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PHYSIOLOGICAL EFFECTS OF ESTRADIOL IN THE MOUSE
HIPPOCAMPAL FORMATION
Joanna L. Spencer, Ph.D.

The Rockefeller University 2009

At several points in a woman’s life, changes in circulating estradiol
are associated with disturbances in mood and cognitive function. To
determine the biological basis of these behavioral changes, researchers have
concentrated on the hippocampal formation, a medial temporal lobe
structure involved in the regulation of mood and cognition in humans. It is
now clear that estradiol increases the substrates of hippocampal synaptic
plasticity, including dendritic spine density, synapse density, and synaptic
protein expression. In some cases, these changes are associated with
alterations in mood and hippocampal-dependent learning and memory. The
upstream mediators of these estradiol effects remain unknown, but likely
candidates may be inferred from known regulators of hippocampal synaptic
plasticity and estradiol effects in other tissues.

This thesis explored estradiol activation of two of these candidates,
PI3 kinase/Akt and brain-derived neurotrophic factor (BDNF), in the dorsal

hippocampus of female mice. In naturally cycling and ovariectomized



female mice, estradiol increased hippocampal Akt and BDNF signaling as
determined by immunocytochemistry and in situ hybridization. These
effects were associated with changes in synaptic protein expression, and
required specific estrogen receptor isoforms, as demonstrated using estrogen
receptor knockout mice. Immuno-electron microscopy revealed that
estradiol specifically increased signaling through presynaptic TrkB receptors
in Schaffer collateral and mossy fiber axons. Estradiol effects on Akt
signaling were associated with changes in spatial memory ability, and were
profoundly altered in mice expressing the BDNF variant Val66Met.

This study therefore identifies Akt and BDNF signaling as important
upstream pathways in the control of hippocampal function by ovarian
steroids in vivo. Circulating estradiol activates Akt rapidly through a
BDNF-dependent mechanism, and increases expression of BDNF more
slowly, leading to increased activation of the BDNF receptor TrkB. After
activation, Akt and TrkB may participate in estradiol regulation of spine
synapse density and hippocampal cell excitability. Future studies should
aim to understand the specific role of Akt and BDNF in estradiol modulation

of hippocampal function and behavior.
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Chapter 1

Introduction

In females, the sex hormone estradiol is released by the ovaries into
the circulation, and passes through the blood-brain-barrier to act directly on
the brain to control behavior. Estradiol acts on brain regions controlling
both reproductive behaviors, and non-reproductive behaviors, such as mood
and cognition. One of the most studied of these regions is the hippocampal
formation, a major center for the regulation of cognition and mood in
mammals. This brain region has been implicated in the pathology of many
human neuropsychiatric disorders, including Alzheimer’s disease, age-
related cognitive decline, depression, and bipolar disorder (Small et al.,
2004; deToledo-Morrell et al., 2007; Frey et al., 2007; Maletic et al., 2007).
Estradiol may be an important factor controlling hippocampal function and

susceptibility to these disorders.

Estradiol affects hippocampal function in animals and humans

In rodents and nonhuman primates, the function of the dorsal

hippocampal formation (known as the posterior hippocampal formation in



humans and hereafter referred to as the hippocampal formation) is often
assessed using (among others) tests of spatial learning and memory, which
animals with hippocampal lesions are unable to perform successfully
(Squire, 1992; Packard and McGaugh, 1996; Bannerman et al., 2004; Good
et al., 2007). In humans, the hippocampus is essential for spatial navigation,
and declarative and episodic memory, and its function is often assessed
using tests of verbal recall (Squire, 1992). Studies of laboratory rodents,
nonhuman primates, and humans performing these hippocampal-dependent
tasks have shown that estradiol generally enhances hippocampal function.

Suppression of ovarian function causes a decrement in hippocampal-
dependent learning and memory, suggesting that endogenous estradiol
maintains hippocampal function. For example, in rats, ovariectomy impairs
object recognition memory, and estradiol replacement corrects this deficit
(Luine et al., 2003; Wallace et al., 2006). Similarly, ovariectomy impairs
performance of rats on the hippocampal-dependent active avoidance
paradigm, a deficit corrected by 5 weeks of estradiol replacement (Singh et
al., 1994). Young adult women given a gonadotropin releasing hormone
agonist to suppress ovarian function exhibit verbal memory deficits that can
be corrected with estradiol replacement (Sherwin and Tulandi, 1996;

Berman et al., 1997).



Evidence that the estradiol enhancement of these tests indeed
represents direct effects on hippocampal function comes from studies
showing enhanced performance with estradiol infusion directly into the
hippocampus, but not other brain regions (Packard and Teather, 1997b;
Zurkovsky et al., 2006). Estradiol’s ability to enhance performance on
hippocampal-dependent learning and memory tasks in female rats (Daniel et
al., 1997; Luine et al., 1998; Korol and Kolo, 2002; Sandstrom and
Williams, 2004; Frye et al., 2007), mice (Li et al., 2004; Xu and Zhang,
2006), and rhesus monkeys (Lacreuse et al., 2002; Rapp et al., 2003a) may
be due in part to an improvement in memory consolidation, because
estradiol treatment immediately after training on spatial memory tasks still
enhances performance on subsequent test trials (Packard and Teather, 1997a;
Luine et al., 2003; Gresack and Frick, 2006).

Natural fluctuations in circulating estradiol also affect performance on
hippocampal-dependent tasks. In female rats, spatial memory fluctuates
across the estrous cycle, with the best performance during proestrus when
circulating estradiol is high (Korol et al., 2004; Frye et al., 2007). In
women, some studies have found that verbal memory and hippocampal
activation fluctuate across the menstrual cycle and correlates positively with

serum estradiol levels (Rosenberg and Park, 2002; Sherwin, 2003; Dreher et



al., 2007; Protopopescu et al., 2008). This suggests that natural increases in
circulating estradiol also enhance hippocampal function in rodents and
humans.

In addition to the large literature suggesting that estradiol enhances
hippocampal function, some studies have found impaired learning and
memory with increased circulating estradiol. In one such study,, rats
showed impaired spatial learning in the Morris water maze task during
proestrus (Warren and Juraska, 1997). Spatial abilities were also impaired in
women during the midluteal phase of the menstrual cycle (high circulating
ovarian steroids) relative to the menstrual phase (low circulating steroids)
(Hampson, 1990). From estradiol replacement studies it is clear that many
factors govern how estradiol will influence learning and memory, including
the treatment paradigm and the specific demands of the cognitive task

(Frick, 2009).

Estradiol enhances hippocampal synaptic plasticity

The discovery that estradiol enhances hippocampal function pointed

to the possibility that it might directly affect hippocampal synaptic plasticity.



Synaptic plasticity includes experience-dependent modifications that are
increasingly implicated in learning and memory. These include structural
modifications of spine synapses, electrical long-term potentiation, and
increased expression of key synaptic proteins (Engert and Bonhoeffer, 1999;
Muller et al., 2000; Whitlock et al., 2006; Yashiro and Philpot, 2008; Costa-
Mattioli et al., 2009). Indeed, estradiol targets all of these forms of synaptic
plasticity.

Spine structure modification. In female rats, ovariectomy decreases
the density of dendritic spines in the CA1 stratum radiatum of the
hippocampus, an effect rescued by 72 hours of estradiol replacement (Gould
et al., 1990; Woolley et al., 1990; Woolley and McEwen, 1992). Estradiol
also increases spine density in rat primary hippocampal neurons in culture,
where 48 hours of exposure to 0.1 ug/mL estradiol doubles the dendritic
spine density (Murphy and Segal, 1996). A similar fluctuation of spine and
synapse density also occurs across the estrous cycle: rats in proestrus (high
circulating estradiol) show 30% higher spine densities in the CA1 region
than rats in estrus (low circulating estradiol) (Woolley et al., 1990).
Proestrus rats also have a higher proportion of spines with large heads, or
“mushroom” shapes (Gonzalez-Burgos et al., 2005). In mice, estradiol

treatment increases the density of these mushroom spines in the CA1 stratum



radiatum (Li et al., 2004). Mushroom spines have a larger head,
accommodating larger and more complex post-synaptic densities (Bourne
and Harris, 2008). They are widely considered to be functionally stronger
and more stable than other spine types, and their density increases with
learning (Tada and Sheng, 2006; Hongpaisan and Alkon, 2007; Bourne and
Harris, 2008). The effects of estradiol on total and mushroom spine density
suggest that it facilitates both the formation of new spine synapses, and the
strengthening of existing connections. Indeed, electron microscopy studies
showed that estradiol does indeed increase synapse density, measured as an
increase in excitatory-type synaptic contacts and multi-synaptic boutons, in
female rats (Woolley and McEwen, 1992; Woolley et al., 1996). Estradiol
also enhances ultrastructural correlates of synapse strength, including
postsynaptic density thickness and synaptic vesicle number, in the CA1 of
female mice (Xu and Zhang, 2006).

Excitability and long-term potentiation. The first report on the
modulation of hippocampal electrical activity by ovarian steroids was
published almost forty years ago, describing electrical changes in the limbic
system across the estrous cycle of the female rat (Terasawa and Timiras,
1968). Since then, other groups have demonstrated that estradiol increases

hippocampal excitability in the rat (Kim et al., 2006; Scharfman and



MacLusky, 2006; Smith and McMahon, 2006). Estradiol also enhances
long-term potentiation (L'TP) in awake rats (Cordoba Montoya and Carrer,
1997) and cultured hippocampal slices (Foy et al., 1999; Foy et al., 2008).
Across the estrous cycle, hippocampal excitability and LTP at CA3-CA1l
synapses are enhanced during proestrus compared to other cycle stages in
anesthetized female rats (Warren et al., 1995; Good et al., 1999; Scharfman
et al., 2003). Together, these findings suggest that both physiological and
pharmacological increases in circulating estradiol increase hippocampal
excitability and enhance long-term potentiation in female rats.

Synaptic protein expression. Excitatory synapses on hippocampal
pyramidal cells contain a host of specialized synaptic proteins important for
synaptic function. At the postsynaptic side, these include the scaffolding
protein PSD-95 and actin-binding protein spinophilin, both involved in
activity-dependent spine synapse dynamics (El-Husseini et al., 2000; Feng et
al., 2000; Ehrlich et al., 2007). Presynaptically, synaptophysin is a synaptic
vesicle protein commonly used to localize synapses and implicated in spatial
memory ability (Smith et al., 2000; Valtorta et al., 2004), and syntaxins are a
family of SNARE proteins involved in synaptic vesicle release. Estradiol
has been shown to increase the expression of these proteins in mice, rats, and

nonhuman primates. Forty-eight hours of estradiol treatment increases



immunoreactivity for all four synaptic proteins in the rat hippocampus
(Brake et al., 2001; Lee et al., 2004b; Waters et al., 2006). In mice, six days
of estradiol treatment increases PSD-95, spinophilin, and syntaxin
expression in all hippocampal subregions (Li et al., 2004). One month of
estradiol treatment increases synaptophysin, syntaxin, and spinophilin
expression in the CA1 strata radiatum and oriens of ovariectomized female
rhesus monkeys (Choi et al., 2003). Estradiol likely acts directly on neurons
to increase the expression of these synaptic proteins, since estradiol
treatment increases PSD-95 expression in the NG108-15 neuroblastom cell
line in vitro (Akama and McEwen, 2003).

Neurotransmitter systems. NMDA receptors are ubiquitously found at
excitatory synapses. They are essential for long-term potentiation and
learning-induced dendritic spine dynamics (Miyamoto, 2006; Fedulov et al.,
2007). Ovariectomy causes a decrease NMDA receptor binding and
expression of the NR1 and NR2B receptor subunits in the rat hippocampus
(Cyretal., 2001b; Cyr et al., 2001a), and estradiol replacement increases
these measures (Weiland, 1992a; Gazzaley et al., 1996; Woolley et al., 1997,
Romeo et al., 2005). Estradiol’s effects on NMDA receptors may be
important for it to increase dendritic spine density and LTP, as both these

effects are blocked by NMDA receptor antagonists (Woolley and McEwen,



1994; Smith and McMahon, 2006). Estradiol also modulates inhibitory
inputs in the hippocampus, inducing a transient decrease in GABAergic
inhibition followed by a recovery of the inhibition and an increase in GAD
expression (Weiland, 1992b; Murphy et al., 1998; Rudick and Woolley,
2001). The effects of estradiol on GABAergic transmission may be specific
to different subtypes of GABAergic neurons (Nakamura and McEwen,
2005; Scharfman and Maclusky, 2006; Hart et al., 2007; Nakamura et al.,
2007). Finally, estradiol enhances cholinergic transmission by acting
directly in the hippocampus and also on hippocampal afferents originating in
the basal forebrain (Gibbs et al., 1994; Gibbs, 1997; Daniel and Dohanich,
2001; Marriott and Korol, 2003; Rudick et al., 2003). Cholinergic
transmission is essential for estradiol to enhance hippocampal-dependent
memory (Daniel and Dohanich, 2001).

In sum, estradiol enhances hippocampal synaptic plasticity in multiple
domains. Its effects on dendritic spine dynamics, electribal activity, and
protein expression in neurons serve to augment hippocampal cell excitability
in general, and to enhance specific activity-dependent modifications. These
effects may underly estradiol’s ability to enhance hippocampal-dependent
learning and memory. They may also underly the estradiol impairment of

learning and memory seen in several studies. Experimenter-induced



synaptic potentiation and increased synapse density, similar to to effect of
estradiol, can occlude subsequent hippocampal-dependent learning
(Madronal et al., 2007; Barbosa et al., 2008). Indeed, the relationship
between spine shape and hippocampal function is not always
straightforward: mice missing the postsynaptic scaffolding protein Shank
have smaller spines and weaker synaptic transmission, but better hippocapal-
dependent learning (Hung et al., 2008).

Although most of the studies of estradiol effects on hippocampal
synaptic plasticity were conducted in female rats, conservation of estradiol
effects on synaptic protein expression in mice, rats, and nonhuman primates
raises the possibility that they are also conserved in humans. This possible
human relevance increases the urgency of determining how estradiol

signaling leads to its enhancement of synaptic plasticity.

Estradiol acts on estrogen receptors via nuclear- and membrane-

intiated signaling

Numerous studies have provided evidence that estradiol effects in the

hippocampal formation depend on estrogen receptors (ERs). For example,

pharmacological ER antagonism blocks estradiol-mediated pyramidal cell

10



disinhibition and spinogenesis in the rat hippocampus (McEwen et al., 1999;
Rudick et al., 2003). There are two types of classical ER, alpha and beta,
which are expressed in the mouse, rat, and monkey hippocampal formation
(Shughrue et al., 1997; Weiland et al., 1997; Register et al., 1998; Mitra et
al., 2003). Knockout of either receptor in female mice impairs hippocampal-
dependent learning (Fugger et al., 2000; Rissman et al., 2002; Day et al.,
2005), and both have been implicated in hippocampal spinogenesis and
synaptic protein expression (Szymczak et al., 2006; Mukai et al., 2007;
Spencer et al., 2008). Nevertheless, these receptors may activate distinct
mechanisms. Knockout of ER beta impairs LTP (Day et al., 2005), while
knockout of ER alpha but not ER beta eliminates estradiol’s ability to
increase spinophilin expression (Spencer et al., 2008). Much work remains
to discover the distinct actions of each estrogen receptor in the hippocampal
formation, and which actions are necessary for estradiol’s effects on
hippocampal function. The distinction between the roles of ER alpha and
ER beta will be especially important as laboratory work is translated to
clinical studies. ER alpha and beta have different expression profiles
throughout the body and in the brain that will be important in considering
the efficacy and side effects of estrogenic agents (Shughrue et al., 1997;

Shang and Brown, 2002).

11



Estrogen receptors engage in two modes of signaling: nucleus- or
membrane-initiated steroid signaling (Levin, 2005; Hammes and Levin,
2007; Vasudevan and Pfaff, 2007). In nucleus-initiated signaling,
cytoplasmic ERs bound to estradiol translocate to the nucleus and bind
estrogen response elements (EREs) in the DNA to influence gene
transcription (Hammes and Levin, 2007). In membrane-initiated signaling,
extranuclear estrogen receptors affiliated with the plasma membrane or
membranous organelles couple to G proteins, growth factor receptors, and
intracellular kinases to activate signaling events (Pedram et al., 2006b;
Hammes and Levin, 2007; Pedram et al., 2007). The resulting signaling
cascades can act on transcription factors to affect gene transcription, or
effect more rapid changes independent of new gene transcription (Levin,
2005; Mannella and Brinton, 2006; Pedram et al., 2006a).

Very few nuclear ERs are found in the hippocampal formation. Work
in the McEwen laboratory has shown that nuclear estradiol binding and ER
alpha-immunoreactivity is found in scattered inhibitory GABAergic
interneurons in the rat hippocampal formation (Loy et al., 1988; McEwen
and Milner, 2007). In contrast, neurons in the rat hippocampal formation
contain no detectable nuclear ER beta, although some can be found in

astrocytes (Azcoitia et al., 1999; Milner et al., 2005). This suggests that

12



estradiol may modulate GABAergic neurotransmission and astrocyte
function through nucleus-initiated signaling.

The near-absence of nuclear ER alpha and beta in pyramidal cells, the
principal excitatory neurons in the hippocampal formation, suggests that
estradiol may signal through membrane-associated receptors in these cells.
Indeed, estradiol binding and ultrastructural studies from the McEwen lab
and others have identified extranuclear estrogen receptors in neurons of the
rat hippocampal formation (Shughrue and Merchenthaler, 2000; Milner et
al., 2001; Mitra et al., 2003; Kalita et al., 2005; Milner et al., 2005; Milner et
al., 2008). Electron microscopy studies have revealed distinct distributions
of the two receptor subtypes: ER alpha is found mostly in axons and axon
terminals and to a lesser degree in dendritic spines, while extranuclear ER
beta is mainly affiliated with the membrane of somata and dendrites of
principle cells (McEwen and Milner, 2007). These different distributions
indicate that ER subtypes may play different roles in the maintenance of
hippocampal function.

Several pieces of evidence suggest that membrane-initiated signaling
mediates estradiol effects on hippocampal function. First, many estradiol
effects on signal transduction and synaptic potentiation in hippocampal

neurons occur too quickly to be mediated by nucleus-initiated signaling.

13



The effects of estradiol on gene transcription are visible 12-24 hours after
hormone exposure (Vasudevan et al., 2001; Gottfried-Blackmore et al.,
2007), while signaling pathway activation can be measured from 15 minutes
through six hours of continuous estradiol exposure (Akama and McEwen,
2003; Abraham et al., 2004; Lee et al., 2004a; Yuen, 2006; Fernandez et al.,
2008). In keeping with these rapid effects, estradiol enhancement of spatial
memory can be achieved by administration immediately, but not two hours,
after training, suggesting a rapid effect of the hormone on memory
consolidation during this narrow two-hour time window following training
(Packard and Teather, 1997a; Luine et al., 2003; Gresack and Frick, 2006).
In addition, estradiol increases PSD-95 and spinophilin expression through a
post-transcriptional mechanism, suggesting the involvement of membrane-
initiated signaling (Piva et al., 1995; Quinones-Jenab et al., 1997; Akama
and McEwen, 2003; Lee et al., 2004b). Finally, compounds designed as
antagonists at nuclear ERs have in fact shown some estrogenic properties in
the brain. For example, the estrogen receptor antagonist ICI 182,780 acts as
an agonist to enhance spatial learning when infused directly into the
hippocampus of female rats (Zurkovsky et al., 2006). Low doses of 17-
alpha estradiol, an isomer of the natural 17-beta estradiol, have no effect on

lipid metabolism or uterine weight but rapidly enhance spatial memory and

14



increase CA1 spine synapse density in ovariectomized rats within four hours
of subcutaneous injection (Lundeen et al., 1997; MacLusky et al., 2005).
This evidence suggests that these compounds act through mechanisms other
than the classical nucleus-initiated signaling to achieve these effects in the
brain.

The evidence gathered therefore points to both rapid and delayed
effects of estradiol in different hippocampal cell types, with an emphasis on
the importance of extranuclear ERs in hippocampal pyramidal cells. In
addition to the classical ERs alpha and beta, novel membrane ERs such as
the ER-X, (Toran-Allerand et al., 2002) and the G-protein receptor, GPR30
(Bologa et al., 2006), may participate. Thus it is clear that many questions
still remain in the investigation of how estradiol affects hippocampal

function.

Mechanism of estradiol enhancement of hippocampal synaptic plasticity

Because of the numerous types of ER and their multiple modes of

signaling, the mechanism of estradiol enhancement of hippocampal function

is undoubtedly complex. Elucidation of the key upstream mediators will be

an important step toward understanding this process. Studies conducted
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mostly in cultured hippocampal neurons have identified several candidate
mediators, including the extracellular signal-related kinase (ERK) pathway,
phosphoinositol-3-kinase (PI3K) pathway, and brain-derived neurotrophic
factor (BDNF).

ERK and CREB. Estradiol treatment leads to activation of the cyclic
AMP response element binding protein in the dorsal hippocampus of female
rats and mice (Bi et al., 2001; Abraham et al., 2004; Zhou et al., 2005). In
cultured primary and immortalized neurons, estradiol activates CREB via
the ERK pathway (Wade and Dorsa, 2003; Lee et al., 2004a; Mannella and
Brinton, 2006; Szego et al., 2006). This mechanism may also operate in
vivo, as estradiol rapidly activates ERK in the mouse hippocampus, and
ERK?2 activation fluctuates across the estrous cycle in female rats (Bi et al.,
2001; Fernandez et al., 2008). The importance of the ERK pathway in
synaptic plasticity and memory (Sweatt, 2004) suggest that estradiol
activation of MAPK/CREB may be responsible for some of its effects on
hippocampal synaptic plasticity and behavior. CREB phosphorylation has
been implicated in estrogen-induced spine formation and upregulation of
synaptic protein expression in primary cultured hippocampal neurons

(Murphy and Segal, 1997; Zhao et al., 2005). Moreover, hippocampal
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infusion of an ERK inhibitor blocks estradiol enhancement of an object
recognition task in female mice (Fernandez et al., 2008).

PI3K/Akt. The PI3Ks are a family of protein kinases implicated in a
wide array of neuronal functions, including cell survival and long-term
potentiation (Sanna et al., 2002; Sui et al., 2008; Yang et al., 2008). They
catalyze the phosphorylation of phosphoinositols to form signaling
intermediates such as phosphatidylinositol-3.4,5-triphosphate (PIP3). The
formation of these intermediates leads to activation of several serine-
threonine kinases including Akt (also known as Protein Kinase B). The
well-known role of Akt in cell survival has led several investigators to
hypothesize and demonstrate the importance of this pathway in estradiol-
mediated neuroprotection (Du et al., 2004; Suzuki et al., 2006; Morissette et
al.,2007). More recently, the McEwen lab and others have begun to
elucidate a specific role for Akt in estradiol regulation of spine synapse
remodeling and synaptic protein expression. Estradiol activates Akt in the
NG108-15 neuroblastoma cell line, and PI3K/Akt signaling in these cells is
important for estradiol induction of PSD-95 expression (Akama and
McEwen, 2003; Yuen, 2006). This induction occurs rapidly via an increase
in protein translation. Estradiol also activates Akt in the CA1 stratum

radiatum of the rat hippocampus. Immunoreactivity for phosphorylated Akt
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(pAkt), the activated form, increases in the CA1 stratum radiatum of
proestrus and estradiol-replaced rats relative to ovariectomized rats and rats
in other estrous cycle stages (Znamensky et al., 2003).

BDNF/TrkB. BDNF, part of the neurotrophin family, is a peptide
critical for neuronal differentiation, growth, and survival in the developing
nervous system. In the adult hippocampus, BDNF supports protein-
synthesis-dependent L'TP, spine structure modification, and memory (Kang
and Schuman, 1995; Messaoudi et al., 2002; Bekinschtein et al., 2008;
Tanaka et al., 2008). The numerous similarities between the effects of
estradiol and BDNF on hippocampal physiology and behavior have led
several investigators to hypothesize a role for BDNF in estrogen effects on
this brain region (Scharfman et al., 2003; Scharfman and Maclusky, 2005,
2006; Sohrabji and Lewis, 2006). Estradiol increases BDNF mRNA and
protein expression in the hippocampus of ovariectomized rats (Gibbs, 1998;
Jezierski and Sohrabji, 2001; Scharfman et al., 2003; Zhou et al., 2005;
Scharfman et al., 2007). In addition, levels of BDNF mRNA and protein
fluctuate across the estrous cycle in female rats (Gibbs, 1998), with the
highest protein expression during proestrus (Scharfman et al., 2003;

Scharfman et al., 2007).
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There are several possible mechanisms by which estradiol may
increase BDNF expression. A putative ERE has been identified in the rat
BDNF gene (Sohrabji et al., 1995), whose sequence is preserved in mouse
and human, that binds estrogen receptor-ligand complexes in vitro.
Estradiol could in this way activate transcription of the BDNF gene in
hippocampal interneurons containing nuclear ERs. In hippocampal
pyramidal cells that do not contain nuclear ERs, estradiol activation of
another transcription factor could increase BDNF expression. One
possibility is the cyclic AMP response element binding protein (CREB),
which is phosphorylated by estradiol in hippocampal neurons (Abraham et
al., 2004; Lee et al., 2004a; Szego et al., 2006). CREB activates
transcription at cyclic AMP response element (CRE) sites in DNA, one of
which is contained in the BDNF promoter region (Tao et al., 1998).
Estradiol activation of CREB via membane-associated ERs could therefore
activate BDNF gene transcription via its CRE site.

BDNF signals through high-affinity interaction with its specific
receptor, tropomyosin-related kinase B (TrkB), and low-affinity interaction
with the P75 neurotrophin receptor (P7SNTR). Activation of TrkB is
involved in spatial memory formation in rats (Mizuno et al., 2003a), raising

the plausible hypothesis that TrkB signaling may mediate the effects of E-
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induced BDNF expression on spatial memory. In addition, signaling
through TrkB leads to Akt activation (Chao, 2003; Schratt et al., 2004), and
postsynaptic knockout of TrkB decreases a mature subset of spines in the
mouse hippocampal CA1 region (Chakravarthy et al., 2006), suggesting that
TrkB activation could amplify estrogen effects on Akt activation and
facilitate spine maturation. Indeed, a few reports provide evidence for TrkB
signaling as a mediator of estradiol effects in the brain. In rat hippocampal
slices, TrkB inhibitors block the estradiol-mediated increase in hippocampal
excitability, PSD-95 expression, and dendritic spine formation (Scharfman
et al., 2003; Sato et al., 2007). Taken together these findings demonstrate
that in the female rat, estradiol increases BDNF expression, and that BDNF
signaling through TrkB may contribute to estradiol enhancement of

hippocampal synaptic plasticity.

Rodent models

Most of the in vivo research on the mechanism of estradiol effects in

the hippocampal formation has been conducted in rats. Despite the

historical utility of the rat for these investigations, the mouse is an attractive

model for in vivo work because of the ease of genetic manipulation, which
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affords opportunities for direct mechanistic investigation. For example, one
group investigated the importance of ERs in CREB activation using estrogen
receptor knockout mice. They found that ER beta, but not ER alpha,was
necessary for estradiol to activate CREB in the CA1 stratum radiatum
(Abraham et al., 2003). Despite the clear utility of these knockout mice, and
the easy availability of many other mouse models with useful genetic
manipulations, few investigators currently study estradiol effects in the
mouse hippocampus.

Previous work has uncovered a few differences in the effects of
estradiol in rat and mouse that may inhibit investigators from crossing
species. For example, while estradiol increases synaptic protein expression
most potently in the CA1 region of the rat hippocampus, it induces a
widespread increase in synaptic protein expression throughout the mouse
hippocampal formation (Brake et al., 2001; Li et al., 2004). Additionally,
although estradiol increases the total dendritic spine density in the rat (Gould
et al., 1990; Gonzalez-Burgos et al., 2005), it increases only the density of
“mushroom” shaped spines in the mouse CA1 (Li et al., 2004). Finally, in
the dentate gyrus, neurogenesis increases after estradiol treatment in the rat,

but not the mouse (Lagace et al., 2007; Galea, 2008).

21



Though these mouse/rat differences in estradiol sensitivity may be
real and important, the many similarities in estradiol effects on spine shape,
synaptic protein expression, spatial memory, and ERK/CREB activation
suggest that the mechanisms of estradiol effects may be similar in mouse
and rat. Akt and BDNF are therefore very promising candidate mediators of
estradiol effects in mice based on their sensitivity to estradiol in both
hippocampal culture and rat hippocampus in vivo. I set out to investigate
whether these two molecules are affected by estradiol in the mouse

hippocampal formation.

Study design

In rats, estradiol effects on hippocampal Akt and BDNF have been
seen with natural increases in circulating estradiol during proestrus, and with
estradiol injection after ovariectomy (Scharfman et al., 2003; Znamensky et
al., 2003; Scharfman et al., 2007). The primary goal of the work in this
thesis was to understand the effects of estradiol on Akt and BDNF in the
mouse hippocampal formation. Both naturally cycling and ovariectomized
mouse models were used to investigate the effects of natural and

pharmacologic increases in circulating estradiol. Akt activation, BDNF
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expression, and TrkB expression and activation were measured in the dorsal
hippocampal formation using immunocytochemistry and in situ
hybridization. The relationship of estradiol effects on Akt and BDNF
signaling to downstream effects on expression of the synaptic protein, PSD-
95, was determined using immunocytochemistry. The studies took
advantage of pre-existing transgenic mouse lines to explore the mechanisms
of estradiol effects on these endpoints. Mice with targeted deletions of each
receptor were used to determine role of estrogen receptors alpha and beta in
these effects using. Electron microscopy was used to study the
ultrastructural details of estradiol effects on TrkB activation. In the final
study, I considered how a common human polymorphism in the BDNF gene,
Val66Met, affects cognitive behavior and the natural fluctuation of these

molecular endpoints across the estrous cycle.
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Chapter 2

A murine model to study estradiol effects in the hippocampus

C57B1/6] mice were chosen for all the following studies based on
their common use for the back crossing of transgenic lines. For the most
complete study of estradiol effects in the hippocampal formation, studies
were designed using both naturally cycling mice and ovariectomized mice
replaced with estradiol. However, there were no papers in the literature with
a detailed description of the characteristics of the estrous cycle in this mouse
strain. This was therefore the necessary starting place to be able to
meaningfully study estradiol effects in the mouse hippocampal formation.
For a detailed characterization of the estrous cycle in these mice, cycles were
monitored for several weeks using vaginal smear cytology. The mice were
then sacrificed in difference estrous cycle stages for measurements of uterine
weights and circulating levels of estradiol and progesterone.

In addition to the characteristics of the estrous cycle, the location of
estrogen receptors in the hippocampal formation is essential information in

order to draw conclusions about how estradiol affects this brain region. The
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first localization of estrogen receptors in the mouse hippocampus, using light
microscopy, suggested similarities with the rat (Mitra et al., 2003).
Extensive extranuclear ER beta was found, most notably in fibers in the CA1
stratum radiatum and CA3 stratum lucidum. In contrast, extranuclear ER
alpha was light and not easily discernable using light microscopy, but
scattered nuclear ER alpha was found throughout the hippocampal formation
that could indicated expression in interneurons, similar to the rat. In order to
make more meaningful comparisons between the species, I collaborated with
Dr. Teri Milner and Katherine Mitterling at Weill Cornell Medical College
to perform an ultrastructural localization of ERs alpha and beta in the mouse

hippocampal formation.

C57BL/6J mice have regular cycles with predictable hormone levels and

uterine weights

The mice had uniform estrous cycles with an average length of 6.1 +/-
0.30 days (Figure 2.1). Mice spent an average of 1.1 days in proestrus, 2.5
days in estrus, and 2.5 days in diestrus. Uterine weights and plasma
hormone measurements were conducted on mice sacrificed in proestrus,

estrus, and early or late diestrus, termed diestrus 1 and diestrus 2.
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Components of the Estrous Cycle
In C57BL6 Laboratory Mice

P
11

days
* *
total cycle length 6.1 days

Figure 2.1 C57Bl/6J mice have regular estrous cycles. The C57BL6
female mice used in this study had regular, 6.1-day estrous cycles. As
assessed by daily morning vaginal smears, 1.1 days (18%) of the cycle were
spent in proestrus, 2.5 days (41%) in estrus, and 2.5 days (41%) in diestrus.
Mice perfused as indicated with arrows in proestrus, early estrus, diestrus 1
and diestrus 2 for uterine weight and serum ovarian steroid measurements.

Error bars show standard error of the mean.

Estradiol levels peaked during proestrus, and were low in all other stages
(Figure 2.2). In contrast, progesterone levels rose during estrus and
remained elevated until diestrus 2. Because of the large variation in
circulating hormone levels across the cycle, circulating estradiol and

progesterone averages are pictured as a schematic.
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Figure 2.2 Hormone levels and uterine weights fluctuate across the
mouse estrous cycle. Average plasma estradiol and progesterone levels are
shown as a schematic, due to the large amount of variation among animals,
while uterine weights are shown with error bars as standard error of the
mean. Uterine weights were significantly increased in proestrus compared
to all other cycle stages. N = 3 for diestrus 2, 6 for proestrus, 5 for estrus,

and 5 for diestrus 1.

One-way ANOVA comparing uterine weights showed that uteri were
significantly heavier in proestrus than in other cycle phases (Figure 2.2; F
(3,15) =7.793, p = 0.0023, post-hoc tests show proestrus greater than all

other groups, p<0.05).
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The mouse hippocampal formation contains extranuclear ERs

ERs alpha and beta were localized using isoform-specific antibodies
with light and electron microscopy. The specificity of the ER antibodies has
previously been confirmed using more than one method for each antibody
(see Chapter 8, Materials and Methods). Specificity was not tested in ER
knockout mice, as these mice were created using targeted disruptions of the
ER genes and express some nonfunctional ER peptides that the antibody
may recognize.

ER alpha and beta labeling was found almost exclusively outside the
nucleus. Light microscopy revealed a few scattered pyramidal cell nuclei
with ER alpha labeling, and electron microscopy revealed some ER beta
labeling within principal cell perikarya. The electron microscopic
localization revealed extensive extranuclear ER alpha and beta
immunoreactivity (ir), with differences in the distribution of the two

receptors (Tables 2.1 and 2.2).
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TABLE 1. Distribution of ERa-Immunoreactive Profiles in the Hippocampal Formation
Hippocar.npal Dendritic Dcn.dritic Axons Terminals Glia Unknown
subregion shafts spines
(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)
CAl
SO 1.00 1.50 217 1.67 2.25 1.50
SR (proximal) 1.00 1.92 2.67 1.58 2.08 1.50
SR (distal) 0.67 1.75 242 1.33 242 1.58
SLM 0.67 0.67 242 1.00 2.25 1.25
CA3
SO 0.50 2.17 233 1.33 1.08 0.00
SR 0.25 1.33 1.83 1.08 0.75 0.00
Slu 0.25 0.75 358 0.50 1.00 0.08
DG
OML 0.08 1.33 1.33 1.08 1.17 0.75
MML 0.67 092 0.75 1.00 2.08 0.33
IML 0.33 0.67 1.25 042 1.75 0.33
HIL 0.17 0.67 2.67 0.75 1.75 0.08
SGZ 0.33 0.50 1.83 0.83 1.83 0.17

Table 2.1 Distribution of ER alpha-immunoreactivity in the mouse
hippocampal formation. ER alpha-labeled profiles were counted from a
2,646 um’ area in each hippocampal lamina of 12 male and female mice.
Numbers represent the average number of each type of labeled profile in

each lamina per mouse.
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TABLE 2. Distribution of ERB-Immunoreactive Profiles in the Hippocampal Formation

Hlppocal:npal Dendritic Denflntu: Axons Terminals Glia Unknown
subregion shafts spines
(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)

CAl

SO 333 5.00 4.17 2.33 5.25 0.75

SR (proximal) 392 292 333 1.42 442 0.92

SR (distal) 358 358 3.00 1.58 492 042

SLM 3.00 1.25 242 1.33 5.17 0.92
CA3

SO 2.83 242 3.33 0.67 6.00 0.08

SR 208 233 325 0.83 4.17 0.00

Slu 2.17 1.25 4.08 0.67 225 0.00
DG

OML 2.50 142 2.75 1.00 425 0.58

MML 2.58 1.00 2.33 1.25 5.00 0.58

IML 3.08 1.08 292 0.83 4.33 0.67

HIL 1.50 0.50 3.08 1.75 3.67 0.58

SGZ 1.83 0.83 242 1.17 3.75 1.08

Table 2.2 Distribution of ER beta-immunoreactivity in mouse
hippocampal formation. ER beta-labeled profiles were counted from a
2,646 um’ area in each hippocampal lamina of 12 male and female mice.

Numbers represent the average number of each type of labeled profile in

each lamina per mouse.

Both ERs were found at synapses, including postsynaptic dendritic spines
and presynaptic axon terminals (Figures 2.3 and 2.4). ER alpha was very
prominent in axons and glia, and less prominent in dendrites. Dendritic ER

beta-ir was much more common than dendritic ER alpha-ir. ER beta was

also abundant in axons and glial profiles.
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Figure 2.3 Extranuclear ER alpha-ir in mouse hippocampal formation.
ER alpha immunoreactivity is found in select dendrites, axons, terminals,
and glia in males and female mice at all stages of the estrus cycle. (A) ER
alpha labeling is seen in a dendritic shaft at the base of a spine (ERa-S;
arrowhead) in the middle molecular layer of the dentage gyrus. (B) An ER
alpha-labeled dendritic spine is shown making a synapse (curved arrow)
with an unlabeled terminal (uT) in CA1 stratum radiatum. An unlabeled
spine is also shown (uS). (C) An ER alpha-labeled terminal (ERa-T;
arrowhead) is shown making a synapse with an unlabeled dendritic spine
(curved arrow) in CA3 stratum oriens. (D) ER alpha labeling is shown in a
longitudinal view of an unmyelinated axon (ERa-A) in CA3 stratum
radiatum. An unlabeled axon (uA) is also shown for comparison. (E) ER
alpha labeling is found in an unmyelinated axon leading to an unlabeled
terminal in CA3 stratum lucidum. (F) ER alpha labeling was also found in a
myelinated axon (ERa-mA,; arrowhead) in CA3 stratum oriens. G. An ER
alpha-labeled glia (ERa-g) is found apposed to an unlabeled dendritic spine

and an unlabeled terminal in CA1 stratum radiatum. Scale bar, 0.5 um.
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Figure 2.3
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Figure 2.4 Extranuclear ER beta-ir in mouse hippocampal formation.
(A) ER beta labeling is seen throughout the perikarya (arrowhead) in CA1
stratum radiatum. Inset shows labeling at a higher magnification (Scale bar,
250 nm). (B) An ER beta-labeled spine (ERb-S) of an unlabeled dendrite
(uD) makes a synapse with an unlabeled terminal (uT) in CA1 stratum
oriens. (C) ER beta labeling is found in a dendrite (ERb-D), both in the
cytoplasm (black arrowhead) and on a mitochondrion (white arrowhead), in
CAL1 stratum radiatum. (D) ER beta labeling is found in a glia (ERb-g) in
CALl stratum radiatum. Scale bar, 250 nm. (E) An ER beta-labeled terminal
(ERb-T; arrowhead) is shown making a synapse with an unlabeled spine
(uS; curved arrow) in CAL stratum radiatum (CAL sr). Bar 250nm F. An
ER beta-labeled glia is shown near a blood vessel (bv). All images were

taken from CAL stratum radiatum except where noted. Scale bars, 0.5 um

except where noted. Scale bars, 0.5 um (A-C) and 0.25 um (D-F).
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Figure 2.4
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Discussion

These data suggest that the C57B1/6] mouse is a suitable animal
model for studies based on natural fluctuations in ovarian steroids. Cycle
lengths are consistent between and within animals, facilitating the practical
aspects of these studies. By definition, an estradiol surge occurs during
proestrus that makes the mouse receptive for sexual activity (Turner and
Bagnara, 1971a). On the late morning when vaginal smears showed
exclusively the nucleated epithelia characteristic of proestrus, plasma
estradiol levels in the mice were increased (but variable) and uterine weights
were uniformly increased. When circulating estradiol increases, it acts
directly on the uterus to increase water content and blood flow within six
hours, followed by endometrial cell proliferation and hypertrophy within 12-
24 hours (Couse et al., 1995). These two responses were not distinguished
in this study, allowing the conclusion that in these mice, estradiol levels
began to increase 6-24 hours prior to the late morning of proestrus, when
uterine weights were clearly elevated. In rats and CD-1 mice, circulating
estradiol begins to rise during late diestrus (Walmer et al., 1992; Staley and
Scharfman, 2005). In the current study, late diestrus vaginal cytology was

observed 24 hours before proestrus in C57B1/6 mice. Thus circulating
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estradiol likely increased gradually over the 24 hours prior to the late
morning of proestrus. This makes the late morning an appropriate time point
for the observation of both rapid estradiol effects on signaling pathways and
more delayed actions requiring new gene transcription.

The ultrastructural localization of ERs alpha and beta in the mouse
hippocampal formation showed that, as in the rat, these receptors are located
almost exclusively outside the nucleus (Milner et al., 2001; Milner et al.,
2005). The receptors had a distinct but overlapping distribution that could
be important for the downstream effects of estradiol in this brain region.
The synaptic localization of both receptors positions them for local
modulation of synaptic transmission and spine morphology. The relatively
greater amount of ER alpha in axons, found in both mouse and rat, suggests
that estradiol may activate different pathways in axons and dendrites due to
the ratio of ERs found in these processes. Finally, the localization of ERs to
glial profiles suggests that distinctions between estradiol effects in neurons
and glia would be useful to explore in future studies. Overall, the
similarities in the distribution of ER alpha and beta in the mouse and rat
hippocampal formation suggest that the effects of estradiol in this brain

region will be similar. Any species differences in estradiol effects in the
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hippocampal formation may not be attributable to different receptor
localizations.

In sum, this chapter puts forward the C57B1/6J mouse as a useful
model for studies of estradiol effects in the hippocampal formation. These
mice have regular estrous cycles with expected vaginal cytology, circulating
hormone levels, and uterine weights, which will enable studies of natural
fluctuations of estradiol. ERs alpha and beta are found primarily in
extranuclear locations, well position for membrane-initiated steroid

signaling in both neurons and glia.
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Chapter 3

Rapid and physiological effects of estradiol on Akt

The central hypothesis addressed in this chapter is that estradiol, via
membrane-initiated steroid signaling, rapidly activates the PI3K/Akt
pathway in the mouse hippocampal formation. Furthermore, this estradiol
activation of Akt is associated with a rapid increase in PSD-95 protein
expression.

Three approaches were used to test this hypothesis. First, mice in the
proestrus, estrus and diestrus stages of the estrous cycle were assayed to
determine the effects of natural fluctuations of ovarian steroids on Akt
activation. Second, ovariectomized mice, sacrificed 6 hours after injection
with estradiol benzoate or vehicle, were assayed to determine the time
course of estradiol affects on Akt, and the relationship of Akt activation to
PSD-95 expression. Finally, the requirement of ERs alpha and beta in Akt
activation was assessed using transgenic mice with targeted disruptions of
each receptor. Akt activation was measured as phosphorylated Akt
immunoreactivity (pAkt-ir) and PSD-95 expression as PSD-95-ir in sections

through the dorsal hippocampal formation. This assay does not account for
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any change in total Akt protein after estradiol treatment, which was
considered unlikely given that estradiol does not affect Akt expression in
vitro (Akama and McEwen, 2003). Because estradiol increases synaptic
protein expression throughout the mouse hippocampal formation (Li et al.,
2004), pAkt-ir and PSD-95-ir measurements were taken from several
hippocampal subregions: CA1 stratum radiatum, CA3 strata radiatum and

lucidum, and hilus of the dentate gyrus.

Akt activation fluctuates across the estrous cycle

To determine whether Akt activation fluctuates across the mouse
estrous cycle, pAkt-ir was assayed in the hippocampal formation of mice in
proestrus, estrus, and diestrus. The pattern of pAkt-ir in the mouse
hippocampal formation by light microscopy (Figure 3.1A) was similar to
that in rats (Znamensky et al., 2003). pAkt-ir localized to cell bodies and
processes of principle cells. The densest labeling was seen in pyramidal cell

bodies and strata lucidum and lacunosum-moleculare.
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3.1 Hippocampal pAkt-ir fluctuates across the estrous cycle
(A) Images of peroxidase labeling of phosphorylated Akt in the dorsal
hippocampal formation of representative sections from one proestrus and
one estrus mouse. pAkt-ir is darker throughout the hippocampus in
proestrus than in estrus. (B) quantification of pAkt-IR in four hippocampal
subregions across the estrous cycle. pAkt-ir was significantly higher in
proestrus compared to estrus, and in diestrus compared to estrus. *, p<0.05.
R.O.D., relative optical density. SR, stratum radiatum; SL, stratum lucidum;
DG HIL, hilus of the dentate gyrus. N = 4 for proestrus, 6 for estrus, and 11

for diestrus.
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pAkt-ir fluctuated across the estrous cycle, with the highest levels
during proestrus (Figure 3.1). Consistent with a previous finding in rats
(Znamensky et al., 2003), pAkt-ir in the CA1 stratum radiatum was higher in
proestrus than estrus or diestrus. However, one-way ANOV A showed only
a trend for an effect of cycle phase in this subregion (F(2, 17) =2.702,p =
0.0957). The effect of estrous cycle was much more pronounced in other
hippocampal subregions, which were not examined in the rat study. There
was a significant effect of cycle phase in the CA3 stratum radiatum (F(2, 17)
=4.919,p =0.0206), CA3 stratum lucidum (F(2, 17) = 5.231, p =0.0170),
and dentate hilus (F(2, 16) = 4.426, p = 0.0295),. Post-hoc tests revealed
that pAkt-ir was significantly higher in proestrus than in estrus in all three of
these subregions (p<0.05 for all). Additionally, pAkt-ir was significantly
higher in diestrus than in estrus in CA3 strata lucidum and radiatum (p<0.05
for both). Thus Akt activation in the mouse hippocampal formation is
highest during proestrus, lowest during estrus, and these fluctuations are
most pronounced in the CA3 and dentate subregions.

To determine whether the fluctuation of pAkt-ir was specific to the
hippocampal formation rather than a global cerebral response to vascular or
metabolic changes across the cycle, pAkt-ir was measured in the

somatosensory cortex overlying the dorsal hippocampus in the same image
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from which hippocampal measurements were taken. The relative optical
density of pAkt-ir in the somatosensory cortex, normalized to background
labeled in corpus callosum, was 24.5 +/- 2.2 in proestrus, 27.0 +/- 1.3 in
estrus, and 24.0 +/- 1.1 in diestrus, with no significant differences between

cycle phases.

Estradiol rapidly activates Akt and increases PSD-95 expression

The increase in pAkt-ir during proestrus suggests that the endogenous
increase in circulating estradiol during this cycle phase activates Akt. To
assess directly whether estradiol rapidly activates Akt, ovariectomized mice
sacrifice 6 hours after injection with oil vehicle or 5 ug estradiol benzoate
were assayed for pAkt-ir in the dorsal hippocampal formation. The time
point of 6 hours was chosen for its relevance to membrane-initiated
signaling. 5 ug estradiol benzoate, a slowly metabolized form of estradiol,
yields high physiologic levels of estradiol in mice sacrificed 24 hours after
injection (Russell Romeo, personal communication).

Estradiol increased pAkt-ir in every hippocampal subregion, but most

strongly in the CA1 stratum radiatum (Figure 3.2A).
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Figure 3.2 Estradiol increases hippocampal pAkt-ir and PSD-95-ir.
pAkt-ir and PSD-95-ir were measured from several different hippocampal
subregions in wild-type mice sacrificed six hours after injection with vehicle
or estradiol benzoate. Estradiol significantly increased pAkt-ir and PSD-95-
ir in CAL stratum radiatum. *, p<0.05. SR, stratum radiatum; SL, stratum
lucidum; DG HIL, hilus of the dentate gyrus. N = 9.
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Figure 3.2
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T-tests between vehicle and estradiol-treated groups in each hippocampal
subregion showed a significant effect of estradiol in CA1 stratum radiatum
(p =0.0053) and a trend in CA3 stratum radiatum (p=0.0972).

Previous work using a neuronal cell line suggested that estradiol also
increases PSD-95 protein translation on a rapid time course that depends on
Akt activation. If this is the case, 6 hours of estradiol treatment should also
increase PSD-95 expression. Indeed, estradiol significantly increased PSD-

95-ir in the CA1 stratum radiatum (p = 0.0330; Figure 3.2B).

Rapid estradiol effect on Akt requires estrogen receptors

The above study demonstrated that 6 hours of estradiol treatment
increases pAkt-ir in the CA1 stratum radiatum. To determine whether
estrogen receptor alpha or beta mediates these effects, the effect of estradiol
was assessed in mice with targeted disruptions of each receptor. As in the
above study, ovariectomized mice were sacrificed 6 hours after vehicle or
estradiol injection. pAkt-ir was measured in the CA1 stratum radiatum.

Estradiol did not affect pAkt-ir in ERKO or BERKO mice (Figure

3.3A). Thus estradiol activation of Akt requires both ERs alpha and beta.
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Role of ERs in Akt activation
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Figure 3.3 Estradiol effects on pAkt depend on ERs. pAkt-ir was
measured from the CA1 stratum radiatum of wild-type, ERKO, and BERKO
mice sacrificed 6 hours after injection with vehicle or estradiol benzoate.
Estradiol had no effect on pAkt-ir in ERKO of BERKO mice. For
comparison, results from wild-type littermates are shown, where estradiol
significantly increased pAkt-ir. *, p<0.05. N =9 for wild-type mice, 6 for
ERKO vehicle, 5 for ERKO estradiol, and 7 for BERKO.

Discussion

The data presented in this chapter demonstrate that physiological and
pharmacological increases in circulating estradiol activate Akt in the mouse

hippocampal formation. Akt activation influences actin-remodeling and cell-
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survival pathways that may be important for estradiol effects on spine
synapse density and neuroprotection. The entire hippocampal formation
exhibited this estradiol sensitivity, with the strongest effect of estrous cycle
in the CA3 and dentate, and the strongest effect of estradiol treatment in the
CALl. The involvement of the entire hippocampal formation is consistent
with the finding that estradiol increases synaptic protein expression
throughout the mouse hippocampus (Li et al., 2004), but whether it
represents a species difference between mouse and rat in estradiol activation
of Akt remains to be seen.

The finding that pAkt-ir increased slightly (but significantly) during
diestrus relative to estrus was surprising and not previously reported in any
species. This may be explained by considering the changing levels of
circulating progesterone in addition to estradiol in different estrous cycle
phases. Progestins can rapidly activate Akt in breast, endometrial,
leiomyoma, and cerebral cortical cells (Ballare et al., 2006; Kaur et al.,
2007; Hoekstra et al., 2009). The increase in circulating progesterone during
diestrus (see Chapter 2) could therefore account for the increase in Akt
activation during this cycle stage. Alternatively, increased pAkt-ir during

diestrus might represent a recovery of baseline Akt signaling after the
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precipitous drop in estradiol levels and concomitant decrease in Akt
signaling during estrus.

The increase in pAkt-ir six hours after estradiol injection is consistent
with membrane-initiated estradiol signaling. After a six-hour treatment in
cultured neurons, estradiol activation of signaling pathways can still be
observed (Akama and McEwen, 2003; Yuen et al., 2004), while effects on
gene transcription are typically not yet seen (Gottfried-Blackmore et al.,
2007). It is therefore reasonable to conclude that estradiol activates Akt by
signaling through membrane-associated ERs, at least in the CA1 stratum
radiatum. This is the first report of a rapid action of estradiol on Akt in vivo.
The same estradiol treatment also increased PSD-95 expression in the CA1
stratum radiatum, consistent with the finding that estradiol rapidly enhances
PSD-95 protein translation via Akt signaling in vitro (Akama and McEwen,
2003).

Extranuclear ERs alpha and beta can both mediate rapid membrane-
initiated estradiol signaling (Razandi et al., 1999), but the specific pathways
activated by each receptor have not been elucidated. In the current study,
knockout of each estrogen receptor, alpha and beta, eliminated the increase
in pAkt-ir after six hours of estradiol treatment in ovariectomized mice.

This suggests that estradiol activates Akt by a mechanism involving both
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ERs. It is consistent with previous studies in the NG108-15 cell line from
the McEwen laboratory, which showed that both ERs alpha and beta can
mediate estradiol activation of actin remodeling pathways downstream of
Akt (Yuen, 2006). The importance of ER alpha for estradiol activation of
Akt was not surprising. ER alpha binds in vitro to the p85 regulatory
subunit of PI3K in rat primary cortical neurons (Mannella and Brinton,
2006), and could therefore participate in Akt activation through direct
interaction with its upstream activator. ER beta does not interact with p85 in
vitro (Simoncini et al., 2000), but aside from this its role in Akt activation
has not been investigated. The finding that ER beta knockout blocks Akt
activation suggests that ER beta has a hitherto unrecognized role in estradiol
activation of Akt.

In sum, both physiologic and pharmacologic increases in estradiol
activate Akt in the mouse hippocampal formation. Estradiol activation of
Akt 1s rapid, correlates with an increase in PSD-95 expression, and requires

ERs alpha and beta.
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Chapter 4

Physiological effect of estradiol on TrkB activation

The TrkB ligand, BDNF, has attracted much attention for its role in
mood and cognition. BDNF and estradiol target similar pathways and
proteins in the hippocampal formation, including the PI3K/Akt pathway and
PSD-95 protein (Mizuno et al., 2003b; Jia et al., 2008; Luikart et al., 2008).
In addition, estradiol increases BDNF expression in the rat hippocampus
(Gibbs, 1998, 1999; Scharfman et al., 2003; Scharfman et al., 2007). 1
therefore hypothesized that BDNF would be an important player in estradiol
actions in the mouse hippocampal formation.

The central hypothesis addressed in this chapter is that increased
circulating estradiol leads to increased BDNF expression and release,
thereby enhancing activity of the BDNF receptor, TrkB. Two approaches
were used to test this hypothesis. First, mice in the proestrus, estrus and
diestrus stages of the estrous cycle were assayed to determine the effects of
natural fluctuations of ovarian steroids on TrkB activation. Second,
ovariectomized mice sacrificed 6 hours or 48 hours after vehicle or estradiol

benzoate injection were assayed to determine the time course of estradiol
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effects on BDNF expression and TrkB activation. TrkB activation was
measured as pTrkB-ir. Because this assay does not account for changes in
TrkB expression, TrkB mRNA was measured using in situ hybridization to

assess any changes in TrkB expression across the estrous cycle.

TrkB activation fluctuates across the estrous cycle

By light microscopy, pTrkB-ir localized to cell bodies and neuropil
throughout the hippocampal formation (Figure 4.1A). In addition, pTrkB
strongly labeled cells in the subgranular zone (SGZ) of the dentate gyrus, an
area that gives rise to newly born neurons that integrate into hippocampal
circuits (Doetsch and Hen, 2005). Finally, pTrkB labeled glial cells, which
could be identified by the distinctive morphology of their processes within

the neuropil.
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Figure 4.1 pTrkB-ir fluctuates across the estrous cycle (A) Images of
peroxidase labeling of pTrkB in the dorsal hippocampal formation of
representative sections from one proestrus and one diestrus mouse. pTrkB-ir
is darker throughout the hippocampal formation in proestrus than in diestrus.
(B) quantification of pTrkB-ir in five hippocampal subregions. pTrkB-ir was
significantly higher in proestrus than estrus and diestrus. . SR, stratum
radiatum; SL, stratum lucidum; DG HIL, hilus of the dentate gyrus; SGZ,
subgranular zone. *, p<0.05. N = 4 for proestrus, 6 for estrus, and 11 for

diestrus.
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pTrkB-ir was highest during proestrus in all hippocampal subregions
(Figure 4.1B). One-way ANOVA showed a significant effect of cycle phase
in all hippocampal subregions: CA1 stratum radiatum (F(2, 17) =7.378,p =
0.0041), CA3 stratum lucidum (F(2, 17) = 5.494, p =0.0144), CA3 stratum
radiatum (F(2, 17) = 5.559, p = 0.139), dentate hilus (F(2,16) = 10.21,p =
0.0014), and subgranular zone (F(2 16) = 6.377,p = 0.0092). Post-hoc tests
revealed that pTrkB-ir was significantly higher in proestrus than in estrus or
diestrus in all subregions (p < 0.05 for all).

To determine whether the fluctuation of pTrkB-ir was specific to the
hippocampal formation, pTrkB-ir was measured in the sensory cortex
overlying the dorsal hippocampus in the same images from which
hippocampal measurements were taken. The relative optical density of
pTrkB-ir in the cortex was 22.6 +/- 3.4 in proestrus, 23.6 +/- 2.1 in estrus,
and 20.0 +/- 1.9 in diestrus, with no significant differences between cycle

phases.

Hippocampal TrkB mRNA does not fluctuate across the estrous cycle

The proestrus increase in TrkB activation is presumably caused by an

increase in BDNF expression during proestrus, as has been demonstrated in
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rats (for mouse, see Chapter 6). However, it is also possible that the
expression of TrkB itself fluctuates across the estrous cycle. Although no
studies have examined the effects of estradiol on TrkB expression in vivo,
estradiol increases TrkB expression in hypothalamic neurons in vitro (Carrer
et al., 2003). To test whether natural fluctuations in ovarian steroids affect
TrkB expression in female mice, TrkB mRNA was measured using in situ
hybridization on tissue sections from mice in proestrus or diestrus (Figure
4.2). Optical density measurements were taken from the CA1 pyramidal cell
layer and the ventromedial hypothalamus (VMH). TrkB mRNA increased
significantly during proestrus in the VMH (p = 0.0182), but not the CA1 (p
=0.3503). This suggests that circulating estradiol increases TrkB expression

in the hypothalamus, but not in the hippocampus.
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Figure 4.2 Hippocampal TrkB mRNA does not fluctuate across the
cycle. Optical density of TrkB mRNA from in situ hybridization films was
measured from the CA1 pyramidal cell layer of the hippocampus and the
ventromedial hypothalamus and normalized to background density. TrkB
mRNA was significantly higher in proestrus than diestrus in hypothalamus,
but not hippocampus. . SR, stratum radiatum; SL, stratum lucidum; DG HIL,
hilus of the dentate gyrus; VMH, ventromedial hypothalamus; R.O.D.,
relative optical density. * p<0.05. N =35.

Estradiol increases BDNF expression and TrkB activation

Although estradiol most likely increases TrkB activation by increasing
BDNF gene transcription, more rapid mechanisms could be involved. ERs

are known to couple to several other growth factor receptors (such as the
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IGF-1 receptor), increasing their activation (Mendez et al., 2006). In
addition, the glucocorticoid family of steroid hormones has been shown to
activate TrkB through a glucocorticoid receptor-dependent, BDNF-
independent mechanism, suggesting that rapid ER-dependent TrkB
activation could also occur (Jeanneteau et al., 2008). To determine whether
estradiol rapidly activates TrkB independent of BDNF expression, BDNF
mRNA and pTrkB-ir was measured in the hippocampal formation of
ovariectomized mice sacrificed 6 hours after estradiol benzoate or vehicle
injection (Figure 4.3). Estradiol had no effect on BDNF mRNA or pTrkB-ir
at this time point, suggesting that the effect of estradiol on TrkB activation
occurs over a longer treatment time and depends on an increase in BDNF
expression. To test this hypothesis, BDNF mRNA and pTrkB-ir were
measured in mice sacrificed after two daily injections of estradiol benzoate
or vehicle, for a total treatment time of 48 hours (Figure 4.4). BDNF mRNA
was assayed using in situ hybridization with an oligonucleotide probe
specific for the coding region of the BDNF gene. In the hippocampus,
BDNF expression is strongest in the dentate granule cell and CA3 pyramidal
cell layers; for this study, optical density was measured from the CA3

pyramidal cell layer.

56



A' BDNF mRNA in CA3 B Rapid estradiol effect on pTrkB
1.5+
157 . [ Vehicle
§ Bl Estradiol
1.04 == T 1.0
a E
3 g
o =
0.5+ m 0.54
2
}_
o
0.0H— 0.0 :
N 8 < 38 Q

Hippocampal subregion

Figure 4.3 Six hours of estradiol treatment does not alter BDNF/TrkB
signaling (A) BDNF mRNA was measured in the CA3 cell layer from mice
sacrificed 6 hours after vehicle or estradiol benzoate injection. Estradiol had
no effect on BDNF mRNA. (B) pTrkB-ir was measured from several
different hippocampal subregions in the same mice. Estradiol had no effect
on pTrkB-ir in any hippocampal subregion. SR, stratum radiatum; SL,

stratum lucidum; DG HIL, hilus of the dentate gyrus. N =9.
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Figure 4.4 Forty-eight hours of estradiol treatment increases
BDNF/TrkB signaling. (A) BDNF mRNA was measured in the CA3
pyramidal cell layer from wild-type mice sacrificed after two daily injections
of estradiol benzoate, for a total treatment time of 48 hours. Estradiol
significantly increased BDNF mRNA. (B) pTrkB-ir was measured from
several different hippocampal subregions in the same mice. Estradiol
significantly increased pTrkB-ir in the CA3 stratum radiatum. SR, stratum
radiatum; SL, stratum lucidum; DG HIL, hilus of the dentate gyrus. R.O.D.,

relative optical density. *p<0.05. N = 8 (vehicle), 9 (estradiol benzoate).
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Forty-eight hours of estradiol treatment significantly increased BDNF
mRNA in the CA3 pyramidal cell layer (p = 0.0375) and pTrkB-ir in the
CA3 stratum radiatum (p = 0.02).

Previous work in slices from rat hippocampus suggested that estradiol
increases PSD-95 expression in the CA3 subregion, and that this effect
depends on TrkB receptors (Sato et al., 2007). If this mechanism operates in
the mouse hippocampus, then 48 hours of estradiol treatment should increase
PSD-95 expression in concert with TrkB activation in the CA3 stratum
radiatum. To test this hypothesis, PSD-95-ir was assayed in the dorsal
hippocampal formation of mice treated for 48 hours with vehicle or estradiol
benzoate (Figure 4.5). Estradiol significantly increased PSD-95-ir only in
the CA3 stratum radiatum (p = 0.0152).

In sum, estradiol does not rapidly activate TrkB, but rather increases
TrkB relatively slowly in concert with an increase in BDNF expression. The
increase in TrkB activation in the CA3 stratum radiatum after estradiol

treatment correlates with an increase in PSD-95 protein expression.
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4.5 Forty-eight hours of estradiol treatment increases PSD-95
immunoreactivity. PSD-95-ir was measured in several different
hippocampal subregions from wild-type mice sacrificed after two daily
injections of estradiol benzoate, for a total treatment time of 48 hours.
Estradiol significantly increased PSD-95-ir in the CA3 stratum radiatum. .
SR, stratum radiatum; DG HIL, hilus of the dentate gyrus. *p<0.05. N =8

(vehicle), 9 (estradiol benzoate).
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Estradiol induction of BDNF requires ER beta

To determine whether estrogen receptor alpha or beta mediates
estradiol induction of BDNF, the effect of estradiol on BDNF expression
was assessed in mice with targeted disruptions of each receptor. As in the
above study, ovariectomized mice were sacrificed after two daily injections
of vehicle or estradiol benzoate, for a total treatment time of 48 hours.
BDNF mRNA was assayed using in situ hybridization and measured in the
CA3 pyramidal cell layer (Figure 4.6).

Estradiol significantly increased BDNF mRNA in ERKO mice (p =
0.0352), similar to its effect in wild-type mice. In contrast, estradiol had no
effect on BDNF mRNA in BERKO mice. Thus estradiol induction of

BDNEF expression requires ER beta, but not ER alpha.
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Figure 4.6 Estradiol induction of BDNF depends on estrogen receptor
beta. BDNF mRNA was assayed using in situ hybridization and measured
from the CA3 pyramidal cell layer of wild-type, ERKO, and BERKO mice
sacrificed 48 hours after injection with vehicle or estradiol benzoate.
Estradiol significantly increased BDNF mRNA in ERKO, but not BERKO,
mice. For comparison, results from wild-type littermates are shown, where
estradiol significantly increased BDNF mRNA. *, p<0.05. N = 8 for wild-
type vehicle, 9 for wild-type estradiol benzoate, 7 for ERKO vehicle, and 6

for the remaining groups.
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Discussion

The data presented in this chapter demonstrate that physiologic and
pharmacologic increases in circulating estradiol increase TrkB activation.
This effect of estradiol is most likely mediated by increased BDNF
expression, as estradiol increased BDNF but not TrkB mRNA. The
downstream effects of TrkB on local synaptic signaling and hippocampal
gene expression likely contribute to estradiol enhancement of synaptic
plasticity.

In contrast to the hippocampus, TrkB mRNA did fluctuate across the
estrous cycle in the ventromedial hypothalamus, increasing dramatically
during proestrus. Thus estradiol has distinct effects in different brain areas.
There are many possible explanations for this difference, including the
estrogen receptors and cofactors expressed by hypothalamic and
hippocampal neurons, the location of the receptors (e.g. nuclear or
extranuclear), and level of exposure to circulating factors including steroids.
That a hormone such as estradiol may act so differently in two brain areas
highlights the importance of directly investigating its specific effects in the

hippocampal formation.
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Although estradiol may affect BDNF expression via membrane-
initiated signaling, this mechanism still requires new BDNF gene
transcription, which likely requires at least 12 hours of estradiol exposure
(see Chapter 1). Consistent with this idea, 6 hours of estradiol treatment did
not significantly alter BDNF mRNA or pTrkB-ir in ovariectomized mice,
but 48 hours of estradiol treatment increased both BDNF mRNA and TrkB
activation in the CA3 stratum radiatum. The same estradiol treatment also
increased PSD-95 expression in the CA3 stratum radiatum. This correlation
suggests that BDNF signaling through TrkB may be involved in estradiol
induction of PSD-95 in the CA3 of the mouse hippocampus, as was
previously found in rat hippocampal slices in vitro (Sato et al., 2007). The
limitation of this increase in pTrkB-ir and PSD-95-ir to the CA3 contrasts
with the hippocampus-wide increase in pTrkB-ir during proestrus. As with
Akt in Chapter 4, the involvement of the whole hippocampal formation
during proestrus may be related to the timing of estradiol exposure in these
different models.

This is the first study to investigate the contribution of estrogen
receptors to estradiol effects on BDNF expression. The estradiol-mediated
induction of BDNF expression was eliminated in BERKO mice missing the

ER beta, suggesting that ER beta mediates this effect. In contrast, the ERKO
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mice missing the ER alpha showed an exaggerated estradiol-mediated
induction of BDNF. This further suggests that ERs alpha and beta have
opposing effects on BDNF expression, with ER alpha mitigating the
enhancing effect of ER beta on BDNF expression. Opposing transcriptional
effects of ERs alpha and beta on specific genes have been described in
several different cell types (Matthews and Gustafsson, 2003). This
opposition could serve as a homeostatic mechanism to dampen or control
hormone actions — in the hippocampus, too much BDNF could increase
neuronal excitability to toxic levels.

In sum, both physiologic and pharmacologic increases in circulating
estradiol increased BDNF expression and TrkB activation in the dorsal
hippocampal formation of female mice. Increased BDNF expression and
TrkB activation in the CA3 subregion correlated with an increase in PSD-95

expression. Estradiol induction of BDNF required estrogen receptor beta.
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Chapter 5

Ultrastructural distribution of pTrkB depends on sex and cycle stage

Up to this point, this thesis has addressed widespread estradiol effects
on signaling molecule activation and protein expression in the hippocampal
formation that can be observed at the light microscopic level. The ultimate
goal of identifying these estradiol effects is to understand the mechanism of
estradiol enhancement of synaptic plasticity. Although widespread changes
are likely important for this process, synaptic plasticity involves activity-
dependent changes to specific hippocampal synapses. Therefore, if estradiol
enhances synaptic plasticity in the hippocampus, then it must facilitate these
types of synapse-specific changes, which are unobservable by conventional
light microscopy.

The TrkB receptor could be important for communicating the
widespread effects of estradiol in the hippocampus to specific synapses.
Increased BDNF release at active synapses may serve to “tag” these
individual synapses for modification via TrkB activation (Frey and Morris,
1998; Boulanger and Poo, 1999; Nagappan and Lu, 2005; Reymann and

Frey, 2007). By increasing BDNF expression, estradiol could facilitate the
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ability of an active synapse to release enough BDNF to tag its synapse. In
this way, the hippocampus would experience a targeted increase in TrkB
activation at locations of activity-dependent BDNF secretion during periods
of high circulating estradiol.

By light microscopys, it is impossible to determine the precise location
of the TrkB receptors that “see” increased BDNF when circulating estradiol
increases. Investigation of this hypothesis relies on the precise localization
of activated TrkB under conditions of higher and lower circulating estradiol.
TrkB is expressed almost ubiquitously in the brain (Yan et al., 1997), yet the
precise sites of TrkB activation in the intact organism are still unknown.
The best way to identify these sites in the brain is with electron microscopy.
In addition to its importance for investigating estradiol actions, identification
of the cell types and subcellular locations of activated TrkB under different
conditions will provide crucial information about experience-dependent
plasticity in general.

For this experiment, I collaborated with Dr. Teresa Milner in her
laboratory at Weill Cornell medical college. We conducted
immunocytochemistry and performed a quantitative analysis of the sites of
pTrkB-ir in the mouse hippocampal formation using electron microscopy.

To assess changes in the distribution of pTrkB under conditions of higher
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and lower estradiol, the distribution of pTrkB-ir was compared among
different phases of the estrous cycle and also between sexes. By comparing
proestrus females, where pTrkB-ir was enhanced overall by light
microscopy, to lower-estradiol females and males, we uncovered shifts in
the distribution of pTrkB-ir that will be important to the mechanism of

estradiol and BDNF-dependent plasticity.

Light microscopic immunolocalization of pTrkB

In sections from mice perfused with acrolein in preparation for
electron microscopy, the light microscopic localization of pTrkB-ir was
consistent with the previously described pattern from mice perfused with
paraformaldehyde (Figure 5.1A; see Chapter 4). Pre-adsorption of the
primary antisera with pTrkB blocking peptide eliminated all labeling (Figure

5.1B).
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Figure 5.1 Light microscopic localization of pTrkB. (A) By light
microscopy, the pTrkB antiserum labels neuronal cell bodies and neuropil in
the CA1, CA3 and dentate gyrus in acrolein- and paraformaldehyde-fixed
tissue. (B) Pre-adsorption with pTrkB blocking peptide completely

eliminates all labeling.
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Presynaptic profiles contain the most abundant pTrkB-ir

To determine the distribution of pTrkB in neurons and glia, pTrkB-ir
was identified using electron microscopy in the dorsal hippocampal
formation of 9 cycled female and 3 male mice. Profiles were counted from
12 different hippocampal laminae lacking principal cell perikarya in CA1,
CA3, and dentate, for a total area of 2,646 ym? per mouse (Table 6.1). An
average of 388.3 +/- 19.03 labeled profiles were counted for each animal,
with no difference between estrous cycle stages or sexes. Labeled profiles
were identified as dendrites, dendritic spines, axons, axon terminals, or glia.
Less than 1% of labeled profiles were unidentifiable, and these unknowns
were not included in the analyses.

The majority of pTrkB-ir was in presynaptic profiles regardless of sex
or estrous cycle stage, with 36.0 +/- 1.3% in axons and 17.3 +/- 0.6% in
axon terminals. Postsynaptic profiles contained one quarter of the pTrkB-ir,
with 16.7 +/- 0.9% in dendrites and 10.7 +/- 0.7% in dendritic spines. Glial

profiles accounted for one fifth of the total pTrkB-ir, 19.3 +/- 0.9%.
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Table 1. Distribution of pTrkB-IR in the hippocampal formation of female cycle and male mice

Cycle/ %
Subregion Sex Dendrites Spines Terminals Axons Glia Total
CA1 Proestrus 6.1+/-1.0 36+-08 92+/-05 16.1*+/-0.7 9.9+/-0.3 449+/-21
Estrus 80+/-12 52+/-08 79+/-24 11.8+/-19 57+/-0.3 38.7+/-24
Diestrus 6.5+/-06 34+-12 6.0+/-17 13.8+/-23 86+/-1.6 383+/-34
Male 7.3+/-0.01 34+-08 6.0+-06 109+/-08 6.0+/-0.6 33.5+-1.3
CA3 Proestrus 25+/-06 26+/-0.8 3.6+/-0.08 89+/-09 3.1+/-03 20.7+/-20
Estrus 3.0+/-0.7 43+4/-05 54+/-03 75+-09 4.2+/-0.04 24.3+/-25
Diestrus  26+4/-01 3.7+-15 50+/-10 94+/-11 33+/-09 241+4/-17
Male 43+/-03 31+4/-01 64+-10 67+/-07 33+-04 23.8+/-04
DG Proestrus 52+/-05 24+/-07 52+/-06 140+/-3.0 7.6+/-0.72 344 +/-15
Estrus 66+/-08 44+/-05 45+/-08 13.8+4/-16 76+/-15 37.0+/-22
Diestrus 6.8+/-04 31+-05 50+-10 141+/-22 86+/-1.8 376+/-3.7
Male 79+/-06 36+-07 50+/-10 168+/-07 92+/-1.7 426+/-1.0
total 16.7 +/-0.9 10.7 +/-0.7 17.3+/-0.6 36.0+/-1.3 19.3+/-0.9

A total area of 2,646 um? was analyzed per animal (N=3).

Figures represent percent of all counted profiles in the
hippocampal formation +/- standard error of the mean. *p<0.05
relative to male mice. DG, dentate gyrus.

Table 5.1 Distribution of pTrkB-ir in the hippocampal formation of

cycling female and male mice
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Axons and axon terminals, including mossy fibers, contain pTrkB-ir

Throughout the hippocampal formation, pTrkB-ir was affiliated with
the plasma membrane of small unmyelinated axons (Figure 5.2A).
Occasionally, larger myelinated axons contained pTrkB-ir, usually affiliated
with endomembranes or mitochondria (Fig. 5.2B). Diffuse pTrkB-ir filled
the cytoplasm of some small-caliber axons (Figure 5.2B). pTrkB-ir also was
localized using silver-intensified gold particles (SIG), allowing more
discrete localization of labeling. With this method, pTrkB SIG-ir was on or
near the axon plasma membrane (Figure 5.2C).

In axon terminals, pTrkB-ir was in clusters most often affiliated with
small synaptic vesicles opposite the synaptic contact (Figure 5.3A). Discrete
patches of pTrkB-ir localized to small synaptic vesicles of large terminals
with morphological characteristics of mossy fibers in the CA3 stratum
lucidum (Figure 5.3B). Labeled mossy fiber terminals often contained
several patches of immunolabeling. Occasionally, these labeled terminals
contacted pTrkB-labeled spines (Figure 5.3B). SIG labeling revealed
pTrkB-ir adjacent to the presynaptic contact, or on mitochondria inside the

axon terminal (Figure 5.3C).
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Figure 5.2 pTrkB-ir is most prominent in axons throughout the
hippocampal formation. (A) In the CAL stratum radiatum, pTrkB-ir
(arrowheads) is found in clusters within axonal profiles (a). (B) In the
stratum lucidum, pTrkB-ir is found in axon bundles most likely belonging to
the mossy fiber pathway, and in myelinated axons (ma). (C) In CA1 stratum
radiatum, SIG pTrkB-ir (arrowheads) is found in axons near the plasma

membrane. Scale bars, 0.5 pm.

73



Figure 5.2
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Figure 5.3 pTrkB-ir is found in axon terminals throughout the
hippocampal formation. (A) In the CAL stratum radiatum, pTrkB-ir
(arrowheads) clusters among small synaptic vesicles in axon terminals (t).
One of the pTrkB-labeled terminals (lower left) forms an asymmetric
synapse (arrow) with the shaft of an unlabeled dendrite (d). (B) A mossy
fiber terminal (mt) in the CA3 stratum lucidum contains pTrkB-ir associated
with small synaptic vesicles and mitochondria. The pTrkB-labeled mossy
fiber terminal contacts a dendritic spine (sp) containing pTrkB-ir. (C) In the
CALl stratum radiatum, SIG pTrkB-ir (arrowheads) is in axon terminals, on
the membrane of a mitochondrion and affiliated with small synaptic vesicles

adjacent to the synaptic contact. Scale bars, 0.5 pum.
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Figure 5.3
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To confirm the localization of pTrkB-ir to mossy fibers and terminals,
a few sections were dually labeled for pTrkB and the opioid peptide
dynorphin, which is exclusively found in mossy fibers in the stratum
lucidum (Drake et al., 2007). Indeed, dynorphin-immunoreactive axon
bundles and mossy fiber terminals also contained pTrkB-ir (Figure 5.4),

confirming that pTrkB localizes to the mossy fiber pathway in the mouse.
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Figure 5.4 pTrkB-ir colocalizes with dynorphin in the mossy fiber
pathway. (A) pTrkB-ir (peroxidase; arrowhead) and dynorphin-ir (SIG,
black particles; arrow) localizes to the same axon bundle (ab) in the CA3
stratum lucidum. (B and C) Higher magnification shows dynorphin-ir and
pTrkB-ir affiliated with vesicles in the axon (a). (D) A large mossy fiber
terminal (mt) with dynorphin-ir (SIG, arrows) shows a cluster of pTrkB-ir

(arrowhead) associated with vesicles near the plasma membrane. Scale bars,

0.5 pum.
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Figure 5.4
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Dendrites and dendritic spines contain pTrkB-ir

In dendrites, both labeling methods showed pTrkB-ir affiliated with
the plasma membrane and endomembranes (Figure 5.5). Although more
pTrkB-ir localized to axons than dendrites, a single dendrite often contained
several patches of pTrkB-ir. In contrast to the pTrkB-ir contained in axon
terminals, which was usually affiliated with vesicles opposite the synaptic
contact, pTrkB-ir in dendritic spines was often affiliated with the spine
apparatus adjacent to the synaptic contact (Figure 5.6). Occasionally, a

labeled dendritic spine contacted a labeled axon terminal (Figure 5.6 A and

B).
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formation. (A) In the CA1 stratum radiatum, clusters of pTrkB-ir

(arrowheads) are found near the plasma membrane in dendritic shafts (d).
(B and C) Immunogold labeling reveals pTrkB-ir (arrowheads) on the
plasma membrane and affiliated with endomembranes (em, arrow) within

dendrites. Scale bars, 0.5 ym.

81



Figure 5.6 pTrkB-ir is found in dendritic spines throughout the
hippocampal formation. (A) In the CAL stratum radiatum, a dendritic
spine (sp) containing pTrkB-ir (arrowheads) is contacted by a labeled axon
terminal (t). (B) In the CA3 stratum lucidum, the same unlabeled mossy
fiber terminal (mt) contacts two separate pTrkB-labeled spines. (C) SIG
labeling shows pTrkB-ir (arrowheads) clustered next to the postsynaptic

density. Scale bars, 0.5 um.
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Figure 5.6

83



Glial profiles contain pTrkB-ir

In addition to the neuronal pTrkB described above, many glial profiles
contained pTrkB labeling. Diffuse pTrkB-ir was seen in glial profiles from
sections labeled using the ABC-peroxidase method (Figure 5.7A). SIG
pTrkB-ir was primarily on the plasma membrane of glia (Figure 5.7B).

With these methods, it was not possible to distinguish among different types

of glia containing pTrkB-ir.
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5.7 pTrkB-ir is found in glial profiles throughout the hippocampal
formation. (A) In the CA1 stratum radiatum, diffuse pTrkB-ir (arrowhead)
is found in glial profiles (g). (B) SIG pTrkB-ir (arrowheads) is affiliated

with the plasma membrane of a glial profile. Scale bars, 0.5 ym.

Few synaptic profiles contain pTrkB-ir

To determine the proportion of synaptic contacts containing pTrkB

labeling, unlabeled axon terminals and dendritic spines in the distal CA1
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stratum radiatum were counted. In this lamina, axon terminals were present
at a density of 0.59 per ym?, and dendritic spines at 0.47 per ym*. The
greater density of terminals reflects the presence of some axon terminals
making asymmetric contacts with dendritic shafts, and the relative ease of
identifying terminals outside the plane of the synaptic contact. pTrkB
immunoreactivity was discerned in only 6.1 +/- 0.7% of axon terminals and
4.7 +/- 0.8% of dendritic spines. This suggests that at a given time, TrkB is
activated in only a very small number of the total axon terminals and

dendritic spines in the distal CA1 stratum radiatum of the mouse.

pTrkB-ir in axons increases in proestrus

Chapter 5 of this thesis demonstrated that pTrkB-ir increases during
proestrus relative to estrus and diestrus in the mouse hippocampal formation.
To determine whether a shift in the distribution of pTrkB-ir accompanies
this proestrus increase in total pTrkB-ir, the distribution of pTrkB-ir in
proestrus females was compared with its distribution in estrus and diestrus
females as well as males.

In proestrus animals, the relative number of pTrkB-labeled profiles

increased in the CA1 subregion. Relative to the number of labeled profiles in
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the entire hippocampal formation, there was more pTrkB-ir in the CA1 of
proestrus females than in other groups of females or males (44.9 +/- 2.1%;
Table 5.1). This was evident statistically as an overall effect of cycle phase
on profile percent in the CA1 region (F(3,40) = 3.047, p = .0396). The most
striking difference was between sexes: proestrus females showed 34%
increase in pTrkB-ir in the CA1 relative to males. In particular, post-hoc
tests revealed that proestrus females had significantly more pTrkB-labeled
axons in CAT1 than males (p<0.05). Therefore, on top of the widespread
increase in pTrkB-ir in the hippocampal formation during proestrus, axons in
the CA1 may show particularly robust TrkB phosphorylation when
circulating estradiol levels increase.

The increase in pTrkB-ir in the CA1 during proestrus may occur
throughout this subregion, or in specific hippocampal laminae. After
comparing the distribution of pTrkB-ir in each of the CA1 laminae, we
found that the increase in labeled axons during proestrus occurred
exclusively in the distal stratum radiatum of the CA1 (Figure 5.8). Two-way
ANOVA revealed an overall effect of cycle/sex (F(3,40) =3.606, p =
0.0214). Post-hoc tests showed that pTrkB-labeled axons were significantly
increased in proestrus females relative to estrus and diestrus females and

males (p<0.05 for all). This indicates that the overall increase in pTrkB-ir in
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the CA1 during proestrus resulted primarily from an increase in pTrkB-
labeled axons in the distal CA1 stratum radiatum. Proestrus females also
had more pTrkB-labeled dendritic spines and axon terminals in CA1 stratum
radiatum than other females or males, but these differences were not

statistically significant in post-hoc analyses.

pTrkB-labeled profiles in CA1 stratum radiatum
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5.8 Axonal pTrkB-ir in the distal CA1 stratum radiatum is affected by
estrous cycle stage. The number of profiles in each cellular compartment
was expressed as a percentage of the counted profiles counted in all sampled
hippocampal areas. Females in the proestrus phase of the estrous cycle had

significantly more pTrkB-labeled axons than estrus and diestrus females and

males. *,p<0.05.N =3.
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Shifts in the distribution of pTrkB-ir also may occur within each
hippocampal subregion, without any change in the overall percentage of
pTrkB-labeled profiles in that region. Analysis of the distribution of pTrkB-
labeled profiles within each hippocampal subregion revealed this type of

redistribution in the CA3 stratum lucidum (Figure 5.9).

pTrkB-labeled profiles in CA3 stratum lucidum
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5.9 Axonal pTrkB-ir in the CA3 stratum lucidum is affected by estrous
cycle stage and sex. The number of profiles in each cellular compartment
was expressed as a percentage of the counted profiles in the CA3 region.
Females in the proestrus phase of the estrous cycle had significantly more
pTrkB-labeled axons than estrus and diestrus females and males. Male mice
had significantly more pTrkB-labeled axon terminals than proestrus and

estrus females. *, p<0.05. N = 3.
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Two-way ANOVA revealed an interaction between cycle/sex and profile
type (F(12,40) = 2.254, p = 0.0272). Post-hoc tests showed that, similar to
the findings in CA1 stratum radiatum, proestrus females had more pTrkB-
labeled axons in stratum lucidum than estrus and diestrus females males
(p<0.05 for all). In contrast, males had more pTrkB-labeled axon terminals
than proestrus and estrus females (p<0.05), but not diestrus females. This
indicates that when circulating estradiol increases during proestrus, the

proportion of pTrkB-ir decreases in axons and increases in axon terminals.

Discussion

This is the first study to precisely localize activated TrkB in the mouse
hippocampal formation. The extensive quantitative analysis is relevant not
only to estradiol effects on TrkB, most pertinent to this document, but also
for its general relevance to TrkB signaling and synaptic plasticity. This
section will therefore discuss the findings with these specific and general
implications in mind.

Previous immunocytochemical localization of TrkB in the rat

hippocampal formation, performed by the Milner lab using electron
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microscopy, showed extensive labeling of axon initial segments (Drake et
al., 1999). In that study, the authors suggested that this labeling indicated
extensive trafficking of TrkB to axons. The current study extends that
finding, showing that the majority of activated TrkB, measured as pTrkB-ir,
is in axons and axon terminals in the mouse hippocampal formation.
Furthermore, this abundant presynaptic pTrkB was sensitive to natural

fluctuations of ovarian steroids across the estrous cycle.

Methodological considerations

The pTrkB antibody used in these studies was tested for specificity
using several methods (see Chapter 8), but future studies should confirm this
in sections from a TrkB conditional knockout mouse. The antibody does not
recognize the pTrkA neurotrophin receptor, but does recognize the pTrkC
receptor in Western Blots from HEK293 cells (Moses Chao, personal
communication). This cross-reactivity is unlikely to confound the present
immunocytochemistry studies, as we saw no colocalization between pTrkB
and TrkC antibodies in fluorescent immunocytochemistry on hippocampal

sections (Joanna Spencer, unpublished observations).
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pTrkB is positioned to locally regulate synaptic transmission and

neurite growth

In vitro, TrkB modulates pre- and postsynaptic properties, including
synaptic vesicle dynamics, neurotransmitter release, calcium influx, actin
dynamics, and dendritic spine remodeling (Ji et al., 2005; Gomes et al.,
2006; Magby et al., 2006; Rex et al., 2007). The localization of pTrkB-ir to
both axon terminals and dendritic spines in the current study suggests that
TrkB may indeed locally modulate synaptic function in the intact mouse
hippocampus. In most cases, the pTrkB-ir in spines and terminals was not
affiliated with the plasma membrane. This suggests that the rapid
endocytosis of activated TrkB that has been described in cultured neurons
may also occur in vivo (Du et al., 2003). In spines, pTrkB-ir was often
adjacent to the synaptic density, positioning the receptor for local
degradation or recycling back to the plasma membrane (Chen et al., 2005;
Zheng et al., 2008). In contrast, in axon terminals, pTrkB-ir was often
affiliated with small synaptic vesicles distal to the synaptic contact,
suggesting that this internalized pTrkB may be in transit down the axon.

Such retrograde transport of pTrkB has been previously described, and may
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function to communicate TrkB signaling from the synapse to the cell body
(Bhattacharyya et al., 1997; Watson et al., 1999).

Despite the important role ascribed to TrkB activation at the synapse,
less than 10% of the terminals and spines in the CA1 stratum radiatum
contained pTrkB-ir. The pre-embedding immunocytochemical method used
to localize pTrkB in this study may slightly underestimate the total amount
of pTrkB contained in the tissue (Milner et al., 2005). Still, this finding is
striking, as TrkB itself is most likely present in every glutamatergic
hippocampal neuron. The specific complement of synapses containing
activated TrkB at any given time may be meaningful for the encoding or
retrieval of information, perhaps participating in the “tagging” of individual
synapses for sustained potentiation (Frey and Morris, 1998; Boulanger and
Poo, 1999; Nagappan and Lu, 2005; Reymann and Frey, 2007).

In addition to its synaptic effects, TrkB may locally regulate axonal
and dendritic arborization (Alsina et al., 2001; Horch and Katz, 2002; Horch,
2004). Indeed, pTrkB-ir was often affiliated with the plasma membrane in
axons and dendrites, suggesting local activation of TrkB in these neuronal

processes.
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pTrkB is positioned to regulate glial cell function

The role of TrkB in glial cell function in the adult has received very
little attention. It is widely believed that glia express only the truncated
TrkB isoform lacking the intracellular catalytic domain (Alderson et al.,
2000; Rose et al., 2003; Ohira et al., 2005; Ohira et al., 2007). However,
one study found that cortical glia in culture express a small amount of
functional full-length TrkB (Roback et al., 1995). The current study found
that glial profiles contained one fifth of all pTrkB-ir, using an antibody that
recognizes only the full-length TrkB. This suggests that not only do glial
cells in the adult hippocampal formation express the full-length TrkB, but
that this TrkB can be activated and may be an important aspect of

neurotrophin functions in vivo.

Presynaptic pTrkB is implicated in estrous cycle fluctuation of BDNF

signaling

In Chapter 4, I demonstrated that pTrkB-ir increases in the mouse

hippocampal formation during proestrus. The current study revealed

increased pTrkB-ir in axons likely contributed to these changes in two
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specific subregions, the CA1 stratum radiatum and CA3 stratum lucidum.
The anatomical specificity of this finding is notable, as these two
hippocampal laminae contain crucial synaptic contacts for hippocampal
function and synaptic plasticity. Mossy fiber synapses on CA3 pyramidal
cell dendrites in stratum lucidum are critical for spatial learning in mice
(Stupien et al., 2003; Florian and Roullet, 2004; Gartner et al., 2006; Kesner,
2007). Schaffer collateral synapses of CA3 axons on CA1 pyramidal cell
dendrites, in CA1 stratum radiatum, are the most well characterized site of
hippocampal LTP (Kerchner and Nicoll, 2008). TrkB activation at these
synapses is crucial for LTP and hippocampal-dependent associative learning
(Gruart et al., 2007). Given the importance of these two laminae for
hippocampal function, increased TrkB activity in these areas likely
contributes to the increased hippocampal excitability and plasticity during
proestrus (Warren et al., 1995; Scharfman et al., 2003).

The proestrus increase in axonal pTrkB-ir, as opposed to pTrkB-ir in
other cell compartments, has several possible implications. Increased axonal
TrkB activation could increase arborization to affect synaptic plasticity
indirectly through the availability of presynaptic contacts. Although an
effect of estradiol on hippocampal axons has not been reported, estradiol

increases axonal growth of cultured hypothalamic neurons through a TrkB-
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dependent mechanism (Carrer et al., 2003; Brito et al., 2004). Furthermore,
in rat hippocampal slices, estradiol does indeed increase the number of
presynaptic sites (Sato et al., 2007).

Alternatively, increased axonal pTrkB-ir in proestrus could reflect
increased retrograde transport of pTrkB, perhaps due to increased TrkB
activation at axon terminals. Increased retrograde transport of pTrkB might
decrease pTrkB-ir in axon terminals, as occurred in CA3 stratum lucidum
during proestrus. A role for presynaptic TrkB in synaptic potentiation was
first described in studies of the developing neuromuscular junction (Lohof et
al., 1993; Stoop and Poo, 1996). These findings have since been extended to
hippocampal neurons (Kang and Schuman, 1995; Pozzo-Miller et al., 1999;
Xu et al., 2000; Tyler and Pozzo-Miller, 2001; Bamji et al., 2006; Madara
and Levine, 2008). The current finding that presynaptic pTrkB-ir increased
during proestrus is consistent with these studies that point to the importance
of presynaptic TrkB in BDNF-mediated synaptic plasticity.

Estradiol may cause the increase in axonal pTrkB by several different
mechanisms. As described in Chapter 4, estradiol increases BDNF
expression, which could increase TrkB activation in proportion to BDNF
availability. Estradiol also increases BDNF release in the CA3 of the rat

hippocampus, which could increase presynaptic TrkB activation (Sato et al.,
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2007). In addition, estradiol enhances retrograde transport of BDNF in the
rat basal forebrain (Jezierski and Sohrabji, 2003). If this occurs in the mouse
hippocampus, increased pTrkB transport from axon terminals could directly
increase pTrkB-ir in axons. Finally, estradiol may affect TrkB signaling
indirectly by augmenting calcium influx (Wu et al., 2005; Zhao et al., 2005).
Such increases in neuronal activity rapidly enhance TrkB insertion into the
membrane, kinase activity, and pTrkB endocytosis (Du et al., 2000; Du et
al., 2003), events which may be involved in the “tagging” of active synapses
(Nagappan and Lu, 2005). Without knowledge of the relative role of each of
these mechanisms, the results of the current study suggest that the
coordinated increase in neuronal activity and BDNF availability during
proestrus specifically increase presynaptic TrkB activation in the CA1
stratum radiatum and CA3 stratum lucidum. The downstream effects of this
increased presynaptic pTrkB could include enhanced synaptic plasticity
through more efficient synaptic “tagging,” and the creation of new

presynaptic sites.
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Sex differences in the distribution of pTrkB may reflect the influence of

estradiol

The distribution of pTrkB-ir in male mice resembled that of low-
estradiol (estrus or diestrus) females. Specifically, males had less pTrkB-ir
in axons in the CA1 stratum radiatum and CA3 stratum lucidum than
proestrus females, and more pTrkB-ir in axon terminals in the stratum
lucidum than proestrus or estrus females. This similarity between males and
low-estradiol females means that estradiol likely mediates any sex
differences in BDNF/TrkB signaling. Indeed, the behavioral effects of
BDNF reduction in mice differ significantly in males and females, and some
of these differences may be explained by the presence or absence of
estradiol (Monteggia et al., 2006; Ren-Patterson et al., 2006). In females, the
ability of estradiol to increase presynaptic TrkB activation may protect

females against some of the effects of BDNF reduction.

Summary

This ultrastructural localization of pTrkB in the mouse hippocampal

formation shows pTrkB well positioned to carry out local effects of BDNF
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in synapses and neurites, and more sustained effects via retrograde transport
and activation of gene transcription. It provides evidence that presynaptic
TrkB is important for the maintenance of hippocampal function, as the
majority of pTrkB-ir was found in axons and terminals. Furthermore, this
axonal pTrkB-ir increased during the high-estradiol stage of the estrous
cycle, proestrus. This is strong evidence for the importance of presynaptic
TrkB activation in estradiol effects on hippocampal activity and synaptic

plasticity.
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Chapter 6

BDNF variant Val66Met modifies the estrous cycling

of hippocampal function

The molecular endpoints studied in this thesis were chosen because of
their importance to hippocampal synaptic function, and therefore their
possible relevance to estradiol effects on hippocampal-dependent learning
and memory. For this reason, it is important to relate these molecular effects
of estradiol to behavior. To do this, I studied estrous cycle fluctuation of
behavior in wild-type mice, and mice with a specific disruption in BDNF
signaling.

The BDNF variant Val66Met is a single nucleotide polymorphism in
the pro region of the BDNF gene, found commonly in certain human ethnic
groups; it 1s carried by 20-30% of Caucasians (Shimizu et al., 2004).
Neurons expressing the Met variant show impaired trafficking of pro-BDNF
and approximately 30% less activity-dependent BDNF secretion (Egan et al.,
2003; Chen et al., 2004; Chen et al., 2006). The study of estradiol effects in

these mice will therefore provide information about the importance of
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activity-dependent BDNF secretion in these effects. Furthermore, because
of the high prevalence of this BDNF variant in certain human populations,
the findings are potentially clinically relevant.

For these studies, I collaborated with Dr. Francis Lee in his laboratory
at Weill Cornell Medical College to conduct experiments on transgenic mice
expressing the BDNF Val66Met variant. Behavioral experiments were
conducted using wild type (Val/Val) and homozygous variant (Met/Met)
female mice, which were then sacrificed in proestrus and diestrus.

This was the first thorough investigation of behavior in female
Val66Met mice. Because of this, the first set of studies sought to identify
overall genotype differences in non-mnemonic and mnemonic behaviors.

To study fluctuation of hippocampal function across the estrous cycle,
spatial memory was tested in several difference phases of the estrous cycle.
Estrous cycles were carefully monitored and followed up with molecular
studies to discover any major genotype effects on reproductive function that
could confound study results. To relate the behavioral and molecular
findings, immunocytochemistry and in situ hybridization assays were
conducted for the following endpoints in sections through the dorsal
hippocampal formation: BDNF mRNA, TrkB mRNA, pTrkB-ir, pAkt-ir,

and PSD-95-ir.
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Met/Met mice are reproductively normal

The hormonal control of reproduction is centered on the
hypothalamic-pituitary-gonadal (HPG) axis, which regulates circulating
hormone levels through complex positive and negative feedback loops. The
resulting fluctuations in ovarian steroids across the estrous cycle induce
measurable changes in reproductive behavior, vaginal cytology, and
hypothalamic gene expression.

Met/Met females had regular estrous cycles, with characteristic length
and vaginal cytology, which were indistinguishable from Val/Val cycles.
These mice reproduce normally, with no obvious differences in reproductive
or maternal behavior. This suggests no significant changes in HPG axis
function in Val/Val and Met/Met mice. To substantiate these qualitative
assessments with a quantitative measure, progesterone receptor (PR)
expression was examined in the medial preoptic nucleus (MPO) of the
hypothalamus, where neurons release gonadotropin-releasing hormone in
response to hormonal stimuli. Estradiol induces PR expression in this

region, most likely via nuclear ERs (Kudwa et al., 2004). Proestrus mice
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should therefore show increased PR expression in the MPO relative to
diestrus mice.

In sections through the MPO labeled with anti-PR antibody, cells
expressing PR were counted in a fixed polygon of area 6556.91 um? in the

MPO from each hemisphere (Figure 61).

Estradiol induction of PR in MPO
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Figure 6.1 PR expression increases during proestrus in BDNF Val66Met
mice. PR-positive cells were counted from a fixed area in the medial
preoptic area of the hypothalamus. PR mRNA was significantly higher in
proestrus than diestrus in both Val/Val and Met/Met mice. R.O.D., relative
optical density. *, p<0.05. PR, progesterone receptor; MPO, medial preoptic
area. N = 6 for Val/Val proestrus, 4 for Val/Val diestrus, 5 for Met/Met

proestrus, and 4 for Met/Met diestrus.
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The number of PR-labeled cells in this area was higher in proestrus than
diestrus in both Val/Val and Met/Met genotypes (Figure 6.1). Two-way
ANOVA with genotype and cycle phase as the independent factors showed a
significant overall effect of genotype (F(1, 16) =32.42,p <0.0001). Post-
hoc tests revealed that for both genotypes, the density of PR-labeled cells
increased significantly during proestrus (p<0.05 for both).

In sum, BDNF Met/Met mice are reproductively normal, with no
differences in vaginal cytology, reproductive behavior, or cyclic PR
expression in the MPO. These findings suggest no differences in circulating
ovarian steroid levels or nuclear ER activity between Val/Val and Met/Met

mice.

Met/Met mice show differences in non-mnemonic behaviors

To test the effects of the BDNF variant Val66Met on behavior in
females, female Met/Met and wild-type Val/Val littermates in mixed estrous
cycle phases were tested on two tests of short-term memory, novel object
placement recognition (OP) and novel object recognition (OR). Both tests
consisted of a sample trial and a recognition trial separated by an intertrial

delay. The OP test uses two familiar, identical objects to assess recognition
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of a new object location relative to external cues. The OR test uses novel
objects to assess recognition of a new object identity. Both tests are often
used to assess hippocampal function in rodents, though other brain regions
play a major role in OR performance (Luine, 2006; Good et al., 2007). In
addition to object and place recognition, two non-mnemonic behaviors were
recorded during the sample trials: the amount of time spent in the center of
the open field, and total object exploration. The center time is a commonly
used measure of anxiety behavior in rodents, where less time signifies
increased anxiety-type behavior.

Met/Met females spent significantly less time in the center of the open
field during the sample trial of both OP (p = 0.0437) and OR (p = 0.0240)
tests (Figure 6.2A and B). There was no difference between genotypes in
time spent exploring the two identical, familiar objects in the OP sample trial
(Figure 6.2C). In contrast, Met/Met females spent significantly less time
exploring the two identical, novel objects in the OR sample trial (6.2A and
D; p =0.0222). In sum, Met females exhibit increased anxiety behavior and

decreased overall exploration of novel, but not familiar, objects.
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Figure 6.2 BDNF Val66Met affects non-mnemonic behaviors in female
mice. Anxiety and exploratory behavior were examined from the sample
trials of the OP and OR test in BDNF Val66Met mice. (A) Diagram of the
exact path of one representative mouse of each genotype during a sample
trial of the object recognition test as recorded by the Noldus software. White
circles represent objects, and white squares represent the center of the open
field used for quantification. (B) Anxiety-related behavior was measured as
the amount of time spent in the center of the open field, where less time in
the center is interpreted as higher anxiety-related behavior. Met/Met
females spent significantly less time in the center than Val/Val females
during the sample trials of both OP and OR tasks. (C) Exploratory behavior
was measured as the amount of time spent exploring both objects. Met/Met
females spent significantly less time exploring the objects during the sample
trial of the OR task, but not the OP task. *, p<0.05. N = 8 for OP, 5 for OR.
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Figure 6.2
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Met/Met mice exhibit memory impairment

The OR and OP tests rely on a mouse’s tendency to explore a novel
object (or object location) more than a familiar one, thereby testing
recognition of the familiar object or object placement. Object recognition
relies on the hippocampal formation, parahippocampal cortices, and other
brain regions in rodents, while object placement recognition is particularly
dependent on hippocampal function (Dere et al., 2007; Squire et al., 2007).
In order to successfully utilize these tasks to compare memory and
hippocampal function in BDNF Val66Met mice, it was necessary to confirm
that Met/Met females retain their preference for novelty when presented
with one familiar and one novel object. This is especially important
considering that Met/Met mice explored novel objects less than Val/Val
females in the OR sample trial (Figure 6.2).

To determine novelty preference in both genotypes, mice were tested
on the OR task using an easily differentiated pair of objects (chosen based
on experience). The amount of time spent exploring the novel object during
the recognition trial was expressed as a fraction of the time spent with both
objects, termed “novel object fraction.” If the mouse spent the same amount

of time with both objects, a result consistent with no object preference, the
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novel object fraction would be 0.5. Therefore, “chance” performance was
defined as a fraction of 0.5, and “recognition” was defined as a fraction
significantly greater than 0.5 (using a one-sample t-test).

Val/Val and Met/Met females both recognized the novel object
(Figure 6.3A; p <0.0001 for Val/Val and p = 0.0103 for Met/Met). This
suggests that the Met/Met mice do indeed prefer novel objects, and therefore
the OP and OR tasks are appropriate tests of memory.

To explore possible genotype differences in object recognition, mice
were tested again on the OR task using a new, less easily differentiated,
object pair (Figure 6.3B). This time, Val/Val mice recognized the novel
object (p = 0.0090), while Met/Met mice did not. Mice were also tested on
the OP task (Figure 6.3C). Again, Val/Vals recognized the novel object
placement (p = 0.0181), while Met/Mets did not. Thus compared to wild
type Val/Val females, Met/Met females exhibit impaired object and place

recognition.
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Figure 6.3 BDNF Val66Met impairs memory OP and OR performance
was measured using the novel object fraction, where 0.5 (dotted line)
represents chance performance. (A) Val/Val and Met/Met females
recognized the novel object in an OR test using easily distinguishable
objects, indicating that both genotypes show preference for novel objects.
(B) Val/Val but not Met/Met females recognized the novel object in an OR
test using less easily distinguishable objects. (C) Val/Val but not Met/Met
females recognized the novel object placement. *, p<0.05 relative to chance.
N = 8 for OP, 5 for OR.
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Figure 6.3
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Estrous cycle affects the Val66Met cognitive phenotype

When mice are tested on the OP task repeatedly on different days, no
overall change in performance is seen, suggesting no effect of practice on
OP performance (personal experience and (Luine et al., 2003)). Val/Val and
Met/Met mice were therefore tested repeatedly in each of four estrous cycle
phases: proestrus, estrus, diestrus 1, and diestrus 2, to assess the effect of
estrous cycle phase on spatial memory. Since all Val/Val females
recognized the new object placement on their first OP test (Figure 6.3C),
with a 5 minute intertrial delay, the task was made more difficult by
increasing the intertrial delay to 30 minutes, to increase the likelihood of
detecting differences in performance across the cycle.

OP performance fluctuated across the estrous cycle for both Val/Val
and Met/Met females (Figure 6.4). The new object fraction was
significantly greater than chance in diestrus for Val/Vals (p = 0.0038), and
proestrus for Met/Mets (p =0.0318). Spatial memory was therefore best
during diestrus in Val/Val mice, and proestrus in Met/Met mice.
Performance was also analyzed using two-way repeated measures ANOVA,
with cycle phase and genotype as the independent variables. There was a

significant interaction between genotype and cycle phase on object
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placement test performance (F(3,36) = 2.962, p = 0.0450), indicating that
the effect of the Met variant on OP performance depended on estrous cycle
phase. There were no differences in non-mnemonic behaviors between
genotypes or across the cycle, including mobility and exploratory behavior.
Thus, independent of non-mnemonic factors that could enhance
performance, spatial memory peaks during different estrous cycle stages in

wild type Val/Val and BDNF variant Met/met mice.

OP performance
across the estrous cycle

B VvalVval
Bl Met/Met

New object fraction

Proestrus Estrus Diestrus 1 Diestrus 2

Figure 6.4 Estrous cycle and BDNF genotype interact to control OP
performance. Val/Val and Met/Met mice were tested on the OP task in late
morning of four different estrous cycle stages. Only Val/Val females in
diestrus and Met/Met females in proestrus recognized the novel object
placement, and two-way ANOV A showed a significant interaction between
genotype and estrous cycle stage (p<0.05). *, p<0.05 relative to chance. N
= 8.
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Met/Met hippocampi show increased BDNF and TrkB expression

Expression of BDNF and TrkB in the Val/Val and Met/Met mice was
assayed using in situ hybridization in sections through the dorsal
hippocampal formation (Figure 6.5). BDNF mRNA was measured in the
CA3 pyramidal cell layer, where expression fluctuates across the estrous
cycle in female rats (Scharfman et al., 2003). Similar to rats, BDNF mRNA
was increased in proestrus compared to diestrus (Figure 6.5A). This was
true for both Val/Val and Met/Met mice; one-way ANOVA showed a
significant overall effect of cycle phase (F(1, 15) =7.994, p =0.0127).
Furthermore, compared to the wild type Val/Vals, Met/Met mice had
increased BDNF mRNA; one-way ANOV A showed a significant overall
effect of genotype (F(1, 15) =10.17,p = 0.0061).

TrkB mRNA was measured in the CA1 pyramidal cell layer, as in
Chapter 4 (Figure 6.5B). Consistent with the results in Chapter 4, there was
no significant fluctuation of TrkB mRNA across the estrous cycle. As with
BDNF, TrkB mRNA was increased in Met/Mets compared to Val/Vals; one-
way ANOVA showed a significant overall effect of genotype (F(1, 13) =

6.576,p = 0.0235).
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Figure 6.5 BDNF Val66Met mice have increased hippocampal BDNF
and TrkB expression (A) Optical density of BDNF mRNA from in situ
hybridization films was measured in the CA3 pyramidal cell layer of the
hippocampus and normalized to background density. BDNF mRNA was
significantly increased during proestrus relative to diestrus in the combined
sample. In addition, Met/Met females had significantly more BDNF than
Val/Val females. (B) Optical density of TrkB mRNA from in situ
hybridization films was measured in the CA1 pyramidal cell and normalized
to background density. Met/Met females had significantly more TrkB
MRNA than Val/Val females. R.O.D., relative optical density. * p<0.05. N =
6 for VVal/Val proestrus, 4 for VVal/Val diestrus, 5 for Met/Met proestrus, and
4 for Met/Met diestrus.
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In sum, BDNF mRNA but not TrkB mRNA increased significantly
during proestrus compared to diestrus. BDNF and TrkB mRNA were
significantly increased in BDNF variant Met/Met compared to wild type

Val/Val females.
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Val66Met alters estrous cycle fluctuation of pAkt and PSD-95

The proestrus increase in BDNF mRNA in both Val/Val and Met/Met
females suggests that estradiol increases hippocampal BDNF expression in
both genotypes. However, since spatial memory peaks during different
estrous cycle phases in Val/Val and Met/Met mice, there must be some
difference in how estradiol affects hippocampal function in these genotypes.
To address this, immunocytochemistry for pTrkB, PSD95, and pAkt was
performed in tissue sections through the dorsal hippocampal formation.
Based on previous chapters in this thesis, I expected that all of these
endpoints would increase during proestrus in the wild type (Val/Val)
females. To compare proestrus changes between genotypes, proestrus
values for each endpoint were expressed as % change from diestrus, and
these changes were directly compared between genotypes. Raw data
(optical density normalized to background for each endpoint) was also
compared between genotypes and cycle phases using two-way ANOVA.

Based on the proestrus increase in BDNF, it was not surprising that
pTrkB-ir increased during proestrus in both Val/Val and Met/Met mice, with
no difference between genotypes (Figure 6.6). Two-way ANOVA

confirmed an overall effect of estrous cycle phase on pTrkB-ir in CA1
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stratum radiatum (F (1,15) = 5.467, p = 0.0336) and dentate hilus (F (1, 15)

=8.502,p =0.012).

Proestrus changes in pTrkB

B ValNal
Bl Met/Met

pTrkB-ir
% change from diestrus

CA1 SR CA3 SR DGHIL

Hippocampal subregion

Figure 6.6 Normal estrous cycle fluctuation of pTrkB-ir in BDNF
Val66Met mice. Proestrus changes in pTrkB-ir were expressed as a percent
increase over diestrus pTrkB-ir in several hippocampal subregions. pTrkB-
ir increased during proestrus in both Val/Val and Met/Met females. There
was no significant difference in proestrus changes between the two
genotypes. SR, stratum radiatum; SL, stratum lucidum; DG HIL, hilus of the
dentate gyrus. N = 6 for Val/Val proestrus, 4 for Val/Val diestrus, 5 for
Met/Met proestrus, and 4 for Met/Met diestrus.
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As expected based on the estrous cycle fluctuation of, pAkt-ir in wild-
type mice (Chapter 3), pAkt-ir increased during proestrus in Val/Val females
(Figure 6.7A). However, pAkt-ir actually decreased during proestrus in
Met/Met females. The proestrus changes in pAkt-ir differed significantly
between Val/Val and Met/Met genotypes in all hippocampal subregions
(CA1 stratum radiatum, p = 0.0026; CA3 stratum radiatum, p = 0.0176;
dentate hilus, p = 0.0029). Two-way ANOVA confirmed that estradiol
affected pAkt differently in Val/Val and Met/Met females, showing a
significant interaction between cycle phase and genotype in CA1 stratum
radiatum and dentate hilus, and a strong trend in the CA3 stratum radiatum
(CA1 stratum radiatum, F(1, 15) =8.615, p =0.0102); CA3 stratum
radiatum, F(1, 15) =4.372, p = 0.054); dentate hilus, F(1, 15) =7.493,p =

0.0153).
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Figure 6.7 Abnormal estrous cycle fluctuation of pAkt-ir and PSD-95-ir
in BDNF Val66Met mice. (A and B) Proestrus changes in pAkt-ir and
PSD-95-ir were expressed as a percent increase over diestrus levels in
several hippocampal subregions. pAkt-ir and PSD-95-ir increased markedly
during proestrus in Val/Val mice, and decreased slightly during proestrus in
Met/Met mice. Proestrus changes differed significantly between genotypes
for both pAkt-ir and PSD-95-ir, in all hippocampal subregions. SR, stratum
radiatum; SL, stratum lucidum; DG HIL, hilus of the dentate gyrus. *,
p<0.05. N =6 for Val/Val proestrus, 4 for Val/Val diestrus, 5 for Met/Met

proestrus, and 4 for Met/Met diestrus.
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Figure 6.7
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PSD-95-ir also increased during proestrus in Val/Val females (Figure
6.7B). Similar to pAkt-ir, PSD-95-ir did not increase during proestrus in
Met/Met females, and even decreased slightly. The proestrus changes in
PSD-95-ir differed significantly between Val/Val and Met/Met genotypes in
all hippocampal subregions measured (CA1 stratum radiatum, p =0.0117;
CA3 stratum radiatum, p = 0.007; dentate hilus, p =0.0127). Two-way
ANOVA confirmed that estradiol affected PSD-95 differently in Val/Val
and Met/Met females, with a significant interaction between cycle phase and
genotype in all hippocampal subregions (CA1 stratum radiatum, F(1, 15 =
9.088, p =0.0087); CA3 stratum radiatum, F(1, 15) = 6.457, p = 0.0226;
dentate hilus, F (1, 15) =7.161,p =0.0173).

In sum, compared to wild type Val/Val females, Met/Met females
show similar estrous cycle fluctuation of TrkB activation, but opposite
fluctuation of Akt activation and PSD-95 expression. These opposite effects
on Akt and PSD-95 correlate with the opposite estrous cycle fluctuation of

spatial memory in Val/Val and Met/Met females.
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Discussion

This study of hippocampal function across the estrous cycle in BDNF
variant Val66Met mice provides a wealth of new information about estradiol
effects in the hippocampus. The findings pertain to ovarian steroid effects in
wild-type mice, the role of activity-dependent BDNF secretion in these
effects, and possible interactions between ovarian steroids and human gene

variants in the control of behavior.

Behavioral and molecular effects of BDNF variant Val66met

Many studies have investigated the effects of BDNF Val66Met on
behavior and neuropsychiatric disorders in humans. The behavioral
characterization of the BDNF Val66Met mouse is just beginning, with the
hope that it will be a useful model for the study of how this gene variant
affects behavior. The current study revealed important behavioral
phenotypes in anxiety, exploratory, and memory behaviors in female
Val66Met mice.

Met/Met females had increased anxiety-type behavior compared to

Val/Vals. A similar effect of the Met allele was found in male mice (Chen
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et al., 2006). Human studies have shown variable effects of the Val66Met
variant on anxiety, but several reports suggest that the Met allele predisposes
to anxiety traits and disorders (Jiang et al., 2005; Gatt et al., 2009).

Met/Met females explored novel objects less than Val/Val mice,
though they retained their preference for a novel object when that object was
paired with a familiar one. This finding may reflect complex effects of the
Met allele on motivational or novelty-seeking behavior that deserve further
scrutiny. Human Met carriers have decreased susceptibility to substance
abuse that could, with further study, be related to reduced novelty-seeking
behavior in Met/Met mice (Gratacos et al., 2007).

Finally, Met/Met mice had impaired memory, measured as OP and
OR performance, compared to Val/Vals. Consistent with these findings,
human Met carriers have slightly lower 1Q and poorer episodic memory
(Egan et al., 2003; Hariri et al., 2003; Tsai et al., 2004). Overall, the
behavioral phenotype of the female BDNF Met/Met mice in this study was
generally consistent with the effects of the Met allele on human behavior,
validating the utility of this mouse model for studying the behavioral effects
of this polymorphism.

In situ hybridization studies showed increased BDNF and TrkB

expression in the Met/Met female hippocampus. This suggests that in
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Met/Met mice, hippocampal cells may attempt to compensate for the
deficiency in activity-dependent BDNF release by an upregulation of BDNF
and its receptor, thereby increasing the BDNF release pool and the
sensitivity to secreted neurotrophin. This idea remains to be tested, but it is
consistent with the finding of elevated BDNF serum concentrations in
human Met carriers (Lang et al., 2009). A similar hypothesis was proposed
to explain the upregulation of TrkB expression after stress, when BDNF
levels are reduced (Nibuya et al., 1999). In the current study, there was no
overall difference in hippocampal TrkB activation, measured as pTrkB-ir,
between genotypes. This suggests that the increased BDNF and TrkB
expression in Met/Met females at least partially compensate for the BDNF
deficiency. But this apparent compensation did not prevent the Met

behavioral phenotype.

Estradiol effects in wild type (Val/Val) mice

The current study confirmed the findings from Chapters 3 and 4 that

TrkB and Akt activation increase during proestrus throughout the

hippocampal formation, while TrkB expression remains unchanged. BDNF

mRNA also increased during proestrus, consistent with a previous report in
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rats (Scharfman et al., 2003). Combined with the estradiol induction of
BDNF described in Chapter 4, this indicates that both endogenous and
exogenous increases in circulating estradiol increase BDNF expression in
the mouse hippocampus. This increased BDNF expression likely mediates
the associated increase in TrkB activation. Finally, PSD-95 expression also
increased during proestrus throughout the hippocampal formation. Although
this finding is consistent with the effects of estradiol treatment in mice
(Chapter 3 and (Li et al., 2004)) this is the first demonstration that natural
fluctuations in ovarian steroids affect synaptic protein expression.
Hippocampal function across the estrous cycle was assessed in the
mice using the object placement test of spatial memory. The wild type mice
performed best during diestrus, when estradiol levels are low and
progesterone levels high. This was surprising given that in female rats,
several studies have shown an enhancement of spatial memory, including
OP performance, during proestrus (Frye et al., 2007). In addition, the
parameters that increased during proestrus in the mouse hippocampus,
including BDNF activity, Akt activation, and PSD-95 expression, all
function in excitatory synapse development, synaptic plasticity, and/or

spatial memory (see Chapter 1). It was therefore expected that these
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parameters would correlate positively with spatial memory across the estrous
cycle.

There are several possible explanations for this finding. First, the OP
task may depend on other brain regions besides the hippocampal formation.
The hippocampus is crucial for spatial recognition memory in rats (Good et
al., 2007), but its role in this behavior, and the relative role of the
parahippocampal cortex and other brain regions, has not been investigated in
mice. The balanced contribution of different brain regions to a behavior is
important for the potential effects of estradiol on that behavior (Korol,
2004). Previous work has indeed demonstrated that mice and rats use
different strategies to solve similar tasks of spatial navigation (Frick et al.,
2000). Because of this, direct comparison of behavioral studies between
mice and rats is not always appropriate.

A second possibility is that spatial memory is not enhanced during
proestrus in the mouse. The OP testing took place in the late morning of
proestrus, at the same time that the effects of circulating estradiol on Akt,
PSD-95, and BDNF in the hippocampus were observed. These widespread
molecular events could obscure the specific synaptic events required to form
a short-term memory during the sample trial. For example, in rat

hippocampal neurons, overexpression of PSD-95 dramatically increases
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excitatory postsynaptic potentials, occluding the synaptic potentiation seen
in control neurons (Stein et al., 2003). If this phenomenon is applicable to
the proestrus mouse hippocampus, more long-term estradiol treatment or
estradiol administration after the sample trial might still be expected to
enhance memory formation or consolidation. Indeed, mice show enhanced
spatial memory after six days of estradiol treatment, or post-training
estradiol injections (Li et al., 2004; Gresack and Frick, 2006).

As indicated in the Introduction (Chapter 1), this is not the first study
to find improved hippocampal-dependent memory when circulating estradiol
is low. Previous studies showed varied estrous cycle fluctuation of different
memory tasks in female rats, including water maze navigation and novel
object recognition (Frick, 2009). The best conclusion based on all available
data is that memory and hippocampal function do fluctuate across the
estrous cycle, but the consequences of this fluctuation for behavior are
complex and particularly task-dependent. With all this in mind, the current
study demonstrates that natural fluctuations in ovarian steroids affect spatial
memory in female mice. Object placement recognition increases during
diestrus, and correlates inversely with hippocampal BDNF expression, TrkB

activation, Akt activation, and PSD-95 expression.
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Estradiol effects in BDNF variant Val66Met mice

The BDNF Val66Met mouse is an ideal model to assess the role of
BDNF in estradiol effects because of the specific deficiency in activity-
dependent BDNF secretion. Activity-dependent, or regulated, BDNF
secretion occurs in response to neuronal activity through a specific neuronal
secretory pathway (Lessmann et al., 2003). This regulation of secretion is at
the heart of BDNF’s role in activity-dependent synaptic modifications
(Boulanger and Poo, 1999; Lim et al., 2003), and therefore may be pertinent
to estradiol effects on synaptic plasticity. Because the Val66Met variant
leaves the constitutive pathway of neurotrophin secretion intact, it is in some
ways less dramatic than a BDNF knockout. At the same time, it allows for
the specific assessment of the role of activity-dependent BDNF secretion in
estradiol effects.

Using female mice homozygous for wild type BDNF or the Val66Met
variant, the current study demonstrated that this variant does not eliminate
the fluctuation of spatial memory across the estrous cycle, but alters it
dramatically. OP performance peaked during the low-estradiol stage of
diestrus in Val/Val mice, and during the high-estradiol stage of proestrus in

Met/Met mice. In concert with their different estrous cycling of OP
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performance, Val/Val and Met/Met females also showed a different
fluctuation of Akt activation and PSD-95 expression across the cycle. Akt
activation and PSD-95 expression in the hippocampal formation increased
during proestrus as expected in Val/Val females, but decreased during
proestrus in Met/Met females. Thus compared to Val/Vals, female
Met/Mets exhibited a coordinated change in the estrous cycle fluctuation of
spatial memory, Akt activation, and PSD-95 expression.

The effect of the BDNF variant Val66Met on estrous cycling of Akt
and PSD-95 suggests that activity-dependent BDNF secretion plays a critical
role in the widespread increase in hippocampal Akt activation and PSD-95
expression during proestrus. Since estradiol acts rapidly on Akt and PSD-95,
(Chapter 3), this implicates activity-dependent BDNF secretion in rapid,
membrane-initiated estradiol signaling. Furthermore, the correlation among
spatial memory, Akt activation and PSD-95 expression in this study suggests
that these specific rapid signaling events may be especially important for
estradiol effects on hippocampal-dependent behavior. The BDNF variant
Val66Met did not alter the more delayed effects of estradiol on PR and
BDNF expression.

Surprisingly, Met/Met mice actually performed better than Val/Vals

on the 30-minute OP test during proestrus. This was unexpected in light of
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their overall impairment on the 5-minute OP task when tested in mixed
estrous cycle stages. This suggests that in some cases, the effects of
circulating ovarian steroids are robust enough to overcome the global
behavioral phenotype of this BDNF variant. Alternatively, the 5- and 30-
minute OP tasks may test different aspects of brain function. In rats, the role
of the hippocampal formation in recognition memory depends on the
intertrial delay (Hammond et al., 2004). If this holds true in mice, it would
suggest that the memory impairment in Met/Met females depends on the
specific memory task and its dependent brain regions.

In sum, the BDNF variant Val66Met leads to opposite effects of
increased circulating estradiol on hippocampal function measured by Akt
activation, PSD-95 expression, and OP performance in female mice. These
different effects of circulating ovarian steroids in Val and Met genotypes
may stem from developmental or adult differences in BDNF biology.
Though the actual mechanism is unclear, activity-dependent BDNF secretion
appears to play a critical role in how estradiol effects on hippocampal

function.
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Implications for human behavior

The BDNF variant Val66Met fascinates researchers because of its
association with variations in human behavior, including susceptibility to
several neuropsychiatric disorders and the course of these diseases. These
effects clearly underscore the importance of BDNF in nervous system
development and adult brain function. Studying this polymorphism will
provide more information not only about basic BDNF biology, but also
about genetic variation in human behavior.

Most women report mood and cognitive changes associated with the
menstrual cycle, and 5-10% meet strict diagnostic criteria for premenstrual
dysphoric disorder (PMDD) (Yonkers et al., 2008). Affective behavior,
including mood, in humans depends on the cooperation of multiple brain
areas including the hippocampal formation. Common genetic variation in
some of the molecular mediators of estradiol effects on these brain regions
could explain why some women develop severe behavioral symptoms
associated with the menstrual cycle, while others experience little change in
mood or cognitive function. Based on the current findings, the BDNF
variant Val66Met is a strong candidate for one such genetic factor. Val/Val

and Met/Met female mice showed different estrous cycle fluctuation of
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behavior and several molecular endpoints in the hippocampal formation.
This BDNF variant may therefore play a role in determining how the female
brain responds to ovarian steroids, and may influence susceptibility to
PMDD and other disorders associated with changes in circulating ovarian
steroids.

The striking interaction between BDNF genotype and circulating
ovarian steroids suggests that an interaction between the Met allele and
estradiol may also contribute to gender differences in the effects of the Met
allele on human behavior. A recent meta-analysis showed that female sex
may protect Met carriers against an increased risk for major depressive
disorder (Verhagen et al., 2008). In one study, the Met allele had opposing
effects on the course of obsessive-compulsive disorder: it was associated
with earlier onset in males but decreased severity in females (Hemmings et
al., 2008). Future lab and clinical studies should be designed to specifically
assess gender differences in the effects of the Met allele, and the
contribution of sex hormones to these differences. This information will be
critical to the successful application of clinical data to genetic risk

assessment or treatment choices.
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Chapter 7

Discussion

The goal of this thesis was to make progress toward understanding
how estradiol affects hippocampal function in female mice. Two candidate
molecular mediators of estradiol effects were investigated based on their
relevance to synaptic plasticity and hippocampal function: the
serine/threonine kinase Akt, and the neurotrophin BDNF. The effect of
estradiol on these molecules was determined using intact cycling mice and
estradiol replacement in ovariectomized mice. The studies also took
advantage of several existing lines of transgenic mice to determine the role
of estrogen receptors and BDNF in estradiol actions.

The results of these studies shed light on several key aspects of how
estradiol affects hippocampal function: the upstream signaling pathways and
target genes on which estradiol acts, which estrogen receptors mediate these
effects, and the importance of these pathways in the downstream increase in
synaptic protein expression. In addition to these important mechanistic
points, these studies also demonstrate potentially important differences
between the effects of physiologic and pharmacologic increases in

circulating estradiol.
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Mechanism of estradiol effects on hippocampal function

These studies clearly demonstrate that estradiol increases Akt and
BDNF signaling in the mouse hippocampal formation. Estradiol activates
Akt on a fairly rapid time course consistent with a membrane-initiated event.
In contrast, estradiol increases BDNF expression on a more delayed time
course consistent with a requirement for new gene transcription. Estradiol
also increases TrkB activation, which occurs without any change in TrkB
expression and is therefore likely mediated by estradiol effects on BDNF
expression.

In these studies, estrogen receptors alpha and beta were both essential
for estradiol effects in the mouse hippocampal formation. ER alpha was
required for estradiol activation of Akt, while ER beta was required for both
estradiol activation of Akt and induction of BDNF. The unique roles of
these receptors will be important in the consideration of the effects of
different estrogenic compounds, with distinct affinities for the two ERs, on
brain function. Additionally, once the role of each receptor is clear, we may
more clearly understand how changes in estrogen receptor expression across

the lifespan influence estradiol sensitivity. For example, aging is associated
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with decreased synaptic localization of ER alpha in the CA1 stratum
radiatum of the hippocampus of female rats (Adams et al., 2002). Decreased
synaptic ER alpha would impair the ability of estradiol to activate Akt in
synapses, where Akt is linked to actin-remodeling pathways required for
dendritic spine remodeling. This could explain the impaired estradiol
regulation of spine morphology and density in the aging brain (Adams et al.,
2001; Yildirim et al., 2008).

The choice to examine PSD-95 expression as a marker of downstream
modulation of synaptic plasticity in this study was based primarily on two in
vitro studies suggesting that Akt and BDNF are important for estradiol to
increase PSD-95 expression. In the study supporting a role for BDNF,
estradiol increased PSD-95 expression in rat hippocampal slices through a
Trk receptor-dependent mechanism (Sato et al., 2007). In the study
supporting a role for Akt, estradiol rapidly increased PSD-95 protein
translation in the NG108-15 neuroblastoma cell line through a PI3K-
dependent mechanism (Akama and McEwen, 2003). In the current study,
there was a close relationship between the rapid effect of estradiol on Akt
and PSD-95, in the CA1 stratum radiatum, and the more prolonged effect of
estradiol on BDNF and PSD-95, in the CA3 stratum radiatum. Although

these data are purely correlative, they support the findings of both in vitro
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studies, suggesting that when circulating estradiol increases, both Akt and
BDNF are involved in increasing PSD-95 expression in the mouse

hippocampus.

Physiology vs. Pharmacology

In this thesis, consistent use of the same molecular assays allowed
side-by-side comparison of the effects of physiologic increases in circulating
estradiol during proestrus, and pharmacologic increases following estradiol
injection. In general, these studies led to similar conclusions: estradiol
increases Akt and BDNF signaling, and PSD-95 expression, in the mouse
hippocampal formation. But there were some important differences, as
physiologic and pharmacologic increases in circulating estradiol had
anatomically and temporally distinct effects on Akt and BDNF signaling.

While the proestrus increase in Akt activation occurred throughout the
dorsal hippocampal formation, it occurred only in the CA1 6 hours after a
single estradiol injection. This suggests that rapid estradiol signaling is most
robust in the CA1. The original description of estradiol effects on dendritic
spine density in the rat hippocampus focused on this subregion, where the

most robust changes occured (Woolley et al., 1990). Since then
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investigators have acknowledged that estradiol does affect other
hippocampal subregions (Rudick and Woolley, 2000; Scharfman et al.,
2007). In particular, estradiol effects in the CA3 and dentate gyrus can be
seen after a more prolonged estradiol exposure, as chronic estradiol
increases PSD-95 expression throughout the hippocampal formation (Li et
al.,2004). Indeed, in the current study a more prolonged 48 hour estradiol
treatment increased BDNF expression, TrkB activation, and PSD-95
expression in the CA3 region. As with Akt, these effects occurred
throughout the hippocampal formation during proestrus.

What all this suggests an anatomical and temporal separation of Akt
and BDNF activity after estradiol treatment, but a convergence of these
effects during proestrus. The rise and fall of circulating estradiol across the
estrous cycle, is therefore uniquely timed for a convergence of rapid and
delayed estradiol effects on the late morning of proestrus. This elegant
orchestration may optimize cooperation between these two types of estradiol
signaling (Hammes and Levin, 2007). For example, in numerous cell types,
the rapid effects of estradiol lead to the phosphorylation of transcription
factors (including ERs themselves) and coactivators important for the
delayed effects on gene expression (Vasudevan et al., 2001; Levin, 2005).

Estradiol activation of Akt could in this way support increase TrkB
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activation in the CA1 during proestrus. Conversely, the gradual increase in
circulating estradiol beginning in diestrus 2 may effect changes in gene
transcription that support the rapid effects of peak circulating estradiol on
proestrus morning (Scharfman et al., 2007). Estradiol induction of BDNF
and the resulting increase in TrkB activation could in this way support Akt
activation in the CA3 during proestrus.

In sum, the current study suggests that in mice, the precise timing of
increased circulating estradiol ensures activation of rapid and delayed targets
at the same time, in all hippocampal subregions. The convergence of these
signals during proestrus may have important consequences for hippocampal
function. One recent paper provided evidence for this possibility in female
rats. Using a sequence of estradiol injections timed to mimic physiologic
fluctuations of estradiol, the authors showed that the precise timing of
increased circulating estradiol is important for the specific increase in
hippocampal cell excitability seen during proestrus (Scharfman et al., 2007).
In mice, such exaggerated changes during proestrus may not uniformly
enhance hippocampal-dependent memory. In a test of object placement
recognition across the estrous cycle, mice performed best during diestrus,
indicating that the proestrus changes may actually impair spatial memory.

Based on the current studies it is impossible to know how 6 or 48 hours of
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estradiol treatment might differently impact performance on this test,
although in a previous study, six days of estradiol treatment enhanced
performance on the same test (Li et al., 2004).

Taking all this into account, it is clear that physiologic and
pharmacologic models are complementary approaches to the study of
estradiol effects in the brain, each reinforcing and informing the other. They
should be considered equally important, but not equivalent, models for the

study of basic ovarian steroid biology.

Working model

The new information acquired from this extensive body of work
permits me to propose a new working model of how estradiol affects
hippocampal function.

When circulating estradiol increases, the hormone acts rapidly on ERs
alpha and beta to activate Akt in the CA1 stratum radiatum. This pAkt
activates actin-remodeling pathways that allow synaptic activity to be
translated into modifications of spine structure (Jaworski et al., 2005; Yuen,
2006), and increases PSD-95 protein translation. The increased PSD-95

protein is targeted to dendritic spines, where its recruitment of AMPA
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receptors increases excitatory synaptic potentials, synergizing with the
effects of Akt to enable dendritic spine maturation (El-Husseini et al., 2000;
Beique et al., 2006). Meanwhile, the increase in estradiol triggers a more
delayed increase in BDNF mRNA in CA3 pyramidal cells, via estrogen
receptor beta activation of CREB or direct nucleus-initiated signaling. This
BDNF is soon secreted at active hippocampal synapses throughout the
hippocampal formation, where it activates TrkB, particularly in axon
terminals in CA3 stratum lucidum and CA1 stratum radiatum. Some of this
pTrkB at axon terminals is transported down the axon to activate signaling
pathways in the cell body, leading to both local modifications at active
synapses and also widespread changes in gene expression, including an
increase in PSD-95. The increase in TrkB activation serves to sustain and
amplify the rapid effects of estradiol on Akt, focusing them at active
synapses to better serve hippocampal synaptic plasticity.

The effects of estradiol on hippocampal-dependent behaviors depend
on the type of behavioral task, and the relationship of testing to circulating
ovarian steroids. For example, mice show enhanced performance on an
object placement test of spatial memory during diestrus, when estradiol
levels are low. The acute increase in Akt activation and PSD-95 expression

may be involved in this memory impairment during proestrus.
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In transgenic female mice, the BDNF Val66Met polymorphism
reverses the fluctuation of Akt activation, PSD-95 expression, and spatial
memory across the estrous cycle. The mechanism for this reversal is
unclear, but it suggests that activity-dependent BDNF secretion is important
for estradiol activation of Akt. In addition, it points to a possible interaction
between BDNF genotype and ovarian steroids in the control of human

behavior.

Relevance to human health

In women, shifts in circulating estradiol during puberty, across the
menstrual cycle, in pregnancy, and at the menopausal transition are all
associated with changes in mood and cognition (Aloysi et al., 2006). The
role of estradiol in these changes has been difficult to determine, but several
human studies suggest a role for ovarian steroids in the cognitive impairment
following gonadal suppression, and the mood disturbances in premenstrual
dysphoric disorder (PMDD) (Sherwin and Tulandi, 1996; Schmidt et al.,
1998). By exploring how estradiol regulates hippocampal function in
rodents, researchers hope to gain insights that will be applicable to ovarian

steroid effects on human behavior. Some evidence suggests that translation
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of this work will be possible. Several of the major effects of estradiol — on
spine density, synaptic protein expression, and cognition — are conserved
among mice, rats, and nonhuman primates (see Chapter 1). The
conservation of these effects in several mammalian species suggests that
they serve an evolutionarily important role, and will probably be conserved
in humans. One recent imaging study showed that gray matter volume in the
right anterior hippocampal formation fluctuates across the menstrual cycle in
women (Protopopescu et al., 2008). A previous study showed that
postmenopausal women taking estrogen replacement therapy had increased
hippocampal volumes compared to women taking the ER partial agonist,
tamoxifen (Eberling et al., 2004). This is direct evidence that estradiol
affects the hippocampus in women, fueling the hope that estradiol effects on

the mouse hippocampus may be directly applicable to women.

Contributions from animal studies

Despite the many animal studies that have begun to shed light on

estradiol effects in the mammalian brain, the translation of laboratory

knowledge into bedside practice has so far been inefficient. This lack of

discussion between bench and clinical scientists is especially damaging in
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the realm of postmenopausal hormone replacement therapy. In 2003, the
results from the large Women’s Health Initiative (WHI) study showed that
conjugated equine estrogens (CEE) with or without medroxyprogesterone
acetate (MPA) actually increased the risk of dementia and cognitive decline
in postmenopausal women (Rapp et al., 2003b; Shumaker et al., 2003; Craig
et al., 2005). These findings were unexpected in light of the positive effects
of estrogen on many cognitive tests in animal studies and smaller
observational studies in humans. Guided by comparisons between human
and animal studies, the research community has since come to a general
agreement over two major pitfalls of the study: first, the timing of hormone
replacement; and second, the type of hormone delivered (Sherwin, 2006;
Brann et al., 2007).

First, most of the women in the WHI study began hormone
replacement therapy more than ten years after the menopausal transition.
Investigators hypothesized that the brain loses its responsivity to estrogen
under a period of prolonged hypoestrogenicity, and that estrogen sensitivity
can be maintained through timely hormone replacement after the onset of
reproductive senescence. This idea, called the “healthy cell bias” or ‘critical
period” hypothesis, maintains that estrogen has positive effects on healthy

brain structures, but that once the structures are already damaged, estrogen’s
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effects are detrimental (Brinton, 2005; Suzuki et al., 2007). This implies
that there is a critical window of estrogen sensitivity after ovariectomy or
menopause before the effects of long-term hypoestrogenicity become
irreversible(Maki, 2006). Evidence for this critical period has been shown in
rodents, nonhuman primates, and women (Gibbs, 2000; Daniel et al., 2006;
Sherwin, 2006; Suzuki et al., 2007). Most of the women in the WHI study
began taking hormones 10 or more years after menopause, long after the end
of the hypothesized critical period (Maki, 2006; Sherwin, 2006). The effects
of estradiol on Akt and BDNF signaling in the young, healthy brain explored
in this thesis may not apply to the older, less healthy brain.

Second, different forms of estrogen and progesterone have been
explored for hormone replacement therapy in women, and they should not
be treated equally (Prestwood et al., 2004). The form chosen for the WHI
study, CEE with or without MPA, is rarely used in laboratory studies.
Scientists have begun to consider the different biological actions of these
and other clinically relevant estrogenic compounds (Zhou et al., 2002;
Bernardi et al., 2003; Ciriza et al., 2004; O'Neill et al., 2004; Rhodes and
Frye, 2006; Zhao and Brinton, 2006). In particular, the important role of ER
beta in estradiol effects in the hippocampus (Chapters 3 and 4 and (Liu et al.,

2008)) supports the design of human trials of selective estrogen receptor
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modulators with a higher affinity for ER beta than ER alpha. These drugs
could maximize the cognitive benefits while minimizing unwanted side
effects of estrogen replacement therapy.

In addition to the issues of timing and hormone preparation, the
results in this thesis suggest that human studies may benefit from
considering genetic variation in the effects of hormone replacement. If
common gene variants such as the BDNF Val66Met polymorphism can so
profoundly influence how estradiol acts in the brain, as suggested in Chapter
6, this knowledge could greatly increase the power of clinical trials. Only
one such variant has so far been identified in humans, an ER alpha
polymorphism associated with the risk of cognitive decline (Yaffe et al.,
2002). Animal studies may prove to be valuable models for elucidating the
specific roles of common human gene variants against an otherwise uniform
genetic background.

In sum, increased communication between basic and clinical scientists
in the wake of the WHI study has led to the development of several
principles that will be valuable in the design of future large-scale trials.
Hopefully, this experience will encourage continued conversation and more

efficient translation of laboratory findings.
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Concluding thoughts

With the burgeoning interest in translational medicine, laboratory
scientists must choose animal models carefully, with a mind toward the
clinical relevance of their experiments. Questions pertaining to cognitive
decline or mood disorders following menopause or hysterectomy are best
explored using models of reproductive senescence such as ovariectomy.
Investigations of neurological or psychiatric disorders related to the
menstrual cycle, such as catamenial epilepsy or premenstrual dysphoric
disorder, benefit from the incorporation of naturally cycling animals. The
most complete and informative studies will incorporate and compare several
different animal models and/or in vitro systems.

In addition to the endpoints explored in this thesis, other signaling
pathways and proteins surely play important roles in estradiol effects in the
hippocampal formation. To study any of these players, reliable assays such
as the in situ hybridization and immunocytochemistry used in this study are
invaluable for the comparison of different hormone treatment paradigms and
genotypes. In the future, more high-throughput methods would be welcome.

To be successful tools, these must consistently detect the small changes in
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protein expression or spine density, sometimes only 30% or 40%, which can
translate into huge differences in synapse number, plasticity, and behavior.
The neuroendocrinology of sex hormones is mystifyingly complex.
The effects of estradiol (or any hormone) in the brain are the result of
multiple actions, through multiple receptors, in different cell types and brain
regions. The most easily measured effect may not be the most important
one, and no composite of molecular endpoints can substitute for a single
behavioral test. But if we embrace the nuances of this system and seek to
understand them, we will be equipped for the most effective translation of

findings from the laboratory to that most intricate system, the human brain.
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Chapter 8

Materials and Methods

Animals

All animal procedures were approved by the Institutional Animal Care
and Use Committee of The Rockefeller University, Weill Cornell Medical
College, and/of the University of Tsukuba and were in accordance with the
NIH Guide for the Care and Use of Laboratory Animals. Animals were
housed on a 12-hour light/dark cycle with food and water available ad
libitum for the duration of the studies. All mice used for these studies were
between the ages of 8 and 13 weeks.

Wild-type C57B16 mice were obtained from Taconic Farms, Inc.
(Germantown, NY) for estrous cycle characterization (Chapter 2); Charles
River Laboratories, Inc. (Wilmington, MA) for biochemical studies on
cycling mice (Chapters 3 and 4); and Jackson Laboratory (Bar Harbor, ME)
for electron microscopy studies (Chapter 5).

ER alpha knockout mice (ERKO) and ER beta knockout mice

(BERKO) were previously generated by targeted disruption of the ER alpha
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and beta genes. For ER alpha, a NEO gene was inserted into exon 2 to
disrupt the reading frame (Lubahn et al., 1993). For ER beta, the NEO gene
was inserted in reverse order into exon 3, introducing several stop codons to
yield premature translation of the ER beta peptide (Krege et al., 1998).
These mice were mated onto a C57B1/6] background. The animals used for
these studies were bred and genotyped in collaboration with Sonoko Ogawa
at the University of Tsukuba, Japan. In every experiment, homozygous
knockout mice were compared to wild-type littermates.

BDNF Val66Met mice were generated using a knock-in allele with
the point mutation G196A in the BDNF coding region as previously
described (Chen et al., 2006). This mutation changes the Valine in position
66 to a Methionine. The mice were crossed onto a C57B1/6J background for
at least 11 generations before these experiments, and were bred and
genotyped in collaboration with Francis Lee at Weill Cornell Medical
College. Homozygous Met/Met females were compared with Val/Val

siblings.
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Estrous cycling

Vaginal swabs were taken daily between 9:30 and 10:30 AM and
vaginal cytology was observed under a microscope after staining with the
Hema 3 Stain Set from Fisher Scientific Company L.L.C. (Kalamazoo, MI).
Cycle phase was determined as proestrus, estrus, diestrus 1 or diestrus 2
according to published criteria (Turner and Bagnara, 1971b). Mice without
progression through the distinct cytologic stages of proestrus, estrus and
diestrus were excluded from the studies. Vaginal cytology was monitored
for at least one complete cycle before sacrifice or behavioral testing. All
cycling mice were sacrificed in late morning, between the hours of 10:30
AM — 12:00 PM. Uteri were dissected out and weighed. Trunk blood was
collected into heparinized tubes, and plasma estradiol and progesterone were
measured using enzyme immunoassays from Endocrine Technologies, Inc.

(Newark, CA).

Ovariectomy and estrogen replacement

Mice were ovariectomized under isoflurane anesthesia and recovered

for one week from the surgery. For the 6-hour treatment, subcutaneous
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injections of 100 ul vehicle (sesame oil) or 5 ug estradiol benzoate (EB) in
vehicle were then delivered six hours before sacrifice. For 48-hour
treatment, two daily injections were given, and the mice sacrificed 24 hours

after the second injection.

Behavioral testing

Recognition tests. BDNF Val66Met mice underwent behavioral

testing on the novel object recognition (OR) and novel object placement
(OP) tasks as described previously ((Li et al., 2004), adapted from (Luine et
al., 2003)). Testing consisted of two five-minute trials, the sample and
recognition trials, separated by a delay. During the sample trial of the OR
test, a mouse explored two novel, identical objects at one end of an open
field measuring 38.1 x 53.3. The mouse was then returned to her home cage
for the delay period. During the recognition trial, the mouse explored two
objects in the same locations. One of the objects was identical to the sample
trial objects, and one was novel. For the OP test, the two identical objects
used for the sample trial were familiar. In the recognition trial, the objects
stayed the same, but one object was moved to a new location in the open

field.
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Mice were acclimated to the apparatus and OP objects before testing.
Once testing began, the mice were tested no more than once each day and at
least once every five days. Each mouse was tested on the object placement
task once with a five-minute intertrial delay, and once with a thirty-minute
intertrial delay in each of the following estrous cycle stages: proestrus,
estrous, diestrus 1, and diestrus 2. The same two objects were used
throughout OP testing. Each mouse was testing on the OR task with a 30-
minute intertrial delay twice, with different object pairs. Starting objects
(OR) or object start locations (OP) and new object locations (both OP and
OR) were counterbalanced across mice and trials. In the initial OP test and
the two OR tests, mice were in mixed estrous cycle stages. Trials were
recorded and analyzed using the Noldus Ethovision XT software (Noldus
Information Technology, Leesburg, VA). An area of 1 cm surrounding the
objects was delineated using the software, and object exploration was
defined as when the nose of the mouse was within this object surround area.

Quantitative and statistical analysis. To compare non-mnemonic

behaviors that may influence task performance, the following parameters
were measured from the sample trial: time spent in the center of the open
field, and time spent exploring objects. Genotype differences on these

parameters were analyzed using a two-tailed t-test. The effects of genotype
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and estrous cycle on these parameters were examined using two-way
ANOVA with genotype and cycle stage as the independent measures.
Statistical tests for these and all other data sets in this document were run
Prism GraphPad (version 5.0a for Macintosh). For the recognition trial, the
time spent exploring each object was measured. The amount of time spent
exploring the novel object (or object placement) during the recognition trial
was expressed as a fraction of the time spent with both objects, termed
“novel object fraction.” A fraction of 0.5 is consistent with chance
performance; therefore, “recognition” was defined as a fraction significantly
greater than 0.5 (using a one-sample t-test). Novel object fractions across
the estrous cycle were also analyzed using two-way ANOV A with genotype

and cycle stage as the independent measures.

Sacrifice

Mice were anesthetized with an overdose of sodium pentobarbital
(150 mg/kg intraperitoneal) and perfused through the aorta with
saline/heparin followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4; PB). Brains were removed from the skull and postfixed in 4%

paraformaldehyde for 1 hour. They were then sunk in 30% sucrose in PB
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for 48 hours at 4°C, and frozen at -80°C until sectioning. Sections (40 um
thick) through the hippocampal formation were cut on a freezing microtome
(Microm HM440E). Sections were stored in a cryoprotectant solution of
50% ethylene glycol, 15% sucrose in phosphate-buffered saline (PBS) until
use in immunohistochemical procedures.

For electron microscopy studies (Chapter 5), mice were perfused with
saline/heparin followed by 40 ml 3.75% acrolein and 2% paraformaldehyde
in 0.1 M phosphate buffer (PB), pH 7.4. Brains were removed from the
skull and post-fixed for 30 minutes in 2% acrolein and 2%
paraformaldehyde solution in PB. Coronal sections (40 gm thick) through
the dorsal hippocampal formation were cut on a vibrating microtome (Leica
Microsystems, Bannockburn, IL) and stored in 30% ethylene glycol and
30% sucrose in PB at -20°C.

For 1n situ hybridization studies on wild-type cycling mice (Chapter
4), mice were sacrificed via rapid decapitation and brains immediately
removed and frozen on dry ice. Coronal sections (20 ym thick) were cut on a
cryostat and stored on Superfrost Plus slides (Thermo Fisher Scientific, Inc.,

Waltham, MA) at -80°C.
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In situ hybridization

Antisense oligonucleotides matching the TrkB (5' TGC GAC TGC GTC
AGC TCG GTG GGC GGG TTC CCT CTG CCA TCA GCA CTG C 3") and
BDNF exon IX (5'GGG TTA CAC GAA GGA AGG CTG CAG GGG CAT
AGA CAA AAG GCA CTG GAA CT3'") sequences were obtained from
Integrated DNA Technologies (Coralville, IA). Control sense sequences
were also generated and used as a control to confirm a low level of
nonspecific interactions. For studies on fresh frozen brains (Chapter 4), the
TrkB oligo was labeled with **S and in situ hybridization was performed on
thawed slides containing sections through dorsal hippocampus and
ventromedial hypothalamus as described previously (Hunter et al., 2005).
Briefly, sections underwent the following washes: 4% paraformaldehyde,
phosphate-buffered saline (PBS), deionized water (dipped), 0.1 M
triethanolamine with Sml/l acetic anhydride, salt—sodium citrate buffer
(SSC), in ascending concentrations of ethanol, chloroform, and 95% ethanol.
Sections were then air dried and incubated for 2 h with hybridization buffer
without probe, followed by one wash in 2X SSC, and one in 95% ethanol.
Sections were air dried and incubated overnight at 42°C with labeled probe

(0.5 x 10° counts per slide) diluted in 50% deionized formamide in
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hybridization buffer with dextran sulfate, denatured salmon testis DNA
(Sigma), and 200 mM dithiothreital. After hybridization, sections were
washed 4 times in SSC at 55 °C and left in SSC to cool to room temperature.
Final washes were as follows: 50% ethanol, 0.3 M ammonium acetate, 85%
ethanol, 0.3 M ammonium acetate, and 100% ethanol. Slides were then air
dried and exposed to Kodak MR autoradiography films.

For studies using sections from paraformaldehyde-perfused mice
(Chapter 6), floating sections containing dorsal hippocampus were mounted
on Fisher Superfrost Plus slides, washed in 0.05 M PB, and dried in a
desicator. The oligos were labeled with **P an in situ hybridization
conducted as above, starting after the formaldehyde fix step.

After exposure to film for one week (TrkB) or two weeks (BDNF), films
were developed and images taken on a light box using a CoolSnap camera.
In the hippocampus, optical density was measured from the CA1 (TrkB) and
CA3 (BDNF) pyramidal cell layers and normalized to background density
(stratum radiatum). In the hypothalamus, optical density was measured from
the ventromedial nucleus and normalized to background density (white
matter). Values from proestrus and diestrus mice were compared using a
two-tailed t-test; values from Val66met mice were compared using two-way

ANOVA with genotype and cycle phase as the independent variables.
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Immunocytochemistry and densitometry

Immunocytochemistry. Immunocytochemistry was performed on
sections through the dorsal hippocampal formation level 29 of Paxinos and
Watson (Paxinos and Watson, 1998) as previously described (Znamensky et
al., 2003). For BDNF Val66Met mice, immunocytochemistry for PR was
also performed on sections through the medial preoptic area of the
hypothalamus. To ensure identical labeling conditions, tissue from each
experimental conditions was marked with identifying punches and all
conditions were pooled during labeling procedures. Moreover, tissue from
all mice was processed together for each study (Pierce et al., 1999). Briefly,
sections were washed in 0.1 M Tris buffer, blocked in 0.5% bovine serum
albumin (BSA) and incubated in primary antiserum for 24 hours at room
temperature followed by 48 hours at 4°C. Sections were then incubated in:
(1) biotinylated goat anti-rabbit or anti-mouse secondary antibody in 0.1%
BSA (1:400; Vector Labs, Burlingame, CA) for 30 minutes, avidin biotin
complex (ABC) for 30 minutes (Vector Labs, Burlingame, CA), and
diaminobenzidine with H,0O, (Aldrich, Milwaukee, WI) for 6 minutes, with

Tris washes in between each incubation. Sections then were mounted on
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Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA), air-dried,
and coverslipped with DPX mounting medium (Aldrich, Milwaukee, WI).
Images for densitometric analysis were captured on a Nikon ES00
microscope using a Dage CCD C72 camera and control unit using preset
gain and black levels, a Data Translation Quick capture card, and NIH
Image 1.50 software. To compensate for uneven illumination, blank fields
from a slide without tissue were subtracted. To prepare figures, the levels,
brightness and contrast were adjusted in Adobe Photoshop 7.0 on a
Macintosh computer. Final figures were assembled in Microsoft
Powerpoint.

For tissue from mice perfused with acrolein (Chapter 5), sections were
first washed in PB followed by 1% sodium borohydride in PB (30 minutes)
before proceeding to the first set of Tris washes and blocking step. For
pTrkB peptide blocking control, antiserum was pre-adsorbed with excess

pTrkB blocking peptide.

Densitometry. Quantitative Analysis was conducted using NIH

Image. The average pixel density (of 256 gray levels) was determined for
each selected region. To compensate for background staining and control of

variations in illumination level between images, the average pixel density for
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3 small regions that lack labeling was determined within each captured
image, and subtracted from all density measurements made on that image.
The resulting relative optical densities (ROD) from were compared between
cycle phases using Analysis of Variance or two-way Analysis of Variance.

Post-hoc comparisons were made using Bonferroni tests.

Cell counting. To count PR-positive cells in the MPO of BDNF

Val66Met mice, the MPO was identified on a light microscope. PR-positive
cells were counted in a fixed-area polygon using Neurolucida software from

both hemispheres.

Antibodies. The following antibodies were used for
immunocytochemistry. Serial dilution tests of each antibody established that
the labeling intensity was linear, and antibody dilutions were chosen that
produced slightly less than half-maximal labeling intensity to optimize the

detection of intensity variations (Chang et al., 2000).

Polyclonal rabbit anti-ER alpha (1:20,000) was a gift from the S.

Hayashi laboratory. This antibody has been shown to recognize both

ligand-bound and unbound receptors (Okamura et al., 1992; Alves et
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al., 1998). Specificity of this antibody was verified by Western
blotting, peptide pre-adsorption, and pre-immune serum (Milner et al.,

2001).

Polyclonal rabbit anti-ER beta (1:10,000) was obtained from Merck
Research Laboratories (Rahway, NJ). The specificity of this antibody
was verified using secondary-only immunocytochemistry and peptide

pre-adsorption (Milner et al., 2005).

Monoclonal mouse anti-PSD-95 (1:20,000) was purchased from

Sigma (St. Louis, MO).

Polyclonal rabbit anti-phosphothreonine 308 Akt (1:1500) was
purchased from Cell Signaling Technology (Danvers, MA).
Specificity of the antibody was confirmed by Western blot and
peptide preadsorption in acrolein/paraformaldehyde-fixed tissue

(Znamensky et al., 2003).

Polyclonal rabbit anti-phosphotyrosine 816 TrkB (1:1000-5000) was a

gift from Moses Chao at New York University. Specificity of this
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antibody was confirmed by Western Blot (Arevalo et al., 2006) and

peptide pre-adsorption (Chapter 5).

Polyclonal guinea pig anti-dynorphin (1:2000) was purchased from
Bachem AG (Torrance, CA). Specificity of this antibody was verified

by peptide pre-adsorption (Svingos et al., 1999).

Polyclonal rabbit anti-progesterone receptor (1:500) was purchased
from Dako North America, Inc. (Carpinteria, CA). Specificity of this
antibody was demonstrated by using knockout-mice and peptide

preadsorption (Waters et al., 2008).

Pre-embedding immuno-electron microscopy

Immunocytochemistry and tissue preparation. Labeling was

conducted as described above for acrolein-fixed tissue. To verify the
localization and more discretely visualize the immunoreactivity, a few
sections were labeled using gold particles conjugated to secondary antibody
(Chan et al., 1990). Instead of the secondary antisera described above, these

sections were incubated in colloidal gold-labeled (1 nM) goat anti-rabbit IgG
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(1:50; Electron Microscopy Sciences, Fort Washington, PA) in 0.08% BSA,
0.01% gelatin in PB with 0.9% saline (PBS) for two hours at room
temperature. These sections were post-fixed in 2% glutaraldehyde in PBS
for 10 minutes followed by 0.2 M sodium citrate buffer (pH 7.4). Gold
labeling was enhanced using a silver solution (IntenSE; Amersham,
Piscataway, NJ).

To determine whether pTrkB labeled mossy fiber axon bundles and
terminals in CA3, a few sections were double-labeled for pTrkB and
dynorphin, an opioid peptide contained exclusively in mossy fiber axons and
terminals in the CA3 (Drake et al., 2007). First, tissue was labeled with
pTrkB primary antiserum (1:2000) as described above. Tissue was then
incubated in dynorphin primary antiserum (1:2000) with 0.025% Triton for
48 hours at 4°C. pTrkB labeling was then completed using the ABC
protocol as described above. Dynorphin labeling was completed using
colloidal gold-labeled anti-guinea pig IgG (1:50) for the secondary
antiserum as described above for pTrkB (Chan et al., 1990).

Sections for electron microscopy were incubated in 2% osmium
tetroxide (one hour) and dehydrated in an alcohol series and propylene
oxide. They then were then embedded in EMBed 812 (Electron Microscopy

Sciences, Hatfield, PA) between two sheets of plastic (Chan et al., 1990).
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One embedded section from 3 animals in each group (proestrus, estrus,
diestrus, and male) was selected and mounted on Epon chucks. Ultrathin
70-nm sections within 1.5 mm of the tissue surface were cut on a Leica UTC
Ultratome (Leica Microsystems, Bannockburn, IL), collected on grids, and
counterstained with uranyl acetate and Reynold’s lead citrate. Sections were
examined on a Tecnai Biotwin transmission electron microscope (FEI
Company, Hillsboro, OR) and images acquired using Advanced Microscopy
Techniques software (v. 3.2). Digital images for figures were cropped and
adjusted for levels, brightness, contrast, and sharpness in Adobe Photoshop

7.0, and final figures were assembled in Photoshop and Powerpoint.

Quantitative Analysis. From each block, a 220.5 ym? of neuropil was
examined from each of the following hippocampal laminae: stratum oriens,
stratum radiatum (proximal to the pyramidal cell layer), stratum radiatum
(distal from the pyramidal cell layer), and lacunosum moleculare of CAl;
stratum oriens, stratum lucidum, and stratum radiatum of CA3; outer,
middle, and inner thirds of the molecular layer, subgranular zone, and
central hilus of the dentate gyrus. The distribution of labeled profiles was
determined by counting immunolabeled profiles, which were classified using

accepted nomenclature (Peters et al., 1991). Dendrites contained
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microtubular arrays and synaptic contacts with adjacent axon terminals.
Spines had a smaller diameter than dendrites (usually less than 0.2 ym) and
contacted neighboring axon terminals. Unmyelinated axons had a small
diameter (less than 0.2 ym), few vesicles, and no synaptic contacts in the
plane of section. Axon terminals had a larger diameter than axons,
contained numerous vesicles, and made synaptic contacts with neighboring
dendritic spines or shafts. Glial profiles contained no microtubules and
conformed to the shape of surrounding structures. Each hippocampal lamina
contained a similar distribution of profile types, limiting the possibility of
sampling error when comparing the distribution of profiles between animals.
In addition to the labeled profiles, all unlabeled axon terminals and dendritic
spines were counted in the CA1 stratum radiatum (distal) from pTrkB-
labeled sections to determine the percentage of axon terminals and dendritic

spines containing pTrkB-ir.

Statistical Analysis. For each block (animal), the number of pTrkB-

labeled profiles in each cell compartment within one lamina was expressed
as a percentage of the total counted profiles in the whole hippocampal
formation, and as a percentage of the total counted profiles and in that

particular hippocampal subregion (CA1, CA3, or dentate gyrus). Means for
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each estrous cycle group and males were compared using two-way ANOVA
and Bonferroni post-hoc tests in Prism 5.0 software. The number of labeled
axon terminals and dendritic spines in distal CA1 stratum radiatum was
expressed as a percentage of the total terminals or spines in this lamina. The
proportion of labeled axons and terminals were compared among groups

using one-way ANOV A and Bonferroni post-hoc tests.

166



References

Abraham IM, Todman MG, Korach KS, Herbison AE (2004) Critical in vivo
roles for classical estrogen receptors in rapid estrogen actions on
intracellular signaling in mouse brain. Endocrinology 145:3055-3061.

Abraham IM, Han SK, Todman MG, Korach KS, Herbison AE (2003)
Estrogen receptor beta mediates rapid estrogen actions on

gonadotropin-releasing hormone neurons in vivo. J Neurosci 23:5771-
5777.

Adams MM, Shah RA, Janssen WG, Morrison JH (2001) Different modes of
hippocampal plasticity in response to estrogen in young and aged
female rats. Proc Natl Acad Sci U S A 98:8071-8076.

Adams MM, Fink SE, Shah RA, Janssen WG, Hayashi S, Milner TA,
McEwen BS, Morrison JH (2002) Estrogen and aging affect the

subcellular distribution of estrogen receptor-alpha in the hippocampus
of female rats. J Neurosci 22:3608-3614.

Akama KT, McEwen BS (2003) Estrogen stimulates postsynaptic density-95
rapid protein synthesis via the Akt/protein kinase B pathway. J
Neurosci 23:2333-2339.

Alderson RF, Curtis R, Alterman AL, Lindsay RM, DiStefano PS (2000)
Truncated TrkB mediates the endocytosis and release of BDNF and

neurotrophin-4/5 by rat astrocytes and schwann cells in vitro. Brain
Res 871:210-222.

Aloysi A, Van Dyk K, Sano M (2006) Women's cognitive and affective
health and neuropsychiatry. Mt Sinai J Med 73:967-975.

167



Alsina B, Vu T, Cohen-Cory S (2001) Visualizing synapse formation in
arborizing optic axons in vivo: dynamics and modulation by BDNF.
Nat Neurosci 4:1093-1101.

Alves SE, Weiland NG, Hayashi S, McEwen BS (1998)
Immunocytochemical localization of nuclear estrogen receptors and

progestin receptors within the rat dorsal raphe nucleus. J Comp
Neurol 391:322-334.

Arevalo JC, Waite J, Rajagopal R, Beyna M, Chen 2Y, Lee FS, Chao MV
(2006) Cell survival through Trk neurotrophin receptors is
differentially regulated by ubiquitination. Neuron 50:549-559.

Azcoitia I, Sierra A, Garcia-Segura LM (1999) Localization of estrogen
receptor beta-immunoreactivity in astrocytes of the adult rat brain.
Glia 26:260-267.

Ballare C, Vallejo G, Vicent GP, Saragueta P, Beato M (2006) Progesterone
signaling in breast and endometrium. J Steroid Biochem Mol Biol
102:2-10.

Bamji SX, Rico B, Kimes N, Reichardt LF (2006) BDNF mobilizes synaptic
vesicles and enhances synapse formation by disrupting cadherin-beta-
catenin interactions. J Cell Biol 174:289-299.

Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T,
Zhang WN, Pothuizen HH, Feldon J (2004) Regional dissociations

within the hippocampus--memory and anxiety. Neurosci Biobehav
Rev 28:273-283.

Barbosa AC, Kim MS, Ertunc M, Adachi M, Nelson ED, McAnally J,
Richardson JA, Kavalali ET, Monteggia LM, Bassel-Duby R, Olson
EN (2008) MEF2C, a transcription factor that facilitates learning and
memory by negative regulation of synapse numbers and function.
Proc Natl Acad Sci U S A 105:9391-9396.

168



Beique JC, Lin DT, Kang MG, Aizawa H, Takamiya K, Huganir RL (2006)
Synapse-specific regulation of AMPA receptor function by PSD-95.
Proc Natl Acad Sci U S A 103:19535-19540.

Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A,
Izquierdo I, Medina JH (2008) BDNF is essential to promote

persistence of long-term memory storage. Proc Natl Acad Sci U S A
105:2711-2716.

Berman KF, Schmidt PJ, Rubinow DR, Danaceau MA, Van Horn JD,
Esposito G, Ostrem JL, Weinberger DR (1997) Modulation of
cognition-specific cortical activity by gonadal steroids: a positron-

emission tomography study in women. Proc Natl Acad Sci U S A
94:8836-8841.

Bernardi F, Pluchino N, Stomati M, Pieri M, Genazzani AR (2003) CNS:
sex steroids and SERMs. Ann N Y Acad Sci 997:378-388.

Bhattacharyya A, Watson FL, Bradlee TA, Pomeroy SL, Stiles CD, Segal
RA (1997) Trk receptors function as rapid retrograde signal carriers in

the adult nervous system. J Neurosci 17:7007-7016.

Bi R, Foy MR, Vouimba RM, Thompson RF, Baudry M (2001) Cyclic
changes in estradiol regulate synaptic plasticity through the MAP
kinase pathway. Proc Natl Acad Sci U S A 98:13391-13395.

Bologa CG, Revankar CM, Young SM, Edwards BS, Arterburn JB,
Kiselyov AS, Parker MA, Tkachenko SE, Savchuck NP, Sklar LA,
Oprea T1, Prossnitz ER (2006) Virtual and biomolecular screening
converge on a selective agonist for GPR30. Nat Chem Biol 2:207-212.

Boulanger LM, Poo MM (1999) Presynaptic depolarization facilitates
neurotrophin-induced synaptic potentiation. Nat Neurosci 2:346-351.

Bourne JN, Harris KM (2008) Balancing structure and function at
hippocampal dendritic spines. Annu Rev Neurosci 31:47-67.

169



Brake WG, Alves SE, Dunlop JC, Lee SJ, Bulloch K, Allen PB, Greengard
P, McEwen BS (2001) Novel target sites for estrogen action in the

dorsal hippocampus: an examination of synaptic proteins.
Endocrinology 142:1284-1289.

Brann DW, Dhandapani K, Wakade C, Mahesh VB, Khan MM (2007)
Neurotrophic and neuroprotective actions of estrogen: Basic
mechanisms and clinical implications. Steroids 72:381-405.

Brinton RD (2005) Investigative models for determining hormone therapy-
induced outcomes in brain: evidence in support of a healthy cell bias
of estrogen action. Ann N 'Y Acad Sci 1052:57-74.

Brito VI, Carrer HF, Cambiasso MJ (2004) Inhibition of tyrosine kinase
receptor type B synthesis blocks axogenic effect of estradiol on rat
hypothalamic neurones in vitro. Eur J Neurosci 20:331-337.

Carrer HF, Cambiasso MJ, Brito V, Gorosito S (2003) Neurotrophic factors
and estradiol interact to control axogenic growth in hypothalamic
neurons. Ann N 'Y Acad Sci 1007:306-316.

Chakravarthy S, Saiepour MH, Bence M, Perry S, Hartman R, Couey JJ,
Mansvelder HD, Levelt CN (2006) Postsynaptic TrkB signaling has
distinct roles in spine maintenance in adult visual cortex and
hippocampus. Proc Natl Acad Sci U S A 103:1071-1076.

Chan J, Aoki C, Pickel VM (1990) Optimization of differential
immunogold-silver and peroxidase labeling with maintenance of

ultrastructure in brain sections before plastic embedding. J Neurosci
Methods 33:113-127.

Chang PC, Aicher SA, Drake CT (2000) Kappa opioid receptors in rat spinal
cord vary across the estrous cycle. Brain Res 861:168-172.

Chao MV (2003) Neurotrophins and their receptors: a convergence point for
many signalling pathways. Nat Rev Neurosci 4:299-309.

170



Chen Z2Y, Ieraci A, Tanowitz M, Lee FS (2005) A novel endocytic recycling
signal distinguishes biological responses of Trk neurotrophin
receptors. Mol Biol Cell 16:5761-5772.

Chen Z2Y, Patel PD, Sant G, Meng CX, Teng KK, Hempstead BL, Lee FS
(2004) Variant brain-derived neurotrophic factor (BDNF) (Met66)
alters the intracellular trafficking and activity-dependent secretion of
wild-type BDNF in neurosecretory cells and cortical neurons. J

Neurosci 24:4401-4411.

Chen Z2Y, Jing D, Bath KG, Ieraci A, Khan T, Siao CJ, Herrera DG, Toth M,
Yang C, McEwen BS, Hempstead BL, Lee FS (2006) Genetic variant

BDNF (Val66Met) polymorphism alters anxiety-related behavior.
Science 314:140-143.

Choi JM, Romeo RD, Brake WG, Bethea CL, Rosenwaks Z, McEwen BS
(2003) Estradiol increases pre- and post-synaptic proteins in the CAl

region of the hippocampus in female rhesus macaques (Macaca
mulatta). Endocrinology 144:4734-4738.

Ciriza I, Carrero P, Azcoitia I, Lundeen SG, Garcia-Segura LM (2004)
Selective estrogen receptor modulators protect hippocampal neurons

from kainic acid excitotoxicity: differences with the effect of
estradiol. J Neurobiol 61:209-221.

Cordoba Montoya DA, Carrer HF (1997) Estrogen facilitates induction of

long term potentiation in the hippocampus of awake rats. Brain Res
778:430-438.

Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N (2009) Translational
control of long-lasting synaptic plasticity and memory. Neuron 61:10-
26.

Couse JF, Curtis SW, Washburn TF, Lindzey J, Golding TS, Lubahn DB,
Smithies O, Korach KS (1995) Analysis of transcription and estrogen

171



insensitivity in the female mouse after targeted disruption of the
estrogen receptor gene. Mol Endocrinol 9:1441-1454.

Craig MC, Maki PM, Murphy DG (2005) The Women's Health Initiative
Memory Study: findings and implications for treatment. Lancet
Neurol 4:190-194.

Cyr M, Thibault C, Morissette M, Landry M, Di Paolo T (2001a) Estrogen-
like activity of tamoxifen and raloxifene on NMDA receptor binding

and expression of its subunits in rat brain. Neuropsychopharmacology
25:242-257.

Cyr M, Ghribi O, Thibault C, Morissette M, Landry M, Di Paolo T (2001b)
Ovarian steroids and selective estrogen receptor modulators activity
on rat brain NMDA and AMPA receptors. Brain Res Brain Res Rev
37:153-161.

Daniel JM, Dohanich GP (2001) Acetylcholine mediates the estrogen-
induced increase in NMDA receptor binding in CA1 of the
hippocampus and the associated improvement in working memory. J
Neurosci 21:6949-6956.

Daniel JM, Hulst JL, Berbling JL (2006) Estradiol replacement enhances
working memory in middle-aged rats when initiated immediately after
ovariectomy but not after a long-term period of ovarian hormone
deprivation. Endocrinology 147:607-614.

Daniel JM, Fader AJ, Spencer AL, Dohanich GP (1997) Estrogen enhances
performance of female rats during acquisition of a radial arm maze.
Horm Behav 32:217-225.

Day M, Sung A, Logue S, Bowlby M, Arias R (2005) Beta estrogen receptor
knockout (BERKO) mice present attenuated hippocampal CA1 long-
term potentiation and related memory deficits in contextual fear
conditioning. Behav Brain Res 164:128-131.

172



Dere E, Huston JP, De Souza Silva MA (2007) The pharmacology,
neuroanatomy and neurogenetics of one-trial object recognition in
rodents. Neurosci Biobehav Rev 31:673-704.

deToledo-Morrell L, Stoub TR, Wang C (2007) Hippocampal atrophy and
disconnection in incipient and mild Alzheimer's disease. Prog Brain
Res 163:741-753.

Doetsch F, Hen R (2005) Young and excitable: the function of new neurons
in the adult mammalian brain. Curr Opin Neurobiol 15:121-128.

Drake CT, Milner TA, Patterson SL (1999) Ultrastructural localization of
full-length trkB immunoreactivity in rat hippocampus suggests

multiple roles in modulating activity-dependent synaptic plasticity. J
Neurosci 19:8009-8026.

Drake CT, Chavkin CI, Milner TA (2007) Opiod systems in the dentate
gyrus. In: Progress in Brain Research (Scharfman H, ed), pp 245-266:
Elsevier B.V.

Dreher JC, Schmidt PJ, Kohn P, Furman D, Rubinow D, Berman KF (2007)
Menstrual cycle phase modulates reward-related neural function in
women. Proc Natl Acad Sci U S A 104:2465-2470.

Du B, Ohmichi M, Takahashi K, Kawagoe J, Ohshima C, Igarashi H, Mori-
Abe A, Saitoh M, Ohta T, Ohishi A, Doshida M, Tezuka N, Takahashi
T, Kurachi H (2004) Both estrogen and raloxifene protect against
beta-amyloid-induced neurotoxicity in estrogen receptor alpha-

transfected PC12 cells by activation of telomerase activity via Akt
cascade. J Endocrinol 183:605-615.

DuJ, Feng L, Yang F, Lu B (2000) Activity- and Ca(2+)-dependent
modulation of surface expression of brain-derived neurotrophic factor
receptors in hippocampal neurons. J Cell Biol 150:1423-1434.

173



Du J, Feng L, Zaitsev E, Je HS, Liu XW, Lu B (2003) Regulation of TrkB
receptor tyrosine kinase and its internalization by neuronal activity
and Ca2+ influx. J Cell Biol 163:385-395.

Eberling JL., Wu C, Tong-Turnbeaugh R, Jagust WJ (2004) Estrogen- and
tamoxifen-associated effects on brain structure and function.
Neuroimage 21:364-371.

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino
A, Zaitsev E, Gold B, Goldman D, Dean M, Lu B, Weinberger DR
(2003) The BDNF val66met polymorphism affects activity-dependent
secretion of BDNF and human memory and hippocampal function.

Cell 112:257-269.

Ehrlich I, Klein M, Rumpel S, Malinow R (2007) PSD-95 is required for
activity-driven synapse stabilization. Proc Natl Acad Sci U S A
104:4176-4181.

El-Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS (2000)
PSD-95 involvement in maturation of excitatory synapses. Science
290:1364-1368.

Engert F, Bonhoeffer T (1999) Dendritic spine changes associated with
hippocampal long-term synaptic plasticity. Nature 399:66-70.

Fedulov V, Rex CS, Simmons DA, Palmer L, Gall CM, Lynch G (2007)
Evidence that long-term potentiation occurs within individual
hippocampal synapses during learning. J Neurosci 27:8031-8039.

Feng J, Yan Z, Ferreira A, Tomizawa K, Liauw JA, Zhuo M, Allen PB,
Ouimet CC, Greengard P (2000) Spinophilin regulates the formation
and function of dendritic spines. Proc Natl Acad Sci U S A 97:9287-
9292.

Fernandez SM, Lewis MC, Pechenino AS, Harburger LL, Orr PT, Gresack
JE, Schafe GE, Frick KM (2008) Estradiol-induced enhancement of

174



object memory consolidation involves hippocampal extracellular
signal-regulated kinase activation and membrane-bound estrogen
receptors. J Neurosci 28:8660-8667.

Florian C, Roullet P (2004) Hippocampal CA3-region is crucial for
acquisition and memory consolidation in Morris water maze task in
mice. Behav Brain Res 154:365-374.

Foy MR, Baudry M, Foy JG, Thompson RF (2008) 17beta-estradiol
modifies stress-induced and age-related changes in hippocampal
synaptic plasticity. Behav Neurosci 122:301-309.

Foy MR, Xu J, Xie X, Brinton RD, Thompson RF, Berger TW (1999)
17beta-estradiol enhances NMDA receptor-mediated EPSPs and long-
term potentiation. J Neurophysiol 81:925-929.

Frey BN, Andreazza AC, Nery FG, Martins MR, Quevedo J, Soares JC,
Kapczinski F (2007) The role of hippocampus in the pathophysiology
of bipolar disorder. Behav Pharmacol 18:419-430.

Frey U, Morris RG (1998) Synaptic tagging: implications for late
maintenance of hippocampal long-term potentiation. Trends Neurosci
21:181-188.

Frick KM (2009) Estrogens and age-related memory decline in rodents:
what have we learned and where do we go from here? Horm Behav
55:2-23.

Frick KM, Stillner ET, Berger-Sweeney J (2000) Mice are not little rats:
species differences in a one-day water maze task. Neuroreport
11:3461-3465.

Frye CA, Duffy CK, Walf AA (2007) Estrogens and progestins enhance
spatial learning of intact and ovariectomized rats in the object
placement task. Neurobiol Learn Mem 88:208-216.

175



Fugger HN, Foster TC, Gustafsson J, Rissman EF (2000) Novel effects of
estradiol and estrogen receptor alpha and beta on cognitive function.
Brain Res 883:258-264.

Galea LA (2008) Gonadal hormone modulation of neurogenesis in the
dentate gyrus of adult male and female rodents. Brain Res Rev
57:332-341.

Gartner A, Polnau DG, Staiger V, Sciarretta C, Minichiello L, Thoenen H,
Bonhoeffer T, Korte M (2006) Hippocampal long-term potentiation is
supported by presynaptic and postsynaptic tyrosine receptor kinase B-
mediated phospholipase Cgamma signaling. J Neurosci 26:3496-3504.

Gatt JM, Nemeroff CB, Dobson-Stone C, Paul RH, Bryant RA, Schofield
PR, Gordon E, Kemp AH, Williams LM (2009) Interactions between
BDNF Val66Met polymorphism and early life stress predict brain and
arousal pathways to syndromal depression and anxiety. Mol
Psychiatry.

Gazzaley AH, Weiland NG, McEwen BS, Morrison JH (1996) Differential
regulation of NMDARI1 mRNA and protein by estradiol in the rat
hippocampus. J Neurosci 16:6830-6838.

Gibbs RB (1997) Effects of estrogen on basal forebrain cholinergic neurons
vary as a function of dose and duration of treatment. Brain Res
757:10-16.

Gibbs RB (1998) Levels of trkA and BDNF mRNA, but not NGF mRNA,
fluctuate across the estrous cycle and increase in response to acute
hormone replacement. Brain Res 810:294.

Gibbs RB (1999) Treatment with estrogen and progesterone affects relative
levels of brain-derived neurotrophic factor mRNA and protein in
different regions of the adult rat brain. Brain Res 844:20-27.

176



Gibbs RB (2000) Long-term treatment with estrogen and progesterone
enhances acquisition of a spatial memory task by ovariectomized aged
rats. Neurobiol Aging 21:107-116.

Gibbs RB, Wu D, Hersh LB, Pfaff DW (1994) Effects of estrogen
replacement on the relative levels of choline acetyltransferase, trkA,
and nerve growth factor messenger RNAs in the basal forebrain and
hippocampal formation of adult rats. Exp Neurol 129:70-80.

Gomes RA, Hampton C, El-Sabeawy F, Sabo SL, McAllister AK (2006)
The dynamic distribution of TrkB receptors before, during, and after
synapse formation between cortical neurons. J Neurosci 26:11487-
11500.

Gonzalez-Burgos I, Alejandre-Gomez M, Cervantes M (2005) Spine-type
densities of hippocampal CA1 neurons vary in proestrus and estrus
rats. Neurosci Lett 379:52-54.

Good M, Day M, Muir JL (1999) Cyclical changes in endogenous levels of
oestrogen modulate the induction of LTD and LTP in the hippocampal
CAI region. Eur J Neurosci 11:4476-4480.

Good MA, Barnes P, Staal V, McGregor A, Honey RC (2007) Context- but
not familiarity-dependent forms of object recognition are impaired

following excitotoxic hippocampal lesions in rats. Behav Neurosci
121:218-223.

Gottfried-Blackmore A, Croft G, Clark J, McEwen BS, Jellinck PH, Bulloch
K (2007) Characterization of a cerebellar granule progenitor cell line,
EtC.1, and its responsiveness to 17-beta-estradiol. Brain Res 1186:29-
40.

Gould E, Woolley CS, Frankfurt M, McEwen BS (1990) Gonadal steroids
regulate dendritic spine density in hippocampal pyramidal cells in
adulthood. J Neurosci 10:1286-1291.

177



Gratacos M, Gonzalez JR, Mercader JM, de Cid R, Urretavizcaya M, Estivill
X (2007) Brain-Derived Neurotrophic Factor Val66Met and
Psychiatric Disorders: Meta-Analysis of Case-Control Studies
Confirm Association to Substance-Related Disorders, Eating
Disorders, and Schizophrenia. Biol Psychiatry 61:911-922.

Gresack JE, Frick KM (2006) Post-training estrogen enhances spatial and
object memory consolidation in female mice. Pharmacol Biochem
Behav 84:112-119.

Gruart A, Sciarretta C, Valenzuela-Harrington M, Delgado-Garcia JM,
Minichiello L (2007) Mutation at the TrkB PLC{gamma}-docking
site affects hippocampal LTP and associative learning in conscious
mice. Learn Mem 14:54-62.

Hammes SR, Levin ER (2007) Extranuclear steroid receptors: nature and
actions. Endocr Rev 28:726-741.

Hammond RS, Tull LE, Stackman RW (2004) On the delay-dependent
involvement of the hippocampus in object recognition memory.
Neurobiol Learn Mem 82:26-34.

Hampson E (1990) Variations in sex-related cognitive abilities across the
menstrual cycle. Brain Cogn 14:26-43.

Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, Egan MF,
Weinberger DR (2003) Brain-derived neurotrophic factor val66met
polymorphism affects human memory-related hippocampal activity
and predicts memory performance. J Neurosci 23:6690-6694.

Hart SA, Snyder MA, Smejkalova T, Woolley CS (2007) Estrogen mobilizes
a subset of estrogen receptor-alpha-immunoreactive vesicles in

inhibitory presynaptic boutons in hippocampal CA1. J Neurosci
27:2102-2111.

178



Hemmings SM, Kinnear CJ, Van der Merwe L, Lochner C, Corfield VA,
Moolman-Smook JC, Stein DJ (2008) Investigating the role of the
brain-derived neurotrophic factor (BDNF) val66met variant in
obsessive-compulsive disorder (OCD). World J Biol Psychiatry
9:126-134.

Hoekstra AV, Sefton EC, Berry E, Lu Z, Hardt J, Marsh E, Yin P, Clardy J,
Chakravarti D, Bulun S, Kim JJ (2009) Progestins activate the AKT

pathway in leiomyoma cells and promote survival. J Clin Endocrinol
Metab.

Hongpaisan J, Alkon DL (2007) A structural basis for enhancement of long-
term associative memory in single dendritic spines regulated by PKC.
Proc Natl Acad Sci U S A 104:19571-19576.

Horch HW (2004) Local effects of BDNF on dendritic growth. Rev
Neurosci 15:117-129.

Horch HW, Katz LC (2002) BDNF release from single cells elicits local
dendritic growth in nearby neurons. Nat Neurosci 5:1177-1184.

Hung AY, Futai K, Sala C, Valtschanoff JG, Ryu J, Woodworth MA, Kidd
FL, Sung CC, Miyakawa T, Bear MF, Weinberg RJ, Sheng M (2008)
Smaller dendritic spines, weaker synaptic transmission, but enhanced
spatial learning in mice lacking Shank1.J Neurosci 28:1697-1708.

Hunter RG, Vicentic A, Rogge G, Kuhar MJ (2005) The effects of cocaine
on CART expression in the rat nucleus accumbens: a possible role for
corticosterone. Eur J Pharmacol 517:45-50.

Jaworski J, Spangler S, Seeburg DP, Hoogenraad CC, Sheng M (2005)
Control of dendritic arborization by the phosphoinositide-3'-kinase-

Akt-mammalian target of rapamycin pathway. J Neurosci 25:11300-
11312.

179



Jeanneteau F, Garabedian MJ, Chao MV (2008) Activation of Trk
neurotrophin receptors by glucocorticoids provides a neuroprotective
effect. Proc Natl Acad Sci U S A 105:4862-4867.

Jezierski MK, Sohrabji F (2001) Neurotrophin expression in the
reproductively senescent forebrain is refractory to estrogen
stimulation. Neurobiol Aging 22:309-319.

Jezierski MK, Sohrabji F (2003) Estrogen enhances retrograde transport of
brain-derived neurotrophic factor in the rodent forebrain.
Endocrinology 144:5022-5029.

JiY,Pang PT, Feng L, Lu B (2005) Cyclic AMP controls BDNF-induced
TrkB phosphorylation and dendritic spine formation in mature
hippocampal neurons. Nat Neurosci 8:164-172.

Jia JM, Chen Q, Zhou Y, Miao S, Zheng J, Zhang C, Xiong ZQ (2008)
BDNF-TRKB signaling contributes to activity-dependent changes in
synaptic proteins. J Biol Chem.

Jiang X, Xu K, Hoberman J, Tian F, Marko AJ, Waheed JF, Harris CR,
Marini AM, Enoch MA, Lipsky RH (2005) BDNF variation and mood
disorders: a novel functional promoter polymorphism and Val66Met
are associated with anxiety but have opposing effects.
Neuropsychopharmacology 30:1353-1361.

Kalita K, Szymczak S, Kaczmarek L (2005) Non-nuclear estrogen receptor
beta and alpha in the hippocampus of male and female rats.
Hippocampus 15:404-412.

Kang H, Schuman EM (1995) Long-lasting neurotrophin-induced
enhancement of synaptic transmission in the adult hippocampus.
Science 267:1658-1662.

Kaur P, Jodhka PK, Underwood WA, Bowles CA, de Fiebre NC, de Fiebre
CM, Singh M (2007) Progesterone increases brain-derived

180



neuroptrophic factor expression and protects against glutamate
toxicity in a mitogen-activated protein kinase- and phosphoinositide-3
kinase-dependent manner in cerebral cortical explants. J Neurosci Res
85:2441-2449.

Kerchner GA, Nicoll RA (2008) Silent synapses and the emergence of a
postsynaptic mechanism for LTP. Nat Rev Neurosci 9:813-825.

Kesner RP (2007) Behavioral functions of the CA3 subregion of the
hippocampus. Learn Mem 14:771-78]1.

Kim MT, Soussou W, Gholmieh G, Ahuja A, Tanguay A, Berger TW,
Brinton RD (2006) 17beta-Estradiol potentiates field excitatory
postsynaptic potentials within each subfield of the hippocampus with
greatest potentiation of the associational/commissural afferents of

CA3. Neuroscience 141:391-406.

Korol DL (2004) Role of estrogen in balancing contributions from multiple
memory systems. Neurobiol Learn Mem 82:309-323.

Korol DL, Kolo LL (2002) Estrogen-induced changes in place and response
learning in young adult female rats. Behav Neurosci 116:411-420.

Korol DL, Malin EL, Borden KA, Busby RA, Couper-Leo J (2004) Shifts in
preferred learning strategy across the estrous cycle in female rats.
Horm Behav 45:330-338.

Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, Sar M,
Korach KS, Gustafsson JA, Smithies O (1998) Generation and

reproductive phenotypes of mice lacking estrogen receptor beta. Proc
Natl Acad Sci U S A 95:15677-15682.

Kudwa AE, Gustafsson JA, Rissman EF (2004) Estrogen receptor beta
modulates estradiol induction of progestin receptor immunoreactivity
in male, but not in female, mouse medial preoptic area. Endocrinology

145:4500-4506.

181



Lacreuse A, Wilson ME, Herndon JG (2002) Estradiol, but not raloxifene,
improves aspects of spatial working memory in aged ovariectomized
rhesus monkeys. Neurobiol Aging 23:589-600.

Lagace DC, Fischer SJ, Eisch AJ (2007) Gender and endogenous levels of
estradiol do not influence adult hippocampal neurogenesis in mice.
Hippocampus 17:175-180.

Lang UE, Hellweg R, Sander T, Gallinat J (2009) The Met allele of the
BDNF Val66Met polymorphism is associated with increased BDNF
serum concentrations. Mol Psychiatry 14:120-122.

Lee SJ, Campomanes CR, Sikat PT, Greenfield AT, Allen PB, McEwen BS
(2004a) Estrogen induces phosphorylation of cyclic AMP response
element binding (pCREB) in primary hippocampal cells in a time-
dependent manner. Neuroscience 124:549-560.

Lee SJ, Romeo RD, Svenningsson P, Campomanes CR, Allen PB,
Greengard P, McEwen BS (2004b) Estradiol affects spinophilin
protein differently in gonadectomized males and females.
Neuroscience 127:983-988.

Lessmann V, Gottmann K, Malcangio M (2003) Neurotrophin secretion:
current facts and future prospects. Prog Neurobiol 69:341-374.

Levin ER (2005) Integration of the extranuclear and nuclear actions of
estrogen. Mol Endocrinol 19:1951-1959.

Li C, Brake WG, Romeo RD, Dunlop JC, Gordon M, Buzescu R, Magarinos
AM, Allen PB, Greengard P, Luine V, McEwen BS (2004) Estrogen
alters hippocampal dendritic spine shape and enhances synaptic

protein immunoreactivity and spatial memory in female mice. Proc
Natl Acad Sci U S A 101:2185-2190.

Lim KC, Lim ST, Federoff HJ (2003) Neurotrophin secretory pathways and
synaptic plasticity. Neurobiol Aging 24:1135-1145.

182



Liu F, Day M, Muniz LC, Bitran D, Arias R, Revilla-Sanchez R, Grauer S,
Zhang G, Kelley C, Pulito V, Sung A, Mervis RF, Navarra R, Hirst
WD, Reinhart PH, Marquis KL, Moss SJ, Pangalos MN, Brandon NJ
(2008) Activation of estrogen receptor-beta regulates hippocampal
synaptic plasticity and improves memory. Nat Neurosci 11:334-343.

Lohof AM, Ip NY, Poo MM (1993) Potentiation of developing
neuromuscular synapses by the neurotrophins NT-3 and BDNF.

Nature 363:350-353.

Loy R, Gerlach JL, McEwen BS (1988) Autoradiographic localization of
estradiol-binding neurons in the rat hippocampal formation and

entorhinal cortex. Brain Res 467:245-251.

Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O
(1993) Alteration of reproductive function but not prenatal sexual
development after insertional disruption of the mouse estrogen
receptor gene. Proc Natl Acad Sci U S A 90:11162-11166.

Luikart BW, Zhang W, Wayman GA, Kwon CH, Westbrook GL, Parada LF
(2008) Neurotrophin-dependent dendritic filopodial motility: a
convergence on PI3K signaling. J Neurosci 28:7006-7012.

Luine VN (2006) The prefrontal cortex, gonadal hormones and memory.
Horm Behav.

Luine VN, Jacome LF, Maclusky NJ (2003) Rapid enhancement of visual
and place memory by estrogens in rats. Endocrinology 144:2836-

2844.

Luine VN, Richards ST, Wu VY, Beck KD (1998) Estradiol enhances
learning and memory in a spatial memory task and effects levels of
monoaminergic neurotransmitters. Horm Behav 34:149-162.

Lundeen SG, Carver JM, McKean ML, Winneker RC (1997)
Characterization of the ovariectomized rat model for the evaluation of

183



estrogen effects on plasma cholesterol levels. Endocrinology
138:1552-1558.

MacLusky NJ, Luine VN, Hajszan T, Leranth C (2005) The 17alpha and
17beta isomers of estradiol both induce rapid spine synapse formation
in the CA1 hippocampal subfield of ovariectomized female rats.
Endocrinology 146:287-293.

Madara JC, Levine ES (2008) Presynaptic and postsynaptic NMDA
receptors mediate distinct effects of brain-derived neurotrophic factor
on synaptic transmission. J Neurophysiol 100:3175-3184.

Madronal N, Delgado-Garcia JM, Gruart A (2007) Differential effects of
long-term potentiation evoked at the CA3 CA1 synapse before,

during, and after the acquisition of classical eyeblink conditioning in
behaving mice. J Neurosci 27:12139-12146.

Magby JP, Bi C, Chen ZY, Lee FS, Plummer MR (2006) Single-cell
characterization of retrograde signaling by brain-derived neurotrophic
factor. J Neurosci 26:13531-13536.

Maki PM (2006) Hormone therapy and cognitive function: is there a critical
period for benefit? Neuroscience 138:1027-1030.

Maletic V, Robinson M, Oakes T, Iyengar S, Ball SG, Russell J (2007)
Neurobiology of depression: an integrated view of key findings. Int J
Clin Pract 61:2030-2040.

Mannella P, Brinton RD (2006) Estrogen receptor protein interaction with
phosphatidylinositol 3-kinase leads to activation of phosphorylated
Akt and extracellular signal-regulated kinase 1/2 in the same
population of cortical neurons: a unified mechanism of estrogen
action. J Neurosci 26:9439-9447.

184



Marriott LK, Korol DL (2003) Short-term estrogen treatment in
ovariectomized rats augments hippocampal acetylcholine release
during place learning. Neurobiol Learn Mem 80:315-322.

Matthews J, Gustafsson JA (2003) Estrogen signaling: a subtle balance
between ER alpha and ER beta. Mol Interv 3:281-292.

McEwen BS, Milner TA (2007) Hippocampal formation: Shedding light on
the influence of sex and stress on the brain. Brain Res Rev.

McEwen BS, Tanapat P, Weiland NG (1999) Inhibition of dendritic spine
induction on hippocampal CA1 pyramidal neurons by a nonsteroidal
estrogen antagonist in female rats. Endocrinology 140:1044-1047.

Mendez P, Wandosell F, Garcia-Segura LM (2006) Cross-talk between
estrogen receptors and insulin-like growth factor-I receptor in the
brain: cellular and molecular mechanisms. Front Neuroendocrinol
27:391-403.

Messaoudi E, Ying SW, Kanhema T, Croll SD, Bramham CR (2002) Brain-
derived neurotrophic factor triggers transcription-dependent, late
phase long-term potentiation in vivo. J Neurosci 22:7453-7461.

Milner TA, Lubbers LS, Alves SE, McEwen BS (2008) Nuclear and
extranuclear estrogen binding sites in the rat forebrain and autonomic
medullary areas. Endocrinology 149:3306-3312.

Milner TA, McEwen BS, Hayashi S, Li CJ, Reagan LP, Alves SE (2001)
Ultrastructural evidence that hippocampal alpha estrogen receptors are
located at extranuclear sites. J Comp Neurol 429:355-371.

Milner TA, Ayoola K, Drake CT, Herrick SP, Tabori NE, McEwen BS,
Warrier S, Alves SE (2005) Ultrastructural localization of estrogen

receptor beta immunoreactivity in the rat hippocampal formation. J
Comp Neurol 491:81-95.

185



Mitra SW, Hoskin E, Yudkovitz J, Pear L., Wilkinson HA, Hayashi S, Pfaff
DW, Ogawa S, Rohrer SP, Schaeffer JM, McEwen BS, Alves SE
(2003) Immunolocalization of estrogen receptor beta in the mouse

brain: comparison with estrogen receptor alpha. Endocrinology
144:2055-2067.

Miyamoto E (2006) Molecular mechanism of neuronal plasticity: induction
and maintenance of long-term potentiation in the hippocampus. J
Pharmacol Sci 100:433-442.

Mizuno M, Yamada K, He J, Nakajima A, Nabeshima T (2003a)
Involvement of BDNF receptor TrkB in spatial memory formation.
Learn Mem 10:108-115.

Mizuno M, Yamada K, Takei N, Tran MH, He J, Nakajima A, Nawa H,
Nabeshima T (2003b) Phosphatidylinositol 3-kinase: a molecule

mediating BDNF-dependent spatial memory formation. Mol
Psychiatry 8:217-224.

Monteggia LM, Luikart B, Barrot M, Theobold D, Malkovska I, Nef S,
Parada LF, Nestler EJ (2006) Brain-Derived Neurotrophic Factor
Conditional Knockouts Show Gender Differences in Depression-
Related Behaviors. Biol Psychiatry.

Morissette M, Le Saux M, D'Astous M, Jourdain S, Al Sweidi S, Morin N,
Estrada-Camarena E, Mendez P, Garcia-Segura LM, Di Paolo T
(2007) Contribution of estrogen receptors alpha and beta to the effects
of estradiol in the brain. J Steroid Biochem Mol Biol.

Mukai H, Tsurugizawa T, Murakami G, Kominami S, Ishii H, Ogiue-Ikeda
M, Takata N, Tanabe N, Furukawa A, Hojo Y, Ooishi Y, Morrison
JH, Janssen WG, Rose JA, Chambon P, Kato S, Izumi S, Yamazaki T,
Kimoto T, Kawato S (2007) Rapid modulation of long-term
depression and spinogenesis via synaptic estrogen receptors in
hippocampal principal neurons. J Neurochem 100:950-967.

186



Muller D, Toni N, Buchs PA (2000) Spine changes associated with long-
term potentiation. Hippocampus 10:596-604.

Murphy DD, Segal M (1996) Regulation of dendritic spine density in
cultured rat hippocampal neurons by steroid hormones. J Neurosci
16:4059-4068.

Murphy DD, Segal M (1997) Morphological plasticity of dendritic spines in
central neurons is mediated by activation of cAMP response element
binding protein. Proc Natl Acad Sci U S A 94:1482-1487.

Murphy DD, Cole NB, Greenberger V, Segal M (1998) Estradiol increases
dendritic spine density by reducing GABA neurotransmission in
hippocampal neurons. J Neurosci 18:2550-2559.

Nagappan G, Lu B (2005) Activity-dependent modulation of the BDNF
receptor TrkB: mechanisms and implications. Trends Neurosci
28:464-471.

Nakamura NH, McEwen BS (2005) Changes in interneuronal phenotypes
regulated by estradiol in the adult rat hippocampus: a potential role for
neuropeptide Y. Neuroscience 136:357-369.

Nakamura NH, Akama KT, Yuen GS, McEwen BS (2007) Thinking outside
the pyramidal cell: unexplored contributions of interneurons and
neuropeptide Y to estrogen-induced synapse formation in the
hippocampus. Rev Neurosci 18:1-13.

Nibuya M, Takahashi M, Russell DS, Duman RS (1999) Repeated stress
increases catalytic TrkB mRNA in rat hippocampus. Neurosci Lett
267:81-84.

O'Neill K, Chen S, Diaz Brinton R (2004) Impact of the selective estrogen
receptor modulator, tamoxifen, on neuronal outgrowth and survival
following toxic insults associated with aging and Alzheimer's disease.

Exp Neurol 188:268-278.

187



Ohira K, Kumanogoh H, Sahara Y, Homma KJ, Hirai H, Nakamura S,
Hayashi M (2005) A truncated tropomyosin-related kinase B receptor,

T1, regulates glial cell morphology via Rho GDP dissociation
inhibitor 1. J Neurosci 25:1343-1353.

Ohira K, Funatsu N, Homma KJ, Sahara Y, Hayashi M, Kaneko T,
Nakamura S (2007) Truncated TrkB-T1 regulates the morphology of
neocortical layer I astrocytes in adult rat brain slices. Eur J Neurosci
25:406-416.

Okamura H, Yamamoto K, Hayashi S, Kuroiwa A, Muramatsu M (1992) A
polyclonal antibody to the rat oestrogen receptor expressed in
Escherichia coli: characterization and application to
immunohistochemistry. J Endocrinol 135:333-341.

Packard MG, McGaugh JL (1996) Inactivation of hippocampus or caudate
nucleus with lidocaine differentially affects expression of place and
response learning. Neurobiol Learn Mem 65:65-72.

Packard MG, Teather LA (1997a) Posttraining estradiol injections enhance

memory in ovariectomized rats: cholinergic blockade and synergism.
Neurobiol Learn Mem 68:172-188.

Packard MG, Teather LA (1997b) Intra-hippocampal estradiol infusion
enhances memory in ovariectomized rats. Neuroreport 8:3009-3013.

Paxinos G, Watson C (1998) The Rat Brain in Stereotaxic Coordinates,
Fourth Edition. San Diego: Academic Press, An Imprint of Elsevier.

Pedram A, Razandi M, Levin ER (2006a) Nature of functional estrogen
receptors at the plasma membrane. Mol Endocrinol 20:1996-2009.

Pedram A, Razandi M, Wallace DC, Levin ER (2006b) Functional estrogen
receptors in the mitochondria of breast cancer cells. Mol Biol Cell
17:2125-2137.

188



Pedram A, Razandi M, Sainson RC, Kim JK, Hughes CC, Levin ER (2007)
A conserved mechanism for steroid receptor translocation to the
plasma membrane. J Biol Chem 282:22278-22288.

Peters A, Palay SL, Webster Hd (1991) The fine structure of the nervous
system : neurons and their supporting cells, 3rd Edition. New York:
Oxford University Press.

Pierce JP, Kurucz OS, Milner TA (1999) Morphometry of a peptidergic
transmitter system: dynorphin B-like immunoreactivity in the rat

hippocampal mossy fiber pathway before and after seizures.
Hippocampus 9:255-276.

Piva F, Limonta P, Dondi D, Pimpinelli F, Martini L., Maggi R (1995)
Effects of steroids on the brain opioid system. J Steroid Biochem Mol
Biol 53:343-348.

Pozzo-Miller LD, Gottschalk W, Zhang L., McDermott K, Du J,
Gopalakrishnan R, Oho C, Sheng ZH, Lu B (1999) Impairments in
high-frequency transmission, synaptic vesicle docking, and synaptic
protein distribution in the hippocampus of BDNF knockout mice. J
Neurosci 19:4972-4983.

Prestwood KM, Unson C, Kulldorff M, Cushman M (2004) The effect of
different doses of micronized 17beta-estradiol on C-reactive protein,
interleukin-6, and lipids in older women. J Gerontol A Biol Sci Med
Sci1 59:827-832.

Protopopescu X, Butler T, Pan H, Root J, Altemus M, Polanecsky M,
McEwen B, Silbersweig D, Stern E (2008) Hippocampal structural
changes across the menstrual cycle. Hippocampus 18:985-988.

Quinones-Jenab V, Jenab S, Ogawa S, Inturrisi C, Pfaff DW (1997)
Estrogen regulation of mu-opioid receptor mRNA in the forebrain of
female rats. Brain Res Mol Brain Res 47:134-138.

189



Rapp PR, Morrison JH, Roberts JA (2003a) Cyclic estrogen replacement
improves cognitive function in aged ovariectomized rhesus monkeys.
J Neurosci 23:5708-5714.

Rapp SR, Espeland MA, Shumaker SA, Henderson VW, Brunner RL,
Manson JE, Gass ML, Stefanick ML, Lane DS, Hays J, Johnson KC,
Coker LH, Dailey M, Bowen D (2003b) Effect of estrogen plus
progestin on global cognitive function in postmenopausal women: the

Women's Health Initiative Memory Study: a randomized controlled
trial. Jama 289:2663-2672.

Razandi M, Pedram A, Greene GL, Levin ER (1999) Cell membrane and
nuclear estrogen receptors (ERs) originate from a single transcript:

studies of ERalpha and ERbeta expressed in Chinese hamster ovary
cells. Mol Endocrinol 13:307-319.

Register TC, Shively CA, Lewis CE (1998) Expression of estrogen receptor
alpha and beta transcripts in female monkey hippocampus and
hypothalamus. Brain Res 788:320-322.

Ren-Patterson RF, Cochran LW, Holmes A, Lesch KP, Lu B, Murphy DL
(2006) Gender-Dependent Modulation of Brain Monoamines and

Anxiety-like Behaviors in Mice with Genetic Serotonin Transporter
and BDNF Deficiencies. Cell Mol Neurobiol 26:753-778.

Rex CS, Lin CY, Kramar EA, Chen LY, Gall CM, Lynch G (2007) Brain-
derived neurotrophic factor promotes long-term potentiation-related
cytoskeletal changes in adult hippocampus. J Neurosci 27:3017-3029.

Reymann KG, Frey JU (2007) The late maintenance of hippocampal LTP:
requirements, phases, 'synaptic tagging', 'late-associativity' and
implications. Neuropharmacology 52:24-40.

Rhodes ME, Frye CA (2006) ERbeta-selective SERMs produce mnemonic-
enhancing effects in the inhibitory avoidance and water maze tasks.
Neurobiol Learn Mem 85:183-191.

190



Rissman EF, Heck AL, Leonard JE, Shupnik MA, Gustafsson JA (2002)
Disruption of estrogen receptor beta gene impairs spatial learning in
female mice. Proc Natl Acad Sci U S A 99:3996-4001.

Roback JD, Marsh HN, Downen M, Palfrey HC, Wainer BH (1995) BDNF-
activated signal transduction in rat cortical glial cells. Eur J Neurosci
7:849-862.

Romeo RD, McCarthy JB, Wang A, Milner TA, McEwen BS (2005) Sex
differences in hippocampal estradiol-induced N-methyl-D-aspartic
acid binding and ultrastructural localization of estrogen receptor-
alpha. Neuroendocrinology 81:391-399.

Rose CR, Blum R, Pichler B, Lepier A, Kafitz KW, Konnerth A (2003)
Truncated TrkB-T1 mediates neurotrophin-evoked calcium signalling
in glia cells. Nature 426:74-78.

Rosenberg L, Park S (2002) Verbal and spatial functions across the

menstrual cycle in healthy young women. Psychoneuroendocrinology
27:835-841.

Rudick CN, Woolley CS (2000) Estradiol induces a phasic Fos response in
the hippocampal CA1 and CA3 regions of adult female rats.
Hippocampus 10:274-283.

Rudick CN, Woolley CS (2001) Estrogen regulates functional inhibition of
hippocampal CA1 pyramidal cells in the adult female rat. J Neurosci
21:6532-6543.

Rudick CN, Gibbs RB, Woolley CS (2003) A role for the basal forebrain
cholinergic system in estrogen-induced disinhibition of hippocampal
pyramidal cells. J Neurosci 23:4479-4490.

Sandstrom NJ, Williams CL (2004) Spatial memory retention is enhanced by
acute and continuous estradiol replacement. Horm Behav 45:128-135.

191



Sanna PP, Cammalleri M, Berton F, Simpson C, Lutjens R, Bloom FE,
Francesconi W (2002) Phosphatidylinositol 3-kinase is required for
the expression but not for the induction or the maintenance of long-

term potentiation in the hippocampal CA1 region. J Neurosci
22:3359-3365.

Sato K, Akaishi T, Matsuki N, Ohno Y, Nakazawa K (2007) beta-Estradiol
induces synaptogenesis in the hippocampus by enhancing brain-

derived neurotrophic factor release from dentate gyrus granule cells.
Brain Res 1150:108-120.

Scharfman HE, Maclusky NJ (2005) Similarities between actions of

estrogen and BDNF in the hippocampus: coincidence or clue? Trends
Neurosci 28:79-85.

Scharfman HE, Maclusky NJ (2006) Estrogen and brain-derived
neurotrophic factor (BDNF) in hippocampus: Complexity of steroid
hormone-growth factor interactions in the adult CNS. Front
Neuroendocrinol.

Scharfman HE, MacLusky NJ (2006) The influence of gonadal hormones on
neuronal excitability, seizures, and epilepsy in the female. Epilepsia
47:1423-1440.

Scharfman HE, Mercurio TC, Goodman JH, Wilson MA, MacLusky NIJ
(2003) Hippocampal excitability increases during the estrous cycle in

the rat: a potential role for brain-derived neurotrophic factor. J
Neurosci 23:11641-11652.

Scharfman HE, Hintz TM, Gomez J, Stormes KA, Barouk S, Malthankar-
Phatak GH, McCloskey DP, Luine VN, Maclusky NJ (2007) Changes
in hippocampal function of ovariectomized rats after sequential low
doses of estradiol to simulate the preovulatory estrogen surge. Eur J

Neurosci 26:2595-2612.

192



Schmidt PJ, Nieman LK, Danaceau MA, Adams LF, Rubinow DR (1998)
Differential behavioral effects of gonadal steroids in women with and
in those without premenstrual syndrome. N Engl J Med 338:209-216.

Schratt GM, Nigh EA, Chen WG, Hu L, Greenberg ME (2004) BDNF
regulates the translation of a select group of mRNAs by a mammalian
target of rapamycin-phosphatidylinositol 3-kinase-dependent pathway
during neuronal development. J Neurosci 24:7366-7377.

Shang Y, Brown M (2002) Molecular determinants for the tissue specificity
of SERMs. Science 295:2465-2468.

Sherwin BB (2003) Estrogen and cognitive functioning in women. Endocr
Rev 24:133-151.

Sherwin BB (2006) Estrogen and cognitive aging in women. Neuroscience
138:1021-1026.

Sherwin BB, Tulandi T (1996) "Add-back" estrogen reverses cognitive
deficits induced by a gonadotropin-releasing hormone agonist in
women with leiomyomata uteri. J Clin Endocrinol Metab 81:2545-
2549.

Shimizu E, Hashimoto K, Iyo M (2004) Ethnic difference of the BDNF
196G/A (val66met) polymorphism frequencies: the possibility to

explain ethnic mental traits. Am J Med Genet B Neuropsychiatr Genet
126:122-123.

Shughrue PJ, Merchenthaler I (2000) Evidence for novel estrogen binding
sites in the rat hippocampus. Neuroscience 99:605-612.

Shughrue PJ, Lane MV, Merchenthaler I (1997) Comparative distribution of
estrogen receptor-alpha and -beta mRNA in the rat central nervous
system. J Comp Neurol 388:507-525.

193



Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB, Ockene JK,
Hendrix SL, Jones BN, 3rd, Assaf AR, Jackson RD, Kotchen JM,
Wassertheil-Smoller S, Wactawski-Wende J (2003) Estrogen plus
progestin and the incidence of dementia and mild cognitive
impairment in postmenopausal women: the Women's Health Initiative
Memory Study: a randomized controlled trial. Jama 289:2651-2662.

Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK
(2000) Interaction of oestrogen receptor with the regulatory subunit of
phosphatidylinositol-3-OH kinase. Nature 407:538-541.

Singh M, Meyer EM, Millard WJ, Simpkins JW (1994) Ovarian steroid
deprivation results in a reversible learning impairment and

compromised cholinergic function in female Sprague-Dawley rats.
Brain Res 644:305-312.

Small SA, Chawla MK, Buonocore M, Rapp PR, Barnes CA (2004) Imaging
correlates of brain function in monkeys and rats isolates a
hippocampal subregion differentially vulnerable to aging. Proc Natl
Acad Sci U S A 101:7181-7186.

Smith CC, McMahon LL (2006) Estradiol-induced increase in the
magnitude of long-term potentiation is prevented by blocking NR2B-
containing receptors. J Neurosci 26:8517-8522.

Smith TD, Adams MM, Gallagher M, Morrison JH, Rapp PR (2000)
Circuit-specific alterations in hippocampal synaptophysin
immunoreactivity predict spatial learning impairment in aged rats. J
Neurosci 20:6587-6593.

Sohrabji F, Lewis DK (2006) Estrogen-BDNF interactions: Implications for
neurodegenerative diseases. Front Neuroendocrinol.

Sohrabji F, Miranda RC, Toran-Allerand CD (1995) Identification of a
putative estrogen response element in the gene encoding brain-derived
neurotrophic factor. Proc Natl Acad Sci U S A 92:11110-11114.

194



Spencer JL., Waters EM, Romeo RD, Wood GE, Milner TA, McEwen BS
(2008) Uncovering the mechanisms of estrogen effects on
hippocampal function. Front Neuroendocrinol 29:219-237.

Squire LR (1992) Memory and the hippocampus: a synthesis from findings
with rats, monkeys, and humans. Psychol Rev 99:195-231.

Squire LR, Wixted JT, Clark RE (2007) Recognition memory and the medial
temporal lobe: a new perspective. Nat Rev Neurosci 8:872-883.

Staley K, Scharfman H (2005) A woman's prerogative. Nat Neurosci 8:697-
699.

Stein V, House DR, Bredt DS, Nicoll RA (2003) Postsynaptic density-95
mimics and occludes hippocampal long-term potentiation and
enhances long-term depression. J Neurosci 23:5503-5506.

Stoop R, Poo MM (1996) Synaptic modulation by neurotrophic factors:
differential and synergistic effects of brain-derived neurotrophic
factor and ciliary neurotrophic factor. J Neurosci 16:3256-3264.

Stupien G, Florian C, Roullet P (2003) Involvement of the hippocampal
CA3-region in acquisition and in memory consolidation of spatial but
not in object information in mice. Neurobiol Learn Mem 80:32-41.

Sui L, Wang J, Li BM (2008) Role of the phosphoinositide 3-kinase-Akt-
mammalian target of the rapamycin signaling pathway in long-term
potentiation and trace fear conditioning memory in rat medial
prefrontal cortex. Learn Mem 15:762-776.

Suzuki S, Brown CM, Wise PM (2006) Mechanisms of neuroprotection by
estrogen. Endocrine 29:209-215.

Suzuki S, Brown CM, Dela Cruz CD, Yang E, Bridwell DA, Wise PM
(2007) Timing of estrogen therapy after ovariectomy dictates the

195



efficacy of its neuroprotective and antiinflammatory actions. Proc
Natl Acad Sci U S A 104:6013-6018.

Svingos AL, Colago EE, Pickel VM (1999) Cellular sites for dynorphin
activation of kappa-opioid receptors in the rat nucleus accumbens
shell. J Neurosci 19:1804-1813.

Sweatt JD (2004) Mitogen-activated protein kinases in synaptic plasticity
and memory. Curr Opin Neurobiol 14:311-317.

Szego EM, Barabas K, Balog J, Szilagyi N, Korach KS, Juhasz G, Abraham
IM (2006) Estrogen induces estrogen receptor alpha-dependent cAMP
response element-binding protein phosphorylation via mitogen
activated protein kinase pathway in basal forebrain cholinergic
neurons in vivo. J Neurosci 26:4104-4110.

Szymczak S, Kalita K, Jaworski J, Mioduszewska B, Savonenko A,
Markowska A, Merchenthaler I, Kaczmarek L (2006) Increased
estrogen receptor beta expression correlates with decreased spine
formation in the rat hippocampus. Hippocampus 16:453-463.

Tada T, Sheng M (2006) Molecular mechanisms of dendritic spine
morphogenesis. Curr Opin Neurobiol 16:95-101.

Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies GC, Kasai H
(2008) Protein synthesis and neurotrophin-dependent structural
plasticity of single dendritic spines. Science 319:1683-1687.

Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME (1998) Ca2+
influx regulates BDNF transcription by a CREB family transcription
factor-dependent mechanism. Neuron 20:709-726.

Terasawa E, Timiras PS (1968) Electrical activity during the estrous cycle of
the rat: cyclic changes in limbic structures. Endocrinology 83:207-
216.

196



Toran-Allerand CD, Guan X, MacLusky NJ, Horvath TL, Diano S, Singh M,
Connolly ES, Jr., Nethrapalli IS, Tinnikov AA (2002) ER-X: a novel,
plasma membrane-associated, putative estrogen receptor that is

regulated during development and after ischemic brain injury. J
Neurosci 22:8391-8401.

Tsai SJ, Hong CJ, Yu YW, Chen TJ (2004) Association study of a brain-
derived neurotrophic factor (BDNF) Val66Met polymorphism and
personality trait and intelligence in healthy young females.
Neuropsychobiology 49:13-16.

Turner CD, Bagnara JT (1971a) General endocrinology, 5th Edition.
Philadelphia,: Saunders.

Turner CD, Bagnara JT (1971b) General Endocrinology. Philadelphia: W.B.
Saunders.

Tyler W], Pozzo-Miller LD (2001) BDNF enhances quantal
neurotransmitter release and increases the number of docked vesicles
at the active zones of hippocampal excitatory synapses. J Neurosci
21:4249-4258.

Valtorta F, Pennuto M, Bonanomi D, Benfenati F (2004) Synaptophysin:
leading actor or walk-on role in synaptic vesicle exocytosis?
Bioessays 26:445-453.

Vasudevan N, Pfaff DW (2007) Membrane-initiated actions of estrogens in
neuroendocrinology: emerging principles. Endocr Rev 28:1-19.

Vasudevan N, Kow LM, Pfaff DW (2001) Early membrane estrogenic
effects required for full expression of slower genomic actions in a
nerve cell line. Proc Natl Acad Sci U S A 98:12267-12271.

Verhagen M, van der Meij A, van Deurzen PA, Janzing JG, Arias-Vasquez
A, Buitelaar JK, Franke B (2008) Meta-analysis of the BDNF

197



Val66Met polymorphism in major depressive disorder: effects of
gender and ethnicity. Mol Psychiatry.

Wade CB, Dorsa DM (2003) Estrogen activation of cyclic adenosine 5'-
monophosphate response element-mediated transcription requires the
extracellularly regulated kinase/mitogen-activated protein kinase
pathway. Endocrinology 144:832-838.

Wallace M, Luine V, Arellanos A, Frankfurt M (2006) Ovariectomized rats
show decreased recognition memory and spine density in the
hippocampus and prefrontal cortex. Brain Res.

Walmer DK, Wrona MA, Hughes CL, Nelson KG (1992) Lactoferrin
expression in the mouse reproductive tract during the natural estrous

cycle: correlation with circulating estradiol and progesterone.
Endocrinology 131:1458-1466.

Warren SG, Juraska JM (1997) Spatial and nonspatial learning across the rat
estrous cycle. Behav Neurosci 111:259-266.

Warren SG, Humphreys AG, Juraska JM, Greenough WT (1995) LTP varies
across the estrous cycle: enhanced synaptic plasticity in proestrus rats.
Brain Res 703:26-30.

Waters EM, Spencer JL, Bloss EB, McEwen B (2006) Role of estrogen and
progesterone in regulation of hippocampal presynaptic and

postsynaptic molecules. In: Society for Neuroscience Annual
Meeting. Atlanta, GA.

Waters EM, Torres-Reveron A, McEwen BS, Milner TA (2008)
Ultrastructural localization of extranuclear progestin receptors in the
rat hippocampal formation. J Comp Neurol 511:34-46.

Watson FL, Heerssen HM, Moheban DB, Lin MZ, Sauvageot CM,
Bhattacharyya A, Pomeroy SL, Segal RA (1999) Rapid nuclear

198



responses to target-derived neurotrophins require retrograde transport
of ligand-receptor complex. J Neurosci 19:7889-7900.

Weiland NG (1992a) Estradiol selectively regulates agonist binding sites on
the N-methyl-D-aspartate receptor complex in the CA1 region of the
hippocampus. Endocrinology 131:662-668.

Weiland NG (1992b) Glutamic acid decarboxylase messenger ribonucleic
acid is regulated by estradiol and progesterone in the hippocampus.
Endocrinology 131:2697-2702.

Weiland NG, Orikasa C, Hayashi S, McEwen BS (1997) Distribution and
hormone regulation of estrogen receptor immunoreactive cells in the
hippocampus of male and female rats. J Comp Neurol 388:603-612.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006) Learning induces
long-term potentiation in the hippocampus. Science 313:1093-1097.

Woolley CS, McEwen BS (1992) Estradiol mediates fluctuation in
hippocampal synapse density during the estrous cycle in the adult rat.
J Neurosci 12:2549-2554.

Woolley CS, McEwen BS (1994) Estradiol regulates hippocampal dendritic
spine density via an N-methyl-D-aspartate receptor-dependent
mechanism. J Neurosci 14:7680-7687.

Woolley CS, Wenzel HJ, Schwartzkroin PA (1996) Estradiol increases the
frequency of multiple synapse boutons in the hippocampal CA1

region of the adult female rat. ] Comp Neurol 373:108-117.

Woolley CS, Gould E, Frankfurt M, McEwen BS (1990) Naturally occurring
fluctuation in dendritic spine density on adult hippocampal pyramidal
neurons. J Neurosci 10:4035-4039.

199



Woolley CS, Weiland NG, McEwen BS, Schwartzkroin PA (1997) Estradiol
increases the sensitivity of hippocampal CA1 pyramidal cells to
NMDA receptor-mediated synaptic input: correlation with dendritic
spine density. J Neurosci 17:1848-1859.

Wu TW, Wang JM, Chen S, Brinton RD (2005) 17Beta-estradiol induced
Ca2+ influx via L-type calcium channels activates the
Src/ERK/cyclic-AMP response element binding protein signal
pathway and BCL-2 expression in rat hippocampal neurons: a
potential initiation mechanism for estrogen-induced neuroprotection.
Neuroscience 135:59-72.

Xu B, Gottschalk W, Chow A, Wilson RI, Schnell E, Zang K, Wang D,
Nicoll RA, Lu B, Reichardt LF (2000) The role of brain-derived
neurotrophic factor receptors in the mature hippocampus: modulation
of long-term potentiation through a presynaptic mechanism involving

TrkB. J Neurosci 20:6888-6897.

Xu X, Zhang Z (2006) Effects of estradiol benzoate on learning-memory
behavior and synaptic structure in ovariectomized mice. Life Sci
79:1553-1560.

Yaffe K, Lui LY, Grady D, Stone K, Morin P (2002) Estrogen receptor 1
polymorphisms and risk of cognitive impairment in older women.
Biol Psychiatry 51:677-682.

Yan Q, Radeke MJ, Matheson CR, Talvenheimo J, Welcher AA, Feinstein
SC (1997) Immunocytochemical localization of TrkB in the central
nervous system of the adult rat. ] Comp Neurol 378:135-157.

Yang PC, Yang CH, Huang CC, Hsu KS (2008) Phosphatidylinositol 3-
kinase activation is required for stress protocol-induced modification
of hippocampal synaptic plasticity. J Biol Chem 283:2631-2643.

200



Yashiro K, Philpot BD (2008) Regulation of NMDA receptor subunit
expression and its implications for LTD, LTP, and metaplasticity.
Neuropharmacology 55:1081-1094.

Yildirim M, Janssen WG, Tabori NE, Adams MM, Yuen GS, Akama KT,
McEwen BS, Milner TA, Morrison JH (2008) Estrogen and aging
affect synaptic distribution of phosphorylated LIM kinase (pLIMK) in
CA1 region of female rat hippocampus. Neuroscience 152:360-370.

Yonkers KA, O'Brien PM, Eriksson E (2008) Premenstrual syndrome.
Lancet 371:1200-1210.

Yuen G (2006) Estrogen action on actin dynamics: Mechanism for Dendritic
Spine Remodeling in the Adult Hippocampus. In: Laboratory of
Neuroendocrinology, p 138. New York: The Rockefeller University.

Yuen G, Akama K, McEwen B (2004) Estrogen regulation of actin
Dynamics: Mechanism for dendritic spine remodeling. In: Society for
Neuroscience Annual Meeting. San Diego, CA, USA.

Zhao L, Brinton RD (2006) Select estrogens within the complex formulation
of conjugated equine estrogens (Premarin) are protective against
neurodegenerative insults: implications for a composition of estrogen
therapy to promote neuronal function and prevent Alzheimer's
disease. BMC Neurosci 7:24.

Zhao L, Chen S, Ming Wang J, Brinton RD (2005) 17beta-estradiol induces
Ca2+ influx, dendritic and nuclear Ca2+ rise and subsequent cyclic
AMP response element-binding protein activation in hippocampal
neurons: a potential initiation mechanism for estrogen neurotrophism.

Neuroscience 132:299-311.

Zheng J, Shen WH, Lu TJ, Zhou Y, Chen Q, Wang Z, Xiang T, Zhu YC,
Zhang C, Duan S, Xiong ZQ (2008) Clathrin-dependent endocytosis

is required for TrkB-dependent Akt-mediated neuronal protection and
dendritic growth. J Biol Chem 283:13280-13288.

201



Zhou J, Zhang H, Cohen RS, Pandey SC (2005) Effects of estrogen
treatment on expression of brain-derived neurotrophic factor and
cAMP response element-binding protein expression and
phosphorylation in rat amygdaloid and hippocampal structures.
Neuroendocrinology 81:294-310.

Zhou W, Koldzic-Zivanovic N, Clarke CH, de Beun R, Wassermann K,
Bury PS, Cunningham KA, Thomas ML (2002) Selective estrogen

receptor modulator effects in the rat brain. Neuroendocrinology
75:24-33.

Znamensky V, Akama KT, McEwen BS, Milner TA (2003) Estrogen levels
regulate the subcellular distribution of phosphorylated Akt in
hippocampal CA1 dendrites. J Neurosci 23:2340-2347.

Zurkovsky L, Brown SL, Korol DL (2006) Estrogen modulates place
learning through estrogen receptors in the hippocampus. Neurobiol
Learn Mem 86:336-343.

202



	Rockefeller University
	Digital Commons @ RU
	2009

	Physiological Effects of Estradiol in the Mouse Hippocampal Formation
	Joanna L. Spencer
	Recommended Citation


	JS

