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ABSTRACT
The neuromodulatory effects of 17B-estradiol on synaptic transmission in the entorhinal

cortex

Ariel Andrius Batallin Burrowes, PhD

Concordia University, 2022

Changes in endogenous concentrations of estrogens can influence cognition in humans and
animals. Estrogens are thought to affect cognition by modulating synaptic and neuronal function.
The hippocampus is important for learning and memory, and estrogens can enhance synaptic
transmission in that region. The entorhinal cortex is involved in object recognition, olfaction, and
navigation, and provides the hippocampus with most of its cortical sensory and associational
inputs. However, the contribution of estrogens to the modulation of entorhinal cortex function is
unclear.

The work presented herein used electrophysiological and protein quantification
techniques to assess the effects of estrogens in the entorhinal cortex. Electrically evoked
postsynaptic field potential recordings (fEPSPs) were used in the first experiments to assess the
rapid functional effects of acute 17p-estradiol (E2) application on excitatory glutamatergic
transmission in the superficial layers of the entorhinal cortex in vitro. Results demonstrated that
E2 reversibly facilitates fEPSPs via activation of the membrane bound G protein-coupled
estrogen receptor-1 (GPER1). The second group of experiments further examined the cellular
mechanisms of this GPER 1-mediated facilitation using whole-cell patch-clamp recordings to
measure changes in intracellular postsynaptic currents following E2 exposure. These recordings
showed significant reductions in NMDA receptor-mediated excitatory postsynaptic currents and
GABAA receptor-mediated inhibitory currents following E2 exposure. This suggests that E2
rapidly suppresses inhibition to facilitate excitatory synaptic transmission.

Diminished estrogenic function following natural or surgical menopause can induce
cognitive alterations which may be ameliorated by estrogen supplementation. The loss of
estrogens can alter cholinergic function throughout the brain and this may contribute to cognitive
alterations. The last group of experiments explored in this thesis tested the effects of prolonged

estrogen loss on cholinergic function in the entorhinal cortex. Western blot protein quantification



showed significant reductions in acetylcholinesterase and M1 receptor protein following
ovariectomy when compared to intact rats, and E2 supplementation following ovariectomy
prevented these effects. Application of eserine, an acetylcholinesterase inhibitor, markedly
reduced fEPSP amplitudes in all groups, but the reduction observed in ovariectomized rats was
significantly reduced comparted to intact and E2 supplemented groups. Together, these works
provide evidence for the modulation of synaptic function by 173-estradiol in the entorhinal

cortex.
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CHAPTER 1

GENERAL INTRODUCTION



Ovarian hormones are important for female maturation, reproduction, and the
maintenance of physiological processes in humans and animals. Ovarian hormones fluctuate
rhythmically and facilitate the regulation of the female reproductive cycle. Hormone fluctuations
associated with the human menstrual cycle can influence attention, emotion regulation, spatial
navigation, learning, and memory (Hamson et al., 2016; Newhouse & Dumas, 2015). Studies in
animal models have reported similar findings, and link changes in ovarian hormone
concentrations to changes in maternal care, pain sensitivity, spatial navigation, fear conditioning,
object recognition, and social learning (Hara et al., 2015; Hussain et al., 2016). Cyclic variations
in ovarian hormones also induce changes in neuroanatomy and synaptic function in various brain
regions and are believed to underlie changes observed in cognition and behavior (Boyle et al.,
2021; Engler-Chiurazzi et al., 2017). In the hippocampus, an area important for memory and
spatial navigation, elevated levels of 173-estradiol, a type of estrogen, can increase synaptic
transmission and dendritic spine densities (Gould et al., 1990; Woolley & McEwen, 1992).
Similarly, elevated progesterone can modulate dendritic spine densities and can suppress
neuronal excitability (Woolley & McEwen, 1992). Changes in ovarian hormone concentrations
can also influence receptor densities, protein expression, and ion channel activity (Hammond &
Gibbs, 2011; Hazell et al., 2009).

Disruption of ovarian hormone function is associated with neuroanatomical changes and
cognitive impairments (Hussain et al., 2014). In middle-age, females experience a period of
hormonal dysregulation that precedes a significant decrease in the concentration of circulating
ovarian hormones, resulting in reproductive senescence. During this time females may
experience physiological changes and impaired cognitive ability (Hussain et al., 2014; Santoro et
al., 2020). Surgical interventions (ovariectomy, oophorectomy, hysterectomy, etc.) in younger
females can induce similar physiological changes and cognitive impairments (Engler-Chiurazzi
et al., 2017; Hamson et al., 2016). Genetic, surgical, and aged animal models of menopause show
similar behavioral and cognitive impairments as observed in humans (Hara et al., 2015;
Newhouse & Dumas, 2015). These physiological and cognitive changes following ovarian
hormone disruption emphasize the importance of ovarian hormone function to female cognition
and behavior.

Understanding the role of ovarian hormones in neurophysiological processes and their

contributions to cognitive function are important to understand the impact of ovarian hormone



loss on cognition. This thesis focusses on the neuromodulatory effects of ovarian hormones,
specifically 17B-estradiol (E2) and progesterone, within the entorhinal cortex. The entorhinal
cortex is a temporal lobe region that receives cortical inputs from sensory and associational
regions and provides the hippocampus with the majority of its cortical inputs. The experiments
presented here suggest that some of the cognitive effects of estrogen, and loss of circulating
estrogens in rats, that have commonly been attributed to synaptic changes in the hippocampus,

may also be due to changes in synaptic function within the entorhinal cortex.

Ovarian hormones and the reproductive cycle
Estrogens and progestogens are two families of sex hormones traditionally associated

with female sexual maturation, secondary sex characteristics, and reproduction (Hamson et al.,
2016). More specifically, “estrogens” and “progestogens” describe endogenous steroidal
compounds, or their metabolites, that bind to estrogen and progesterone receptors, respectively.
The majority of circulating ovarian hormones are produced by the ovaries, although they can
also be synthesized in smaller quantities by other organs, like the brain, and types of tissues, like
adipose tissue. As steroids, ovarian hormones can pass through the blood-brain barrier and
influence concentrations in the brain (Engler-Chiurazzi et al., 2017). In addition to estrogens and
progestogens, there are exogenous compounds that can also bind and activate estrogen and
progesterone receptors. Synthetic estrogens, like ethinyl estradiol and conjugated equine
estradiol, and synthetic progestogens, progestins like medroxyprogesterone acetate, may be used
in birth control or hormonal therapies. Some organic compounds, like phytoestrogens found in
soy-based products, can active hormone receptors as well(Domanska et al., 2021; Verma &
Sharma, 2015).

There are several endogenous estrogens in the human body. Of particular interest in
females are four estrogens present in adulthood: estrone, estradiol, estriol, and estetrol (Coelingh
Bennink et al., 2016). Estrone and estradiol (E2) are the most abundant estrogens circulating in
adulthood in a roughly 1:1 ratio (Acconcia & Marino, 2018; Engler-Chiurazzi et al., 2017). They
are primarily produced by the ovaries in the periphery and can be synthesized de novo by various
types of neurons and astrocytes in the brain (Brann et al., 2022). Estrone and E2 concentrations
in rat brains also fluctuate with the estrous cycle (Kato et al., 2013). Estriol is also produced by

the ovaries in small quantities and may fluctuate during the menstrual cycle; however, the



highest concentrations of estriol occur during pregnancy, when it is synthesized by the placenta
(Acconcia & Marino, 2018; Coelingh Bennink et al., 2016). Estetrol is a unique estrogen, as it is
only synthesized during pregnancy by the fetal liver and may be detected nine weeks into
pregnancy. As blood concentrations increase in the fetus, estetrol is excreted into the amniotic
fluid and diffuses into the maternal bloodstream through the placenta (Coelingh Bennink et al.,
2016). Of the four estrogens, E2, is believed to be the most active form of estrogen accounting
for most physiological functions associated with estrogens during the reproductive phase of life.
As a result, most research focuses on E2 and its more active isoform, 173-estradiol (Engler-
Chiurazzi et al., 2017).

Like estrogens, progestogens are primarily synthesized by the ovaries, and are also
synthesized by principal neurons and glial cells in the brain (Schumacher et al., 2014). There are
several endogenous progestogens in humans, the majority of which are metabolites of
progesterone. Apart from its precursor pregnenolone, several progesterone metabolites have been
shown to affect neuronal function, including Sa-dihydroprogesterone and allopregnanolone
(3a,5a-trahydroprogesterone; Guennoun, 2020; Schumacher et al., 2014). The concentration of
metabolites is variable between organs and regions within the brain (Gonzalez-Orozco &
Camacho-Arroyo, 2019). Progesterone production is relatively low during the menstrual cycle,
only increasing during the luteal phase following ovulation. Progesterone concentration
significantly increases during pregnancy, peaking in the third trimester, and decreases to basal
levels soon after delivery (Schindler, 2015).

Overall levels of ovarian hormones vary across the female lifespan. They contribute to
fetal development in utero, and are elevated for a brief period following birth, but remain
relatively low until mid to late childhood when puberty begins (Widholm et al., 1974; Zhang et
al., 2008). As early as age 8, females begin producing increasing levels of circulating ovarian
hormones until they experience menarche, their first menses. Following menarche, ovarian
hormone production drastically increases for several years before stabilizing around age 16.
Menarche marks the beginning of the reproductive phase of life, where pregnancy is possible
(Widholm et al., 1974; Zhang et al., 2008). During this phase, estrogens and progestogens
fluctuate cyclically, regulating several physiological and reproductive processes. These cyclic
fluctuations are referred to as the menstrual cycle, and occur, approximately, once every 28 days.

The cycle can be broken into several phases, but will be discussed here in two phases, the



follicular and the luteal phases (Barbieri, 2014; Hussain et al., 2014). The menstrual cycle begins
on day 1 of the follicular phase with menses, when females shed the uterine lining, for
approximately six days and the concentration of ovarian hormones are low. Following menses,
the concentration of estradiol (E2), a potent estrogen, gradually increases for four days, and
decreases to near menses levels during the following three days. On day 14, during ovulation, a
mature ovum is released into the fallopian tube and travels to the uterus in preparation for
fertilization. This marks the beginning of the luteal phase. During the luteal phase, E2 and
progesterone concentrations gradually increase for seven days, peaking around day 21, and
decrease to follicular concentrations by day 28 (Garcia et al., 2018; Hussain et al., 2014).
Female rodents also experience ovarian hormone fluctuations during their estrous cycle
(Koebele & Bimonte-Nelson, 2016). In rats, the cycle takes an average of four days to complete,
with each phase of estrous corresponding to roughly one day of the cycle. Beginning with
metestrus on day 1, ovarian hormone concentrations are low, but E2 concentrations begin to
increase the morning of diestrus on day 2, and continues to increase, peaking in the morning of
day 3, proestrus. Around midday, E2 begins to decrease, and progesterone increases, peaking
around midnight. During estrus on day 4, the concentration of both hormones return to basal
levels, with E2 tapering off in the morning and progesterone around midday (Goldman et al.,

2007; Hussain et al., 2014).

Cyclic changes in cognition
Variations in female behavior, cognition, neuroanatomy, and synaptic function are

associated with different phases of the reproductive cycle, and changes in the relative
concentrations of ovarian hormones (Bernal & Paolieri, 2021). Humans in the early follicular
phase perform better than their mid-luteal counterparts on spatial and cognitive flexibility tasks,
like the 3D mental rotation task (Hausmann et al., 2000; Maki et al., 2002; Peragine et al., 2022).
On navigation tasks, such as the virtual Morris water maze, participants with elevated levels of
estradiol perform better than those with lower levels, and take more direct paths towards the
goal, and spend more time in the goal-quadrant (Patel et al., 2022). In other spatial navigation
studies, participants in the mid-luteal phase demonstrate a preferential bias towards reference-
based strategies to solve navigation tasks, while those in the early follicular and ovulatory phases

are more likely to use response-based strategies (Hussain et al., 2016). Attention and emotional



memory recall are also increased during the mid-luteal phase (Ertman et al., 2011; Nielsen et al.,
2013; Yao et al., 2022), while verbal memory is enhanced around the time of ovulation (Hussain
et al., 2016). Ovarian hormone concentrations are even considered during patient treatment as
they can influence treatment outcomes and efficacy. Individuals receiving fear extinction training
(exposure therapy), a treatment for individuals with PTSD, have improved outcomes during their
mid-luteal phase, when ovarian hormones are high (Graham & Scott, 2018; Hamson et al.,
2016).

Rodents exhibit similar variations in behavior and cognition associated with changes in
ovarian hormone concentrations. On spatial discrimination tasks, rats demonstrate similar shifts
in preferred navigation strategies between phases. Rats in proestrus, when ovarian hormones are
high, preferentially use reference-based strategies, relying on environmental cues, while those in
estrus, when estrogen levels are low, often use response-based or other strategies (Korol et al.,
2004; Yagi et al., 2017). On the Morris water maze, rats (Pompili et al., 2010) and meadow voles
(Galea et al., 1996) with high levels of estradiol perform worse compared to low estradiol
groups, requiring more time to find the escape platform. Comparatively, rats in proestrus show
improved performance on object recognition and working memory tasks (van Goethem et al.,
2012). In fear extinction paradigms, where a conditioned fear-response like freezing is
extinguished, rats and mice in proestrus (when estrogens and progestogens are high) show
reduced rates of freezing when presented with the conditioned stimulus (a tone or light) in later
sessions. Comparatively, rodents in estrus show no significant change in freezing following
extinction training (Graham & Scott, 2018; Milad et al., 2009).

Pharmacological manipulation of ovarian hormone concentrations also induces changes
in cognition and behavior. Humans taking oral contraceptives show improved verbal memory
(Mordecai et al., 2008; Peragine et al., 2020), visuospatial skills (Bianchini et al., 2018), and
emotional memory (Sommer et al., 2018) during the active phase of their regimens, when
estrogens are elevated, compared to naturally cycling individuals. Interestingly, individuals in the
active phase, show impaired performance on other tasks, like the 3D rotation task (Peragine et
al., 2022). Ovarian hormone supplementation in animal studies also show alterations in

performance on cognitive and behavioral tasks (Hussain et al., 2014).



Aging, reproductive senescence, and cognitive impairment
Ovarian hormone function is not consistent across the human lifespan and significantly

changes in middle-age when females begin the menopausal transition. The menopausal transition
is a gradual physiological process leading to a period of reproductive senescence and low ovarian
hormone production (Santoro et al., 2020). The process begins around age 40 with
perimenopause, when individuals experience more irregular hormonal fluctuations and decreases
in ovarian hormone production. These changes in hormonal function contribute to the
dysregulation of the menstrual cycle, and the time between menses becomes irregular and often
increases in duration (Hara et al., 2015). The onset and progression of perimenopause is variable
and differs between individuals. For some, it begins later in age and lasts only a year; for others,
perimenopause may begin at an earlier age and last several years (McNeil & Merriam, 2021).
Perimenopause ends with menopause, the point at which individuals experience their last
menses. Menopause typically occurs around age 50 and marks the beginning of reproductive
senescent phase of life. However, as perimenopause may last for several years, and the time
between menses becomes irregular, menopause is only documented after a 12-month period
without menses, at which point individuals are recognized as postmenopausal (Santoro et al.,
2020). Unfortunately, some individuals may experience menopause before it naturally occurs
due to surgical intervention, and this is referred to as surgical menopause. Surgical removal of
the ovaries, bilateral oophorectomy alone or in addition to the uterus, or hysterectomy may be
necessary to treat or prevent, certain medical disorders (Koch et al., 2022; Orozco et al., 2014).
Premenopausal patients that undergo these procedures experience abrupt and severe decreases in
the concentration and production of ovarian hormones (Rocca et al., 2014).

The menopausal transition is associated with many symptoms, including hot flashes,
cold sweats, changes in emotion regulation (with increased risk of depression), and sleep
disruptions. Most individuals also report changes in cognitive function, however, research to
understand the prevalence and etiology of cognitive impairment is inconsistent and, at times,
contradictory (Engler-Chiurazzi et al., 2017; Newhouse & Dumas, 2015). Hormone replacement
therapy (HRT) may be prescribed to help alleviate symptoms, but its ability to aid cognition is
also unclear. HRT is often prescribed to patients following surgical menopause to help alleviate
symptoms and to counteract potential decreases in bone density and increased risks of

cardiovascular disease (McNeil & Merriam, 2021; Santoro et al., 2020). These patients also



exhibit more distinct disruptions of cognitive function, showing deficits as early as 3 months
after surgery (Engler-Chiurazzi et al., 2017). Administration of HRT soon after surgery can
improve and/or prevent deficits in cognitive function and, in some studies, reduce the severity of
measured cognitive deficits years later (Rocca et al., 2014). Several studies have found no
indications of cognitive impairment during the menopausal transition or benefit of HRT (Engler-
Chiurazzi et al., 2017) . Studies based on the Women’s Health Initiative Memory Study
(WHIMS), a large-cohort longitudinal study, found that HRT was potentially detrimental to
cognition and increased risks for stroke, certain cancers, and other medical conditions (Engler-
Chiurazzi et al., 2017). The potential increase of risk factors associated with HRT as reported by
WHIMS and other studies, significantly curbed its administration to perimenopausal individuals
over the past 20 to 30 years (Hilakivi-Clarke et al., 2013; Newhouse & Dumas, 2015).

These studies and their disparate findings have been reevaluated and contextualized in
reviews to provide a broader understanding of the complex interactions between declining
ovarian hormone function, cognitive disruptions, and HRT (Engler-Chiurazzi et al., 2017; Hara
et al., 2015; Newhouse & Dumas, 2015). When considering studies like WHIMS, there are
potentially confounding variables that may account for the negative findings regarding the
potential detriment of HRT. As previously discussed, most individuals experience
perimenopause their 40s, and are postmenopausal by age 50, with dramatically reduced ovarian
hormone concentrations. Both human and animal studies have suggested that prolonged periods
of ovarian hormone deprivation can induce a pseudo hormone insensitivity that may occur as a
result of reduced hormone receptor expression (Koebele et al., 2017; Newhouse & Dumas,
2015). This informs the “critical window hypothesis,” which posits that there is a finite period
after menopause in which hormone supplementation can have beneficial effects (Maki, 2006;
Sherwin, 2009). The proposed length of the critical period varies between reports, lasting up to 5
years after menopause, and HRT given after this period may offer no benefit or could be
detrimental (Newhouse & Dumas, 2015). WHIMS participants were significantly older than 50,
at approximately 65-70 years old, and the majority of participant had never received HRT prior
to WHIMS. Groups randomly assigned to receive HRT began regimens on average 10 years after
the critical period (Engler-Chiurazzi et al., 2017; Hamson et al., 2016). In support of the critical
window hypothesis, a cross-sectional study of adults age 60 and older, found that individuals that

received HRT before age 56 showed better cognitive performance than those who never received



HRT, while those who began HRT after 56 showed the worst performance (Hara et al., 2015;
MacLennan et al., 2006). Other studies have found that the severity of menopausal cognitive
deficits and the efficacy of HRT are also influenced by parity (Duarte-Guterman et al., 2021;
Galea et al., 2014), dementia-related genetic risk factors (Duarte-Guterman et al., 2021), lifestyle
choices (Boyle et al., 2021), the type of HRT regimen used (Engler-Chiurazzi et al., 2017), the
peak concentrations of endogenous ovarian hormones produced during of reproductive phase,
and its overall length (Matyi et al., 2019).

Like humans, females from other mammalian species undergo hormonal transitions in
middle-age leading to reproductive senescence. Species with estrous cycles, like rodents,
undergo the estropausal transition. In rats, estropause occurs around 12 months of age and is
preceded by the sub-fertile period, a period similar to perimenopause, beginning around 8
months of age (Cruz et al., 2017; Koebele & Bimonte-Nelson, 2016). This reduction in ovarian
hormone function is associated with deficits in performance on behavioral assessments of spatial
navigation and memory, object recognition memory, fear conditioned memory, and changes in
metabolism (Ferreira et al., 2012; Morel et al., 2015; Zhvania et al., 2021). Due to similarities
between rodents and humans, they are often used as animal models of aging to better understand
ovarian hormone function. In rats, ovariectomy results in a significant reduction in peripherally
synthesized hormones over a period of 1 to 2 weeks (Brann et al., 2022; Hussain et al., 2014). In
contrast, the concentration of brain-derived hormones can be maintained for several weeks
following ovariectomy (Kato et al., 2013). However, brain-derived estrogens appear to be
insufficient to maintain optimal cognitive function alone. Ovariectomy in rodents is associated
with impaired performance on spatial navigation and memory tasks (Pala et al., 2019), impaired
performance on object memory tasks, increased depression-like behavior (Weiser et al., 2008;
Xu et al., 2015), and impaired performance on social learning tasks (Ervin, Mulvale, et al.,
2015). Many of these studies have also administered HRT to the animals, and have found that
supplementation of estrogens, primarily E2, is able to ameliorate or prevent many of these
impairments. Supplementation of progesterone/progestogens are also capable of exerting some
benefit, although the underlying mechanisms behind this remain unclear (Barros et al., 2015).

Despite our increased understanding of the relationship between ovarian hormone
function and cognition, there is still debate surrounding the efficacy of HRT. Results from the

Cache County Study showed that HRT improved cognitive function in postmenopausal
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individuals independent of time (Matyi et al., 2019). A different study in females aged 70 and
older showed that participants with a history of HRT had greater brain volume than participants
without (Boyle et al., 2021). Alternatively, a recent meta-analysis of 23 randomized control trials
reported significant negative cognitive effects of HRT lasting more than 6 months in individuals
60 and older (Zhou et al., 2021). Ultimately, research to understand the effects of ovarian
hormones at different phases of life, and how they interact with individual physiology in each

phase, is necessary to understand how HRT can be best used to exert its benefits.

Estrogenic function in the brain
Estrogens have both genomic and non-genomic effects on neuronal function and synaptic

transmission within the brain. Estrogens’ effects are mediated by three types of estrogen
receptors expressed throughout the brain (Hazell et al., 2009; Waters et al., 2015). Estrogen
receptors oo (ERa) and B (ERP) are classical ERs that primarily act as transcription factors
involved in the modulation of gene expression (Bjornstrom & Sjoberg, 2005). In contrast, the G
protein-coupled estrogen receptor-1 (GPER1) is a metabotropic receptor that modulates second
messenger systems to rapidly affect synaptic transmission and neuronal function (Bean et al.,
2014). The expression and distribution of each ER type varies between sexes, reproductive cycle
phases, ages, brain regions, cell types, and cell regions (Marraudino et al., 2021; Oberlander &
Woolley, 2016; Waters et al., 2015). Some cells may express all three ER types, while others
may only express one (Vajaria & Vasudevan, 2018). Of the three ERs, GPER1 receptors
comprise the majority of ERs in the brain, while ERo and ER} are expressed to a lesser degree
(Merchenthaler et al., 2004).

ERa and ER3 mediate the expression of several genes essential to neuronal function,
including those associated with myelination, lipid synthesis, and metabolism (Humphreys et al.,
2014; Sarvari et al., 2011). They are distributed throughout the neuron in the cytosol but are also
present in the mitochondria and can be bound the cell membrane (Alvarez—DelgadO etal., 2010;
Levin, 2009). When activated via ligand binding, or phosphorylation by second messenger
cascades, ERa and ER[} form homodimer pairs (ERa-ERa; ERB-ERJ), or heterodimer (ERao-
ERpP) pairs when expressed in the same cell. These pairs subsequently enter the nucleus and bind
to estrogen response elements located on target gene promoters. Activated ERs can also

independently enter the nucleus and bind to transcription factors that in turn bind to their



11

corresponding gene promoters (Bjornstrom & Sjoberg, 2005; Maioli et al., 2021). Although ERa
and ERJ} can modulate gene expression, genomic changes require substantial amounts of time to
induce observable changes in physiology, cognition, and behavior; so the genomic effects of
ERa and ER cannot account for the more rapid and transient changes that are observed within
minutes of ER activation (Erli et al., 2020; Ervin, Lymer, et al., 2015; Gabor et al., 2015).
Membrane-bound ERs can have rapid effects on second messenger systems and induce
changes in neuronal function within minutes. Membrane-bound ERs are expressed throughout
the cell (Hazell et al., 2009; Waters et al., 2015), and can induce rapid functional changes in ion
channel permeability (Foy et al., 1999), second messenger cascades (Taxier et al., 2020),
postsynaptic receptor densities (Mukherjee et al., 2017), dendritic spine densities (Woolley &
McEwen, 1993), and the presynaptic release of neurotransmitters (Tabatadze et al., 2015).
GPERI1 is the most common type of mER, although isoforms of ERa (ERas6) and ERP are also
membrane-bound in some cells (Vrtacnik et al., 2014; Zhang et al., 2012). As a G protein-
coupled receptor, the effects of GPERI1 activation depend on the G protein subunit coupled with
it. GPERI can couple with both Gas and Gai/ subunits to affect intracellular cAMP, 1P3, Erk,
PLC, and MAPK/AKT cascades in hippocampal and hypothalamic cells (Benmansour et al.,
2016; Vajaria & Vasudevan, 2018). In the hippocampus, GPER1 activation can increase synaptic
transmission via suppression of inhibitory transmission (Mukherjee et al., 2017; Tabatadze et al.,
2015). It can also facilitate excitation via modulation of ERK (Kumar et al., 2015) and adenylyl
cyclase and cAMP signaling (Alexander et al., 2017; Lu & Herndon, 2017). Furthermore,
GPERI1 receptors can influence the activity of other G protein-coupled receptors like 5-HT 14,
corticotropin and progestogen receptors (Akama et al., 2013). Membrane-bound ERa and ERf3
can also rapidly influence synaptic transmission and cell excitability (Clemens et al., 2019;
Kumar et al., 2015; Tanaka & Sokabe, 2013). ERs can be bound to the organelles of certain cells,
and GPERI receptors have been observed bound to the endoplasmic reticulum and Golgi
apparatus of hippocampal pyramidal cells (Matsuda et al., 2008; Revankar et al., 2005). The
endoplasmic reticulum is implicated in lipid metabolism, protein synthesis, and calcium-
signaling as an intracellular store of Ca?" (Schwarz & Blower, 2016). Activation of endoplasmic
reticulum-bound GPER1 receptors induces Ca** release from internal stores, to influence
calcium-signaling pathways and second messenger cascades, including TrkA, ERK, and PI3K

(Benmansour et al., 2016; Fan et al., 2010; Gingerich et al., 2010; Kumar et al., 2015).
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Activation of mitochondria-bound ERa (Bauza-Thorbriigge et al., 2019) and ER (Uddin et al.,
2020) can contribute to the maintenance of cellular health and homeostasis via metabolism of
proinflammatory cytokines that can disrupt cellular function and synaptic transmission.

Disruption or loss of estrogenic function related to age, pharmacological, or surgical
manipulation can have marked effects on gene expression, synaptic function, and neuroanatomy
throughout the brain (Humphreys et al., 2014). Bilateral ovariectomy reduces the expression of
all ERs in various regions including the hippocampus, entorhinal cortex, basal forebrain, and
prefrontal cortex (Wang et al., 2018). There are significant reductions in mitochondrial function
and an increase in proinflammatory cytokines (W. Zhao et al., 2021). Hippocampal dendritic
spine densities fluctuate with the estrous cycle and are significantly reduced following
ovariectomy (Woolley & McEwen, 1993). There are also marked reductions in synaptic
excitability in the hippocampus, changes in ionotropic receptor densities, and changes in calcium
signaling (Hammond et al., 2011; Mukherjee et al., 2017; Oberlander & Woolley, 2016). These
changes in synaptic function may be due to changes in receptor expression (Blurton-Jones &
Tuszynski, 2006; Vaucher et al., 2002), receptor localization (Mukherjee et al., 2017), or to other
functional mechanisms of synaptic transmission (Tabatadze et al., 2015). Estrogens are also
implicated in the function of other neurotransmitter systems, and estrogenic disruption adversely
affects dopaminergic (Almey et al., 2015; Espinosa & Curtis, 2018), serotonergic (Long et al.,
2019), GABAergic (Blurton-Jones & Tuszynski, 2006; Vaucher et al., 2002), and cholinergic
systems (Gibbs, 1997; Hammond & Gibbs, 2011).

Estrogens and cholinergic function
The cholinergic system is important for cognitive function and has significant roles in

attention, sensory information processing, reward, and addiction, and learning and memory
(Hasselmo, 2006). Cholinergic function is also implicated in spatial navigation and object
recognition (Solari & Hangya, 2018). The basal forebrain houses several nuclei that provide the
majority of cholinergic projections to the cortex and the hippocampal formation (Woolf &
Butcher, 2011). The hippocampal formation receives cholinergic projections from the medial
septum, nucleus basalis of Meynert, and the diagonal band of Broca. The entorhinal cortex also
receives strong cholinergic projections from the medial septum and the diagonal band of Broca

(Kondo & Zaborszky, 2016; Woolf & Butcher, 2011). Cholinergic inputs to the entorhinal cortex
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and hippocampus promote synchronization of neurons by enhancing theta and gamma EEG
activities (Hamam et al., 2007; Klink & Alonso, 1997), result in a suppression of excitatory
glutamatergic synaptic transmission (Barrett & Chapman, 2013), and also increase the
excitability of neurons by depolarizing resting membrane potential (Hamam et al., 2007; Klink &
Alonso, 1997).

Estrogens are thought to contribute to cognitive function by maintaining and enhancing
cholinergic modulation of excitatory synapses and neuronal excitability in the hippocampal
region. It is well established that cholinergic projections to the entorhinal cortex and
hippocampus play an important role in cognitive functions (Solari & Hangya, 2018), and
evidence suggests that the effect of estrogens on cognitive function may be mediated in part by
their ability to modulate cholinergic function in the basal forebrain and cholinergic transmission
in the cortex and hippocampal formation (Hammond & Gibbs, 2011; Horvath et al., 2002). Up to
99% of cholinergic neurons in the basal forebrain express GPER1 receptors (Gibbs et al., 2014;
Hammond et al., 2011) and show changes in soma characteristics and concentration of
cholinergic proteins when comparing phases of estrous (Gibbs, 1996; Luine, 1985). Because
estrogen promotes the function of basal forebrain cholinergic neurons, cognitive functions that
vary with the estrous cycle may do so because of changes in cholinergic transmission associated
with the menstrual/estrus cycle.

Consistent with the idea that E2 promotes the function of basal forebrain cholinergic
neurons, loss of estrogens in rats following ovariectomy can disrupt cholinergic transmission.
Ovariectomy significantly reduces the concentration of these proteins, but supplementation with
E2 or ER-specific ligands can prevent or remedy these reductions on par with intact animals
(Hammond & Gibbs, 2011). Ovariectomy also impairs cholinergic transmission to the
hippocampus, due in part to a reduction in the number of cholinergic neurons in the basal
forebrain and projections to the hippocampus (Gibbs et al., 2014; Hammond et al., 2011).
Estrogen supplementation can ameliorate some of these effects, but the degree of benefit is
dependent upon the duration of deprivation (Gibbs, 2000; Tinkler et al., 2004). One theory has
suggested that many of the alterations in cognition following ovariectomy may be due to
reductions in cholinergic transmission (Newhouse & Dumas, 2015) and supporting data strongly
suggest that ovariectomy results in cognitive changes in part through a reduction in cholinergic

transmission in the hippocampus and other cortical regions (Hammond & Gibbs, 2011).
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The hypothesis that loss of estrogens disrupts cognition in part through a reduction in the
function of basal forebrain cholinergic neurons is also consistent with findings that there may be
a critical window, around time of menopause, in which hormone replacement therapy may have
lasting cognitive benefits (Newhouse & Dumas, 2015). It has been suggested that delaying HRT
for a long period following menopause can reduce the potential effectiveness of HRT in
enhancing cognition because of a reduction in estrogen receptors following menopause (Engler-
Chiurazzi et al., 2017) . However, it is also possible that HRT may decline in effectiveness
because of lasting changes in cholinergic neurons after menopause (Brinton, 2004; Harman et al.,
2004; Newhouse & Dumas, 2015). Central to this idea is that HRT can promote the maintenance
of cognitive function following menopause through the effects of estrogens on cholinergic

neurons.

The entorhinal cortex
The entorhinal cortex is situated in the medial temporal lobe and contributes to spatial

mapping, navigation, object recognition, and olfactory processes. It receives sensorimotor and
associational information from other cortical regions and sends its major output projections to
the hippocampus (Burwell, 2000; Knierim et al., 2013). While the entorhinal cortex provides the
hippocampus with the majority of its cortical inputs, it also receives projections from the
hippocampus. The entorhinal cortex is therefore a component of a parahippocampal-
hippocampal network in which information can be transmitted bidirectionally between the
hippocampus and widespread cortical regions (Nilssen et al., 2019). This network is believed to
be a major region that contributes to cognitive processes that affect the salience of sensory
stimuli, working memory, object recognition, and declarative memory (Burwell, 2000;
Deshmukh & Knierim, 2011; Hafting et al., 2005; Hasselmo, 2006; Knierim et al., 2013) .

In rats, the entorhinal cortex can be divided into two sub-regions based upon their
contributions to cognitive processes, cortical projections, and architecture. The information
processed in the medial and lateral entorhinal cortex is believed to be integrated through
interconnections between the LEC and MEC, and this is thought to provide highly processed
associational cortex input to the hippocampus (Eichenbaum et al., 2007; Nilssen et al., 2019).
The medial entorhinal cortex (MEC) contributes to spatial mapping, navigation, and contextual

memory. A role for the MEC in spatial processing was demonstrated with the discovery of grid
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cells in the MEC (Moser et al., 2021). In contrast to place cells in the hippocampus, which fire
when animals are within a restricted area of the environment, grid cells in the MEC show
maximal firing in areas that correspond to the vertices of a hexagonal grid (Sanders et al., 2015).
The region also houses cells that respond to changes in speed, similar to speed cells in the
hippocampus (Ye et al., 2018). This has been proposed to contribute to spatial navigational
processes involved in dead reckoning, in which navigation is based on egocentric factors
including head direction and locomotor activity (Moser et al., 2021) . Furthermore, lesions to the
MEC can impair the acquisition of, and performance on, spatial navigation and memory tasks
like the Morris water maze (Hales et al., 2018). Lesions can also impair context- and stimulus-
dependent fear-conditioned responses and memories (Hales et al., 2018).

In contrast, the lateral entorhinal cortex (LEC) is believed to primarily contribute to non-
spatial contextual memory and working memory. Studies of the LEC provide evidence of its
involvement in object recognition, object-position memory (van Cauter et al., 2013; Kuruvilla &
Ainge, 2017), social memory (Leung et al., 2018; Lopez-Rojas et al., 2022), and olfaction
(Hutter & Chapman, 2013; Leitner et al., 2016). Like the MEC, the LEC has spatially responsive
cells that correspond to the placement of objects in each environment (Deshmukh & Knierim,
2011). Lesions to the LEC do not impair performance and acquisition of spatial tasks, like the
Morris water maze (Citation, or link to next sentence). However, lesions can impair rats’
performance on spatial and nonspatial object memory tasks (van Cauter et al., 2013; Rodo et al.,
2017). The differences in the behavioral and cognitive contributions of the lateral and medial
regions of the entorhinal cortex suggest that the two regions provide complementary streams of

highly processed sensory information to the hippocampus.

Laminar and cellular organization
The distinctions between the medial and lateral entorhinal cortex can also be seen in their

cellular morphology, physiology and organization, and their internal and external functional
connectivity. Like other cortical regions, the entorhinal cortex is organized into six layers that
can be divided into the superficial layers (LI, LII, & LIIT) and the deep layers (LV & LIV). Layer
IV is a thin layer that lacks cell bodies and separates the superficial and deep layers. The
superficial layers receive the majority of the cortical projections to the entorhinal cortex,

although projections to the deep layers have also been observed (Nilssen et al., 2019).



16

Projections to the superficial layers of the entorhinal cortex are region-specific and differ
between the lateral and medial regions. Superficial layers of the LEC receive major projections
from the piriform (primary olfactory) cortex, perirhinal cortex, olfactory bulbs, and prefrontal
cortex, with weaker inputs from the postrhinal cortex. The LEC also receives projections from
the olfactory bulbs and the prefrontal cortex to the deep layers. MEC superficial layers receive
major inputs from the perirhinal and postrhinal cortex, the presubiculum, the parasubiculum, and
the retrosplenial cortex. The deep layers also receive projections from the retrosplenial cortex
and parasubiculum (Nilssen et al., 2019). These differences in projections to the LEC and MEC
support the differences in contribution to cognition and behavior previously mentioned.

The types of neurons present in the entorhinal cortex, their organization, and location,
also differ between the LEC and MEC. Generally, LI of the entorhinal cortex primarily contains
axonal inputs from other cortical regions, dendrites of entorhinal neurons, and lacks the presence
of cell bodies, except for some GABAergic interneurons. Layer II of the MEC contains primarily
stellate and pyramidal neurons, while layer II of the LEC contains primarily fan and pyramidal
neurons. Layer III of the MEC and LEC contains mainly spiny and non-spiny pyramidal cells
and multipolar cells. Layer V in both the LEC and MEC contain predominantly pyramidal and
multipolar cells that vary in morphology, size, and dendritic arbor. The organization and size of
pyramidal cells create two LV sublayers: LVa and LVb. Pyramidal cells in LVa are relatively
large, vary in soma shape, and are spread unevenly between the LEC and MEC. Comparatively,
pyramidal cells in LVb are more consistent in size and shape and are more densely packed than
in LVa (Nilssen et al., 2019).

In addition to their location and morphology, entorhinal cortex cells can be classified by
their protein expression, connectivity, and physiological characteristics. Entorhinal cortex
principal neurons can be classified based on their expression of calbindin (CB) and reelin
proteins (Witter et al., 2017). Reelin is a large extracellular protein that has different functions
across the lifespan. During the early stages of gestation, reelin contributes to the organization and
development of the cortex, and facilitates the migration of young neurons from the ventricular
zone to the developing cortex. At later stages of gestation, reelin promotes dendritic growth and
branching in the cortex and hippocampus. Postnatally, and into adulthood, reelin is associated
with synaptogenesis and the regulation of synaptic function. Reelin activity can modulate

dendritic spine growth, synaptogenesis, AMPAR- and NMDAR- mediated transmission, and
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Ca’" signaling and second messenger cascades (Jossin, 2020). Calbindin is a calcium-binding
protein that acts as a calcium buffer and binds to calcium to regulate its activity and maintain
homeostatic states (Yanez et al., 2012). It is expressed in both pyramidal and non-pyramidal
cells, of which 73% also express GABA (DeFelipe, 1993, 1997). Layer II MEC stellate cells
express RE, while pyramidal cells express CB. Interestingly, LI MEC principal neurons cluster
together to form islands of RE-positive stellate cells and islands of CB-positive pyramidal cells.
Principal neurons in LEC LII follow a similar pattern of protein expression, in which pyramidal
cells express CB and fan cells express RE. Layer II LEC principal neurons also cluster together
with similar cells, forming two sub-layers; LIla contains RE-positive fan cells and LIIb contains
CB-positive pyramidal cells. Both MEC and LEC LIII have more uniform distributions of
principal and multipolar neurons that express reelin (Witter et al., 2017) .

Like principal neurons, cortical interneurons can be classified by their protein expression.
Cortical interneurons can be classified into three broad classes: parvalbumin (PV), somatostatin,
and 5-HT34R proteins (Lim et al., 2018). Parvalbumin is another calcium-binding protein
expressed in non-pyramidal cells, and it can overlap with CB expression. In the rat cortex,
GABAergic interneurons are often PV-positive (DeFelipe, 1993, 1997; Yaifez et al., 2012).
Somatostatin is a neuropeptide associated with cortical inhibition (Song et al., 2021), and 5-
HT3ARs are ionotropic serotonin receptors (Huang et al., 2016). Although cells within each class
share many characteristics, sub-populations of neurons within each class can exhibit
characteristics from the other classes (Lim et al., 2018; Song et al., 2021). The distribution and
organization of entorhinal interneurons varies between the lateral and medial regions, and
between cortical layers. Parvalbumin-positive interneurons constitute approximately half of the
interneurons in the entorhinal cortex, and interneurons in LII of the MEC are predominantly PV-
positive. Comparatively, LEC LII, especially Llla, shows a limited number of PV-positive
interneurons, and has predominantly 5-HT3aR-positive interneurons present. Somatostatin-
positive interneurons appear to be evenly spread throughout the entorhinal cortex and are co-
localized with GABAergic markers (Witter et al., 2017). The majority of PV- and somatostatin-
positive interneurons in the entorhinal cortex also express GABA (Kecskés et al., 2020);
however, some interneurons, including 5-HT3aR-positive cells, may also serve as modulatory

neurons that may release acetylcholine, dopamine, or other neurotransmitters (Lim et al., 2018).
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GABAergic interneurons strongly affect the function of principal neurons and can
mediate interactions between principal neurons. Distinct groups of inhibitory interneurons
mediate interactions between stellate cells and between pyramidal cells in LII. Functional studies
reveal that MEC stellate cells show minimal interactions via direct excitatory synaptic
connections, but rather communicate via PV-positive GABAergic interneurons that mediate
disynaptic inhibitory currents (Hafting et al., 2008). MEC pyramidal cells, in contrast, interact
through 5-HT3aR-positive interneurons (Hafting et al., 2008). The resulting mutual inhibition
among principal neurons, combined with the separate interneuron populations, is thought to
contribute to the mechanisms that organize and maintain grid cell firing associated with the
cortical mapping of the environment (Hafting et al., 2008). LEC fan cells demonstrate a similar
network of connectivity with one another, forming disynaptic inhibitory connections using
interneurons. Nilssen et al. (2018) found that LII fan cells, especially RE-positive cells in Llla,
mainly create disynaptic inhibitory connections with fast spiking and non-fast spiking
interneurons to communicate with other fan cells. Unfortunately, the fast spiking and non-fast
spiking cells are not clearly associated with any specific class of protein expression. However,
many fast-spiking cells were found to be PV-positive. The segregation of MEC pyramidal and
stellate neurons based on inhibitory interactions suggests that stellate and pyramidal neurons may
provide distinct forms of information to the dentate gyrus and hippocampus (Lipton &
Eichenbaum, 2008). In comparison to LII, layers III-VI demonstrate more direct excitatory
synaptic connections between principal neurons in both LEC and MEC (Nilssen et al., 2019) .

Neurons in the superficial layers provide the main cortical inputs to the hippocampus.
Layer II RE-positive principal neurons in both the MEC and LEC project to the CA2, CA3, and
dentate gyrus regions, while CB-positive cells project to the CA1 region, subiculum, and the
contralateral entorhinal cortex (Nilssen et al., 2019). Layer I1I neurons mirror CB-positive
neurons from LII, and project to the CA1 region, subiculum, and the contralateral entorhinal
cortex. Layer III projections to the hippocampus are reciprocated by inputs to the deep layers of
the entorhinal cortex from the CA1 and subiculum. Layer Vb neurons receive projections from
the CA1 and subiculum and, in turn, send projections to LVa and the superficial layers. Layer Va
neurons send projections to the superficial layers and to external cortical and subcortical
structures (Ohara et al., 2018; Witter et al., 2017). Layer V pyramidal cells also share axon
collaterals between the LEC and MEC, and this is thought to be an important point of
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communication between the two regions (Van Cauter et al., 2013; Tahvildari & Alonso, 2005;
Witter et al., 2017). The projections from the deep layers to the superficial layers of the
entorhinal cortex provide a mechanism with which hippocampal activity may affect LII and LIII
neurons that provide inputs to the hippocampus. These may serve as a feedback network with
which the hippocampus and entorhinal cortex can reinforce and/or update new memories prior to

their consolidation and storage (Ohara et al., 2018; Witter et al., 2017).

Estrogens in the entorhinal cortex
Multiple brain regions including the hippocampus, somatosensory cortex, prefrontal

cortex, basal forebrain, and striatum have been shown to be influenced by the estrous cycle, and
changes in cognition associated with the estrus cycle and manipulation of ovarian hormones has
been attributed to neurophysiological changes in these regions. The entorhinal cortex contributes
to spatial memory, navigation, object memory, and olfaction (Knierim et al., 2013), and it also
provides the hippocampus with most of its cortical inputs (Nilssen et al., 2019). Despite the
central role of the entorhinal cortex within the medial temporal lobe, it is unclear how estrogens
may modulate cognitive function by influencing synaptic and neuronal functions within the
entorhinal cortex.

All three ER types are expressed in the entorhinal cortex (Kritzer, 2002), suggesting that
estrogens likely modulate entorhinal cortex function. GPER1 expression is most abundant, and
ERp has much greater expression than ERa, which is relatively sparse (Hazell et al., 2009;
Merchenthaler et al., 2004; Shughrue et al., 1997). ERa expression has been observed in layer V
non-pyramidal cells that do not express parvalbumin (PV) or calbindin (CB; Kritzer, 2002). ER3
expression is much greater than ERa., and has been localized to non-pyramidal cells in layers I1I-
VI that express PV and CB separately or concurrently (Kritzer, 2002) . This suggests that ERf3
expression occurs in GABAergic interneurons and can influence synaptic transmission via
modulation of inhibition (Clemens et al., 2019; Kritzer, 2002). Furthermore, the modulation of
inhibition may be specific to cell sub-type and region as there are differences in ER expression
between the lateral and medial entorhinal cortex. Kritzer (2002) found that all ERf} expressing
cells are positive for CB; however, approximately 50% of ER[ cells in the lateral entorhinal
cortex express PV, but none of the ERJ cells in the medial entorhinal cortex do so. This suggests

that ER} may contribute to synaptic transmission via modulation of distinct types of inhibitory
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GABAergic interneurons in the lateral vs. medial entorhinal cortex. ERa expression is
comparatively localized to the deep layers, layers V and VI, of the entorhinal cortex and was not
co-localized with PV or CB. This suggests that the effects of ERa activation may be associated
with modulation of excitatory principal neurons (Kritzer, 2002). Of course, as these receptors are
nuclear ERs, their presence in these cells may not rapidly modulate synaptic function or
transmission, but rather, affect gene expression. GPERI1 receptor expression has been observed
throughout the entorhinal cortex (Hazell et al., 2009). Unlike ERa and ERP, GPER1 expression
has not been localized to a specific subtype of cells in the entorhinal cortex. In the hippocampus
GPERI1 expression has been observed in pyramidal cells, glia, dendrites, axons, and organelles
(Revankar et al., 2005; Waters et al., 2015). As GPERI is primarily a mER, it may also rapidly
enhance synaptic transmission via increases in synaptic excitability or changes in calcium
conductance (Hadjimarkou & Vasudevan, 2018; Oberlander & Woolley, 2016).

Aside from studies indicating the expression and localization of ERs, little is known of
the effects of estrogens on synaptic function in the entorhinal cortex. Few studies have explored
the roles and contributions of estrogens in the region. Ovariectomized rats with low estrogen
replacement showed enhanced performance on the novel object preference task when acute high
doses of estradiol benzoate or intra-perirhinal/entorhinal cortex infusions were administered
immediately before or after the familiarization phase. Interestingly, these same infusions
impaired performance on the delayed non-matching to sample task (Gervais et al., 2013). E2
supplementation to supraphysiological levels increases the severity and occurrence of seizure-
like activity in the entorhinal cortex and hippocampus (CA3 and DG) of intact female rats in an
epilepsy model (Veliskova & Velisek, 2013). E2 supplementation following excitotoxic lesions
to the lateral entorhinal cortex increases axonal sprouting from the hippocampus towards the
superficial layers of the entorhinal cortex in intact female rats. Ovariectomized rats showed
significantly reduced amounts of sprouting following lesion and treatment, as indicated by
decreased synaptophysin and AChE staining in the DG (Kadish & Groen, 2002). Together, these
findings indicate that estrogens within the entorhinal cortex can affect cognitive processes
involved in learning and memory, but the cellular and synaptic mechanisms remain unclear.

This thesis aims to better characterize the role of estrogens in the entorhinal cortex and
how they contribute to synaptic function in the region. Improvements in cognitive function

associated with estrogen have usually been attributed to cellular and synaptic alterations in the
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hippocampus, but because the entorhinal cortex is so closely linked with hippocampal function,
it is also possible that estrogen may promote cognitive processes through effects in the entorhinal
cortex. In the hippocampus, it is well established that E2 can cause rapid enhancements in the
strength of excitatory synaptic transmission (Oberlander & Woolley, 2016), and it is possible
that this contributes to estrogen-dependent improvements in cognitive performance on
hippocampal-dependent tasks. Similarly, loss of estrogens is thought to interfere with cognition
through changes in cholinergic transmission and excitatory synapses within the hippocampus
(Hammond & Gibbs, 2011), but it is not clear to what extent loss of estrogen may lead to similar

changes in the entorhinal cortex.

Experimental chapter summaries
The purpose of this thesis is to better understand the contributions of estrogens to the

maintenance and modulation of synaptic function in the entorhinal cortex. Chapter 2 (Batallan
Burrowes et al., 2021) assessed the rapid functional effects of acute estrogen application on
synaptic transmission in the entorhinal cortex, using field excitatory postsynaptic potentials
(fEPSPs) recorded in brain slices collected from ovariectomized female rats receiving low dose
estrogen replacement. Application of 173-estradiol (E2) for 20 minutes reversibly increased
fEPSP amplitudes in layer II of the entorhinal cortex, consistent with previous studies conducted
in the hippocampus (Kumar et al., 2015; Oberlander & Woolley, 2016). However, application of
progesterone or allopregnanolone did not result in any significant changes to fEPSP amplitudes.
Application of specific estrogen receptor agonists was then used to assess the contribution of
each receptor subtype to the E2-induced increase in synaptic strength. Application of the ERa
specific agonist PPT and the ERP specific agonist DPN did not significantly increase fEPSP
amplitudes. These results suggest that the two receptor subtypes do not significantly contribute to
the rapid enhancement in fEPSPs that was observed during E2 application. Application of the
GPERI1 receptor agonist G1, however, did increase fEPSP amplitudes, similar to enhancements
observed with E2. Further, the ability of E2 to increase fEPSP amplitudes was blocked in the
presence of the specific GPER1 antagonist G15. In contrast to findings in the hippocampus, in
which facilitation of EPSPs is associated with activation of ERa ERB or GPER1 receptors
(Kumar et al., 2015; Oberlander & Woolley, 2016) , these findings show that activation of
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GPERI1 receptors is important for the rapid enhancement of excitatory transmission in the
entorhinal cortex induced by E2.

The findings of Chapter 2 determined that E2 rapidly and reversibly facilitates the
strength of mixed excitatory synaptic field potentials in populations of entorhinal cortex cells,
but these changes could have been due to effects of E2 on AMPA or NMDA glutamate receptors
and could also have been due to a reduction in the strength of synaptic inhibition. Chapter 3
therefore explored the effects of estrogen on layer II or III principal neurons in the entorhinal
cortex using whole-cell patch-clamp recordings of excitatory NMDA and AMPA receptor-
mediated currents, as well as isolated inhibitory GABAAa receptor-mediated currents. Using
intracellular recordings under voltage-clamp conditions, acute application of E2 did not
significantly enhance pharmacologically isolated AMPA or NMDA receptor-mediated currents.
However, E2 resulted in a reversable reduction in inhibitory GABAA receptor-mediated currents.
This reduction in synaptic inhibition is therefore a likely mechanism through which E2 resulted
in the facilitation of mixed field excitatory postsynaptic potentials reported in Chapter 2. Because
the facilitation of fEPSPs observed in Chapter 2 was dependent on activation of GPER1
receptors, it is likely that the reduction in the amplitudes of IPSCs was dependent on GPER1
receptors that reduce GABA transmission through either presynaptic or postsynaptic mechanisms
(Blurton-Jones & Tuszynski, 2002; Mukherjee et al., 2017; Tabatadze et al., 2015).

In contrast to the rapid functional effects discussed in Chapters 2 and 3, Chapter 4
explored the delayed effects of prolonged estrogen deprivation on synaptic transmission in the
entorhinal cortex. The experiments discussed in Chapter 4 explore how the prolonged
deprivation of circulating estrogens affects cholinergic transmission and the modulation of
excitatory transmission in the entorhinal cortex (Batallan Burrowes et al., 2022). Western blot
analyses were used to assess changes in cholinergic protein expression two weeks following
ovariectomy in groups of Long-Evans rats that either received a sham surgery, were
ovariectomized, or were ovariectomized with replacement of E2. Acetylcholinesterase is an
enzyme responsible for the degradation of acetylcholine, and was used as marker of cholinergic
projections (Gibbs et al., 1994). Vesicular acetylcholine transporter is a protein associated with
the packaging of acetylcholine into vesicles and was used as marker of cholinergic terminal
projections in the entorhinal cortex (Bennett et al., 2009). The muscarinic M1 receptor, which is

present on both postsynaptic neurons and glutamate terminals, was also quantified because of its
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involvement in the cholinergic reduction of glutamate release in the entorhinal cortex (Barrett &
Chapman, 2013). There were no significant differences in VAChT expression between the three
groups, which suggests that the density of cholinergic terminals in the entorhinal cortex remained
unchanged following prolonged deprivation of estrogens. However, there were significantly
lower levels of AChE and M receptor protein in ovariectomized rats compared to sham rats, and
these reductions were prevented in rats treated with E2 following ovariectomy. There were no
differences between the sham and E2 treated groups, or between the medial and lateral regions of
the entorhinal cortex. These results indicate that loss of circulating estrogens can reduce the
expression of cholinergic proteins, potentially disrupting synaptic function and transmission, and
that low levels of E2 supplementation immediately after ovariectomy can prevent these changes.

Chapter 4 also assessed the effects of ovariectomy on the capabilities of cholinergic
inputs to modulate excitatory glutamatergic transmission in the entorhinal cortex. Activation of
presynaptic M receptors reduces the release of glutamate in the entorhinal cortex and reduces
the strength of synaptic transmission (Barrett & Chapman, 2013; Heys et al., 2012). Eserine, an
acetylcholinesterase inhibitor, was used to prevent the breakdown of endogenous ACh,
extending its presence in the synapse, and reducing the strength of excitatory transmission
(Barrett & Chapman, 2013; Mans et al., 2014). Electrically evoked postsynaptic field potentials
(fEPSPs) amplitudes were measured to assess changes in the efficacy of cholinergic inputs to
modulate excitatory transmission following ovariectomy. In comparison to baseline responses,
fEPSP amplitudes were significantly reduced in both ovariectomized and intact female rats
following eserine application. However, the magnitude of decrease was significantly reduced in
recordings from ovariectomized rats. This reduction suggests an impairment of the cholinergic
system occurs following ovariectomy, and this interpretation is supported by observed reductions
in acetylcholinesterase and M1 receptor protein using Western blots. Together, these findings
suggest that ovariectomy impairs cholinergic function within the entorhinal cortex, and suggests
that some of the cognitive effects associated with loss of estrogens (Hammond et al., 2011) may
be due to alterations in the modulatory effect of estrogen on excitatory transmission in the

entorhinal cortex.



CHAPTER 2

G PROTEIN-COUPLED ESTROGEN RECEPTOR-1 ENHANCES EXCITATORY
SYNAPTIC RESPONSES IN THE ENTORHINAL CORTEX
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ABSTRACT

Activation of estrogen receptors is thought to modulate cognitive function in the
hippocampus, prefrontal cortex, and striatum by affecting both excitatory and inhibitory synaptic
transmission. The entorhinal cortex is a major source of cortical sensory and associational input
to the hippocampus, but it is unclear if either estrogens or progestogens may modulate cognitive
function through effects on synaptic transmission in the entorhinal cortex. The present study
assessed the effects of brief application of either 17-f estradiol (E2) or progesterone on
excitatory glutamatergic synaptic transmission in the female rat entorhinal cortex in vitro. Rats
were ovariectomized on postnatal day (PD) 63 and also received subdermal E2 implants to
maintain constant low levels of circulating E2 on par with estrus. Electrophysiological
recordings from brain slices were obtained between PD70 and PD86, and field excitatory
postsynaptic potentials (fEPSP) reflecting activation of the superficial layers of the entorhinal
cortex were evoked by stimulation of layer I afferents. Application of E2 (10 nM) for 20 min
resulted in a small increase in the ampliutude of fEPSPs that reversed during the 30-min washout
period. Application of the ERa agonist PPT (100 nM) or the B agonist DPN (1 pM) did not
significantly affect synaptic responses. However, application of the G protein-coupled estrogen
receptor -1 (GPER1) agonist G1 (100 nM) induced a reversible increase in fEPSP amplitude
similar to that induced by E2. Further, the potentiation of responses induced by G1 was blocked
by the GPER1 antagonist G15 (1 uM). Application of progesterone (100 nM) or its metabolite
allopregnanolone (1 pM) did not significantly affect synaptic responses. The potentiation of
synaptic transmission in the entorhinal cortex induced by activation of GPER1 receptors may

contribute to the modulation of cognitive function in female rats.



26

Estrogens and progesterone are ovarian hormones that support cognitive function through
actions on brain regions including the hippocampus, cortex, and striatum (Frick & Kim, 2018;
Henderson, 2018; Rossetti et al., 2016). Estrogen is also synthesized and released within the
brain in both males and females where it modulates neuronal function and synaptic transmission
(Finney et al., 2020; Oberlander & Woolley, 2016; Hojo et al., 2008). Estrogen facilitates
excitatory synaptic transmission in the hippocampus, and this may contribute to hippocampus-
dependent enhancements in learning and cognitive function (Hussain et al., 2016; Hadjimarkou
& Vasudevan, 2018; Sellers et al., 2015). The entorhinal cortex, which receives inputs from
cortical sensory and associational areas, provides the hippocampal formation with the majority of
its cortical inputs (Burwell, 2000; Witter et al., 2017). The entorhinal cortex expresses minimal
estrogen receptor (ER) a (Kritzer et al., 2002; Merchenthaler et al., 2004), but both ERf, and G
protein-coupled estrogen receptor-1 (GPER1) are highly expressed in the entorhinal cortex
(Shima et al., 2003; Kritzer et al., 2002; Hazell et al., 2009). This suggests that the cognitive
effects of estrogen may be driven by the modulation of synaptic function in both the
hippocampus and entorhinal cortex.

Variations in circulating estrogen levels are able to improve cognitive performance and
modulate shifts in the use of learning and memory strategies (Hussain et al., 2014; Hamson et al.,
2016; Finney et al., 2020). Women taking oral contraceptives exhibit improvements in verbal
memory during the active phase of their regimen, when estrogens are elevated (Mordecai et al.,
2008). Naturally-cycling women in the luteal phase of the menstrual cycle demonstrate improved
attention and increased retention of emotional memories (Ertman et al., 2011). Additionally,
women in the mid-luteal phase, when estrogens are elevated and progesterone levels are highest,
are more likely to use spatial learning strategies to solve navigation tasks. Comparatively,
women in the early follicular phase, when both estrogens and progesterone are low, are more
likely to use response-based strategies. The use of spatial-based strategies is believed to rely on
hippocampal function, while response-based strategies rely on striatal function (Hussain et al.,
2014, 2016). Similarly, administration of ovarian hormones in animal models also results in
shifts in strategy on spatial tasks, in which elevated levels of 17- estradiol (E2) promote
hippocampus-dependent spatial strategies (Korol & Kolo, 2002). In spatial discrimination tasks,

response-based strategies that involve the striatum are used more during estrus when estrogen
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levels are low, and place-based strategies which depend on hippocampal function are preferred
during proestrus when estrogens are elevated (Korol, et al., 2004).

The entorhinal cortex is known to play a major role in object memory, spatial processing
and navigation (Sanders et al., 2015) and the effects of estrogens in the entorhinal cortex may
affect the use of cognitive strategies based on the functions of the medial and lateral entorhinal
cortex. The medial entorhinal cortex receives inputs from perirhinal and postrhinal cortex and
plays a prominent role in the spatial memory and navigation (Burwell, 2000; Hafting et al.,
2005), and the lateral entorhinal cortex receives major inputs from piriform and perirhinal cortex
and contributes to the memory for objects and their spatial location (Knierim et al., 2013; Nilssen
et al., 2019). The medial and lateral entorhinal cortex are closely interrelated functionally
(Nilssen et al., 2019), but it is possible that increases in estrogen in the medial entorhinal cortex
may promote spatial functions associated with path integration and navigation based on internal
spatial representations, and that increases in the lateral entorhinal cortex may promote object
identification memory and its association with spatial location (Deshmukh & Knierim, 2011;
Knierim et al., 2013; Van Cauter et al., 2013).

Estrogens can facilitate excitatory synaptic transmission in the CA1 region by increasing
dendritic spine density and can also induce rapid increases in excitatory synaptic strength
(Finney et al., 2020; Sellers et al., 2015). Hippocampal spine densities vary with the estrous
cycle and are greatest during proestrus when levels of estrogens and progesterone are high
(Woolley et al., 1990), and the decline in dendritic spine density that occurs following
ovariectomy can be prevented by estrogen replacement (Gould et al., 1990; Woolley & McEwen,
1993). The increases in spine density in the CA1 region induced by estrogens is thought to result
from a reduction of GABA release and reduced GABAA receptors at the synapse (Tabatadze et
al., 2015; Murphy et al., 1998; Mukherjee et al., 2017), and the disinhibition of principal neurons
that results in activation-dependent increases in spines (Woolley et al., 1990).

Estrogen application can also result in rapid increases in synaptic strength in the CA1
region in vitro (Smejkalova & Woolley, 2010; Rudick & Woolley, 2001; Kumar et al., 2015).
Application of estrogens in hippocampal slices increases synaptic responses by approximately 10
to 20 % (Oberlander & Woolley, 2016; Kim et al., 2006) although this effect does not occur in
all of the neurons or slices tested (Sharrow et al., 2002; Rudick & Woolley, 2001; Smejkalova &

Woolley, 2010). Activation of estrogen receptors can also rapidly increase glutamate release and
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increase glutamate receptor sensitivity (Oberlander & Woolley, 2016). Rapid increases in
synaptic responses have been linked to ERa (Tanaka et al., 2013; Huang & Woolley, 2012) and
ERp receptors (Kumar et al., 2015; Oberlander & Woolley, 2016) which can impact synaptic
transmission by modulating G-protein coupled receptors (Sellers et al., 2015). However,
activation of the membrane-associated GPER1 is thought to mediate most of the facilitation of
synaptic responses in the hippocampus through changes in cAMP (Evans, 2019) and
extracellular signal related kinase (ERK) signaling (Kumar et al., 2015; Filardo et al., 2000).
The effects of ovarian hormones on cognitive processes are likely to involve the
modulation of synaptic transmission and neuronal excitability in the entorhinal cortex as well as
the hippocampus, but there is little known about the impact of ovarian hormones on excitatory
and inhibitory synaptic transmission in the entorhinal cortex. Progesterone also modulates
memory function (Barros et al., 2015), can rapidly suppress potentiated EPSPs in the CA1
(Edwards et al., 2000), and can increase CA1 spine density within hours (Woolley & McEwen,
1993). Progesterone’s metabolite, allopregnanolone, can suppress excitatory transmission by
direct allosteric binding to both synaptic and extra-synaptic GABAAa receptors (Wang, 2011; Nin
et al., 2011). In the present study we used subdermal capsules to maintain low levels of E2 in
ovariectomized rats, and then examined the effects of E2, progesterone, and allopregnanolone on
the amplitudes of excitatory postsynaptic field potentials (fEPSP) in the superficial layers of the
entorhinal cortex using excitatory postsynaptic field potential recordings (fEPSPs). Application
of agonists for estrogen receptors a, 3, and GPERI, and an antagonist for GPER1, were used to

determine if effects E2 were mediated by ERa, ER3, and or GPERI.

METHODS

Ovariectomy and estrogen implants
Female Long-Evans rats were obtained on post-natal day (PD) 56 (Charles River, St.

Constantine) and pair-housed with ad libitum access to standard lab chow and water. Procedures
were conducted following guidelines of the Canadian Council on Animal Care and approved by
the Concordia University Animal Research Ethics Committee.

On PD63, animals received bilateral ovariectomies, and a subcutaneous capsule was also
implanted in the nape of the neck to maintain low circulating levels of E2, to prevent changes in

estrogen receptors and synaptic function that could occur following ovariectomy alone (Woolley
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and McEwan, 1993; Shima et al., 2002; Rose’Meyer et al., 2003; Gibbs et al., 2014). Rats were
anesthetized with 3% isoflurane in Oz, and ovaries were removed via a single 2 cm lumbar
incision parallel to the spine and bilateral tears in the abdominal musculature. E2 capsules were
made of 1 cm-long Silastic tubing sealed on both ends with silicone (Dow Corning, I.D. 1.47
mm, O.D. 1.96 mm), and contained 8 mg of 5 % cyclodextrin-encapsulated 17p-estradiol (Sigma
Aldrich) in cholesterol (Bioshop Canada). This has been reported to result in serum
concentration levels of approximately 20 to 30 pg/ml, similar to circulating levels of E2 during
the estrus phase, during our recording period (Mannino, et al., 2005; Quinlan et al., 2008).
Animals received injections of buprenorphine every 8-12 hours for 72 hours as a post-surgical

analgesic (0.05 mg/kg, s.c.).

Slice preparation and recordings
All fEPSP recordings were obtained using slices from ovariectomized female rats at least

7 days following ovariectomy, between PD70 and PD86 (mean PD76 + 0.43 days; N =119).
Animals were deeply anaesthetized with isoflurane, and brains were rapidly extracted and cooled
in oxygenated (95 % O2 /5 % CO») high sucrose artificial cerebrospinal fluid (ACSF; 4 °C)
containing (in mM) 2 KCI, 1.25 NaH2PO4, 7 MgSO4, 26 NaHCO3, 250 sucrose, 10 dextrose and
0.5 CaClz. Horizontal, 400 pm-thick sections, were obtained in cold oxygenated ACSF using a
vibratome (Leica, VT1200). Sections were collected from approximately -8.1 mm to -6.1 mm
ventral to Bregma (Paxinos & Watson, 1998). Slices were stored at 34 °C for 30 min in normal
ACSF containing (in nM), 124 NacCl, 5 KCl, 1.25 NaH2POs4, 2 MgS04, 2 CaClz, 26 NaHCOs3,
and 10 dextrose, and then kept for at least 30 min at room temperature (22-24°C) prior to
recordings.

Slices were placed on a nylon net in a gas-fluid interface recording chamber (Fine
Science Tools) and all experiments were conducted while slices were kept at room temperature
(22-24°C) and continuously perfused with oxygenated normal ACSF (1.5 - 2.0 ml/min) and
exposed to a humidified 95% O2/ 5% CO2 atmosphere. Recording electrodes were pulled from
borosilicate glass (1.0 mm O.D) using a horizontal puller (Sutter Instruments, P97) and filled
with ACSF (5 MQ). Electrodes were positioned in layer I of the lateral entorhinal cortex with the
aid of a dissecting microscope (Leica, MS5) in recording sites just rostral to the most posterior

aspect of the slice, at or below the rhinal sulcus (-6.1 to -7.6 mm ventral to Bregma). Bipolar



30

stimulating electrodes were constructed from two tungsten electrodes (0.8 - 1 MQ, FHC Inc.)
and the tips were placed in the middle of layer I, parallel to the cortical surface. The recording
electrode was placed, 0.3 - 0.4 mm posterior to the stimulating electrode, in layer I close to the
layer II border, where fEPSPs reflecting activation of superficial layer neurons are maximal
(Chapman & Racine, 1997; Hamam et al., 2007). Constant current pulses were delivered using a
stimulus generator (WPI, Model A300) and isolation unit (Model A360), and polarity was
adjusted to minimize stimulus threshold. fEPSPs were amplified (DC-3kHz, Molecular Devices,
Axoclamp 2B) and digitized using pClamp8.2 software (20kHz, Digidata 1322A, Molecular
Devices). Stimulation intensities were adjusted to evoke fEPSPs with amplitudes of ~65-75 % of

the maximal response (35 to 75 pA).

Pharmacology
Synaptic responses were evoked every 30 sec to establish a stable baseline of at least 10

min, followed by 20 min constant drug-application, and 30 min washout in normal ACSF.
Pharmacological agents were dissolved in DMSO, stored frozen, and diluted in ACSF with a
final concentration of 0.1 % DMSO. Effects of estrogen receptor activation were assessed by
application of 10 nM 17f-estradiol (Sigma Aldrich) (Smejkalova & Woolley, 2010; Huang &
Woolley, 2012) similar to concentrations thought to be synthesized locally within the
hippocampus (Hojo et al., 2008). Separate recordings also assessed effects of progesterone (100
nM; Tocris) and its metabolite allopregnanolone (1 pM; Sa-pregnan-3a-ol-20-one; Tocris).
Control recordings were obtained during application of 0.1 % DMSO alone. Animals used in the
study of progesterone or allopregnanolone received a subcutaneous injection of E2 (10 pg in 0.1
ml sesame oil) 12-16 hours prior to obtaining slices. Effects of E2 on progesterone receptors in
the entorhinal cortex are not known, but E2 can increase progesterone receptor synthesis and
availability in the hippocampus and hypothalamus (Parsons et al., 1980; Guerra-Araiza et al.,
2002; Micevych & Sinchak, 2013).

The effects of selective agonists of estrogen receptors ERa, ER3, or GPER1 were
assessed by application of the ERa agonist propylpyrazoletriol (PPT, 100 nM; Tocris
Bioscience; Kumar et al., 2015; Oberlander & Woolley, 2016), the ER[3 agonist
diarylpropionitrile (DPN, 1 uM; Tocris Bioscience; Kumar et al., 2015), or the GPER1 agonist
G1 (100 nM, Tocris Bioscience; Kumar et al., 2015; Oberlander & Woolley, 2016). The
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contribution of GPER1 receptors to the potentiation of fEPSP amplitude by E2 was also assessed
by application of 10 nM E2 for 20 min during constant bath application of the selective GPER1
antagonist, G15 (1 uM; Cayman Chemical; Kumar et al., 2015; Sarchielli et al., 2020).

Paired-pulse tests were used to determine if changes in fEPSP amplitude induced by E2
or G1 could be due to either enhanced presynaptic transmitter release, or enhanced postsynaptic
responsiveness (Kumar et al., 2015; Carter & Chapman, 2019). Ten pairs of pulses, with an
interpulse interval of 20 ms, were delivered once every 30 sec at the beginning of the baseline
period, to reduce possible effects at the onset of drug application, at the end of the drug-

application period, and at the end of the washout period.

Data analysis
Peak fEPSPs amplitudes were measured using pClamp 8.2 software (Molecular Devices).

Grouped data were plotted by expressing fEPSP amplitudes for each slice as a percentage of the
average amplitude of the baseline responses, and each point indicates the mean of the averaged
amplitudes of four consecutive responses over a 2 min period, plus or minus one standard error
of the mean. Paired-pulse facilitation ratios were expressed as the amplitude of the response to
the second pulse divided by the amplitude of the response to the first pulse. The average
amplitudes of fEPSPs obtained during the 10-min baseline period, and the last 5 minutes of both
the drug-application and washout periods were compared using separate 2-way ANOVAs to
assess drug effects, and their reversibility, relative to responses recorded during control
application of DMSO. All data are reported as the mean plus or minus one standard error of the

mean.

RESULTS

E2, progesterone, and allopregnanolone
Application of E2 (10 nM; Smejkalova & Woolley, 2010; Huang & Woolley, 2012) led

to a significant increase in the amplitude of fEPSPs in the lateral entorhinal cortex (Figure 2.1A,
B). Field EPSP amplitudes increased to 108 + 1.3 % of baseline levels after 20-min application
of E2 (n=19, PD72 - 83), and remained at 102.1 £+ 2.0 % of baseline during application of 1%
DMSO (n=17, PD70 - 86). The increase in fEPSP amplitude during E2 application was
significantly greater than the change observed in control slices as reflected by the significant

interaction of time and drug condition (F134 = 6.52, p = 0.015). The increase in fEPSP amplitude
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reversed during the 30-min washout period, and there were no significant differences in
amplitudes during wash relative to the baseline in slices exposed to E2 (100.4 + 2.2 of baseline)
or DMSO (99.0 + 3.1 of baseline) (F134=0.125, p = 0.726). Application of E2 therefore induces
a transient increase in evoked synaptic responses in the entorhinal cortex.

The potentiation of fEPSP amplitude induced by E2 could result from increased
presynaptic release of glutamate or an increase in postsynaptic responsivity. We therefore
examined paired-pulse facilitation ratios, which remain stable when increases in EPSPs are due
to postsynaptic mechanisms, and are reduced when EPSPs are facilitated due to increased
transmitter release (Kumar et al., 2015; Carter & Chapman, 2019). In comparison to paired-pulse
responses recorded at the start of the baseline period, after 20-min application of E2 there was an
increase in the amplitude of the response to the first pulse (109.7 £2.6 % of baseline; F2,36 = 5.53,
p <0.01), but no significant change in paired-pulse ratios, which were 0.588 & 0.053 during
baseline and 0.559 + 0.048 in E2 (n =19, F236 = 1.94, p = 0.16) (Figure 2.1C). The increase in
fEPSP amplitude is therefore likely due to postsynaptic changes rather than to an increase in
transmitter release.

Progesterone and its metabolite, allopregnanolone, can modulate glutamatergic synaptic
transmission in the hippocampus (Edwards et al., 2000; Wang, 2011), and we therefore tested
their effects on fEPSP amplitude in the entorhinal cortex (Figure 2.2). In control slices, fEPSP
amplitude was 100.5 £ 3.1 % of baseline at the end of DMSO application, and 94.7 + 4.0 of
baseline at the end of the washout period (n=9, PD70 - 86). Application of 100 nM progesterone
(n=11, PD70 - 86) did not result in a significant change in fEPSP amplitude (103.0 = 2.5 % of
baseline) relative to control slices (F1,18 = 0.43, p = 0.523) and there was also no significant
difference in responses at the end of the washout period (96.6 = 3.4 % of baseline) relative to
control slices (F1,18 = 0.13, p = 0.72). Application of 1 uM allopregnanolone (n=7, PD70 - 83)
did not result in a significant change in fEPSP amplitude relative to control slices (101.7 + 1.8 %
of baseline; F1,14 = 0.10, p = 0.761), nor a significant differences in responses at the end of the
washout period (101.3 = 1.9 % of baseline; F1,14= 1.82, p = 0.20). Therfore, neither application
of progesterone nor allopregnanolone for 20 minutes induced marked changes in excitatory

synaptic transmission in the entorhinal cortex.
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Estrogen receptors
The contributions of estrogen receptors ERa and ERP to the E2-induced potentiation of

fEPSP amplitude was assessed using the specific ERa receptor agonist PPT, and ERf receptor
agonist DPN. Application of the ERa receptor agonist, PPT (100 uM) for 20 min did not
significantly affect fEPSP amplitude (104 + 3.0 % of baseline; n = 15, PD70 - 79; Fi130=0.32, p
=0.579), and there was also no significant change relative to control slices at the end of the
washout period (98.0 + 3.3 % of baseline; F1.30 = 0.05, p = 0.825; Figure 2.3A). This suggests
that ERa receptors do not contribute substantially to the potentiation of fEPSP amplitude induced
by E2. Similarly, the ERP receptor agonist, DPN (1 uM) did not significantly affect fEPSP
amplitude (102 £ 2.0 % of baseline; n=14, PD70 - 86; Fi129 = 0.012, p = 0.914), and there was no
significant change in fEPSP amplitude at the end of the washout period (102.6 + 2.8 % of
baseline; Fi29 = 0.68, p = 0.416) (Figure 2.3B). Neither ERa nor ER estrogen receptors are
therefore likely to contribute to the potentiation of fEPSP amplitude induced by E2.

Activation of GPER1 receptors can have rapid and transient effects on synaptic
transmission (Kumar et al., 2015; Lebesgue et al., 2010), and we therefore assessed whether the
specific GPER1 receptor agonist G1 could enhance fEPSP amplitude in the entorhinal cortex.
Application of 100 nM G1 for 20 min significantly increased fEPSP amplitude (n =17, PD70 -
81; F1,16 =9.02, p = 0.008), and the size of the increase (110.3 + 3.4 % of baseline; Figure 2.4A)
was similar to that induced by E2 (108.0 £ 1.3 %; Figure 2.1A). The increase in fEPSP
amplitude was transient, and reversed at the end of the washout period (99.3 £+ 3.0 % of baseline;
Fi,16 = 0.05, p = 0.826). Similar to results for application of E2, G1 resulted in no significant
change in paired-pulse ratio which was 0.693 + 0.036 during baseline and 0.738 + 0.069 in G1 (n
= 16; F1,15=0.90, p = 0.36; not shown).

To further determine if the potentiation of fEPSP amplitude induced by E2 is mediated by
activation of GPER1 receptors, slices were exposed to constant bath application of the GPER1
antagonist, G15 (1 uM; Kumar et al., 2015; Sarchielli et al., 2020) for 10 minutes, followed by
co-application of 10 nM E2 for 20 min (Figure 2.4B). The presence of G15 blocked the
potentiation of fEPSP amplitude induced by E2, and fEPSP amplitude remained at 98.6 £ 2.5 %
of baseline following 20-min E2 application (n= 11; PD70 - 86). There was no significant
difference between fEPSP amplitude recorded during the baseline period and after application of

E2 (F1,10=0.30, p = 0.595), but after the 30 min washout of E2 in the presence of G15, fEPSP
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amplitude was significantly reduced relative to the baseline period (92.9 + 2.4 % of baseline;
Fi,10=11.41, p = 0.007). Comparison with slices that received E2 alone (see Figure 2.1A)
showed that G15 significantly blocked the effects of E2 (Fi28 = 13.29, p =0.001), indicating that

acivation of GPER1 receptors is necessary for the increase in fEPSP amplitude induced by E2.

DISCUSSION
The entorhinal cortex is tightly interconnected with both the neocortex and hippocampal

formation, and the effects of estrogens and progesterone on synaptic transmission in the
entorhinal cortex are likely to contribute to cognitive processes through multiple intracellular
cellular signaling mechanisms (Witter et al., 2017; Burwell, 2000; Finney et al., 2020). Estrogens
and progesterone have genomic effects on synaptic function that are expressed over hours to
days (Rossetti et al., 2016; Kim et al., 2016; Woolley & McEwen, 1993). In addition, membrane-
associated estrogen receptors can induce rapid effects on synaptic function through multiple
mechanisms involving ERa (Huang & Woolley, 2012), ERP (Kramér et al. 2009; Zang et al.,
2020), and GPERI1 receptors (Lebesgue et al., 2010; Kumar et al., 2015). Here, in slices from
ovariectomized rats that received subdermal implants to maintain E2 at levels similar to estrus
(Quinlan et al., 2008), we found that 20-min application of 10 nM E2 resulted in an increase in
the amplitude of field EPSPs in the entorhinal cortex in vitro that was reversed following
washout in normal ACSF. The concentration used here is substantially higher than circulating
estrogen levels, but similar to the concentration range resulting from locally synthesized estrogen
that has been observed in the hippocampus (Hojo et al., 2008). This increase is consistent with
reports in the CA1-CA3 regions of the hippocampus which show similar increases in both field
and intracellular EPSPs after application of E2 in vitro (Sharrow et al., 2002; Rudick & Woolley,
2003; Kramar et al., 2009; Smejkalova & Woolley, 2010). This potentiation of excitatory
synaptic responses in the superficial layers of the entorhinal cortex may enhance the salience of
cortical sensory and associational inputs, and may also enhance functions of the hippocampal
formation by combining synergistically with the estrogenic potentiation of synaptic transmission
in the targets of entorhinal neurons in the hippocampal subfields (Kim et al., 2006).

The potentiation of synaptic responses induced by E2 in the entorhinal cortex was
mediated by activation of GPER1 receptors, but ERa or ERP receptors do not appear to

contribute. The synaptic potentiation induced by E2 was not mimicked by the ERa or ER[3
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receptor agonists, PPT nor DPN. However, the GPERI1 receptor agonist G1 potentiated fEPSPs,
and the potentiation induced by E2 was blocked by the selective GPER1 receptor antagonist,
G15. The significant reduction in fEPSP amplitude after washout of E2 during continuous
application of G15 could suggest that ongoing activation of GPER1 receptors may help maintain
excitatory synapses (Gonzalez de Valdivia et al., 2017), but this is highly speculative because
modest reductions in fEPSPs were also observed late in the recording period in other groups
(Figure 2.2). Application of the ERa agonist PPT was associated with a non-significant increase
of about 4 % in fEPSP amplitude, but there is only minimal expression of ERa in the entorhinal
cortex (Kritzer et al., 2002) and this trend may be due to non-selective activation of GPER1
receptors by PPT (Petrie et al., 2013) rather than to activation of ERa (Tanaka & Sokabe, 2013;
Huang & Woolley, 2012). The entorhinal cortex shows strong expression of ER (Kritzer et al.,
2002; Merchenthaler et al., 2004; Shima et al., 2003) with intense expression in parvalbumin and
calbindin containing interneurons in layers III to VI (Kritzer et al., 2002; Blurton-Jones &
Tuszynski, 2002, 2006). The rapid potentiation of synaptic responses mediated by ERp in the
hippocampus has been linked to both increased glutamate release and postsynaptic cytoskeletal
changes (Smejkalova & Woolley, 2010; Kramar et al. 2009). However, within the superficial
layers of the entorhinal cortex, the rapid effects of estrogens appear to be due to activation of
GPERI receptors, and this is consistent with other findings in the hippocampus where GPER1
receptors mediate the synaptic potentiation induced by E2 (Kumar et al. 2015; Lebesgue et al.,
2010; Oberlander & Woolley, 2016). Slices were obtained in ovariectomized animals that
received subdermal E2 implants, to maintain E2 at levels similar to estrus (Mannino, et al., 2005;
Quinlan et al., 2008) and to avoid changes in estrogen receptors and synaptic function that can be
induced by ovariectomy alone (Woolley & McEwen, 1993; Shima et al., 2002; Rose’Meyer et
al., 2003). Kumar et al. (2015), however, have reported a rapid GPER1-mediated increase in
synaptic function following ovariectomy without E2 replacement, suggesting that E2 implants

may not have been required to support the GPER1-mediated potentiation observed here.

GPERI1 signaling mechanisms
GPERI1 receptors are localized to the cell membrane and endoplasmic reticulum and can

modulate neuronal function through several signaling pathways (Alexander et al., 2017; Lu &

Herndon, 2017). We found that application of E2 or the GPER1 agonist G1 potentiated fEPSP
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amplitude without affecting paired-pulse ratios, suggesting that the potentiation was due to an
increase in the postsynaptic response rather than increased transmitter release (Hamam et al.,
2007). Kumar et al. (2015) also report the potentiation of synaptic responses in the hippocampus
via activation of GPER1 with no change in paired-pulse ratio. The increase in fEPSP amplitude
could result from postsynaptic effects of GPER1 on glutamate receptors, but the GPER1 could
also facilitate fEPSPs indirectly without affecting the paired-pulse ratio by suppressing inhibitory
transmission (Mukherjee et al., 2017; Murphy et al., 1998; Tabatadze et al., 2015). Estrogen can
facilitate EPSPs by disinhibiting hippocampal neurons, and the disinhibition has been associated
with increased dendritic spines in the hippocampus in vivo (Rudick Woolley 2001; Rudick et al.,
2003). The effects of GPERI activation on inhibitory synaptic transmission in the entorhinal
cortex are not known, but it has been found to increase inhibitory transmission in the amygdala
(Tian et al., 2013). Thus, the potentiation of fEPSP amplitude observed here may be due to a
GPER1-mediated reduction in synaptic inhibition in the entorhinal cortex, which could be
expressed without change in paired-pulse ratio. The rapid potentiation of fEPSP amplitude in the
entorhinal cortex induced by E2 may be initiated by activation of the G-protein a.-subunit by
GPERI1 and resulting modulation of adenylyl cyclase and cAMP signaling (Alexander 2017; Lu
& Herndon, 2017; Finney et al, 2020). Activation of GPER1 can also lead to activation of
epidermal growth factor receptor (EGFR) and stimulation of extracellular signal regulated kinase
(ERK). ERK signaling has been shown to mediate increased EPSPs mediated by activation of
GPERI1 (Kumar et al., 2015).

Increases in intracellular calcium may contribute to the potentiation of synaptic responses
induced by GPERI1 activation. Activation of GPERI can increase the amplitude of glutamate-
induced calcium transients in dendritic spines (Oberlander & Woolley, 2016). Similarly,
activation of GPER1 on both the cell membrane and the endoplasmic reticulum can cause release
of calcium ions from internal stores through phospholipase C and IP3 signaling (Brailoiu et al.,
2007; Alexander, 2017), and increases in intracellular calcium can modulate AMPA receptor
phosphorylation and trafficking (Zadran et al., 2009). In addition, GPER1 may influence
synaptic function by modulating the activation of other G protein-coupled receptors. Akama et
al. (2013), reported that membrane bound GPER1 receptors were often colocalized with the
scaffolding protein PSD-95 and can dimerize with 5-HT1A, corticotropin, and progestin
receptors, and they speculated that GPER1 may also influence the activity of other G protein-
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coupled receptors as well. It has also been suggested that GPER1 may affect AMPA receptor
dynmics through interaction with PSD-95 and SAP97 (Nair et al, 2013; Waters et al., 2015;
Oberlander & Woolley, 2016).

Progesterone
Progesterone can enhance hippocampus-dependent cognitive processes through genomic

and non-genomic effects on synaptic function in the hippocampus (Frye et al., 2009; Prakapenka
et al. 2018; Frye & Walf, 2008). Progesterone receptors are expressed throughout the brain
(Meffre et al., 2013), but the entorhinal cortex shows little expression of progesterone receptor
mRNA (Kato et al., 1994). Administration of E2 can promote the synthesis and expression of
progesterone receptors in the hippocampus and hypothalamus (Parsons et al., 1980; Guerra-
Araiza et al., 2002; Alves et al., 2000; Micevych & Sinchak, 2013). However, although we
conducted recordings in slices obtained from animals that received a prior bolus injection of E2,
we found no effect of 20-min application of progesterone on synaptic responses in the entorhinal
cortex. Allopregnanolone is a major metabolite of progesterone that can inhibit excitatory
transmission by directly potentiating activation of GABAA receptors (Wang, 2011; Schverer et
al., 2018; Nin et al., 2011). In the hippocampus, allopregnanolone application for 30 min results
in a reduction of excitatory synaptic transmission (Edwards et al., 2000). Variations in inhibition
affect excitatory synaptic responses in the entorhinal cortex (Ferreira et al., 1992), and we
expected allopregnanolone to suppress fEPSP amplitude, but we found that fEPSP amplitude
was unaffected. This may be due to regional differences in GABAA subunit composition (Wang,
2000), and intracellular recordings may be needed to better assess the effects of allopregnanolone

on inhibitory synaptic responses in entorhinal neurons.

Functional significance
Variations in the level of ovarian hormones are thought to modulate cognitive functions

by affecting excitatory synaptic transmission and neuronal excitability in multiple brain regions.
A major focus of the effects of estrogens on cognition has been on the powerful effects of
estrogens on hippocampal function that involve both genomic, and more rapid non-genomic
effects, on inhibitory and excitatory synaptic transmission. The present results indicate that E2
can rapidly potentiate excitatory synaptic inputs to the superficial layers of the lateral entorhinal

cortex, and this is likely to make an important contribution to the mechanisms mediating the
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effects of estrogens on cognitive function. Variations in estrogen may affect both cortical inputs
to the hippocampus (Kerr et al., 2007) as well as the use of cognitive strategies involving the
lateral entorhinal cortex which may depend on object identification memory and associations
with spatial location (Deshmukh & Knierim, 2011; Knierim et al., 2013; Van Cauter et al.,
2013). Although the findings presented here demonstrate a role for GPER1 receptors in
modulating synaptic function in the entorhinal cortex in the female rat, the potential role of these
receptors in synaptic function in males may well differ (Oberlander & Woolley, 2016) and has

yet to be determined.
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Figure 2.1. Bath-application of 17- estradiol (E2) results in a reversible increase in the
amplitude of evoked field excitatory postsynaptic potentials (fEPSPs) in the lateral entorhinal
cortex in vitro. A. The amplitudes of fEPSPs evoked by layer I stimulation increased
significantly during 20-minute bath application of 10 nM E2 (black bar) and returned to baseline
following a 30-minute washout period. Representative fEPSP traces show averages of five
consecutive responses obtained at the end of each recording period (A1), and mean amplitudes
for each time point (= one SEM) are shown for the group of slices tested (n = 19; A2). The same
conventions apply in subsequent panels and Figures. B. Application of the vehicle DMSO (0.1%)
did not significantly affect field EPSP amplitudes (n = 17). C. Paired-pulse recordings obtained
during the baseline period in ACSF (top left) versus during application of E2 (top right) were
compared to assess if the increase in fEPSP amplitude may be due to changes in pre- versus
postsynaptic mechanisms. Traces have been scaled to the amplitude of the first response in each
pair and offset vertically (bottom left) to highlight the similarity in the scaled amplitudes of the
second responses in each pair (arrow indicates the second response recorded in E2). There was

no significant change in paired-pulse ratio (PPR).
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Figure 2.2. Neither application of progesterone nor allopregnanolone significantly altered the
amplitude of field excitatory postsynaptic potentials (fEPSP) in the entorhinal cortex relative to
control slices treated with DMSO. A. Representative averaged fEPSPs (A1) are shown before,
during and after 20-min application of 100 nM progesterone, and the mean fEPSP amplitude was
stable in the group of slices tested (n = 10; A2). B. Application of 1uM allopregnanolone also
had no significant effect on fEPSP amplitude (n = 7). C. Representative responses and mean
fEPSP amplitudes are shown for the group of control slices exposed to the drug vehicle DMSO
(0.1%; n=9).
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Figure 2.3. Neither the estrogen receptor o agonist PPT, nor the estrogen receptor [3 agonist
DPN, resulted in a significant increase in fEPSP amplitude. A. Application of the ERa agonist
PPT (100 nM) for 20 min was associated with small increases in fEPSPs in several slices (A1)
but the effect was not significant in the group of slices tested (n = 15; Az). B. Application of the
ER B agonist DPN (1 uM) for 20 min did not significantly affect representative traces (n = 14;
B1) or averaged fEPSP amplitude in the group of slices tested (B2).
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Figure 2.4. GPER1 receptor activation is required for the enhancement of fEPSP induced by
application of E2. A. Application of the specific GPER1 agonist G1 (100 nM) resulted in a
significant increase in fEPSP amplitude similar to that induced by E2. Representative fEPSP
traces show averages of five consecutive responses obtained at the end of each recording period
(A1), and mean amplitudes for the group of slices tested are shown (n = 17; A2). B Constant bath
application of the GPER1 antagonist G15 (1 uM; grey bar), prevented the increase in fEPSP
amplitude induced by application of E2 (n=11).
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ABSTRACT
Estrogens are believed to contribute to cognitive function through the modulation of

synaptic transmission in the cortex and hippocampus. Administration of 173-estradiol (E2) can
increase dendritic spine densities and enhance excitatory synaptic transmission in the
hippocampus. Previous work has shown that estrogens can facilitate excitatory synaptic
transmission in the entorhinal cortex via activation of the G protein-coupled estrogen receptor-1
(GPERT1). However, the way GPERI1 activation modulates synaptic processes to facilitate
synaptic transmission is unclear. The present study assessed the effects of acute E2
administration (10 nM) on excitatory (AMPA and NMDA) and inhibitory (GABAA) receptor-
mediated currents in layer II/III neurons in slices of rat entorhinal cortex. Female Long-Evans
rats were ovariectomized on postnatal day (PD) 63 and implanted with a subdermal E2 capsule
to maintain continuous levels of E2 on par with metestrus. Electrophysiological recordings were
obtained from brain slices containing the entorhinal cortex between PD70 and PD86.
Pharmacologically isolated excitatory and inhibitory postsynaptic currents were recorded from
principal neurons in layers II and III of the lateral entorhinal cortex. Application of E2 for 20 min
did not significantly change AMPA receptor-mediated excitatory currents from baseline.
However, E2 reduced NMDA receptor-mediated excitatory currents, and this effect persisted
following removal of E2 during the 20-min wash off period. GABAAa receptor-mediated
inhibitory currents were markedly reduced during application of E2, and returned towards
baseline levels during the 20-min washout period. These results suggest that strong reductions in
GABAergic inhibition in the entorhinal cortex may be a mechanism through which E2 increases

excitatory synaptic transmission in the entorhinal cortex.
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Cognitive processes in females are influenced by fluctuations in estrogens associated
with the reproductive cycle. Fluctuations in the concentrations of estrogens have been associated
with shifts in the preferred use of navigational strategies on spatial memory tasks in humans
(Holden, 2010; Hussain et al., 2016), and improvements to attention and emotional memory
recall when estrogens are elevated (Sommer et al., 2018). Female rats demonstrate similar shifts
in navigational strategy depending on the phase of estrous and the concentration of estrogens
present (Korol & Kolo, 2002). These fluctuations can also affect rats’ performance on object
memory (Van Goethem et al., 2012), social learning (Ervin, Mulvale, et al., 2015), and fear
conditioning tasks (Day et al., 2005). Disruption of circulating estrogens during the
perimenopausal transition or following surgical menopause can impair performance on these
tasks. Administration of supplementary estrogens has been found to prevent or reduce
impairment in some studies (Engler-Chiurazzi et al., 2017; Newhouse & Dumas, 2015).

Estrogens are thought to exert their influence via the activation of estrogen receptors
(ER) a, B, and the G protein-coupled estrogen receptor-1 (GPER1) that are expressed in regions
throughout the brain. In general, regions that express estrogen receptors have a high density of
GPERI receptors, with varying degrees of ERa and ER} expression (Hazell et al., 2009).
Activation of estrogen receptors can induce delayed changes in gene expression and rapid
modulation of synaptic function. In the hippocampus, administration of 17p-estradiol (E2) can
rapidly increase dendritic spine densities (Woolley & McEwen, 1992), modulate GABAA
receptor trafficking (Mukherjee et al., 2017), and enhance excitatory synaptic transmission
(Kumar et al., 2015). Rapid enhancements of excitatory transmission have been linked to the
activation of GPER1 receptors (Batallan Burrowes et al., 2021; Kumar et al., 2015; Oberlander
& Woolley, 2016), but activation of both ERa and ER[ can also contribute (Kumar et al., 2015;
Oberlander & Woolley, 2016).

The entorhinal cortex is thought to promote cognitive function by providing the
hippocampus with much of its sensory and associational inputs (Knierim et al., 2013; Nilssen et
al., 2019). The entorhinal cortex can be divided into the medial entorhinal cortex and the lateral
entorhinal cortex. The medial entorhinal cortex is believed to contribute to spatial mapping and
navigation, while the lateral entorhinal cortex is associated with olfaction, object memory, and

memory of object location (Knierim et al., 2013). Both regions receive projections from multiple



50

associational cortices, and send projections to the hippocampal formation in a region-specific
manner. Entorhinal cortex neurons express estrogen receptors, with a high density of GPER1
receptor expression throughout the medial and lateral entorhinal cortex (Hazell et al., 2009). ER3
and ERa expression have also been observed in the entorhinal cortex to a lesser degree, and in
distinct layers. ER3 expression is localized to layers III-VI of the entorhinal cortex, while ERa. is
more sparsely expressed in layers V and VI (Hazell et al., 2009; Kritzer, 2002; Merchenthaler et
al., 2004).

Despite the contributions of the entorhinal cortex to cognition and its close connections
with the hippocampus, there is limited research investigating the effects of estrogens on synaptic
function and behavior in the entorhinal cortex. Previous work from our lab has demonstrated that
E2 can facilitate excitatory synaptic transmission in the entorhinal cortex in vitro via activation
of GPERI receptors (Batallan Burrowes et al., 2021). Application of E2 for 20 min induced a
reversable increase in the amplitude of electrically evoked excitatory post-synaptic field
potentials (fEPSPs) recorded in the lateral entorhinal cortex of slices from ovariectomized rats
with low levels of circulating E2. The effect of E2 was mimicked by the GPER1 agonist G1, and
blocked by the GPER1 antagonist G15, but ERa and ER agonists had not effect (Batallan
Burrowes et al., 2021). The facilitation of fEPSPs induced by E2 could result from an increase in
excitatory transmission mediated by AMPA or NMDA glutamate receptors, but it could also
result from a reduction in inhibitory GABAA receptor-mediated inhibition Brief application of
E2 has been found to enhance AMPA receptor responses via activation of GPERI1 in the
hippocampus (Oberlander & Woolley, 2016), and E2 can also enhance NMDA receptor-
mediated currents (Foy et al., 1999) and NMDA receptor-mediated calcium transients (Pozzo-
Miller et al., 1999) in hippocampal neurons. Additional work by Kramar et al. (2009) found that
E2 facilitated isolated AMPA responses in hippocampal CA1 neurons, but did not affect either
NMDA responses or inhibitory synaptic responses. Increases in spine density induced by E2 in
the hippocampus have also been found to be mediated in part by a reduction in synaptic
inhibition that results in increased excitability (Murphy et al., 1998; Tabatadze et al., 2015). This
is supported by findings that E2 can rapidly reduce GABAergic inhibition in cultured neurons
via relocation of GABA receptors away from synapses (Mukherjee et al., 2017).

The present study used in vitro whole-cell voltage clamp recordings from layer II and III

lateral entorhinal cortex neurons to assess the effects of E2 on pharmacologically isolated AMPA
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receptor-mediated excitatory post-synaptic currents (EPSCs), NMDA receptor mediated EPSCs,
and GABAA receptor-mediated inhibitory post-synaptic currents (IPSCs). Brain slices containing
sections of the lateral entorhinal cortex were obtained from ovariectomized rats implanted with
subdermal E2 capsules to maintain constant low levels of E2 similar to metestrus (Mannino et
al., 2005; Almey et al., 2013). Determining the excitatory and inhibitory neurotransmitter
receptors that are modulated by E2 in the entorhinal cortex could provide fundamental
information regarding the cellular mechanisms through which E2 may promote cognitive

function by modulating excitatory transmission in the entorhinal cortex.

METHODS

Ovariectomy and estrogen implants
Female Long-Evans rats were obtained from Charles River (St. Constantine, Canada) at

post-natal day (PD) 56. Rats were pair-housed with ad libitum access to standard rat chow and
water. All procedures were submitted and approved by the Concordia University Animal
Research Ethics Committee.

All rats received bilateral ovariectomy on PD 63 and were implanted with a subcutaneous
estrogen capsule in the nape of the neck to maintain low levels of E2 on par with levels recorded
in metestrus (Mannino et al., 2005). Implants were used to prevent changes to estrogen receptor
expression and synaptic function that could occur following ovariectomy alone (Gibbs et al.,
2014; Rose’Meyer et al., 2003; Shima et al., 2002; Woolley & McEwen, 1993). Rats were
anesthetized with 3% isoflurane in Oz, and ovaries were removed via a single 2 cm lumbar
incision parallel to the spine and bilateral tears in the abdominal musculature. Capsules were
constructed of 1 cm long Silastic™ tubing (Dow Corning, 1.D. 1.47 mm, O.D. 1.96 mm) sealed
with silicone on both ends. The capsules contained 8 mg mixture of 5% water-soluble 17f3-
estradiol (Sigma-Aldrich) in cholesterol (Bioshop Canada; Mannino et al., 2005; Quinlan et al.,
2008). To provide analgesia following surgery, animals received buprenorphine (0.05 mg/kg,

s.c.) injections every 8 to 12 hours for 72 hours.

Slice preparation
All electrophysiological recordings were obtained from brain slices between 7 and 28

days following ovariectomy (PD 70 to 98). Animals were anaesthetized with isoflurane and

decapitated using a guillotine. Brains were rapidly extracted from the skull and cooled in
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oxygenated (95% Oz / 5% CO2) high sucrose artificial cerebrospinal fluid (ACSF; 4 °C)
containing (in mM) 2 KCI, 1.25 NaH2PO4, 7 MgSO4, 26 NaHCO3, 250 sucrose, 10 dextrose and
0.5 CaClz. Brain slices (300 um-thick) were prepared in cold oxygenated ACSF using a
vibratome (Leica, VT1200). Slices were stored at 34 °C for 30 min in normal ACSF containing
(in mM), 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgSOs4, 2 CaClz, 26 NaHCO3 and 10 dextrose, and
then at 21-23 °C for at least 30 min prior to recordings. To obtain recordings, slices were
perfused in 21-23 °C ASCEF at a rate of 2 ml/min under the objective (40X) of an upright

microscope (Leica, DM-LFS) equipped with differential interference contrast optics.

Electrophysiological recordings
Recording electrodes for whole-cell recordings were prepared from borosilicate glass

pipettes (1.0 mm OD, 3 to 6 MQ) using a Brown-Flaming pipette puller (Sutter Instruments,
P97). Electrodes were filled with different solutions to obtain recordings of AMPA EPSCs,
NMDA EPSCs or GABAA IPSCs. Electrodes used to record AMPA EPSCs were filled with a
solution containing (in mM) 140 K-gluconate, 5 NaCl, 2 MgClz, 10 HEPES, 0.5 EGTA, 2 ATP-
Tris, and 0.4 GTP-Tris (pH adjusted to 7.2-7.3 with KOH). The recording solution for NMDA
EPSCs contained 130 cesium methane sulfonate, 5 NaCl, 2 MgClz, 10 HEPES, 0.5 EGTA, 10
phosphocreatine di tris, 5 QX314, 2 ATP-Tris, and 0.4 GTP-Tris (pH adjusted to 7.2-7.3 with
CsOH). The recording solution for GABAA IPSCs contained 135 KCl, 5 NaCl, 2 MgClz, 10
HEPES, 0.5 EGTA, 10 phosphocreatine di tris, 2 ATP-Tris, and 0.4 GTP-Tris (pH adjusted to
7.2-7.3 with KOH).

Tight seals were formed (1-3MQ) on the soma of a layer II or layer III neurons prior to
obtaining whole-cell configuration. Cells were allowed to stabilize for 10 to 15 min prior to
recordings to allow intracellular recording solutions to diffuse within the neuron and equilibrate
with the cytosol. Synaptic responses were evoked using a bipolar stimulating electrode made
from two tungsten electrodes (~1 MQ, FHC Inc.). Electrodes were placed with at least one tip in
layer I of the entorhinal cortex about 0.3 mm from the recording electrode. Synaptic responses
were evoked by 0.1 ms-duration constant current pulses using a stimulus generator and isolation
unit (WPI, Models A300 and A360). Liquid junction potentials that result from differences in ion
concentrations between the ACSF and recording solutions were corrected for in the membrane

potential values that are reported for AMPA (15 mV), NMDA (9 mV), and GABA (3 mV).
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Current and voltage clamp recordings were obtained using an Axopatch 200B amplifier with a
low pass filter at 10 kHz, and the recordings were digitized at 20 kHz using an analog-digital
converter (Axon Instruments, Digidata 1322A). Recordings were constantly monitored using a
digital oscilloscope. The intensity of stimulation pulses was adjusted to evoke synaptic responses
approximately 70% of the maximal response.

After obtaining whole-cell configuration, the electrophysiological characteristics of
neurons were assessed in current clamp mode by recording membrane potential responses to 500
ms current-step injections at 25 pA intervals (range -200 to +150 pA). Series resistance was
estimated by compensating for the discontinuity in voltage response to a -200 pA current pulse,
and recordings were accepted if series resistance was less than 25 MQ. Series resistance was not
compensated for during voltage-clamp recordings. Series and input resistance were monitored
using a -5 mV step after each evoked response.

Synaptic current recordings were collected in voltage-clamp, at least 10 min after
obtaining a whole-cell configuration to allow neurons to acclimate to the intracellular solutions
in the recording electrode. All electrically evoked EPSCs and IPSCs were collected in sets of 10,
with a 15-sec interval between evoked responses, and a 10-min interval between sets of
responses. After recording 2 sets of stable baseline responses, 173-estradiol (E2; 10 nM; Sigma
Aldrich) was applied for 20-min, with sets of evoked responses recorded at 10 and 20 min. Two
sets of responses were recorded during the washout of E2 at 10 and 20 minutes after 20-min of
E2.

AMPA receptor-mediated EPSCs were obtained at a holding membrane potential of -85
mV during constant bath application of the NMDA blocker (2R)-amino-5-phosphonopentanoate
(AP5, 50 uM) and the chloride channel blocker picrotoxin (50 uM). NMDA receptor-mediated
EPSCs were recorded at +45 mV in the presence of the AMPA receptor blocker 7-nitro-2,3-
dioxo-1,4- dihydroquinoxaline-6-carbonitrile (CNQX, 20 uM), and picrotoxin. GABAA receptor-
mediated IPSCs were recorded at -83 mV in the presence of the AP5 and CNQX. Drugs were

stored as concentrated stock solutions at -20 °C.

Data analysis
Peak EPSC and IPSC amplitudes were measured using pClamp 8.2 software (Molecular

Devices). Grouped data was plotted by expressing EPSC and IPSC amplitudes for each cell as a
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percentage of the average amplitude of the baseline responses, plus or minus one standard error
of the mean. The average amplitudes of EPSCs and IPSCs obtained during each set of recordings
at 10 min intervals during the baseline, E2 application, and washout were compared using one-
way repeated measures analysis of variance (ANOV As) and planned comparison’s using Holm’s
modified Bonferroni’s #-test. The final wash recordings, during which estradiol was removed
from the ACSF, were used to determine if any changes in synaptic currents induced by E2 were

reversible. All data are reported as the mean plus or minus one standard error of the mean.

RESULTS
Recordings were obtained from a total of 29 neurons located in layers II and III of the

lateral entorhinal cortex. The lateral entorhinal cortex contains fan cells that exhibit a
hyperpolarization-induced sag (In) and fast afterhyperpolarization, pyramidal cells that lack In
and minimal fast afterhyperpolarization, and multipolar cells that have intermediate properties
(Tahvildari & Alonso, 2005). Neurons were characterized by monitoring membrane potential
responses to positive and negative 500 ms current steps. The present study did not characterize
the morphology of the recorded neurons, and the electrophysiological characteristics of lateral
entorhinal cortex neurons are variable within neuron types. However, we tentatively classified 2
of 10 cells as pyramidal neurons in AMPA recordings, and 5 of 10 neurons as pyramidal neurons
in GABA recordings. The use of Cs** and QX314 for recordings of NMDA receptor-mediated
EPSCs prevented classification of those neurons. We found that putative pyramidal (Figure
3.1A) and fan (Figure 3.1B) neurons did not notably differ in the effects of E2 on EPSCs and
IPSCs.

AMPA receptor-mediated EPSCs
The contribution of AMPA glutamate receptors to the facilitation of synaptic responses in

lateral entorhinal cortex neurons was assessed in cells held at -70 mV in the presence of the
NMDA receptor blocker APV (50 uM), the GABAA blocker picrotoxin (50 uM), and the
GABAGB blocker (1 pM) CGP. The group of 10 cells had a mean resting potential of neurons of -
74.8 £ 1.3 mV, peak input resistance of 92.7 &+ 18.4 M, rectification ratio of 14.7 £4.9 %, and a
holding current of -30.9 + 33.6 pA at -85 mV. Baseline EPSC amplitude was 232.3 + 44.3 pA in

response to stimulation pulses of 138 + 2 pA.



55

Application of 10 nM E2 for 20 min did not significantly affect the amplitude of AMPA-
mediated EPSCs. Mean EPSC amplitude was 103.8 + 3.5 % of baseline levels after 20 min of
E2, and was 94.1 £ 3.3 % of baseline levels at the end of the washout period (Figure 3.2A1). The
change in EPSCs was not statistically significant (Figure 3.2A2; n =10, Fs45 = 2.36, p = 0.055,
n? = 0.208). E2 has been shown to enhance AMPA-mediated responses in hippocampal neurons,
but reliable increases have typically been observed in only about half of the recorded neurons (G.
Z. Huang & Woolley, 2012; Smejkalova & Woolley, 2010; Wong & Moss, 1992). We found that
only two entorhinal neurons, one putative pyramidal and one putative fan neuron, showed
increases in EPSC amplitude more than 10% above baseline levels after 20 min of E2
application. Application of E2 therefore does not reliably increase AMPA receptor-mediated

EPSCs in layer II/III entorhinal neurons.

NMDA receptor-mediated EPSCs
We tested here whether E2 can directly modulate pharmacologically isolated NMDA

receptor-mediated EPSCs. Cells were recorded using a Cs**-based recording solution and held at
+45.7 mV in the presence of the AMPA receptor blocker (50 uM) CNQX, the GABAAa blocker
picrotoxin (50 uM), and the GABAB blocker CGP (1 uM). The group of 9 cells had a mean
resting potential of -48.3 £ 4.8 mV, peak input resistance of -111.1 + 15.0 MQ, rectification ratio
of -8.9 £ 6.9, and a holding current of (516.11 = 59.71 pA at42.3 mV) 612.6 = 119.1 pA at -79.3
mV. Baseline EPSC amplitude was 116.0 &+ 34.6 pA, evoked by pulses of 158.4 £ 24.4 pA.
Electrically evoked EPSCs were significantly reduced after bath application of E2 for 20-
min (n =9, Fs40=2.79, p <0.05, 02 = .197). EPSC amplitudes decreased to 87.7 + 4.8 % of
baseline levels following E2 application, and 85.5 + 4.5 % of baseline levels at the end of the
washout period (Figure 3.2B2). Planned comparisons of recordings taken at the end of each phase did
not detect any significant differences between the end of baseline compared to E2 (p = 0.075) or
washout (p = 0.26). Therefore, there was a significant reduction in EPSC amplitude during the
course of the recordings, and the lowest mean amplitudes were observed during the washout
period, and results do not definitively indicate if E2 results in a reduction in NMDA receptor-

mediated currents.
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GABA-mediated IPSCs
E2 has been shown to reduce GABAA receptor-mediated responses in the hippocampus

(G. Z. Huang & Woolley, 2012; Tabatadze et al., 2015), and a reduction in GABAA inhibition
could mediate the E2-induced facilitation of mixed excitatory responses we observed in the
entorhinal cortex (Batallan Burrowes et al., 2021). We recorded pharmacologically isolated
GABAA-mediated responses by holding cells at -80 mV using a KCl-based intracellular
recording solution. The group of 10 cells had a mean resting potential of neurons of -64.3 + 1.0
mV, peak input resistance of 109.4 + 6.8 MQ, rectification ratio of 9.6 + 2.3%. Cells were
maintained at -83.2 mV with a holding current of -171.9 & 25.1 pA. Baseline EPSC amplitude
was 130.2 + 21.4 pA using stimulation pulses of 355.5 +240.5 pA.

Application of E2 for 20 min resulted in a marked decrease in IPSC amplitude to during
the drug period (Figure 3.3B), and there was a significant reduction in IPSC amplitudes to 68.3 +
9.1 % of baseline levels after application of E2 for 20 min. The effect of E2 on IPSCs showed a
partial reversal during the wash period, and amplitudes were 81.8 £+ 6.6 % of baseline levels at
the end of the washout period (n = 10, Fs4s = 7.58, p < 0.001, n? = .457). Planned comparisons
showed that IPSC amplitudes were significantly reduced after 10- (p = 0.007) and 20-min application of
E2 (p <0.001), and during the first 10 min of the washout period (p = 0.003), but were not significantly
different after 20 min of washout (p = 0.027). Therefore, application of E2 for 20 min results in a
large, rapid, and reversible reduction in IPSC amplitude that could contribute to an enhancement

of excitatory synaptic transmission in the entorhinal cortex.

DISCUSSION
Some of the cognitive effects of estrogens have been attributed to the modulation of

excitatory synaptic transmission in the hippocampal formation, but changes in the entorhinal
cortex could also contribute (Burwell, 2000; Evans, 2019; Finney, Shvetcov, et al., 2020).
Previous findings from this lab have demonstrated that application of 17p-estradiol (E2) rapidly
enhances evoked excitatory synaptic responses in layer II/III of the entorhinal cortex via
activation of GPER1 receptors (Batallan Burrowes et al., 2021). The present study assessed the
effect of E2 on pharmacologically isolated AMPA, NMDA and GABAA receptor-mediated
postsynaptic currents. Results indicate that E2 did not have a significant effect on isolated
AMPA receptor-mediated EPSCs, but the amplitudes of both NMDA receptor-mediated EPSCs
and GABAAa-mediated IPSCs were markedly reduced. These results indicate that the facilitation
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of excitatory synaptic strength in the entorhinal cortex observed previously, which reflects the
combined effects of excitatory and inhibitory synaptic inputs onto entorhinal neurons, is likely
caused by a reduction in synaptic inhibition onto principal neurons (Batallan Burrowes et al.,
2021). The resulting facilitation of excitatory synaptic responses in the superficial layers of the
entorhinal cortex may enhance neuronal processing within the entorhinal cortex and may also
increase synaptic activation of the targets of entorhinal neurons in the hippocampal subfields
(Kim et al., 2006). Changes in synaptic inhibition within the entorhinal cortex induced by
estrogen may therefore contribute to changes in cognitive function that have previously been

attributed to the actions of estrogen within the hippocampal formation.

AMPA and NMDA receptor-mediated EPSCs
The effects of estrogens on synaptic function in the hippocampus are varied and may be

dependent on the subtype of ER that is activated. Extracellular electrophysiological recordings
collected with multielectrode arrays show that E2 application can facilitate excitatory
transmission in all hippocampal subfields, except for the CA2 region (Kim et al., 2006). Kumar
et al. (2015)showed that application of E2 to hippocampal slices facilitates excitatory
postsynaptic field potentials in the dentate gyrus. In their study, selective activation of each of
the ER subtypes resulted in faciliatory effects, however, activation of GPER1 receptors resulted
in a greater facilitation than either ERo or ERf alone (Kumar et al., 2015). Whole-cell
recordings from CA1 neurons has also shown significant facilitation of excitatory transmission
following application of E2 or selective activation of GPER1 and ERp in females (Oberlander &
Woolley, 2016).

However, facilitatory effects are not expressed in all neurons, and application of E2 has
been found to rapidly increase EPSPs or EPSCs in approximately half of the recorded neurons.
For example, Wong and Moss (1992) found that 35 of 64 neurons showed increases in AMPA-
mediated responses. Similarly, Smejkalova and Woolley (2010) found that AMPA receptor-
mediated EPSCs showed a 20% or more facilitation in only 40% of cells (See also Foy et al.,
1999). In the present study, E2 may have caused increased AMPA mediated responses in some
neurons, as 3 of 10 cells showed increases in AMPA receptor-mediated EPSCs greater than 20%
after 10 or 20 min of E2 application. However, the 3 neurons included both putatively identified

pyramidal and fan cells. It is also unclear if these changes were spontaneous or induced by
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application of E2. Therefore, it is possible that E2 may induce increases in isolated AMPA
receptor-mediated EPSCs in the entorhinal cortex in some neuron types, but the present evidence
does not provide strong support for this idea.

The amplitude of isolated NMDA receptor-mediated EPSCs was reduced in the present
study following application of E2 for 20 min, and the responses remained reduced throughout the
duration of the wash period. A similar change in NMDA receptor-mediated synaptic currents can
therefore not explain the reversible increase in field EPSPs induced by E2 in the entorhinal
cortex previously reported (Batallan Burrowes et al., 2021). Control recordings to monitor
possible changes in NMDA responses without application of E2 were not conducted in the
present study; therefore, it is possible that the reduction in amplitude of NMDA responses was
not due to E2, but rather due to recording conditions and the passage of time. A Cs**-based
intracellular recording solution was used to record NMDAR-mediated responses from neurons
and the mean input resistance gradually increased during the recording period. The increase in
input resistance may be due to a slow increase in the effectiveness of Cs*" in blocking potassium
conductances as the Cs?* diffused from the soma region to more distal dendrites. The increase in
input resistance suggests that the reduction in NMDA-mediated currents was not due to a
reduction in input resistance or health of the recorded neurons.

The reduction in NMDA receptor-mediated EPSCs observed here could be associated
with an ERB-mediated reduction in NMDA receptor activation. Hippocampal application of E2
at concentrations higher than 7 nM have been found to rapidly suppress NMDA-mediated EPSCs
for prolonged periods, and application of the ER} agonist DPN (5 nM) results in a similar
suppression of NMDA-mediated EPSCs (Tanaka & Sokabe, 2013). This could be tested in the
entorhinal cortex by repeating recordings to determine if the suppression of NMDA responses
induced by E2 is blocked during concurrent application of the ERP antagonist ICI 182,780.
Further, in contrast to the reduction in NMDA-mediated EPSCs observed here during application
of 10 nM E2, it is possible that NMDA responses in the entorhinal cortex might be enhanced if
we applied a lower concentration of E2. The activation of ERa by 1 nM estradiol benzoate has
been shown to result in a reversible facilitation of pharmacologically isolated NMDA EPSPs in
hippocampal CA1 neurons (Tanaka & Sokabe, 2013). However, activation of ERa is unlikely to
induce large effects because ERa expression is relatively sparse in the entorhinal cortex and is

localized to the deep layers V and VI (Kritzer, 2002). This could be investigated by repeating
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experiments with 1 nM E2, or with the ERa agonist PPT, which might result in a potentiation of
NMDA-mediated EPSCs.

Modulation of GABA-mediated IPSCs
Application of E2 resulted in a strong and reversible decrease in the amplitude of

pharmacologically isolated GABAa-mediated IPSCs. The reduction of inhibitory synaptic
transmission induced by E2 observed here likely mediates the reversible facilitation of mixed
excitatory field EPSPs that we observed in response to the same concentration of E2 in layer
II/I1I of the entorhinal cortex (Batallan Burrowes et al., 2021). The amplitude of field EPSPs is
determined by the summation of simultaneous excitatory and inhibitory synaptic inputs, and a
reduction in the strength of inhibitory synaptic input can increase the amplitude of evoked
excitatory synaptic responses (Hamam et al., 2007). Other studies have also shown that E2 can
enhance synaptic excitability by suppressing inhibitory synaptic transmission. In cultured
hippocampal neurons, estrogen reduces GABAergic transmission and this depolarizes neurons
which results in an increase in dendritic spine density due to enhanced voltage-dependent
activation (Murphy et al., 1998).

Estrogens can affect synaptic inhibition through multiple mechanisms. E2 has been found
to reduce the time that GABA receptors spend at inhibitory synapses in cultured cortical neurons
(Mukherjee et al., 2017). Application of E2 in the CA1 region has also been observed to reduce
the amplitude of synaptically evoked IPSCs, miniature IPSCs, and spontaneous IPSCs, and a
reduction in the frequency of miniature IPSCs suggests that these effects were due to a reduction
in the probability of presynaptic GABA release (Rudick et al., 2003). Our previous findings that
the E2-induced facilitation of fEPSPs in the entorhinal cortex is dependent on activation of
GPERI1 receptors suggests that the inhibition of IPSCs observed here is also due to activation of
GPERI receptors (Batallan Burrowes et al., 2021). GPER1 has been found to increases synaptic
inhibition in the basolateral amygdala (Tian et al., 2013), and a reduction of miniature IPSC
frequency induced by E2 in the prefrontal cortex is blocked by ER and GPERI1 antagonists, but
not by an ERa antagonist (Doncheck et al., 2021). In the CA1 region, application of E2 can
rapidly supress inhibitory transmission via activation of ERa, which stimulates postsynaptic
mGluRi-dependent mobilization and release of anandamide. Anandamide in turn binds to

presynaptic cannabinoid receptors of inhibitory synapses and inhibits the release of GABA (G.
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Z. Huang & Woolley, 2012; Tabatadze et al., 2015). However, the entorhinal cortex shows
minimal expression of ERa (Kritzer, 2002), thus the reduction of IPSCs in the entorhinal cortex
does not likely depend on ERa activation.

Further experiments could investigate if GPER1 receptors mediate the reduction in IPSCs
by determining if the GPER1 antagonist G15 blocks the effects of E2 on IPSCs. If GPER1
receptors are determined to mediate the suppression of GABAa-mediated IPSCs, then additional
experiments could determine the intracellular signalling pathway through which GPER1
receptors modulate inhibitory synapses. GPER1 receptors have been linked to multiple
intracellular signalling pathways in different brain areas. Activation of GPERI receptors can
modulate adenylyl cyclase and cAMP signaling, can increase intracellular calcium-signaling via
production of IP3, and can also affect AKT and MAPK signalling (Alexander et al., 2017;
Finney, Shvetcov, et al., 2020; Lu & Herndon, 2017). The reduction of inhibitory synaptic
responses induced by E2 in the hippocampus results from an IP3 and calcium-dependent
activation of anandamide which suppress GABA release from inhibitory terminals (G. Z. Huang
& Woolley, 2012; Tabatadze et al., 2015). It is possible that GPER1 receptor-mediated changes
to calcium-signaling could activate similar mechanisms in entorhinal cortex neurons (Alexander
et al., 2017; Brailoiu et al., 2007). Experiments that use of blockers of second messenger
pathways in the intracellular recording solution could determine which pathways link GPER1

receptors to postsynaptic alterations in GABA receptors.

Functional implications
Estrogens are believed to affect hippocampal function through both genomic and rapid

non-genomic effects (Taxier et al., 2020) and E2 is also known to rapidly facilitate synaptic
transmission in the entorhinal cortex (Batallan Burrowes et al., 2021). The present results
indicate that the rapid facilitation of excitatory synaptic transmission in the entorhinal cortex is
likely due to a reduction in the strength of inhibitory synaptic transmission. Understanding of the
effects of estrogens on synaptic transmission and intracellular pathways are important to
understanding the underlying synaptic mechanisms in the entorhinal cortex that may contribute
to the enhancing effects of estrogen on cognition (Van Cauter et al., 2013; Deshmukh &
Knierim, 2011; Knierim et al., 2013). The findings of this study could also help clarify the

neurobiological mechanisms that underlie shifts in cognitive strategies that occur as a function of
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changes in estrogen levels during the menstrual cycle and in the transition to menopause (Engler-
Chiurazzi et al., 2017). GPER1 receptors are believed to be linked with the neuroprotective
effects of estrogens (Alexander et al., 2017), and an understanding of the effects of estrogen on
synaptic transmission could be applied to other fields of research including dementia-related
cognitive decline as seen in Alzheimer’s disease which has been linked to reductions in estrogen

when controlling for age (Frick & Kim, 2018).






63

Figure 3.1. Representative traces of membrane potential responses to current-step injections in a
putative pyramidal cell using K-gluconate-based patch solution (A) and a fan cell using KCl-
based patch solution (B). Current steps 500 ms in duration were injected at levels ranging from -
200 pA to 150 pA (see lower traces) in layer II/III lateral entorhinal neurons in normal ACSF
using intracellular recording solutions used in experiments to measure either AMPAR-mediated
EPSCs or GABAAR-mediated IPSCs. Membrane potential responses were used to characterize
electrophysiological profiles of neurons and to tentatively classify them as pyramidal cells or fan
cells. Note the presence of a sag in the voltage response to strong negative current steps in the

fan cell (A) regular firing in the pyramidal cell (B).
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Figure 3.2. Bath-application of 10 nM 17f-estradiol (E2) for 20 min (black bar) had no
significant effect on pharmacologically isolated AMPA-mediated EPSCs in layer II/III lateral
entorhinal cortex neurons evoked by layer I stimulation. 173-estradiol application was associated
with a reduction in the amplitude of pharmacologically isolated NMDA-mediated EPSCs. A.
Traces show pharmacologically isolated AMPAR-mediated EPSCs recorded from a
representative cell. Traces are averages of five consecutive responses obtained at the end of each
experimental period (A1). Group averages of EPSC amplitudes (+ 1 SEM) were obtained at 10-
min intervals during baseline, application of 17p-estradiol (black bar), and the washout period (n
= 10; A2). Averages are represented as percent changes from baseline values. B. Representative
averaged traces of pharmacologically isolated NMDAR-mediated EPSCs in a representative
neuron (B1). Mean EPSC amplitudes in the group of neurons tested (n=9; B:) are represented as

percent changes from baseline values.
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Figure 3.3. Bath application of 10 nM 17-estradiol for 20 min significantly, and reversibly,
reduced pharmacologically isolated GABAaR-mediated IPSCs. Representative averaged
pharmacologically isolated GABAaR-mediated IPSCs recorded from a representative cell are
based on averages of five consecutive responses obtained at the end of each experimental period
(A). Group averages of IPSC amplitudes (= 1 SEM) are shown at 10-min intervals during the
baseline period, application of 17f3-estradiol (black bar), and the washout period (n = 10; B).
Averages are represented as percent changes from baseline values and significant changes are

indicated by an asterisk (p <.01).



CHAPTER 4

OVARIECTOMY REDUCES CHOLINERGIC MODULATION OF EXCITATORY
SYNAPTIC TRANSMISSION IN THE RAT ENTORHINAL CORTEX.
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ABSTRACT
Estrogens are thought to contribute to cognitive function in part by promoting the

function of basal forebrain cholinergic neurons that project to the hippocampus and cortical
regions including the entorhinal cortex. Reductions in estrogens may alter cognition by reducing
the function of cholinergic inputs to both the hippocampus and entorhinal cortex. In the present
study, we assessed the effects of ovariectomy on proteins associated with cholinergic synapses in
the entorhinal cortex. Ovariectomy was conducted at PD63, and tissue was obtained on PD84 to
89 to quantify changes in the degradative enzyme acetylcholinesterase, the vesicular
acetylcholine transporter, and muscarinic M1 receptor protein. Although the vesicular
acetylcholine transporter was unaffected, ovariectomy reduced both acetylcholinesterase and M
receptor protein, and these reductions were prevented by chronic replacement of 17f3-estradiol
following ovariectomy. We also assessed the effects of ovariectomy on the cholinergic
modulation of excitatory transmission, by comparing the effects of the acetylcholinesterase
inhibitor eserine on evoked excitatory synaptic field potentials in brain slices obtained from
intact rats, and from ovariectomized rats with or without 17p-estradiol replacement. Eserine is
known to prolong the effects of endogenously released acetylcholine, resulting in an Mi-like
mediated reduction of glutamate release at excitatory synapses. The reduction in excitatory
synaptic potentials in layer II of the entorhinal cortex induced by 15-min application of 10 pM
eserine was greatly reduced in slices from ovariectomized rats as compared to intact rats and
ovariectomized rats with replacement of 17B-estradiol. The reduced modulatory effect of eserine
is consistent with the observed changes in cholinergic proteins, and suggests that reductions in
17B-estradiol following ovariectomy lead to impaired cholinergic function within the entorhinal

cortex.
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Estrogens are produced by the ovaries and synthesized in the brain, and are known to
modulate cognitive functions in both humans and animals (Finney, Proschogo, et al., 2020;
Hussain et al., 2014; Taxier et al., 2020). Cyclic increases of estrogens are associated with
improved attention and recollection of verbal, emotional and spatial memory in humans (Hussain
et al., 2016; Newhouse & Dumas, 2015; Nielsen et al., 2013; Zoladz et al., 2015) and rats show
improved object recognition and working memory during proestrus when estrogens are high
(Van Goethem et al., 2012; Pompili et al., 2010). Administration of estrogens also enhance
working memory and hippocampal-dependent tasks including spatial navigation, novel object
discrimination, and social learning (Daniel et al., 1997; Jacome et al., 2010), and can promote the
use of spatial cognitive strategies associated with the hippocampus (Almey et al., 2014; Korol et
al., 2004; Quinlan et al., 2008).

Estrogens are thought to promote cognitive function by enhancing excitatory synaptic
transmission though multiple mechanisms in the hippocampus and other cortical regions
including the entorhinal cortex (Arevalo et al., 2015; Batallan Burrowes et al., 2021; Spencer et
al., 2008; Wong & Moss, 1992). In the hippocampal CA1 region, 17B-estradiol (E2) reduces
inhibitory synaptic transmission (Tabatadze et al., 2015), facilitates excitatory transmission (Foy
et al., 1999; Kumar et al., 2015; Oberlander & Woolley, 2016), and increases dendritic spine
density (Woolley & McEwen, 1993). We have also found that activation of G-protein estrogen
receptor-1 (GPER1) receptors by E2 induces a rapid and reversible potentiation of excitatory
synaptic responses in the entorhinal cortex (Batallan Burrowes et al., 2021), indicating that E2
can facilitate excitatory synaptic inputs to the entorhinal cortex. Estrogens are also thought to
enhance cognition by promoting the function of basal forebrain cholinergic neurons. Basal

forebrain cholinergic neurons contain estrogen receptor oo (Hammond et al., 2011; Shughrue &
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Merchenthaler, 2001), and the transcription of choline acetyltransferase is modulated during the
estrous cycle, and enhanced by E2 following ovariectomy (Gibbs, 1996; McMillan et al., 1996).
Cholinergic inputs to the hippocampus and entorhinal cortex promote neuronal synchronization
and reduce excitatory transmission (Barrett & Chapman, 2013; Heys et al., 2012; Nufiez & Buio,
2021), and play central roles in attention, sensory processing, learning and memory, and spatial
navigation (Gibbs, 2010; Newhouse & Dumas, 2015; Ping et al., 2008; Solari & Hangya, 2018;
Spencer et al., 2008).

Reductions in cholinergic function in the hippocampal region associated with a decline in
circulating estrogens are thought to contribute to cognitive changes during the perimenopause
transition (Newhouse & Dumas, 2015). Surgical removal of ovaries is associated with cognitive
decline in women that is prevented by hormone replacement therapies containing estrogens
(Hara et al., 2015; Phillips & Sherwin, 1992). Ovariectomy in rats results in estrogen-dependent
changes in cognitive function that are due in part to disruptions in cholinergic transmission
(Gibbs, 2010; Singh et al., 1994). Ovariectomy results in estrogen-dependent reductions in the
density of basal forebrain cholinergic neurons and reduces cholinergic terminals and
acetylcholine release in the hippocampus (Gibbs, 1997; Hammond et al., 2011). This can result
in reduced activation of NMDA glutamate receptors and the impairment of hippocampal function
(Daniel & Dohanich, 2001; Hammond & Gibbs, 2011).

A reduction in cholinergic function following ovariectomy in the entorhinal cortex could
have substantial effects on cognition by affecting both excitatory synaptic transmission and
neuronal excitability (Heys et al., 2012). Reduced cholinergic function could increase basal
excitatory transmission by reducing the inhibition of glutamate release caused by acetylcholine

(Barrett & Chapman, 2013), and could also reduce neuronal excitability because acetylcholine
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normally depolarizes the membrane potential of entorhinal neurons (Klink & Alonso, 1997,
Shalinsky et al., 2002). In addition, the expression of theta- and gamma-frequency rhythmic
population activities that contribute to mnemonic processing and spatial navigation are likely to
be reduced because these rhythms are dependent on muscarinic depolarization of principal
neurons and activation of GABA interneurons that synchronize population rhythms (Dannenberg
et al., 2016; Heys et al., 2012).

To assess the effects of ovariectomy on cholinergic function in the entorhinal cortex, we
measured the expression of proteins associated with cholinergic transmission three weeks
following either a sham surgery, ovariectomy, or ovariectomy with chronic replacement of E2
(Almey et al., 2013; Mannino et al., 2005). Entorhinal tissue samples were quantified for
expression of the degradative enzyme acetylcholinesterase, the vesicular acetylcholine
transporter (VAChT), and M1 muscarinic receptor protein. The effects of ovariectomy on the
cholinergic modulation of excitatory synaptic transmission were also assessed by quantifying the
effect of the acetylcholinesterase inhibitor eserine on excitatory postsynaptic field potentials in
vitro. Evoked excitatory synaptic responses are reduced by activation of Mi-like muscarinic
receptors in the entorhinal cortex (Barrett & Chapman, 2013; Hamam et al., 2007), and a smaller
eserine-induced reduction in synaptic responses could occur if cholinergic function is

compromised by ovariectomy.

METHODS

Subjects and surgery
Experiments were conducted according to the guidelines of the Canadian Council on

Animal Care and were approved by the Concordia University Animal Research Ethics

Committee (Permit Number: 30000253). Female Long-Evans rats (Charles River) were pair-
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housed under a 12-hour light-dark light cycle. Animals that received ovariectomies underwent
surgery on PD63. Rats were anaesthetized with 3 % isoflurane in Oz and ovaries were removed
via a single 2 cm lumbar skin incision and bilateral tears in the abdominal musculature. Groups
of animals received either a sham surgery in which only the skin incision was made,
ovariectomy, or ovariectomy and immediate implantation of a subcutaneous capsule in the nape
of the neck to maintain low circulating levels of 17B-estradiol (E2; Mannino et al., 2005).
Capsules were made using the materials and methods of Almey et al. (2013) which have resulted
in serum E2 of 38 pg/ml 7 to 14 days following ovariectomy, and 29 pg/ml 21 days following
ovariectomy (Almey et al., 2013). Silastic tubing (1 cm-long; Dow Corning, [.D. 1.47 mm, O.D.
1.96 mm) sealed with silicone contained 8 mg of 5 % cyclodextrin-encapsulated 17-estradiol
(Sigma Aldrich) in cholesterol (Bioshop Canada). Animals received postsurgical injections of

buprenorphine (0.05 mg/kg, s.c.) every 12 hours for 72 hours.

Protein quantification

Tissue preparation
Tissue was prepared for protein quantification 21 to 26 days following surgery. Subjects

were anaesthetized with isoflurane and brains were rapidly removed and cooled (4°C) in
oxygenated (95% O2 and 5% CO2) high sucrose ASCF solution containing, in mM, 2 KCI, 1.25
NaH2PO4, 7 MgS04, 26 NaHCO3, 250 sucrose, 10 dextrose and 0.5 CaClz. Horizontal slices (400
um) were obtained using a vibratome (Leica, VT1200), and were then kept at 32 °C for 30 min
in normal ACSF containing 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgS0Os, 2 CaClz, 26 NaHCO3,
and 10 dextrose. The medial and lateral entorhinal cortex were isolated through the dorso-vental
extent of the brain (Olajide & Chapman, 2021; Paxinos & Watson, 1998). Tissue was placed in

normal ACSF consisting (in mM) of 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgSOs, 2 CaClz, 26
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NaHCOs, and 10 dextrose saturated with 95% Oz and 5% COz at 32 °C for 30 min. Tissue was

then kept in normal ACSF at 22 - 24 °C for 30 min. Massachusetts

Protein extraction and western blotting
Tissue was collected into microfuge tubes and snap-frozen in liquid nitrogen. Tissues

were then disrupted in radioimmunoprecipitation assay homogenization buffer (50 mM Tris, pH
7.4, 0.1% SDS, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, ] mM EDTA, and 1
mM PMSF) using a tissue sonicator (QSonica, Q55). The quantity of protein in each sample was
determined using BCA Protein Assay (Thermo Fisher, 23227) and an ELISA Fluorostar Analysis
System plate reader. Bovine serum albumin (BSA) was used as the standard for protein
quantification. Protein samples (20 to 40 pug) were resolved on Tris-glycine 8 - 10 % SDS-PAGE
gels. The resolved proteins were transferred from gels to nitrocellulose membrane (Bio-Rad,
1620112) and blocked for 1 hour in either 5% milk or 5% BSA, depending on the specific
antibody, in Tris-buffered saline (TBS) containing 0.2% Tween-20 (TBST).

Primary antibodies including anti-choline acetylcholinesterase (1:1000; Abcam,
AB183591), anti-vesicular acetylcholine transporter (1:2000; Abcam, AB235201), anti-
cholinergic muscarinic receptor 1 (1:2000; Alomone labs, AMR-010), anti-vinculin (1:4000;
Abcam, AB130007), anti--Actin (1:5000; Abcam, AB8226), were diluted in TBST containing
either of 5% milk or 5% BSA and incubated overnight at 4 °C. Membranes were then washed 3
times for 5 minutes each in TBST and incubated at room temperature with either peroxidase-
conjugated goat anti-mouse secondary antibody (used at 1: 3000 for anti-vinculin, and 1: 5000
for anti-B-Actin; Millipore Sigma, AP124P) or peroxidase-conjugated goat anti-rabbit secondary
antibody (used at 1: 5000 for anti-acetylcholinesterase, 1: 6000 for anti-vesicular acetylcholine
transporter, and 1:4000 for anti-cholinergic muscarinic receptor 1; Millipore Sigma, AP132P) for

1- 2 hours. Immunoreactivity was detected using ECL Western blotting substrate
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(Thermoscientific, 32106) and visualized using a CDP-STAR chemiluminescence system
(Amersham hyperfilm ECL). Western blot data were compiled from at least six animals, and
bands were quantified by densitometric analysis using Image-J software (version 1.41).

Results were analysed using GraphPad Prism software version 8.0.1 and analyzed with a
mixed design Group (Intact, OVX, OVX+E) by Site (MEC vs LEC) analyses of variance
(ANOVA) and Tukey comparisons. Antibody signals were normalized against the largest
loading control immunoreactivity recorded in the medial or lateral entorhinal cortex of rats that
received sham surgery. Bar graphs indicate the mean and standard error of the mean, normalized

to the largest control value in percentage, and include values obtained from individual animals.

Electrophysiological recordings
Recordings were obtained 7 to 17 days after ovariectomy on PD70 to PD80, and

conducted during the dark phase of the light-dark cycle. Horizontal brain slices (400 um-thick)
containing the hippocampal and entorhinal regions were obtained and maintained for at least 30
min at 22-24 °C prior to recordings. Slices were placed on a nylon net in a gas-fluid interface
recording chamber (Fine Science Tools) and perfused at 2.0 ml/min with the upper surfaces
exposed to humidified 95% Oz, 5% CO2 atmosphere. Field excitatory postsynaptic potentials
(fEPSPs) were recorded using borosilicate glass pipettes (1.0 mm OD; Sutter Model P97) filled
with ACSF (4 to 6 MQ). Electrodes were positioned 75 to 200 um below the surface of the slice
in layer I of the lateral entorhinal cortex, close to the layer II border, using a dissecting
microscope (Leica, MS5). Bipolar stimulating electrodes made from tungsten electrodes (0.8 - 1
MQ, FHC Inc.) were placed in the middle of layer I, 0.3 to 0.4 mm rostral to the recording

electrode.
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Changes in fEPSPs induced by the acetylcholinesterase inhibitor eserine hemisulfate
(Sigma) were compared in slices obtained from intact rats and ovariectomized rats with and
without E2 capsules. Constant current pulses (0.1 ms duration) were delivered every 30 seconds
with a stimulus generator and stimulus isolation unit (WPI, A300 and A365), using a current that
elicited fEPSPs approximately 65% of the maximal response (50 -135 pA). Field EPSPs were
amplified (DC-3 kHz; Axoclamp 2B, Molecular Devices) and digitized (20 kHz; Digidata
1322A) using Clampex 8.2 software (Molecular Devices). In each slice, after a baseline period of
at least 10 min in which fEPSP amplitude varied less than 10%, 10 pM eserine was added to the
ACSF for a period of 15 minutes. There was then a 40 min follow-up period in normal ACSF.
Peak amplitudes of fEPSPs were measured using pClamp 8.2 software (Molecular Devices), and
data for each slice were expressed as a percent of the average baseline fEPSP amplitude. The
average fEPSP amplitude obtained during the baseline period, and 25 - 30 and 50 - 55 min after
the onset of eserine, were assessed using a mixed design ANOVA with Group (Intact, OVX,
OVX+E) and Time (baseline, 25-30 min, 50-55 min) as factors. Significant effects were

investigated with post-hoc Tukey’s comparisons.

RESULTS

Protein quantification
Western blot quantification was used to measure proteins related to cholinergic function,

and to determine if changes in protein expression induced by ovariectomy could be blocked by
chronic E2 administration (n=6 per group). In comparison to tissue from animals that received
sham surgery, ovariectomy resulted in marked reductions in AChE protein immunoexpression
(F2,20= 16.54, p<0.0001) in both the medial (p=0.003) and lateral entorhinal cortex (p=0.002)

(Fig 4.1A). Further, the replacement of E2 following ovariectomy prevented significant
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reductions in AChE in both the medial (p=0.208) and lateral entorhinal cortex (p=0.821).
Differences in AChE in ovariectomized rats versus ovariectomized rats with E2 replacement
were significant for the lateral (p=0.007), but not medial entorhinal cortex (p=0.113).
Ovariectomy therefore causes a reduction in AChE protein in the entorhinal cortex that is
prevented by chronic administration of E2. Although the vesicular acetylcholine transporter
(VAChT) is expressed broadly and serves as a marker for cholinergic axon terminals (Ichikawa
et al., 1997), we found that ovariectomy did not significantly affect expression of VAChT.
Results showed no significant main effect of group (Fi1,30=0.15, p=0.706) on VAChT
expression (Fig 4.1B).

Ovariectomy resulted in a strong reduction in M1 muscarinic receptor protein expression
in both the medial and lateral entorhinal cortex in comparison to the sham control group (F2.20 =
27.22, p<0.0001; medial, p=0.001; lateral, p<0.0001). Replacement of E2 prevented the
reduction in M1 receptor protein. There was no significant difference in M1 receptor expression
between control animals and ovariectomized animals that received E2 replacement (medial,
p=0.660; lateral, p=0.946). Muscarinic M1 expression was also significantly reduced in
ovariectomized animals in comparison with ovariectomized animals that received E2
replacement (medial, p=0.009; lateral, p<0.001) (Fig 4.1C). Ovariectomy therefore causes
reductions in M1 protein in both the medial and lateral entorhinal cortex that are prevented by

chronic administration of E2.

Effects of eserine on field EPSPs
Application of eserine resulted in reductions in the amplitude of field excitatory

postsynaptic potentials (fEPSPs) that began about 10 min after the onset of eserine application,

and were maximal after approximately 25 to 30 min during the wash period. In intact rats, EPSP
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amplitude was reduced to 79.1 + 2.2 % of baseline levels 25-30 min after the onset of the drug,
and to 83.0 + 3.2 % at the end of the recording period (n=13 slices from 7 rats; Fig 4.2A). The
size of the reduction was smaller in ovariectomized animals (11.5 + 2.9 % versus 20.9 + 2.2 % in
intact rats), and fEPSP amplitudes in slices from ovariectomized animals were at 88.1 3.2 % of
baseline 25-30 min after onset of eserine, and 91.7 + 3.5 % of baseline at the end of the recording
period (n = 10 slices from 6 rats; Fig 4.2B). Ovariectomized rats that received E2 replacement
showed declines in fEPSP amplitude similar to intact rats, and fEPSP amplitudes were 78.9 + 2.5
% of baseline 25-30 min after onset of eserine, and 77.8 &+ 3.1 % of baseline at the end of the
recording period (n = 10 slices from 5 rats; Fig 4.2C). An ANOVA showed a significant group
by time interaction (F4,60=3.51, p=0.023). Tukey’s comparisons indicated that, although
reductions in fEPSPs did not differ between intact rats and ovariectomized rats that received E2
replacement (25-30 min, p = 0.997; 50-55 min, p = 0.296), slices from ovariectomized rats
showed significantly smaller fEPSPs as compared to intact rats (25-30 min, p = 0.028; 50-55
min, p = 0.034), and as compared to ovariectomized rats with E2 replacement (25-30 min, p =
0.034; 50-55 min, p < 0.001). Therefore, the reduction in fEPSP amplitude induced by eserine
was significantly smaller in slices from ovariectomized animals versus intact rats, and this effect

was prevented by replacement of E2 following ovariectomy.

DISCUSSION
Basal forebrain cholinergic neurons impact cognitive processing by modulating neuronal

excitability and synaptic transmission in both the hippocampus and entorhinal cortex (Barrett &
Chapman, 2013; Hamam et al., 2007; Klink & Alonso, 1997). Reductions in estrogens following
ovariectomy are thought to impair cognitive processes in part by reducing the function of

cholinergic afferents to the hippocampus (Hammond & Gibbs, 2011; Spencer et al., 2008), but
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reduced cholinergic input to the entorhinal cortex is also likely to impact cognitive function. We
have found that ovariectomy results in reductions in both acetylcholinesterase (AChE) and M
receptor protein in the medial and lateral entorhinal cortex, and that these reductions are
prevented by chronic replacement of 17f3-estradiol (E2). Ovariectomy also reduced the
modulatory effects of the acetylcholinesterase inhibitor eserine on excitatory synaptic responses
in the entorhinal cortex in vitro. Eserine induced a smaller reduction in the amplitude of field
EPSPs in slices from ovariectomized vs intact rats, indicating a reduced cholinergic suppression
of excitatory synaptic transmission (Barrett & Chapman, 2013), and this effect was prevented by
chronic replacement of E2 following ovariectomy. This suggests that reductions in E2 following
ovariectomy result in a functional impairment of cholinergic transmission in the entorhinal
cortex.

The cognitive changes following ovariectomy that have been attributed to reduced basal
forebrain cholinergic input to the hippocampus may be due in part to reduced cholinergic
function in the medial and lateral entorhinal cortex (Hammond & Gibbs, 2011; Pala et al., 2019).
The medial entorhinal cortex contributes to navigation and spatial processing and memory
(Hafting et al., 2005) and the lateral entorhinal cortex is involved in olfaction, object recognition,
and memory for object location (Knierim et al., 2013; Nilssen et al., 2019). We have shown that
ovariectomy reduced AChE and M receptor protein in both regions, and this may affect both

local processing and the activity of entorhinal projections to the hippocampus (Burwell, 2000).

Reductions in cholinergic synaptic proteins
The finding that ovariectomy reduced AChE expression in entorhinal tissue is consistent

with studies that have found reductions in ChAT mRNA in basal forebrain cholinergic nuclei

(Gibbs, 1998; Gibbs et al., 1994; Luine, 1985). Ovariectomy also results in widespread
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reductions in cholinergic projections to the hippocampus, prefrontal cortex, and olfactory bulbs
as reflected by reductions in ChAT and high affinity choline uptake (Gibbs, 2000; Singh et al.,
1994; Tinkler et al., 2004). We found that the reduction in AChE in the entorhinal cortex of
ovariectomized animals was prevented by maintaining circulating E2 using a subcutaneous
implant (Almey et al., 2013). Similarly, E2 replacement prevents reductions in cholinergic
staining in hippocampus (Gibbs, 2000; Singh et al., 1994) and prefrontal cortex (Tinkler et al.,
2004). It is not clear why levels of the vesicular acetylcholine transporter (VAChT) remained
stable (Uzum et al., 2016) while levels of AChE were reduced by ovariectomy, but this suggests
that ovariectomy resulted in a reduction in the function of cholinergic terminals without
substantial loss of synaptic terminals or vesicular machinery.

Muscarinic M1 receptor protein was reduced in the entorhinal cortex by ovariectomy, and
this reduction was prevented by replacement of E2. These findings are consistent with the
concurrent decrease in AChE protein, and with studies demonstrating reduced cholinergic
function following ovariectomy (Gibbs, 2000; Singh et al., 1994; Tinkler et al., 2004).
Ovariectomy decreases M1 receptor mRNA in the hippocampus (Pala et al., 2019) and has been
found to reduce M1 and M2 receptor binding in basal forebrain and cortical projection areas
including the entorhinal cortex, although this effect was not prevented by E2 supplementation
(Vaucher et al., 2002). In contrast, others have found that M1 to Ms receptor protein is increased
15 days following ovariectomy in the hippocampus and that these increases are prevented by E2
supplementation (Cardoso et al., 2010; El-Bakri et al., 2002). An increase in muscarinic M4
receptors on glutamatergic terminals may also underlie reduced glutamate release in the
hippocampus following ovariectomy (Stelly et al., 2012). Increases in muscarinic receptors

following estrogen supplementation are also thought to contribute importantly to the cognitive
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benefits of estrogen supplementation (Gibbs, 1999). Compared to their non-treated counterparts,
postmenopausal women that receive hormone replacement therapy have increased plasma
estradiol and higher muscarinic receptor densities in the striatum, hippocampus and frontal
cortex (Norbury et al., 2007). Estrogen replacement following ovariectomy also results in an
enhancement of hippocampal long-term synaptic potentiation that is dependent on muscarinic
receptors (Stelly et al., 2012). Differences in the effects of ovariectomy on muscarinic receptors
may be related to experimental variables including duration of ovariectomy and brain region

examined.

Reduced effect of eserine on EPSPs
Reductions in fEPSP amplitudes began approximately 10 minutes after the onset of

eserine application and persisted for the duration of recordings. The delayed onset of the effect is
likely due to time needed for drug concentration to rise in our high-volume interface recording
chamber, and for eserine to increase acetylcholine availability by blocking degradation of
endogenously released acetylcholine. The reduction in fEPSPs did not reverse entirely; this may
be due to the high binding affinity of eserine (Triggle et al., 1998), but eserine can also induce a
long-term depression of synaptic responses in the CA1 region via a lasting reduction in
glutamate release (Mans et al., 2014), and this may have contributed to the duration of the effect.
Electrophysiological results obtained here are consistent with a functional impairment of
cholinergic transmission in the entorhinal cortex following ovariectomy. The
acetylcholinesterase inhibitor eserine reduces the amplitude of fEPSPs, by prolonging the effects
of acetylcholine which causes an Mi-mediated reduction in glutamate release (Barrett &
Chapman, 2013; Hamam et al., 2007) that is likely to affect both AMPA and NMDA receptor-

mediated responses. Eserine had a reduced effect on field EPSPs in the lateral entorhinal cortex



in slices from ovariectomized animals. Ovariectomy is also likely to have similar effects in the
medial entorhinal cortex which also showed reductions in AChE and M1 receptor protein. The
reduced effect of eserine could result from a reduction in endogenous release of acetylcholine,
leading to smaller eserine-induced increases in acetylcholine concentration. Results are also
consistent with the reduction in M1 receptors that we have observed, which may include

reductions in M1 receptors on glutamate terminals.
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Figure 4.1. Ovariectomy results in reductions in proteins associated with cholinergic synaptic
function in the entorhinal cortex. Lysates were obtained from the medial and lateral entorhinal
cortex (MEC and LEC), in groups of animals that received either sham surgery (Sham),
ovariectomy (OVX), or ovariectomy and a subdermal implant containing 17-f estradiol (E2;
OVX+E). A. Representative immunoblots of acetylcholinesterase (AChE) and the -actin
loading control are shown (A1), and the bar graph shows relative expression of AChE protein
(A2; n=6 per group). Note that the reduction in AChE induced by ovariectomy is prevented by
administration of E2. Asterisks indicate levels of statistical significance (*, p < 0.05; **, p <
0.01; **x, p<0.001; **** p <0.0001). B. No significant changes were observed in
immunoblots (B1) or normalized protein expression (B:z) for the vesicular acetylcholine
transporter (VAChT; n=6 per group; vinculin was the loading control). C. Representative
immunoblots (C1) and relative protein expression (Cz) indicate that the reduction in M1 receptor
protein induced by ovariectomy was prevented by administration of E2.
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Figure 4.2. Ovariectomy reduces cholinergic modulation of excitatory synapses. The
acetylcholinesterase inhibitor eserine differentially modulates field excitatory postsynaptic
potentials (fEPSPs) in the lateral entorhinal cortex in brain slices obtained from intact rats (A),
ovariectomized rats (B), and ovariectomized rats with E2 capsules (C). A. Representative
averaged fEPSPs from a slice obtained from an intact rat (A1) are shown for the baseline period
(trace 1), 28 min after onset of application of 10 uM eserine (trace 2), and at the end of the
recording period (trace 3). Traces are averages of five consecutive responses. In slices from
intact rats, mean fEPSP amplitude was reduced following application of eserine (black bar; n =
13) (A2). The inset diagram shows typical locations of the stimulating (*) and recording (circle)
electrodes in horizontal slices of the lateral entorhinal cortex. Numbers indicate the times at
which traces in A1 were obtained, and bars indicate + one standard error of the mean. B.
Representative averaged traces are shown for a slice obtained from an ovariectomized rat (B1),
and changes in mean amplitude of fEPSPs in the group of slices are shown (B2; n = 10). C.
Representative traces (C1) and averaged changes in mean fEPSP amplitude (C2, n = 10) are
shown for a group of slices obtained from ovariectomized rats that received E2 replacement.
Reductions in fEPSP amplitude induced by eserine were significantly smaller in ovariectomized
rats versus either intact rats or ovariectomized rats that received E2 replacement, both 25-30 min

and 50-55 min after eserine application (p <0.05).



CHAPTER 5

GENERAL DISCUSSION
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Estrogens are primarily characterized as reproductive hormones, but they also contribute
to cognitive processes including spatial navigation, object recognition and memory, and social
learning (Hamson et al., 2016). The application of estrogen to the hippocampus can result in
rapid increases in synaptic strength (Oberlander & Woolley, 2016), and loss of estrogens can
result in cognitive disruptions associated with changes in the hippocampus and cholinergic
systems (Hamson et al., 2016). The changes in cognitive function associated with estrogens have
often been attributed to the modulatory effects of estrogen in the hippocampus. However, the
entorhinal cortex contributes to cognitive and mnemonic functions of the medial temporal lobe,
and and it is likely that modulation of synaptic function in the entorhinal cortex contributes to the
cognitive effects of estrogens. This thesis explored the role of ovarian hormones, particularly
estrogens, to the modulation and maintenance of synaptic function within the entorhinal cortex.
Findings indicate that estrogens can have rapid effects on excitatory synaptic transmission in
layers II/I1I of the entorhinal cortex through the activation of GPER1 receptors, and through a
resulting inhibition of inhibitory synaptic transmission. Although there is a great deal of work
exploring the effects of estrogens on the hippocampus (Kumar & Foster, 2020), this thesis has
made a fundamental contribution to understanding how ovarian hormones affect the entorhinal
cortex.

To better understand the contribution of ovarian hormones to synaptic function in
entorhinal cortex, Chapter 2 explored the effect of ovarian hormones on excitatory transmission
using electrically evoked excitatory postsynaptic field potentials (fEPSPs), a measure of synaptic
transmission in layers I and II of the entorhinal cortex (Batallan Burrowes et al., 2021).
Recordings consisted of a 10-min period of stable baseline recordings, followed by a 20-min
exposure of 17f3-estradiol (E2), progesterone, or allopregnanolone perfused through the bath, and
a 30-min wash-off period to assess the reversibility of any effects. There was no effect of
progesterone during the 20-min application period, but E2 did significantly increase the
amplitude of fEPSPs, and this effect dissipated during the wash. To determine which estrogen
receptors (ERs) contributed to this effect, selective ERa, ER3, and GPER1 agonists were applied
during the 20-min exposure period. Only application of the GPER1 agonist, G1, significantly
increased fEPSPs similarly to E2, suggesting that activation of GPER1 receptors drives the
facilitation of fEPSPs and excitatory synaptic transmission. This was further supported by the
inability of E2 to facilitate fEPSPs in the presence of the GPER1 antagonist G15. These data
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were the first to demonstrate the effects of ovarian hormones on excitatory synaptic transmission
in the entorhinal cortex.

The findings from Chapter 2 demonstrated that estrogen induces a moderate increase in
excitatory synaptic strength that is mediated by GPERI1 receptors, but it did not demonstrate how
this effect is expressed at excitatory synapses. The stability of the paired-pulse ratio before and
during application of estrogen suggested that the increase in synaptic strength was expressed by
an increased postsynaptic responsiveness, as opposed to an increased presynaptic release of
glutamate. Postsynaptically, excitatory synaptic strength can be increased through increased
activation of AMPA and/or NMDA glutamate receptors, but it could also result from a reduction
in inhibitory synaptic transmission. In the hippocampus, previous research has shown that
estrogen can have rapid effects on AMPA receptors (M. M. Khan et al., 2013), NMDA receptors
(Tanaka & Sokabe, 2013), and can also suppress inhibitory transmission (Tabatadze et al., 2015).
Importantly, Woolley and colleagues (G. Z. Huang & Woolley, 2012; Smejkalova & Woolley,
2010; Tabatadze et al., 2015) have found reduced inhibitory synaptic transmission can result in
an increase in postsynaptic excitability. Although increased levels of E2 facilitated excitatory
synaptic transmission in the entorhinal cortex via activation of GPER1 in Chaper 2, it was not
clear how postsynaptic GPER1 modulated synaptic mechanisms to facilitate fEPSP.

Chapter 3 explored the effects of E2 on NMDA- and AMPA-mediated excitatory
postsynaptic currents (EPSCs) and GABAa-mediated inhibitory postsynaptic currents (IPSCs) in
entorhinal cortex principal neurons using whole-cell patch-clamp recordings. Similar to Chapter
2, following stable baseline recordings, E2 was perfused for a 20-min period, followed by a 20-
min wash. Results showed no significant change to isolated AMPA-mediated EPSCs during E2
exposure, but did show significantly reduced NMDA-mediated EPCSs and GABAa-mediated
IPSCs. The change in IPSCs reversed towards baseline levels during the wash; however,
NMDA-mediated EPSCs, did not show any signs of reversing, indicating a more persistent
decrease in EPCSs. These findings therefore strongly suggest that activation of GPER1 receptors
results in the facilitation of synaptic strength in layer II/III of the entorhinal cortex through a
reduction in synaptic inhibition. These results provide insight into the mechanisms through
which estrogens may modulate cognition in the entorhinal cortex.

The final experiments in this thesis examined the long-term effects of the loss of

estrogens in ovariectomized female rats. The loss of estrogens is believed to contribute to
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cognitive decline as a result of dysregulation of neuromodulatory transmitter systems (Ch’ng et
al., 2020; Hwang et al., 2020), including the cholinergic system (Hammond & Gibbs, 2011). The
loss of estrogens has been linked to a dysregulation and impairment of cholinergic function in
various regions, including the hippocampus (Hammond et al., 2011) Gibbs and colleagues have
shown how prolonged loss of estrogens following ovariectomy reduces the density of cholinergic
neurons and projections from the basal forebrain and impairs cholinergic transmission to the
hippocampus (Gibbs, 1998; Gibbs et al., 2014; Hammond et al., 2009, 2011). Cholinergic
transmission is important for cognitive and mnemonic function within the hippocampus and
entorhinal cortex (Hasselmo, 2006). The loss of cholinergic inputs to the entorhinal cortex could
alter excitatory synaptic function and interfere with the cognitive processes mediated by the
entorhinal cortex. However, the effects of the prolonged loss of estrogens on synaptic and
cholinergic function in the entorhinal cortex were not known.

Chapter 4 examined the effects of ovariectomy on proteins associated with cholinergic
function and its impact on the cholinergic modulation of excitatory synaptic responses (Batallan
Burrowes et al., 2022). Western blots were used to measure differences in concentrations of
acetylcholinesterase (AChE), vesicular acetylcholine transporter (vAChT), and M1 receptor
protein in groups that received ovariectomywith and without E2 replacement, and in intact
female rats. Rats that underwent ovariectomywithout E2 replacement had significantly lower
concentrations of AChE and M1 in comparison to intact females and ovariectomy animals
receiving E2 replacement, although vAChT did not change. This supports the idea that prolonged
loss of estrogens significantly impairs cholinergic function in the entorhinal cortex. To assess the
functional impact of changes in cholinergic transmission, changes in fEPSPs were measured
during application of eserine (physostigmine), a AChE inhibitor. Because AChE degrades
acetylcholine released in the synapse, the inhibition of AChE by eserine prolongs the synaptic
presence of acetylcholine and increases its activity (Mans et al., 2014). Previous work has shown
that increased acetylcholine activity supresses the release of glutamate via activation of
presynaptic M1 recptors and reduces excitatory synaptic transmission (Barrett & Chapman,
2013). Accordingly, recordings collected from all rats exhibited a significant decrease in fEPSP
amplitude following application of eserine. However, intact rats and ovariectomy rats with E2
replacement showed significantly greater reductions in fEPSPs as compared to rats that received

ovariectomy only. The disparity in cholinergic modulation of fEPSPs suggests that cholinergic
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function is reduced in rats following ovariectomy and that E2 supplementation may prevent or

decrease the severity of this alteration or impairment.

Loss of estrogens and menopause
Results of Chapter 4 point to important estrogen-dependent alterations in synaptic

function in the entorhinal cortex following ovariectomy. Although this is likely to contribute to
cognitive alterations associated with loss of estrogens in an important way, there are multiple
neurophysiological alterations that occur throughout the brain following reductions in ovarian
hormones. The primary neurophysiological mechanisms through which natural and surgical loss
of estrogens affect cognitive and synaptic function throughout the brain are still not entirely
clear. Clinical studies of cognitive function in premenopausal individuals transitioning to
menopause and postmenopausal individuals report inconsistent results, with some reporting a
significant change, transient change, or no change (Newhouse & Dumas, 2015). This
inconsistency may be due to individual variations in genetics, medical history, parity, and
lifestyle, that are not always considered in each study (Engler-Chiurazzi et al., 2017). Animal
models also demonstrate a degree of inconsistency which can be attributed to subtle differences
in methodology or individual differences in the type of animal, sex, and strain used
(Hadjimarkou & Vasudevan, 2018; Hara et al., 2015).

In the basal forebrain, work by Gibbs and colleagues demonstrated how cholinergic
function is modulated by the estrous cycle (Gibbs 1996) and provides significant benefit in the
maintenance of cholinergic neuron function and projections (Hammond et al., 2009, 2011;
Kompoliti et al., 2004). The loss of estrogens following ovariectomy results in significant
decreases in synaptic spine densities in the hippocampus, reduced cholinergic cell bodies in the
basal forebrain, and disrupts cholinergic transmissions and projections from the basal forebrain
to the hippocampus (Hammond et al., 2011). There are also decreases in the concentration of
BDNF (Kiss et al., 2012), reduced estrogen receptor expression and density (J. Wang et al.,
2018), impaired mitochondrial function (W. Zhao et al., 2021), and increases in proinflammatory
cytokines (T. Zhao et al., 2016). Supplementation of estrogens in animal models has been shown
to prevent or rescue cognitive impairments and synaptic dysfunction induced by ovariectomy
(Hammond & Gibbs, 2011). Gibbs et al. (2014) have attributed the loss of cognitive function in

part to loss of basal forebrain cholinergic neurons, and a resulting loss of cholinergic inputs to
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the hippocampal region (Hammond et al., 2011). The present results suggest these effects may be

partly due to disruption of cholinergic inputs to the entorhinal cortex.

Impact of estrogens in the entorhinal cortex on cognitive function
The entorhinal cortex is a site of convergence of inputs from primary and secondary

cortical areas. It receives strong inputs from the primary olfactory (piriform) cortex, perirhinal,
and postrhinal cortices, which carry visual, auditory and associational inputs (Nilssen et al.,
2019). Modulation of synaptic transmission in the entorhinal cortex may therefore affect the
strength or salience of cortical inputs to the entorhinal cortex, and may also affect the manner in
which this information is integrated. The entorhinal cortex is also well known to provide the
largest cortical input to the hippocampus (Nilssen et al., 2019). Chapter 2 of this thesis
determined that 173-estradiol rapidly facilitates synaptic responses in layer 1I/I1I entorhinal
neurons (Batallan Burrowes et al., 2021). Layer II neurons project via the perforant path to the
dentate gyrus of the hippocampus, and layer III entorhinal neurons project to hippocampal CA3
and CA1 regions via the temperoammonic pathway (Burwell, 2000). Increases in the synaptic
activation of entorhinal neurons that project from the entorhinal cortex to the hippocampus may
therefore affect the manner in which integrated representations in the entorhinal cortex are
projected to the hippocampus. This could increase the salience of these representations in the
hippocampus and affect the manner in which they are processed and remembered.

Results obtained from both rats and people demonstrate shifts in cognitive strategy
dependent on the reproductive cycle phase and the concentration of circulating estrogens. Work
by Korol and colleagues (2004) shows how the estrous cycle can influence the preferred
cognitive strategies rats use to solve the elevated plus maze, with proestrus and high estrogens
promoting place-based strategies, while estrus promoted the use of response-based strategies.
Similar shifts are observed in ovariectomized rats receiving control (low E) or replacement (high
E) injections (Korol & Kolo, 2002). The changes in strategies associated with estrogen in rats
suggests that increased estrogen promotes the use of strategies that are dependent on the
hippocampal formation. This is consistent with the enhancing effects of estrogen on synaptic
excitability in the hippocampus (Kumar et al., 2015; Oberlander & Woolley, 2016). In addition,
however, the entorhinal cortex is thought to be strongly involved in spatial memory and
navigation through the contribution of grid cells in the entorhinal cortex (Knierim et al., 2013).

The results presented in this thesis show that estrogen can also enhance synaptic excitability in
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the entorhinal cortex. This suggests that the shift in cognitive strategies to the use of spatial
strategies during periods of higher levels of estrogen may to some degree involve the

enhancement of excitatory synaptic responses in the entorhinal cortex.

Future Directions
Chapters 2 and 3 of this thesis demonstrated faciliatory effects of estrogens on synaptic

transmission in the entorhinal cortex through activation of membrane-bound GPER1 receptors,
and through a suppression of inhibitory transmission. The intracellular signalling mechanisms
through which the activation of GPER1 receptors leads to changes in inhibitory synaptic
transmission, however, are not yet clear. This could involve increased release of calcium from
internal stores in the endoplasmic reticulum (Waters et al., 2015), modulation of other second
messenger cascades including ERK and endocannabinoid signalling (Tabatadze et al., 2015),
and/or the modulation of synaptic signalling mechanisms like neurotransmitter packaging,
release, metabolism, or receptor activity (Oberlander & Woolley, 2016). GPER1-induced
alteration of inhibitory synaptic transmission is not the only mechanism through which estrogens
may facilitate excitatory synaptic transmission. Whole-cell recording experiments are needed to
assess the contributions of alternative mechanisms through which estrogens may rapidly
facilitate synaptic transmission. Given the relatively high expression of ER[} receptors in the
entorhinal cortex and their probable colocalization with interneurons subtypes (Kritzer, 2002;
Waters et al., 2015), it is also of interest to understand how estrogens may affect inhibitory
interneuron networks through activation of ER receptors. This could be approached using a
combination of selective ER} agonists labeling of parvalbumin positive interneurons with a
fluorescing protein to allow for the selective targeting of parvalbumin interneurons that may
expresss ERP for electrophysiological recordings in layers V and VI of the entorhinal cortex
(Fernandez et al., 2022; Kritzer, 2002; Pisansky et al., 2019; Witter et al., 2017).

It is also important to confirm if the findings presented in chapters 2 and 3 also translate
to the medial entorhinal cortex. All of the work presented here was conducted exclusively within
the lateral entorhinal cortex, and suggests that estrogen may enhance functions of the lateral
entorhinal cortex such as object recognition and olfaction (Knierim et al., 2013). However, given

the distribution of GPERI1 receptors in both the medial and lateral entorhinal cortex (Waters et
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al., 2015) it is likely that similar effects on synaptic transmission could also occur in the medial
entorhinal cortex and affect spatial navigation and mapping (Nilssen et al., 2019).

The entorhinal cortex is an integral part of the hippocampal region (Nilssen et al., 2019),
and it is also important to understand how the effects of estrogen in the entorhinal cortex may
impact hippocampal function. Neurons in the superficial layers of the entorhinal cortex project to
the dentate gyrus and hippocampus, and it is therefore likely that effects of estrogens in the
entorhinal cortex may result in increased excitability in the hippocampus. Experiments could be
conducted ex vivo, using multi-electrode arrays to record changes in network activity induced by
estrogen across the entorhinal and hippocampal regions (Becchetti et al., 2012; Kim et al., 2006).
If estrogen-dependent increases in the activity of entorhinal neurons impact the activity of
hippocampal neurons, this may be a way in which the coding of spatial and environmental
stimuli within the entorhinal cortex may contribute to improved hippocampal-dependent
cognitive function.

To further elucidate the role of ovarian hormones on synaptic function in the entorhinal
cortex, further experiments are required to assess the effects progestogens in the entorhinal
cortex. Although the female rats used in Chapter 2 were primed with E2 injections to increase
progesterone receptor densities prior to recording (Guerra-Araiza et al., 2002; Micevych &
Sinchak, 2008; Parsons et al., 1980), there were no effects of progesterone on fEPSPs in the
entorhinal cortex. It is possible that progesterone does not have rapid effects on neuronal
function in the entorhinal cortex, but rather induces slower genomic effects on entorhinal
neurons. Future studies should explore the use of whole-cell recordings to better detect possible
rapid effects of progesterone on synaptic potentials and neuronal excitability (Edwards et al.,
2000). Further work could also be done to study the effects of allopregnanolone, which is a
major a metabolite of progesterone. The effects of allopregnanolone are not dependent upon
progesterone receptors as allopregnanolone can directly enhance inhibition via activation of
ionotropic GABA receptors (Gonzalez-Orozco & Camacho-Arroyo, 2019; Nin et al., 2011;
Wang, 2011). Whole-cell recordings of IPSCs in the presence of allopregnanolone could assess
possible changes inhibitory synaptic transmission that may occur in individual cells.

Changes in the concentration of estrogens and cholinergic function associated with ovariectomy
may have important implications for the neuropathology of Alzheimer’s Disease (AD). AD is

more common in women than in men, and estrogens are thought to provide some
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neuroprotection against the development and progression of AD, while loss of estrogens may
increase susceptibility to AD in woman after menopause (Hamson et al., 2016). Early signs of
AD neuropathology have been reported in the entorhinal cortex (Khan et al., 2014), and
understanding how estrogens may protect against mechanisms of AD in the entorhinal cortex can
inform our understanding of AD development and treatment. Furthermore, estrogens promote
cholinergic function within the basal forebrain where cholinergic neurons are located, and within
cholinergic projection areas in the medial temporal lobe (Hammond & Gibbs, 2011; Kondo &
Zaborszky, 2016). The loss of estrogens following menopause may therefore impair cholinergic
function and may contribute to the symptomatology of AD (Newhouse & Dumas, 2015). These
factors, combined with the accumulation of amyloid 3 protein (A) in the entorhinal cortex,
likely contribute to the neurodegeneration and cognitive impairment that females experience
early in AD (Hamson et al., 2016). However, further study of the interactions between
cholinergic function, estrogens, and A in the entorhinal cortex is necessary to better understand
the development of early AD pathology. Of particular interest is their impact on synaptic
function and transmission, and how risk factors associated with individual and experiential

differences, such as parity, may influence AD progression.
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