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Abstract

17p-estradiol and progesterone exert a number of physiological effects throughout the brain due to
interactions with several types of receptors belonging to the traditional family of intracellular
hormonal receptors as well as to membrane-bound receptors. In particular, both hormones elicit
rapid modifications of neuronal excitability that have been postulated to underlie their effects on
synaptic plasticity and learning and memory. Likewise, both hormones have been shown to be
neuroprotective under certain conditions, possibly due to the activation of pro-survival pathways
and the inhibition of pro-apoptotic cascades. Because of the similarities in their cellular effects,
there have been a number of questions raised by numerous observations that progesterone inhibits
the effects of estrogen. In this manuscript, we first review the interactions between 17p-estradiol
(E2) and progesterone (P4) in synaptic plasticity, and conclude that, while E2 exerts a clear and
important role in long-term potentiation of synaptic transmission in hippocampal neurons, the role
of P4 is much less clear, and could be accounted by the direct or indirect regulation of GABAA
receptors. We then discuss the neuroprotective roles of both hormones, in particular against
excitotoxicity. In this case, the neuroprotective effects of these hormones are very similar to those
of the neurotrophic factor BDNF. Interestingly, P4 antagonizes the effects of E2, possibly through
the regulation of estrogen receptors or of proteins associated with the receptors or interactions
with signaling pathways activated by E2. Overall, this review emphasizes the existence of
common molecules and pathways that participate in the regulation of both synaptic plasticity and
neurodegeneration.
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1. Introduction

For many years, the physiological effects of sex steroid hormones on the brain were
attributed to circulating hormones that originated in steroidogenic organs such as the gonads
and adrenal glands. However, the past few decades have indicated that steroid hormones are
in fact synthesized locally in brain (Amateau et al., 2004; Murakami et al., 2006; Remage-
Healey et al., 2009), skin (Forstrom, 1980; Mills et al., 2005), and other organs or tissues
(Lecain et al., 2003; Schmidt et al., 2008), where they participate in the regulation of a
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variety of functions. The landmark Women's Health Initiative study brought much attention
to the potentially detrimental interactions of estrogens and progestins, showing an increased
risk of breast cancer among postmenopausal women who received hormone therapy with
combined estrogen plus progestin compared to women receiving estrogen alone (WHI,
2002). Although many factors, such as age, type of progestin, and course of treatment were
confounding factors in the study, it did indicate the need for further studies on the biological
mechanisms of 17p-estradiol (E2) and progesterone (P4) interactions.

The nervous system is a major target of steroid hormones, and contains specific receptors for
hormones secreted from peripheral organs such as the adrenal cortex, testes, and ovaries,
and for locally synthesized and released hormones. Sex steroids, such as estrogens,
androgens and progestins, exert their effects not only at the genomic level through classical
receptors that belong to the superfamily of nuclear receptors (Guerriero, 2009), but also non-
genomically by interacting with G protein-coupled receptors (GPCR) and membrane-
localized steroid receptors (Hammes and Levin, 2007) (Fig. 1). Thus, the effects of E2 and
other hormones on the brain, which require a prolonged latency and last for a long time, are
likely due to genomic activation (McEwen and Alves, 1999); on the other hand, the rapid
and short-term effects of steroid hormones on electrophysiological properties of neurons
with latencies and durations on the scale of milliseconds to minutes are likely due to the
stimulation of membrane-associated receptors and the activation of second messenger
cascades (Bi et al., 2001; Teyler et al., 1980).

Considerable progress has been made in understanding of the molecular events involved in
both synaptic plasticity and neurodegeneration. Interestingly, many cellular processes
participating in synaptic plasticity also play a critical role in neurodegeneration. Historically,
the role of the synapse was limited to simply relaying information from one neuron to
another in a fixed manner. Over the past half century, a seminal development in
neurobiology has been the realization that synapses are in fact extremely plastic — and that
this plasticity may be the basis for learning and memory. Synaptic plasticity, or the ability of
synapses to modify their functional strength in an activity-dependent manner, also includes
the ability of neuronal circuits to change as a result of certain patterns of neuronal activity,
and is prominent in forebrain structures, including the hippocampal formation. In the late
1940’s, Hebb postulated that synaptic plasticity was an essential mechanism used by the
brain to encode experience and practice, a concept that has since led to the notion of hebbian
synapses (Berlucchi and Buchtel, 2009). Since the discovery by Bliss and Lomo (Bliss and
Lomo, 1973) of a long-lasting enhancement of synaptic transmission at hippocampal
synapses resulting from a brief period of high frequency stimulation of the inputs, long-term
potentiation (LTP) of synaptic transmission has been proposed to be a major form of
synaptic plasticity that could represent a cellular model of memory trace formation in brain
(Baudry and Lynch, 2001; Bear and Malenka, 1994; Bliss and Collingridge, 1993). While
the molecular and synaptic mechanisms underlying LTP have been studied extensively,
there has been some reluctance to accept the idea that LTP plays a critical role in behavioral
learning and memory (Shors and Matzel, 1997), although more recent results strongly
support it (see (Lee and Silva, 2009), for a recent discussion of this issue). In particular,
studies of its mechanisms have revealed the existence of a number of processes that
undoubtedly play critical roles in memory formation (Bi and Poo, 2001; Fanselow and
Poulos, 2005; Lynch et al., 2008). In area CA1 of hippocampus where it has been
extensively studied, LTP requires N-methyl-o-aspartate (NMDA) receptor activation for
induction, and an increase in the number of a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionate (AMPA) receptors for expression and maintenance (Baudry et al.,
2011; Lisman, 2003; Malenka and Nicoll, 1999; Stanton, 1996). On the other hand,
hippocampal long-term depression, LTD, is a form of activity-dependent synaptic plasticity
where activation of presynaptic inputs generally at low frequency results in a decrease in
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responsiveness of activated neurons. It requires activation of NMDA and metabotropic
glutamate receptors, and is due to internalization of AMPA receptors (Malenka and Bear,
2004; Stanton, 1996); however, its relationship to learning and memory remains unclear.

The neuropathology underlying diseases that affect learning, memory, and cognition, such
as Alzheimer’s disease (AD), is characterized by progressive synaptic dysfunction and
neuronal degeneration. Neurodegeneration can therefore be viewed as a maladaptive form of
synaptic plasticity, as it can result from an over-activation of the same processes that lead to
physiological synaptic plasticity. As mentioned above, synaptic plasticity requires a brief
activation of NMDA and other types of glutamate receptors. However, prolonging the
activation of certain glutamate receptors results in excitotoxicity. Thus, activation of the
same pathways that result in physiological modifications of synaptic transmission could also
lead to first dysfunction of synaptic transmission and ultimately to neuronal damage.
Interestingly, both E2 and P4 have been shown to regulate synaptic plasticity and
neurodegeneration, and in the following we will discuss the mechanisms underlying these
effects as well as the ways these two steroid hormones interact to modify their regulatory
effects.

E2 and P4 are thought to impart their biological functions via activation of specific estrogen
(ERs) and progesterone receptors (PRs) (Fig. 1). ERs have been localized throughout the
cortex, limbic system and hippocampus, in neurons, astrocytes and dendritic processes
(Milner et al., 2005; Simerly et al., 1990; Su et al., 2001). Similarly, PR isoforms are widely
expressed in various brain regions, including hypothalamus, cortex, cerebellum, and in
pyramidal neurons of the hippocampus (Hirata et al., 1992). Moreover, numerous studies
suggest distinct functional patterns between the classical estrogen receptors, ERa and ERp.
For instance, fertility was impaired in mice lacking the ERa gene, but not in ERp KO mice
(Shughrue et al., 1997). While ERa receptors play a major role in peripheral disorders, as in
breast cancer (Ali and Coombes, 2000), accumulating evidence has emphasized the role of
ERB in cognition and behavior. In particular, activity-dependent regulation of dendritic
spine cytoskeleton, LTP induction, and memory formation has been shown to be dependent
on ERp activation (Kramar et al., 2009; Liu et al., 2008). In vivo results have also shown
that ERB KO animals had impaired performance in object recognition and placement tasks,
even when given E2 supplements (Walf et al., 2008). Recently, the use of a selective ERB
agonist, WAY-200070, revealed that ER activation mediates the effects of E2 on memory
in a hippocampus-dependent task, as it mimics E2 effects in a spatial memory task.
Furthermore, activation of ERp by this agonist led to increases in dendritic spine density,
dendritic branching, synaptic proteins and LTP (Kramar et al., 2009; Liu et al., 2008).
Although compelling, this evidence leaves room for interpretation, as the efficacy and
specificity of this agonist for ERP and other putative ERs are not completely known. Given
that a number of studies exploring estrogenic effects are performed in ovariectomized
(OVX) animals, it is also important to understand these effects on cycling intact animals, as
cycling changes in E2 and P4 are likely to play important roles in their central effects (Fig.
1). In a recent study, wild-type animals in the proestrous phase had improved performance
in object recognition and T-maze tasks, as well as reduced anxiety-like behavior in the plus
maze and mirror chamber tasks when compared to ERB KO mice. Because ER genotype did
not seem to play a role in circulating hormone levels across the estrous cycle (Walf et al.,
2009), these results implicate an important role of ERB in mediating E2’s influences on
cognition and affective behaviors. Interestingly, a previous paper had found that anxiolytic-
like behavior in cycling animals correlated with elevated circulating and hippocampal P4
concentrations (Frye et al., 2000). Thus, understanding the relationship between P4 and ERp
can help elucidate some of the mechanisms underlying hormonal regulation of cognitive and
behavioral functions. Recently, selective agonists for ERs have been investigated in a rodent
model of Alzheimer’s disease (AD), in which treatment with propyl pyrazole triol (PPT), an
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ERP agonist, but not diarylpropionitrile (DPN), an ERa agonist, in OVX 3xTg-AD mice
reduced accumulation of B-amyloid protein and improved hippocampus-dependent
performance (Carroll and Pike, 2008). However, the distribution and expression pattern of
ERs in 3xTg-AD mice have not yet been elucidated, making it difficult to interpret these
results. A shortcoming prevalent in all these studies is that they failed to investigate the
effects of progesterone (P4). Notably, both E2 and P4 are depleted as a consequence of
menopause in women and in OV X experimental animal paradigms. In fact, normal or high
E2 levels characterize the perimenopausal period, while a decline in P4 preceding estrogenic
decline may result in perimenopausal symptoms (Prior, 1998). Furthermore ERB knockout
mice have deficits in ovulation (Krege et al., 1998), signifying low levels of P4 in these
animals. Thankfully, the field of P4 and of its effects in the CNS is slowly emerging.

P4 exerts its biological functions via the two classical PR isoforms, PRA and PRB (Fig. 1).
As with ERs, these PRs have distinct physiological functions both in vivo and in vitro.
Although the classical E2 and P4 receptors have been well characterized, there is also
evidence for membrane-associated E2 and P4 receptors (Toran-Allerand et al., 2002;
Guennoun et al., 2008), complicating the interpretation of the observed effects of female sex
steroids on the brain. Interactions between E2 and P4 have been documented in brain, as E2
can stimulate PR expression in the CA1 region of hippocampus and in the medial preoptic
nucleus, suggesting possible effects of E2 on gene expression via P4 receptors (Alves et al.,
2000; Chung et al., 2006). Recent studies have also documented that ovarian E2 can
stimulate neuronal P4 synthesis via a rapid, membrane-associated ERa-initiated mechanism
in astrocyte cultures (Micevych and Sinchak, 2008). Although the mechanisms of E2 and P4
interactions are not fully elucidated, their understanding may provide new insight for
developing potential therapeutic treatments for a variety of neurodegenerative diseases,
including AD and Parkinson’s disease. This review is therefore directed at discussing the
potential mechanisms underlying interactions between E2 and P4 in both synaptic plasticity
(limited to LTP) and neurodegeneration. In particular, we will develop the idea that E2 and
P4 interact at the level of common molecules and pathways that participate in the regulation
of both synaptic plasticity and neurodegeneration.

2. P4/E2 interactions in LTP
2.1. E2 effect on LTP

Earlier studies suggested that estrogen therapy in postmenopausal women decreases the
probability of developing AD and slows the progress of the disease (Henderson, 1997).
However, more recent studies have led to the notion that there exists a critical window for
the estrogen treatment to be beneficial in postmenopausal women (Henderson and Brinton,
2010; Zhang et al., 2011). It has thus been suggested that E2 could act both as a cognitive
enhancer and a neuroprotective agent. For over three decades, electrophysiological studies
have found that E2 regulates synaptic plasticity within the nervous system. In a pioneering
study, female rats treated with E2 in proestrus, the time of the estrous cycle when E2 levels
are at their highest levels, exhibited decreased hippocampal seizure thresholds (Terasawa
and Timiras, 1968). The magnitude of long-term potentiation (LTP) was found to be
maximal in hippocampal slices prepared from female rats in the afternoon of proestrus
(Warren et al., 1995), and hippocampal LTP induction was facilitated in OV X rats treated
with E2, as compared to untreated OV X rats (Cordoba-Montoya and Carrer, 1997). Initial
studies by Teyler and colleagues (1980) using /n vitro hippocampal slices showed that
gonadal steroids rapidly modulated neuronal excitability. In the initial experiments, field
excitatory postsynaptic potentials (fFEPSPs) recorded from area CA1 of hippocampal slices
from male and female rats were monitored before and after the addition of E2 (100 pM) to
the slice incubation medium. In male rats, E2 produced a rapid (<10 min) enhancement of
fEPSPs evoked by stimulation of the Schaffer collateral pathway, providing the first
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evidence that physiological concentrations of E2 directly and rapidly enhanced
glutamatergic synaptic transmission in hippocampus (Teyler et al., 1980). Since then many
laboratories have reported that E2 rapidly increased basal synaptic responses in field CA1 of
hippocampal slices (Bi et al., 2000; Foy et al., 1999; Kramar et al., 2009; Liu et al., 2008).
Several laboratories have also showed that E2 increased LTP magnitude in acute
hippocampal slices (Foy et al., 1999; Ito et al., 1999; Teyler et al., 1980). In addition, E2
increased both AMPA and NMDA receptor-mediated synaptic responses in hippocampal
neurons (Foy et al., 1999; Gu and Moss, 1998; Moss and Gu, 1999). These studies strongly
suggest that estrogenic actions on synaptic plasticity occur via the action of non-genomic
responses.

2.2. Signaling pathways mediating E2 effects on LTP

Several studies have since provided detailed information regarding the mechanisms
underlying the multiple effects of E2 on glutamatergic synaptic transmission and LTP. In
particular, the effects of E2 on NMDA receptor-mediated synaptic currents were blocked by
an inhibitor of src tyrosine kinase, as well as by PD98059, a MAPK inhibitor (Bi et al.,
2000). NMDA receptors are a major substrate for Src tyrosine kinase, and Src-mediated
tyrosine phosphorylation of NR2 subunits has been shown to increase NMDA receptor-
mediated responses (Lancaster and Rogers, 1998; Lu et al., 1999; Thomas and Brugge,
1997; Yu et al., 1997; Zheng et al., 1998). Thus, the E2 effect on LTP is likely caused by the
activation of Src and the resulting tyrosine phosphorylation of NR2 subunits. E2-mediated
enhancement of the degree of LTP as a result of the activation of Src/MAPK pathway also
fits well with several data indicating that this pathway is important for LTP (Atkins et al.,
1998; Lisman and Fallon, 1999; Orban et al., 1999). Mice with deletion of another member
of the Src kinase family, fyn, have LTP and learning impairment, whereas MAPK inhibitors
impair spatial learning (Blum et al., 1999). However, it is important to note that the inhibitor
of Src tyrosine kinase, PP2, did not affect LTP and that Src knockout mice have normal LTP
(Grant et al., 1992). Therefore, different tyrosine kinases might play different roles in
regulating NMDA receptors and LTP characteristics.

2.3. E2-mediated cytoskeletal regulation and LTP

Recently, several studies have shown that E2 rapidly regulates dendritic spine cytoskeleton,
and that this effect is likely to be responsible for E2-mediated regulation of synaptic
transmission and LTP. In particular, E2 has been shown to activate a cellular cascade that
consists of calpain-2 and LIM kinase resulting in cofilin phosphorylation, increased actin
polymerization and increased number of synaptic AMPA receptors (Kramar et al., 2009;
Sanchez et al., 2009; Zadran et al., 2009) (Fig. 2). Calpains belong to a large family of
calcium-dependent cysteine proteases and two isoforms, calpain-1 (a.k.a. p-calpain) and
calpain-2 (a.k.a. m-calpain) are ubiquitously distributed in mammalian brain (Goll et al.,
2003). Both isoforms require calcium for activation, with calpain-1 requiring micromolar
concentrations of calcium and calpain-2 millimolar concentrations (Croall and DeMartino,
1991). We previously proposed the hypothesis that calpain played a critical role in LTP of
synaptic transmission elicited by high frequency stimulation of glutamatergic synapses and
in learning and memory by participating in the modification of synaptic structure and
function (Baudry and Lynch, 2001; Lynch and Baudry, 1984). As studies conducted in
calpain-1 knock-out mice failed to provide evidence for LTP or learning and memory
deficits in these mice, we suggested that calpain-2 was critically involved in synaptic
plasticity (Grammer et al., 2005). However, the seemingly non-physiological levels of
calcium required for calpain-2 activation necessitated the existence of another mechanism
for its activation. Recent studies in fibroblasts have demonstrated that calpain-2 activation
by epidermal growth factor (EGF) was mediated by extracellular signal-regulated kinase
(ERK) phosphorylation of calpain-2 at Ser50 (Glading et al., 2004). Utilizing a FRET-based
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assay to monitor calpain activation, we recently reported that both EGF and BDNF activated
calpain-2 in neurons as a result of MAPK-mediated serine phosphorylation (Zadran et al.,
2010). E2 was also shown to rapidly (within minutes) activate calpain-2 in primary cultured
neurons in a MAPK-dependent but calcium-independent manner. E2-induced calpain-2
activation resulted in actin polymerization and increases in levels of membrane AMPA
receptor subunit GIuR1 and synaptic responses in acute hippocampal slices (Zadran et al.,
2009).

The FRET-based calpain assay also provided information regarding the localization of E2-
mediated calpain activation within neurons. Confocal analysis of the FRET signal following
application of E2 indicated that calpain was activated within dendrites and dendritic spine-
like structures. Calpain has previously been localized in dendritic spines (PerImutter et al.,
1988) and there is also evidence for the presence of E2 receptors in dendrites (Milner et al.,
2005). These results further support a critical role for E2 and calpain in regulating structural
changes at synapses following the induction and maintenance of LTP. They also fit well
with the evidence that E2 participates in the regulation of synaptic contacts in hippocampus
(Gould et al., 1990).

Both ERa and ERp receptors are present in dendrites of hippocampal neurons, although
their respective roles in mediating various effects of E2 in adult hippocampus are still
debated. E2-mediated calpain activation could be elicited by stimulation of either ERa or
ERB receptors in cultured neurons. Activation of either ERa or ERp receptors has been
shown to lead to MAP kinase activation (Nilsen et al., 2002), a result consistent with the
idea that calpain-2 is activated by MAP kinase-dependent phosphorylation. In addition to
MAP kinase, E2 has been shown to activate CaMKI| as well as PKA. In fibroblasts,
stimulation of adenylate cyclase or PKA inhibited calpain activation by phosphorylating
calpain-2 at serine/threonine 369-370 (Shiraha et al., 2002). Interestingly, when neurons
were treated with inhibitors of either adenylate cyclase or PKA, E2-induced calpain
activation in cultured neurons was greatly enhanced, suggesting that, like in fibroblasts,
PKA-mediated calpain-2 phosphorylation in neurons results in inhibition of calpain
activation. Thus, E2, by activating different intracellular signalling pathways, has complex
effects on calpain activity. On one hand, by activating MAP kinase, E2 elicits calpain-2
activation, while by activating PKA, it produces calpain inhibition (Fig. 2). The location and
balance between these two opposing effects of E2 on calpain activity are likely to be
important to determine the location, extent and duration of calpain activation. In any event,
these effects could participate in several of the reported cellular effects of E2, including
regulation of synaptic plasticity and dendritic spine morphology.

As mentioned earlier, E2 inactivates cofilin by stimulating L1M kinase, thereby leading to
actin polymerization and increased formation of filopodia (Kramar et al., 2009; Sanchez et
al., 2009). Since calpain inhibition prevented E2-induced increase in actin polymerization,
calpain activation could be an important step leading to actin polymerization, possibly
through cofilin phosphorylation/inactivation. Such a role for calpain has been clearly
demonstrated in fibroblasts and other cell types (Fox, 1999). In addition, E2 treatment of
hippocampal slices for 1 h has also been shown to increase the levels of GIuR1 subunits of
membrane AMPA receptors, suggesting that E2 increased AMPA receptor trafficking (Liu
et al., 2008). E2-mediated increase in GIuR1 levels was completely blocked with a calpain
inhibitor, indicating that calpain activation plays a critical role in the regulation of AMPA
receptor membrane insertion (Zadran et al., 2010).

Interestingly, the effect of E2 on basal synaptic transmission in field CA1 of hippocampal
slices was also completely blocked by calpain inhibition (Zadran et al., 2010). As mentioned
above, it has been proposed that E2-mediated increased excitability in CA1 was due to
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increase in actin polymerization, possibly leading to increased surface expression of AMPA
receptors (Kramar et al., 2009; Liu et al., 2008; Srivastava et al., 2008). In other words, E2
would reproduce some of the events associated with LTP induction, with the major
differences that these effects are reversible, whereas LTP induction leads to a long lasting
increase in synaptic efficacy. It has recently been demonstrated that LTP consolidation
requires the activation of two separate cascades, both of which involve the Rho family of
small GTPases, leading to cytoskeletal modifications (Rex et al., 2009), and it was proposed
that E2 would activate only one of the two cascades, consisting in RhoA and its downstream
effector, LIM Kinase. This selectivity could account for its reversible effects on
cytoskeleton and synaptic function (Kramar et al., 2009). This interpretation is completely
consistent with the hypothesis that E2-mediated increased actin polymerization, increased
membrane levels of GIuR1 subunits of AMPA receptors and increased synaptic responses
are all blocked by calpain inhibition. Moreover, in a recent study, we found that down-
regulation of calpain-2 or LIMKZ1 by systemic injection of a vector consisting of the Rabies
Virus Glycoprotein (RVG) and siRNA against calpain 2 or LIMK1 respectively resulted in
LTP impairment in acute hippocampal slices, further supporting a critical role for the
calpain-LIMK cascade in LTP regulation (Zadran et al., 2012).

2.4.LTP and the estrus cycle

In another series of animal studies, estrus cycle changes in rats were correlated with changes
in synaptic plasticity. Hippocampal slices from cycling female rats in diestrus (low E2
concentration) and proestrus (high E2 concentration) were prepared, and LTP was elicited
by high-frequency stimulation. The difference in LTP magnitude between these groups
following high-frequency stimulation was highly significant: slices prepared from rats in
proestrus exhibited LTP representing about a 50% increase over baseline, whereas slices
prepared from rats in diestrus had LTP values representing about a 25% increase over
baseline (Bi et al., 2001). These findings are consistent with those of Teyler et al (1980),
who reported that baseline synaptic transmission varied with the phase of the estrus cycle in
female rats at the time of hippocampal slice preparation (Teyler et al., 1980). Interestingly,
E2 increased the magnitude of LTP in slices prepared from diestrus rats, while it decreased
LTP in slices prepared from proestrus rats (Foy et al., 2004). Thus, the effects of E2 on
hippocampal LTP in female rats depend on the state of their estrous cycle. In cycling female
rats, when endogenous circulating levels of E2 are at their highest (i.e., proestrus), LTP
magnitude is high, but exogenously applied E2 decreases LTP magnitude. In contrast, when
endogenous circulating levels of E2 are at their lowest (i.e., diestrus), the situation is
completely reversed and LTP magnitude is low, and exogenously applied E2 increases LTP
magnitude. These results suggest that cyclic changes in E2 levels occurring during the
estrous cycle in female rats are associated with changes not only in the magnitude of LTP
recorded from hippocampal CA1 cells, but also in the very machinery that is used to
produce LTP, including calpain, actin polymerization and levels and functional status of
glutamate receptors. However, P4 levels were not recorded in these studies and given that
P4 levels also fluctuate during the estrous cycle, it may help explain some of these effects on
synaptic transmission. Nevertheless, these results fit well with those mentioned earlier
indicating facilitation of LTP induction by E2 in OV X female rats (Cordoba-Montoya and
Carrer, 1997), increased LTP in the afternoon of proestrus of female rats (Warren et al.,
1995), and support the results of a study showing improved memory performance with high
E2 levels in female rats (Leuner et al., 2004).

2.5. P4 effect on LTP

Few studies have examined the acute effects of P4 on synaptic transmission and plasticity,
with the results of these early studies being mostly contradictory. In an earlier study, P4 (10
UM) had no effect on LTP in CAL slices from 4-week-old rats (Ito et al., 1999). On the other
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hand, P4 (8-10 puM) significantly enhanced basal synaptic transmission in hippocampal
slices; however, P4 also decreased epileptiform activity elicited by tetanic stimulation
(Edwards et al., 2000). In pyramidal neurons from slices of prelimbic cortex, P4 (100 pM)
had no effect on the frequency of excitatory postsynaptic currents (EPSCs), but inhibited
dopamine-induced increases in EPSC frequency (Feng et al., 2004). In a more recent study,
P4 (1 uM) produced a slowly occurring (within 30 min of application in hippocampal slices)
decrease in CA1 fEPSPs, and this effect persisted for at least 45 min following initial P4
application (Foy et al., 2008). Results from intracellular recordings indicated that the effects
of P4 on hippocampal synaptic transmission was mediated, at least in part, by activation of
GABA receptors, as P4-mediated decrease in EPSCs was completely blocked by the
GABA-receptor antagonist picrotoxin (100 pM) (Foy et al., 2008). Similar results were
obtained in another study linking GABAA receptors with P4 action (Herd et al., 2008).
These results are consistent with the idea that the effects of P4 on basal synaptic
transmission and LTP are due to a direct action or indirect action through P4 metabolites on
GABAA receptors (Fig. 1).

2.6. E2/P4 interactions

Interactions between E2 and P4 on synaptic plasticity have recently been evaluated.
Interestingly, chronic treatment with P4 (60 days) was also found to decrease hippocampal
synaptic transmission and LTP in hippocampal slices prepared from adult, OVX female rats.
In contrast, chronic treatment with P4 and E2 for 60 days in adult, OVX female rats restored
both basal synaptic transmission and LTP to levels similar to those found in gonadally intact
female rats. Clearly, more studies are needed to understand the complex interactions
between E2 and P4 on both basal synaptic transmission and LTP. On one hand, it appears
that some of the effects of P4 are mediated through direct or indirect interactions with
GABA receptors. On the other hand, more needs to be known regarding the interactions
between P4 and the complex cascades of biochemical pathways activated by E2, including
calpain activation and actin polymerization. In particular, P4 was shown to activate p-
calpain in human sperm (Ozaki et al., 2001), while calpain inhibitors prevented P4-mediated
down-regulation of P4 receptors (Lange et al., 2000). It will also be interesting to determine
whether P4 can antagonize E2-mediated calpain activation, possibly through the activation
of PKA and phosphorylation of calpain-2 at serine/threonine 369-370. Similarly, while both
E2 and P4 can increase BDNF mRNA and protein levels, P4 can reverse E2-mediated
increases in BDNF mRNA and protein levels (Bimonte-Nelson et al., 2004; Aguirre and
Baudry, 2009). E2 has also been shown to produce BDNF release (Sato et al., 2007), and it
is conceivable that some of the effects of E2 on synaptic plasticity are due to the acute
release of BDNF from neurons or astrocytes. Whether P4 also antagonizes the acute effect
of E2 on BDNF release remains to be investigated (see below for further discussion of this
issue).

3. P4/E2 interactions in neurodegeneration

3.1. E2 effect on excitotoxicity

E2-mediated protection against different neuronal death-inducing events has been well
documented both in vivo and in vitro (Bains et al., 2007; Raval et al., 2006; Singer et al.,
1999). The detailed mechanisms involved in this action of E2 remain widely unknown,
although the use of ERa.- and ERB-specific agonists has indicated that both types of ERs
may be involved (Cordey and Pike, 2005; Zhao et al., 2004). In contrast, accumulating
evidence suggests that neuroprotection is mediated by the activation of a subpopulation of
membrane-localized ERa receptors associated with the rapid activation of several pro-
survival signaling cascades, including the induction of anti-apoptotic genes (Alexaki et al.,
2006; Honda et al., 2000; Wu et al., 2005) (Fig. 3). Hippocampal CA1 pyramidal neurons
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have been repeatedly reported to be protected by E2, and experiments with ER knock-out
mice have shown that ERa is the critical receptor involved in neuroprotection against
ischemia (Dubal et al., 2001; Merchenthaler et al., 2003).

We were the first to report that E2 treatment of hippocampal slice cultures produced a
significant degree of protection against both KA and NMDA neurotoxicity (Bi et al., 2000).
This effect was observed whether the steroid was added 24 h or 10 min before the
excitotoxins, suggesting that E2’s neuroprotective effect was probably not caused by the
activation of a nuclear receptor and subsequent transcription of genes with estrogen
regulatory elements. E2 neuroprotective effect was completely blocked by an inhibitor of
Src tyrosine kinase or of the MAPK kinase, indicating that the effect is caused by the
activation of a pathway that is shared with a variety of neurotrophic factors. These results
were in good agreement with another study indicating that E2 neuroprotection against
glutamate toxicity in cortical neurons in cultures was mediated by the activation of the same
pathways (Singer et al., 1999). Likewise, they matched well with those of Singh et al. (Singh
et al., 1999), who showed that E2 rapidly activates src tyrosine kinase and MAPK Kkinase in
cortical organotypic cultures (Fig. 1).

Additional studies showed that E2-mediated neuroprotection and ERK activation were PTX
sensitive, and were due to the existence of ERa-mediated G-protein- and p-arrestin-
dependent mechanisms in neurons, which regulate some of E2-mediated functions
(Dominguez et al., 2009). Many E2-dependent pathways are coupled to G-protein effector
systems (Gu and Moss, 1996; Simoncini et al., 2006; Wyckoff et al., 2001). In neurons and
other cell types, E2 enhanced expression and activity of Gai and GB+y proteins and
modulated direct interactions between G-protein subunits and ERa receptors (Thompson
and Certain, 2005; Wyckoff et al., 2001). In addition, ERa-like receptors coupled to G-
protein subunits are responsible for the activation of the ERK pathway and other signaling
cascades (Belcher et al., 2005; D'Souza et al., 2004; Moss and Gu, 1999). In fact, a recent
study found that ERa exhibits Gai- and GB+y- binding domains (251-260 and 271-585) and
that during stimulation, G-protein subunits are released from ERa,; this interaction was
found to be involved in ERK activation and disrupted by PTX (Kumar et al., 2007). Studies
have shown that acute E2 stimulation resulted in interactions between ERa and Ga;
however, the role of such interactions is unclear, although it has been suggested that ERa.
stimulation of GBy leads to activation of the ERK pathway (Lu et al., 2004; Razandi et al.,
2003; Wyckoff et al., 2001). Activation of G-protein-induced ERK activation is a major
regulatory mechanism of GPCR-mediated effects (Navarro et al., 2003). Free GBy subunits
have been reported to activate Src kinase and GRKZ2, resulting in phosphorylation of GPCRs
and pB-arrestin-1 and formation of a GPCR/B-arrestin-1 receptor signaling complex (Lopez-
Ilasaca, 1998; Luttrell et al., 1996; Pitcher et al., 1999). The formation of the receptor
complex initiates the activation of ERK pathway components. Formation of the GPCR/B-
arrestin-1/ERK complex is required for clathrin-mediated endocytosis, where receptors are
sorted to be recycled or sent for degradation (Eichmann et al., 2003; Luttrell et al., 1999).
These pathways are involved in GPCR desensitization and down-regulation. Rapid and
transient activation of ERK by E2 has been repeatedly shown in different cellular systems.
The signal is initiated within minutes (<5 min), reaching a maximum after 30 min of
hormone stimulation, and returning toward basal levels after 60—120 min; this action of E2
is known to involve receptor tyrosine kinases (Migliaccio et al., 1996; Miller et al., 2000;
Singer et al., 1999; Singh et al., 1999). It could also be accounted for by activation of
GPCR-signaling systems (Filardo et al., 2007). The current hypothesis is that ERa and Src
kinase form a complex along with adaptor proteins, such as Shc/Grb2, modulator of non-
genomic actions of the estrogen receptor (MNAR), and striatin (Honda et al., 2000; Razandi
et al., 2003; Singh et al., 1999; Song et al., 2005). Thus, it is now generally admitted that
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E2-induced ERK activation and possibly neuroprotection requires G-protein- and p-arrestin-
mediated mechanisms.

We previously showed that NMDA or KA treatment of hippocampal slice cultures was
accompanied by calpain activation and the resulting truncation of the C-terminal domains of
several subunits of AMPA and NMDA receptors (Bi et al., 1998b; Bi et al., 1998c).
Although the functional significance of the truncation remains unclear, we also found that
phosphorylation of the subunits protects them from calpain-mediated truncation (Bi et al.,
1998a). Moreover, we demonstrated that Srcmediated phosphorylation of NR2 subunits of
NMDA receptors completely protected the subunits from such truncation (Rong et al.,
2001). E2 treatment of hippocampal slice cultures resulted in activation of Src tyrosine
kinase and tyrosine phosphorylation of NR2A subunits and protected them from
calpainmediated truncation of their C-terminal domains that takes place after excitotoxin
treatment (Bi et al., 2000). Interestingly, E2 treatment also protected the C-terminal domain
of GIuR1 receptors from KA- or NMDA-induced truncation, an effect also blocked by
inhibitors of Src tyrosine kinase or MAPK kinase (Bi et al., 2000). Because GIuR1 is not
known to be a substrate of tyrosine kinases, it is possible that tyrosine kinases activate other
protein kinases capable of phosphorylating AMPA receptor subunits and thereby of
protecting them from calpain-mediated truncation of their C-terminal domains. All these
results are consistent with the idea that E2, by activating Src/MAPK pathway is involved in
phosphorylating ionotropic glutamate receptors, resulting in enhanced function of the
receptors and these effects could account for the increase in basal synaptic transmission and
in LTP (Fig. 2).

E2-mediated increase in NMDA receptor function resulting from tyrosine phosphorylation
should have been expected to enhance NMDA neurotoxicity; in contrast, E2-mediated
activation of the MAPK pathway provided neuroprotection, presumably by activating
neuroprotective cascades downstream from NMDA receptor activation. This idea fits well
with the notion that E2 and neurotrophins, and in particular BDNF, might share similar
signaling pathways (Yu et al., 1997) (see below for further discussion of this point).

3.2. E2/P4 interactions in excitotoxicity

A wealth of data suggests a neuroprotective role for E2 in various animal models of
neurodegeneration. Furthermore, emerging data also suggest that P4 has potent
neuroprotective effects against glutamate-induced cell death (Kaur et al., 2007; Nilsen and
Brinton, 2002; Nilsen and Brinton, 2003) and traumatic brain injury (Robertson et al., 2006;
Roof et al., 1997). As with E2, P4 likely stimulates several different mechanisms of
neuroprotection, including activation of neurotrophins. In addition, reduced metabolites of
progesterone, such as 3-a-hydroxy-5a-pregnan-20-one (THP, allopregnanolone) have been
shown to mediate, at least in part, the neuroprotective effects of progesterone (Ciriza et al.,
2004). Although there is an abundant literature illustrating the neuroprotective effects of
female sex hormones, the possible regulation by P4 of E2-mediated neuroprotection has not
been extensively investigated. Indeed, the paucity of studies exploring the effects of P4 on
estrogenic actions may account for some of the inconsistencies in the literature. Recent
studies have suggested inhibitory effects on E2 action by P4, highlighting the importance of
E2-P4 interactions on the neurobiological processes that influence brain systems involved in
learning and memory, and regulating neuroprotection.

P4 has been shown to have antagonistic effects on estrogenic actions, as illustrated by
studies on dendritic spine density (Murphy and Segal, 2000), and spatial memory (Bimonte-
Nelson et al., 2006), reversing estrogenic neuroprotection against kainate toxicity (Rosario
et al., 2006), NMDA toxicity (Aguirre and Baudry, 2009), and mitochondrial toxicity
(Brinton et al., 2008). Recent studies have uncovered potential biological mechanisms
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underlying this antagonism, and many have implicated neurotrophins as a key component of
this cross-regulation.

3.3. E2, P4, BDNF and neuroprotection

First isolated from pig brain, brain-derived neurotrophic factor (BDNF) was initially
characterized as a key effector in mediating long-term survival and promoting neuronal
differentiation in developing neurons, as well as neuronal viability in adult brain (Barde et
al., 1982; Lu and Chow, 1999). The past twenty years have been witness to a growing
compendium of functions assigned to BDNF. In mammalian brain, the neurotrophin family
is composed of nerve growth factor (NGF), BDNF, neurotrophin 3 (NT3) and neurotrophin
4 (NT4). Their functions are dependent upon activation of two distinct classes of
transmembrane receptors, the p75 neurotrophin receptor and the Trk family of receptor
tyrosine kinases (Lu and Martinowich, 2008; Scharfman and MacLusky, 2006). While the
p75 neurotrophin receptor is non-selective, each Trk receptor selectively binds to a different
neurotrophin, with BDNF selectively binding to the TrkB receptor. Given that downstream
effects of neurotrophin activation influence learning, memory and cognition, numerous
studies have explored the role of BDNF in hippocampal functions. Age-related declines in
BDNF, as well as impaired BDNF regulation in agerelated neurodegenerative diseases such
as Parkinson’s disease (Mogi et al., 1999; von Bohlen und Halbach et al., 2005) and
Alzheimer’s disease (Hock et al., 2000; Soontornniyomkij et al., 1999), signify the
importance of understanding neurotrophin interactions with steroid hormones to resolve the
complexities underlying age-related cognitive deficits and neurodegenerative diseases.

BDNF is neuroprotective against certain toxic stimuli and several reports have demonstrated
that E2 can modulate BDNF expression (Gibbs, 1999; Sohrabji and Lewis, 2006; Solum and
Handa, 2002). However, several studies have shown that P4 can attenuate E2-induced
increase in neurotrophin levels (Aguirre and Baudry, 2009; Bimonte-Nelson et al., 2006),
even though P4 treatment alone has been shown to increase BDNF mRNA and protein
levels (Gonzalez et al., 2005; Kaur et al., 2007). P4 treatment also decreased the number of
cells undergoing chromatolysis, a feature of motoneuron degeneration, thus illustrating the
clinical relevance of P4, particularly for spinal cord injury.

Evidently, both E2 and P4 may exert their neurotrophic effects by stimulating BDNF.
Understanding the interactions between E2 and P4 may provide further insight as to the
mechanisms underlying the hormonal-neurotrophin relationship. Cyclic changes in hormone
levels are a key element in hormonal effects throughout the organism, and have been linked
to numerous physiological processes; likewise, levels of BDNF mRNA have been shown to
be dependent on the estrous cycle (Gibbs, 1998), with BDNF protein levels high at
proestrous and estrous stages. Moreover, the increased neuronal excitability observed in
CALl and CA3 regions of hippocampus at these stages of the estrous cycle coincided with
changes in BDNF expression, suggesting that synaptic responses could be regulated by E2-
mediated BDNF increase (Scharfman et al., 2003). However, these results disagree with
previous data showing that BDNF protein levels declined during estrous and proestrous,
even though mRNA levels increased (Gibbs, 1998). The discrepancy between these studies
may be due to methodological differences, including detection procedures and antibody
selectivity.

Recent data examining the roles of ERs in regulating BDNF expression indicated that, in the
mouse auditory system, activating ERP with the agonist DPN increased BDNF mRNA and
protein levels, presenting the first evidence that directly correlated ERp expression with
neuroprotection of auditory function (Meltser et al., 2008).
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Despite the wealth of data indicating a direct interaction between E2, P4 and BDNF, the
methodological differences and treatment paradigms between the various studies underscore
the needs to control for numerous variables, such as age, sex, length of ovariectomy, and
anatomical structures. In addition, the interactions observed at the level of second messenger
systems could reflect the existence of indirect mechanisms for hormonal regulation of
neurotrophins. Thus, hormones and BDNF could independently activate different signal
transduction pathways. For example E2, P4 and BDNF have all been shown to mediate their
actions through the activation of second messengers systems and signal transduction
pathways. As discussed, one of the major pathways involved in synaptic plasticity, learning
and memory is the MAPK pathway (Fig. 3). Along with its many other functions, BDNF is
also implicated in the ERK/MAPK signaling cascade (Zheng and Quirion, 2004).
Furthermore, cyclic changes in E2 have been shown to exert powerful effects on the ERK/
MAPK signaling cascade. Ovariectomy results in decreased levels of activated ERK2 and
E2 replacement reverses this loss. Moreover, these cyclic changes are closely associated
with changes in the phosphorylated state of the NR2 subunit of NMDA receptors (Bi et al.,
2001). Several other groups have also examined estrogenic effects on this pathway (Bi et al.,
2001; Kim et al., 2002; Nilsen et al., 2002). However, cyclic changes in hormonal state also
involve P4, and therefore it is not surprising that this hormone may also able to affect the
MAPK pathway (Nilsen et al., 2002; Singh, 2001). Accordingly, a possible mechanism to
account for steroid hormone action could involve interactions between E2 and P4 to
modulate NMDAR function by regulating the ERK/MAPK signaling cascade. Another
important pathway critical for various cell processes is the PI3K/AKT pathway, which is
also activated by E2 (Zhang et al., 2001; Znamensky et al., 2003), P4 (Kaur et al., 2007),
and BDNF (Zheng and Quirion, 2004). Similarly, the Ca2*/CREB second messenger system
is involved in estrogenic functions (Panickar et al., 1997; Segal and Murphy, 1998; Zhou et
al., 2005), as well as with BDNF (Alonso et al., 2002; Blanquet et al., 2003; Ying et al.,
2002), and P4 (Nilsen and Brinton, 2002). As mentioned above, E2 can activate calpain-2
through ERK-mediated phosphorylation; P4 has also be shown to activate ERK (Orr et al.,
2012) and could therefore also activate calpain-2, as was shown in human sperm (Ozaki et
al., 2001). The relationships between P4 and BDNF appear to be more complex, as P4 can
stimulate BDNF expression in motoneurons, while BDNF has been shown to inhibit P4
synthesis in non-neuronal tissues (Gonzalez et al., 2005; Jensen and Johnson, 2001). The
inconsistencies in these interactions remain to be elucidated. Whether E2 and BDNF act
synergistically or in parallel to exert neuroprotective effects in the CNS has not been
clarified.

Perhaps a look at studies performed in non-neuronal tissues might elucidate certain
mechanisms of action underlying the antagonistic effect of P4 on estrogenic induction of
growth factors and subsequent neuroprotection. P4, along with other progestins, has been
shown to inhibit E2-induced increase in vascular endothelial growth factor (VEGF) in the
endometrium (Okada et al., 2011). A recent study suggests that the increased breast cancer
risk following hormone therapy in post-menopausal women may be due to treatment with
E2 plus P4, rather than E2 treatment alone. This combination enhanced tissue proliferation
more than E2 treatment alone, an effect mediated through the increased production of
amphiregulin, an epidermal growth factor receptor (EGFR) ligand (Kariagina et al., 2010).
These studies illustrate the point that interactions between E2, P4 and growth factors in the
pathology of diseases are not restricted to brain. However, as regulation of growth factors is
downstream from E2-P4 interactions, it is important to first understand the nature of
hormonal interaction at the molecular level.

As previously mentioned, evidence has emphasized the role of ERp in cognition and
behavior (Bodo and Rissman, 2006; Liu et al., 2008; Walf et al., 2008; Walf et al., 2009).
Recently, estrogenic effects on neuroprotection and BDNF upregulation were shown to be

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



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

1duasnuey Joyiny vd-HIN

Baudry et al.

Page 13

mediated by activation of ERp receptors, as well as with ERa receptors. E2 treatment was
neuroprotective against NMDA toxicity in wild-type (WT) but not in ERp KO mice.
Furthermore, the ERp selective agonist DPN, but not the ERa agonist PPT, mimicked E2
effects on both neuroprotection against NMDA toxicity and BDNF protein expression
(Aguirre et al., 2010). This suggests that activation of ERp is necessary for E2-mediated
upregulation of BDNF and neuroprotection against NMDA toxicity. P4 has also been shown
to down-regulate ER expression within hours, suggesting a possible mechanism of action
that involves transcriptional activity (Jayaraman and Pike, 2009). Although further
experiments have to be done to confirm receptor stability and/or degradation, such a rapid
effect on mRNA levels suggests that P4 interferes with mRNA stability or degradation
rather than transcription (Fig. 3).

The length of the poly(A) tail of MRNAS has important roles in mRNA stability, degradation
and translational efficiency (Meijer et al., 2007). P4 has been shown to shorten the poly(A)
tail of ovine luteinizing hormone subunits, resulting in mMRNA down-regulation. In addition,
significant shortening was observed following treatment with 7-10 nM P4 and after 3-10 h
of treatment (Wu and Miller, 1991), the same range of time and concentration for which P4
was able to inhibit E2-mediated neuroprotection, BDNF induction and ER activation
(Aguirre et al., 2010). These observations point to a possible mechanism to account for these
effects and support the hypothesis that P4 stimulates MRNA degradation or destabilization,
suggesting a post-transcriptional control of P4 in regulating neuroprotection (Fig. 3). Future
studies exploring the length of poly(A) tails of various mRNAsS, such as BDNF and ERp,
following P4 treatment would further increase our understanding of hormonal relationships
with respect to neuroprotection, and possibly enable new drug developments of hormone
therapy without detrimental effects. Clearly, it is important to elucidate the hormonal-
neurotrophin interactions to better understand how these interactions may be contributing to
cognition and neurodegenerative diseases.

4. Conclusions

Both E2 and P4 activate intracellular pathways that have been linked to both synaptic
plasticity and neuroprotection. Thus, E2 and P4 activate the MAPK/ERK pathway, which
could account for the beneficial effects of these steroid hormones on learning and memory.
As ERK activation has been shown to activate calpain-2, this pathway could also account for
the effects of both hormones on dendritic spine structure and function. As discussed,
because calpain activation is also regulated by protein kinases and phosphatases, which
could in turn be differentially modified by both hormones, the relative timing of changes in
these two hormones during the estrus cycle could result in significant differences in the
overall activation of this pathway under physiological conditions. Likewise, both steroid
hormones are linked to BDNF regulation providing a further node of interaction for their
effects both on synaptic plasticity and neuroprotection. Again, subtle differences in the
spatio-temporal regulation of BDNF expression produced by changes in these hormones
could result in profound changes in local levels of BDNF and therefore in their
neuroprotective effects. As indicated, E2/P4 interactions can occur at various sites in these
complex pathways, including the expression of various receptors, the activity of various
enzymes, and the levels of neurotrophins. Clearly, more studies are required to unravel these
complex interactions, with the potential to provide new insights into the molecular
mechanisms underlying both synaptic plasticity and neuroprotection.
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Figure 1. Schematic representation of the pathways activated by E2 and P4 in neurons

E2 is proposed to activate three types of receptors, i) membrane-bound receptors (ERm)
resulting in activation of the src tyrosine kinase and leadong to MAPK/ERK activation. ii)
the traditional cytoplasmic receptors, which in conjunction with the steroid receptor
coactivator-1 (SRC-1) triggers transcriptional responses, and iii) the GPER receptor, which
is localized either in membrane or in the cytoplasm; the functions of this receptor ar still
being unraveled and it appears to play a significant role in neuroprotection. P4 is shown to
activate i) a membrane bound receptor (mPR) as well as ii) traditional cytoplamc receptors
that trigger transcription. Through metabolites such as allopregnanolone, P4 may also
activate GABA, receptors, which induce LTP. Also shown are the structures of E2 and P4
along with the corresponding fluctuations in their plasma levels across the rat estrus cycle.
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Figure 2. Schematic illustration of the links between E2 and synaptic plasticity

E2 activation of membrane receptors leads to structural synaptic changes that result in
increased synaptic activity and facilitation of LTP induction/consolidation. Part of these
effects involve calpain activation via ERK/MAPK-mediated phosphorylation as well as
calpain inhibition via PKA-mediated phosphorylation. E2 also regulate actin polymerization
via the RhoA-LIMK-cofilin pathway.
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Figure 3. Schematic representation of postulated interactions between E2 and P4

Both E2 and P4 trigger calpain activation, presumably through ERK-mediated
phosphorylation. In addition, both E2 and P4 increase BDNF expression, which further
stimulates calpain activation. These responses are involved in the neuroprotective effects of
both E2 and P4. However, P4 is proposed to negatively regulate the stimulatory effects of
E2 and BDNF on calpain activation as well as through the destabilization of mMRNA for ERB
and BDNF.
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