in a model of depressive-
like behavior following chronic mild stress in male mice (Ye et al., 2011). A role for BDNF
in depressive behaviors has also been suggested based on reports of decreased serum BDNF
in patients with major depressive disorder (MDD), although it is unclear from such studies
whether serum BDNF accurately reflects the levels of this neurotrophin in the central
nervous system (Oral et al., 2012; Yoshida et al., 2012). Furthermore, although these studies
enrolled both male and female participants, the data from the two sexes were pooled, thus
making a comparison between BDNF expression in male and female populations
impossible. Given that females are diagnosed with MDD more frequently than males, the
omission of such a comparison was surprising. Additional data implicating BDNF in
depression include postmortem evaluation of brains from individuals diagnosed with MDD,
which show reduced levels of BDNF throughout the hippocampus and prefrontal cortex
(Karege et al., 2005; Dunham et al., 2009). However, as with studies measuring serum
BDNF, although BDNF expression was measured in both male and female brains, no
attempt to distinguish a sex effect was reported.

A role for BDNF in depression is also suggested by results from animal studies where
forebrain BDNF knockout alters the antidepressant actions of desipramine in the forced
swim test (Monteggia et al., 2004) and causes an increased incidence in depression like
behaviors in females (Monteggia et al., 2007). Given the higher prevalence of depression in
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women, these latter data are particularly interesting if transferrable to humans in that a sex
specific role for BDNF in the pathogenesis of MDD is suggested. Furthermore, GR(+/-)
mice, which show high levels of depressive-like behaviors, also show impaired processing
of BDNF in hippocampal synaptosomes following stress (Molteni et al., 2010). Additional
evidence suggests that GC not only influences the expression of Badnfand 7rkB (reviewed
by Jeanneteau and Chao, 2012), but also modulates the expression of BDNF-driven genes,
such as CRH, through competition within signaling pathways (Jeanneteau et al., 2012).
Taken together, these data indicate that abnormal BDNF expression may play an important
role in the pathogenesis of mood disorders such as depression, and further suggests links
between GC signaling and BDNF.

Glucocorticoid and BDNF Regulate CRH in the PVN

Interactions

Abnormal GC and BDNF signaling are linked to CNS pathology, but interactions between
these components are not well understood. Evidence suggesting functional crosstalk
between GC and BDNF indicate that BDNF and GC signaling converge to regulate
expression of some neuropeptides such as CRH in the PVVN (Jeanneteau et al., 2012). CRH
neurons in the PVN control HPA axis activity and other autonomic functions through
projections to the hypothalamo-hypophyseal portal vasculature or centrally to forebrain and
brainstem regions (Swanson et al., 1987). Although not completely understood, the
expression of PVN CRH is regulated predominantly through the negative feedback action of
GR and MR, Other possibilities exist where additional signaling pathways can influence the
expression of CRH such as that which has been shown for BDNF (Jeanneteau et al., 2012).
Using a series of novel transgenic mice, they demonstrated that CRH expression is regulated
through both GC and BDNF signaling. Specifically, conditional knockout mice which
lacked a GC receptor in the PVN had increased levels of CRH, likely due to reduced
negative feedback by GC, and increased levels of BDNF and phosphorylated TrkB, an
indicator of activation of BDNF signaling (Jeanneteau et al., 2012). The ensuing hypothesis,
that BDNF signaling is involved in CRH expression, was tested using another transgenic
mouse which overexpressed BDNF. These animals showed increased CRH expression and
ultimately, the balancing point was shown to exist at the level of cAMP response-element
binding protein (CREB) mediated signaling, since signaling through TrkB induced CREB
resulting in elevated CRH expression, while GR stimulation resulted in neutralization of the
CREB co-activating protein, CRTC2 (Jeanneteau et al., 2012). The data by Jeanneteau et al.,
(2012) thus suggest a mechanism whereby GC influences the physiological effects of BDNF
by opposing its actions at the level of a target gene, rather than directly influencing the
expression of BDNF or TrkB.

Between GC and TrkB

Aside from the functional interactions at the level of CRH regulation mentioned above,
modulation of BDNF-mediated synaptic plasticity and glutamate signaling by GC have also
been reported by Kumamaru et a., 2008). Using primary hippocampal neurons taken from
fetal brain, BDNF-mediated neurite outgrowth and synaptic protein expression were
suppressed by pretreatment with the synthetic GC, DEX. Further, DEX-pretreatment also
reduced postsynaptic Ca2* influx in these cells, a function normally attributed to TrkB
signaling (Kumamaru et al., 2008). Because DEX has a greater affinity for the GR than the
MR (Gaeggeler et al., 2005), these data suggest that stimulation of GR is responsible for the
observed effects. This possibility was confirmed by the use of the GR antagonist RU-486 or
use of small interfering RNA to silence the GR, which caused a blockade of DEX-mediated
suppression of Ca2* influx (Kumamaru et al., 2008). Moreover, the study by Kumamaru et
al., (2008) indicated that DEX inhibited BDNF-mediated functions in primary hippocampal
neuron cultures through blockade of MAPK signaling (Kumamaru et al., 2008). Additional
studies demonstrated that the mechanism behind DEX-mediated suppression of BDNF

Neuroscience. Author manuscript; available in PMC 2014 June 03.



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

1duasnuey Joyiny vd-HIN

Carbone and Handa

Page 8

activated MAPK signaling involved blockade of interactions between the protein Src
homology-2 domain-containing phosphatase-2 (Shp2) and TrkB (Kumamaru et al., 2011).

Although it remains unclear why DEX pretreatment prevented interaction between Shp2 and
TrkB, the data are consistent with a similar report indicating that chronic treatment of
primary cortical neurons with DEX prevents the association of TrkB with PLC- (Numakawa
et al., 2009). This same study also demonstrated that direct interactions between GR and
TrkB result in enhanced BDNF-triggered glutamate release. Chronic DEX treatment has
also been shown to inhibit glutamate release, however, it was concluded that this was likely
due to downregulation of the GR resulting from chronic DEX stimulation of the GR.

Programming of BDNF by Early-Life GC Exposure

The possibility that imprinting of adult metabolic and behavioral functions occur as a result
of the fetal environment has recently received considerable attention as a way to explain
individual susceptibility to disease in adulthood. Although links between adverse fetal
environments and adult disease are well established in both humans and animals models
(Barker et al., 1989; Hales and Barker, 1992; Coe and Lubach, 2005; Painter et al., 2005;
Barker, 2006; O’Regan et al., 2008), mechanisms explaining this phenomenon remain
unclear. However, given the role for BDNF signaling in mitigating a variety of metabolic
and mood disorders, permanent changes in the expression of this gene in response to adverse
fetal environments represents a possible scenario. A recent study implicating abnormal
programming of BDNF in response to the fetal environment revealed that maternal
hypothyroidism resulted in decreased hippocampal BDNF expression in the offspring, a fact
that correlates with cognitive and neurodevelopmental deficits observed in these offspring
(Chakraborty et al., 2012). Supporting a role for GC in programming BDNF expression
come from studies where pregnant Sprague-Dawley rats were administered DEX from
gestational day (GD) 14 until parturition. The results of such studies show a blunted
induction of Banfand 7rkB mRNA in the PVN following an acoustic startle in adulthood
(Hossain et al., 2008). These data further suggest the possibility that reduced expression of
BanfmRNA after prenatal DEX exposure is due to epigenetic modification of the gene.

The effect of prenatal DEX exposure on programming of the Bahfgene was tested in our
laboratory by administering DEX (0.4 mg/kg) subcutaneously to pregnant Sprague Dawley
rats between gestational days (GD)18-21. BDNF mRNA and promoter methylation levels
were measured in the PVN after the offspring had reached postnatal day (PD) 60. Although
no effect on BanfmRNA expression was observed under normal conditions (Figure 2A), the
application of a metabolic stressor, consisting of a high-fat diet (60% fat-derived calories;
Research Diets, Inc., New Brunswick, NJ, USA) caused a significant main effect of fetal
DEX exposure [F(1, 8)=13.44; p=0.0063] and sex [F(1, 8)=23.11; p=0.0013], as well as a
significant interaction between these variables [F(1, 8)=6.646; p=0.0327] when compared
using two-way ANOVA (Figure 2B). Post hoc analysis showed a significant decrease in
BdnfmRNA in the PVN of female, but not male offspring (Figure 2B), although the lack of
significance in the male offspring may be due to low levels of Badnfexpression in the male
which was near the detection limits of the assay. Because BdnfmRNA was measured when
the female rats were in diestrus, the observed effect was likely independent of adult estradiol
levels.

We employed chromatin immunoprecipitation (ChIP) using an antibody against 5-
methylcytosine (Epigentek, Farmingdale, NY, USA) to measure methylation of the CpG
island flanking exon IX (Lubin et al., 2008). Although fetal DEX exposure appeared to
increase methylation of the Banfexon IX in the PVN of female offspring that were not
challenged with the high fat diet, this did not reach statistical significance (Figure 2C).
Although this may have been due to the small sample size (n=3) in some groups of offspring
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weaned onto the high-fat diet, two-way ANOVA revealed a sex specific effect in
methylation [F(1, 12)=5.109; p=0.0432] of exon X and post hoc analysis indicated a
significant increase in methylation restricted to female offspring which were exposed during
gestation to DEX when compared with non-exposed females (Figure 2D).

Our data are consistent with those from previous studies indicating that fetal DEX exposure
causes a dysregulation of BanfmRNA expression in the adult PVVN (Hossain et al., 2008).
We have also shown that this may be programmed through an epigenetic methylation event,
similar to the effect reported by Lubin et al., (2008). Additionally, we demonstrate that fetal
DEX exposure appears to “prime” the female offspring for pathology in response to a
metabolic stressor later in life (high fat diet). These results are consistent with previous
studies also demonstrating elevated susceptibility to diet-induced metabolic pathology in
female rat offspring following either fetal DEX exposure (Carbone et al., 2012), or offspring
born to dams which were subject to a random stress paradigm during late gestation
(Tamashiro et al., 2009).

Conclusion

The diverse roles for BDNF in nearly all aspects of neuronal homeostasis and development,
as well as the highly variable expression of this neurotrophin in multiple tissues and cell
types is reflected by the complex nature of Banfgene regulation and modulation of
downstream activity. As such, our understanding of the regulation of BDNF signaling is still
incomplete, but sex and stress hormones have been recognized to have powerful influences
on the expression and activity of this neurotrophin. This action may occur through genomic
and/or epigenetic mechanisms. In this review, we have examined various mechanisms by
which hormones acutely regulate BDNF at both the transcriptional and post-translational
levels. Additionally, we present novel data to suggest that aberrations in the hormonal milieu
during development have the potential to permanently program the brain of offspring to
express a phenotype characterized by a blunted BDNF response to metabolic stressors in
adulthood. Given the link between deficits in BDNF and multiple disease processes, further
understanding of such programming events warrants further research.
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Figure 1.
The structure of rodent Banfincludes eight 5’ non-coding exons spliced to a common 3’
exon I1X. CpG islands within exons 1, I, 1V, VI, and X are all subject to methylation.

Adapted from Aid et al. (2007) and Lubin et al. (2008). Each individual exon is represented
by a box and CpG islands are represented by dark lines underlying the corresponding region
that they occur.
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Figure 2.

BdnfmRNA expression (Panels A-B) and exon 1X methylation (Panel C-D) measurements
at PD60 in the PVN following fetal DEX exposure during GD18-21 in rats. BadnfmRNA
was measured using qRT-PCR. Animals were weaned at 21 days of age and placed on a
high fat diet. Animals were euthanized at 60 days of age, females were all in diestrus. Data
are expressed as the mean + SEM of 3-7 individual rats per group. * = (p<0.05) between
vehicle and DEX-exposed groups.
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Table 1
Regulation of BDNF expression by estrogen.
Reference Year Species mMRNA/Protein  Observations
Miranda et al. 1993 Rat MRNA Colocalizatian of ER with Banf, TrkB, and p75
Sohrabji et al. 1995 Rat mRNA Estradiol administration induces Banf.
Gibbs 1998 Rat mRNA Minimal hippocampal Banfexpression during proestrus/estrus.
Dittrich et al. 1999 Finch MRNA Estradiol induces BDNF in male, but not female finch.
Cambiasso et al. 2000 Rat Protein Estradiol potentiates TrkB protein expression in neurons isolated from male,
but not female, rats.
Jezierski and Sohrabji 2000 Rat Protein Estrogen replacement induces BDNF in olfactory bulb, but
Solum and Handa 2002 Rat mRNA Estrogen influences brain development through a BDNF-mediated
Scharfman et al. 2003 Rat Protein Hippocampal BDNF protein is induced during proestrus/estrus.
Brito et al. 2004 Rat NA TrkB antisense oligonucleotide blocks estradiol-mediated elongation in
primary hypothalamic neurons.
Singh et al. 2005 Rat mRNA Estrogen-mediated Banfexpression is region specific.
Sasahara et al. 2007  Mouse Protein Estrogen receptor is required for estrogen-mediated BDNF induction,

decreases expression in cingulate cortex.
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