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Abstract

Oestrogen rapidly enhances fast excitatory postsynaptic potentials, facilitates long-term
potentiation (LTP), and increases spine numbers. Each effect likely contributes to the steroid’s
influence on cognition and memory. In this review, we will first describe a model for the
substrates of LTP that includes an outline of synaptic events that occur during induction,
expression, and consolidation. Briefly, critical signaling pathways involving the small GTPases
RhoA and Rac/Cdc42 are activated by theta burst-induced calcium influx and initiate actin
filament assembly via phosphorylation (inactivation) of cofilin. Reorganization of the actin
cytoskeleton changes spine and synapse morphology, resulting in increased concentrations of
AMPA receptors at stimulated contacts. We then use the synaptic model to develop a specific
hypothesis about how oestrogen affects both baseline transmission and plasticity. Brief infusions
of 17B-estradiol (E2) reversibly stimulate the RhoA, cofilin phosphorylation, and actin
polymerization cascade of the LTP machinery; blocking this eliminates the steroid’s effects on
transmission. We accordingly propose that E2 induces a weak form of LTP and thereby increases
synaptic responses, a hypothesis that also accounts for how it markedly enhances theta burst
induced potentiation. While E2’s effects on the cytoskeleton could be due to direct activation of
small GTPases by oestrogen receptors on the synaptic membrane, the hormone also activates TrkB
receptors for Brain-Derived Neurotrophic Factor (BDNF), a neurotrophin that engages the RhoA-
cofilin sequence and promotes LTP. The latter observations raise the possibility that E2 produces
its effects on synaptic physiology via transactivation of neighboring receptors that have prominent
roles in the management of spine actin, synaptic physiology, and plasticity.
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[. Introduction

Steroids are profoundly powerful hormones that regulate a broad stroke of physiological and
neurological processes. The gonadal hormone oestrogen, in particular, has received
considerable attention in the past few decades for its potential role to improve certain forms
of memory loss in aging women [1-4]. A new appreciation for oestrogen’s influence in the
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brain arises from both its genomic and non-genomic effects. Evidence for oestrogen
receptors in the brain, particularly the hippocampus, emerged in the late 1980’s [5, 6].
Shortly thereafter a series of elegant papers by Gould, Woolley, and McEwen showed that
over the course of several days oestrogen promoted the formation of new dendritic spines
and excitatory synapses in the hippocampus [7-9]. At about the same time, discoveries into
the rapid electrophysiological effects of oestrogen on synaptic plasticity in the hippocampus
had been reported [10, 11] and are now confirmed by several independent laboratories [12—
14]. More recent work has extended these findings by reporting oestrogen’s ability to
enhance long-term potentiation (LTP), a well-established model of activity-dependent
enhancement of synaptic efficacy thought to underlie learning and memory formation [15-
20]. Given recent work showing that oestrogen can be locally produced in the hippocampus
[21], and its rapid plasticity effects are likely mediated by oestrogen -type receptors present
in synaptic membranes [22], short-term latency effects of oestrogen on transmission and
plasticity could be related to its acute influence on learning [23-26] and therefore underlie
variations of memory performance associated with cyclic or age-related changes in
oestrogen production.

Surprisingly little is known about the steps linking oestradiol receptors to the complex
machinery that regulates synaptic strength and ultimately encoding of memories. However,
the literature on peripheral actions provides a hint that the steroid regulates actin dynamics
and thereby modifies the submembrane cytoskeleton in non-neuronal tissue [27]. There is
potential relevance to its acute actions in adult brain because rapid, activity-driven changes
to the spine cytoskeleton play an essential role in the production of LTP [28, 29]. Therefore,
are the acute and rapid effects of oestrogen on cognition due to spine changes? Could
presence of the steroid affect the second-long synaptic events leading to the encoding of new
memories? Current research suggests it is likely to be the case. The following sections will
first describe in some detail a currently accepted synaptic model of memory encoding and
then describe new results showing how the synaptic model is affected by oestrogen. The
final section will consider how oestrogen may be activating synaptic changes.

II. LTP as a memory model

The brain is a fascinating organ and one of its most remarkable features is its ability to store
and retrieve information. Hebb in 1949 was the first to formulate a synaptic model
describing that change in the strength of synaptic connections was the underlying
mechanism for learning and memory. But supporting evidence for this model didn’t emerge
until 1973, when Bliss and Lomao discovered that brief high-frequency stimulation produced
long lasting changes in synaptic strength in the hippocampus, now termed LTP [30].
Subsequent discoveries showing that potentiation is vulnerable to disruption for several
minutes after induction [31, 32] equipped LTP with additional properties of a memory-like
substrate: synapse specificity, long-lasting stability, and a rapid consolidation process. The
links to memory were further strengthened by evidence that LTP occurs during learning [33]
and that agents which block the effect would cause memory loss [34]. LTP has now become
the most important cellular correlate to study rapid cellular processes that contribute to the
encoding and consolidation of memories.
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One current synaptic model used to study learning-induced synaptic events examines three
major phases of LTP; induction, expression, and consolidation. The induction of LTP occurs
very rapidly (< 30s) and has two requirements; (1) the binding of glutamate to the NMDA
receptor to dislodge Mg++ inside the channel and allow calcium to flow through, and (2) the
amount of glutamate stimulation must be strong enough to cause sufficient membrane
depolarization [35]. Blocking or enhancing NMDA receptor function will inhibit or enhance
LTP, respectively. Studies showing that LTP requires the influx of dendritic calcium [36]
led to the assumption that potentiation is expressed by post-synaptic changes [37]. While for
many years there were contentious debates as to whether LTP was expressed pre- or
postsynaptically [38—41], it is generally accepted now that postsynaptic up-regulation of
AMPA receptor insertion and trafficking plays a major role in LTP expression [42, 43].
However, it was thought that up-regulation of AMPA receptor insertion and trafficking
could only occur once activity-dependent forms of stimulation triggered reorganization of
actin. Subsequent changes in spine morphology would then increase the size of the synapse
and, thereby, accommodate the insertion of additional receptors [44]. Accordingly, results
showing ultrastructural changes to the post-synaptic density [45, 46] confirmed the notion
that increased numbers of receptors was a likely expression mechanism for LTP. These
observations and hypotheses initiated several studies to determine whether synaptic activity
would rapidly reorganize the spine actin cytoskeleton.

Pioneering studies investigating whether such an effect occurs in individual dendritic spines
following the induction of LTP were successful in that they showed actin polymerization
was crucial for stable LTP in vivo [47], in vitro work with slices [48], and cultured neurons
[49]. Our laboratory extended these findings by developing a new slice in situ technique that
could be used routinely in adult hippocampal slices and avoid the heavy background staining
that often accompanies actin directed staining in culture. Phalloidin, a toxin that binds
selectively to filamentous (F)-actin, was topically applied to slices following the end of an
experiment; the slices were then fixed, sectioned, and mounted onto slides. Phalloidin
labeling was photographed using epifluorescence microscopy and quantified using two
dimensional edge detection software developed within the lab that counts puncta
corresponding to size and dimensions of spines. Consistent with the above findings, we
showed that naturalistic theta patterned stimulation produced a significant increase in the
number of phalloidin-labeled spines within the activation zone [50].

Subsequent experiments confirmed that spine actin polymerization is also essential for LTP
expression and consolidation in adult hippocampal tissue. Latrunculin A, at concentrations
sufficient to block polymerization within spines [48], completely eliminated LTP
stabilization [51]. In addition, post-theta stimulation treatments that block consolidation
(e.g., adenosine) also disrupted polymerization and the expression of LTP [52]. Moreover,
the actin effect had a threshold (number of theta bursts) comparable to that for inducing LTP
and developed fast enough (~2 min) to participate in LTP consolidation [52]. Notably,
various manipulations used to disrupt newly formed actin filaments became progressively
less effective 10-15 min following LTP induction. Low frequency stimulation, for example,
completely eliminated actin polymerization and LTP when applied 1 min, but not 15 min,
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after theta burst stimulation (TBS) [52], suggesting that actin polymerization following TBS
is initially dynamic but then consolidates over time.

Actin remodeling takes place in the first 10-15 min following LTP induction, a time frame
that corresponds to the consolidation stage of LTP [53]. The next task was to identify the
signaling cascade that was activated during this limited time period. The development of
dual immunofluorescence microscopy techniques for measuring the concentration of defined
antigens within limited cellular compartments in adult tissue has made it possible to identify
changes in actin-mediated pathways following TBS [44]. Cofilin, which promotes the
disassembly of actin filaments, is inactivated by phosphorylation and encourages filament
assembly [54], thus serves as an excellent marker for actin reorganization [47]. It was shown
that naturalistic theta stimulation of the Schaffer collateral afferents of field CAL stratum
radiatum produced a marked increase in the number of phosphorylated (p)Cofilin positive
spines in adult hippocampal tissue. A significant increase in pCofilin level was present at 2
min, but not 30 seconds, after stimulation and reached peak levels at about 7 min post-TBS,
before declining toward baseline [44]. The significant change in pCofilin levels was
accompanied with an increase in synapse size suggesting that TBS causes a rapid increase in
the overall area of the synapse and thereby, allows for insertion of additional AMPA
receptors via AMPA receptor trafficking.

But how does TBS cause AMPA receptor trafficking? Numerous studies have shown that
CaMKIlI is the target of calcium influx following activity-dependent synaptic change and is
believed by many to be the protein responsible for maintaining long term synaptic changes,
also known as the “memory molecule” [55]. Recent studies have reported the initial steps
occur in two phases. (1) Calcium-activated calmodulin causes activation of CaMKII through
a translocation and autophosporylation event. These steps lead to CaMKI|I directed
phosphorylation of the GIuR1 subunit of the AMPA receptors [55]. (2) CaMKII
phosphorylates stargazin, and in turn causes the insertion of AMPA receptors to the synaptic
terminal which then increases channel conductance [56]. However, it is also possible that the
role of CaMKII at the synapse is only temporary [57] and involves activation of Rho-
GTPases, specifically RhoA and Cdc42. Both signaling proteins are critical for structural
and functional plasticity [58] and have been shown to be involved in the consolidation of
LTP [53]. Thus a current synaptic model for LTP would begin by an activity-dependent
level of stimulation that increases calcium influx in dendritic spines, triggers the
autophosphorylation of CaMKII and activates the RhoA or Rac/Cdc42 signaling pathways
(Fig 1). On one hand, activity-dependent stimulation has been shown to enhance
polymerized actin via the RhoA stimulated pathway which through its effector ROCK,
triggers phosphorylation of cofilin. This event has been shown to last at least 15 min; time
enough to allow for filament assembly [44]. On the other hand, filament elaboration and
stabilization appears to be mediated by Rac/Cdc42 and its effector PAK [53]. Both pathways
influence the activation and translocation of CaMKI| to the postsynaptic density that then
phosphorylates the AMPA GIluR1 and encourages AMPAR trafficking to the synapse.
Reorganization of the actin network modifies spine morphology and leads to increased
synaptic current [44, 51-53, 59-61].
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As mentioned previously several groups have shown that brief infusions of E2 rapidly
increase synaptic transmission, alter synaptic connectivity, and enhance LTP. These short
latency events raise the possibility that oestrogen, like other molecules such as BDNF and
adenosine, are likely to be a part of a group of synaptic modulators [62, 63]. These
molecules are released by naturalistic patterned afferent activity, bind to their receptors, but
have no direct effects on membrane voltage. They instead act on the actin signaling cascade,
modify the subsynaptic cytoskeleton, and thereby regulate synaptic plasticity. Given that
oestrogen has been shown to be produced in hippocampal synapses [21] and has synaptic
receptors in the hippocampus [22, 64—66], we tested if E2 could alter the spine cytoskeleton
and initiate an actin signaling pathway as described above in adult hippocampal slices.

lll. Rapid Effects of Oestrogen on LTP

In agreement with previous reports, it was found that baseline synaptic transmission
increased rapidly during brief infusions of 17f3-estradiol (E2) and a new oestrogen receptor s
(ERB) selective agonist, WAY200070 (WAY), but not during the infusion of the oestrogen
receptor alpha (ERa) selective agonist, PPT, suggesting E2 actions were mediated through
ERpB [17, 67]. Pinpointing the postsynaptic target of E2’s baseline effect was done by careful
examination of E2’s effect on pharmacologically isolated postsynaptic receptor functions
that mediate fast EPSP responses. The E2-induced increase in synaptic transmission was
found to be selective to the AMPA receptor mediated response, not GABA or NMDA
mediated receptor functions [17]. Together, the results are consistent with the idea that E2
may be enhancing transmission by facilitating the movement of AMPAR’s into the synapse
[68, 69].

Previous studies have shown that E2 increases LTP, but did not address the question of
whether E2’s influence was due to a reduction in stimulation threshold or an elevation in the
normal LTP ceiling. Our studies [17] found that subthreshold levels of stimulation (2-3
theta bursts) in the presence of E2 or WAY produced significant increases in the magnitude
of LTP compared to that elicited in control (vehicle) slices or those infused with PPT. Along
these same lines, threshold levels of stimulation (5, 10 theta bursts) produced supranormal
amounts of LTP in slices infused with E2 or WAY, but not PPT or vehicle-treated slices.
These changes were not accompanied by changes in NMDA receptor function since there
were no differences between groups in the area of theta burst responses and NMDA
receptor-mediated burst size. These data suggest that naturally occurring theta pattern
stimulation in combination with ERp receptor activation reduces the threshold, and raise the
ceiling, of LTP in the hippocampus and exerts its effects at stages following the induction of
LTP.

As noted above, rapid, activity-driven changes to the cytoskeletal network are essential for
the production of stable LTP. The next question asked was whether the rapid effects of E2
on baseline transmission are triggering events leading to actin polymerization. Pretreating
hippocampal slices with latrunculin A effectively eliminated E2’s effect on fEPSPs and
failed to promote LTP in E2 treated slices [17]. The ERp agonist, WAY, produced similar
results (Fig 2A-B). These results strongly suggest that E2 triggers the same actin assembly
process as used in the production of LTP. A direct measure of E2’s effect on actin assembly
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was then tested by applying fluorescence-tagged phalloidin to slices following a 20 min
treatment of E2 [17]. Photomicrographs showed that a 20 min treatment with E2 increased
the number of phalloidin-positive spines in area CAL relative to control slices, and this
effect was altogether absent in slices that were pretreated with latrunculin followed by E2
(Fig 2C). Blind quantitative analysis showed that E2 significantly increased the number of
densely labeled F-actin in spines relative to controls indicating that E2 can rapidly activate
the actin assembly pathway (Fig 2D-E).

If E2 by itself causes a modest increase in actin filaments in spines, then it could potentially
augment theta burst-induced polymerization needed for stable LTP [17]. The next set of
experiments used a subthreshold level of stimulation to induce LTP (Fig 3A). As expected in
control slices, 3 theta bursts produced a normal level of short-term potentiation that over
time decayed back to baseline and the level of polymerized actin measured 60 min post-TBS
was no different from control slices receiving baseline stimulation for the same period of
time (Fig 3A-B). In slices that received a 20 min infusion of E2 we saw the expected
increase in synaptic transmission that returned back to baseline levels during a 60 min
washout and found no difference in the degree of polymerized actin relative to levels in
control slices. In contrast, the delivery of 3 theta bursts following a 20 min treatment of E2
produced a non-decremental form of potentiation that remained above baseline 60 min after
washout. Slices from this group also showed elevated levels of polymerized actin. Taken
together, a brief exposure of E2 enhanced TBS-induced actin polymerization and LTP in
adult hippocampal slices (Fig 3A-C).

With the above findings in hand, biochemical investigations were initiated to identify the
actin-signaling cascade activated by E2 [17]. Experiments were first designed to target the
protein responsible for altering the state of polymerized actin, as mentioned above, the
constitutively active protein, cofilin. Using the same concentration that significantly
enhanced fEPSP responses in area CA1, E2 was shown to significantly increase pCofilin in
adult hippocampal slices (Fig 3D). This effect explains how E2 influences actin
polymerization; phosphorylation of cofilin inactivates the protein and encourages actin
filament assembly. Additional studies explored which of the upstream regulators of cofilin
are triggered by E2. Using GTP-ase pull-down assays, it was found that E2 caused a notable
increase in activated RhoA, with little to no change in Rac/Cdc42 activity (Fig 3E).
Furthermore, the increase in activated RhoA returned to normal levels following a 60min
washout. RhoA exerts its effects by activating downstream, ROCK. Past studies have shown
that inhibitors of ROCK block cofilin phosphorylation and prevent the stabilization of LTP
[53]. The ROCK inhibitor, H1151, also prevented E2-induced increases in synaptic
transmission without affecting baseline fEPSPs. Collectively, the results strongly suggest
that brief infusions of E2 produce a weak form of potentiation, and activates the
RhoA>ROCK>LIM kinase>cofilin>actin assembly pathway previously implicated in the
production of LTP [53]. The hormone’s weak form of potentiation that readily washes out
may be due to its inability to activate the Rac>PAK (p21-activated kinase) sequence as
indicated by others to be responsible for stabilizing newly formed filaments and LTP in
adult hippocampal slices [53].
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lll. Transactivation of Membrane Receptors

How does oestrogen trigger the activation of RhoA? Because there are no selective
antagonists for extra-nuclear membrane receptors ERa or ERp, it is difficult to answer this
question. However, there are clues in the literature that suggest the hormone may be binding
to an extra-nuclear G-protein-coupled oestrogen receptor, GPR30 [70, 71]. This receptor is
expressed in important areas of the brain responsible for spatial learning and memory
including the hippocampus [72, 73] and has most recently been identified at the post-
synaptic density in dendritic spines of field CA1 [74]. It was also mentioned that treatment
with a GPR30 agonist, G-1, increased PSD95 expression in the female rat hippocampus
[75], however, the effect was observed 2 days later. Therefore, it is unlikely that the rapid
effects of oestrogen, as described above, are due to activation of this novel receptor.
Additional studies using the G-1 agonist, and selective GPR30 antagonist G-15 [76], are
needed to confirm this point.

Another possible route in which oestrogen may elicit its rapid effects is by transactivating
nearby membrane receptors [64]. It has been proposed that prolonged treatments with E2
transactivate tropomyosin-related kinase B (TrkB) receptors for brain-derived neurotrophic
factor (BDNF) and promote spine growth [77]. An ‘acute’ version of this hypothesis is
plausible given that BDNF is known to stimulate Rho GTPase signaling [78] including
activation of RhoA [79]. Furthermore, there is a large body of literature implicating E2 as a
mediator of BDNF-induced function [65]. For example, Scharfman and colleagues [80]
found that increases in excitatory transmission that occur during proestrus are prevented by
the kinase inhibitor, K252A, which blocks Trk signaling. These findings are consistent with
a hypothesis that E2 causes rapid activation of TrkB that then engages the RhoA-initiated
signaling pathway and, in turn, leads to enhanced fEPSPs.

The first part of the above hypothesis was tested using dual immunofluorescence
microscopy to determine the number of synapses labeled with postsynaptic density marker
PSD95 and colocalized with activated TrkB [81]. We found that E2 caused a significant
increase in the number of field CA1 synapses associated with intense staining of activated
TrkB, as assessed 10 min after the initial onset of E2-induced increase in synaptic responses.
Therefore, it appears that either E2 transactivates TrkB or facilitates the TrkB response to
BDNF. On the other hand, it is possible that E2 releases BDNF [80, 82, 83] which then
stimulates TrkB receptors. Additional studies are needed to determine whether the absence
of these oestrogen effects occur in BDNF-knockout mice.

Another membrane receptor that is intimately associated with initiating actin signaling and
the stabilization of LTP are the adhesion receptors belonging to the B1 integrin family [52,
84-88]. These receptors are expressed at high levels throughout the hippocampus [89], in
particular to field CA1, and upon ligand binding they have been shown to facilitate synaptic
transmission in adult hippocampal slices by increasing phosphorylation of GIuR1 and
CaMKII activity [60]. Most recently we have reported that synaptic integrins, and integrin
signaling, are activated by naturalistic theta pattern stimulation [90], and that this form of
stimulation results in LTP-related actin polymerization [52]. The notion that acute
applications of E2 could trigger integrin signaling is also supported by a recent study
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investigating nongenomic effects of E2 in human platelet cells. Brief hormone applications
caused a rapid and transient increase in activation of integrin o (l1b) B3 via tyrosine kinases
Src and Pyk?2 [91]. These results prompted us to begin investigating whether E2 can rapidly
activate the integrin p1 receptor in hippocampal (most prominent integrin receptor subtype
in field CA1) slices. If positive results are achieved, then it is possible that multiple
transactivation routes for rapid, E2-driven synaptic change can occur. A discussion of the
possible routes taken by E2 is described in detail in an earlier report [81] and leads to an
important question of whether the rapid effects observed following hormone infusion
reflects the true nature of circulating hormone or is it due to locally produced and released
E2 in the brain. There is convincing evidence showing that axon terminals within the
hippocampus of both male and female rats synthesize E2 and have the ability to release it
[21, 92]. 1t would be of interest to determine whether naturalistic patterned stimulation, such
as TBS, could evoke the release of E2 from axon terminals in the hippocampus. It is
particularly important in light of recent reports showing “sex-specific” hormones elicit
significant functions in subjects of the opposite sex [93-95]. Since steroid hormones play a
critical role in neural circuit development and subsequent behaviors, and investigations of
oestrogenic effects in male rats has been largely neglected, additional work investigating
gender differences in the degree of E2 release would provide a better understanding of E2’s
rapid actions in the brain. Research in this area would help build a unified hypothesis of
E2’s actions as a synaptic modulator in the hippocampus and perhaps direct novel sex-
specific therapies to relieve neurological or mental health disorders including Alzheimer’s
disease, depression, schizophrenia, and post-traumatic stress disorder.

V. Summary

The present review first describes a current view of a LTP model for memory that proposes
activity-dependent activation of actin signaling and the reorganization of the spine
cytoskeleton are necessary for consolidation of LTP, hence the encoding of memories. It is
initiated by a naturalistic theta pattern of stimulation found to occur in the brain during
learning [96, 97]. Theta burst-induced LTP increases potentiation by activating NMDA
receptors to allow calcium influx into the dendritic spine that then leads to the expression
and consolidation of LTP. The latter two stages involve the activation of RhoA and Rac/
Cdc42 actin signaling pathways that work in concert to induce cytoskeletal reorganization.
As a result, an increase in synapse size allows for a greater number of phophorylated AMPA
receptors to be inserted into the synapse and enhances synaptic current.

Next, we described results of how the current synaptic model is affected by E2 in
hippocampal slices from adult male rats. Brief infusions of E2 rapidly enhanced synaptic
transmission in a reversible manner and lowered the threshold for inducing stable
potentiation. The E2 effect in the male hippocampus was selective in that it did not influence
inhibitory transmission or NMDAR-mediated responses. However, more recent studies
using ovariectomized rats show that E2 influences a wider range of synaptic effects in a sex-
specific manner suggesting that gender differences may exist in how the hippocampus
responds to the steroid [98, 99]. It was also shown that short infusions of E2 increased actin
polymerization in dendritic spines. This process appears to be responsible for E2-induced
increases in fEPSPs because latrunculin A, a toxin that prevents filament assembly,
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completely blocked E2 effect on transmission. While several studies have shown that E2
causes the formation of dendritic spines in less than an hour [100-102], future work should
include live-imaging studies examining whether spines form or change shape during the
period when the hormone increases synaptic transmission and if there are possible gender
differences.

In search for the origin of E2’s influence on synaptic transmission, a series of biochemical
studies revealed that E2 engages the RhoA signaling pathway in adult hippocampal slices.
Short infusions caused a notable increase in the activity of RhoA without influencing the
parallel Rac/Cdc42 pathway and were accompanied with a large increase in phosphorylated
cofilin, a well-established link for allowing growth of actin filaments [103, 104]. Other
studies using dissociated neurons have shown that E2 activates the Ras-Family GTPase Rap
and its effector Erk1/2 [105]. This Rap-driven response is critical for E2-induced rapid spine
growth in cortical neurons and would be interesting to determine if comparable results were
obtained in adult hippocampus slices.

Lastly, a recent review [81] explored the possibility that the hormone’s influence on RhoA
may include the transactivation of neighboring membrane receptors [77] associated with
activating this actin pathway [79]. E2 induced an increase in synaptic TrkB receptor
phosphorylation 10 min after the initial rise in the fEPSP [81]. However, transactivation of
the TrkB receptor is not the only possible mechanism by which E2 may be carrying out its
effects. Adhesion receptors belonging to the integrin family have shown to regulate the
cytoskeleton [52] and enhance glutamatergic transmission ([60]. Continuing work in these
areas will likely provide a better understanding of the degree to which brief activation of
oestrogen signaling pathways at synapses can be used to relieve neurological and mental
health disorders associated with abnormal levels of the hormone.
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Figure 1.
Schematic of a proposed synaptic model showing signaling cascades that regulate actin

dynamics during the production of LTP. It has been shown that chemically induced NMDA
receptor-dependent LTP robustly activates RhoA and Rac [53], which is consistent with
evidence that Rho-GTPases are activated by Ca2+ influx through NMDA receptors (blue
bars) [106]. Activity-driven activation of the RhoA>ROCK>cofilin pathway leads to rapid
filament assembly, while parallel activation of Rac/Cdc42>PAK>cortactin influences later
stages of LTP stabilization. The activation of these two pathways leads to several activity-
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dependent changes in the synapse including activation and translocation of CaMKII to the
postsynaptic density that will then phosphorylate AMPARs (red bars) and initiate receptor
trafficking to the synapse. The latter events increase synaptic current through AMPAR’S,
and thus, increase fEPSP size.
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GluR1

CaMKI|

synaplic
modification

Estrogen promotes actin polymerization in CA1 dendritic spines. (A) Latrunculin (500nM)
effectively blocked both E2-induced increases in synaptic transmission in the control
pathway (white circle) and theta burst-induced LTP in the experimental pathway (dark
circle). Following a 1hr washout period, fEPSP responses to E2 was restored. (B) Infusions
of latrunculin blocked, in a reversible manner, the increase in baseline synaptic responses
produced by the selective ERp agonist, WAY200070 (WAY; 100nM). Inset, representative
traces collected during treatments with latrunculin, WAY, and both. Scale 1mV/5ms. (C)
Top two panels compare phalloidin labeling in CA1 stratum radiatum in slices treated with
1nM E2 or vehicle (Scale bar = 5um). E2 treatment increases spine-like profiles (arrows)
relative to vehicle. Bottom two panels illustrate the effect of latrunculin (500nM) alone and
in combination with E2-induced baseline phalloidin labeling. (D) The group mean (xSEM)
number of phalloidin-labeled spines in area CAlb was significantly greater in slices treated
with E2 compared to vehicle controls (*p < 0.001), and that latrunculin blocks E2-induced
increases in phalloidin labeling. (E) Cumulative frequency distribution of phalloidin-
labeling intensities in CAlb in control versus E2-treated slices; E2 caused a significant
rightward shift in the distribution curve relative to controls (*p < 0.001). This effect was

blocked by latrunculin. Modified from [17].

J Neuroendocrinol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Babayan and Kramar

g 80 ‘ E2 i WAY WAY
95 40/ ] = —
i Jainunculln, | Jenunoln

Latrunculin

Page 19

0 40 8 120 160 200 0 40 80 120 160
minutes minutes
D
3001

2

00

8§85

all labeled spines

o
=]

-

Latrunculin + E2

0 40 80 120 180
flucrescance inlensily

Figure 3.
17B-estradial (E2) enhances theta burst-induced LTP and actin polymerization via RhoA

signaling in hippocampal slices. (A) Infusions of 1 nM E2 (E2-LFS) caused a reversible
increase in slope fEPSPs relative to control (vehicle) during single pulse stimulation in field
CAL. The delivery of a subthreshold level of theta stimulation (upward arrow) in vehicle
treated slices caused potentiation to decay back to baseline following a 60 min recording
period. The same level of stimulation in the presence of E2 caused lasting potentiation. (B)
At the end of the 60 min washout period, slices were processed for phalloidin labeling of
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field CA1 dendritic spines. Survey micrographs indicate slices that had received baseline
test pulses (low-frequency stimulation; LFS) during E2 infusion (E2-LFS) did not show an
increase in phalloidin positive spines above levels seen in slices treated with vehicle (Veh-
LFS). In contrast, three theta bursts significantly enhanced the number of phalloidin-labeled
puncta in slices infused with E2 (E2+TBS) relative to vehicle treated slices (Veh+TBS).
Scale bar, 5um. (C) The number of densely labeled spines was determined using an
automatic counting program. Slices that received LFS only in the presence and absence of
E2 had the same relative counts of densely labeled phalloidin after the 60 min washout
period, while those that received theta bursts in the presence of E2 produced a significant
increase in densely labeled spines relative to vehicle treated slices (p < 0.0001). (D)
TopRepresentative Western blot images show both phosphorylated (p)-cofilin and total
cofilin levels in hippocampal slices infused with 1nM E2 or vehicle. BottomOptical density
measurements from blots confirm that a 20 min infusion of E2 significantly increased
pCofilin relative to total cofilin (p < 0.05) in hippocampal slices from male rats. (E) TopA
20 min infusion of E2 selectively increased the activity of GTPase RhoA relative to total
RhoA as assessed using the pull-down assay. BottomQuantitative analysis confirmed that E2
significantly increased activity levels of RhoA relative to related GTPases Cdc42 and Rac (p
< 0.05). Following a 60 min washout of E2, activated RhoA levels were not significantly
different from vehicle-treated slices. Modified from [17].
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