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Abstract

In the CNS, there are widespread and diverse interactions between growth factors and estrogen. Here
we examine the interactions of estrogen and brain-derived neurotrophic factor (BDNF), two
molecules that have historically been studied separately, despite the fact that they seem to share
common targets, effects, and mechanisms of action. The demonstration of an estrogen-sensitive
response element on the BDNF gene provided an impetus to explore a direct relationship between
estrogen and BDNF, and predicted that the effects of estrogen, at least in part, might be due to the
induction of BDNF. This hypothesis is discussed with respect to the hippocampus, where substantial
evidence has accumulated in favor of it, but alternate hypotheses are also raised. It is suggested that
some of the interactions between estrogen and BDNF, as well as the controversies and implications
associated with their respective actions, may be best appreciated in light of the ability of BDNF to
induce neuropeptide Y (NPY) synthesis in hippocampal neurons. Taken together, this tri-molecular
cascade, estrogen-BDNF-NPY, may be important in understanding the hormonal regulation of
hippocampal function. It may also be relevant to other regions of the CNS where estrogen is known
to exert profound effects, such as amygdala and hypothalamus; and may provide greater insight into
neurological disorders and psychiatric illness, including Alzheimer’s disease, depression and

epilepsy.
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[. Introduction

There is a long history of studies that have examined steroid hormone and growth factor
interactions. These studies initially focused on the periphery, and then expanded into the central
nervous system (CNS). In the CNS, one of the best examples of a steroid hormone that has
widespread and diverse interactions with growth factors is estrogen, one of the two principal
steroid hormones produced by the ovaries. Thus, there is a substantial interest in the relationship
between estradiol and growth factors, and a large literature has developed that provides
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evidence for how these interactions occur. The majority of interactions can be conceptualized
in three ways: convergence of estrogen and growth factor signal transduction, induction by
estrogen of specific growth factors (or vice-versa), and dependence of either growth factor
effects on estrogen, or the converse.

Convergence involves the ability of estrogen and growth factors to activate the same effectors:
an example of this is the activation of the same signaling cascades. The discussion below
highlights the interaction between estrogen and the neurotrophin BDNF, and this is a good
example of a steroid and growth factor that indeed activate a number of common signaling
cascades (Figure 1, Table 1).

Induction would be illustrated by the facilitation of growth factors or their actions by steroid
hormones, or the converse. Again, estrogen and BDNF provide an example, in light of the fact
that an estrogen response element (ERE) is present on the BDNF gene, and estrogen appears
to induce BDNF expression.

Dependence, the third major category of potential interactions, to some extent overlaps with
induction — for example, induction of growth factor synthesis may be required for full
expression of steroid effects on target tissues [1,2]. However, it also includes examples of
situations in which components of steroid response pathways may be required for full
expression of growth factor effects. For example, in the case of insulin-like growth factor 1
(IGF-1), estrogen receptor o (ERa) is an obligate partner in the activation of IGF-1 receptor
activated signaling. This appears to due to the fact that ERa is an integral part of the IGF-1
receptor complex. Without both estrogen and IGF-1, IGF1 receptors do not activate the normal
IGF-1 signaling pathways [3].

Il. Estrogen and BDNF in hippocampus

As implied above, there are many reasons at the present time to be interested in how estrogen
and BDNF may interact. It is important to note that this began with studies that identified a
complementary expression of estrogen, estrogen receptors, and different members of the
neurotrophin family, including NGF (nerve growth factor) and BDNF. This pattern of
expression strongly suggested functional interactions, and these were predicted from the initial
expression studies [4].

Why focus on estrogen and BDNF in hippocampus, specifically? The evidence for an
interaction between estrogen and BDNF is perhaps best developed for this structure. Not only
is there complementary expression of estrogen receptors and BDNF in the hippocampus, there
is also a long history of studies showing similar effects of estrogen and BDNF in this region
of the brain (Tables 1, 2). Finally, for both estrogen and BDNF, the effects that have been
observed exhibit unique and characteristic response patterns, that are not shared by any other
humoral agent. Thus, estrogen has striking effects that range from alterations in behavior [5-
13], structure (spine morphology, density, and spine synapses; Table 2), and physiology
(potentiation of glutamatergic inputs in area CA1; Table 2) including specific receptor-
mediated actions, such as actions at the NMDA receptor (although not exclusively; [14]).
BDNF is the one other molecule that has been shown to exert many, if not all, of these same
specific effects (Table 2). This is perhaps not surprising, because both estrogen and BDNF
have been shown to exert effects via the same cellular mechanisms, including extracellular
signal-regulated kinase (ERK) phosphorylation, cyclic AMP response element binding protein
(CREB)-dependence, and phosphorylation of the NR2B subunit of the NMDA receptor (Tables
1,2).
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Another similarity is that both estradiol and BDNF have been shown to exert highly variable
effects, sometimes facilitating certain hippocampal functions, while in other experimental
situations the opposite has been documented. Importantly, the effects of estrogen and BDNF
appear to vary in parallel. For example, both estradiol and BDNF are known to decrease
excitotoxic neuronal loss, and hence have been touted as neuroprotective (Table 2). However,
in other conditions they appear to make neuronal damage worse, the exact opposite effect. A
similar situation exists with respect to the ability of estrogen or BDNF to promote or inhibit
seizures (Table 2).

In summary, these intriguing observations suggest that it would be important to understand
whether estrogen and BDNF act in concert, when this might occur, and what the mechanisms
might be. Addressing these issues may provide insight into some of the fundamental aspects
of hippocampal structure and function, and also have implications for our understanding of
learning disorders, neuroprotection, and epilepsy.

B. Background

To begin to consider the potential ways estrogen and BDNF interact in hippocampus, it is
helpful to review current concepts of the receptors and actions of each, which have been studied
almost completely independently.

1. Estrogen, estrogen receptors, and their distribution in hippocampus—
Estrogen actions in the CNS occur through receptor systems that are similar to those found in
the reproductive target organs of estrogen. These receptor systems are not yet fully
characterized. A major component of estrogen action is mediated via nuclear receptors, which
act as hormone regulated transcription factors controlling the expression of estrogen sensitive
genes. In addition, estrogen receptors are also found in association with both the plasma
membrane and the mitochondria, where they may mediate rapid actions of the hormone that
occur too quickly to be explained by genomic effects. ERa and estrogen receptor 3 (ERp) are
the best characterized estrogen receptors. Both of these receptors have the potential to mediate
membrane as well as nuclear transcriptional effects of estrogen [15]. However, there may also
be other receptor systems that contribute to estrogen action on the brain, most of which remain
poorly characterized at the present time [16].

A primary source of estrogen is the periphery.. In females, peripheral estrogen synthesis occurs
primarily in the ovaries, where testosterone is produced in the interstitial thecal cells and
aromatized to estradiol within the granulosa cells. In males, gonadal synthesis of testosterone
is converted to estrogen also, but to a much lesser extent.

Brain synthesis of estrogen is also possible, because enzymes for steroid synthesis are present,
primarily in glial cells. Receent experiments have provided evidence that hippocampal
synthesis does occur, which suggests that hippocampal synthesis of estrogen regulates
estrogen-sensitive hippocampal responses [17,18].

Estrogen receptor localization in hippocampus is difficult to define because of disparate
findings in past studies, most likely due to the differences in antibodies used to judge receptor
distribution. It also is likely that a consensus has been difficult because estrogen receptor (ER)
localization changes with endocrine state. Thus, at proestrus, a different distribution of ERa
was reported relative to other cycle stages [19,20]. Changes in ERs may also occur after
estradiol treatment [21,22].

Past studies of ER distribution in hippocampus have provided a reasonable consensus on the
following points.. If one considers just one species, the rat, and more specifically, just the adult
hippocampus, both mRNA and expression of ERa and ERp are found in numerous cell types.
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Thus, it has been reported that ERa is expressed in principal cells and in the neurons that use
y-aminobutyric acid (GABA) as a neurotransmitter (“GABAergic” neurons). Electron
microscopic studies have shown that ERa is compartmentalized to many different sites, ranging
from cytoplasmic to nuclear [19]. ERp has also been shown to be expressed in these cell types
[23,24]. Most of these studies suggest that ERs are primarily neuronal.

What remains controversial is the preferential localization of the receptors in principal cells
vs. GABAergic neurons, and relative concentrations in different subcellular compartments.
Are ER primarily expressed on GABAergic neurons, and therefore primarily exert effects by
modulation of inhibition? Initial studies suggested that this was the case [25] and indeed
evidence from more recent work continues to support this hypothesis [26,27]. However, even
if GABAergic neurons are the primary cell type that express ER in hippocampus, exactly which
GABAergic neurons express ER is not entirely clear. One study suggests that ERa. is primarily
located on neurons which co-express GABA and neuropeptide Y (NPY/; [26]), which is notable
in light of the potential for estrogen to induce NPY synthesis via BDNF gene expression,
whereas other studies suggest ERa is specific to the subset of interneurons that are
immmunoreactive for the calcium-binding protein parvalbumin[27]. These neurons are not
identical, although there is some overlap [28,29]. In the dentate gyrus, parvalbumin-
immunoreactive neurons are the GABAergic neurons that form a basket-like plexus around
granule cells, the so-called “basket” cells; NPY-expressing GABAergic neurons form a
population that innervates the outer molecular layer primarily. However, some of the neurons
that form part of the basket cell population do express NPY.

Another important issue is whether receptors are nuclear or non-nuclear, because of the obvious
functional implications. Based not only on light but also electron microscopy, it appears that
ERao and ERp can be localized to the cytoplasm as well as the nucleus. Light level studies have
shown, for example, that fixation, and other factors, can change the appearance of ERa and
ERp from somatic to dendritic compartments [22,30]. Electron microscopy has detected
ERa and ERp in numerous subcellular locations [23,31].

There are also differences in reports of the differential distribution of receptors on principal
cell types, i.e, CA1-CA3 pyramidal cells and granule cells. For example, some studies indicate
that CA3 pyramidal cells express substantial ERa receptors [32] or demonstrate 1125 - binding
[33] in contrast to other reports that do not suggest this [19,24,27]. Likewise, some studies
demonstrate ERp in granule cells [23], but others suggest ERs are neglible in granule cells
[27].

In summary, the adult rat hippocampus contains a robust population of ER, not only ERa. but
ERP. They appear to be localized to many cell types, but a comprehensive understanding of
ER distribution across different endocrine conditions, other conditions, and how this may
change with stress, neuronal activity, or pathology has yet to emerge, even for the adult female
rat, the most widely studied system. Many of the reasons are due to the inherent complexities
of expression studies, which have shown that factors such as age, fixation and endocrine
condition can lead to very different results. In addition, current antibodies are unlikely to
provide the ability to completely recognize all types of ER, including not only ERa and ERp
in their classic forms, but also their potential variants.

2. BDNF, its receptors, and their distribution in hippocampus—The neurotrophin
family is composed of several members, nerve growth factor (NGF), BDNF, neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4). The family and their receptors are schematically illustrated
in Figure 2A.
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There are two types of receptors for neurotrophins, either tropomyosin-kinases (trk) or the p75
receptor. BDNF and NT-4 bind to trkB, whereas all neurotrophins bind to p75. TrkB exists as
a full-length and truncated receptor (the latter having two isoforms); the full-length form has
received the greatest attention, but the truncated receptor is likely to have significant effects
despite the fact that it lacks the internal kinase domain. Full-length trkB receptors
autophosphorylate in response to ligand activation, and this, in turn, activates numerous signal
cascades, as shown in Figure 2B. p75 also activates a number of potential intracellular
mediators (Figure 2B).

Recent studies have shown that in addition to BDNF, a precursor to BDNF (proBDNF) also
exerts biological effects. ProBDNF, appears to be released from the soma, where it is able to
act preferentially at p75. Normally it is cleaved extracellularly by proteases, but it may exert
important effects before cleavage in light of recent studies showing its ability to modulate
hippocampal synaptic plasticity [34]. Figure 3 illustrates many of the potential locations of
ligands and receptors for BDNF action in the rat dentate gyrus.

BDNF is expressed in high concentrations in many of the areas of the CNS where estrogen is
known to have robust effects, and the hippocampus is no exception. In the hippocampus of the
adult rat, BDNF mRNA is expressed in all principal neurons, i.e, the dentate gyrus granule
cells and hippocampal pyramidal cells. Interestingly, BDNF protein does not appear to be
uniformly translated, because the highest concentration of mature BDNF appears to be in the
granule cells, with relatively weak expression in pyramidal cells [35]. Within granule cells,
BDNF is anterogradely transported to the axons, the mossy fibers [36].

Importantly, there are some reports that BDNF may be expressed to a greater extent in
pyramidal cells than initial studies suggested. The evidence is based on the use of the antibody
to BDNF that is commercially-available from Santa Cruz Biotechnology Inc., (Santa Cruz,
CA) which shows a distinct pattern of expression relative to antibodies from other sources,
such as Amgen-Regeneron Partners (Tarrytown, NY) [37,38]. The reason for the different
pattern of expression is currently unclear, but could relate to the fact that the different antibodies
bind to distinct conformation of BDNF: vesicular BDNF located in axons may be more
accessible or in a conformation more recognizable by one antibody. In contrast, non-vesicular,
somatic/dendritic BDNF may be detected preferentially by the Santa Cruz antibody.
Importantly, both antibodies withstand the classic tests of specificity (loss of reactivity upon
incubation with BDNF, or loss of reactivity in BDNF knockout animals).

The hippocampal distribution of trkB has been characterized [39]. TrkB is present in a number
of compartments within many hippocampal cell types, as well as glia [39]. p75 is also diverse,
and in addition is present on the afferents of septal neurons that innervate the hippocampus
[40]. Like ER, it is unclear how much BDNF may preferentially activate GABAergic
interneurons relative to principal cells.

3. Comparison of estrogen and BDNF actions in hippocampus—The previous
section outlined ligand and receptor distribution in hippocampus. Below is a comparison of
some of the major effects of estrogen and BDNF in hippocampus. It is remarkable that they
have almost always been studied independently (although there are exceptions [41]), because
their effects are so similar.

As shown in Table 1, the effects of estrogen at the level of signaling parallel the effects of
BDNF. However, estrogen and BDNF have more in common than shared target pathways,
because there are many structural, electrophysiological, and behavioral changes in
hippocampal neurons which are influenced by both estrogen and BDNF (Table 2).
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For example, there are numerous reports that both estradiol and BDNF enhance hippocampal-
dependent learning. This has been shown for male rats after manipulations that increase
estradiol, and the reverse, that learning is worse when estradiol levels are low, for example in
aromatase-knockout mice [42]. This has also been studied in female rats after ovariectomy and
estradiol replacement, although it is difficult to compare some of these studies because doses
of estradiol vary, as well as other potential factors such as age, time after ovariectomy, and
housing [5-9,11-13,43]. The variability occurs not only in whether behavior is enhanced, but
also the type of task. Thus, many studies of spatial learning (a classic hippocampal-dependent
behavior) show an improvement after estradiol administration, but other types of memory can
sometimes also improve, suggesting not only hippocampal effects but also non-hippocampal
effects [5-9,11-13,43]. Learning appears to be enhanced on the morning of proestrus relative
to other cycle stages or relative to ovariectomy [44]. Taken together, the studies of distinct
endocrine conditions make a strong case for the positive effects of estradiol on hippocampal
learning, whether it be due to an endogenous elevation in estradiol or exogenous administration.

Like the effects of estradiol, BDNF enhances learning (Table 2). Conversely, mutations in trkB
or transgenics with altered trkB function show impaired learning (Table 2). However, too much
BDNF, analogous to the effects of high doses of estrogen, appear to impair or have no effects
on learning [45,46]. Thus, for both estradiol and BDNF, the “dose-response” relationship
appears to be non-linear (i.e, bell-shaped), such that low doses facilitate, but high doses may
inhibit responses. Reasons for this may not be complicated: estrogen appears to down-regulate
ERa and high doses of BDNF appear to decrease trkB (for references and further discussion,
see section V).

There are a number of electrophysiological studies that show a similarity in the effects of
estradiol and BDNF on hippocampal glutamatergic transmission. Focusing just on area CAl
and the adult hippocampus, many studies suggest that exogenous estradiol or BDNF can
potentiate Schaffer collateral transmission, or facilitate long-term potentiation (LTP). Indeed,
the current consensus is that BDNF is critical to the late stage of LTP [34]. Importantly, the
studies to date that have examined both estradiol and BDNF in hippocampal slices do not
always agree. For example, there are diverse opinions about the ability of estradiol and BDNF
to influence GABAergic vs. glutamatergic transmission (Table 2).

Some of the detailed comparisons of estrogen and BDNF action in area CA1 pyramidal cells
provide the strongest indication that the two act in either a convergent or concerted fashion.
Thus, both estradiol and BDNF exert some of their actions in CA1 by phosphorylating either
NR1 or NR2B, two subunits of the NMDA receptor [14,47-55]. They also have both been
shown to influence a specific Ca2+ -dependent potassium current in CA1 pyramidal cells
[56-58]. The fact that both estradiol and BDNF have these very specific effects argues against
independent effects, although it is not inconceivable that they are simply redundant.

There are even more similarities in action, as shown in Table 2. For example, estradiol and
BDNF share robust effects on the structure of dendritic spines and their synapses. Thus, density,
complexity and the number of spine synapses is increased by both estrogen and BDNF in
hippocampus. It is noteworthy, however, that the exact nature of the changes in morphology
may;e distinct: some studies indicate that spine shape or length change whereas other studies
report that spine synapses are affected [41,59-71]. Such data provide some caution to the
assumption that estradiol and BDNF have exactly the same effects. However, the conclusion
that does appear supported is that there is extensive similarity, perhaps the most of any other
pair of neuromodulators that have been studied so intensively. Indeed, the similarities do not
stop with those listed above. The rate of dentate gyrus neurogenesis is increased by both
estrogen and BDNF [72-75]. The influence of both estrogen and BDNF also applies to glia
[76-78], although this is not as well documented as their effects on neurons. In summary, it is
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remarkable how similar estradiol and BDNF are in their diversity and their mechanisms of
action on hippocampal cells. The similarities suggest that estradiol and BDNF share common
mechanisms and actions.

lll. Mechanisms for estrogen-BDNF interactions in hippocampus

A. Estrogen induces BDNF expression through an ERE element on the BDNF gene

The similarities discussed above suggest that estrogen and BDNF may share common signal
transduction pathways, effectors, and may interact to exert their effects. How might this occur?
One possibility is that BDNF synthesis is induced by estrogen, and this is supported by studies
showing that there is a functional ERE on the BDNF gene [79]. Thus, estrogen can potentially
induce brain BDNF mRNA and protein expression. And indeed that does appear to be the case,
because ovariectomy reduces BDNF mRNA and estradiol replacement restores it [79-83].
Furthermore, the same appears to be true in male rats, because gonadectomized males showed
an increase in BDNF mRNA after estradiol treatment [38].

However, there are some inconsistencies among reports in the literature that argue against a
straightforward (i.e. linear) induction of BDNF by estrogen. For example, in some brain
regions, estradiol administration does not always restore BDNF levels after ovariectomy
[84], although there are some potential explanations for this, such as the fact that retrograde
transport may remove BDNF from the structure where it is examined, or the pattern of ER
expression determines the ultimate effect on BDNF levels (for discussion, see [84]). Even in
hippocampus, some investigators find that the majority of BDNF expression modulated by
estrogen is in CA1-CA3 [38,85] whereas others find it in the dentate gyrus [82,86].

Other studies do not necessarily find a relationship between elevated estradiol and elevated
BDNF, possibly due to the timing required before estrogen can induce BDNF expression
[87], which may vary and depend on experimental variables. Indeed, stress can increase or
decrease BDNF [88-90], so concurrent estrogen withdrawal or administration could have
different effects if an animal is not carefully handled. Prior experience may modify the effects
of estradiol of BDNF as it can modify the effects of estradiol itself. Thus, prior behavioral
training can modify the changes in spine synapses that estradiol induces [91]. Finally, some
doses and regimens of estrogen may simply fail to influence BDNF, as appears to be the case
for chronic treatment after ovariectomy [83].

Other studies also exemplify the complexity of estrogen-BDNF interactions. For example, in
cultures from embryonic hippocampus, estradiol leads to an increase in dendritic spines, and
this is mediated by a reduction in BDNF rather than an elevation [41]. Indeed, in the young
animal, the interactions between estrogen and BDNF may be very different from those in
adulthood. Studies by Solum and Handa demonstrated this, as well as the risk of using BDNF
MRNA to predict BDNF protein levels. They found that in young male rats, gonadectomy
reduced BDNF mRNA and a single dose of estradiol could restore it [38]. However,
gonadectomy did not reduce BDNF protein; instead BDNF protein levels rose. Moreover,
estradiol reduced the elevated levels of BDNF protein to the levels of the intact animal [38].

Estrogen-induced BDNF may also have distinct effects in the young animals vs. adult animals,
because targets of BDNF are age-dependent either in expression or function. For example,
BDNF down- regulates the expression of the potassium-chloride co-transporter KCC2 [92],
which is a major factor in controlling the ability of GABA, acting on GABA, receptors, to
exert hyperpolarizing effects on hippocampal pyramidal neurons. By decreasing KCC2 in the
adult hippocampus, BDNF can potentially induce depolarizing actions of GABA. But in the
immature brain, KCC2 expression is very low until the second postnatal week [92]. Inimmature
neurons, KCC2 is increased by BDNF [93]. This not only is the opposite effect from the mature
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brain, but it has very different implications, because in the immature brain there are effects on
the developing neural circuits that would be unexpected after maturity and circuitry is
established.

Due to some of the difficulties in extrapolating from the data using ovariectomized animals or
cultured conditions, another approach has been to study BDNF levels across the estrous cycle.
Initially this led to counterintuitive results: BDNF mRNA appeared high at times during the
estrous cycle when estradiol was not necessarily high [87]. Thus, on the evening of proestrus,
(hours after the estrogen surge during the morning or proestrus), BDNF mRNA was not
elevated [87,94].

To address the issue further, studies were undertaken at the time of the proestrous surge (the
morning of proestrus), and comparisons made to the same time of day at other times of the
estrous cycle. In addition, BDNF protein levels were studied instead of mMRNA, because BDNF
mRNA does not always predict protein expression. These studies were informative because
they showed that on the morning of proestrus, BDNF protein was elevated relative to
ovariectomized rats, and it was elevated in the mossy fibers in particular, suggesting that
estradiol elevated the level of BDNF in the same areas where it is normally expressed, rather
than ectopic locations (Figure 4, [86]).

Interestingly, BDNF levels were also elevated in the mossy fibers on the morning of estrus,
and increased expression in locations of pyramidal cell projections were also apparent at that
time, suggesting increased expression in pyramidal cells. Indeed, patches of CA3 pyramidal
cell somata were darkly immunoreactive [86]. The high levels of BDNF waned after the
morning of estrus, appearing lower on the morning of metestrus (Figure 4; [86]).

Importantly, there were physiological changes in the trisynaptic pathway that occurred in
concert with changes in BDNF expression during the estrous cycle. Mossy fiber transmission
and Schaffer collateral transmission, the second and third synapse of the trisynaptic circuit,
were enhanced (Figure 4; [86]). Interestingly, the changes were analogous to those that are
observed after BDNF is superfused onto a normal male hippocampal slice, or the changes
detected in transgenic mice that overexpress BDNF [45,95]. These could be blocked by a trk
receptor antagonist [86]. Together, these data supported the hypothesis that physiological levels
of estradiol could increase BDNF in hippocampus. In addition, they suggest that there are
functional consequences, namely that estradiol can induce functional effects of BDNF.

In summary these studies suggest that estradiol can induce BDNF gene expression under
physiological conditions, and non-physiological conditions, i.e. after ovariectomy. More
information will be necessary before one can conclude that these effects were dependent on
the ERE, however, for reasons discussed further below.

B. Estrogen induces BDNF gene expression by a non-genomic mechanism

Despite the support provided by these studies to the hypothesis that estrogen induces BDNF
gene expression by an ERE on the BDNF gene, it has been noted that there are potential
problems with the hypothesis. These are based on the fact that the neurons which appear to
increase their levels of BDNF during the estrous cycle (the granule cells) do not clearly possess
estrogen receptors. Instead, it has been argued that estrogen receptors exist in much higher
concentration on GABAergic interneurons juxtaposed to the granule cells which express BDNF
[27]. A key element to this hypothesis is that neural activity (e.g., depolarization, action
potential discharge) appears to increase BDNF [96], although exactly how much neuronal
activity and under what conditions has never been precisely defined. Published studies to date
have found that a high frequency electrical stimulus can induce BDNF gene expression in vitro
[97,98], suggesting that only a modest increase in neuronal activity is sufficient to activate the
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mechanisms that increase levels of BDNF.. However, it may be that a particular frequency, as
well as intensity, is necessary; this simply is unclear at the present time. It is important to
consider, because estrogen receptor activation of GABAergic neurons may lead to the type of
“activity” that induces BDNF gene expression. On the basis of this possibility, an alternate
hypothesis for estrogen-BDNF interactions based on the ERE was proposed. It was suggested
that estrogen increases BDNF expression indirectly, by acting on GABAergic neurons, which
in turn disinhibit the adjacent BDNF-expressing neurons. This hypothesis is attractive
because,there is a constant barrage of spontaneous GABAergic input on dentate gyrus granule
cells that is thought to help keep these neurons quiescent [99,100].

However, there are some considerations that suggest caution before accepting this hypothesis.
First, regarding expression of estrogen receptors on granule cells, there may be little evidence
of ERa expression, but there is evidence of ERp expression [23,30]. In addition, although one
may question evidence of nuclear receptors, there is evidence of cytosolic receptors in diverse
areas of granule cells using electron microscopy [19,23]. It is also important to bear in mind
that, depending on the endocrine state, estrogen receptors may be more or less amenable to
immunocytochemical evaluation [19,20], so they could be missed. And indeed the studies that
show few estrogen receptors in granule cells were conducted at a time when they were least
likely to be obvious, i.e. times besides the morning of proestrus.

Another important issue is whether estrogen, acting on GABAergic neurons expressing ER,
would disinhibit granule cells and this would lead to activity-dependent BDNF expression.
One question is what estradiol would do to GABAergic neurons; this is not entirely clear. But
even if it would hyperpolarize them, potentially leading to decreased spontaneous release of
GABA, granule cells may not depolarize and fire action potentials. One reason for skepticism
is based on the fact that the ER-expressing GABAergic neurons may be those which co-express
NPY, and they primarily innervate distal dendritic regions of granule cells. Distal effects may
do little to facilitate somatic action potential generation. However, some studies suggest that
parvalbumin-immunoreactive GABAergic interneurons express ERs, and they would be more
likely to innervate proximal processes of granule cells, and hence influence somatic inhibition
[28]. Interestingly, some studies suggest that these cells are BDNF-sensitive [101].

In summary, it is important to recognize that the interactions between estrogen and BDNF in
hippocampus have not yet been definitively identified. There are two attractive hypotheses,
each with a foundation of support, but several potential caveats. One is that estrogen induces
BDNF gene expression by acting at an ERE on the BDNF gene. The second is that estrogen
acts on GABAergic interneurons which express ER, and by disinhibition of principal cells,
BDNF is increased in the principal cells by activity-dependent expression.

IV. NPY as a modulator of estrogen-BDNF interactions
A. BDNF induction of NPY synthesis suggests a molecular cascade: Estrogen-BDNF-NPY

Besides the considerations above, there are other factors that make the hippocampal effects of
estrogen and BDNF complex. However, they also may explain some of the data in the literature
about estrogen and BDNF that are currently hard to reconcile. The fact is that estrogen and
BDNF influence other neuromodulators that in turn may exert the actions that most laboratories
consider direct effects of estrogen. One example is NPY.

BDNF can induce NPY expression in hippocampal neurons. NPY has robust effects in
hippocampus, including depression of synaptic transmission, neuroprotection, and NPY also
exerts anticonvulsant actions [102]. NPY facilitates neurogenesis in the dentate gyrus [103,
104]. Thus, estrogen may lead to increased BDNF expression that in turn elevates levels of
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A. Induction

NPY. The result of NPY induction could be a decrease in, for example, the pro-excitatory
effects of estrogen and BDNF.

of NPY by BDNF

In light of the robust effects of NPY in hippocampus, it becomes important to define the
conditions that are required for BDNF to induce NPY expression. With this information, one
would potentially be able to predict when estrogen and BDNF have effects that are influenced
by increased expression of NPY.

Although the mechanisms that underly the induction of NPY by BDNF have not been
elucidated in vivo, insights have been gained in vitro. Thus, in cultured neurons, BDNF appears
to induce NPY expression in a trkB- and ERK-dependent manner [105-107]. This appears to
be dependent on activity as well as BDNF, because GABA receptor blockade of cultured
neurons induces NPY expression by a trk-dependent mechanism, but the opposite occurs if
AMPA receptors are blocked [108]. In addition, cultures from BDNF knockout mice do not
show upregulation of NPY protein [109].

This implicates an action of BDNF, which is released and binds to trkB receptors that are
situated on NPY-expressing neurons, leading to MAP kinase activation and NPY expression.
Interestingly, it appears that a more substantial increase in NPYprotein occurs if BDNF
exposure continues over hours in culture [106], suggesting that brief exposure to BDNF would
be unlikely to have dramatic effects on the levels of NPY. Taken together, these data suggest
that NPY protein will be induced only in trkB-expressing cells of hippocampus, and that rapid
effects (requiring less than hours) of estrogen or BDNF would only be influenced by NPY
weakly. This information alone is interesting, because it is consistent with some reports that
describe how NPY increases after experimental manipulations in vivo. Thus, after acute
seizures, NPY expression increases in GABAergic neurons of the dentate gyrus. This could be
due to a rapid seizure-induced increase in BDNF in granule cells, followed by BDNF release
onto GABAergic neurons, many of which are innervated by granule cells. In contrast, recurrent
spontaneous seizures over days or weeks appear to be necessary to induce NPY expression in
granule cells [110]. The increase in granule cell NPY may require prolonged BDNF elevation,
as predicted by the in vitro studies.

B. NPY expression and action in the dentate gyrus

In contrast to what is known about the mechanisms underlying BDNF induction of NPY, a
great deal has been elucidated concerning the normal expression and actions of NPY in the
dentate gyrus-CA3 region. These studies are useful to review, because they indicate a new

strategy that could be used to predict how NPY would modulate the actions of estrogen and
BDNF.

In the adult male rat, NPY is expressed as shown schematically in Figure 5.
Immunocytochemistry in Figure 5 shows the distribution of NPY protein in neurons and fibers
in the normal adult male rat, which is virtually identical to the normal adult female rat. NPY
isnormally expressed in asubset of GABAergic neurons in the different hippocampal subfields,
and within the dentate gyrus these neurons have somata either in the hilar region or on the
border of the hilus and granule cell layer. The majority of these neurons send their axon to the
distal dendrites of granule cells, located in the outer molecular layer. There they make a variety
of contacts on incoming afferents, granule cell dendrites, and other processes [29]. NPY -
expressing cells use GABA as a classical transmitter, and are thought to be inhibitory. NPY is
presumably released preferentially after high frequency stimulation, like other neuropeptides
[102].

Front Neuroendocrinol. Author manuscript; available in PMC 2007 January 18.



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

1duasnuey Joyiny vd-HIN

Scharfman and MacLusky Page 11

NPY -expressing neurons in the dentate gyrus also send collaterals to other areas of the dentate
gyrus, where they presumably act on other cells, such as other types of GABAergic neurons,
possibly mossy cells, and the progenitors in the subgranular zone [111]. NPY is also thought
to influence mossy fiber transmission, and the hilar collaterals may serve that purpose by axo-
axonic contacts on mossy fiber boutons.

There are several effects of NPY in the dentate gyrus. One is to inhibit mossy fiber transmission
by a presynaptic action on glutamate release. The depression of neurotransmission is a likely
explanation for the anticonvulsant actions of NPY, and for the neuroprotective actions [102].

Another action of NPY is to regulate gated inward-rectifying potassium (GIRK) channels on
hilar neurons [112], and this also may be an effect that contributes to the anticonvulsant and
neuroprotective effects of NPY, since it may influence when GABA is released from hilar

GABAergic neurons. NPY also decreases calcium entry into N-type calcium channels on
granule cells [102]. By doing so, it may limit their activity or have other effects, which decrease
their efficacy to discharge their targets, again providing a potential mechanism for
anticonvulsant actions. Finally, NPY facilitates neurogenesis of granule cells by Y1 receptors
on progenitors [111]. These effects could contribute to the maintenance of the granule cell
population over time, which would maintain normal hippocampal function.

C. Evidence that estrogen may modulate NPY via BDNF

What is the evidence that estrogen and BDNF influence NPY in hippocampus? Studies to date
suggest that estrogen does regulate NPY levels, and independent studies suggest the same for
BDNF. The majority of studies are correlative. For example, the induction of seizures leads to
an elevation of BDNF, as well as NPY. Temporally, the elevation of BDNF occurs earlier than
the increase in NPY [102], but there is not proof that BDNF necessarily caused the change in
NPY [113-115]. Administration of exogenous estradiol [26] or BDNF [116,117] increases
hippocampal NPY, but indirect mechanisms can not be ruled out.

An important confound to the experiments which analyze changes in BDNF and NPY is that
we know activity can increase the expression of both BDNF and NPY. Therefore, if studies

are conducted that do not clarify whether activity increased, one is not clear whether the activity
itself led to the change, or whether the substance used to modify expression led to the change.

In light of this problem, we have begun to study NPY without using seizures as a stimulus, and
without exogenous estradiol or BDNF administration. We simply asked whether the normal
fluctuations in estradiol during the rat estrous cycle, which are followed by elevated BDNF,
would be followed in turn by elevated NPY. Our approach used immunocytochemistry,
because this allowed us a chance to detect changes in numerous cells that normally express
NPY versus those that normally do not. Our findings are summarized in Figure 5C-E. In that
figure are micrographs showing representative sections from animals euthanized on the
morning of proestrus and metestrus (for Methods, see [86]). The focus is on the dentate gyrus,
where the NPY -expressing neurons are abundant, and their axonal projections are particularly
dense in one area, the outer molecular layer (Figure 5). Relative to proestrus, there was an
increase in NPY expression at metestrus in the molecular layer axon plexus (Figure 5C-D).
These data support the hypothesis that estrogen can induce BDNF gene expression and this
may in turn elevate levels of NPY. This tri-molecular cascade correlates with the changes in
physiology observed throughout the cycle: heightened excitability at proestrus and estrus, and
relative low excitability at metestrus (Figure 4; [86]). Although correlative, it is tempting to
speculate that the rise in estrogen-induced BDNF is responsible for the increase in excitability
and this is curtailed by the subsequent elevation in NPY. Thus, NPY may serve as an
endogenous control mechanism on the pro-excitatory effects of estradiol and BDNF.
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D. Implications

1. Explanation of disparate findings in the literature concerning the effects of
estrogen and BDNF—These observations raise the possibility that many discordant
findings in past studies of estrogen and BDNF could be due to its induction of NPY. Thus,
estrogen and BDNF may lead to increased excitation in hippocampus unless NPY is induced,
when NPY could dampen excitation. Indeed the hippocampus seems well-designed for such a
system, because ERa exists on GABAergic neurons that express NPY, and BDNF released
onto NPY neurons increases NPY levels. Furthermore, NPY release onto hippocampal neurons
appears to decrease glutamatergic synaptic transmission between principal cells.

In summary, estrogen and BDNF are likely to be neuroprotective when they induce NPY
expression. If NPY were not induced, one would predict that estrogen and BDNF would be
primarily excitatory. Under such conditions, estrogen and BDNF could facilitate excitotoxicity
and seizures. By considering the levels of all three contributors (estrogen, BDNF and also
NPY), instead of one or two, many inconsistencies in the literature might be resolved (Table
2).

2. Neurogenesis—Another important implication is based on the fact that estrogen, BDNF
and NPY have all been shown to facilitate neurogenesis of dentate gyrus granule cells. Why
would all three appear to have this effect? One possible explanation is that they may work in
a sequence so that all stages of neurogenesis are supported. In other words, estrogen may
influences the initial division of precursors, and by inducing BDNF estrogen would lead to
further support for the next stages of neurogenesis, such as maturation and survival. Subsequent
induction of NPY may continue support for even later stages of development of newly-born
granule cells, such as the stages involving process outgrowth and synaptogenesis.

However, NPY does not appear to facilitate late stages of neurogenesis. Instead, it appears to
influence proliferation [111]. These data suggest that estrogen, BDNF, and NPY may work in
acomplementary fashion rather than a sequential order. Regardless, it is important to recognize
that manipulations which alter estrogen or BDNF, such as pharmacological treatment, may
have an impact on neurogenesis by changing NPY levels in hippocampus.

3. Non-hippocampal functions—The cascade of estrogen-BDNF-NPY has relevance not
only within the hippocampus, but also outside the hippocampus. Indeed, estrogen, BDNF, and
NPY are all known to play essential roles in amygdala and hypothalamic function, to name
just two CNS areas of many. The implications are schematically illustrated in Figure 6.

The concept diagrammed in Figure 6 is that some of the effects of estrogen that have been
previously attributed to direct effects could be mediated, at least in part, by BDNF and NPY.
For example, the influence of estrogen on appetite is likely to be due to its actions on
hypothalamic neurons. It is possible that estradiol influences BDNF expression in
hypothalamus, and this in turn alters NPY which in turn regulates appetite. This hypothesis
makes inherent sense given the critical role of NPY in appetite control. BDNF also has been
shown to influence feeding behavior, and it may do so by its ability to alter the level of NPY.

Another example is the influence of estradiol on the functions of the amygdala, functions that
relate to aggression, anxiety, fear and emotional behavior. It is possible that estrogen has direct
actions on amygdala neurons that are responsible for these effects because the amygdala is rich
in estrogen-concentrating neurons [22,118]. However, as depicted in Figure 6, it may also act
indirectly, by inducing BDNF. Furthermore, the actions of estradiol that are mediated by its
induction of BDNF could be further modified by subsequent induction of NPY.
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V. Implications for neurological and psychiatric disease

A. Alzheimer’s disease
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As suggested by many investigators, estrogen and neurotrophins such as NGF and BDNF may
be relevant to the etiology of Alzheimer’s disease (AD; [119,120]). Clinical studies have shown
that reduced BDNF may be an early marker of the disease, since both proBDNF and BDNF
decline prior to the end stages of AD. BDNF may be even more important than cholinergic
changes previously thought to predict AD, because the decrease in BDNF precedes changes
in choline-acetyltransferase [121]. There is still more information that is needed however,
because some studies suggest that BDNF actually increases initially, and only declines at a
later time in the progression of the disease [122]. However, the early increase in BDNF was
measured from serum, not brain; studies that have examined brain specifically have shown that
BDNF declines in the temporal lobe at early stages in the disease [123]. This may simply be
due to the fact that serum BDNF does not necessarily reflect brain BDNF levels. Notably, a
decrease in temporal lobe BDNF occurred at times when other areas did not show a decline in
BDNF levels, suggesting that hippocampal BDNF could be critical, in accordance with the
known memory functions associated with temporal structures like hippocampus [123].

The hypothesis that BDNF is implicated in AD has been supported by experimental approaches,
such as exposure of laboratory animals to peptides implicated in AD. It appears that exposure
to amyloid B (AP) inhibits trk signalling by interference with docking proteins like Shc.
Docking proteins are important intermediaries between trk activation and intracellular
signalling pathways. Low levels of A specifically inhibit the ERK and phosphoinositide 3-
kinase (P13K)/Akt arms of BDNF signal transduction [124]. This has led to the suggestion that
impairment of neurotrophin signalling may contribute to AD [124]. BDNF may be the most
important neurotrophin, because BDNF is required to maintain tau in a dephosphorylated state,
and once tau is phosphorylated, AD pathology usually develops [125].

How may estrogen-BDNF interactions relate to AD? Given the decline in BDNF in AD, the
potential specificity of the decline in BDNF to temporal structures like hippocampus, and the
decline in estradiol in women with age (and of course complete loss of serum estradiol after
menopause), one logical hypothesis is that Alzheimer’s disease is due to the reduction of
estrogen-induced BDNF synthesis in hippocampus. Indeed, genetic studies to date do not
provide robust evidence that there is a genetic component (a contribution of BDNF
polymorphisms to the disease [126-130]), suggesting estrogen-BDNF interactions may be
intact, but there simply may be too little estrogen to adequately maintain BDNF levels, leading
to reduced signaling. This hypothesis is supported by the evidence that estradiol administration
restores cognitive function in ovariectomized animals and in animal models of AD [124].

However, continuous estrogen replacement does not appear to be effective in women, not just
in AD but to relieve the symptoms of postmenopausal cognitive decline. Why might this be
the case? There is substantial evidence that estrogen downregulates ERa. in hippocampus
[10,22,25]. Although there are indications that this is not always true [131], and indeed there
may be a redistribution rather than an absolute loss [21,22], this makes it unlikely that estrogen
therapy would continue to be effective. As an alternate approach, rational drug design would
suggest BDNF therapy, not only because of its potential to activate the signaling pathways
normally attributed to estrogen, but it also would avoid the health risks associated with estrogen
therapy [132]. And in contrast to estrogen, BDNF can increase its receptor, at least at low doses
[133], potentially leading to enhanced efficacy. However, high doses of BDNF appear to either
decrease or internalize trkB [133], and moreover might activate p75. Therefore, a low dose of
a trkB ligand like BDNF could provide a promising therapeutic approach for AD. The same
may be true for depression (see below).
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B. Depression

C. Epilepsy

Despite intense research efforts, depression remains a psychiatric disorder defined by a
complex array of contributing factors and potential mechanisms. Notably, several studies have
implicated low levels of BDNF in depression [134,135]. It is also true that women are more
susceptible to depression than men [136,137]. One approach that highlighted the gender
difference well was a study of twins, showing a higher incidence of depression in the female
sibling [138]. In addition to these studies, the susceptibility of women to depression during the
premenstrual period of their menstrual cycle and the syndrome of postpartum depression
suggest a relationship between fluctuations in steroids such as estrogen and depression.

Given the common hypotheses for depression involve the serotonergic or other systems, it can
be argued that there may be little reason to suggest that a defective relationship between
estrogen and BDNF explains depressive illness. Indeed, it may be most relevant to focus on
the dysregulation between stress and serotonin and BDNF [135,139]. Nevertheless, it is also
possible that estrogen regulation of BDNF is relevant, and particularly in hippocampus. Thus,
ERa levels may be decreased in depression. Studies to date have shown that ERa levels appear
to decline in the dentate gyrus in mental disorders, such as schizophrenia [140]. In depression,
amygdala ERa was abnormally low, although the hippocampus was not examined [141]. It is
tempting to speculate that estrogen-dependent induction of BDNF may be defective in
depression. If true, estrogen treatment would be likely to improve depression, and indeed in
certain situations that appears to be the case [142], although it has been suggested that this is
due to an estrogen-induced increase in serotonergic function [143], not BDNF. However, it is
interesting to note that serotonin may positively modulate BDNF [139].

What might be the mechanism for estrogen and BDNF to improve depression by actions in
hippocampus? It might be that hippocampal plasticity and dentate gyrus neurogenesis are key,
as recent studies suggest. Thus, antidepressants are thought to act by increasing dentate
neurogenesis [144]. Plasticity may be required as well [135]. Indeed, BDNF and trkB have
become new targets for the development of novel antidepressant drugs [145].

Estrogen and BDNF, and indeed NPY, have been a focus of considerable attention among
investigators interested in epilepsy because of the long history of studies linking each to
seizures, not only in humans, but in animal models of epilepsy. However, it has been difficult
to understand how each relates to seizures, and it may be because each is typically studied
independently. For example, it has been known for decades that estrogen can be proconvulsant,
but it has also be shown that this is not necessarily the case in all studies, and moreover that
estrogen can be protective.

How can estrogen be proconvulsant (sometimes) and neuroprotective (sometimes)? The
answer may lie in its ability to induce BDNF synthesis and hence NPY expression. Thus,
estrogen may have limited effects on seizure threshold until it induces BDNF gene expression,
and if examined at a time when NPY levels had subsequently increased, estrogen may lead to
neuroprotective effects. However, estrogen-induced effects are examined at the time when
BDNF is elevated, but not yet NPY, proconvulsant effects would be predicted. This prediction
is schematically illustrated in Figure 6.

Figure 7 suggests that BDNF, particularly when increased by estrogen, could lead to seizures.
Indeed, BDNF infusion can lead to seizures, although not universally (possibly because it

induces NPY synthesis). There is now considerable evidence that BDNF increases excitability,
lowers seizure threshold, facilitates epileptogenesis, and is elevated in humans with temporal
lobe epilepsy [146]. Moreover, as shown in Figure 8, an initial seizure that might arise due to

Front Neuroendocrinol. Author manuscript; available in PMC 2007 January 18.



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

1duasnuey Joyiny vd-HIN

Scharfman and MacLusky Page 15

BDNF actions, might initiate positive feedback, because activity increases BDNF synthesis.
One would predict that, were BDNF levels to increase sufficiently, a cycle of repeated seizures
might occur [35].

Estrogen may facilitate this pathway by inducing BDNF synthesis, or it may complement this
pathway by exerting effects that also enhance excitability, independent of BDNF actions
(Figure 8). Thus, it has been suggested that women with epilepsy, who have an increase in
seizures during the periovulatory period of their menstrual cycle (Catamenial Epilepsy, Type
I; [147]) might do so because of the rapid rise in estradiol before ovulation. It is also possible,
although less commonly discussed, that seizures that occur during the perimenstrual period
could be due to an elevation of estradiol, because estradiol does increase during the luteal phase
and this could elevate BDNF. Alternatively, and more widely accepted, is the view that waning
progesterone at the time of menses leads to a disinhibition, and this lack of inhibition leads to
increased seizure frequency [147].

One of the hallmarks of women with epilepsy, and indeed most individuals with epilepsy, is
that they do not have epilepsy all the time. In fact this may be due to inherent control
mechanisms that are able to inhibit the underlying proconvulsant tone. One potential
endogenous brake could be NPY (Figure 8). Thus, estrogen and BDNF may facilitate seizures,
but these seizures eventually stop, and this could be due to the rise in NPY levels induced by
BDNF. This hypothesis has some basis: in the dentate gyrus of rodents with recurrent seizures
(epilepsy), NPY infusion stops seizures [102,148]. In addition. BDNF and NPY are strongly
expressed in the mossy fiber pathway of these animals. This pathway is a major branch of the
trisynaptic circuit that is thought to be the main avenue for seizure propagation in limbic
circuits. Indeed, without it, seizures may not proceed into hippocampus and therefore would
be less likely to generalize. Thus, the expression of BDNF and NPY in the mossy fiber pathway
may modulate seizure propagation. BDNF may promote it, NPY may reduce it. Indeed, BDNF
does appear to facilitate seizure-like activity due to mossy fiber actions in animal models of
epilepsy [149], and in similar epileptic rats NPY is tonically released and inhibits mossy fiber
transmission in rats with chronic seizures [150]. Thus, the cascade of estrogen-BDNF-NPY
may regulate seizures much more than previously considered.

VI. Summary

As detailed in this overview of estrogen and BDNF actions and interaction in hippocampus,
steroid hormone-growth factor interactions are complex not only from the endocrinological
point of view, but also from a neurobiological perspective.. Nevertheless, this is area of
substantial potential importance for understanding normal CNS function and the neurological
and psychiatric disorders that are known to be influenced by steroid hormones. For the example
of estrogen and BDNF in hippocampus, there is evidence for an interrelationship that provides
insight into fundamental mechanisms of hippocampal structure, function, and plasticity.
Whether estrogen action can be explained by an ERE-mechanism and BDNF induction or other
mechanisms, the precise role of “downstream” modulators such as NPY, and how these
principles may be applicable to other parts of the CNS, are questions that can not be definitively
answered at this time. Nonetheless, it is clear that studies of estrogen action, and the studies of
BDNF in hippocampus, which are topics that have largely been examined in isolation in the
past, would greatly benefit from ‘convergence.’
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Figure 1.

Estrogen-BDNF interactions: convergence vs. induction.

A. A schematic illustrates the potential convergence of estrogen- and BDNF-induced signal
transduction. Estrogen may act either on membrane or nuclear receptors, and possibly both.
These receptors are not precisely defined, so their similarity in the diagram is for schematic
purposes only. BDNF acts on either trkB or p75 receptors to activate similar signaling pathways
as estrogen, and major targets include transcription factors that influence growth, survival,
neural plasticity, and learning in hippocampus, as well as other effects. Estrogen and BDNF
may not necessarily act on the same cell, as shown, but cells that are distinct, such as pyramidal
cells and GABAergic interneurons, as well as glia.

B. An alternative to the convergence shown in part A is that estrogen and BDNF interact
directly, because estrogen induces BDNF gene expression, which in turn acts on trkB and p75
to exert its effects. Induction of this kind may occur by an estrogen-sensitive response element
(ERE) on the BDNF gene or by estrogen-induced increase in neural activity that upregulates
BDNF, because BDNF expression is regulated by activity (for further discussion, see text).
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Figure 2.

Neurotrophin receptors and targets of BDNF.

A. The Neurotrophin family includes nerve growth factor (NGF), BDNF, and also neurotrophin
-3 (NT-3) and neurotrophin-4 (NT-4). Receptor specificity exists for trkA, for which NGF is
the specific ligand, and trkC (NT-3 is the ligand), whereas trkB has two potential ligands,
BDNF and NT-4 act. All neurotrophins bind to p75. BDNF is considered the main ligand for
trkB in hippocampus, but the effects of NT-4 may be underestimated because in forebrain
BDNF knockout mice, trkB can still be phosphorylated [236].

B. A schematic illustration of target pathways and molecules of trkB for postsynaptic,
presynaptic, and glial processes. From [237].
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Figure 3.

The expression of BDNF, its receptors, and estrogen receptors in the adult rat dentate gyrus.
A. A schematic illustrates the fundamental circuitry of the dentate gyrus. From [238].

B. The expression of BDNF and its receptors is shown schematically for the granule cell of
the dentate gyrus and neighboring glia. BDNF is thought to be cleaved from its precursor,
proBDNF and then anterogradely transported [36] to dense core vesicles. It may also be located
or trafficked to dendrites under some conditions [37]. ProBDNF may be released and act on
p75 receptors [34]. For further discussion, see text. TrkB FL refers to the full-length receptor;
there also is a truncated receptor (TrkB TK-) that is likely to be associated with glia and
potentially scavenge BDNF. C. The expression of BDNF, its receptors, and the potential
locations of estrogen receptors in a simplified circuit of granule cell and GABAergic
interneurons are illustrated. The GABAergic neurons, which express estrogen receptors may
innervate granule cells. This, and evidence from CA1 studies that estradiol can disinhibit
pyramidal cells [49], has led to the suggestion that estrogen may disinhibit granule cells
indirectly [27]. However, estrogen receptors may be on a subset of interneurons that do not
control granule cell inhibition [26] and even if so, estrogen actions on those GABAergic
neurons may not lead to granule cell disinhibition, because such studies have not been
conducted specifically (see text for further discussion).
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Figure 4.

BDNF expression and physiological changes in hippocampal slices across the estrous cycle of
the adult female rat.

A. Immunocytochemistry using an antibody to BDNF illustrates increased immunoreactivity
in the hilar mossy fibers (arrows) at proestrus and estrus relative to metestrus.

B. Physiological recordings from the CA3 pyramidal cells, targets of the mossy fibers, at
proestrus, estrus, metestrus, and after ovariectomy. The recordings represent responses to hilar
stimuli (at the dots) triggered in pairs (40 msec interstimulus interval). After the 5th pair,
multiple responses (population spikes) occurred in the animals examined on the morning of
proestrus (arrows) or estrus, when BDNF in the mossy fibers was elevated. However, even 10
pairs of stimuli failed to evoke multiple population spikes in animals examined on the morning
of metestrus or after ovariectomy, when BDNF levels were relatively low. From [86].
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Figure 5.

Neuropeptide Y (NPY) changes during the estrous cycle of the adult female rat.

A. A representative section from an adult male rat stained with an antibody to NPY shows
numerous immunoreactive neurons in the hilar region, and additional staining in the outer
molecular layer, reflecting the major axonal projection of these cells.

B. A schematic illustration of the normal location and axonal projections of GABAergic
neurons of the dentate gyrus that co-express NPY. There is strong evidence for their molecular
layer projection and hilar collaterals [29], but less evidence that they directly innervate the
dentate gyrus progenitors (PRE) or mossy fibers. However, NPY exerts robust actions on
progenitors and mossy fiber transmission (see text for further discussion).

C-D. At higher magnification, a comparison is shown of NPY immunoreactivity in the dentate
gyrus of a normal adult female rat that was euthanized on the morning of proestrus (C) relative
to a section processed concurrently from another animal that was euthanized on the morning
of metestrus (D). The arrows indicate increased immunoreactivity in the axon plexus of the
hilar NPY -immunoreactive GABAergic interneurons at metestrus.

E. A schematic illustrates a hypothesis for the changes in excitability of the CA3 pyramidal
cells in response to hilar stimulation during the estrous cycle. Following the proestrus surge
of estradiol, which appears to be followed by an increase in mossy fiber BDNF, which lasts
for the duration of proestrus and at least the morning of estrus (Figure 4; [86]). There is a
subsequent decline in BDNF and elevation in NPY in GABAergic neurons of the dentate hilus.
It is suggested that the elevation in NPY in this interneuronal population limits the ability of
hilar stimulation to produce repetitive activity in CA3 pyramidal cells on the morning of
metestrus (Figure 4). This may be due not just to the hilar NPY neurons, but possibly also the
NPY neurons of area CA3. Together, they potentially release NPY, which decreases glutamate
release from mossy fibers [239,240].
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Figure 6.

Page 34
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A schematic illustration of the potential for estrogen to exert actions via BDNF and NPY.
Although estrogen potentially has direct effects on target structures like the hippocampus, as
well as others such as the amygdala and hypothalamus, some of the effects previously attributed
to direct actions could be due to the ability of estrogen to induce BDNF synthesis. Further
modulation of the effects of BDNF could be due to subsequent induction of NPY expression
by BDNF.
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Figure 7.

The effects of BDNF on seizure threshold and epilepsy.

Given that BDNF can facilitate many different excitatory pathways that can contribute to
seizures, and that other evidence suggests BDNF decreases seizure threshold and in fact can
induce seizures, the diagram shown starts with the hypothesis that BDNF could be
proconvulsant. If so, a positive feedback may develop, because seizures upregulate BDNF
expression. If sufficient, such a positive feedback loop may lead to repeated seizures and
seizure-induced excitotoxicity, the hallmark of temporal lobe epilepsy. In addition, estrogen
may facilitate this, because estrogen induces BDNF gene expression, and this may have
relevance to hormone-sensitive seizures in women with epilepsy (discussed further in the text).
However, because BDNF can induce NPY synthesis, a natural brake on this process is present
normally, and may serve to prevent epileptogenesis, or simply be responsible for the long
interictal periods in many individuals with epilepsy. This hypothesis illustrates the interesting
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implications of steroid hormone-growth factor interactions, but also emphasizes their
complexity.
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Table 1
Convergence of Estradiol and BDNF on similar signaling cascades in hippocampal neurons.

Pathway/target activates Evidence that estradiol activates the target in Evidence that BDNF the target in
hippocampaus hippocampus

MAP kinase [48,151-153] [154]

ERK [48,152] [155,156]

Pl kinase/Akt [157,158] [154]

CaMKIlI [159] [55,160,161]

CREB [41,85,162] [155,156,160,163]

Src/Fyn [153,164] [165]

Examples of signal transduction pathways and mediators that have been shown to be activated by either estrogen or BDNF. For simplicity of presentation,
distinct members of the same pathway are separated to show evidence for multiple steps in each pathway (e.g, MAP kinase, ERK).
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