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Abstract 

The neuroactive steroid hormone 17β-estradiol (E2) modulates synaptic activity and plasticity in 

both endocrine and non-endocrine forebrain regions of males and females of a variety of species. Research 

conducted in songbirds has established that E2 is rapidly synthesized in the auditory forebrain in response 

to salient auditory experience, and this locally-synthesized E2 contributes to auditory signal processing and 

learning. Despite the role of E2 in auditory processing and learning, together with its effects on synaptic 

activity and plasticity in non-sensory regions of the mammalian forebrain, particularly the hippocampus, 

the modulatory actions of E2 on synaptic plasticity mechanisms underlying learning and memory have not 

been directly investigated in the mammalian auditory forebrain.  

The studies described in this thesis examined the modulatory role of E2 in synaptic activity and 

plasticity in the rodent auditory forebrain. First, immunohistochemistry (IHC) was used to characterize 

neocortical expression of the estrogen synthetic enzyme aromatase in adult male rats. Aromatase was 

expressed by a large population of neurons in medial prefrontal cortex (mPFC), primary somatosensory 

cortex (S1), primary auditory cortex (A1), and primary visual cortex (V1). Next, in vivo field recordings 

were used to determine the effects of acute, bidirectional E2 manipulations on short- and long-term synaptic 

plasticity (paired-pulse responses and long-term potentiation; LTP) in A1. E2 significantly reduced the 

threshold for LTP induction at layer IV, thalamocortical synapses, whereas suppression of local E2 

production by aromatase inhibition significantly reduced LTP induction at layer II/III, intracortical 

synapses. Acute E2 manipulations did not significantly alter paired-pulse responses in A1, suggesting a 

postsynaptic locus of the modulatory effects of E2 on LTP. Finally, ex vivo whole-cell recordings were used 

to explore the mechanisms underlying the E2-dependent modulation of LTP in A1. Agonist-evoked 

excitatory and inhibitory synaptic currents in A1 were sensitive to bidirectional E2 manipulations in a layer-

specific manner, suggesting a role for E2 in maintaining the balance of excitation and inhibition in this 

region. These findings further our understanding of the modulatory role of E2 in sensory system function 

and plasticity and have broad implications for the study of learning and memory. 
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Chapter 1 

General Introduction 

 

1.1 Preamble 

The ability of the nervous system to change in response to experience has afforded humans our 

remarkable ability to adapt to complex and dynamic environments. This capacity for change, termed 

plasticity, is undoubtably among the most fascinating features of our nervous system. Plasticity, however, 

is not observed solely in humans. Indeed, a striking range of organisms, from invertebrate sea slugs and 

roundworms to higher mammals, exhibit a considerable degree of nervous system plasticity.  

Plasticity is manifested across a variety of spatial and temporal domains. Rapid, molecular-level 

synaptic changes mediate signal processing and information storage, while slow, system-level circuit 

reorganizations underlie experience-dependent brain maturation and adaptation to neurological disease or 

injury. Plasticity impairments are implicated in numerous neuropsychiatric conditions that afflict humans 

throughout their lifespan, including autism, dystonia, chronic pain, Parkinson’s disease, and Alzheimer’s 

disease. With its many manifestations and outcomes, neural plasticity has been the topic of a considerable 

research effort since the infancy of psychology and neuroscience. 

Perhaps the most captivating forms of plasticity are the rapid, activity-dependent synaptic 

modifications that enable learning and memory. Long-lasting changes in synaptic efficacy have long been 

believed to underlie learning and memory, well before empirical evidence for such plasticity was gained 

through the pioneering experiments of Bliss and colleagues (Bliss & Gardner-Medwin, 1973; Bliss & 

Lømo, 1973). Since the discovery of two forms of long-term synaptic plasticity, long-term potentiation and 

long-term depression (LTP/LTD), neuroscientists have accumulated a treasure-trove of insights into the 

neural underpinnings of enduring synaptic modifications. Despite this, many features of long-term synaptic 

plasticity have yet to be fully elucidated. For instance, synaptic plasticity can be modulated by a variety of 

neurochemicals, of which we have likely explored only a small percentage. This thesis details studies 
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conducted to clarify the modulatory actions of one such neurochemical - 17β-estradiol (E2) - on synaptic 

activity and plasticity.  

This thesis details three studies conducted to explore the role of the steroid sex hormone E2 as a 

modulator of synaptic transmission and short- and long-term synaptic plasticity in the mammalian brain. 

These studies combined molecular and in vivo and ex vivo electrophysiological techniques to explore the 

potential modulatory function of brain-generated E2 in the sensory neocortex of adult male rats. In the first 

study, we assessed the expression of the estrogen synthetic enzyme aromatase within the adult rat neocortex 

using 3,3’-diaminobenzedine (DAB) and fluorescent immunohistochemistry (IHC). In the second study, 

we examined the effects of acute, bidirectional manipulations of local E2 concentrations on short- and long-

term synaptic plasticity in the primary auditory cortex (A1) using paired-pulse stimulation and LTP 

induction in vivo. In the third study, we explored the mechanistic basis of E2-dependent modulation of LTP 

in A1 by examining the effects of bidirectional E2 manipulations on synaptic currents and neuronal 

excitability using whole-cell recordings in an ex vivo acute slice preparation.  

Together, these studies demonstrated that the sensory neocortex of adult male rats is a site of E2 

synthesis and that E2 exerts rapid effects on synaptic activity and long-term synaptic plasticity in A1. These 

findings contribute to an extensive body of literature pertaining to the chemical modulation of synaptic 

plasticity in the mammalian cortex. Furthermore, they strengthen the theory that sex steroids play important 

modulatory roles in synaptic activity and plasticity in sensory systems.  

  

 1.2 Neural Plasticity  

 Neural plasticity refers to the ability of neurons and their functional connections to undergo changes 

in their anatomical, chemical, and physiological properties. Plasticity processes are critical for the 

maturation of neural circuits, learning and memory, and recovery from brain injury. The nervous system is 

most plastic early in development during temporal windows known as sensitive periods, before neural 

circuits have undergone significant experience-dependent maturation (Knudsen, 2004). Despite a 
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precipitous decline in plasticity levels over postnatal development, the adult nervous system maintains a 

considerable degree of plasticity and can undergo enduring changes in response to experience or injury. 

Throughout development, numerous plasticity processes occur within the central nervous system, mediated 

by mechanisms ranging from cellular and molecular changes such as synapse formation, growth, and 

pruning, to large-scale circuit reorganizations such as experience-driven topographic maturation of primary 

sensory cortices. Both small and large-scale changes occur over temporal domains ranging from 

milliseconds to hours, days, months, or longer (Feldman, 2009; Zucker & Regehr, 2002) and underlie a 

diverse range of effects related to cognition, emotion, and behaviour.   

Synaptic plasticity refers to activity-dependent changes in the strength, or transmission efficacy, of 

existing synapses. Synaptic plasticity occurs in various forms, depending on the nervous system region and 

initiating stimulus, and multiple types of synaptic plasticity exist simultaneously at nearly all excitatory and 

inhibitory synapses (Citri & Malenka, 2008). Short-term synaptic plasticity occurs over milliseconds to 

minutes and contributes to sensory adaptation and short-term information storage. Short-term synaptic 

plasticity mechanisms include very rapid (<1 s) synaptic facilitation and depression following pairs of 

stimulation pulses (i.e., paired-pulse facilitation/depression; PPF/PPD) and longer-duration (several 

seconds to minutes) facilitation and depression following brief trains of tetanic stimulation (i.e., synaptic 

augmentation and post-tetanic potentiation/depression). Long-term synaptic plasticity, in contrast, refers to 

prolonged modifications of synaptic efficacy that underlie lasting experience-dependent neural circuit 

changes and information storage.  

 

1.2.1 Long-Term Synaptic Plasticity  

In 1949, the Canadian psychologist Donald Hebb proposed a theoretical model for the neural basis 

of experience-dependent plasticity and memory (Hebb, 1949). Hebb asserted that when one neuron is 

repeatedly involved in the activation of another neuron, their connection is strengthened and chemical 

transmission between them becomes more efficient. This synaptic strengthening produces neural circuits, 
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or “cell assemblies”, capable of sustaining reverberatory activity following removal of the initiating 

stimulus. Once a cell assembly is formed, activation of one component will activate the entire assembly 

and, ultimately, drive long-lasting synaptic strengthening within the assembly. It would take over two 

decades for Hebb’s theoretical model to gain empirical support, yet it immediately became one of the most 

influential models for experience-dependent synaptic change.  

In the early 1970s, while working in Per Andersen’s laboratory in Oslo, Tim Bliss and colleagues 

demonstrated for the first time that high-frequency neuronal activity patterns could elicit long-lasting 

synaptic strengthening (Bliss & Gardner-Medwin, 1973; Bliss & Lømo, 1973). Brief bursts of high-

frequency stimulation to the perforant path of anesthetized and awake rabbits resulted in a long-lasting 

increase in the amplitude of postsynaptic responses recorded in the dentate gyrus. This phenomenon would 

later be termed long-term potentiation (LTP), to refer to a long-lasting enhancement of synaptic efficacy 

that results from repetitive, high-frequency activation of synaptic afferents. LTP, together with the 

functionally opposite process long-term depression (LTD; Dudek & Bear, 1992), is currently the most 

widely accepted cellular correlate of learning and memory (Martin, Grimwood, & Morris, 2000; Martin & 

Morris, 2002; Takeuchi, Duszkiewicz, & Morris, 2014). 

Since the discovery of LTP, remarkable progress has been made in characterizing the cellular and 

molecular changes that underlie activity- and/or experience-dependent alterations in synaptic efficacy. 

Several forms of LTP and LTD have been documented throughout the mammalian central nervous system, 

each involving different molecular mechanisms during induction, expression, and maintenance. The most 

well-studied form of LTP is N-methyl-D-aspartate receptor (NMDAR)-dependent LTP at CA3-CA1 

Schaffer collateral synapses in the hippocampus (Lüscher & Malenka, 2012). This form of synaptic 

plasticity has attracted the most attention for its role in learning and memory and so will be the focus of the 

subsequent sections. For reviews of the molecular events that mediate other forms of LTP, as well as LTD, 

the reader is referred to thorough reviews by Malenka and Bear (2004) and Citri and Malenka (2008).  
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1.3 Mechanisms of NMDAR-Dependent LTP 

At most excitatory synapses, two classes of ionotropic glutamate receptors contribute to the 

excitatory postsynaptic potential, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors 

(AMPARs) and NMDARs. Both AMPARs and NMDARs are tetrameric, ligand-gated cation channels. 

AMPARs may exist as either heteromers or homomers composed of a combination of GluA1-4 subunits 

and most contain at least one GluA2 subunit (Hollmann & Heinemann, 1994). In contrast, NMDARs exist 

as heteromers composed of two obligatory glycine-binding GluN1 subunits and two glutamate-binding 

GluN2A-D subunits or GluN3A-B subunits (Hollmann & Heinemann, 1994; Paoletti, Bellone, & Zhou, 

2013). Activation of each receptor causes strong Na+ influx and weak K+ efflux, resulting in postsynaptic 

cell depolarization. AMPAR activation causes rapid and transient cellular depolarization that lasts for only 

a few milliseconds, whereas NMDARs have relatively slow deactivation kinetics depending on their 

subunit composition (Vicini et al., 1998). Due to the presence of GluA2 subunits, most AMPARs are highly 

permeable only to monovalent cations (Hollmann & Heinemann, 1994), whereas NMDARs are permeable 

to both monovalent and divalent cations, such as Ca2+.  

AMPAR activation mediates most fast excitatory neurotransmission at resting membrane 

potentials, as most of the inward current that elicits postsynaptic responses enters via the AMPAR ion 

channel. This is because the NMDAR channel is blocked by extracellular Mg2+ at resting membrane 

potentials (Mayer, Westbrook, & Guthrie, 1984; Nowak, Bregestovski, Ascher, Herbet, & Prochiantz, 

1984). Thus, NMDAR activation requires both the binding of glutamate and the co-agonist glycine (or D-

serine) and sufficient membrane depolarization to relieve the voltage-sensitive channel block. When the 

postsynaptic neuron is sufficiently depolarized, Mg2+ is repelled from the NMDAR channel and Na+, K+, 

and Ca2+ move through the channel along their respective electrochemical gradients. Strong Ca2+ influx 

triggers LTP by activating intracellular signalling cascades that lead to increased synaptic efficacy. Because 

NMDAR conductance is both ligand- and voltage-dependent (with maximal conductance at positive 

membrane potentials), the pre- and postsynaptic neurons must be simultaneously active for LTP induction. 



 

6 

 

Based on this requirement, the NMDAR functions as a molecular Hebbian coincidence detector, signalling 

concurrent pre- and postsynaptic neuron activity. 

In the presence of presynaptic glutamate release, postsynaptic Ca2+ influx can also occur at or close 

to the resting membrane potential, because the Mg2+ block of the NMDAR channel is incomplete at resting 

membrane potentials (Jahr & Stevens, 1993) and the equilibrium potential for Ca2+ is much higher than 

resting membrane potentials. Thus, small amounts of Ca2+ can pass through NMDAR channels when the 

presynaptic neuron is active and the postsynaptic neuron is at rest, as occurs during low-frequency 

stimulation. The amount of postsynaptic Ca2+ influx is now understood to dictate whether LTP or LTD is 

induced at a given synapse. Robust NMDAR activation and Ca2+ influx are required to activate protein 

kinases involved in LTP induction and maintenance, such as Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), cAMP-dependent protein kinase (protein kinase A; PKA), mitogen-activated protein kinase 

(MAPK), and the protein-kinase C (PKC) isozyme PKMζ (Malenka, 1994; Ling et al., 2002; Thomas & 

Huganir, 2004). In contrast, weak NMDAR activation and modest Ca2+ influx preferentially activate protein 

phosphatases that contribute to LTD induction and maintenance, such as protein phosphatases 1, 2A, and 

2B (Morishita et al., 2001; Mulkey, Endo, Shenolikar, & Malenka, 1994; Mulkey, Herron, & Malenka, 

1993). These kinase and phosphatase cascades ultimately result in AMPAR phosphorylation and 

dephosphorylation and long-lasting increases and decreases in synaptic strength, respectively (Figure 1.1). 

The temporal evolution of LTP can be divided into multiple phases, distinguished by their 

molecular mechanisms and duration of expression. The early phase of LTP lasts for approximately 1 hour 

and is mediated by kinase activity, AMPAR phosphorylation, and AMPAR redistribution within the 

postsynaptic density (PSD). First, Ca2+ binds to the messenger protein calmodulin forming Ca2+/calmodulin, 

which activates adenylyl cyclase and CaMKII. CaMKII subsequently undergoes autophosphorylation at 

multiple sites, including Thr286, Thr287, and Thr382, allowing it to transition to a Ca2+-independent active 

state (Giese, Fedorov, Filipkowski, & Silva, 1998; Lisman & Goldring, 1988; Miller, Patton, & Kennedy, 

1988). Activated CaMKII phosphorylates membrane AMPARs at Ser831 of the GluA1 subunit, increasing 
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their single-channel conductance (Derkach, Barria, & Soderling, 1999; Kristensen et al., 2011). AMPAR 

subunits are also phosphorylated by other kinases such as PKA and PKC at multiple sites, including Ser845 

and Ser818. Phosphorylation at these sites contributes to AMPAR trafficking and membrane insertion 

(Boehm et al., 2006; Man, Sekine-Aizawa, & Huganir, 2007). AMPARs are trafficked from local pools in 

the dendritic spine into the PSD via lateral diffusion from perisynaptic sites. AMPAR localization within 

the synaptic membrane is mediated by interactions with multiple proteins, including members of the 

transmembrane AMPAR regulatory protein (TARP) family and membrane-associated guanylate kinases 

(MAGUKs; Esteban, 2008). AMPAR phosphorylation and redistribution occurs following LTP induction 

and is critical for LTP expression (Barria, Muller, Derkach, Griffith, & Soderling, 1997; Lee et al., 2003; 

Lee, Barbarosie, Kameyama, Bear, & Huganir, 2000; Man et al., 2007). 

The late phase of LTP begins 1-2 hours after LTP-induction and lasts at least 5-6 hours (Frey et al., 

1993). Late-phase LTP is characterized by structural changes to the synapse, which require gene 

transcription and protein synthesis (Frey et al., 1993). Protein kinases activated by cAMP, including PKA 

and MAPK, activate immediate early genes and transcription factors such as cAMP response element 

binding protein (CREB). In the nucleus, these transcription factors initiate the synthesis of proteins required 

for LTP maintenance, such as activity-regulated cytoskeleton-associated protein (Arc), PKMζ, and 

AMPAR subunits (Abraham & Williams, 2008; Nayak, Zastrow, Lickteig, Zahniser, & Browning, 1998). 

The dependence of late-phase LTP on protein synthesis is evidenced by findings that protein synthesis 

inhibitors such as actinomycin D prevent LTP maintenance and result in a gradual decay of LTP, 

particularly when applied immediately before or shortly after LTP induction (Frey, Krug, Reymann, & 

Matthies, 1988; Frey, Frey, Schollmeier, & Krug, 1996; Nguyen, Abel, & Kandel, 1994). New RNA and 

proteins are sequestered within potentiated synapses identified by a temporary synaptic tag (Frey & Morris, 

1997). These proteins contribute to morphological changes that promote synaptic strength, including 

expansion of existing spines, PSDs, and presynaptic terminals, as well as the formation of new spines.
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Figure 1.1 Mechanisms of NMDAR-dependent LTP. Upon activation of AMPARs by glutamate, the postsynaptic neuron may become sufficiently 

depolarized to relieve the voltage-sensitive Mg2+ blockade of NMDAR channels. Ca2+ enters the postsynaptic neuron through the NMDAR channel 

and binds to calmodulin to form Ca2+/calmodulin. Ca2+/calmodulin activates CaMKII, which phosphorylates AMPARs and increases their single-

channel conductance. Ca2+/calmodulin also activates adenylyl cyclase, which increases the production of cAMP and activates kinases such as PKA 

and MAPK. These kinases phosphorylate AMPARs and promote their trafficking and membrane insertion, and trigger local protein synthesis and 

activation of transcription factors such as CREB. Retrograde signalling molecules, such as brain-derived neurotrophic factor (BDNF), nitric oxide, 

and endocannabinoids, may be released from the dendrite and act on the presynaptic terminal to modify transmitter release. Original artwork. 
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1.3.1 LTP Induction  

NMDAR-dependent LTP can be induced using a variety of electrical and chemical protocols. 

Chemically, LTP can be induced by pharmacological activation of postsynaptic glutamate receptors or 

proteins downstream of NMDAR activation and Ca2+ influx, such as adenylyl cyclase and cAMP-dependent 

protein kinases (Fujii et al., 2004; Otmakhov et al., 2004). More commonly, LTP is induced electrically, 

through several pre- and postsynaptic stimulation protocols. LTP is typically induced by applying single or 

multiple trains of high-frequency stimulation to afferent pathways to drive coincident activity of pre- and 

postsynaptic neurons (Bliss & Gardner-Medwin, 1973; Bliss & Lømo, 1973). LTP may also be induced by 

pairing protocols in which low-frequency presynaptic stimulation is paired with direct postsynaptic 

depolarization by intracellular current injection (Wigström, Gustafsson, Huang, & Abraham, 1986), or 

through spike-time dependent plasticity protocols in which presynaptic action potentials are elicited by 

afferent stimulation a few milliseconds before postsynaptic action potentials are generated by current 

injection (Bi & Poo, 1998; Dan & Poo, 2004). Another commonly employed paradigm for LTP induction 

in the hippocampus and neocortex is theta-burst stimulation (TBS). TBS, developed to mimic endogenous 

oscillatory activity in the hippocampus, involves multiple bursts of presynaptic high-frequency stimulation, 

with bursts presented at a theta frequency (~4-7 Hz).  

Compared to other forms of high-frequency stimulation, stimulation bursts repeated at a theta 

frequency most effectively elicit robust and non-decremental cortical LTP (Greenstein, Pavlides, & 

Winson, 1988; Larson, Wong, & Lynch, 1986; Rose & Dunwiddie, 1986). This is because this stimulation 

pattern optimally elicits the postsynaptic depolarization necessary to relieve the voltage-sensitive NMDAR 

channel block and concurrent presynaptic transmitter release to drive robust postsynaptic Ca2+ influx 

(Larson, & Munkácsy, 2015). Interestingly, a pattern of neuronal activation resembling that induced by 

TBS, termed “theta bursting” is naturally exhibited by CA1 pyramidal neurons during hippocampal-

dependent learning (Otto, Eichenbaum, Wible, & Wiener, 1991). The existence of learning-associated theta 

bursting suggests that TBS-induced LTP may represent a more physiological form of sustained synaptic 
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strengthening compared to LTP induced by other means, making it a desirable electrophysiological 

paradigm for investigating learning and memory processes.  

 

1.3.2 LTP and Memory  

The independent processes of LTP and LTD serve complimentary roles in experience-dependent 

modifications of synaptic strength and are thus widely considered cellular correlates of learning and 

memory. Several features of LTP and LTD support their roles as physiological mechanisms underlying 

memory in a variety of neuronal circuits, including rapid induction, input specificity, cooperativity, and 

associativity (Bliss & Collingridge, 1993). Furthermore, like memory, LTP and LTD can be expressed over 

various time scales ranging from several minutes to hours in vitro and multiple days, weeks, or longer in 

vivo (Abraham, 2003; Abraham, Logan, Greenwood, & Dragunow, 2002). In addition to LTP and memory 

sharing multiple features with respect to their induction and maintenance, numerous studies have revealed 

that manipulations that disrupt LTP also disrupt memory, and memory is often enhanced by manipulations 

that enhance LTP. Perhaps most importantly, behavioural learning can elicit LTP-like synaptic 

strengthening that occludes subsequent LTP induction in task-relevant brain networks.  

Early in vivo evidence for the role of LTP in behavioural learning came from spatial memory 

experiments completed by Richard Morris’ group in 1986. Morris and colleagues demonstrated that 

NMDAR activity is necessary for normal performance in a hippocampal-dependent spatial memory task. 

Using the newly developed Morris Water Maze (Morris, 1984), they observed that chronic intraventricular 

infusion of the NMDAR antagonist 2-amino-5-phosphonovaleric acid (APV) significantly impaired place 

learning in male rats (Morris, Anderson, Lynch, & Baudry, 1986). Consistent with this disruption of 

hippocampal-dependent spatial learning, the authors showed that chronic APV infusions also blocked 

hippocampal LTP induction in behaviourally-naïve rats in vivo. Numerous subsequent experiments have 

identified other key components of LTP induction and maintenance that are required for learning and 

memory in a variety of tasks, including postsynaptic Ca2+ influx, CaMKII activation, and protein synthesis 
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(Giese et al., 1998; Morris et al., 1986; Rodrigues, Schafe, & LeDoux, 2001). Compelling evidence for the 

link between LTP and behavioural learning has come from studies demonstrating that LTP and memory 

both mimic and occlude one another. Several studies have revealed that learning results in LTP-like changes 

in underlying neural circuits, and that electrically-induced LTP occludes and is occluded by learning (Cooke 

& Bear, 2010; Rioult-Pedotti, Friedman, Donoghue, 2000; Whitlock, Heynen, Shuler, & Bear, 2006). Such 

findings support the hypothesis that the same or very similar mechanisms underlie both stimulation-induced 

LTP and synaptic potentiation elicited by training in learning and memory tasks. 

It is important to note that the synaptic changes that occur during LTP induction and maintenance 

may not perfectly match those that naturally occur during information storage. Additionally, insights into 

the contributions of LTP to behavioural learning and memory gleamed from electrophysiology experiments 

may not generalize to learning and memory mechanisms that occur in nature. Nevertheless, LTP and LTD 

remain useful experimental models for characterizing the intracellular signalling events that underlie 

experience-dependent synaptic modification and information storage, and remain candidate mechanisms 

for learning and memory. 

 

1.3.3 Chemical Modulation of LTP  

The induction and maintenance of LTP are influenced by a variety of chemical and molecular 

factors known as mediators and modulators. A mediator is a factor that is required for LTP induction or 

maintenance. A component of the cellular machinery involved in LTP may be identified as a mediator based 

on two criteria, as described by Citri and Malenka (2008). First, preventing the activation of the component 

during LTP induction must block LTP. Second, activation of the component must be sufficient to induce 

synaptic strengthening in a manner that prevents subsequent LTP induction. Based on these criteria, 

CaMKII has been identified as a mediator of NMDAR-dependent LTP induction in the rodent 

hippocampus. Numerous in vitro investigations have shown that LTP induction is prevented in the absence 

of CaMKII activation and autophosphorylation (Giese et al., 1998; Malenka et al., 1989; Malinow, 
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Schulman, & Tsien, 1989; Silva, Stevens, Tonegawa, & Wang, 1992), and an increase in CaMKII activity 

is sufficient to enhance synaptic strength in a manner than occludes LTP induction by both a pairing 

protocol and tetanic stimulation (Lledo et al., 1995; Pettit, Perlman, & Malinow, 1994).  

Whereas mediators are components of the cellular machinery required for LTP, modulators are 

factors that influence LTP, but are not essential for its induction or maintenance across experimental 

conditions. Modulators can enhance or suppress LTP by altering the activity of receptors and signalling 

proteins and by facilitating or suppressing the transcription of plasticity-related genes. For example, 

neurochemicals such as acetylcholine, serotonin, histamine, dopamine, and norepinephrine influence LTP 

induction and maintenance in the rodent cortex (Dringenberg, Hamze, Wilson, Speechley, & Kuo, 2007; 

Kulla & Manahan-Vaughan, 2002; Kuo & Dringenberg, 2008; Luo et al., 2008; Navakkode et al., 2017; 

O'Dell, Connor, Guglietta, & Nguyen, 2015; Palacios-Filardo & Mellor, 2019). Notably, some of these 

neurochemicals can both facilitate and suppress LTP in a receptor subtype-dependent manner. 

Another important class of modulators of LTP is neuroactive sex steroids, particularly estrogens. 

As will be reviewed in the subsequent sections, estrogens exert marked effects on LTP, including reductions 

in the threshold for LTP induction and increases in the magnitude of LTP that can be induced under a 

variety of experimental conditions. Through their modulation of long-term synaptic plasticity in a variety 

of brain regions, estrogens are intimately associated with cognitive processes such as learning and memory. 

Thus, characterizing the role of these steroid hormones as modulators of synaptic function and plasticity 

will contribute to our understanding of general information storage processes that occur throughout the 

central nervous system.  

 

1.4 Estrogens   

 Estrogens are a group of steroid hormones primarily of gonadal origin. As potent female sex 

hormones, estrogens primarily regulate sexual development and reproduction; however, estrogens also play 

important roles in several non-endocrine systems including the cardiovascular system, skeletal system, 
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immune system, and nervous system. Within the nervous system, estrogens contribute to various 

reproductive and non-reproductive functions, including neuronal activity and plasticity, neuroprotection, 

emotion regulation, and cognition. There are three major naturally occurring forms of estrogen: estrone 

(E1), E2, and estriol (E3). E2 is the most potent and abundant estrogen in reproductive-age females and 

males. As such, E2 has been the focus of most estrogen research and will be the topic of the present review. 

 

1.4.1 Mechanisms of Action of E2 

The effects of E2 are primarily mediated through three estrogen receptors (ERs): the nuclear 

hormone receptors ERα and ERβ and the G-protein-coupled estrogen receptor (GPER). ERα was the first 

receptor to be identified in 1966 in rat uterine and breast tissue (Toft & Gorski, 1966) and cloned in 1986 

(Greene et al., 1986; Koike, Sakai, & Muramatsu, 1987). The mid-1990s saw the identification and cloning 

of a second nuclear ER, ERβ (Kuiper, Enmark, Pelto-Huikko, Nilsson, & Gustafsson, 1996). ERα and ERβ 

are encoded by the ESR1 and ESR2 genes, respectively, and both receptor isoforms exist as a variety of 

splice variants (Kim, Torcaso, Asimes, Chung, & Pak, 2018; Taylor, Martin-Hirsch, & Martin, 2010). ERα 

and ERβ display a high degree of sequence homology in both the DNA-binding domain (~95% sequence 

homology) and the C-terminal ligand-binding domain (~55% sequence homology), but differ considerably 

in the N-terminal domain and hinge region (Kuiper et al., 1996; Kumar et al., 2011). E2 exhibits similar 

binding affinity for both ERα and ERβ (Kuiper et al., 1996).  

In addition to the identification of ERβ, the 1990s witnessed the discovery of a third, membrane-

associated ER. This receptor was originally identified as an orphan G-protein-coupled receptor (GPCR) 

with no known ligand and called GPR30 (Carmeci, Thompson, Ring, Francke, & Weigel, 1997; Owman, 

Blay, Nilsson, & Lolait, 1996). Later experiments revealed that GPR30 specifically binds to both natural 

and synthetic estrogens (Meyer, Haas, & Barton, 2006; Revankar, Cimino, Sklar, Arterburn, & Prossnitz, 

2005), leading to its formal renaming to GPER in 2007. GPER is encoded by the GPER-1 gene and has no 

known splice variants (Carmeci et al., 1997). GPER is structurally unrelated to nuclear hormone receptors, 
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exhibiting the characteristic seven transmembrane domain structure of GPCRs. GPER also exhibits 

considerably lower binding affinity for E2 compared to both ERα and ERβ (Thomas et al., 2010).  

Each of the ERs is expressed by both neurons and glia, but differ in their subcellular distribution. 

ERα and ERβ are expressed within the cytoplasm, nucleus, and plasma membrane (Almey, Filardo, Milner, 

& Brake 2012; Almey, Milner, & Brake, 2015; McEwen et al., 2001), whereas GPER is primarily found in 

the plasma membrane and endoplasmic reticulum (Funakoshi, Yanai, Shinoda, Kawano, & Mizukami, 

2006). Within the mammalian brain, ERs are widely expressed in regions that mediate both endocrine and 

non-endocrine functions, including the hypothalamus, preoptic area, amygdala, thalamus, hippocampus, 

and neocortex, but the relative distribution of each receptor differs across regions and species and as a 

function of sex and estrous phase (Brailoiu et al., 2007; Mitterling et al., 2010; Montague et al., 2008; 

Shughrue, Lane, & Merchenthaler, 1997; Shughrue & Merchenthaler 2001; Shughrue, Scrimo, & 

Merchenthaler, 1998; Simerly, Swanson, Chang, & Muramatsu, 1990).  

E2 exerts both slow, genomic effects through interactions with cytosolic and nuclear ERα and ERβ 

and rapid, non-genomic effects through interactions with GPER and membrane-associated ERα and ERβ. 

The following sections provide a brief description of the general mechanisms underlying genomic and non-

genomic signalling by E2. For a more detailed description of genomic and non-genomic E2 signalling, the 

reader is referred to several thorough reviews (Frick, 2015; Marino, Galluzzo, & Ascenzi, 2006; Vrtačnik, 

Ostanek, Mencej-Bedrač, & Marc, 2014). 

 

1.4.2 Genomic Signalling  

In the classical genomic pathway (Figure 1.2 A), E2 diffuses across the plasma membrane and 

binds to ERα and ERβ, which function as ligand-activated transcription factors. Upon ligand binding, the 

receptor is phosphorylated and undergoes a conformational change that allows it to dissociate from 

chaperone proteins and form homo- or heterodimers. This conformational change also activates the 

receptor’s DNA-binding domain and alters its ligand binding domain, promoting the recruitment of 
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coregulatory proteins that support transcriptional activities (Hall & McDonnell, 2005). The dimeric receptor 

then translocates to the nucleus and attaches to specific DNA sequences known as estrogen response 

elements (EREs), located near or within the promoter regions of estrogen-responsive genes. In estrogen-

responsive genes that lack EREs, ERs can associate with other sites near or within the promotor region, 

such as ERE half-sites. Upon binding to DNA sequences, activated ERs may facilitate or suppress the 

transcription of target genes through the recruitment of coactivators and corepressors, respectively 

(McKenna & O'Malley, 2002).  

In addition to binding directly to DNA, activated ERs can also indirectly associate with promotor 

regions that lack EREs though protein-protein interactions with other transcription factors such as 

specificity protein-1 (Sp1) and activator protein-1 (AP-1; Petz & Nardulli, 2000; Porter, Saville, Hoivik, & 

Safe, 1997; Umayahara et al., 1994; Webb et al., 1999). Through these interactions, ERs modulate the 

activity of transcription factors by influencing their binding to cognate DNA binding sites and promoting 

the recruitment of co-activators. For example, ERs may regulate gene transcription by altering the binding 

of transcription factors, such as the c-Fos:c-Jun complex, through post-translational modifications 

(Umayahara et al., 1994). This DNA tethering of ERs and “transcriptional cross-talk” (Göttlicher, Heck, & 

Herrlich, 1998) mediates E2-induced transcription of approximately one third of estrogen-responsive genes, 

including those for the human progesterone receptor A, endothelial nitric oxide synthase, and c-fos 

(Chambliss & Shaul, 2002; O’Lone, Frith, Karlsson, & Hansen, 2004; Petz, & Nardulli, 2000).  

In both direct and indirect genomic signalling, regulation of gene expression by E2 is a complex 

process. ER activation can either stimulate or suppress the transcription of target genes depending on the 

receptor isoform, initiating ligand, coregulatory proteins, and associated transcription factors (Marino et 

al., 2006). Furthermore, ERs can also be activated and alter gene transcription in a ligand-independent 

manner through receptor phosphorylation by intracellular kinases such as PKA and MAPK (Carascossa, 

Dudek, Cenni, Briand, & Picard, 2010; Thomas, Sarwar, Phoenix, Coombes, & Ali, 2008). In each case, 
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genomic signalling by E2 has a long latency and duration, with effects occurring several hours after ER 

activation and manifesting on a scale of hours to days.  

 

1.4.3 Non-Genomic Signalling 

E2-induced modification of gene transcription, occurring at least two hours following E2 

stimulation, was originally considered to be the sole mechanism of E2 action. However, E2 can also exert 

effects on a time scale too rapid to be accounted for by changes in gene transcription. In the non-genomic 

pathway (Figure 1.2 B), E2 binds to the membrane-bound GPER and membrane-associated ERα and ERβ 

to rapidly activate intracellular signalling cascades including the MAPK/ERK, phosphatidylinositol 3 

kinase (PI3K)/protein kinase B (Akt), cAMP/PKA, and phospholipase C (PLC)/PKC pathways (Bjornstrom 

& Sjoberg, 2005). Through activation of these signalling cascades, E2 induces local protein changes 

including protein synthesis and post-translational modifications. For example, GPER activation stimulates 

adenylyl cyclase and increases cAMP production and MAPK phosphorylation through activation of the 

stimulatory Gα subunit to which GPER is physically associated (Thomas, Pang, Filardo, & Dong, 2005). 

E2 also rapidly activates signalling pathways involved in remodeling of the actin cytoskeleton, such as the 

RhoA-ROCK-LIM kinase-cofilin pathway (Kramár et al., 2009; Yuen, McEwen, & Akama, 2011), an actin 

signalling cascade that contributes to dendritic spine changes during LTP.  

Although the rapid effects of E2 are not directly mediated by gene transcription, E2-induced 

stimulation of signalling cascades can indirectly affect gene transcription, as numerous transcription factors 

are phosphorylated by kinases activated through E2-sensitive pathways. This non-genomic/genomic 

crosstalk represents an additional mechanism by which E2 can regulate gene transcription in the absence 

of EREs, and thereby support the maintenance of rapid E2 effects. E2-induced regulation of gene 

transcription may, in turn, influence non-genomic E2 signalling by altering the expression of E2-sensitive 

kinases, further highlighting the interplay between non-genomic and genomic signalling mechanisms. 
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Evidence for non-genomic E2 signalling was first obtained in the 1960s and 1970s with findings 

of rapid effects of E2 in rat uterine and brain tissue (Szego & Davis, 1967; Kelly, Moss, & Dudley, 1976). 

The first demonstration of a rapid physiological effect of E2 in neurons was the observation by Kelly et al. 

(1976) that microelectrophoresed E2 altered the firing rate of hypothalamic neurons in slices from female 

rats within seconds. This finding stimulated numerous subsequent reports of rapid E2 actions on neuronal 

physiology that are incompatible with the temporal domain of delayed genomic effects (Woolley, 2007). 

In addition to the rapid onset of some E2 effects, further support for non-genomic E2 signalling in neurons 

is the observation that ERs localize to extranuclear neuronal compartments such as axons, axon terminals, 

and dendritic spines (Adams et al., 2002; Almey et al., 2014; Almey et al., 2012; Milner et al., 2001). 

Furthermore, studies have shown that acute E2 application rapidly induces translocation of ERs from the 

nucleus to the plasma membrane in cultured cortical neurons (Sheldahl, Shapiro, Bryant, Koerner, & Dorsa, 

2008) and systemic E2 treatment increases ER localization within dendritic spines in the hippocampus of 

female rats (Waters et al., 2011).  

The existence of membrane associated ERs was long a topic of considerable debate. This was in 

part because a candidate membrane receptor for E2 was not identified until the early 2000s (Meyer et al., 

2006; Revankar et al., 2005) and because ERα and ERβ lack transmembrane domains characteristic of 

integral membrane proteins. Membrane binding sites for E2 had, however, been identified as early as the 

late 1970s, with the demonstration of specific E2 binding sites on the plasma membrane of endometrial and 

liver cells isolated from female rats (Pietras & Szego, 1977). Further evidence for membrane binding sites 

for E2 was later provided by studies utilizing membrane impermeable estrogen analogs such as E2 

conjugated to bovine serum albumin (BSA; Zheng & Ramirez, 1997). Several studies utilizing membrane 

impermeable E2 conjugates have since demonstrated that E2 signalling can be induced at the plasma 

membrane. E2-BSA has been shown to localize to the plasma membrane and rapidly trigger a rise in 

intracellular Ca2+ and phosphorylation of kinases and transcription factors including MAPK, Akt, and 

CREB (Maharjan, Serova, & Sabban, 2010; Wu, Chen, & Brinton, 2011, Wade, Robinson, Shapiro, & 
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Dorsa, 2001; Yang et al., 2010). E2-BSA has also been shown to exert neuroprotective effects (Yang et al., 

2010) and enhance performance in learning and memory tasks (Fernandez et al., 2008), mimicking the 

effects of membrane-permeable E2 and ER agonists. Despite the utility of membrane-impermeable E2 

conjugates, several considerations should be made when interpreting the results of these studies. For 

example, E2-BSA has been shown to exert effects not induced by unconjugated E2 (Stevis, Deecher, 

Suhadolnik, Mallis, & Frail, 1999). Additionally, E2-BSA is unstable under aqueous conditions, causing 

unfiltered solutions to potentially contain free, membrane-permeable E2 (Binder, 1984; Stevis et al., 1999). 

Nonetheless, these findings have contributed to a general acceptance that rapid effects of E2 are mediated 

by membrane-associated ERs. 

In addition to GPER, E2 can bind to nuclear ERs associated with the plasma membrane to activate 

intracellular signalling pathways. Debate remains as to the mechanisms by which ERα and ERβ associate 

with the plasma membrane, but evidence implicates post-translational lipid modifications such as 

palmitoylation (Meitzen et al., 2013) and interactions with membrane scaffolding proteins such as caveolins 

(Boonyaratanakornkit, 2011) in this process. Caveolins help traffic ERs to the plasma membrane and 

facilitate their clustering within caveolae. Here, ERα and ERβ associate with membrane receptors such as 

metabotropic glutamate receptors (mGluRs) to activate signal transduction pathways (Boulware & 

Mermelstein, 2009; Luoma, Boulware, & Mermelstein, 2008; Meitzen & Mermelstein, 2011). Such 

receptor interactions have been shown to mediate the rapid effects of E2 on the activity of multiple kinases 

and transcription factors. For instance, E2 has been shown to increase and decrease CREB phosphorylation 

in cultured hippocampal neurons from female rats through stimulation of Gq-coupled mGluR1 and Gi/o-

coupled mGluR2/3 signalling, respectively (Boulware et al., 2005). E2 has also been shown to increase and 

decrease CREB phosphorylation in cultured striatal neurons from female rats through the activation of 

mGluR5 and mGluR3, respectively (Grove-Strawser, Boulware, & Mermelstein, 2010). Importantly, E2-

induced changes in mGluR signalling appear to be both sex- and receptor subtype-specific (Boulware et 

al., 2005; Grove-Strawser et al., 2010), further adding to the complexity of rapid E2 signalling.  
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Figure 1.2 Genomic and non-genomic signalling mechanisms of E2. In the genomic pathway (A), E2 binds to intracellular ERα and ERβ, causing 

them to dimerize and translocate to the nucleus. ER dimers can bind DNA directly (1) at ER-binding sequences (EREs and ERE half-sites) near or 

within the promotor regions of estrogen-responsive genes, or indirectly (2) at promotor regions that lack EREs though protein-protein interactions 

with other transcription factors. ERs may also bind DNA after becoming activated through ligand-independent phosphorylation (3). In the non-

genomic pathway (B), E2 binds to GPER, as well as classic ERs that are associated with the plasma membrane and membrane receptors, such as 

mGluRs, through associations with membrane scaffolding proteins, such as caveolins. E2 binding at membrane receptors activates intracellular 

signalling cascades that result in local protein modifications, changes in receptor conductance, and remodeling of the actin cytoskeleton. Non-

genomic E2 signalling may also influence gene transcription through the phosphorylation of transcription factors. Original artwork.   
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1.5 E2 Synthesis 

All steroid hormones are lipophilic molecules derived from the 27-carbon steroid precursor 

cholesterol. Through a series of reactions catalyzed by mitochondrial and microsomal enzymes, cholesterol 

gives rise to five classes of steroid hormones: the glucocorticoids, mineralocorticoids, progestogens, 

androgens, and estrogens. The enzymes involved in the steroidogenic pathway fall into two protein classes, 

the heme-containing cytochrome P450 proteins and the hydroxysteroid dehydrogenases (HSDs). Each 

steroidogenic enzyme mediates unidirectional reactions that may be reversible or irreversible. Cytochrome 

P450 enzyme-mediated hydroxylations and cleavages are irreversible (Hall, 1986), whereas HSD enzyme-

mediated oxidations and reductions can be reversible or irreversible (Agarwal & Auchus, 2005). 

Throughout the steroidogenic pathway, 3β-HSD catalyzes the conversion of the Δ5-steroid precursors 

pregnenolone, 17α-hydroxypregnenolone, dehydroepiandrosterone (DHEA), and androstenediol into their 

respective Δ4-ketosteroids, progesterone, 17α-hydroxyprogesterone, androstenedione, and testosterone. 

Figure 1.3 illustrates the enzymes and steroid conversions involved in the synthesis of the three classes of 

gonadal steroids: progestogens, androgens, and estrogens. For a more detailed overview of steroidogenic 

enzymes and reactions, see Miller and Auchus (2011). 

The first and rate-limiting step in the biosynthesis of all steroid hormones is the transport of 

cholesterol from the outer to the inner mitochondrial membrane by the mitochondrial protein steroidogenic 

acute regulatory protein (StAR) and members of the StAR-related lipid transfer protein family (Miller, 

2007). At the inner mitochondrial membrane, cholesterol is accessible to the mitochondrial cholesterol side-

chain cleavage enzyme (CYP11A; P450scc), which catalyzes the conversion of cholesterol to the 21-carbon 

hormone precursor pregnenolone. Upon exiting the mitochondria, pregnenolone is converted into 

progesterone by 3β-HSD. Pregnenolone and progesterone then each undergo two successive oxidase 

reactions catalyzed by the microsomal enzyme P450c17 (CYP17). The enzyme’s 17α-hydroxylase activity 

mediates a 17-hydroxylation (the addition of an -OH group at C17) and the enzyme’s 17,20-lyase activity 

mediates cleavage of the C17-20 bonds (removal of the side-chain from the steroid base), producing the 
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19-carbon androgens DHEA and androstenedione from pregnenolone and progesterone, respectively. 

DHEA and androstenedione can then be reduced and oxidized by 3β-HSD and 17β-HSD, respectively, to 

form testosterone. The final reaction in the synthesis of 18-carbon estrogens from androgen precursors 

(testosterone and androstenedione) is catalyzed by the microsomal enzyme aromatase (CYP19; P450arom). 

Aromatase, also called estrogen synthase, catalyzes a series of three oxidative reactions at C19 that yield 

the phenolic A ring characteristic of estrogens (Payne & Hales, 2004). E1 and E2 are directly synthesized 

by the aromatization of androstenedione and testosterone, respectively, and can then be interconverted by 

17β-HSD. 
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Figure 1.3 Biosynthesis of gonadal steroid hormones from cholesterol. Each of the major gonadal 

steroid hormones is synthesized from cholesterol through a multi-step steroidogenic pathway. The terminal 

step in estrogen biosynthesis is the aromatization of the androgen precursors androstenedione and 

testosterone. The initial conversion of cholesterol to pregnenolone, shown enclosed by dashed lines, occurs 

in the mitochondria. All subsequent reactions occur in the cytoplasm. The numbers next to 3β-HSD and 

17β-HSD refer to the isoform/isozyme that mediates the given conversion. Original artwork.    
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Once formed, E1 and E2 are metabolized by a series of irreversible hydroxylations (for review, see 

Martucci & Fishman, 1993; Samavat & Kurzer, 2015; Tsuchiya, Nakajima, & Yokoi, 2005). First, E1 and 

E2 are hydroxylated at one of several sites by multiple cytochrome P450 enzymes, including CYP1A1, 

CYP1B1, and CYP1A2, to form catechol estrogens (e.g., 2-hydroxyestrone, 4-hydroxyestrone, 2-

hydroxyestradiol, and 4-hydroxyestradiol) in addition to E3, or 16α-hydroxyestradiol. Catechol estrogens 

may then undergo methylation by catechol-o-methyltransferase to form methoxyestrogens (e.g., 2-

methoxyestrone, 4-methoxyestrone, 2-methoxyestradiol, and 4-methoxyestradiol). Alternatively, catechol 

estrogens may be inactivated through conjugation with sulfate and glucuronic acid by sulfotransferases and 

glucuronosyltransferases, respectively, or be oxidized by peroxidases to form quinones and semiquinones. 

Although hydroxylated and methoxylated estrogens tend to exhibit lower binding affinities for ERs than 

their parent molecules, some metabolites retain estrogenic and antiestrogenic activity and can exert effects 

through ER activation or through ER-independent mechanisms.  

 

1.5.1 Peripheral vs. Central E2 Synthesis  

The synthesis of gonadal hormones is regulated by the hypothalamic-pituitary gonadal axis and 

fluctuates during development and the reproductive cycle. In reproductive-age animals, the hypothalamus 

secretes gonadotropin releasing hormone (GnRH), which stimulates the anterior pituitary to release follicle 

stimulating hormone (FSH) and luteinizing hormone (LH). Circulating FSH and LH stimulate the ovary to 

promote follicle maturation and E2 secretion in females and stimulate the testes to promote spermatogenesis 

and testosterone secretion in males. Circulating E2 and testosterone modulate further FSH and LH secretion 

through positive and negative feedback mechanisms mediated by hormone receptors on hypothalamic 

GnRH neurons (Krsmanovic, Hu, Leung, Feng, & Catt, 2009).  

In rats, puberty begins by the fourth postnatal week, following the establishment of regular diurnal 

LH secretion (Ojeda & Andrews, 1981). The reproductive, or estrous, cycle of female rats typically lasts 4-

5 days and consists of four phases: metestrus (diestrus I), diestrus (diestrus II), proestrus, and estrus. These 
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phases are distinguished by circulating hormone concentrations, morphology of the ovaries and uterus, and 

cell types observed in the vaginal smear (Long & Evans, 1922; Freeman, 1988; Goldman, Murr, & Cooper, 

2007). The overall cycle length and the duration of each phase varies slightly across animals and cycles, 

and some controversy exists surrounding precise phase classification and timing. Metestrus and diestrus 

have been reported to last for approximately 21 hours and 57 hours, respectively, and both proestrus and 

estrus for approximately 12 hours (Paccola, Resende, Stumpp, Miraglia, & Cipriano, 2013). In several 

investigations, however, each of the four phases is considered to occur over one day, based on daily vaginal 

smears, with longer cycles including an extra day of diestrus or estrus (Smith, Freeman, & Neill, 1975; 

Spornitz, Socin, & Dravid, 1999). This 24-hour phase duration is employed in Figure 1.4. 

Metestrus and diestrus are characterized by low and slowly rising serum concentrations of E2, 

produced by the granulosa cells of the ovary. E2 concentrations increases to an intermediate value during 

metestrus, and increase again to a peak during proestrus, as the preovulatory follicle matures. LH and FSH 

concentrations remain low throughout the cycle and peak during late proestrus and early estrus, following 

a surge in GnRH caused by heightened E2 levels. As LH levels increase, E2 levels rapidly decrease, 

reaching baseline concentrations early in estrus. Progesterone levels peak twice during the cycle, increasing 

first during the transition from metestrus to diestrus and then decreasing precipitously to baseline levels. 

Progesterone levels then increase again following the LH surge and reach a second peak during the 

afternoon of proestrus (Smith et al., 1975).  

An ovulation window spans late proestrus to the end of estrus, with ovulation typically initiated 

late in estrus (Long & Evans, 1922; Young, Boling, & Blandau, 1941). A period of behavioural estrus 

occurs during this time (Young et al., 1941), during which the rat signals sexual receptivity through 

solicitation behaviours (Erskine, 1989; Madlafousek & Hliňák, 1977). Figure 1.4 illustrates typical 

circulating hormone profiles for E2, progesterone, FSH, and LH, during the four-day estrous cycle of rats. 

For detailed reports of circulating hormone fluctuations during the rat estrous cycle, the reader is referred 

to Smith et al. (1975) and Spornitz et al. (1999). 
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Figure 1.4 Circulating hormone fluctuations across the estrous cycle of rats. The plasma concentration 

of each gonadal hormone exhibits a unique profile across the estrous cycle. A period of behavioural estrus 

spans late proestrus and estrus when E2 levels decrease back to baseline, and ovulation typically occurs late 

in estrus. White and grey panels indicate the light and dark phases of a 12:12-hour light/dark cycle. 

Hormone profiles represent relative circulating hormone concentrations during each phase, rather than 

absolute concentrations. Note that the absolute concentrations of FSH and LH are much higher (on the order 

of ng/ml) than those of progesterone and E2 (on the order of pg/ml). See Smith et al. (1975) for detailed 

descriptions of hormone fluctuations across the rat estrous cycle. Original artwork.  
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In reproductive-age females, the primary source of circulating E2 is the ovaries; however, E2 

synthesis also occurs in multiple extra-gonadal tissues in both males and females, including the adrenal 

glands, adipose tissue, bone, liver, and brain. E2 is synthesized in numerous brain regions in both males 

and females of a variety of species including birds, rodents, and primates. In the rodent brain, E2 synthesis, 

typically determined by aromatase mRNA and protein expression, is highest in limbic regions involved in 

neuroendocrine functions, such as the amygdala, hypothalamus, preoptic area, and bed nucleus of the stria 

terminalis (Roselli, Horton, & Resko, 1985; Selmanoff, Brodkin, Weiner, & Siiteri, 1977). Aromatase is 

also readily detectible in regions not involved in neuroendocrine functions, such as the hippocampus, 

neocortex, and, in low levels, the brainstem and cerebellum (Hojo et al., 2004; Roselli, Abdelgadir, 

Ronnekleiv, & Klosterman, 1998; Tabatadze, Sato, & Woolley, 2014). 

E2 concentrations vary considerably between brain and peripheral circulation, with E2 

concentrations in brain tissue being considerably higher than those in serum in both sexes. In hippocampal 

slices from male rats, Hojo et al. (2009) observed mean E2 concentrations as high as 8.4 nM, considerably 

higher than the mean plasma concentration of 0.014 nM. In hippocampal slices from female rats, Kato et 

al. (2013) reported E2 concentrations ranging from 0.5 nM at metestrus to 4.3 nM at proestrus, 

approximately 10- to 60-fold higher than plasma concentrations of 0.009 nM at metestrus to 0.111 nM at 

proestrus. Due to its lipid solubility, peripherally-generated E2 readily crosses the blood-brain barrier and 

can influence local E2 concentrations within the brain. However, depletion of circulating E2 by 

gonadectomy has been shown to result in only a modest reduction in brain E2 concentrations. Hojo et al. 

(2009) and Kato et al. (2013) both reported that gonadectomy resulted in only slight reductions in 

hippocampal E2 concentrations, reducing mean concentrations from 8.4 nM to 6.9 nM in males and to 0.7 

nM in females, identical to the concentration seen in slices from gonadally intact females during diestrus. 

The fact that E2 is locally synthesized in numerous brain regions with endocrine and non-endocrine 

functions, and that it is expressed at relatively high concentrations compared to peripheral circulation, 

highlights the importance of E2 in regulating nervous system functions in both sexes.   

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tabatadze%20N%5BAuthor%5D&cauthor=true&cauthor_uid=25036039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sato%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=25036039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Woolley%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=25036039
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1.6 Non-Reproductive Functions of E2  

Throughout development, the brain of males and females is influenced by both peripherally- and 

locally-synthesized E2. Much of the research into the role of E2 within the brain has centered on its 

organizational and activational effects related to sexual differentiation and reproduction in both sexes. Early 

in development, E2 and its active metabolites drive the sexual differentiation of brain structures and 

establish circuitry that mediates the control of reproductive functions (Beyer, 1999; Lenz, Nugent, & 

McCarthy, 2012; Parsons, Rainbow, & McEwen, 1984; Wright, Schwarz, Dean, & McCarthy, 2010). The 

role of E2 within the brain, however, is not restricted to endocrine activities. Rather, E2 also induces both 

transient and long-lasting changes to neural circuitry not involved in endocrine functions. Chronic and acute 

E2 exposure markedly alters structural and synaptic plasticity, neuronal physiology and activity, and 

cognition at multiple stages of the lifespan (Foy, Baudry, Diaz Brinton, & Thompson, 2008; Frick, Kim, 

Tuscher, & Fortress, 2015; Prange-Kiel & Rune, 2006; Woolley, 2007). E2 also exerts neuroprotective 

effects against neurological injury and degeneration (Garcia-Segura, Azcoitia, & DonCarlos, 2001).  

 

1.6.1 Effects of E2 on Structural Plasticity  

Neuroactive steroid hormones play important roles in regulating plasticity in a number of brain 

regions. Numerous studies have demonstrated that systemic and intracortical E2 administration rapidly 

improves performance in a variety of learning and memory tasks in both males and females (Frick et al., 

2015; Luine, 2014). Given the established relationship between memory and structural plasticity 

(Lamprecht & LeDoux, 2004), the genomic and non-genomic actions of E2 on structural plasticity within 

brain regions involved in learning and memory processes represent major mechanisms by which E2 

enhances cognition.  

Evidence accumulated over the last three decades has clearly established that E2 exerts marked 

effects on dendritic spine and excitatory synapse density both in vivo and in vitro. In 1990, Bruce McEwen’s 

group published the first of several influential reports that circulating E2 influences the density of dendritic 
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spines and excitatory synapses within the dorsal hippocampus of rodents (Gould, Woolley, Frankfurt, & 

McEwen, 1990; Woolley, Gould, Frankfurt, & McEwen, 1990; Woolley & McEwen, 1992, 1993, 1994). 

First, the group demonstrated that removal of circulating gonadal steroids by bilateral ovariectomy (OVX) 

resulted in a gradual reduction in apical spine density in the CA1 field of female rats, and that this decrease 

was reversed by two daily systemic injections of E2 benzoate (Gould et al., 1990). The group next showed 

that CA1 spine density naturally fluctuates over the estrous cycle, with apical spine density peaking during 

the afternoon of proestrus, when circulating E2 levels are highest, and decreasing by over 30% by the 

afternoon of estrus, when circulating E2 levels are lowest (Woolley et al., 1990; Woolley & McEwen, 

1992). Subsequent experiments from this and other groups have repeatedly shown that the density of 

dendritic spines and spine synapses in the rodent hippocampus is dramatically decreased by OVX (Mendell 

et al., 2017; Wallace, Luine, Arellanos, & Frankfurt, 2006; Woolley & McEwen, 1993, 1994; Zhang et al., 

2019) and increased by both systemic and local E2 administration (Jacome et al., 2016; Li et al., 2004; 

MacLusky, Luine, Hajszan, & Leranth, 2005; Phan et al., 2012; Tuscher, Luine, Frankfurt, & Frick, 2016; 

Woolley & McEwen, 1993, 1994).   

Selective ER agonists have also been shown to increase hippocampal spine and synapse density in 

rodents. Systemic administration of the ERα agonist propylpyrazole triol (PPT) and the GPER agonist G-1 

has been shown to reverse the reductions in CA1 spine and synapse density caused by bilateral OVX in 

rodents (Gabor, Lymer, Phan, & Choleris, 2015; Phan, Lancaster, Armstrong, MacLusky, & Choleris, 2011; 

Zhang et al., 2019). Systemic administration of PPT and the selective ERβ agonist diarylpropionitrile (DPN) 

has also been shown to increase the expression of synaptic proteins, including postsynaptic density protein 

95 (PSD-95) and the AMPAR subunit GluN1, in the CA1 of OVX rats (Waters et al., 2009), further 

evidencing the trophic effects of ER activation on hippocampal synapses. 

Numerous investigations have also examined the effects of acute E2 administration on hippocampal 

spine and synapse density. Acute E2 application has been shown to increase hippocampal spine and synapse 

density in neuron and slice cultures from embryonic and juvenile rats (Jelks, Wylie, Floyd, McAllister, & 
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Wise, 2007; Murphy & Segal, 1996, 1997; Pozzo-Miller, Inoue, & Murphy, 1999; Sellers et al., 2015; 

Srivastava et al., 2008) and in hippocampal slices from adult rats (Hasegawa et al., 2015; Mukai et al., 

2007; Murakami et al., 2006). As has been observed following systemic drug treatment, E2-induced 

increases in hippocampal spine and synapse density are mimicked by acute application of selective ER 

agonists in hippocampal slice preparations and neuron cultures from male and female rodents (Jelks et al., 

2007; Mukai et al., 2007; Phan et al., 2015; Sellers et al, 2015; Zhou et al., 2014). Highlighting the 

importance of endogenous E2 synthesis for the formation and maintenance of hippocampal spines and 

synapses, the trophic effects of E2 are countered by reducing endogenous E2 synthesis in vitro, through 

application of aromatase inhibitors such as letrozole and androstatrienedione (Kretz et al., 2004; Rune & 

Frotscher, 2005; Srivastava et al., 2008). Aromatase inhibition likewise decreases the expression of the pre- 

and postsynaptic proteins synaptophysin and spinophilin in hippocampal slice cultures from neonatal rats 

(Kretz et al., 2004; Prange‐Kiel et al., 2006). 

Notably, findings from electrophysiological, autoradiographical, and immunohistochemical studies 

suggest that E2-induced hippocampal synapses predominantly express NMDARs, unlike typical synapses 

that are enriched by both NMDA and non-NMDA receptors (Gazzaley, Weiland, McEwen, & Morrison, 

1996; Weiland, 1992; Woolley, Weiland, McEwen, & Schwartzkroin, 1997). For instance, Woolley et al. 

(1997) demonstrated that the increase in CA1 spine density induced by systemic E2 treatment in OXV rats 

is associated with increased agonist binding at NMDARs, but not AMPARs, as well as increased neuronal 

sensitivity to NMDAR signalling. Furthermore, the effect of systemic E2 treatment to increase CA1 spine 

density in OVX rats has been shown to require NMDAR activity, as it is blocked by application of 

competitive and non-competitive NMDAR antagonists (Woolley & McEwen, 1994). These findings may 

indicate that E2-induced synapses represent a unique subpopulation of hippocampal synapses, or may 

simply reflect their immaturity at the time points examined (Durand, Kovalchuk, & Konnerth, 1996).  

A compelling explanation for the aforementioned findings is that E2 induces spine formation and 

promotes neuronal connectivity through the creation of nascent “silent” synapses. Silent synapses contain 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Prange-Kiel%2C+Janine
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NMDARs but lack functional AMPARs and thus do not contribute to excitatory postsynaptic currents 

(EPSCs) at resting membrane potentials (Isaac, Nicoll, & Malenka, 1995; Liao, Hessler, & Malinow, 1995). 

Following NMDAR activation, AMPARs are recruited to the postsynaptic membrane and the synapses are 

“unsilenced”, resulting in synaptic strengthening and reorganization and stabilization of neuronal circuits 

(Kerchner & Nicoll, 2008). Srivastava and colleagues (Srivastava et al., 2008; Srivastava, 2012) have 

proposed that E2 may enhance neuronal connectivity through a form of “two-step wiring plasticity”, in 

which E2 induces GluA1-lacking spines that transiently “sample” synaptic connections and undergo 

membrane AMPAR insertion following NMDAR activation to “hold” or stabilize synaptic strength 

changes. E2-induced formation of silent synapses has been evidenced in neurons from rodent cortex 

(Srivastava et al., 2008) and hippocampus (Phan et al., 2015), with findings of decreased AMPA-mediated 

mEPSC frequency following acute E2 application. 

Much of the research into the effects of E2 on structural plasticity has focused on the hippocampus; 

however, E2 exerts similar effects on neuronal morphology in multiple brain regions, including the 

hypothalamus (Frankfurt, Gould, Woolley, & McEwen, 1990), amygdala (de Castilhos, Forti, Achaval, & 

Rasia-Filho, 2008), neocortex (Chen et al., 2009; Khan, Dhandapani, Zhang, & Brann, 2013; Tang et al., 

2004; Tuscher et al., 2016; Wallace et al., 2006), and spinal cord (Zhang, Xiao, Zhang, Zhao, & Zhang, 

2012). The modulatory effects of E2 on structural plasticity in a variety of brain regions are consistent with 

findings that E2 influences performance in a wide range of behavioural learning and memory tasks, 

including object recognition, social recognition, inhibitory avoidance, spatial navigation, and spatial and 

non-spatial working memory, in both male and female rodents (Frick et al., 2015; Luine, 2014). 

 

1.6.2 Effects of E2 on Neuronal Excitability and Synaptic Activity  

In addition to modulating structural plasticity within the central nervous system, E2 also contributes 

to learning and memory through modifying neuronal excitability and synaptic activity. E2 rapidly alters 

membrane excitability and synaptic activity in a variety of brain regions, including the hypothalamus, 
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amygdala, and hippocampus. Among the first evidence that E2 affects membrane excitability in the rodent 

hippocampus was the observation by Terasawa and Timiras (1968) that hippocampal seizure thresholds 

naturally fluctuate over the estrous cycle in female rats, with the lowest seizure threshold coinciding with 

peak circulating E2 levels late in proestrus. This finding, consistent with catamenial epilepsy in humans, in 

which seizure severity fluctuates as a function of menstrual cycle phase (Bäckström, 1976), and growing 

evidence for proconvulsant effects of E2 (Scharfman & MacLusky, 2006), set the stage for 

electrophysiological investigations into the effects of E2 on hippocampal neuron activity.  

Studies conducted over the last 40 years have established that acute E2 application rapidly 

modulates hippocampal synaptic transmission. The earliest description of the effects of acute E2 application 

on glutamatergic transmission in the rodent hippocampus was provided by Teyler and colleagues (Teyler, 

Vardaris, Lewis, & Rawitch, 1980), who showed that 100 pM E2 rapidly (<10 min) increased the amplitude 

of the population spike of synaptically-evoked field postsynaptic potentials (fPSPs) recorded from CA1 

neurons in slices from male rats. This finding was subsequently extended by Robert Moss’ group, who 

showed that increases in both systemic and local E2 concentrations enhance CA1 synaptic activity by 

potentiating AMPAR-mediated responses. Wong and Moss (1991) observed that bath application of 100 

pM E2 rapidly (<1 min) and reversibly depolarized CA1 neurons and increased their spontaneous firing 

frequency in slices from male and female rats. They next demonstrated that bath application of 10 nM E2 

to CA1 neurons from OVX rats rapidly (<2 min) and reversibly potentiated intracellularly-recorded 

AMPAR-mediated excitatory postsynaptic potentials (EPSPs), as well as responses to the AMPA, kainate, 

and mGluR agonist quisqualate (Wong & Moss, 1992). These effects were selective for non-NMDAR-

mediated responses, as the E2-induced increases in firing frequency and EPSP magnitude were unaffected 

by APV, but blocked by the non-NMDAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). E2-

induced enhancement of non-NMDAR-mediated signalling has also been evidenced using whole-cell 

voltage-clamp recordings. Rudick and Woolley (2003) demonstrated that bath application of 100 pM E2 
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rapidly (2-3 min) and reversibly enhanced synaptically-evoked EPSCs in CA1 neurons from both gonadally 

intact and OVX female rats treated with E2. 

The E2-induced enhancement of synaptic activity is not solely driven by changes in AMPAR 

signalling. Wong and Moss (1992) observed that systemic E2 treatment increased EPSP duration in the 

CA1 of OVX rats, an effect the authors suggested may reflect an enhancement of the NMDAR-mediated 

component of the EPSP. This suggestion was later confirmed by reports that systemic E2 treatment 

increased the sensitivity of CA1 neurons to NMDAR-mediated inputs in OVX rats (Woolley et al., 1997), 

and that 1 nM E2 application rapidly (~6 min) potentiated pharmacologically-isolated NMDAR-mediated 

fPSPs in the CA1 of male rats (Foy et al., 1999). Additionally, E2 has been shown to exert neurotrophic 

effects on cortical neurons via NMDAR-dependent mechanisms (Brinton, Proffitt, Tran, & Luu, 1997; 

Brinton, Tran, Proffitt, & Montoya, 1997). Gu and Moss (1996, 1998) provided further evidence for the 

general effects of E2 on ionotropic glutamate receptor signalling with their demonstrations that 100 nM E2 

application rapidly (3 min) and reversibly potentiated kainate-induced currents in dissociated CA1 neurons 

from male and female rats. These and similar findings (Bi, Broutman, Foy, Thompson, & Baudry, 2000; 

Fugger, Kumar, Lubahn, Korach, & Foster, 2001; Kim et al., 2006; Pozzo-Miller et al., 1999) have clearly 

established that E2 rapidly enhances glutamatergic synaptic transmission in the hippocampus of male and 

female rodents by augmenting AMPAR, NMDAR, and kainate receptor-mediated currents. 

The effects of E2 on intrinsic neuronal excitability and synaptic activity in the rodent hippocampus 

are driven by multiple mechanisms in addition to enhancement of glutamate receptor-mediated signalling. 

Such mechanisms include suppression of Ca2+-activated K+ currents and resultant afterhyperpolarizations 

(AHPs; Carrer, Araque, & Buno, 2003; Kumar & Foster, 2002) and decreased GABAergic transmission 

(Murphy, Cole, Greenberger, & Segal, 1998). E2 also modulates the expression and ligand binding 

properties of multiple receptors, including AMPARs and NMDARs. Using glutamate receptor binding 

autoradiography in hippocampal slices from OVX rats, Weiland (1992) demonstrated that systemic E2 

treatment increased the density of NMDAR agonist binding sites, but not competitive or non-competitive 
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antagonist binding sites. Woolley et al. (1997) later reported similar E2-induced increases in NMDAR 

binding in the CA1 of OVX rats primed with E2. Using immunofluorescence, Gazzaley and colleagues 

extended these findings with their demonstration of increased GluN1 subunit expression in the CA1 of 

OVX rats following systemic E2 treatment (Gazzaley et al., 1996). Consistent with this, Cyr and colleagues 

have reported decreased GluN1 and GluN2B subunit-specific binding in the CA1 of OVX rats, but restored 

binding in rats that received post-OVX E2 treatment (Cyr, Ghribi, & Di Paolo, 2000; Cyr et al., 2001; Cyr, 

Thibault, Morissette, Landry, & Di Paolo, 2001). Interestingly, the modulation of glutamate receptor 

binding by E2 appears to be region specific, with E2 differentially altering NMDAR and AMPAR binding 

outside the hippocampus (Cyr et al., 2000; Cyr et al., 2001; Cyr, Morissette, Landry, & Di Paolo, 2001). 

The regional specificity of E2-induced alterations in glutamate receptor binding, and ultimately excitatory 

transmission, likely contributes to the diversity of E2 actions within the central nervous system.  

 

1.6.3 E2 in the Auditory Forebrain  

One area of particular interest with respect to the role of E2 in neuronal activity and plasticity is 

the auditory forebrain. In males and females of a variety of vertebrate species, E2 modulates the activity of 

central auditory neurons, as well as acoustic signal processing and auditory perception (reviewed in Caras, 

2013). A large body of literature has revealed clear sex-differences in auditory perception in various 

mammalian and non-mammalian species. Furthermore, measures of auditory function in female mammals 

appear to be influenced by changes in circulating E2 concentrations during the reproductive cycle, 

pregnancy, and reproductive senescence. 

Much of the research into the modulatory effects of E2 on auditory forebrain physiology and 

plasticity has been conducted in songbirds (e.g., zebra finches, canaries, White-crowned Sparrows, and 

Red-winged Blackbirds). These seasonally breeding animals require precise production and processing of 

complex learned acoustic signals for reproductive success, making them excellent models for studying 

auditory system function. In male and female songbirds, the perception of acoustic signals and the 
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behavioural responses they induce are influenced by circulating E2 concentrations. For example, female 

songbirds respond to songs produced by conspecific males with a courtship display, known as a copulation 

solicitation display, only when circulating E2 concentrations are above non-breeding levels (Kern & King, 

1972; Moore, 1983; Searcy & Capp, 1997). E2 is also important for the generation of acoustic signals 

associated with courtship displays, evidenced by suppressed song production in male zebra finches 

following chronic aromatase inhibition (Walters & Harding, 1988) and reduced song production and song 

acoustic stereotypy in male canaries following acute aromatase inhibition (Alward et al., 2016). 

The songbird auditory forebrain contains several estrogen-sensitive regions, including the 

caudomedial nidopallium (NCM), a region analogous to the mammalian auditory association cortex, and 

the field L, a thalamorecipient region analogous to the mammalian A1. The songbird auditory forebrain is 

also a site of E2 synthesis, with widespread aromatase expression in both males and females (Metzdorf, 

Gahr, & Fusani, 1999; Peterson, Yarram, Schlinger, & Saldanha, 2005; Remage-Healey, Dong, Maidment, 

& Schlinger, 2011; Rohmann, Schlinger, & Saldanha, 2007; Vahaba, Hecsh, & Remage-Healey, 2020). 

Interestingly, several studies have demonstrated that E2 concentrations within the auditory forebrain are 

sensitive to acoustic experience. In male and female zebra finches, E2 synthesis within the NCM is 

upregulated (<30 min) during salient acoustic experience such as song exposure and interactions with 

conspecifics (Remage-Healey, Dong, Chao, & Schlinger, 2012; Remage-Healey, Maidment, & Schlinger, 

2008). These findings of activity-dependent E2 synthesis suggest possible modulatory actions of brain-

generated E2 on local circuit activity and plasticity within the songbird auditory forebrain.  

Further supporting the modulatory role of E2 within the auditory forebrain, acute E2 infusions into 

the zebra finch NCM increase auditory-evoked neuronal activity and signal coding in both males and 

females (Remage-Healey, Coleman, Oyama, & Schlinger, 2010; Tremere, Jeong, & Pinaud, 2009; Tremere 

& Pinaud, 2011). The modulatory effects of E2 in the auditory forebrain appear to be at least partially 

mediated by membrane-initiated signalling mechanisms, as local infusions of membrane-impermeable 

biotinylestradiol similarly increase song-evoked neuronal activity in the NCM of female zebra finches 
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(Remage-Healey et al., 2012). Highlighting the importance of locally-generated E2 in auditory signal 

processing, acute inhibition of E2 synthesis within the NCM by systemic or local application of the 

aromatase inhibitor fadrozole suppresses both auditory-evoked neuron firing and neuronal adaptation to 

song stimuli (Remage-Healey et al., 2010; Tremere & Pinaud, 2011; Yoder, Lu, & Vicario, 2012). 

Aromatase inhibition also disrupts behavioural song discrimination, reflected by reductions in male 

songbirds’ innate behavioural preference for a tutor’s song over the songs of other conspecific males 

(Remage-Healey et al., 2010; Tremere & Pinaud, 2011).  

In addition to enhancing auditory signal processing and behavioural song discrimination, E2 

modulates the expression of several plasticity-related genes within the songbird auditory forebrain. Tremere 

et al. (2009) demonstrated that E2 infusions into the NCM of male and female zebra finches increased local 

expression of several MAPK-dependent immediate early genes involved in plasticity and memory, 

including c-fos, arc, and zenk. In contrast, local reductions in E2 activity by ER antagonism or aromatase 

inhibition markedly reduced the expression of each of these genes following exposure to conspecific songs. 

Activity-dependent expression of plasticity-related genes in the NCM is also sensitive to circulating E2 

levels. In female White-throated Sparrows, the selective upregulation of zenk expression following 

exposure to conspecific male songs over non-song stimuli is apparent only when circulating E2 levels are 

above non-breeding levels (Maney, Cho, & Goode, 2006). E2-induced upregulation of plasticity-related 

gene expression in the auditory forebrain represents a potential mechanism by which brain-generated E2 

contributes to auditory perception, learning, and memory. 

The NCM has been the focus of the majority of investigations into the role of E2 within the auditory 

forebrain due to its expression of both ERs and aromatase (Acharya & Veney, 2012; Bernard, Bentley, 

Balthazart, Turek, & Ball, 1999; Metzdorf et al., 1999; Saldanha & Coomaralingam, 2005), and its role in 

the processing and discrimination of acoustic stimuli (Mello, Velho, & Pinaud, 2004). However, the effects 

of E2 are not restricted to this higher-order auditory processing region. Rather, E2 similarly affects neuron 

function in several forebrain regions involved in acoustic signal perception and production. For example, 
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Caras and colleagues (Caras, O'Brien, Brenowitz, & Rubel, 2012) demonstrated that systemic E2 

application in female White-crowned Sparrows dose-dependently increased the spontaneous and evoked 

firing rates and response strength and sensitivity of monotonic neurons in the field L, an auditory processing 

region upstream of the NCM. 

The pronounced effects of E2 on neuron activity and signal coding within the auditory forebrain, 

as well as neuronal adaptation and behavioural responses to salient acoustic stimuli, suggest that brain-

generated E2 plays important modulatory roles in auditory system function. Together with the established 

effects of E2 on neuronal activity and plasticity in other forebrain regions, such as the hippocampus, these 

findings raise the possibility that E2 modulates synaptic plasticity mechanisms in the auditory forebrain 

that mediate auditory learning and memory.   

  

1.7 Present Experimental Work and Research Aims 

The reviewed findings highlight several important non-reproductive functions of E2 in the brains 

of both males and females of several vertebrate species. Despite the established role of E2 in auditory signal 

processing, as well as thorough characterizations of its effects on synaptic physiology and plasticity in 

forebrain regions such as the hippocampus, we know strikingly little about the modulatory actions of E2 on 

plasticity mechanisms in the auditory forebrain. This represents a major gap in our understanding of the 

role of E2 in sensory system function and plasticity. Based on this, the aim of the present experimental 

work was to assess the role of brain-generated E2 as a modulator of synaptic activity and plasticity within 

the mammalian auditory forebrain. This was accomplished through the completion of three projects, each 

of which employed a different set of molecular or electrophysiological techniques. 

In Chapter 2, Aromatase Expression in the Neocortex of Adult Male Rats, we characterized the 

expression profile of the estrogen synthetic enzyme aromatase in the rat neocortex. Using IHC techniques 

with both chromogenic (DAB) and fluorescent detection, we quantified aromatase immunoreactivity in 

both the left and right hemispheres of four regions of the adult male rat neocortex: medial prefrontal cortex 



 

37 

 

(mPFC), primary somatosensory cortex (S1), A1, and primary visual cortex (V1). We hypothesized that 

aromatase would be expressed in each of the neocortical regions examined and that aromatase in these 

regions would be expressed by neurons. 

In Chapter 3, Effects of Acute E2 Manipulations on Short- and Long-Term Synaptic Plasticity in  

the Adult Rat A1, we examined the effects of acute, bidirectional manipulations of local E2 concentrations 

on short- and long-term synaptic plasticity, as well as basal synaptic transmission, in the A1 of adult male 

rats. We used TBS to induce LTP and paired-pulse stimulation to assess short-term plasticity in the 

thalamocortical auditory system in vivo. We manipulated E2 levels in A1 through direct application of E2 

or the aromatase inhibitor letrozole. We hypothesized that acute increases in local E2 levels would be 

associated with enhanced LTP induction and short-term plasticity, whereas opposite effects would be 

observed following acute suppression of E2 synthesis by letrozole.  

In Chapter 4, Effects of Acute E2 Manipulations on Excitatory and Inhibitory Transmission in the 

Adult Rat A1, we explored the mechanistic basis of the LTP changes observed in vivo by investigating how 

E2 affects some of the cellular correlates of LTP in A1. Using an ex vivo acute slice preparation and whole-

cell recordings of A1 pyramidal neurons, we examined the effects of acute, bidirectional manipulations of 

E2 concentrations on both evoked and spontaneous excitatory and inhibitory postsynaptic currents, as well 

as measures of intrinsic neuronal excitability. We hypothesized that E2 would potentiate excitatory currents 

and neuronal excitability in A1, whereas opposite effects would be observed following acute suppression 

of E2 synthesis by letrozole. 

The experiments outlined in this thesis were completed exclusively on male rats. Previous research 

has established that the physiological responses of forebrain neurons to E2 are highly sexually dimorphic 

(e.g., Bender et al., 2017; Boulware et al., 2005; Huang & Woolley, 2012; Meitzen, Grove, & Mermelstein, 

2012; Vierk et al., 2012; Wang et al., 2018) and the role of E2 in synaptic transmission and plasticity has 

been established largely in female animals. Nevertheless, both male and female rodents are sensitive to the 

physiological and behavioral effects of E2. Males were selected for the present experiments to further our 
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understanding of neocortical aromatase expression and the modulatory actions of E2 in synaptic 

transmission and plasticity in male rodents. Further, males were selected to enable investigations in intact 

animals under physiological conditions, rather than animals that have undergone gonadectomy and systemic 

hormone replacement, as is commonly done in research on females to control for cyclic fluctuations in 

circulating E2 concentrations. Gonadectomy and systemic hormone replacement can profoundly impact 

experimental outcomes due to the effects of surgical stress on neuron structure and synaptic plasticity, as 

well as the non-physiological nature of commonly employed hormone replacement regimens.   

 

1.7.1 Significance  

The findings detailed in the following chapters advance our understanding of the modulatory 

actions of E2 in synaptic activity and plasticity in the adult rat A1. Understanding the mechanisms that 

optimize signal processing and plasticity in the mammalian auditory forebrain is important because these 

processes are essential for learned acoustic communication. Furthermore, these mechanisms are most likely 

not restricted to the auditory system, but rather reflect general phenomena that underlie signal processing 

and plasticity across sensory systems. Thus, the findings from these studies may provide insights into the 

general mechanisms underlying perception and information storage across mammalian sensory systems.  

In addition to increasing our understanding of neurochemical modulation of sensory system 

function and plasticity, this work contributes to a large body of research into the non-reproductive functions 

of E2. E2 exerts multiple neurotrophic and neuroprotective effects in the brains of both males and females. 

E2 is also an important modulator of neuron structure and function in brain regions involved in cognitive 

processes such as learning and memory. As such, changes in E2 levels over development may contribute 

to age-related cognitive impairments such as dementia, and impact recovery from nervous system insults 

such as ischemia. Beyond the potential clinical applications of E2 research, a thorough characterization of 

the modulatory role of E2 in forebrain synaptic activity and plasticity may provide insights into sexual 

differentiation of brain function and hormone-related alterations in cognition and behaviour. 



 

39 

 

Chapter 2 

Aromatase Expression in the Neocortex of Adult Male Rats 

 

2.1 Abstract  

Aromatase, the enzyme responsible for catalyzing the final step of estrogen biosynthesis, is widely 

expressed in the brains of both males and females of a variety of vertebrate species, including birds, rodents, 

and primates. In rats, aromatase expression has been documented in regions involved in reproductive 

neuroendocrine functions, such as the medial amygdala, medial preoptic area, and bed nucleus of the stria 

terminalis, as well as non-endocrine regions, such as the hippocampus. Despite widespread aromatase 

expression in non-sensory regions of the rat forebrain, and the role of E2 in modulating neuronal activity 

and signal processing in the sensory forebrain of multiple species, particularly the auditory forebrain, 

aromatase expression has not been directly evidenced within the rat sensory neocortex. Thus, the objective 

of this study was to investigate the expression pattern and cellular localization of aromatase within the 

sensory and medial prefrontal neocortex of rats.  

Using DAB IHC, we demonstrated dense aromatase labelling across layers II-VI of mPFC, S1, A1, 

and V1 in adult male rats. Aromatase immunoreactivity was restricted to the perikaryon and absent in 

nuclei. The number of aromatase-positive cells increased linearly from layer II to layer VI in each region. 

The degree and pattern of aromatase expression did not differ significantly between hemispheres in any 

region. Using fluorescent IHC, we demonstrated that aromatase is colocalized with the neuronal marker 

NeuN across cortical layers, indicating that aromatase is expressed by neocortical neurons. Across regions, 

aromatase was expressed by approximately 46-57% of NeuN-labelled cells. These findings indicate that 

aromatase is expressed by a large neuronal population within the mPFC and sensory neocortex of adult 

male rats, and suggest that these regions are sites of E2 synthesis. These findings extend previous reports 

of aromatase expression in the rat brain and are consistent with a modulatory role of brain-generated E2 in 

the rodent neocortex. 
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2.2 Introduction  

Aromatization of androgens to estrogens has been documented in the central nervous system of 

representative species from nearly every vertebrate class (Callard, Petro, & Ryan, 1978a, 1978b). Local 

estrogen synthesis within mammalian nervous tissue was first described by Naftolin and colleagues, who 

demonstrated local aromatization of androstenedione in the human male fetal hypothalamus (Naftolin, 

Ryan, & Petro, 1971a) and limbic tissue (Naftolin, Ryan, & Petro, 1971b), as well as the anterior 

hypothalamus of adult male and female rats (Naftolin, Ryan, & Petro, 1972). These and subsequent findings 

of local aromatization of androgens within the rodent brain (Weisz & Gibbs, 1974) provided support for 

the aromatization hypothesis of sexual differentiation of the rodent brain by central estrogen synthesis 

(MacLusky & Naftolin, 1981). According to this hypothesis, testosterone synthesized in the fetal testis 

enters the brain, where its aromatization into E2 initiates brain masculinization and the development of 

sexually dimorphic behaviours (MacLusky & Naftolin, 1981; Roselli, Liu, & Hurn, 2009).  

In mammals, aromatase is expressed in the soma and processes of cells in multiple brain regions, 

particularly those involved in reproductive neuroendocrine functions, including the medial amygdala, 

medial preoptic area, bed nucleus of the stria terminalis, and other limbic structures, all of which exhibit 

high E2 activity (Horvath, Roa-Pena, Jakab, Simpson, & Naftolin, 1997; MacLusky, Naftolin, & Goldman-

Rakic, 1986; Stanić et al., 2014; Tabatadze et al., 2014; Wagner & Morrell, 1996). Aromatase is also 

expressed in a number of mammalian brain regions not directly associated with neuroendocrine functions, 

such as the hippocampus (Bender et al., 2010; Hojo et al., 2004; MacLusky et al., 1986; Tabatadze et al., 

2014; Wehrenberg, Prange-Kiel, & Rune, 2001; Yague et al., 2008; Yague, Azcoitia, DeFelipe, Garcia-

Segura, & Muñoz, 2010) and neocortex (Jeong, Tremere, Burrows, Majewska, & Pinaud, 2011; MacLusky 

et al., 1986; MacLusky, Walters, Clark, & Toran-Allerand, 1994; Tremere, Burrows, Jeong, & Pinaud, 

2011; Yague et al., 2006; Yague et al., 2008). Relatively low levels of aromatase expression have been 

detected in the brainstem and cerebellum (MacLusky et al., 1994; Sakamoto, Mezaki, Shikimi, Ukena, & 

Tsutsui, 2003; Tabatadze et al., 2014). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Roselli%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=19401952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19401952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hurn%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=19401952
https://www.jneurosci.org/content/37/6/1532#ref-78
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Aromatase expression in the nervous system is normally restricted to neurons (Balthazart, Foidart, 

Surlemont, & Harada, 1991; Canick et al., 1986; Cesi, Melcangi, Celotti, & Martini, 1993; Foidart, Harada, 

& Balthazart, 1995; Jakab, Harada, & Naftolin, 1994; Shinoda, Nagano, & Osawa, 1994; Shinoda, Yagi, 

Fujita, Osawa, & Shiotani, 1989; Tsuro, Ishimura, Fujita, & Osawa, 1994), with glial aromatase expression 

only evident following nervous tissue injury. Garcia-Segura et al. (1999) showed that aromatase expression 

in the mouse and rat brain is typically restricted to neurons, but both neurotoxic lesions and penetrating 

brain injuries induce aromatase expression by reactive astrocytes. Similarly, aromatase expression by 

reactive astrocytes has been reported in a rat model of ischemia (Carswell et al., 2005) and in an in vitro 

model of high-pressure conditions mimicking those associated with traumatic brain injury (Gatson et al., 

2011). In contrast, some investigations have shown that aromatase is present in non-reactive astrocytes 

isolated from the cerebral cortex of neonatal rats (Zwain & Yen, 1999; Zwain, Yen, & Cheng, 1997).  

Investigations into the subcellular localization of aromatase have revealed that it is expressed in the 

cytoplasm of neuronal somas, dendrites, and axons in the brains of multiple vertebrates (e.g., birds, rodents, 

and primates; Naftolin et al., 1996). In avian species, high levels of aromatase activity have been found in 

synaptosomal preparations through enzyme analyses of both whole telencephalon homogenates (Schlinger 

& Arnold, 1992) and subcellular fractions (Schlinger & Callard, 1989). Using immuno-electron 

microscopy, synaptic localization of aromatase has been confirmed by observations of aromatase 

expression within presynaptic structures (Naftolin et al., 1996; Peterson et al., 2005), even in brain regions 

reported to lack somal aromatase, such as the HVC (proper name) of zebra finches (Peterson et al., 2005). 

Aromatase expression has also been suggested to occur in postsynaptic structures, based on findings of 

decreased expression of the postsynaptic marker spinophilin following aromatase inhibition by letrozole 

(Kretz et al., 2004; Prange-Kiel et al., 2006). Srivastava and colleagues (Srivastava, Woolfrey, Liu, 

Brandon, & Penzes, 2010) provided further evidence for synaptic localization of aromatase with their 

demonstration that aromatase is colocalized to both PSD-95, a postsynaptic marker, and bassoon, a 

presynaptic cytomatrix protein marker, in cultured cortical neurons derived from embryonic rats. Synaptic 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3356004/#B24
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localization of aromatase is consistent with the proposed role of brain-generated E2 in synaptocrine 

signalling (see Remage-Healey, Saldanha, & Schlinger, 2011; Saldanha, Remage-Healey, & Schlinger, 

2011 for reviews of synaptocrine signalling by sex steroids), and supports the role of E2 as a 

neuromodulator that can be rapidly synthesized at or near E2-responsive cells.  

First proposed by French physiologist Étienne-Émile Baulieu, the term neurosteroid refers to 

steroids synthesized within the nervous system, independent of the activity of peripheral steroidogenic 

tissues (Baulieu & Robel, 1990). Neurosteroid precursors may be imported into the nervous system from 

peripheral endocrine tissues or be synthesized within the nervous system de novo. Early descriptions of 

neuroactive steroids did not recognize E2 as a neurosteroid, as E2 synthesis within the brain was thought 

to occur only by aromatization of peripherally-generated androgen precursors (Robel, Schumacher, & 

Baulieu, 1999). Consistent with the proposed requirement of peripheral androgens for E2 synthesis within 

the brain, E2 concentrations have been found to be higher in limbic regions of neonatal male rats than 

female rats (Amateau, Alt, Stamps, & McCarthy, 2004; MacLusky, Philip, Hurlburt, & Naftolin, 1985). 

However, identification of each of the steroidogenic enzymes and substrates required for E2 synthesis (e.g., 

StAR, cytochrome P450scc, pregnenolone, DHEA, and aromatase; see section 1.5) within the rodent brain 

(Corpéchot, Robel, Axelson, Sjövall, & Baulieu, 1981; Corpéchot et al., 1983; Hojo et al., 2004; Le 

Goascogne et al., 1987; Wehrenberg et al., 2001) has led to the recognition of E2 as both a neuroactive 

gonadal steroid and a neurosteroid (McCarthy, 2009). 

The widespread synthesis of E2 within the brains of males and females is consistent with the 

important role of E2 in a variety of non-reproductive functions, including nervous system development, 

neurogenesis, neuroprotection, structural and synaptic plasticity, and cognition (McEwen & Alves, 1999). 

Despite accumulating evidence for the modulatory actions of brain-generated E2, the extent to which E2 is 

synthesized in mammalian brain regions not associated with neuroendocrine functions is unknown. Recent 

investigations have identified aromatase mRNA within regions of the mouse sensory neocortex using RNA 

probes generated from aromatase cDNA and in-situ hybridization (Jeong et al., 2011; Tremere et al., 2011); 
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however, these techniques do not provide direct evidence for aromatase protein expression or functional 

activity. Furthermore, neither aromatase mRNA nor protein expression has been examined in the sensory 

neocortex of adult rats, despite previous demonstrations of aromatase expression within sensory neocortical 

regions in mice (Jeong et al., 2011; Tremere et al., 2011) and primates (Yague et al., 2006; Yague et al., 

2008). Given the established role of E2 in signal processing within vertebrate sensory forebrain regions, 

such as the auditory forebrain (Caras, 2013; see section 1.6.4), we examined aromatase expression within 

multiple sensory neocortical regions of the adult rat brain. We also examined aromatase expression within 

mPFC to confirm and extend findings of aromatase mRNA expression in the mPFC of male rats (Tobiansky 

et al., 2018) and because of the importance of this region in higher-level sensory integration and learning 

and memory (Euston, Gruber, & McNaughton, 2012; Martin-Cortecero & Nuñez, 2016). We first used 

DAB IHC to characterize the degree of aromatase expression and its laminar distribution within mPFC, S1, 

A1, and V1. We next used fluorescent IHC and aromatase/NeuN co-labelling to determine the degree of 

neuronal aromatase expression in each region. 

 

2.3 Methods 

2.3.1 Animals  

Experiments were conducted on adult (250-400 g) male Long-Evans rats (Charles River 

Laboratories, Montreal, QC, Canada). Rats were housed in groups of 3-4 in polycarbonate cages (51 × 40 

× 21 cm) in a temperature-controlled (21 ± 1°C) colony room with ad libitum access to water and food 

(LabDiet 5001 Rodent Diet, LabDiet, Brentwood, MO, USA). The colony room was maintained on a 12:12-

hour reverse light/dark cycle (lights off at 07:00) and experiments were conducted between 08:00 and 

18:00. Rats were left to acclimate to colony conditions for at least five days before being used in 

experiments. All procedures were conducted in accordance with the guidelines established by the Canadian 

Council on Animal Care, and were approved by the Queen’s University Animal Care Committee. All efforts 

were made to minimize the number and suffering of rats used in the present study. 
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2.3.2 Tissue Preparation 

Animals were anaesthetized with isoflurane (5 L/min) and sodium pentobarbital (100 mg/kg, 

administered intraperitoneally [i.p.]) and intracardially perfused with 500 ml of cold 4% paraformaldehyde 

(PFA) in 0.1 M phosphate buffer (PB). Brains were post-fixed in PFA for 30 min, then cryoprotected in 

30% sucrose in 0.1 M PB at 4°C for 48-72 hours. Brains were then snap-frozen in -70°C isopentane over 

dry ice and stored at -80°C until being processed with either DAB or fluorescent IHC. 

 

2.3.3 DAB IHC 

Brains were sliced into 30 μm coronal sections using a cryostat. Slices were divided by hemisphere 

to allow for analysis of hemispheric differences in aromatase expression and the left hemisphere was 

notched for later lateral identification. A random subset of collected sections for each region were used for 

DAB IHC. Sections were quenched with a 1:100 dilution of 30% hydrogen peroxide for 10 min at room 

temperature to inhibit endogenous peroxidase activity. Sections were washed (4 x 5 min) in 0.1 M 

phosphate-buffered saline (PBS), then blocked in 3% normal goat serum (NGS) and BSA in 0.1 M PBS at 

room temperature for 2 hours. Sections were then incubated in a 0.5% NGS and BSA in 0.1 M PBS primary 

antibody solution to label aromatase (1:250, anti-aromatase, mouse monoclonal, SM2222PS, lot: 170815; 

OriGene Technologies, Rockville, MD, USA) at 4°C for 24 hours. Following incubation with the primary 

antibody, sections were washed (3 x 10 min) in 0.5% NGS and BSA in 0.1 M PBS to remove unbound 

antibody, then incubated with a biotinylated secondary antibody to mouse (1:200 goat-anti-mouse IgG; cat: 

BA-9200; Vector Laboratories, Burlingame, CA, USA) for 60 min at 4°C. Labelling was amplified with a 

Vectastain® ABC kit (avidin-biotin complex; Vector Laboratories; 50 μl solution A and 50 μl solution B 

for every 5 ml of 0.1 M PBS). Sections were washed (2 x 10 min) in 0.1 M PBS and then again (1 x 10 

min) in 0.1 M PB. 

Sections were incubated in 500 μl of DAB solution (SIGMAFASTTM DAB kit; D0426 50SET; lot: 

061M8207V; Sigma-Aldrich, Oakville, ON, Canada) at room temperature. The reaction was terminated 
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once the tissue developed a light purple colour (approximately 10 min) by removing the DAB solution and 

washing (2 x 10 min) with 0.1 M PB. Processed sections were mounted onto gelatin-coated glass 

microscope slides and allowed to dry for at least 24 hours. Once dry, sections were dehydrated in graded 

ethanol (70%, 80%, and 90% for 5 min each, and 100% two times for 10 min each), cleared in xylene (2 x 

15 min), and cover-slipped with Permount (Fisher Scientific, Hampton, NH, USA).  

 In a subset of tissue, preabsorption (peptide competition) controls were completed to confirm the 

specificity of the anti-aromatase antibody. Prior to tissue incubation, the primary antibody (1:250 solution 

in 0.5% NGS and BSA in 0.1 M PB) was pre-incubated for 30 min at room temperature with increasing 

concentrations of an immunogenic peptide in separate wells (0, 500, 1,000, 10,000, and 100,000 ng/ml; 

AB107775; lot: GR109825-2; Abcam, Cambridge, UK). Specificity of the anti-aromatase antibody for the 

immunogenic peptide was reflected by a concentration-dependent decrease in tissue labelling with 

increasing peptide concentrations, as the antibody became neutralized and less able to bind the target 

epitope on the aromatase protein. In an additional subset of tissue, the aromatase primary antibody and the 

NeuN primary antibody used in subsequent fluorescent IHC experiments were omitted as negative controls.    

 

2.3.4 Fluorescent IHC  

Brains were sliced into 30 μm coronal sections using a cryostat and left hemisphere slices were 

collected. A random subset of collected sections for each region were used for fluorescent IHC. Due to low 

signal intensity and high background of aromatase labelling observed following standard 

immunofluorescence in pilot trials, tyramide signal amplification was used for all fluorescent labelling 

(Tyramide Superboost kits, Thermo Fisher Scientific, Waltham, MA, USA; for aromatase labelling: goat 

anti-mouse IgG with Alexa 488 tyramide, B40912, lot: 1011242; for NeuN labelling: goat anti-rabbit IgG 

with Alexa 594 tyramide, B40925, lot: 1943038). Sections were incubated in 3% hydrogen peroxide for 1 

hour at room temperature to quench endogenous peroxidase activity. Sections were then washed (3 x 5 min) 

in 0.1 M PBS and blocked with 10% NGS for 1 hour, followed by incubation for 24 hours at 4°C in a 

primary antibody solution (0.5% NGS and BSA in 0.1 M Tris-buffered saline; TrisBS) for aromatase 
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(1:500, anti-aromatase, mouse monoclonal, SM2222PS, lot: 170815; OriGene Technologies). Following 

the 24-hour incubation, sections were washed (3 x 10 min) in 0.1 M PBS. Sections were then incubated for 

1 hour at room temperature with a poly-horseradish peroxidase (HRP)-conjugated goat anti-mouse 

secondary antibody, followed by amplification with Alexa 488-conjugated tyramide for 5 min in the dark, 

according to kit instructions. Stop reagent was added after 5 min and left in the wells for an additional 5 

min. Sections were washed (3 x 10 min) in 0.1 M PBS and the labelling procedure was immediately repeated 

for multiplexing with the NeuN primary antibody (1:500, anti-NeuN, rabbit monoclonal, ab177487, lot: 

GR249899-39, Abcam) with poly-HRP-conjugated goat anti-rabbit secondary antibody and amplification 

with Alexa 594-conjugated tyramide. After multiplexing, sections were mounted onto gelatin-coated glass 

microscope slides and allowed to dry for at least 24 hours before being cover-slipped with Aqua-

Poly/Mount (Polysciences Inc., Washington, PA, USA).  

 

2.3.5 Microscopy and Cell Counting  

 Light microscopy was used to determine the number of DAB-labelled aromatase-positive cells. 

Imaging was performed using a Nikon 80i Eclipse light microscope (Nikon, Tokyo, Japan). Images were 

captured at 10x objective with Neurolucida (v. 7, MBF Bioscience, Williston, VT, USA). To quantify total 

aromatase immunolabelling in each cortical region, an 800 µm square grid was overlaid on images and all 

cells within the boundaries of the gird that contained all six cortical laminae of the region of interest were 

counted. To quantify laminar differences in aromatase-immunolabelling, laminar boundaries were defined 

based on previous studies for mPFC (Gabbott, Warner, Jays, Salway, & Busby, 2005), S1 (Narayanan, 

Udvary, & Oberlaender, 2017), A1 (Games & Winer, 1988), and V1 (Peters, Kara, & Harriman, 1985). 

Three 80 µm x 80 µm regions were pseudo-randomly selected within each of the six cortical lamina and all 

cells within the selected regions were counted. Regions were selected only if the tissue contained within 

the grid square was intact (no debris or damage that would obstruct cell counts) and the grid square was 

completely enclosed within a single lamina. Cell counts were averaged within each layer for each section.  
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 For fluorescent IHC-processed tissue, imaging was performed using a Leica DM 4000B fluorescent 

microscope (Leica Microsystems, Concord, ON, Canada) and a MicroFire camera (OPTRONICS, Goleta, 

CA, USA). Images of NeuN and aromatase double-labelled cells were captured at 40x objective with 

PictureFrameTM imaging software (v. 2.2; OPTRONICS). The number of aromatase-positive cells and 

NeuN-positive cells, as well as the number of double-labelled cells were manually counted within each 

image frame (471 µm x 353 µm) for mPFC, S1, A1, and V1 to calculate the proportion of neurons in each 

region that expressed aromatase. All DAB and fluorescent cell counts were performed manually using 

ImageJ (v. 1.52a; National Institutes of Health). 

 

2.3.6 Statistical Analysis  

 For DAB analyses, sample sizes reflect total slice numbers consisting of 1-10 slices pooled from 

each of 6 animals for S1, A1, and V1, and 4-11 slices pooled from each of 4 animals for mPFC. Total 

aromatase-positive cell counts were compared between left and right hemispheres for each cortical region 

using two-tailed, independent samples t-tests. The laminar distribution of aromatase-positive cells for each 

cortical region was analyzed using one-way analysis of variance (ANOVA) and linear contrast analyses. 

For fluorescent IHC analyses, sample sizes reflect total slice numbers consisting of 2-3 slices pooled from 

each of 6 animals for mPFC, S1, A1, and V1. The number of aromatase-positive and NeuN-positive cells, 

as well as the degree of aromatase and NeuN co-expression, were compared between cortical regions using 

individual one-way ANOVAs with Tukey’s post hoc analyses. Levene’s test for homogeneity of variances 

was applied for all t-tests and one-way ANOVAs. In cases in which the assumption of homogeneity was 

violated (p < 0.05), the Satterthwaite adjustment for the degrees of freedom (Satterthwaite, 1946) and the 

Cochran and Cox adjustment for the standard error estimate (Cochran & Cox, 1957) were applied for t-tests 

and Welch’s correction was applied for one-way ANOVAs. All statistical analyses were completed using 

SPSS (v. 25; IBM Corp., Armonk, NY, USA) with the criterion for statistical significance set at α = 0.05. 

All data are expressed as mean ± standard error of the mean (S.E.M.) 
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2.4 Results  

2.4.1 Immunogenic Peptide Block 

The distribution of aromatase immunoreactivity in the adult male rat neocortex was examined using 

DAB and fluorescent IHC. To confirm the specificity of the anti-aromatase antibody, we performed a series 

of preabsorption control experiments. Incubation of the antibody with increasing concentrations (0, 500, 

1,000, 10,000, and 100,000 ng/ml) of an immunogenic peptide (AB107775; lot: GR109825-2; Abcam) 

resulted in a concentration-dependent reduction in aromatase immunolabelling in A1 (one slice per 

concentration; Figure 2.1 A-E). Immunolabelling for both aromatase (Figure 2.1 F) and NeuN (data not 

shown) was absent when either primary antibody was omitted.  
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Figure 2.1 Preabsorption controls for the aromatase antibody. A) Typical aromatase immunolabelling 

in A1 tissue prepared without pre-incubation with the immunogenic peptide (0 ng). Aromatase 

immunoreactivity progressively decreased in tissue pre-incubated with 500 ng (B), 1,000 ng (C), 10,000 

ng (D), and 100,000 ng (E) of the immunizing peptide. Aromatase immunoreactivity was absent in control 

tissue in which the primary antibody was omitted (F). Brightness and contrast were adjusted uniformly to 

increase clarity.  

 



 

50 

 

2.4.2 Pattern of Neocortical Aromatase Expression 

Incubation of tissue with the anti-aromatase antibody resulted in widespread immunolabelling 

throughout mPFC, S1, A1, and V1. Dense immunolabelling was present in both cerebral hemispheres and 

all cortical layers, with the exception of layer I, which showed relatively sparse labelling compared to all 

other layers. Independent samples t-tests were used to assess hemispheric differences in total aromatase-

positive cell counts. There were no significant differences in the number of aromatase-positive cells 

between the left and right hemispheres of mPFC (t23 = 0.74, p = 0.465), S1 (t34 = 0.12, p = 0.902), A1 (t30 

= 0.34, p = 0.736), or V1 (t34 = 0.39, p = 0.698); see Figure 2.2.  

Given the lack of hemispheric differences in aromatase immunolabelling, we collapsed the data 

across left and right hemispheres for analyses of layer-specific cell counts. Aromatase immunoreactivity 

differed significantly across cortical layers (mPFC: Welch’s F4, 80.72 = 253.43, p < 0.0001; S1: Welch’s F4, 

92.20 = 299.06, p < 0.0001; A1: Welch’s F5, 84.61 = 236.97, p < 0.0001; and V1: Welch’s F4, 84.19 = 540.43, p 

< 0.0001); see Figure 2.3. Each ANOVA was followed up with a linear contrast analysis conducted on 

layers II-VI. Layer I was omitted from linear contrast analyses due to the relative paucity of cell bodies 

within the molecular layer. A significant linear contrast was observed in each cortical region, indicating 

increasing aromatase expression from layer II to layer VI (mPFC: F1, 132 = 45.75, p < 0.0001; S1: F1, 152 = 

85.06, p < 0.0001; A1: F1, 155 = 177.35, p < 0.0001; and V1: F1, 144 = 170.10, p < 0.0001). 
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Figure 2.2 Total aromatase immunoreactivity in the adult male rat neocortex. Total immunoreactive 

cell counts for DAB labelling of aromatase-positive cells within an 800 x 800 µm region of interest within 

the left and right hemispheres of the rat mPFC, S1, A1, and V1. The number of aromatase-immunoreactive 

cells did not significantly differ between the left and right hemispheres of any cortical region. Sample sizes 

(slice numbers) are indicated on individual bars. Scatter points represent counts for individual slices. 
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Figure 2.3 Laminar distribution of aromatase immunoreactivity in the adult male rat neocortex. 

Immunoreactive cells counts for DAB labelling of aromatase-positive cells across cortical layers in the rat 

mPFC, S1, A1, and V1. Aromatase-positive cell counts are presented as averages of counts within three 80 

µm x 80 µm square regions of interest within each cortical layer. Each cortical region exhibited a significant 

linear increase in the number of aromatase-positive cells from layer II to layer VI. Sample sizes (slice 

numbers) are indicated on individual bars. Scatter points represent counts for individual slices. 
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2.4.3 Colocalization of NeuN and Aromatase  

Fluorescent labelling revealed that aromatase-positive cells generally had a round or ovoid shape, 

with diameters of approximately 10 µm (Figure 2.4). A one-way ANOVA revealed that the number of 

aromatase-expressing cells significantly differed between cortical regions (F3, 60 = 5.05, p = 0.003). mPFC 

had the greatest number of aromatase-positive cells (162.78 ± 6.67), followed by A1 (142.13 ± 10.27), V1 

(129.83 ± 8.70), and SI (118.83 ± 5.36). Tukey’s post hoc comparisons revealed that aromatase expression 

differed significantly between mPFC and S1 (p = 0.004) and between mPFC and V1 (p = 0.021); all other 

differences were non-significant (all ps > 0.05; see Figure 2.5 A). Similarly, the number of NeuN-

expressing cells significantly differed between cortical regions (F3, 60 = 12.47, p < 0.0001). mPFC had the 

greatest number of NeuN-positive cells (352.56 ± 11.30), followed by V1 (282.61 ± 17.36), A1 (250.50 ± 

13.37), and SI (249.00 ± 9.69). Tukey’s post hoc comparisons revealed that NeuN expression differed 

significantly between mPFC and S1 (p < 0.0001), mPFC and A1 (p < 0.0001), and mPFC and V1 (p = 

0.002); all other differences were non-significant (all ps > 0.05; see Figure 2.5 B).  

Co-labelling for aromatase and NeuN revealed a considerable degree of neuronal aromatase 

expression within each cortical region. In mPFC, approximately 46.15 ± 1.14% of NeuN-positive cells also 

displayed immunoreactivity for aromatase. A similar pattern of co-expression was seen in S1 (48.08 ± 

2.22%), A1 (56.92 ± 2.86%), and V1 (46.40 ± 1.74%). There was a significant difference between regions 

in the percentage of NeuN-expressing cells that were also immunoreactive for aromatase, as determined by 

a one-way ANOVA with Welch’ adjusted F ratio (Welch’s F3.00, 29.46 = 4.06, p = 0.016). Tukey’s post hoc 

comparisons revealed that the degree of aromatase/NeuN co-expression differed significantly between A1 

and mPFC (p = 0.011) and between A1 and V1 (p = 0.021); all other differences were non-significant (all 

ps > 0.05; see Figure 2.5 C).  
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Figure 2.4 Colocalization of aromatase and NeuN in the adult male rat neocortex. Representative 

images of cells expressing aromatase (AROM; left) and NeuN (center), and aromatase and NeuN images 

merged (right) for the rat mPFC, S1, A1, and V1 (top to bottom). Images were taken from the middle layers 

of each region. Brightness and contrast were adjusted to increase clarity, after all counts were completed 

manually using un-adjusted images. Atlas images adapted from Paxinos and Watson (1998) with numbers 

indicating the distance in mm from bregma. 
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Figure 2.5 Aromatase- and NeuN-positive cell counts within regions of the adult male rat neocortex. 

Immunoreactive cell counts for aromatase (top) and NeuN (middle), as well as the percentage of NeuN-

positive cells that expressed aromatase (bottom) in left hemisphere sections from the rat mPFC, S1, A1, 

and V1. *p < 0.05; **p < 0.01; ****p < 0.0001. Sample sizes (slice numbers) are indicated on individual 

bars. Scatter points represent counts for individual slices. 
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2.5 Discussion  

Aromatase expression within neural tissue is indicative of local E2 synthesis and supports the role 

of E2 as a brain-generated neuromodulator, in addition to its function as a peripherally-synthesized 

neuroactive steroid. Numerous studies have demonstrated that aromatase is expressed in a number of 

endocrine and non-endocrine regions of the rat brain. However, descriptions of aromatase expression in the 

rat sensory forebrain are lacking, despite the established modulatory role of E2 in sensory forebrain regions 

of multiple species, particularly the auditory forebrain (Caras, 2013; Remage-Healey et al., 2010; Tremere 

et al., 2009; Tremere & Pinaud, 2011). Thus, the present study investigated the extent and pattern of 

aromatase expression in sensory neocortical regions of the adult rat brain. Aromatase expression was also 

examined in the mPFC, both to confirm previous reports of aromatase mRNA in this region and because 

this region is important for higher-level sensory signal processing and cognitive processes such as learning 

and memory. The present findings extend previous reports of E2 synthesis within the rat brain with evidence 

that aromatase is expressed by neurons throughout mPFC, S1, A1, and V1, as well as a characterization of 

the laminar profile of aromatase expression in each region. 

 

2.5.1 Aromatase Antibody Selection 

Due to concerns about the specificity of aromatase antibodies and the fact that no previous studies 

have characterized aromatase protein expression in the adult rat neocortex, the aromatase antibody used in 

the present studies was carefully selected and control experiments were completed to confirm antibody 

specificity. Unlike many commercially available polyclonal antibodies that appear to bind to proteins other 

than aromatase, as evidenced by multiple bands of varying molecular weights on Western Blots, the 

monoclonal antibody used in the present study has previously been shown to result in only a single band 

with a molecular weight between 50-55 kD on Western Blots (Bender et al., 2017; SM2222PT specification 

sheet, OriGene Technologies). Although multiple bands may indicate the presence of splice variants of the 

aromatase protein, the literature on these variants is limited and multiple splice variants would increase the 
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probability of the antibody recognizing and binding multiple epitopes. Preabsorption controls were 

employed using an immunogenic peptide to saturate the binding sites on the aromatase antibody before 

tissue incubation. While aromatase immunolabelling was not completely abolished by preincubation with 

the peptide, there was a clear concentration-dependent reduction in immunolabelling as the amount of 

immunogenic peptide was increased, providing further support for the specificity of the antibody used in 

the present study.  

The use of knockout tissue from animals in which the coding region for aromatase has been deleted 

would provide additional evidence for the specificity of the aromatase antibody employed in the current 

study; however, a number of issues must be considered regarding the use of knockout models. To the best 

of our knowledge, there are currently no genetic deletions of aromatase in rats. Data from existing aromatase 

knockout mice (e.g., Bakker, Honda, Harada, & Balthazart, 2002; Honda, Harada, Ito, Takagi, & Maeda, 

1998; Lu et al., 2019) may not be generalizable to rats, as the DNA coding region for aromatase and the 

resultant protein are not completely homologous between species (Chen & Zhou, 1992). For example, the 

genetic coding region of aromatase in rats is 508 nucleotides in length, with a known protein mass of ~58.41 

kDa, whereas the coding region for aromatase in mice is 503 nucleotides in length, with a protein mass of 

~58.02 kDa. Furthermore, it is unclear whether rats and mice differ with respect to the extent and pattern 

of neocortical aromatase expression.  

 

2.5.2 Single-Labelling Experiments  

The present IHC experiments demonstrate that aromatase is widely expressed in the mPFC, S1, 

A1, and V1 of adult male rats, with no apparent hemispheric differences in the degree of aromatase 

immunoreactivity. Aromatase-immunoreactive cells were found throughout cortical layers II-VI and, to a 

much lesser extent, in layer I. In each region, aromatase labelling increased linearly across cortical layers, 

with the greatest labelling in layers V and VI. This distribution pattern is consistent with that demonstrated 

in the primate temporal neocortex (Yague et al., 2006; Yague et al., 2008). In contrast, this pattern differs 
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from that previously reported for the mouse A1, in which aromatase-positive neurons were most abundant 

in layers II and III, followed by layers IV, V, and VI (Tremere et al., 2011), and for the mouse V1, in which 

the degree of aromatase labelling was homogenous across layers II-VI (Jeong et al., 2011). 

 

2.5.3 Double-Labelling Experiments 

Previous investigations have revealed that aromatase expression in the neocortex is typically 

restricted to neurons (Jeong et al., 2011; Tremere et al., 2011; Yague et al., 2008); however, aromatase 

expression has also been observed in a subpopulation of neocortical astrocytes in humans (Yague et al., 

2006). To determine whether the aromatase expression we observed using DAB labelling was localized to 

neurons, we completed colocalization studies with markers for aromatase and NeuN. We observed a high 

degree of aromatase/NeuN colocalization in each of the neocortical regions of interest, with approximately 

46-57% of NeuN-positive cells also positive for aromatase. These percentages are in agreement with, but 

slightly lower than those reported in previous investigations of aromatase expression in the mammalian 

neocortex. For example, Tremere et al. (2011) reported that aromatase was expressed by approximately 

67% of neurons in the A1 of adult mice. Similar percentages have been reported by Yague et al. (2006) for 

the temporal neocortex of adult humans, in which aromatase was expressed by approximately 66% of layer 

II/III neurons, and by Jeong et al. (2011) in the V1 of adult mice, in which aromatase was expressed by 

approximately 63% of neurons across cortical layers.  

Although it appears that the aromatase labelling observed in the present study was restricted to 

neurons, we cannot confirm the absence of glial aromatase expression in the rat neocortex as we did not 

complete colocalization experiments with glial markers. Additionally, the present study does not indicate 

which neuronal populations accounted for the observed aromatase expression. Previous work has 

demonstrated that neocortical aromatase expression is largely restricted to excitatory pyramidal cells, with 

expression observed in only small subpopulations of GABAergic interneurons (Jeong et al., 2011; Tremere 

et al., 2011; Yague et al., 2006; Yague et al., 2008). For example, in the temporal neocortex of male and 
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female humans, Yague et al. (2006) showed that aromatase was expressed by less than 20% of cells labelled 

for the GABAergic interneuron markers calbindin and parvalbumin, and aromatase expression was 

undetectable in cells immunoreactive for the interneuron marker calretinin. Investigations of aromatase 

expression in the mouse A1 and V1 have yielded similar results pertaining to the neurochemical identity of 

aromatase-positive cells, with less than 30% of aromatase-expressing cells in each region expressing 

mRNA for the inhibitory interneuron marker GAD65 (glutamic acid decarboxylase 65-kDa isoform; Jeong 

et al., 2011; Tremere et al., 2011).  

 

2.5.4 Conclusion  

The present findings of aromatase expression within the mPFC, S1, A1, and V1 of adult male rats 

extend previous observations of aromatase mRNA in the rat mPFC (Tobiansky et al., 2018) and of 

aromatase mRNA and protein in the sensory forebrain of birds, mice, and primates (Metzdorf et al., 1999; 

Jeong et al., 2011; Peterson et al., 2005; Rohmann et al., 2007; Tremere et al., 2011; Yague et al., 2006; 

Yague et al., 2008). These findings add to a large body of literature suggesting that aromatase expression 

within neural tissue is highly conserved among vertebrates (Callard et al., 1978a, 1978b). Widespread 

aromatase expression within the adult rat mPFC and sensory neocortex suggests that extensive E2 synthesis 

occurs in these regions. This supports the role of locally-synthesized E2 as a modulator of neocortical 

synaptic activity and plasticity, and suggests that local E2 signalling likely contributes to sensory processing 

in adult rats. 

It is important to note that the present studies only examined neocortical aromatase expression in 

male rats. Previous work has yielded conflicting results with respect to the effects of circulating sex steroids 

on forebrain aromatase expression. Yague et al. (2008) demonstrated that the degree and pattern of 

aromatase expression in the hippocampus and temporal neocortex of OVX rhesus monkeys was unaffected 

by cyclic E2 treatment. Similarly, Bender et al. (2017) reported similar levels of aromatase expression in 

the basolateral amygdala of gonadally-intact male and female rats. However, other studies have reported 
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sex differences in aromatase expression in a variety of subcortical regions, including the hypothalamus-

preoptic area and amygdala, as well as effects of circulating steroids on aromatase expression and activity 

in a brain region-, age-, and sex-specific manner (Abdelgadir et al., 1994; Roselli, Ellinwood, & Resko, 

1984; Roselli & Resko, 1993; Tabatadze et al., 2014; Zhao et al., 2007). Thus, future studies are required 

to determine whether neocortical aromatase expression differs between male and female rats, and whether 

circulating steroid concentrations influence the degree and pattern of aromatase expression. Future studies 

are also required to investigate the functions mediated by locally-synthesized E2 within the rat neocortex. 
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Chapter 3 

Effects of Acute E2 Manipulations on Short- and Long-Term Synaptic Plasticity  

in the Adult Rat A1 

 

3.1 Abstract  

E2 is synthesized in multiple forebrain regions where it rapidly alters neuronal activity and 

plasticity in both males and females of a variety of vertebrate species. Research primarily conducted in 

songbirds has demonstrated that E2 synthesis in the auditory forebrain is regulated by auditory experience 

and that locally-synthesized E2 contributes to acoustic signal processing and learning. Despite established 

effects of E2 on synaptic plasticity mechanisms underlying learning and memory in some mammalian 

forebrain regions, such as the hippocampus, the modulatory actions of E2 on synaptic plasticity have not 

been directly investigated in the mammalian auditory forebrain. Thus, the objective of the current study 

was to investigate the potential role of E2 in gating short- and long-term synaptic plasticity in the 

mammalian auditory forebrain.  

This study examined whether acute changes in local E2 concentrations alter short- and long-term 

synaptic plasticity in the A1 of adult male rats in vivo. To explore the effects of acute E2 manipulations on 

long-term plasticity in A1, LTP was induced by TBS of the medial geniculate nucleus (MGN), during direct 

application of either E2 or the aromatase inhibitor letrozole in A1. E2 significantly reduced the threshold 

for LTP induction in the thalamocortical auditory pathway, particularly at layer IV, thalamocortical 

synapses. In contrast, suppression of local E2 synthesis by letrozole significantly reduced LTP induction, 

particularly at layer II/III, intracortical synapses. Neither E2 nor letrozole significantly altered paired-pulse 

response profiles in A1, indicating a postsynaptic locus of the observed changes in LTP induction by E2 

manipulations. Importantly, neither E2 nor letrozole significantly altered baseline transmission at either 

thalamocortical or intracortical synapses, suggesting that the effects of E2 manipulations were specific to 

synaptic plasticity induction. 
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3.2 Introduction 

A growing body of literature implicates E2 in learning and memory processes. Memory abilities 

vary naturally across the mammalian estrous cycle, such that elevated circulating E2 concentrations are 

associated with enhanced performance in a variety of learning and memory tasks. In rodents, acute and 

chronic E2 treatment are typically associated with improved memory performance, whereas reductions in 

circulating E2 concentrations by OVX or aromatase inhibition are typically associated with memory 

impairments (Frick et al., 2015; Luine, 2014). The memory-enhancing effects of E2 are mediated in part 

by alterations in neuron structure and function in the hippocampus, a region critically involved in learning 

and memory processes. In the rodent hippocampus, E2 promotes spine and synapse formation (Gould et 

al., 1990; Woolley & McEwen, 1992; see section 1.7.2) and increases neuronal excitability and activity 

(Teyler et al., 1980; Wong & Moss, 1992; see section 1.7.3). E2 also promotes long-term synaptic plasticity 

mechanisms such as LTP, a cellular correlate of information storage and memory known to involve spine 

and synapse formation (Lynch, 2004; Malenka & Bear, 2004). 

Among the earliest demonstrations that LTP is modulated by E2 was the finding by Warren et al. 

(Warren, Humphreys, Juraska, & Greenough, 1995) that hippocampal LTP induction in female rats is 

influenced by natural fluctuations in circulating E2 concentrations over the estrous cycle. The authors 

observed that the magnitude of LTP induced in CA1 by high-frequency stimulation of Schaffer collateral 

afferents was greatest during the afternoon of proestrus, when circulating E2 concentrations and CA1 spine 

density are highest. This finding was subsequently extended by Good et al. (Good, Day, & Muir, 1999) 

who reported that the LTP enhancement observed in CA1 during proestrus is concomitant with attenuated 

LTD induction in the same region. Acute E2 application likewise facilitates hippocampal LTP induction in 

rodents, both in the awake animal (Córdoba Montoya & Carrer, 1997) and in vitro (Bi et al., 2000; Foy et 

al., 1999; Kim et al., 2002; Kramár et al., 2009; Smith & McMahon, 2005, 2006). In addition to eliciting a 

robust and sustained increase in LTP, acute E2 application has been shown to suppress hippocampal LTD 

induction in slices from aged rats (Foy, Baudry, Foy, & Thompson, 2008; Vouimba, Foy, Foy, & 
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Thompson, 2000), and convert NMDA-induced LTD to LTP in hippocampal slices from adolescent rats 

(Shiroma, Yamaguchi, & Kometani, 2005). In contrast, inhibition of E2 synthesis (i.e., systemic or local 

aromatase inhibition or genetic aromatase deletion) and ER antagonism have been shown to suppress 

hippocampal LTP induction in rodents (Di Mauro, Tozzi, Calabresi, Pettorossi, & Grassi, 2015; Grassi et 

al., 2011; Lu et al., 2019; Vierk et al., 2012).  

Although much of the work implicating E2 in LTP induction and maintenance has been conducted 

in the hippocampus, similar effects of E2 manipulations on long-term synaptic plasticity have been 

observed in other regions, including the medial vestibular nucleus (Grassi, Frondaroli, Dieni, & Scarduzio, 

2009; Grassi, Frondaroli, Dieni, Scarduzio, & Pettorossi, 2009; Scarduzio, Panichi, Pettorossi, & Grassi, 

2013), dorsal striatum (Tozzi et al., 2015), and basolateral amygdala (Bender et al., 2017). The widespread 

modulatory effects of E2 on long-term synaptic plasticity likely contribute to the variety of cognitive 

functions and memory processes enhanced by E2. Interestingly, the effects of E2 on synaptic plasticity have 

not been thoroughly explored in forebrain regions in which the modulatory and memory-facilitating effects 

of E2 have been well characterized, such as the auditory forebrain (Caras, 2013; see section 1.7.4). 

Research into the effects of E2 within the auditory forebrain has been primarily conducted in 

songbirds. Songbirds are model species for studying auditory physiology and plasticity as they rely on 

production and processing of complex, learned acoustic signals for reproductive success. The songbird 

auditory forebrain is a site of ER expression and E2 synthesis (Bernard et al., 1999; Gahr, Flügge, & 

Güttinger, 1987; Jacobs, Arnold, & Campagnoni, 1999; Saldanha & Coomaralingam, 2005; Vahaba et al., 

2020). Within the auditory forebrain of male and female zebra finches, E2 synthesis is rapidly upregulated 

in response to salient acoustic experience such as song exposure and interactions with conspecifics 

(Remage-Healey et al., 2012; Remage-Healey et al., 2008). Inhibition of E2 synthesis in the auditory 

forebrain suppresses auditory-evoked neuron firing, neuronal adaptation to song stimuli, and behavioural 

preference for tutors’ songs (Remage-Healey et al., 2010; Tremere & Pinaud, 2011; Yoder et al., 2012). 

Local E2 synthesis inhibition also suppresses activity-dependent expression of immediate early genes 
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involved in plasticity (Tremere et al., 2009). The importance of endogenous E2 synthesis in auditory signal 

processing and learning suggests that locally-produced E2 functions as a modulator of synaptic activity and 

plasticity in the auditory forebrain.  

Despite the well-characterized effects of E2 on synaptic activity and plasticity in forebrain regions 

such as the hippocampus, as well as the role of E2 in acoustic signal processing and encoding of auditory 

experiences, the mechanisms by which E2 contributes to memory processes in the central auditory system 

remain unclear. Thus, the present experiments were conducted to characterize the effects of acute 

manipulations of local E2 concentrations on synaptic plasticity in the mammalian auditory forebrain. Using 

in vivo field recordings in the A1 of adult rats, we examined the effects of E2 application, as well as 

reductions in E2 synthesis by letrozole application, on short- and long-term synaptic plasticity mechanisms, 

namely PPF/PPD and LTP. 

 

3.3 Methods  

3.3.1 Animals  

 Experiments were conducted on adult (250-400 g) male Long-Evans rats (Charles River 

Laboratories, Montreal, QC, Canada). Rats were housed in groups of 3-4 in polycarbonate cages (51 × 40 

× 21 cm) in a temperature-controlled (21 ± 1°C) colony room with ad libitum access to water and food 

(LabDiet 5001 Rodent Diet, LabDiet, Brentwood, MO, USA). The colony room was maintained on a 12:12-

hour reverse light/dark cycle (lights off at 07:00) and experiments were conducted between 08:00 and 

18:00. Rats were left to acclimate to colony conditions for at least five days before being used in 

experiments. Each rat was used for a single experiment. All procedures were conducted in accordance with 

the guidelines of the Canadian Council on Animal Care, and were approved by the Queen’s University 

Animal Care Committee. All efforts were made to minimize the number and suffering of rats used in the 

present study. 
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3.3.2 Surgical Preparation 

 Rats were deeply anaesthetized with urethane (Sigma-Aldrich; 1.5 g/kg administered i.p. as three 

0.5 g/kg doses, one every 15-20 min, with supplements as necessary). Rats were secured in a stereotaxic 

apparatus (David Kopf Instruments, Tujunga, CA, USA) and the local anesthetic bupivacaine (Hospira 

Healthcare Corporation, Montreal, QC, Canada; 2.0 mg⁄kg administered as two subcutaneous injections) 

was given at the incision site 15 min prior to the surgery. Body temperature was maintained at 36-37°C 

throughout the experiment. 

A midline incision was made to expose the skull and burr holes were drilled over the MGN (5.5 

mm posterior to bregma, 3.8 mm lateral to midline) and ipsilateral A1 (4.5 mm posterior to bregma, 7.0 

mm lateral to midline). Two additional holes were drilled in the frontal bone to secure ground and reference 

connections (jeweler screws attached to miniature connectors). A concentric, bipolar stimulation electrode 

(SNE-100, Rhodes Medical Instruments, David Kopf Instruments, Tujunga, CA, USA) was lowered into 

the MGN (5.4 to 6.4 mm ventral to dura) to provide direct MGN stimulation. A monopolar recording 

electrode (125 μm diameter Teflon-insulated stainless-steel wire) was lowered into the middle layers of A1 

(3.2 to 5.4 mm ventral to dura). Electrode placements were adjusted to yield maximal fPSP amplitudes in 

A1 in response to single-pulse (0.2 ms) MGN stimulation.  

 

3.3.3 Electrophysiological Recordings 

 The stimulation electrode was connected to a stimulus isolation unit (ML 180 Stimulus Isolator; 

AD Instruments, Toronto, ON, Canada) that provided a constant current output (0.2 ms pulses). The 

recording electrode was connected to an amplifier (Model 1800, A-M Systems Inc., Carlsborg, WA, USA) 

and A-D converter (PowerLab/4s system running Scope software v. 4.0.2, AD Instruments) that amplified, 

filtered (0.3-1 kHz), digitized (10 kHz), and stored signals for offline analyses. The fPSPs in A1 were 

differentially recorded against the reference connection in the frontal bone.  

Following electrode placement, the brain was left to rest for approximately 20 min. The MGN was 
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then stimulated at increasing intensities (0.1-1.0 mA in 0.1 mA increments) to generate an input-output 

curve. The stimulation intensity that produced 50-60% of the maximum fPSP amplitude was used 

throughout the experiment. fPSPs were recorded every 30 sec until 60 stable baseline fPSPs were obtained 

(fPSP amplitudes less than ± 5% of the average fPSP amplitude for three consecutive 10-min intervals). 

Following baseline recordings, TBS was applied to the MGN as trains of 10 bursts (bursts repeated at 5 Hz, 

each burst containing 5 pulses repeated at 100 Hz), with trains repeated once every 10 sec for a total of 4 

trains. TBS was used to induce LTP as this stimulation protocol has previously been shown to induce robust 

and non-decremental LTP in the thalamocortical auditory system under similar experimental conditions 

(Hogsden & Dringenberg, 2009a, 2009b; Hogsden, Rosen, & Dringenberg, 2011, Speechley, Hogsden, & 

Dringenberg, 2007). Following TBS, single-pulse MGN stimulation resumed for 60 min, followed by a 

second and third TBS episode, each followed by a 60-min recording period. 

To assess the effects of acute E2 manipulations on short-term plasticity in A1, a paired-pulse 

stimulation protocol was applied once immediately following baseline recordings and again at the end of 

the third hour of recordings. Paired single-pulse stimulations were applied to the MGN at interstimulus 

intervals (ISI) of 25, 50, 75, 100, 125, 250, 500 and 1,000 ms. Ten episodes of paired-pulse stimulation 

were completed for each ISI, repeated at 5,000 ms intervals.  

 

3.3.4 Pharmacological Manipulations 

 E2 concentrations in A1 were manipulated using E2 (Tocris Bioscience, Bristol, UK) and the non-

steroidal aromatase inhibitor letrozole (Tocris Bioscience). Drugs were dissolved in 100% dimethyl 

sulfoxide (DMSO) and stored at -20°C until being diluted on the day of use to final concentrations in 

artificial cerebrospinal fluid (aCSF; 118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4•H2O, 1.2 mM 

NaH2PO4, 2.5 mM CaCl2•H2O, 19.0 mM NaHCO3, and 11.1 mM glucose). Rats were randomly assigned 

to receive either E2 (1 µM), letrozole (10 µM), or vehicle (aCSF + 1% DMSO).  

All drugs were locally applied to A1 through reverse microdialysis. The microdialysis probe (Mab 
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2.14.2; 2 mm polyethersulfone membrane, 0.6 mm outer diameter, 35 kDa cut-off; SPE Ltd., Oshawa, ON, 

Canada) was attached to the recording electrode such that the probe tip extended approximately 1 mm 

below the electrode tip. The probe was connected by fluorinated ethylene propylene (FEP) microtubing 

(SPE Ltd.) to a syringe driven by a microdialysis pump (Univentor 801, Univentor Ltd., Zejtun, Malta). 

Solutions were perfused at a flow rate of 1.0 μl/min. In experiments assessing the effects of local E2 

manipulations on LTP, drug application began approximately 10 min prior to beginning baseline 

recordings. In experiments assessing the effects of local E2 manipulations on basal synaptic transmission, 

drug application began immediately following the baseline recordings and first paired-pulse stimulation 

protocol, which were completed during vehicle application. In all experiments, drugs were applied 

continuously until the end of the recording procedure. 

 

3.3.5 Histology 

 Following electrophysiological recordings, rats received a lethal dose of urethane and were 

intracardially perfused with 0.9% saline, followed by 10% formalin. Brains were extracted and stored in 

10% formalin for at least 24 hours before being sectioned coronally into 40 μm slices using a cryostat. 

Electrode placements were verified according to defined MGN and A1 coordinates (Paxinos & Watson, 

1998) by an experimenter who was blind to the data from individual rats. Data from rats with inaccurate 

electrode placements were excluded from analyses.  

 

3.3.6 Statistical Analysis  

 Electrophysiological data were stored and processed using Scope software (v. 3.6.5, AD 

Instruments). In agreement with previous studies employing the present stimulation and recording 

parameters (Hogsden & Dringenberg, 2009a, 2009b; Hogsden et al., 2011; Lee, Soutar, & Dringenberg, 

2018; Soutar, Rosen, Rodier, & Dringenberg, 2016), the fPSPs recorded in A1 following single-pulse MGN 

stimulation consisted of two distinct negative peaks. The amplitude of each peak was computed as the 
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voltage difference between the spontaneous activity recorded immediately prior to MGN stimulation and 

the maximum negativity following MGN stimulation. Amplitude values for each peak were averaged over 

10-min intervals (20 fPSPs) and normalized to the average baseline (60 fPSPs) amplitude of each animal.  

The effects of acute E2 manipulations on both basal synaptic strength (non-potentiated fPSP 

amplitude) and the magnitude of LTP induction were analyzed by comparing peak fPSP amplitudes over 

time and between drug conditions using individual two-way mixed model (drug x time) ANOVAs. In LTP 

experiments, the effects of E2 manipulations on baseline fPSP amplitude were analyzed using two-tailed, 

independent samples t-tests. For analyses of paired-pulse responses, fPSPs were averaged across trials for 

each ISI. A paired-pulse ratio (PPR) was calculated for each ISI by dividing the peak amplitude of the 

second fPSP by that of the first fPSP. A PPR value greater than 1.0 reflected PPF, whereas a PPR value 

less than 1.0 reflected PPD. PPRs were calculated only for the first of the two fPSP peaks. PPRs obtained 

from the first (baseline) and second (end of the experiment) paired-pulse stimulation protocols were 

compared within each drug condition individually to test the effects of three-hour drug application on 

paired-pulse response profiles using two-way repeated measures (time x ISI) ANOVAs. The same analysis 

was conducted to determine the effects of TBS on paired-pulse response profiles within each drug 

condition. PPRs obtained from the first and second stimulation protocols were also compared between drug 

conditions to identify potential interaction effects involving drug using three-way mixed model (drug x 

time x ISI) ANOVAs. In cases in which there were significant time x ISI interaction effects, pairwise 

comparisons with Sidak correction were conducted to compare PPRs obtained during the first and second 

stimulation protocols at each ISI. 

Data from experiments in which we observed prolonged instability or extreme changes (>70% 

change from baseline) in fPSP amplitude were excluded from analyses; changes of this magnitude are not 

typically observed at A1 synapses under the present experimental conditions. Levene’s test for homogeneity 

of variances was applied for all t-tests and one-way ANOVAs and corrected statistics were reported where 

appropriate (see Chapter 1). Mauchly’s test for sphericity was conducted for all repeated measures 
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ANOVAs and the Greenhouse-Geisser correction was applied in all cases in which the assumption of 

sphericity was violated (Muller & Barton, 1989). All statistical analyses were completed using SPSS (v. 

25; IBM Corp.) with the criterion for statistical significance set at α = 0.05. All data are expressed as mean 

± S.E.M. 

 

3.4 Results 

3.4.1 Characteristics of A1 fPSPs Elicited by Single-Pulse MGN Stimulation 

The effects of acute, bidirectional manipulations of local E2 concentrations on synaptic activity 

and short- and long-term synaptic plasticity in A1 were investigated using field recordings, paired-pulse 

responses, and TBS-induced LTP in vivo. As in previous work using the present electrode configuration 

(Hogsden & Dringenberg, 2009a, 2009b; Hogsden et al., 2011; Lee et al., 2018; Soutar et al., 2016), single-

pulse MGN stimulation elicited fPSPs in A1 composed of two distinct negative peaks with latencies of 

approximately 4-8 ms and 12-16 ms from the stimulation artifact (Figure 3.1). Previous work has 

demonstrated that the first and second peaks in this fPSP reflect successive current sinks in layer IV and 

layer II/III, corresponding to activation of thalamocortical and intracortical synapses, respectively 

(Hogsden & Dringenberg, 2009b; Hogsden et al., 2011; Kaur, Rose, Lazar, Liang, & Metherate, 2005). 

Peak amplitudes for fPSPs recorded in the presence of vehicle (n = 32) averaged approximately 1.36 ± 0.08 

mV (peak 1) and 0.72 ± 0.03 mV (peak 2).  
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Figure 3.1 Typical electrode placements and A1 fPSPs elicited by single-pulse MGN stimulation. A) 

Typical placements of the stimulation electrode in MGN and recording electrode and microdialysis probe 

in the ipsilateral A1. Atlas images adapted from Paxinos and Watson (1998) with numbers indicating the 

distance in mm from bregma. B) Typical fPSPs recorded in A1 following single-pulse MGN stimulation 

before (grey, dashed trace) and after (black, solid trace) three episodes of TBS. The negative peaks occurred 

at approximately 4 and 12 ms following the stimulation artifact (sharp upward deflection). Each fPSP trace 

was averaged over a 30-min recording period (60 fPSPs) completed during vehicle application.  
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3.4.2 Effect of E2 Manipulations on Basal Synaptic Transmission in A1  

To determine whether acute, bidirectional manipulations of local E2 concentrations alter baseline 

synaptic transmission in A1, we compared the amplitude of fPSPs recorded during 30-min vehicle 

application (baseline) and fPSPs recorded during three-hour application of either E2 (1 µM; n = 8), letrozole 

(10 µM; n = 8), or vehicle (n = 8). Relative to continuous vehicle application, neither E2 nor letrozole 

application altered the amplitude of either the first (Figure 3.2 A) or second (Figure 3.2 B) fPSP peak. Two-

way mixed model (drug x time) ANOVAs comparing peak 1 amplitudes between drug conditions and over 

time failed to reveal any significant main effects of drug (both Fs < 0.43; both ps > 0.525) or time (both Fs 

< 0.74; both ps > 0.519), or any significant drug x time interaction effects (both Fs < 1.48; both ps > 0.239), 

indicating that the amplitude of the first fPSP peak, representing a current sink originating at 

thalamocortical synapses, was unaffected by acute E2 manipulations and remained stable over the 3.5-hour 

recording period. Analyzed individually, none of the drug conditions exhibited a significant change in peak 

1 amplitude over time (all Fs < 1.67; all ps > 0.228). 

Two-way mixed model (drug x time) ANOVAs comparing peak 2 amplitudes between drug 

conditions and over time similarly failed to reveal any significant main effects of drug (both Fs < 0.14; both 

ps > 0.722) or any significant drug x time interaction effects (both Fs < 0.46; both ps > 0.453), indicating 

that the amplitude of the second fPSP peak, representing a current sink originating at intracortical synapses, 

was unaffected by acute E2 manipulations. However, significant main effects of time were observed when 

comparing both vehicle with E2 (F3.32, 46.53 = 5.07, p = 0.003, ηp2 = 0.266) and vehicle with letrozole (F3.20, 

44.83 = 3.59, p = 0.019, ηp2 = 0.204), such that the amplitude of peak 2 increased slightly over time, collapsing 

across drug conditions. Although the amplitude of the second fPSP peak significantly increased over the 

3.5-hour recording period when drug conditions were combined, this effect was too small and variable to 

reach significance for any of the conditions when analyzed individually (all Fs < 1.44; all ps > 0.074).  
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Figure 3.2 Effects of local E2 manipulations on baseline fPSP amplitude in A1. Three-hour application 

of vehicle (open circle), E2 (1 µM; pink), or letrozole (10 µM; blue) on the amplitude of the first (A) and 

second (B) peak of fPSPs recorded in A1 in response to single-pulse MGN stimulation. Neither E2 nor 

letrozole significantly altered fPSP amplitude relative to vehicle (n = 8 for all conditions). Arrows indicate 

the start of drug application, which followed baseline recordings completed during vehicle application. 

Inserts show typical fPSPs before (grey, dashed lines) and after (solid lines) three-hour application of 

vehicle (black), E2 (pink), or letrozole (blue). Each fPSP trace was averaged over a 30-min recording period 

(60 fPSPs).  
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3.4.3 Effects of E2 Manipulations on Paired-Pulse Responses  

 To test the effects of bidirectional E2 manipulations on short-term plasticity in A1, we compared 

average PPRs for each ISI between the first (baseline) and second (following three-hour drug application) 

stimulation protocols and between drug conditions. Three-way mixed model (drug x time x ISI) ANOVAs 

comparing the E2 and vehicle conditions and the letrozole and vehicle conditions (n = 8 for all conditions) 

revealed no significant main effects of time (both Fs < 2.33; both ps > 0.149) or drug (both Fs < 1.30; both 

ps > 0.274) on PPRs, suggesting that PPRs across ISIs were stable over time and unaffected by acute E2 

manipulations. There were also no significant interaction effects involving drug (all Fs < 1.03; all ps > 

0.378). There was a significant main effect of ISI on PPRs in both comparisons (vehicle vs. E2: F3.21, 44.87 = 

22.50, p < 0.0001, ηp2 = 0.616; vehicle vs. letrozole: F3.33, 46.58 = 23.90, p < 0.0001, ηp2 = 0.631), such that 

PPRs were lowest (greater levels of PPD) at short to intermediate ISIs and increased at larger ISIs, across 

drug conditions. A significant time x ISI interaction effect was observed when comparing E2 and vehicle 

(F7, 98 = 2.93, p = 0.008, ηp2 = 0.173), but not when comparing letrozole and vehicle (F2.21, 30.90 = 2.16; p = 

0.128, ηp2 = 0.134). 

Despite the lack of interaction effects involving drug, PPRs were also compared between the first 

and second stimulation protocols within each drug condition using two-way repeated measures (time x ISI) 

ANOVAs (Figure 3.3). No significant main effect of time was observed within any drug condition (all Fs 

< 2.57; all ps > 0.153), suggesting that three-hour drug application did not alter PPRs across ISIs. A 

significant main effect of ISI was observed within each drug condition (vehicle: F2.01, 14.07 = 11.68, p = 

0.001, ηp2 = 0.625; E2: F2.39, 16.72 = 11.54, p < 0.001, ηp2 = 0.622; letrozole: F2.22, 15.54 = 12.60, p < 0.001, ηp2 

= 0.643), such that PPRs were lowest at short to intermediate ISIs and increased at larger ISIs. There was 

no significant time x ISI interaction effect for either the E2 or letrozole conditions (both Fs < 1.25; both ps 

> 0.298), but a significant time x ISI interaction effect was observed for the vehicle condition (F7, 49 = 3.36, 

p = 0.005 ηp2 = 0.324). Pairwise comparisons with Sidak correction revealed that three-hour vehicle 

application resulted in a slight but statistically significant increase in PPRs at the three largest ISIs.  
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Figure 3.3 Effects of acute E2 manipulations on paired-pulse responses in A1. Paired-pulse responses 

at layer IV, thalamocortical A1 synapses were largely unaffected by three-hour application of (A) vehicle, 

(B) E2 (1 µM), or (C) letrozole (10 µM); n = 8 for all conditions. The paired-pulse response profile was 

similar across drug conditions, such that low to intermediate ISIs yielded the lowest PPRs (greatest PPD). 

There was a small, but statistically significant increase in PPRs following three-hour vehicle application at 

the three largest ISIs. *p < 0.05. 
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3.4.4 Effects of Local E2 Application on LTP Induction  

To determine whether acute increases in local E2 concentrations alter long-term synaptic plasticity 

in A1, we examined the effects of continuous application of E2 (1 µM; n = 9) or vehicle (n = 8) on LTP 

elicited by TBS of the MGN. Prior to TBS, E2 application did not significantly alter the baseline amplitude 

of either fPSP peak (independent samples t-tests; both ts < 0.17; both ps > 0.103). Average peak amplitudes 

were approximately 1.56 ± 0.28 mV (peak 1) and 0.72 ± 0.09 mV (peak 2) for the vehicle condition and 

2.55 ± 0.48 mV (peak 1) and 0.91 ± 0.15 mV (peak 2) for the E2 condition. 

In rats receiving vehicle, three episodes of TBS resulted in reliable LTP induction at intracortical 

synapses (peak 2), with fPSP amplitude reaching approximately 117.00 ± 6.37% of baseline during the final 

30 min of recording. In contrast, thalamocortical synapses (peak 1) were resistant to LTP induction, with 

fPSP amplitude remaining at approximately 97.48 ± 3.14% of baseline during the final 30 min of recording. 

E2 significantly reduced the threshold for LTP induction at thalamocortical synapses, but had no significant 

effect at intracortical synapses. A two-way mixed model (drug x time) ANOVA revealed a significant main 

effect of drug on peak 1 amplitude (F1, 15 = 6.36, p = 0.023, ηp2 = 0.298), such that the magnitude of LTP 

induction was significantly greater in rats receiving E2 than in rats receiving vehicle. In the E2 condition, 

peak 1 amplitude reached approximately 117.40 ± 9.13% of baseline during the final 30 min of recording. 

There was no significant main effect of time (F1.61, 24.11 = 1.84, p = 0.186, ηp2 = 0.109) or drug x time 

interaction effect (F1.61, 24.11 = 3.32, p = 0.063, ηp2 = 0.181) on peak 1 amplitude (Figure 3.4 A).  

For the second fPSP peak, a two-way mixed model (drug x time) ANOVA revealed no significant 

main effect of drug (F1, 15 = 1.48, p = 0.243, ηp2 = 0.090) or drug x time interaction effect (F2.87, 43.06 = 0.88, 

p = 0.455, ηp2 = 0.055) on peak amplitude. In contrast to what was observed at peak 1, there was a significant 

main effect of time on peak 2 amplitude (F2.87, 43.06 = 9.34, p < 0.0001, ηp2 = 0.384), reflecting significant 

LTP induction at intracortical synapses, collapsing across the vehicle and E2 conditions. In the vehicle and 

E2 conditions combined, peak 2 amplitude reached approximately 118.92 ± 4.54% of baseline during the 

final 30 min of recording (Figure 3.4 B).  
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Figure 3.4 E2 enhances LTP induction at thalamocortical A1 synapses. Effects of TBS of the MGN (at 

arrows) on the amplitude of the first (A) and second (B) fPSP peak in rats receiving vehicle (open circle; n 

= 8) and rats receiving E2 (1 µM; pink; n = 9). E2 significantly reduced the threshold for LTP induction at 

thalamocortical synapses (peak 1), but did not significantly alter LTP induction at intracortical synapses 

(peak 2). Inserts show typical fPSPs before (grey, dashed lines) and after (solid lines) three episodes of TBS 

for rats receiving E2 (pink) and vehicle (black). Each fPSP trace was averaged over a 30-min recording 

period (60 fPSPs).  
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3.4.5 Effects of Local E2 Synthesis Inhibition on LTP Induction   

We next investigated the effects of acute reductions in local E2 concentrations on LTP in A1 by 

comparing LTP induction between rats receiving letrozole (10 µM; n = 9) and rats receiving vehicle (same 

group used in E2 comparisons; n = 8). Prior to TBS, letrozole application did not significantly alter the 

baseline amplitude of either fPSP peak relative to vehicle application (independent samples t-tests; both ts 

< 1.37; both ps > 0.191). Average peak amplitudes were approximately 2.13 ± 0.30 mV (peak 1) and 0.66 

± 0.08 mV (peak 2) for the letrozole condition. 

Letrozole application was associated with a significant suppression of LTP induction at 

intracortical synapses (peak 2), but had no significant effect at thalamocortical synapses (peak 1). A two-

way mixed model (drug x time) ANOVA revealed no significant main effect of drug (F1, 15 = 1.70, p = 

0.212, ηp2 = 0.102) or drug x time interaction effect (F2.81, 42.17 = 0.84, p = 0.476, ηp2 = 0.053) on peak 1 

amplitude, suggesting that letrozole did not significantly alter the resistance of thalamocortical synapses to 

LTP induction (Figure 3.5 A). In contrast, there was a significant main effect of drug on peak 2 amplitude 

(F1, 15 = 5.66, p = 0.031, ηp2 = 0.274), such that LTP induction was abolished in rats receiving letrozole. In 

the letrozole condition, peak 2 amplitude remained at approximately 97.42 ± 7.46% of baseline during the 

final 30 min of recording (Figure 3.5 B). There was no significant drug x time interaction effect on peak 2 

amplitude (F2.33, 34.89 = 2.14, p = 0.125, ηp2 = 0.125). There was a significant main effect of time on the 

amplitude of both peak 1 (F2.81, 42.17 = 5.29, p = 0.004, ηp2 = 0.261) and peak 2 (F2.33, 34.89 = 4.21, p = 0.019, 

ηp2 = 0.219), such that there was a small but significant decrease in peak 1 amplitude over time and a 

significant increase in peak 2 amplitude over time, collapsing across the letrozole and vehicle conditions. 
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Figure 3.5 Letrozole suppresses LTP induction at intracortical A1 synapses. Effects of TBS of the 

MGN (at arrows) on the amplitude of the first (A) and second (B) fPSP peak in rats receiving vehicle (open 

circle; n = 8) and rats receiving letrozole (10 µM; blue; n = 9). Letrozole significantly suppressed LTP 

induction at intracortical synapses (peak 2), but had no significant effect at thalamocortical synapses (peak 

1). Inserts show typical fPSPs before (grey, dashed lines) and after (solid lines) three episodes of TBS for 

rats receiving vehicle (black) and letrozole (blue). Each fPSP trace was averaged over a 30-min recording 

period (60 fPSPs).  
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3.4.6 Effects of E2 Manipulations and TBS on Paired-Pulse Responses  

 To test the effects of bidirectional E2 manipulations on TBS-induced changes in short-term 

plasticity in A1, we compared average PPRs for each ISI before and after TBS of the MGN (three episodes) 

and between drug conditions. Three-way mixed model (drug x time x ISI) ANOVAs comparing the E2 and 

vehicle conditions and the letrozole and vehicle conditions revealed no significant main effects of drug 

(both Fs < 2.31; both ps > 0.151) and no significant interaction effects (both Fs < 1.99; both ps > 0.127) on 

PPRs. Comparing the E2 and vehicle conditions, there was no significant main effect of time on PPRs (F1.00, 

15.00 = 1.75; p = 0.205, ηp2 = 0.105). A significant main effect of time was observed when comparing the 

letrozole and vehicle conditions (F1.00, 14.00 = 11.21, p = 0.005, ηp2 = 0.445), such that synapses displayed a 

greater degree of PPD following three episodes of TBS, collapsing across ISIs and drug conditions. As was 

seen in the absence of TBS (section 3.4.3) a significant main effect of ISI was observed in each comparison 

(vehicle vs. E2: F2.05, 30.70 = 17.29, p < 0.0001, ηp2 = 0.535; vehicle vs. letrozole: F2.47, 34.59 = 18.96, p < 

0.0001, ηp2 = 0.575), such that PPRs were lowest at short to intermediate ISIs and increased at larger ISIs. 

Despite the lack of interaction effects involving drug, PPRs were also compared before and after 

TBS of the MGN within each drug condition individually (Figure 3.6). Two-way repeated measures (time 

x ISI) ANOVAs revealed no significant main effects of time when analyzing the vehicle or E2 conditions 

individually (both Fs < 3.71; both ps > 0.095), suggesting that TBS did not significantly alter PPRs across 

ISIs in the presence of vehicle or E2. A significant main effect of time was observed when examining the 

letrozole condition (F1.00, 7.00 = 7.52, p = 0.029, ηp2 = 0.518), such that synapses displayed significantly 

greater levels of PPD across ISIs following TBS; however, pairwise comparisons with Sidak correction 

revealed that PPRs only differed significantly at the lowest ISI. As in the absence of TBS (section 3.4.3),  

a significant main effect of ISI was observed for each drug condition (vehicle: F1.48,10.39 = 10.85, p = 0.004, 

ηp2 = 0.608; E2: F1.74, 13.95 = 7.95, p = 0.006, ηp2 = 0.498; letrozole: F2.47, 17.29 =  8.26, p = 0.002, ηp2 = 0.541), 

such that PPRs were lowest at short to intermediate ISIs and increased at larger ISIs. No group displayed a 

significant time x ISI interaction effect (all Fs < 1.34; all ps > 0.259). 



 

80 

 

 

Figure 3.6 Effect of acute E2 manipulations and TBS on paired-pulse responses in A1. The effect of 

TBS on paired-pulse responses at layer IV, thalamocortical A1 synapses was largely unaffected by three-

hour application of (A) vehicle (n = 8), (B) E2 (1 µM; n = 9), or (C) letrozole (10 µM; n = 8). The paired-

pulse response profile was similar across drug conditions, such that low to intermediate ISIs yielded the 

lowest PPRs (greatest PPD). In the presence of letrozole, TBS resulted in a slight, but statistically significant 

decrease in PPR at the lowest ISI. *p < 0.05.  
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3.5 Discussion  

The present experiments examined whether acute, bidirectional manipulations of local E2 

concentrations alter synaptic responses and short- and long-term synaptic plasticity in the thalamocortical 

auditory system of adult male rats in vivo. Single-pulse stimulation of the MGN elicited fPSPs in A1 

consisting of two distinct negative peaks. Previous work has demonstrated that these peaks reflect 

sequential current sinks at layer IV, thalamocortical synapses and layer II/III, intracortical synapses 

(Hogsden & Dringenberg, 2009b; Hogsden et al., 2011; Kaur et al., 2005). Each of these peaks is generated 

by AMPAR-mediated currents in A1, as previous work has shown that they are largely abolished by local 

application of CNQX, but not APV (Hogsden & Dringenberg, 2009a). This is consistent with previous 

observations that CNQX, but not APV, blocks the synaptically-evoked non-NMDAR-mediated component 

of fPSPs recorded in layer II/III of the rat A1 in vitro (Kudoh & Shibuki, 1994). 

 

3.5.1 Effects of E2 Manipulations on Basal Synaptic Transmission in A1 

Acute manipulations of local E2 concentrations in A1, either by E2 application or inhibition of 

endogenous E2 synthesis, did not significantly alter the baseline amplitude of either peak of the A1 fPSP 

elicited by single-pulse MGN stimulation. This suggests that E2 does not strongly modulate basal, 

AMPAR-mediated synaptic transmission in A1 under the present experimental conditions. This finding is 

consistent with previous observations by Tozzi et al. (2015) that basal synaptic responses of dorsal striatal 

neurons in male rats were unaffected by acute application of E2, letrozole, or the ER antagonist ICI-182780. 

Similarly, Grassi and colleagues showed that baseline synaptic responses in the medial vestibular nucleus 

of male rats were unaffected by acute letrozole application (Grassi, Frondaroli, Dieni, Scarduzio, & 

Pettorossi, 2009). This finding does not align, however, with those of numerous studies conducted in the 

rodent hippocampus, in which acute E2 application was found to rapidly increase excitatory synaptic 

responses (Bi et al., 2000; Foy et al., 1999; Kim et al., 2002; Kramár et al., 2009; Shiroma et al., 2005; 

Teyler et al., 1980). It is possible that regional differences account for these discrepancies, with excitatory 
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transmission in the rodent hippocampus exhibiting greater sensitivity to acute changes in local E2 

concentrations compared to excitatory transmission in other forebrain or brainstem regions (but see Grassi 

et al., 2011). 

 

3.5.2 Effects of E2 Manipulations on Long-Term Plasticity  

E2 application in A1 significantly reduced the threshold for LTP induction at layer IV, 

thalamocortical synapses. Conversely, suppression of local E2 synthesis by letrozole application in A1 

significantly suppressed LTP induction at layer II/III, intracortical synapses. These findings are consistent 

with numerous previous reports that LTP in rats is enhanced by E2 (Bender et al., 2017; Bi et al., 2000; 

Córdoba Montoya & Carrer, 1997; Foy et al., 1999; Kim et al., 2002; Kramár et al., 2009; Smith & 

McMahon, 2005, 2006; Tozzi et al., 2015) and suppressed by E2 synthesis inhibition and ER antagonism 

(Grassi, Frondaroli, Dieni, Scarduzio, & Pettorossi, 2009, Grassi et al., 2011; Lu et al., 2019; Tozzi et al., 

2015; Vierk et al., 2012), although some of these effects appear to be sex-specific (Bender et al., 2017; 

Vierk et al., 2012). Thus, our results suggest that bidirectional changes in local E2 concentrations exert 

pronounced effects on long-term synaptic plasticity in the rodent A1, independent of alterations in baseline 

synaptic transmission.  

The lack of LTP induction at thalamocortical synapses was likely due to the relatively high 

resistance of this synapse population to LTP induction in the absence of modifying drug application (Figure 

3.3 A and Figure 3.4 A). The difference in sensitivity of thalamocortical and intracortical synapses to LTP 

induction by TBS may reflect a greater baseline transmission efficacy of thalamocortical synapses, relative 

to intracortical synapses. Prior work has shown that thalamocortical synapses tend to have higher 

transmitter release probabilities and reduced plasticity compared to intracortical synapses in mature sensory 

areas of the rodent brain, including A1 (Gil, Connors, & Amitai, 1999). Consistent with this, in the presence 

of vehicle application, TBS of the MGN reliably induced LTP at intracortical, but not thalamocortical A1 

synapses, making the latter an insensitive index of inhibitory effects on plasticity induction. Nonetheless, 
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both thalamocortical and intracortical synapses were significantly affected by bidirectional E2 

manipulations, with effects manifested as two unique phenomena: 1) E2 reduced the threshold for LTP 

induction at thalamocortical synapses; and 2) inhibition of E2 synthesis abolished LTP at intracortical 

synapses. Thus, it is possible that both synapse populations are sensitive to acute changes in local E2 

availability. 

A large body of research has demonstrated that E2 modulates synaptic responses and synaptic 

plasticity in the rodent hippocampus and subcortical forebrain regions (Foy, Baudry, Diaz Brinton, & 

Thompson, 2008; Woolley, 2007). However, relatively few studies have investigated the effects of E2 at 

neocortical synapses, despite reports of neocortical aromatase expression in primates (Yague et al., 2006; 

Yague et al., 2008), mice (Jeong et al., 2011; Tremere et al., 2011), and rats (Tobiansky et al., 2018; 

unpublished observations detailed in Chapter 2). In the present experiments, bidirectional manipulations of 

E2 concentrations in A1 significantly altered LTP induction, with pronounced E2-induced enhancement 

and letrozole-induced suppression of LTP induction at different synapse populations. To the best of our 

knowledge, these data are the first to demonstrate an effect of aromatase inhibition and, by inference, 

endogenous E2 in the gating of synaptic plasticity in the mammalian sensory neocortex. Thus, E2 likely 

exerts important modulatory effects on synaptic plasticity throughout the mammalian forebrain, including 

the sensory neocortex. The present findings suggest that locally-synthesized E2 may influence auditory 

processing and learning in rats, as it does in other species (Caras, 2013; Remage-Healey et al., 2010; Pinaud 

& Tremere, 2012; Tremere & Pinaud, 2011; Yoder, Lu, & Vicario, 2012). This may occur through the 

modulation of LTP- and LTD-like mechanisms, as synaptic strength changes in A1 contribute to the 

stabilization of receptive field and tonotopic map plasticity, as well as representations of salient acoustic 

signals (Weinberger, 2004, 2012).  

The effects of E2 and letrozole application on LTP induction in A1 were apparent immediately 

following the first TBS episode, after a 30-min baseline recording period. While rats varied in the time 

required for fPSPs to stabilize during baseline recordings, this typically occurred within approximately 60-



 

84 

 

90 min following the onset of drug application. This time frame suggests that at least the initial effects of 

E2 and letrozole to alter LTP induction may have been mediated by non-genomic mechanisms. The rapid 

effects of E2 manipulations on LTP induction observed in the present study are consistent with previous 

observations in the rat hippocampus, where E2-induced enhancements of LTP have been shown to require 

the activation of multiple kinase pathways. For example, Bi et al. (2000) demonstrated that 24-hour 

incubation with E2 enhanced LTP induction in hippocampal slice cultures from rat pups, but this effect was 

prevented when cultures were also incubated with the src tyrosine kinase inhibitor PP2. The authors 

proposed that E2 may promote LTP by activating a src tyrosine kinase pathway, in part through tyrosine 

phosphorylation of the glutamate-binding NR2 subunits of NMDARs. Kim et al. (2002) later showed that 

30-min perfusion of E2 enhanced LTP induction in hippocampal slices from male rats, but this effect was 

blocked when slices were preincubated with the MAPK kinase inhibitor PD098059. More recently, 

Hasegawa et al. (2015) showed that 30-min incubation with E2 reduced the threshold for LTP induction in 

hippocampal slices from male rats, but this effect was blocked by inhibition of Erk MAPK, PKA, PKC, 

PI3K, or CaMKII. Importantly, in each of these investigations, the kinase inhibitors alone did not alter the 

degree of LTP induction, but rather blocked the enhancement of LTP by E2. These findings indicate that 

E2 enhances LTP in the rodent hippocampus through the activation of multiple protein kinase cascades 

downstream of postsynaptic NMDAR activation.  

 

3.5.3 Effects of E2 Manipulations on Short-Term Plasticity  

Paired-pulse responses serve as measures of short-term plasticity and synaptic strength. The 

tendency of a synapse to exhibit ether facilitation or depression of responses with successive activations 

(PPF/PPD) reflects the probability of transmitter release from the presynaptic terminal. Synapses with 

strong baseline neuronal coupling and high release probabilities tend to exhibit lower PPRs and PPD, 

whereas synapses with weak baseline neuronal coupling and low release probabilities tend to exhibit higher 

PPRs and PPF (Thomson, 2000). As such, the amplitude of a synaptic response to an initial stimulation 
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pulse is inversely related to the amplitude of responses to subsequent stimulation pulses presented at short 

intervals (Debanne, Guerineau, Gähwiler, & Thompson, 1996).  

The main presynaptic mechanism underlying PPD is depletion of the readily releasable vesicle pool 

(Fioravante & Regehr, 2011). At synapses with high release probabilities, single action potentials deplete 

the available pool of neurotransmitters, resulting in a transient reduction in transmitter release in response 

to subsequent synaptic activations. The main mechanism underlying PPF is an accumulation of Ca2+ within 

the presynaptic terminal (Fioravante & Regehr, 2011). Successive synaptic activations cause Ca2+ to 

accumulate within the presynaptic terminal and residual Ca2+ present following the initial synaptic response 

increases the magnitude of transmitter release during subsequent responses (Katz & Miledi, 1968). 

The present paired-pulse stimulation experiments revealed a lack of effect of acute E2 

manipulations on PPRs in the adult rat A1. Before and after both three-hour drug application and three 

episodes of TBS of the MGN, a similar paired-pulse response profile was observed in A1 across drug 

conditions. In each condition, thalamocortical synapses consistently exhibited PPD across stimulation 

intervals. These findings are consistent with previous reports of a lack of effect of E2 on PPRs in rat 

hippocampal slices. Hasegawa et al. (2015) reported that 30-min exposure to E2 did not significantly alter 

PPRs at Schaffer collateral-CA1 synapses in hippocampal slices from male rats, despite reducing the 

threshold for LTP induction at these synapses. Similarly, Takeuchi et al. (2014) reported that chronic (14 

day) E2 treatment did not significantly alter PPRs at Schaffer collateral-CA1 synapses in slices from OVX 

rats that had undergone transient global ischemia, despite rescuing LTP at these synapses. In contrast, 

Smejkalova and Woolley (2010) demonstrated that bath application of E2 rapidly (within minutes) 

decreased PPRs at an E2-responsive subset of Schaffer collateral inputs in slices from OVX rats pretreated 

with E2. The discrepancy between the present findings and that of Smejkalova and Woolley (2010) may be 

partially explained by differences in baseline release probabilities. The E2-induced decreases in PPRs 

observed at CA1 synapses by Smejkalova and Woolley occurred particularly at inputs with low baseline 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Smejkalova%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21123560
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release probabilities (high PPRs), whereas the synapse population studied in A1 was characterized by high 

initial release probabilities (low PPRs). 

The present observation that bidirectional E2 manipulations did not significantly alter paired-pulse 

response profiles suggests that E2 does not acutely modulate presynaptic transmitter release probability at 

thalamocortical A1 synapses. Thus, local E2 concentrations do not significantly influence baseline synaptic 

strength and short-term plasticity in the adult rat A1. A corollary to this observation is that the observed 

changes in LTP induction by local E2 manipulations are likely mediated by postsynaptic mechanisms, such 

as increases in AMPAR number and conductance, rather than presynaptic mechanisms, such as increases 

in transmitter release probability.  

  

3.5.4 Conclusion  

The present study demonstrated that acute, bidirectional manipulations of local E2 concentrations 

significantly alter LTP induction in the thalamocortical auditory system of adult male rats in vivo. To the 

best of our knowledge, this is the first direct demonstration of a modulatory action of E2 on long-term 

synaptic plasticity in the mammalian neocortex. The sensitivity of LTP to both exogenous E2 and local 

aromatase inhibition offers strong support for a physiological action of locally-synthesized E2 in gating 

long-term synaptic plasticity in the thalamocortical auditory system. Modulation of long-term synaptic 

plasticity is likely an important mechanism by which locally-synthesized E2 promotes auditory processing 

and learning. Despite the effects of bidirectional E2 manipulations on LTP induction, these manipulations 

did not significantly alter either baseline synaptic transmission or short-term synaptic plasticity in A1. 

Future experiments are required to identify the cellular and molecular mechanisms underlying the effects 

of E2 and letrozole in A1, as well as the sensory and behavioural correlates of E2 manipulations in the 

mammalian auditory forebrain.  
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Chapter 4 

Effects of Acute Estradiol Manipulations on Excitatory and Inhibitory Transmission  

in the Adult Rat A1  

 

4.1 Abstract  

We have previously demonstrated that acute, bidirectional manipulations of local E2 concentrations 

significantly alter the induction threshold and magnitude of LTP in the A1 of adult male rats in vivo. 

Modulation of LTP in the auditory forebrain may underlie the ability of E2 to enhance auditory signal 

processing and memory for acoustic inputs. While previous work has elucidated some of the mechanisms 

mediating E2-dependent modulation of synaptic activity and plasticity in other brain regions, particularly 

the hippocampus, the mechanisms by which E2 facilitates LTP in A1 remain unclear. Thus, the objective 

of the current study was to investigate how E2 modulates factors that contribute to synaptic plasticity and 

creates conditions favourable to LTP induction in A1.  

Using an ex vivo acute slice preparation and whole-cell recordings of A1 pyramidal neurons, we 

explored the effects of E2 manipulations on excitatory and inhibitory transmission in the A1 of adult male 

rats. Specifically, we investigated the effects of acute E2 and letrozole application on evoked and 

spontaneous glutamate and GABA receptor-mediated currents, as well as input-output responses and 

afterhyperpolarizations (AHPs) in layer II/III and layer IV. In layer II/III, E2 enhanced agonist-evoked 

AMPAR-mediated currents, without altering NMDAR or GABA receptor-mediated currents. In layer IV, 

E2 suppressed agonist-evoked GABA receptor-mediated currents, without significantly altering AMPAR-

mediated currents. Interestingly, letrozole application similarly reduced GABA receptor-mediated currents 

in layer IV. Neither E2 nor letrozole altered spontaneous excitatory or inhibitory currents or AHP 

magnitude in either layer, but E2 reduced neuron firing frequency in layer IV. These results suggest that 

synaptic currents in A1 are sensitive to bidirectional E2 manipulations, and that E2 may modulate LTP in 

A1, in part, by altering excitatory and inhibitory transmission in a layer-specific manner.   
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4.2 Introduction 

Numerous in vitro and in vivo investigations have established brain-generated E2 as an important 

modulator of forebrain synaptic structure, function, and plasticity. Previous experiments conducted in our 

lab have revealed that aromatase is expressed by neurons in the A1 of adult male rats (Chapter 2) and that 

bidirectional manipulations of local E2 concentrations alter LTP induction in the thalamocortical auditory 

pathway in vivo (Chapter 3). These findings, together with a growing body of evidence for E2-dependent 

modulation of LTP and LTD in other forebrain regions, particularly the hippocampus (Bi et al., 2000; 

Córdoba Montoya & Carrer, 1997; Di Mauro et al., 2015; Foy et al., 1999; Foy, Baudry, Foy, & Thompson, 

2008; Good et al., 1999; Grassi et al., 2011; Kim et al., 2002; Kramár et al., 2009; Lu et al., 2019; Mukai 

et al., 2007; Shiroma et al., 2005; Smith & McMahon, 2005, 2006; Vierk et al., 2012; Vouimba et al., 2000; 

Warren et al., 1995), lend support for the hypothesis that E2 enhances auditory signal processing and 

memory by modulating long-term synaptic plasticity in central auditory circuits. 

While we have begun to characterize the mechanisms by which E2 modulates synaptic activity and 

plasticity in other forebrain regions, the mechanisms underlying the effects of E2 on LTP in A1 remain 

unclear. One candidate mechanism mediating the effect of E2 to enhance LTP is E2-induced spinogenesis. 

Dendritic spines are highly dynamic neuronal compartments and LTP maintenance is associated with spine 

remodelling and increases in spine abundance and size (Engert & Bonhoeffer, 1999; Maletic-Savatic, 

Malinow, & Svoboda, 1999; Toni, Buchs, Nikonenko, Bron, & Muller, 1999; Desmond & Levy, 

1986; Matsuzaki, Honkura, Ellis-Davies, & Kasai, 2004). Given that E2 markedly increases spine and 

synapse density in the mammalian forebrain, E2 may promote LTP in A1 by facilitating the establishment 

of novel synaptic contacts or morphological changes to existing spines that support increased synaptic 

transmission efficacy.  

Despite the clear link between LTP and changes in dendritic spine density and morphology, spine 

changes are not likely to have been the primary drivers of the E2-dependent modulation of LTP induction 

observed in A1. A more likely, fast-acting mechanism underlying the changes in LTP induction and 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2561912/#B13
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magnitude is a shift in the balance between excitatory and inhibitory transmission in A1. Enhancement of 

excitatory transmission and suppression of inhibitory transmission have both been shown to promote LTP 

induction (Arima‐Yoshida, Watabe, & Manabe, 2011; Chapman, Perez, & Lacaille, 1998; Snyder, Kee, & 

Wojtowicz, 2001; Wigström & Gustafsson, 1985). Fast excitatory and inhibitory transmission is driven 

primarily by AMPARs and GABAA receptors, respectively, making ionotropic glutamate and GABA 

receptor-mediated currents possible targets for the modulatory effects of E2 on plasticity induction.  

Numerous investigations have established that E2 potentiates excitatory transmission and 

suppresses inhibitory transmission in a variety of forebrain regions. Wong and Moss (1992) demonstrated 

that application of 10 nM E2 to hippocampal slices from OVX rats rapidly (< 2 min) potentiated non-

NMDAR-mediated, synaptically evoked EPSPs, as well as depolarizing responses to both glutamate and 

selective AMPA and kainate receptor agonists in CA1. Similar effects in the rodent hippocampus have also 

been seen at much lower E2 concentrations. Acute application of 100 pM E2 has been repeatedly shown to 

potentiate non-NMDAR-mediated, synaptically evoked EPSPs and EPSCs in CA1 pyramidal neurons from 

male rats, as well as both E2-treated and untreated OVX rats (Kramár et al., 2009; Rudick & Woolley, 

2003; Smejkalova & Woolley, 2010). Notably, the rapid E2-induced enhancements of non-NMDAR-

mediated EPSPs and EPSCs are mimicked by the selective ERβ agonists DPN and WAY200070, but not 

by selective ERα agonists (Kramár et al., 2009; Smejkalova & Woolley, 2010), suggesting an important 

role of ERβ in E2-induced enhancement of excitatory transmission in the hippocampal formation. 

In addition to facilitating excitatory transmission, E2 also reduces inhibitory transmission. Indeed, 

the well-established effect of E2 to increase hippocampal dendritic spine density has been shown to result 

from reductions in local GABAergic transmission. Murphy et al. (1998) demonstrated that 48-hour 

incubation of cultured hippocampal interneurons in 0.1 mg/ml E2 increased dendritic spine density, and 

this effect was mimicked by blocking GABA synthesis with the GAD inhibitor mercaptopropionic acid. 

Furthermore, 24-hour incubation with E2 decreased the number of GAD-positive cells and the GAD content 

within cells, as well as the magnitude and frequency of miniature inhibitory postsynaptic currents 
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(mIPSCs). Similar effects of E2 on GABAergic transmission have also been seen with shorter durations of 

E2 application. Mukherjee et al. (2017) demonstrated that 2-hour application of 10 nM E2 to hippocampal 

slices reduced the amplitude of spontaneous IPSCs in CA1 neurons from male mice. Similarly, Huang and 

Woolley (2012) demonstrated that 10-min application of 10 or 100 nM E2 suppressed the amplitude of 

GABAA receptor-mediated IPSCs in CA1 neurons from female rats. In contrast to the modulatory actions 

of E2 on excitatory transmission, the effect of E2 to suppress hippocampal IPSCs has been found to be 

mimicked by the selective ERα agonist PPT, but not by selective ERβ agonists (Huang & Woolley, 2012), 

suggesting an important role of ERα in E2-induced suppression of inhibitory transmission (but see 

Mukherjee et al., 2017). Thus, the effects of E2 on excitatory and inhibitory transmission in the rodent 

hippocampus may be mediated by different ER subtypes.  

Interestingly, the effects of E2 on inhibitory transmission may be transient and occur before 

associated increases in spine density. Rudick and Woolley (2001) showed that GAD immunoreactivity in 

the CA1 of OVX rats was significantly reduced at 24 hours post-E2 treatment, but returned to baseline 

levels by 48 hours post-treatment. Changes in GAD immunoreactivity were paralleled by an initial decrease 

in the amplitude of synaptically evoked IPSCs and the frequency of mIPSCs at 24 hours post-treatment, 

and a subsequent recovery of inhibitory currents and concomitant facilitation of NMDAR-mediated EPSCs 

at 48 hours post-treatment. Based on these observations, the authors suggested that opposing, asynchronous 

effects of E2 on excitatory and inhibitory transmission may serve to restore the balance between excitatory 

and inhibitory inputs to CA1 neurons. 

In addition to its actions on ionotropic glutamate and GABA receptor-mediated transmission, E2 

may also modulate the excitatory/inhibitory balance in A1 by altering intrinsic neuronal excitability. One 

mechanism by which E2 increases neuronal excitability and may thus promote LTP is suppression of AHPs, 

which regulate neuron firing. AHPs gait LTP induction in young and old animals, with AHP magnitude 

being positively associated with the threshold for LTP induction (Kumar & Foster, 2004; Murphy et al., 

2004; Norris, Halpain, & Foster, 1998; Sah & Bekkers, 1996). Reflecting the relationship between AHPs 
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and LTP, Sah & Bekkers (1996) demonstrated that pharmacological suppression of AHPs during a weak 

tetanus reduced the threshold for LTP induction in the CA1 of juvenile rats in vitro. Using a knockout 

mouse model lacking the auxiliary potassium channel subunit Kvβ1.1 involved in AHP generation, Murphy 

et al. (2004) similarly demonstrated that decreased AHP magnitude in CA1 was associated with a reduced 

threshold for LTP induction in hippocampal slices from aged mice.  

Several studies have shown that E2 suppresses AHPs in the rodent forebrain. For example, Kumar 

and Foster (2002) demonstrated that application of 100 pM E2 to hippocampal slices from OVX rats 

reduced the amplitude of AHPs in CA1 pyramidal neurons within 5-10 min. Similarly, Carrer et al. (2003) 

showed that slow AHPs in CA1 pyramidal neurons were significantly larger in slices from OVX rats 

compared to gonadally-intact rats and OVX rats treated with E2, and 20-min application of 5-100 nM E2 

caused a progressive decrease in slow AHP amplitude in slices from OVX rats. Based on these and similar 

observations outside the hippocampus (Chu, Andrade, Shupnik, & Moenter, 2009), acute changes in local 

E2 concentrations may modify the threshold for LTP induction in A1 by increasing or decreasing the 

magnitude of AHPs. 

Given the effects of E2 on glutamate and GABA receptor-mediated transmission and neuronal 

excitability, acute changes in local E2 concentrations may shift the excitatory/inhibitory balance in the rat 

A1 in manners that facilitate or suppress LTP induction. To assess this possibility, we employed an ex vivo 

acute slice preparation and exposed A1 neurons to either E2 or letrozole to mimic the neurochemical milieus 

present when LTP was triggered in our in vivo experiments (Chapter 3). Using whole-cell recordings of A1 

pyramidal neurons, we examined the effects of bidirectional E2 manipulations on evoked and spontaneous 

glutamate and GABA receptor-mediated currents, as well as measures of intrinsic neuronal excitability, 

including input-output responses and AHP magnitude. We completed experiments in both layer II/III and 

layer IV of A1 to explore the basis of the layer-specific effects of E2 and letrozole on LTP induction 

observed in vivo. 

 



 

92 

 

4.3 Methods  

4.3.1 Animals  

Experiments were conducted on adult (250-400 g) male Long-Evans rats (Charles River 

Laboratories, Montreal, QC, Canada). Rats were housed in groups of 2-3 in polycarbonate cages (46 × 36 

× 20 cm) in a temperature-controlled (21-24°C) colony room with ad libitum access to water and food 

(Tekland Global 14% Protein Rodent Maintenance Diet; Harlan Laboratories, Mississauga, ON, Canada). 

The colony room was maintained on a 12:12-hour regular light/dark cycle (lights on at 07:00). Rats were 

left to acclimate to colony conditions for at least five days before being used in experiments. Rats were 

cared for in accordance with the guidelines established by the Canadian Council on Animal Care and 

experimental procedures were approved by the University of Guelph Animal Care Committee. All efforts 

were made to minimize the number and suffering of rats used in the present study. 

 

4.3.2 Slice Preparation and Electrophysiology Recordings  

Rats were anesthetized with isoflurane and decapitated. Brains were rapidly excised under 4°C 

oxygenated sucrose aCSF (245 mM sucrose, 10 mM D-Glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM 

MgSO4, 3 mM KCl, and 1.25 mM NaH2PO4, pH 7.4). Brains were sectioned coronally into 400 µm slices 

containing A1 (-4.52 mm to -6.04 mm from bregma) using a Leica VT1200 vibrating microtome (Leica 

Microsystems). Slices were transferred to a recovery chamber containing oxygenated regular aCSF (128 

mM NaCl, 10 mM D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, and 1.25 mM 

NaH2PO4, pH 7.4) and maintained at 30°C. Slices were left to recover for at least two hours before being 

used for whole-cell electrophysiology experiments. All solutions were continuously oxygenated using 

carbogen (95% O2 and 5% CO2).  

Slices were transferred to a recording chamber (Warner Instruments, Hamden, CT, USA) mounted 

onto the stage of an Axioskop FS2 microscope (Carl Zeiss Canada, Toronto, ON, Canada). Slices were 

superfused with oxygenated aCSF at a rate of 3-4 ml/min. Whole-cell recordings were performed at room 



 

93 

 

temperature (21-24˚C) using borosilicate glass pipettes (outer diameter 1.5 mm, inner diameter 1.1 mm) 

pulled to a resistance of 3-6 MΩ on a horizontal micropipette puller (P-97, Sutter Instruments, Novato, CA, 

USA). Pipettes were filled with an internal solution containing 120 mM K-gluconate, 5 mM KCl, 2 mM 

MgCl2, 4 mM K2-ATP, 400 μM Na2-GTP, 10 mM Na2-phosphocreatine, and 10 mM HEPES buffer 

(adjusted to pH 7.3 with KOH). For recordings of inhibitory currents at -75 mV, pipettes were filled with a 

high Cl- internal solution containing 50 mM K-gluconate, 75 mM KCl, 2 mM MgCl2, 4 mM K2-ATP, 400 

μM Na2-GTP, 10 mM Na2-phosphocreatine, and 10 mM HEPES buffer (adjusted to pH 7.3 with KOH). 

This high Cl- internal solution was used to establish a large Cl- electrochemical gradient and outward current 

response to GABAA receptor activation, as opposed to the standard internal solution that results in an 

equilibrium potential for Cl- and negligible current responses to GABAA receptor activation at -75 mV. 

Neurons were visualized using infrared differential interference contrast microscopy. Experiments 

were completed in both layer II/III and layer IV to explore potential laminar differences in the effects of 

acute E2 manipulations on A1 synaptic activity and neuronal excitability. Cortical layer boundaries were 

based on those outlined in Games and Winer (1988), with layers II/III and layer IV spanning approximately 

28% and 10% of the total cortical thickness, respectively. The border between layers III and IV was clearly 

marked by an increase in cell density and the appearance of stellate cells. Signals were acquired at 20 kHz, 

lowpass filtered at 2 kHz, and amplified using a Multiclamp 700B amplifier (v. 10.1; Molecular Devices, 

Sunnyvale, CA, USA). All recordings were made using a Digidata® 1440A data acquisition system and 

Clampex software (v. 10.1; Molecular Devices). Offline analyses were completed using Clampfit software 

(v. 10.7; Molecular Devices).    

 

4.3.3 Basic Electrophysiological Properties  

The resting membrane potential of each neuron was recorded in current-clamp mode after 

correcting for the liquid junction potential. Neuron type was confirmed based on membrane capacitance 

and resistance, as well as active and passive responses to positive and negative current injection. Pyramidal 



 

94 

 

neurons were categorized as either regular firing or burst firing (Figure 4.1) on the basis of their initial 

firing frequency, second spike threshold, afterdepolarization amplitude, and sag ratio in response to 

depolarizing current injection (Graves et al., 2012). Both regular firing and burst firing neurons were 

included in experiments. Pyramidal neurons recorded in layer II/III were predominantly regular firing, 

whereas those recorded in layer IV were predominantly burst firing.  

Basic electrophysiological properties, including resting membrane potential, input resistance, and 

spike amplitude, were recorded immediately upon gaining access to the neuron by measuring responses to 

500 ms steps of depolarizing and hyperpolarizing current injection. Input resistance was calculated by 

measuring the steady-state deflection in membrane potential in response to 100 pA hyperpolarizing current. 

Spike amplitude was calculated as the difference between threshold (-55 mV) and the peak membrane 

depolarization for the first action potential elicited by depolarizing current injection.  

 

4.3.4 Pharmacological Manipulations 

E2 concentrations in A1 were manipulated by bath application of either E2 (10 nM or 50 nM; Tocris 

Bioscience) or letrozole (100 nM; Tocris Bioscience). All E2 and letrozole solutions, and the vehicle 

control, contained 0.001% DMSO. Slices were exposed to a single pharmacological manipulation to 

prevent contamination. Agonist-evoked glutamate and GABA receptor-mediated responses were induced 

by bath application (30 s) of (S)-AMPA (2 µM; Tocris Bioscience), NMDA (35 µM; Tocris Bioscience), 

or GABA (200 µM; Sigma-Aldrich). Agonist concentrations were determined based on concentration-

response curves completed in layer II/III pyramidal neurons (n = 2-3 per agonist). The concentration that 

reliably elicited a large, but non-maximal inward current response was selected for each agonist. For 

recordings of GABAergic currents, slices were exposed to continuous bath application of 10 µM 6,7-

dinitroquinoxaline-2,3-dione (DNQX; Alomone Labs, Jerusalem, Israel) to block AMPA and kainate 

receptor activity. Additional pharmacological experiments were performed to confirm the receptor subtype 

responsible for evoked and spontaneous GABAergic currents, in which 10 μM bicuculline methiodide 
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(Tocris Bioscience) was applied for 5-10 min to block GABAA receptors. All drugs were stored in stock 

solutions at -20˚C and dissolved in aCSF to final concentrations on the day of use. Drugs were bath applied 

at a rate of 3-4 ml/min.  

 

4.3.5 Agonist-Evoked Inward Current Responses  

The effects of bidirectional E2 manipulations on ionotropic glutamate and GABA receptor-

mediated currents were analyzed by comparing the magnitude of agonist-evoked inward currents before 

and after a 20-min wash-in of E2, letrozole, or vehicle. Voltage-clamp recordings were completed at -75 

mV for investigations of AMPAR-mediated currents in both layer II/III and layer IV, as well as GABA 

receptor-mediated currents in layer II/III. Recordings of NMDAR-mediated currents were completed at -

50 mV to relieve the voltage-dependent Mg2+ block of the NMDAR channel. GABA receptor-mediated 

currents in layer IV were completed at -100 mV to establish a sufficiently large Cl- electrochemical gradient 

to elicit whole-cell current responses with regular internal solution. Regular internal solution was used for 

these experiments due to consistent cell health issues observed in pilot trials when using high Cl- internal 

solution in this layer. Prior to recording agonist-evoked inward currents, a 5-min voltage-clamp recording 

was completed to ensure patch stability and dialysis of the internal solution. Next, following a 30-s baseline 

recording, the agonist was applied for 30 s, followed by a 4-min wash-out period. The magnitude of the 

whole-cell current evoked by agonist application was computed as the difference between the pre-agonist 

(baseline) holding current and the holding current at the peak of the response. The effect of drug treatment 

was calculated for each neuron as the percent change in response amplitude from baseline. 

 

4.3.6 Spontaneous EPSCs and GABAergic PSCs  

 In a subset of experiments, spontaneous EPSCs and GABAergic PSCs were measured in voltage-

clamp mode before and during wash-in of E2, letrozole, or vehicle. Drug application began following a 30-

s baseline recording period and continued for the duration of the experiment. EPSCs and GABAergic PSCs 
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were analyzed using MiniAnalysis software (v. 6.0.7, Synaptosoft) followed by manual verification. EPSC 

and GABAergic PSC amplitude and frequency were analyzed at five time points: 0-30 s (pre-drug baseline) 

and 4-5 min, 9-10 min, 14-15 min, and 19-20 during continuous E2, letrozole, or vehicle application. The 

frequency of EPSCs and GABAergic PSCs was calculated by dividing the number of EPSCs or GABAergic 

PSCs by the duration of measurement in seconds. Both EPSCs and GABAergic PSCs were examined in 

layer II/III, but only EPSCs were examined in layer IV, as GABAergic PSCs were not readily detectable at 

-100 mV.  

 

4.3.7 Intrinsic Neuronal Excitability   

In an additional subset of experiments, the effects of bidirectional E2 manipulations on intrinsic 

neuronal excitability were examined by analyzing input-output responses and AHPs. First, input-output 

curves were generated before and after E2, letrozole, or vehicle application to examine the effects of E2 

manipulations on neuronal firing frequency. Input-output curves were generated using stepwise 

depolarizing current injection (500 ms) from 50 to 500 pA in 50 pA increments. Next, post-burst AHPs 

were generated before and after E2, letrozole, or vehicle application to examine the effects of E2 

manipulations on AHP amplitude. Post-burst AHPs were generated by applying bursts of depolarizing 

current pulses (2 nA, 2 ms, 50 Hz) to elicit trains of 16 action potentials. The post-burst AHP amplitude 

was calculated for each neuron as the difference between the resting membrane potential and the lowest 

membrane potential observed following the termination of the final action potential. The effect of drug 

treatment was calculated for each neuron as the absolute difference in AHP amplitude from baseline.  

 

4.3.8 Statistical Analysis  

Differences in basic electrophysiological properties (resting membrane potential, input resistance, 

and spike amplitude) between pyramidal neurons in layer II/III and layer IV were examined using two-

tailed, independent samples t-tests. The effects of E2 manipulations on basic electrophysiological properties 
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were analyzed using one-way ANOVAs comparing the E2 and vehicle conditions and independent samples 

t-tests comparing the letrozole and vehicle conditions.  

The effects of E2 manipulations on the amplitude of agonist-evoked postsynaptic currents were 

analyzed using one-way ANOVAs comparing the E2 and vehicle conditions and independent samples t-

tests comparing the letrozole and vehicle conditions. Significant ANOVAs were followed up using Fisher’s 

Least Significant Difference (LSD) post hoc tests. Fisher’s LSD was selected for these comparisons as it 

affords sufficient protection against Type I error following a significant ANOVA and when comparing 

three group means (Carmer & Swanson, 1973). The effects of E2 manipulations on the amplitude and 

frequency of spontaneous EPSCs and GABAergic PSCs were analyzed using two-way mixed model (drug 

x time) ANOVAs. Significant interaction effects were followed up with two-way ANOVAs comparing 

each E2 condition to vehicle and pairwise comparisons at each time point with Sidak correction where 

appropriate.  

The effects of E2 manipulations on neuronal firing frequency, assessed through input-output 

curves, were measured using three-way mixed model (drug x stimulation intensity x time) ANOVAs. 

Significant effects involving time were followed up with two-way mixed model (drug x stimulation 

intensity) ANOVAs before and after drug application. Significant interactions effects were followed up 

with individual ANOVAs comparing each E2 condition to vehicle and pairwise comparisons at each 

stimulation intensity with Sidak correction where appropriate. The effects of E2 manipulations on post-

burst AHP amplitude were measured using one-way ANOVAs comparing the E2 and vehicle conditions 

and independent samples t-tests comparing the letrozole and vehicle conditions. 

All sample sizes reflect the number of neurons (one neuron per slice), obtained from 3-7 rats per 

experimental condition. Neurons were included in analyses only if the resting membrane potential, spike 

amplitude, and series resistance exhibited a < 20% change between recordings completed before and after 

E2, letrozole, or vehicle application. Levene’s test for homogeneity of variances was applied for all t-tests 

and one-way ANOVAs and corrected statistics were reported where appropriate (see Chapter 1). Mauchly’s 
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test of sphericity was conducted for all repeated measures ANOVAs and the Greenhouse-Geisser correction 

was applied in all cases in which the assumption of sphericity was violated. All statistical analyses were 

completed using SPSS (v. 25.0; IBM Corp.) with the criterion for statistical significance set at α = 0.05. All 

data are expressed as mean ± S.E.M. 

 

4.4 Results  

4.4.1 Basic Electrophysiological Properties of A1 Pyramidal Neurons  

To determine whether the basic electrophysiological properties of A1 pyramidal neurons differed 

significantly between cortical layers, resting membrane potential, input resistance, and spike amplitude 

were compared between neurons in layer II/III (n = 73) and layer IV (n = 40) using independent samples t-

tests. Basic electrophysiological properties were only analyzed in neurons for which recordings were 

completed using regular internal solution and in the absence of DNQX. There was a small but statistically 

significant difference in resting membrane potential between layers (t110.47 = 2.13, p = 0.035), such that the 

resting membrane potential was significantly lower in layer II/III neurons than in layer IV neurons. In 

contrast, neither input resistance nor spike amplitude differed between layer II/III and layer IV neurons (all 

ts < 1.58; all ps > 0.117). It is worth noting, however, that there was a considerable difference in the ratios 

of regular firing to burst firing neurons in each layer, with a larger percentage of regular firing neurons in 

layer II/III (84.93%) than in layer IV (37.50%). This difference in predominant neuron type complicates 

direct comparisons of basic electrophysiological properties between layers. Basic electrophysiological 

properties for layer II/III and layer IV neurons are displayed in Table 4.1.  
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Table 4.1 Basic electrophysiological properties of A1 pyramidal neurons. Basic electrophysiological 

properties of pyramidal neurons recorded in layer II/III and layer IV of the A1 of adult male rats.  

 

Cortical 

layer 

  

 

Sample  

size  

Resting 

membrane 

potential (mV) 

  

Input  

resistance  

(MΩ) 

  

Spike  

amplitude  

(mV) 

  

Percent  

regular  

firing† 

  
 

II/III 

 

 

73   -81.84 ± 0.65 * 

 

105.40 ± 3.40 

 

    98.92 ± 0.68 

 

        84.93 

 
IV 40   -80.07 ± 0.51 * 113.80 ± 3.40     98.66 ± 2.76         37.50 

 

 

* Significant difference between layer II/III and layer IV; p < 0.05 

 
† Percent regular firing represents the percentage of the total pyramidal neuron population (regular and 

burst firing) recorded using regular internal solution and in the absence of DNQX. 

 

Data presented as mean ± SEM 

 

  

 

 

In a further subset of neurons, in which the resting membrane potential was held at -75 mV for 

voltage-clamp trials, the effects of E2 manipulations on basic electrophysiological properties were analyzed 

using one-way ANOVAs and independent samples t-tests comparing percent changes from baseline. There 

were no significant effects of either E2 (10 nM and 50 nM) or letrozole (100 nM) on resting membrane 

potential, input resistance, or spike amplitude in either layer II/III or layer IV pyramidal neurons (all ps > 

0.05; data not shown). 
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Figure 4.1 Responses of regular firing and burst firing pyramidal neurons to depolarizing and 

hyperpolarizing current injection. Typical responses of regular firing (A) and burst firing (B) pyramidal 

neurons in A1 to 500 ms pulses of depolarizing and hyperpolarizing current injection. Burst firing and 

regular firing neurons were differentiated on the basis of their initial firing frequency, second spike 

threshold, afterdepolarization amplitude, and sag ratio in response to depolarizing current injection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

101 

 

4.4.2 Agonist-Evoked Glutamate and GABA Receptor-Mediated Currents 

To assess the effects of E2 manipulations on agonist-evoked excitatory and inhibitory currents in 

A1, we analysed inward current responses to 30-s bath application of ionotropic glutamate and GABA 

receptor agonists. In layer II/III, we investigated the effects of E2 manipulations on inward current 

responses to AMPA, NMDA, and GABA. In layer IV, we examined whole-cell current responses to only 

AMPA and GABA, due to issues associated with the reliability of NMDA-evoked currents observed in 

layer IV neurons during pilot trials. Recordings were performed in voltage-clamp mode and agonist-evoked 

glutamate and GABA receptor-mediated currents were measured before and after 20-min bath application 

of 10 nM E2, 50 nM E2, 100 nM letrozole, or vehicle. Post-drug response amplitudes were expressed as 

percent changes from baseline and averaged within drug conditions. Sample agonist-evoked currents 

recorded in layer II/III and layer IV are displayed in Figures 4.2-4.4 and Figures 4.5-4.6, respectively. 

 

Layer II/III Pyramidal Neurons  

For recordings of agonist-evoked AMPAR-mediated currents, neurons were held at -75 mV and 

exposed to 2 µM (S)-AMPA. A one-way ANOVA comparing the 10 nM E2 (n = 8), 50 nM E2 (n = 9), and 

vehicle (n = 8) conditions revealed a significant effect of drug on the amplitude of AMPAR-mediated 

currents (F2, 22 = 3.82, p = 0.038). LSD post hoc analyses revealed that the percent change in response 

amplitude was significantly larger in cells treated with 50 nM E2 (17.90 ± 6.59%) than those treated with 

vehicle (-2.35 ± 3.09%), p = 0.044. Post hoc analyses also revealed a significant difference in response 

amplitude between cells treated with 50 nM E2 and those treated with 10 nM E2 (p = 0.018), such that 50 

nM E2 application yielded a greater change in response amplitude than 10 nM E2 application (-6.36 ± 

9.20%). In contrast, an independent samples t-test comparing the letrozole (100 nM; n = 9) and vehicle 

conditions revealed no significant effect of drug on the amplitude of AMPAR-mediated currents (t9.41 = 

0.06, p = 0.956), see Figure 4.2. 
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For recordings of agonist-evoked NMDAR-mediated currents, neurons were held at -50 mV and 

exposed to 35 µM NMDA. A one-way ANOVA comparing the 10 nM E2 (n = 7), 50 nM E2 (n = 11), and 

vehicle (n = 10) conditions revealed no significant effect of drug on the amplitude of NMDAR-mediated 

currents (F2,25 = 0.07, p = 0.937). An independent samples t-test comparing the letrozole (100 nM; n = 9) 

and vehicle conditions similarly revealed no significant effect of drug on the amplitude of NMDAR-

mediated currents (t17 = 0.52, p = 0.612), see Figure 4.3.  

For recordings of agonist-evoked GABA receptor-mediated currents, neurons were held at -75 mV 

and exposed to 200 µM GABA in the presence of 10 µM DNQX. A one-way ANOVA comparing the 10 

nM E2 (n = 7), 50 nM E2 (n = 9), and vehicle (n = 8) conditions revealed no significant effect of drug on 

the amplitude of GABA receptor-mediated currents (F2,21 = 0.23, p = 0.793). An independent samples t-test 

comparing the letrozole (100 nM; n = 10) and vehicle conditions similarly revealed no significant effect of 

drug on the amplitude of GABA receptor-mediated currents (t16 = 1.68, p = 0.113), see Figure 4.4. GABA-

evoked currents were confirmed to be mediated by GABAA receptors as they were nearly completely 

abolished by 5-min bath application of 10 uM bicuculine (91.61 ± 5.41% reduction in response amplitude; 

n = 4; paired samples t-test: t3 = 5.11, p = 0.015). 
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Figure 4.2 Effects of E2 manipulations on agonist-evoked AMPAR-mediated currents in layer II/III 

pyramidal neurons. A) The magnitude of inward current responses to 2 µM AMPA in layer II/III was 

significantly increased by 50 nM E2 application, but not by 10 nM E2, 100 nM letrozole, or vehicle 

application. *p < 0.05. Scatter points represent individual neurons. B) Typical voltage-clamp traces for 

whole-cell responses to AMPA before and after application of E2, letrozole, or vehicle. AMPA responses 

were recorded at -75 mV. Agonist application (30 s) is indicated by the grey horizontal bars. Calibration 

bars indicate 200 pA vertical and 30 s horizontal. 
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Figure 4.3 Effects of E2 manipulations on agonist-evoked NMDAR-mediated currents in layer II/III 

pyramidal neurons. A) The magnitude of inward current responses to 35 µM NMDA in layer II/III was 

not significantly altered by E2 manipulations. Scatter points represent individual neurons. B) Typical 

voltage-clamp traces for whole-cell responses to NMDA before and after application of E2, letrozole, or 

vehicle. NMDA responses were recorded at -50 mV. Agonist application (30 s) is indicated by the grey 

horizontal bars. Calibration bars indicate 80 pA vertical and 30 s horizontal.  
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Figure 4.4 Effects of E2 manipulations on agonist-evoked GABA receptor-mediated currents in layer 

II/III pyramidal neurons. A) The magnitude of inward current responses to 200 µM GABA in layer II/III 

was not significantly altered by E2 manipulations. Scatter points represent individual neurons. B) Typical 

voltage-clamp traces for whole-cell responses to GABA before and after application of E2, letrozole, or 

vehicle. GABA responses were recorded at -75 mV in the presence of 10 µM DNQX. Agonist application 

(30 s) is indicated by the grey horizontal bars.  
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Layer IV Pyramidal Neurons  

For recordings of agonist-evoked AMPAR-mediated currents, neurons were held at -75 mV and 

exposed to 2 µM (S)-AMPA. A one-way ANOVA comparing the 10 nM E2 (n = 10), 50 nM E2 (n = 10), 

and vehicle (n = 10) conditions revealed no significant effect of drug on the amplitude of AMPAR-mediated 

currents (F2,27 = 2.36, p = 0.114). Given the significant effect of 50 nM E2, but not 10 nM E2, on AMPAR-

mediated responses in layer II/III, we conducted planned comparisons of each E2 condition to the vehicle 

control, despite the non-significant omnibus ANOVA. Independent samples t-tests revealed no significant 

differences between groups (both ps > 0.05). There was a trend such that 10 nM E2 application increased 

response amplitude (18.97 ± 9.22) relative to vehicle application (-4.18 ± 6.48), but this difference failed 

to reach statistical significance (p = 0.054). An independent samples t-test comparing the letrozole (n = 10) 

and vehicle conditions similarly revealed no significant effect of drug on the amplitude of AMPAR-

mediated currents (t18 = 0.062, p = 0.951), see Figure 4.5.  

For recordings of agonist-evoked GABA receptor-mediated currents, neurons were held at -100 

mV and exposed to 200 µM GABA in the presence of 10 µM DNQX. A one-way ANOVA comparing the 

10 nM E2 (n = 6), 50 nM E2 (n = 6), and vehicle (n = 6) conditions revealed a significant effect of drug on 

the amplitude of GABA receptor-mediated currents (F2,15 = 15.52, p < 0.001). LSD post hoc analyses 

revealed that response amplitude was significantly reduced by both 50 nM E2 (-26.79 ± 5.36%) and 10 nM 

E2 (-21.96 ± 7.54%) compared to vehicle (25.82 ± 8.83%), both ps < 0.001. An independent samples t-test 

comparing the letrozole (n = 6) and vehicle conditions similarly revealed a significant effect of drug on 

response amplitude (t10 = 4.41, p = 0.001), such that 100 nM letrozole significantly reduced the amplitude 

of GABA receptor-mediated response (-25.20 ± 7.49%) compared to vehicle, see Figure 4.6. Surprisingly, 

unlike GABA-evoked currents recorded in layer II/III, GABA-evoked currents recorded in layer IV were 

largely insensitive to bicuculline, with 10-min bicuculline application suppressing response amplitude by 

only 25.47 ± 14.72% (n = 4; paired samples t-test: t3 = 1.53, p = 0.224), suggesting that these currents were 

only partially mediated by GABAA receptors. 
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Figure 4.5 Effects of E2 manipulations on agonist-evoked AMPAR-mediated currents in layer IV 

pyramidal neurons. A) The magnitude of inward current responses to 2 µM AMPA was not significantly 

altered by E2 manipulations. Scatter points represent individual neurons. B) Typical voltage-clamp traces 

for whole-cell responses to AMPA before and after application of E2, letrozole, or vehicle. AMPA 

responses were recorded at -75 mV. Agonist application (30 s) is indicated by the grey horizontal bars.  
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Figure 4.6 Effects of E2 manipulations on agonist-evoked GABA receptor-mediated currents in layer 

IV pyramidal neurons. A) The amplitude of inward current responses to 200 µM GABA was significantly 

reduced by both 10 nM and 50 nM E2 application, as well as 100 nM letrozole application. **p < 0.01, 

***p < 0.001. Scatter points represent individual neurons. B) Typical voltage-clamp traces for whole-cell 

responses to GABA before and after application of E2, letrozole, or vehicle. GABA responses were 

recorded at -100 mV in the presence of 10 µM DNQX. Agonist application (30 s) is indicated by the grey 

horizontal bars.  
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4.4.3 Spontaneous EPSCs and GABAergic PSCs   

To assess the effects of E2 manipulations on spontaneous excitatory and inhibitory currents in A1, 

spontaneous EPSCs and GABAergic PSCs were recorded during application of 10 nM E2, 50 nM E2, 100 

nM letrozole, or vehicle in the same cells used for agonist-evoked current recordings. The amplitude and 

frequency of EPSCs and GABAergic PSCs were compared at five time points: 0-30 s (pre-drug baseline) 

and 4-5 min, 9-10 min, 14-15 min, and 19-20 min during continuous drug application. Sample EPSCs 

recorded in layer II/III and layer IV are displayed in Figure 4.7 and Figure 4.9, respectively. Sample 

GABAergic PSCs recorded in layer II/III are displayed in Figure 4.8. GABAergic PSCs were not observed 

in layer IV recordings completed at -100 mV. 

 

Layer II/III Pyramidal Neuron EPSCs 

Spontaneous EPSCs recorded from layer II/III pyramidal neurons were insensitive to bidirectional 

E2 manipulations under the present experimental conditions. A two-way mixed model (drug x time) 

ANOVA comparing the 10 nM E2 (n = 8), 50 nM E2 (n = 8), and vehicle (n = 8) conditions revealed no 

significant main effect of drug on EPSC amplitude (F2, 21 = 2.50, p = 0.106, ηp2 = 0.192). There was a 

significant main effect of time (F4, 84 = 3.07, p = 0.021, ηp2 = 0.128), such that EPSP amplitude decreased 

over time across conditions, and a significant drug x time interaction effect (F8, 84 = 2.74, p = 0.010, ηp2 = 

0.207). This interaction effect was followed up with two-way mixed model (drug x time) ANOVAs 

comparing each E2 condition to vehicle. Comparing 10 nM E2 with vehicle, there was a significant main 

effect of time (F4, 56 = 6.98, p < 0.001, ηp2 = 0.333), such that EPSC amplitude decreased over time across 

conditions. In contrast, there was no significant main effect of drug and no significant drug x time 

interaction effect (both Fs < 3.30, both ps > 0.090), indicating that 10 nM E2 did not significantly alter 

EPSC amplitude relative to vehicle at any of the time points examined. Comparing 50 nM E2 with vehicle, 

there were no significant main effects of drug or time (both Fs < 4.11, both ps > 0.062), indicating that 

EPSC amplitude was similar across drug conditions and was stable over time. While there was a significant 
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drug x time interaction effect (F4, 56 = 4.23, p = 0.005, ηp2 = 0.232), pairwise comparisons with Sidak 

correction revealed that the 50 nM E2 and vehicle conditions significantly differed only at baseline (Figure 

4.7 A). A two-way mixed model ANOVA comparing the 100 nM letrozole (n = 7) and vehicle conditions 

revealed no significant main effects of drug or time on EPSC amplitude (both Fs < 1.74, both ps > 0.305). 

There was a significant drug x time interaction effect on EPSC amplitude (F4, 52 = 4.16, p = 0.005, ηp2 = 

0.243), but pairwise comparisons with Sidak correction revealed that the letrozole and vehicle conditions 

did not significantly differ at any of the time points examined (Figure 4.7 B).  

A two-way mixed model (drug x time) ANOVA comparing the 10 nM E2, 50 nM E2, and vehicle 

conditions revealed no significant main effects of drug or time, or a significant drug x time interaction effect 

on EPSC frequency (all Fs < 1.24, all ps > 0.302), indicating that E2 application did not significantly alter 

EPSC frequency at any of the time points examined (Figure 4.7 C). A two-way mixed model ANOVA 

comparing the 100 nM letrozole and vehicle conditions similarly revealed no significant main effects of 

drug or time, or a significant drug x time interaction effect (all Fs < 1.67, all ps > 0.173), indicating that 

letrozole application did not significantly alter EPSC frequency at any of the time points examined (Figure 

4.7 D). 
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Figure 4.7 Effects of E2 manipulations on spontaneous EPSC amplitude and frequency in layer II/III 

pyramidal neurons. Bidirectional E2 manipulations did not significantly alter either the amplitude (A and 

B) or frequency (C and D) of spontaneous EPSCs recorded in layer II/III of A1. E) Typical voltage-clamp 

traces for EPSCs recorded before (left) and after (right) application of either E2, letrozole, or vehicle.  

 



 

112 

 

Layer II/III Pyramidal Neuron GABAergic PSCs 

To analyse the effects of E2 manipulations on the amplitude and frequency of GABAergic PSCs 

recorded in layer II/III, neurons were patched with high Cl- internal solution and recordings were completed 

in the presence of 10 µM DNQX. GABAergic PSCs were confirmed to be mediated by GABAA receptors, 

as they were nearly completely abolished by 5-min application of bicuculline (n = 4; data not shown). Like 

EPSCs recorded in this region, the amplitude and frequency of spontaneous GABAergic PSCs in layer II/III 

were insensitive to bidirectional E2 manipulations under the present experimental conditions.  

A two-way mixed model (drug x time) ANOVA comparing the 10 nM E2 (n  = 6), 50 nM E2 (n  = 

8), and vehicle (n  = 8) conditions revealed no significant main effects of drug or time, or a significant drug 

x time interaction effect on GABAergic PSC amplitude (all Fs < 0.74, all ps > 0.539), indicating that E2 

application did not significantly alter GABAergic PSC amplitude at any of the time points examined (Figure 

4.8 A). A two-way mixed model ANOVA comparing the 100 nM letrozole (n = 8) and vehicle conditions 

similarly revealed no significant main effects of drug or time, or a significant drug x time interaction effect 

(all Fs < 3.15, all ps > 0.077), indicating that letrozole application did not significantly alter GABAergic 

PSC amplitude at any of the time points examined (Figure 4.8 B). 

As was observed in analyses of GABAergic PSC amplitude, a two-way mixed model (drug x time) 

ANOVA comparing the 10 nM E2, 50 nM E2, and vehicle conditions revealed no significant main effects 

of drug or time, or a significant drug x time interaction effect on GABAergic PSC frequency (all Fs < 1.88, 

all ps > 0.113), indicating that E2 application did not significantly alter GABAergic PSC frequency at any 

of the time points examined (Figure 4.8 C). A two-way mixed model ANOVA comparing the 100 nM 

letrozole and vehicle conditions similarly revealed no significant main effects of drug or time, or a 

significant drug x time interaction effect (all Fs < 0.82, all ps > 0.437), indicating that letrozole application 

did not significantly alter GABAergic PSC frequency at any of the time points examined (Figure 4.8 D). 
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Figure 4.8 Effects of E2 manipulations on spontaneous GABAergic PSC amplitude and frequency in 

layer II/III pyramidal neurons. Bidirectional E2 manipulations did not significantly alter either the 

amplitude (A and B) or frequency (C and D) of spontaneous GABAergic PSCs recorded in layer II/III of 

A1. E) Typical voltage-clamp traces for GABAergic PSCs recorded before (left) and after (right) 

application of either E2, letrozole, or vehicle. Some GABAergic PSCs (marked by red arrowheads) have 

been cropped for size. 
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Layer IV Pyramidal Neuron EPSCs 

As was seen in layer II/III, the amplitude and frequency of spontaneous EPSCs recorded in layer 

IV were insensitive to E2 manipulations under the present experimental conditions. A two-way mixed 

model (drug x time) ANOVA comparing the 10 nM E2 (n  = 10), 50 nM E2 (n  = 10), and vehicle (n  = 9) 

conditions revealed no significant main effects of drug or time, or a significant drug x time interaction effect 

on EPSC amplitude (all Fs < 2.29, all ps > 0.100), indicating that E2 application did not significantly alter 

EPSC amplitude at any of the time points examined (Figure 4.9 A). A two-way mixed model ANOVA 

comparing the 100 nM letrozole (n = 9) and vehicle conditions similarly revealed no significant main effects 

of drug or time, or a significant drug x time interaction effect (all Fs < 1.79, all ps > 0.587), indicating that 

letrozole application did not significantly alter EPSC amplitude at any of the time points examined (Figure 

4.9 B).  

The same pattern of results was observed when analyzing EPSC frequency. A two-way mixed 

model (drug x time) ANOVA comparing the 10 nM E2, 50 nM E2, and vehicle conditions revealed no 

significant main effects of drug or time, or a significant drug x time interaction effect on EPSC frequency 

(all Fs < 2.45, all ps > 0.106), indicating that E2 application did not significantly alter EPSC frequency at 

any of the time points examined (Figure 4.9 C). A two-way mixed model ANOVA comparing the 100 nM 

letrozole and vehicle conditions revealed that there was a significant main effect of drug on EPSC frequency 

(F1, 16 = 5.21, p = 0.037, ηp2 = 0.246), such that EPSC frequency was significantly lower across time points 

in cells treated with letrozole (3.65 ± 0.20 Hz) compared to cells treated with vehicle (5.41 ± 0.31 Hz); 

however, this difference was already present at baseline and so was not related to letrozole application. 

Supporting this, there was no significant main effect of time or significant drug x time interaction effect on 

EPSC frequency (all Fs < 1.62 all ps > 0.206), indicating that letrozole application did not significantly 

alter EPSC frequency at any of the time points examined (Figure 4.9 D).  
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Figure 4.9 Effects of E2 manipulations on spontaneous EPSC amplitude and frequency in layer IV 

pyramidal neurons. Bidirectional E2 manipulations did not significantly alter either the amplitude (A and 

B) or frequency (C and D) of spontaneous EPSCs recorded in layer II/III of A1. E) Typical voltage-clamp 

traces for EPSCs recorded before (left) and after (right) application of either E2, letrozole, or vehicle.  
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4.4.4 Intrinsic Neuronal Excitability  

To explore the impact of E2 manipulations on intrinsic neuronal excitability in A1, we examined 

the effects of E2 and letrozole application on input-output responses and AHP amplitude in a subset of the 

neurons used in analyses of excitatory currents. We generated input-output curves to characterize neuronal 

firing frequency in response depolarizing current injection, followed by bursts of 16 action potentials to 

measure post-burst AHPs before and after bath application of E2, letrozole, or vehicle. Neuron firing 

frequency was expressed as the number of action potentials elicited by each of 10 depolarizing current 

injections. AHP amplitude was calculated as the difference between the resting membrane potential and the 

lowest membrane potential observed following the final action potential and expressed as an absolute 

difference from baseline.  

 

Layer II/III Input-Output Responses   

A three-way mixed model (drug x stimulation intensity x time) ANOVA comparing the 10 nM E2 

(n = 8), 50 nM E2 (n = 9), and vehicle (n = 8) conditions on the number of action potentials generated by 

each level of depolarizing current injection revealed a significant main effect of stimulation intensity on 

action potential number (F1.34, 29.56 = 142.41, p < 0.0001, ηp2 = 0.866), such that the number of action 

potentials increased with increasing stimulation intensity. In contrast, there were no significant main effects 

of drug or time and no significant interaction effects involving drug (all Fs < 4.15, all ps > 0.053), indicating 

that E2 application did not significantly alter neuronal firing frequency, collapsing across stimulation 

intensities and time points (baseline and post-drug treatment). There was, however, a significant stimulation 

intensity x time interaction effect on action potential number (F1.50, 32.90 = 3.94, p = 0.040, ηp2 = 0.152). 

To follow up the significant stimulation intensity x time interaction effect, two-way mixed model 

(drug x stimulation intensity) ANOVAs were conducted for each time point (baseline and post-drug 

treatment). Prior to E2 manipulations (Figure 4.10 A), action potential number did not significantly differ 

between drug conditions (no significant main effect of drug or drug x stimulation intensity interaction 
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effect; both Fs < 0.51, both ps > 0.670), indicating that all groups exhibited similar neuron firing frequencies 

at baseline across stimulation intensities. Following E2 manipulations (Figure 4.10 B), action potential 

number remained similar across drug conditions (no significant main effect of drug or drug x stimulation 

intensity interaction effect; both Fs < 0.87, both ps > 0.459), indicating that E2 application did not 

significantly alter neuron firing frequency across stimulation intensities. At both time points, there was a 

significant main effect of stimulation intensity, such that neuronal firing frequency increased with 

increasing stimulation intensity across drug conditions (baseline: F1.42, 31.31 = 183.42, p < 0.0001, ηp2 = 

0.893; post-drug: F1.34, 29.49 = 73.42, p < 0.0001, ηp2 = 0.769). 

A three-way mixed model (drug x stimulation intensity x time) ANOVA comparing the letrozole 

(n = 9) and vehicle conditions similarly revealed a significant main effect of stimulation intensity on action 

potential number (F1.43, 21.47 = 120.28, p < 0.0001, ηp2 = 0.889), such that the number of action potentials 

increased with increasing stimulation intensity across drug conditions. In contrast, there were no significant 

main effects of drug or time, and no significant interaction effects (all Fs < 2.22; all ps > 0.158), indicating 

that letrozole application did not significantly alter neuronal firing frequency; Figure 4.10 A and B. 
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Figure 4.10 Effects of E2 manipulations on input-output responses of layer II/III pyramidal neurons. 

Input-output curves were generated by measuring the number of action potentials elicited in response to 

depolarizing current injection from 50 pA to 500 pA in 50 pA increments, both before (A) and after (B) 

application of E2, letrozole, or vehicle. Before and after drug application, the number of action potentials 

increased with increasing stimulation intensity across drug conditions, but was unaffected by E2 

manipulations.  
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Layer IV Input-Output Responses  

A three-way mixed model (drug x stimulation intensity x time) ANOVA comparing the 10 nM E2 

(n = 10), 50 nM E2 (n = 9), and vehicle (n = 10) conditions on the number of action potentials generated 

by each level of depolarizing current injection revealed a significant main effect of stimulation intensity 

(F1.52, 39.42  = 262.55, p < 0.0001, ηp2 = 0.910), such that the number of action potentials increased with 

increasing stimulation intensity across drug conditions. There were no significant main effects of drug or 

time, and no significant drug x time or drug x time x stimulation intensity interaction effects on action 

potential number (all Fs < 2.98; all ps > 0.096), indicating that the drug conditions exhibited similar neuron 

firing frequencies, collapsing across time points and stimulation intensities. There was a significant time x 

stimulation intensity interaction effect (F1.61, 39.42 = 3.58, p = 0.046, ηp2 = 0.121) and a significant drug x 

stimulation intensity interaction effect on action potential number (F3.03, 39.42 = 3.40, p = 0.027, ηp2 = 0.207).   

To follow up the significant interaction effects involving stimulation intensity, two-way mixed 

model (drug x stimulation intensity) ANOVAs were conducted for each time point (baseline and post-drug 

treatment). Prior to E2 manipulations (Figure 4.11 A), there was no significant main effect of drug or drug 

x stimulation intensity interaction effect on action potential number (both Fs < 2.26; both ps > 0.090), 

indicating that the groups exhibited similar neuron firing frequencies at baseline. Following E2 

manipulations (Figure 4.11 B), there was no significant main effect of drug on action potential number (F2, 

26 = 1.93, p = 1.66, ηp2 = 0.129), indicating that E2 did not significantly alter neuron firing frequency, 

collapsing across stimulation intensities. At both time points, there was a significant main effect of 

stimulation intensity (baseline: F1.65, 42.91 = 234.63, p < 0.0001, ηp2 = 0.900; post-drug: F1.59, 41.25 = 125.00, p 

< 0.0001, ηp2 = 0.828), such that the number of action potentials increased with increasing stimulation 

intensity.  

Interestingly, there was a significant drug x stimulation intensity interaction effect on action 

potential number following drug application (F3.17, 41.25 = 3.10, p = 0.035, ηp2 = 0.193). This interaction 

effect was followed up with two-way mixed model (drug x stimulation intensity) ANOVAs comparing each 
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E2 condition to vehicle. In both comparisons, there was a significant main effect of stimulation intensity 

(main effect of stimulation intensity for 10 nM E2 vs. vehicle: F1.56, 28.01 = 95.24, p < 0.0001, ηp2 = 0.841; 

main effect of stimulation intensity for 50 nM E2 vs. vehicle: F2.13, 36.27 = 132.94, p < 0.0001, ηp2 = 0.887), 

such that the number of action potentials increased with increasing stimulation intensity, collapsing across 

drug conditions. Comparing 10 nM E2 and vehicle, there was no significant main effect of drug or drug x 

stimulation intensity interaction effect on action potential number (all Fs < 0.15 all ps > 0.814), indicating 

that 10 nM E2 did not significantly alter neuron firing frequency. In contrast, when comparing 50 nM E2 

and vehicle, there was a significant main effect of drug on action potential number (F1, 17 = 5.52, p = 0.031, 

ηp2 = 0.245), such that neurons generated a smaller number of action potentials following 50 nM E2 

application relative to vehicle application. There was also a significant drug x stimulation intensity 

interaction effect on action potential number (F2.13, 36.27 = 9.18, p < 0.001, ηp2 = 0.351). Pairwise comparisons 

with Sidak correction revealed that neurons treated with 50 nM E2 exhibited significantly fewer action 

potentials than those treated with vehicle at the four highest stimulation intensities (350-500 pA; all ps < 

0.05). This trend was also apparent at 300 pA depolarizing current injection, but the difference was 

marginally non-significant (p = 0.051). 

A three-way mixed model (drug x time x stimulation intensity) ANOVA comparing the letrozole 

(n = 10) and vehicle conditions similarly revealed a significant main effect of stimulation intensity on action 

potential number (F1.32, 23.68 = 184.80 p < 0.0001, ηp2 = 0.911), such that the number of action potentials 

increased with increasing stimulation intensity, collapsing across conditions. There were no significant 

main effects of drug or time, and no significant interaction effects on action potential number (all Fs < 2.04; 

all ps > 0.172). There was a significant time x stimulation intensity interaction effect on action potential 

number (F1.75, 31.47 = 5.04, p = 0.016, ηp2 = 0.219). To follow up this interaction effect involving time, two-

way mixed model (drug x stimulation intensity) ANOVAs were conducted for each time point. At both 

time points, there was a significant main effect of stimulation intensity (baseline: F1.25, 22.52 = 142.32, p < 

0.0001, ηp2 = 0.888; post-drug: F1.71, 30.69 = 123.18, p < 0.0001, ηp2 = 0.873), such that the number of action 
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potentials increased with increasing stimulation intensity, collapsing across conditions. Prior to letrozole 

application (Figure 4.11 A), there was no significant main effect of drug or drug x stimulation intensity 

interaction effect on action potential number (both Fs < 0.08, both ps > 0.838), indicating that the groups 

exhibited similar neuron firing frequencies at baseline. Similarly, following letrozole application (Figure 

4.11 B), there was no significant main effect of drug or drug x stimulation intensity interaction effect on 

action potential number (both Fs < 0.44, both ps > 0.622), indicating acute letrozole application did not 

significantly alter neuron firing frequency.  
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Figure 4.11 Effects of E2 manipulations on input-output responses of layer IV pyramidal neurons. 

Input-output curves were generated by measuring the number of action potentials elicited in response to 

depolarizing current injection from 50 pA to 500 pA, both before (A) and after (B) application of E2, 

letrozole, or vehicle. Before and after drug application, the number of action potentials increased with 

increasing stimulation intensity across drug conditions. Application of 50 nM E2 resulted in a significant 

reduction in action potential number at the four highest levels of depolarizing current injection. *p < 0.05. 
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Layer II/III and Layer IV AHPs  

 

The amplitude of post-burst AHPs recorded from both layer II/III and layer IV pyramidal neurons 

was insensitive to bidirectional E2 manipulations. In layer II/III, a one-way ANOVA comparing the 10 nM 

E2 (n = 8), 50 nM E2 (n = 9), and vehicle (n = 8) conditions revealed no significant effect of drug on the 

amplitude of post-burst AHPs (F2, 22 = 0.60, p = 0.556). An independent samples t-test comparing 100 nM 

letrozole (n = 9) and vehicle conditions similarly revealed no significant effect of drug on AHP amplitude 

(t15 = 0.61, p = 0.550); Figure 4.12 A. The same pattern of results was observed in layer IV, in which a one-

way ANOVA comparing the 10 nM E2 (n = 9), 50 nM E2 (n = 8),  and vehicle (n = 9) conditions revealed 

no significant effect of drug on the amplitude of post-burst AHPs (F2, 23 = 0.42, p = 0.663). An independent 

samples t-test comparing 100 nM letrozole (n = 10) and vehicle conditions similarly revealed no significant 

effect of drug on AHP amplitude (t17 = 0.23, p = 0.822); Figure 4.12 B. 
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Figure 4.12 Effects of E2 manipulations on AHP amplitude in layer II/III and layer IV pyramidal 

neurons. Post-burst AHPs were generated by eliciting 16 action potentials using depolarizing current 

injection (2 nA, 2 ms, 50 Hz) and the AHP amplitude for each neuron was expressed as an absolute 

difference from baseline. Bidirectional E2 manipulations did not significantly alter the amplitude of post-

burst AHPs in either layer II/III pyramidal neurons (A) or layer IV pyramidal neurons (B). Scatter points 

represent individual neurons. 
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4.5 Discussion 

We have previously shown that acute, bidirectional changes in local E2 concentrations significantly 

alter the induction threshold and magnitude of LTP in the thalamocortical auditory pathway of adult male 

rats in vivo. In these experiments, E2 application lowered the threshold for LTP induction at layer IV, 

thalamocortical synapses, whereas reductions in local E2 concentrations by means of letrozole application 

suppressed LTP induction at layer II/III, intracortical synapses (Chapter 3). Numerous investigations have 

established that changes in both local and circulating E2 concentrations have pronounced effects on long-

term synaptic plasticity in the forebrain of male and female rodents (Bender et al., 2017; Bi et al., 2000; 

Córdoba Montoya & Carrer, 1997; Di Mauro et al., 2015; Foy et al., 1999, 2008; Good et al., 1999; Grassi 

et al., 2011; Kim et al., 2002; Kramár et al., 2009; Lu et al., 2019; Mukai et al., 2007; Shiroma et al., 2005; 

Smith & McMahon, 2005, 2006; Tozzi et al., 2015; Vierk et al., 2012; Vouimba et al., 2000; Warren et al., 

1995). While the mechanisms underlying E2-dependent modulation of LTP have been explored in other 

forebrain regions, particularly the hippocampus, the cellular and molecular changes that underlie E2-

dependent changes in LTP in A1 are largely unknown.  

The generation and maintenance of long-lasting synaptic plasticity mechanisms such as LTP are 

intimately related to both the synaptic and intrinsic properties of neurons. Manipulations that increase 

excitatory synaptic transmission and neuronal excitability tend to favor LTP, whereas manipulations that 

reduce excitatory transmission and neuronal excitability tend to suppress LTP, and may even promote LTD. 

Consequently, the effects of bidirectional E2 manipulations on LTP induction in A1 may be mediated, in 

part, by shifts in the balance of excitatory and inhibitory transmission. To investigate this possibility, we 

used whole-cell voltage-clamp and current-clamp recordings to test the effects of acute E2 and letrozole 

application on evoked and spontaneous excitatory and inhibitory currents, as well as intrinsic neuronal 

excitability in A1 pyramidal neurons. Both E2 and letrozole significantly altered agonist-evoked AMPAR 

and GABA receptor-mediated currents, in a layer-specific manner. In contrast, E2 manipulations did not 

significantly alter spontaneous excitatory or inhibitory currents in either layer II/III or layer IV. Neither E2 
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nor letrozole significantly altered AHP amplitude in either layer II/III or layer IV, but E2 did alter neuronal 

firing frequency in layer IV. 

 

4.5.1 Glutamate and GABA-Receptor Mediated Currents  

Acute E2 manipulations significantly altered the magnitude of whole-cell current responses to both 

glutamate and GABA receptor agonists, in a layer-specific manner. In layer II/III neurons, 20-min 

application of 50 nM E2 significantly increased the magnitude of AMPA-evoked currents. In contrast, 

neither dose of E2 (10 nM and 50 nM) significantly altered the magnitude of NMDA- or GABA-evoked 

currents. These findings are consistent with previous work demonstrating that E2 enhances non-NMDAR-

mediated transmission in the rat forebrain (Kramár et al., 2009; Rudick & Woolley, 2003; Smejkalova & 

Woolley, 2010; Wong & Moss, 1992), but are inconsistent with previous reports that E2 potentiates 

NMDAR-mediated transmission (Foy et al., 1999; Smith & McMahon, 2005, 2006; Woolley et al., 1997) 

and suppresses GABA receptor-mediated transmission (Huang & Woolley, 2012; Mukherjee et al., 2017; 

Murphy et al., 1998; Rudick & Woolley, 2001). Surprisingly, application of 100 nM letrozole did not 

significantly alter the magnitude of glutamate or GABA receptor agonist-evoked currents in layer II/III 

neurons, in contrast to previous work indicating that local aromatase inhibition suppresses AMPAR- and 

NMDAR-mediated transmission in the hippocampus of male rats (Tanaka & Sokabe, 2012).  

In layer IV, we observed a similar potentiation of AMPA-evoked currents by E2, but this effect 

failed to reach statistical significance. It is worth noting that the trend toward AMPAR-mediated current 

potentiation observed in layer IV neurons was associated with a lower concentration of E2 (10 nM) than 

that observed in layer II/III neurons. This trend is consistent with our in vivo findings that E2 had a more 

pronounced effect on LTP at layer IV synapses compared to layer II/III synapses (Chapter 3). Investigations 

into the effects of E2 manipulations on inhibitory currents revealed that the magnitude of GABA-evoked 

currents was significantly reduced by both E2 and letrozole in layer IV neurons. While E2-induced 

suppression of GABA-evoked currents is consistent with previous demonstrations that E2 decreases 
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GABAergic inhibitory transmission in the rodent forebrain, the effect of letrozole to similarly suppress 

GABA-evoked currents was not predicted. This finding suggests that locally-synthesized E2 may be 

required to maintain normal inhibitory transmission at layer IV synapses, and highlights the complex 

modulatory actions of E2 on glutamate and GABA receptor function. Further research is required to 

determine the mechanisms underlying the effects of acute E2 depletion on GABAergic transmission in A1. 

The difference in the effects of E2 on both AMPA- and GABA-evoked currents between layer II/III 

and layer IV may reflect differences in ER density and the sensitivity of neurons to E2 across A1 layers. 

Previous work has shown that the density of both ERα and ERβ does not differ significantly between 

cortical layers in the A1 of adult male and female mice, but ERβ-positive cells are slightly less abundant in 

layer IV compared to layer II/III (Tremere et al., 2011). Given the important role of ERβ in E2-induced 

enhancements of excitatory transmission, lower expression of ERβ in layer IV could contribute to the 

reduced impact of E2 on AMPA-evoked currents in this layer. Based on our previous finding of increasing 

aromatase expression from superficial to deep layers in the A1 of adult male rats (Chapter 2), the effect of 

letrozole to suppress GABA-evoked currents in layer IV, but not in layer II/III, may be due to local 

aromatase inhibition having a greater impact in deeper cortical layers.  

We observed a high degree of variability in the effects of E2 and letrozole on evoked excitatory 

and inhibitory currents, across the agonists used. This may indicate that only a subset of A1 neurons is 

responsive to E2, as has been shown in other forebrain regions (Chu et al., 2009; Oberlander & Woolley, 

2016; Smejkalova & Woolley, 2010). The proportion of E2-responsive neurons in the female rodent 

hippocampus and hypothalamus has been shown to increase with increasing concentrations of E2 (Chu et 

al., 2009; Smejkalova & Woolley, 2010), suggesting that higher E2 concentrations may increase the number 

of A1 neurons responsive to treatment under the present experimental conditions. Consequently, higher E2 

concentrations may be associated with larger effects of acute E2 application on synaptic currents and 

neuronal excitability in A1. 
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4.5.2 Spontaneous Postsynaptic Currents and Intrinsic Neuronal Excitability  

Despite the effects of bidirectional E2 manipulations on agonist-evoked AMPAR and GABA 

receptor-mediated currents, we did not observe significant effects of E2 manipulations on spontaneous 

excitatory or inhibitory currents in A1. Neither E2 nor letrozole significantly altered the amplitude or 

frequency of spontaneous EPSCs or GABAergic PSCs recorded in layer II/III, or of spontaneous EPSCs 

recorded in layer IV. These findings are inconsistent with a number of previous reports that E2 increases 

the amplitude and frequency of EPSCs (Oberlander & Woolley, 2016; Smejkalova & Woolley, 2010) and 

suppresses the amplitude and frequency of IPSCs (Huang & Woolley, 2012; Murphy et al., 1998; Rudick 

& Woolley, 2001) in the rodent hippocampus. However, there is some inconsistency in the effects of acute 

E2 application on hippocampal synaptic currents. For instance, Oberlander and Woolley (2016) 

demonstrated that 10-min application of 100 nM E2 increased both the amplitude and frequency of 

pharmacologically-isolated mEPSCs in CA1 neurons from both gonadectomized and gonadally-intact male 

and female rats. Conversely, Phan et al. (2015) showed that 20-min application of 50 nM E2 reduced the 

frequency of mEPSCs in CA1 neurons from OVX mice. These conflicting data, together with the lack of 

effects of E2 manipulations on spontaneous EPSCs and GABAergic PSCs in A1, may reflect differences 

in the modulatory actions of E2 on synaptic currents as a function of cortical region, sex, age, or simply 

differences in experimental conditions. Further research is required to clarify the modulatory effects of E2 

on both miniature and action-potential driven EPSCs and IPSCs in the rodent cortex.  

The discrepancy between the effects of E2 manipulations on agonist-evoked and spontaneous 

currents observed in the present experiments likely reflects the fact that the whole-cell inward current 

response is a more sensitive measure of the effects of modulatory compounds on synaptic activity compared 

to spontaneous EPSCs and IPSCs, due to the large receptor population contributing to the former 

response. Consequently, changes in the magnitude of agonist-evoked whole-cell currents may be observed 

in the absence, or in advance of changes in spontaneous currents. Additionally, while most previous 

investigations have focused on the amplitude and frequency of postsynaptic currents, E2 manipulations 
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may also alter other parameters of spontaneous EPSCs and IPSCs, such as rise or decay kinetics. Supporting 

this, Rudick & Woolley (2001) demonstrated that systemic E2 treatment increased the decay time of 

synaptically-evoked IPSCs, in addition to reducing IPSC amplitude, in the hippocampus of OVX rats.  

With respect to neuronal excitability, we hypothesized that the intrinsic excitability of A1 neurons 

would be positively associated with E2 concentrations, with E2 application resulting in increased neuronal 

firing frequency and decreased AHP amplitude. Numerous investigations have shown that E2 modulates 

neuronal excitability in multiple regions of the rodent forebrain, including the hippocampus (Carrer et al., 

2003; Kumar & Foster, 2002; Wong & Moss, 1991, 1992) and hypothalamus/preoptic area (Chu et al., 

2009; Kelly et al., 1976), and, importantly, in the auditory forebrain of songbirds (Remage-Healey et al., 

2010; Tremere et al., 2009; Tremere & Pinaud, 2011). Surprisingly, we found that AHP amplitude and 

evoked neuron firing frequency in A1 were largely unaffected by acute E2 manipulations. Interestingly, we 

did observe a significant effect of 50 nM E2 to decrease the firing frequency of layer IV neurons at high 

levels of depolarizing current injection. This suggests that E2 suppressed the excitability of layer IV neurons 

under the present experimental conditions. Further experiments are required to clarify this effect, but it may 

reflect a mechanism by which E2 contributes to the regulation of the signal to noise ratio in A1, particularly 

under conditions of increased neuronal activity.  

 

4.5.3 Alterative Mechanisms of E2-Dependent Modulation of LTP   

The objective of this study was to investigate the role of E2 in regulating excitatory and inhibitory 

transmission in A1 to probe the mechanisms underlying E2-dependent modulation of LTP in this region. 

However, E2-induced facilitation of LTP may be mediated by a number of factors that enhance synaptic 

efficacy, beyond a direct change in glutamate and GABA receptor-mediated currents and neuronal 

excitability. For instance, E2 increases postsynaptic Ca2+ influx and the activity of kinases and transcription 

factors known to be important for LTP induction and maintenance, such as CaMKII, PKC, and CREB 

(Cheong et al., 2012; Lee et al., 2004; O'Neill, Blewett, Loria, & Greene, 2008; Sawai, 2002; Szegő et al., 
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2006; Wu, Wang, Chen, & Brinton, 2005; Zhao, Chen, Ming Wang, & Brinton, 2005). E2 also activates 

signalling proteins involved in the reorganization of the actin cytoskeleton (Babayan & Kramár, 2013; 

Kramár et al., 2009; Yuen et al., 2011). Cytoskeleton remodeling mediates activity-dependent changes in 

spine and synapse morphology and enables the increase in AMPAR expression that underlies postsynaptic 

expression of synaptic potentiation. 

E2-induced facilitation of LTP, be it through changes in synaptic currents, kinase and transcription 

factor activity, or synapse morphology, may also occur indirectly through the activation of other chemical 

modulators of LTP. BDNF, for instance, is a positive modulator of LTP in the rodent forebrain, with 

bidirectional changes in BDNF expression altering LTP induction. In the rat hippocampus, BDNF mRNA 

is increased following tetanic stimulation both in vivo (Castrén et al., 1993; Dragunow et al., 1993) and in 

vitro (Patterson, Grover, Schwartzkroin, & Bothwell, 1992), and acute BDNF application is sufficient to 

induce LTP (Ying et al., 2002). Furthermore, LTP is impaired in hippocampal neurons from BDNF 

knockout mice, but rescued by treatment with recombinant BDNF (Patterson et al., 1996). Importantly, 

BDNF also facilitates LTP in regions of sensory neocortex. In the visual cortex of young rats, BDNF 

application increases the magnitude of TBS-induced LTP (Akaneya, Tsumoto, Kinoshita, & Hatanaka, 

1997) and reduces the LTP induction threshold, increasing the potentiation induced by a weak tetanus 

(Huber, Sawtell, & Bear, 1998).  

Studies concerning the link between E2 and BDNF have identified an association between E2 and 

cortical BDNF levels, with BDNF mRNA in the rodent hippocampus decreasing following OVX and 

increasing following systemic E2 treatment (Berchtold, Kesslak, Pike, Adlard, & Cotman, 2001; Singh, 

Meyer, & Simpkins, 1995; Solum & Handa, 2002). Scharfman and colleagues (Scharfman, Mercurio, 

Goodman, Wilson, & MacLusky, 2003) provided support for a link between E2, BDNF, and LTP in the 

rodent forebrain with their demonstration that circulating E2 levels positively correlated with both 

hippocampal BDNF immunoreactivity and neuronal excitability in naturally cycling female rats. Thus, E2 



 

131 

 

may promote LTP through increasing BDNF and, in turn, its positive (but perhaps delayed) modulatory 

actions on neuronal excitability and LTP. 

E2 has also been shown to increase the synthesis and release of other neuromodulators known to 

influence LTP, such as acetylcholine, within the rat forebrain (Gibbs, Hashash, & Johnson, 1997; Gibbs & 

Pfaff, 1992; Gibbs, Wu, Hersh, & Pfaff, 1994; Luine, 1985). Daniel and Dohanich (2001) demonstrated 

that disrupting acetylcholine activity prevented E2-induced increases in NMDAR binding in the 

hippocampus of OVX rats. Additionally, a recent investigation into the role of E2 in LTP by Tozzi and 

colleagues (Tozzi et al., 2015) uncovered a link between the effects of E2 and dopamine on LTP in the 

dorsal striatum. In corticostriatal slices from male rats in which E2 synthesis was abolished by letrozole, 

exogenous E2 could not restore LTP when local dopaminergic signalling was disrupted. Such findings 

support the possibility that E2 can modulate long-term synaptic strength changes in the mammalian 

forebrain through complex interactions with multiple neurotransmitter and neuromodulator systems.  

 

4.5.4 Conclusion  

The present studies have established that synaptic currents in the A1 of adult male rats are sensitive 

to acute, bidirectional E2 manipulations, in a layer specific manner. This finding may partially explain the 

E2-dependent modulation of LTP that we have previously observed in the rat thalamocortical auditory 

pathway in vivo. Our results are consistent with the hypothesis that E2 facilitates LTP in A1 by altering the 

local balance of excitatory and inhibitory transmission. While this work has begun to identify potential 

mechanisms by which E2 and letrozole alter LTP induction in A1, further work is required to determine 

how E2 and letrozole alter A1 synaptic currents, and the reasons for the layer-specific effects of acute E2 

manipulations. These insights will provide a more thorough understanding of the mechanisms underlying 

the modulatory actions of E2 within mammalian sensory circuits. 
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Chapter 5 

General Discussion 

 

Neocortical circuits are continuously refined by experience through modifications of synaptic 

connectivity. Long-lasting, activity-dependent changes in synaptic strength are widely considered to be the 

cellular correlates of learning and memory. Stimulated by Donald Hebb’s prescient postulate that sustained 

increases in synaptic strength result from correlated pre- and postsynaptic neuron activity (Hebb, 1949), 

neuroscientists have embarked on a massive research effort to uncover the processes by which neuronal 

activity elicits changes in synaptic efficacy and mediates the representation of information within activated 

neuronal ensembles. Research into synaptic plasticity and memory was dramatically advanced by the 

discovery of LTP by Bliss and colleagues in 1973 (Bliss & Gardner-Medwin, 1973; Bliss & Lømo, 1973). 

Researchers have since thoroughly characterized the cellular and molecular events that give rise to the 

induction, maintenance, and expression of LTP. LTP is modulated by a wide range of both intrinsic and 

extrinsic factors, ranging from intracellular kinases and retrograde signalling molecules to neuroactive 

steroid hormones. E2 is one such extrinsic modulator of LTP, functioning as both a peripherally-synthesized 

neuroactive steroid and a locally-synthesized neurosteroid (McCarthy, 2009).  

E2-dependent modulation of LTP has been repeatedly demonstrated in the forebrain of male and 

female rodents, particularly in the hippocampus (Bi et al., 2000; Córdoba Montoya & Carrer, 1997; Di 

Mauro et al., 2015; Foy et al., 1999, 2008; Grassi et al., 2011; Lu et al., 2019; Kim et al., 2002; Kramár et 

al., 2009; Smith & McMahon, 2005, 2006; Vierk et al., 2012; Warren et al., 1995). Consistent with its 

established role in hippocampal synaptic plasticity, E2 has also been repeatedly shown to enhance the 

performance of both male and female rodents in a variety of learning and memory tasks, including object 

recognition, social recognition, inhibitory avoidance, spatial navigation, and working memory (Frick et al., 

2015; Luine, 2014). Although the majority of previous research has focused on the effects of E2 on neuronal 

activity and plasticity in the hippocampus, E2 also plays important roles in signal processing and memory 
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in sensory forebrain regions, particularly the auditory forebrain. In auditory-processing areas of the 

songbird forebrain, E2 enhances auditory-evoked neuron activity, signal coding, and the expression of 

plasticity-related genes elicited by salient auditory experience (Remage-Healey et al., 2010; Remage-

Healey et al., 2012; Tremere et al., 2009; Tremere & Pinaud, 2011). E2 also increases neuronal adaptation 

to song stimuli, proposed to be a neural correlate of memory, and innate behavioural preference for a tutor’s 

song over those of other conspecifics (Remage-Healey et al., 2010; Tremere & Pinaud, 2011; Yoder et al., 

2012). Despite the effects of E2 on auditory signal processing and memory, as well as its effects on synaptic 

plasticity in non-sensory forebrain regions, we have yet to thoroughly characterize the modulatory role of 

E2 in synaptic plasticity mechanisms in the auditory forebrain. This represents a major gap in our 

understanding of the role of E2 in sensory system function and plasticity. Based on this, the overall aim of 

the work detailed in this thesis was to investigate the role of brain-generated E2 as a modulator of synaptic 

activity and plasticity in the mammalian auditory forebrain. This was accomplished through the completion 

of three projects, each with a unique objective and methodology. 

First, we asked whether aromatase is expressed in sensory regions of the adult rat neocortex. Using 

single and double-labelling IHC, we found that aromatase was widely expressed in multiple regions of the 

sensory neocortex, as well as mPFC (Chapter 2). Next, we examined the effects of acute manipulations of 

local E2 concentrations on short- and long-term synaptic plasticity in the adult rat A1. Using in vivo field 

recordings, we found that bidirectional E2 manipulations altered LTP induction in A1, without affecting 

measures of short-term plasticity or basal synaptic transmission (Chapter 3). Finally, we sought to identify 

some of the cellular and synaptic changes that may underlie the effects of E2 manipulations in A1. Using 

ex vivo whole-cell recordings, we found that agonist-evoked excitatory and inhibitory synaptic currents in 

A1 were sensitive to bidirectional changes in E2 concentrations (Chapter 4). Collectively, the present results 

indicate that the rat sensory neocortex is a site of E2 synthesis and that E2 functions within this region as a 

modulator of synaptic activity and long-term plasticity.  
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This work furthers our understanding of how E2 modulates nervous system processes involved in 

sensory signal processing and memory formation in rodents. In the following sections, I provide a brief 

overview of the primary objectives and results of each project and discus how the present findings relate to 

the guiding hypotheses and relevant literature. Next, I outline potential limitations of the present work and 

directions for future research. I conclude by discussing the contributions of the present work to the field of 

neuroplasticity and memory, with a focus on auditory system functions and plasticity.  

 

5.1 Summary of Research Findings  

5.1.1 Neocortical Aromatase Expression  

The first objective of the present work was to determine whether the estrogen synthetic enzyme 

aromatase is expressed in the neocortex of adult male rats. We were particularly interested in examining 

aromatase expression within regions of sensory neocortex, namely S1, A1, and V1, given the important 

role of E2 in sensory signal processing. We also examined aromatase expression in mPFC, both to extend 

previous reports of aromatase mRNA in the mPFC of adult male rats (Tobiansky et al., 2018) and because 

of the importance of this region in higher-level sensory integration and cognitive functions such as learning 

and memory (Euston et al., 2012; Martin-Cortecero & Nuñez, 2016). Based on previous demonstrations of 

aromatase mRNA and protein expression in the neocortex of rodents and primates (Jeong et al., 2011; 

Tobiansky et al., 2018; Tremere et al., 2011; Yague et al., 2006; Yague et al., 2008), we hypothesized that 

aromatase would be widely expressed within each of the neocortical regions examined.  

We completed single-labelling experiments using DAB IHC to characterize the extent and pattern 

of aromatase expression. We found dense aromatase labelling throughout mPFC, S1, A1, and V1, with 

aromatase-positive cells distributed throughout cortical layers II-VI. The number of aromatase-expressing 

cells in each region increased linearly from the supragranular (II/III) to infragranular (V/VI) layers, but 

expression did not differ between hemispheres. We next completed double-labelling experiments using 

fluorescent IHC with antibodies against aromatase and NeuN to determine the percentage of neocortical 
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neurons that express aromatase. We found that aromatase was expressed by a large population 

(approximately 46-57%) of neurons in each neocortical region. The highest degree of aromatase/NeuN 

colocalization was observed in A1, with approximately 57% of NeuN-positive cells also being positive for 

aromatase. The observed percentages of aromatase-expressing neurons are consistent with, but slightly 

lower than those reported for the mouse A1 and V1, where aromatase-positive cells have been found to 

account for approximately 67% and 63% of the total neuron population, respectively (Jeong et al., 2011; 

Tremere et al., 2011). A similar degree of neuronal aromatase expression has been reported for the human 

temporal neocortex, with aromatase immunoreactivity detected in approximately 66% of layer II/III 

neurons (Yague et al., 2006). We also found that aromatase immunoreactivity was restricted to the 

perikaryon and absent in cell nuclei within the rat A1. This subcellular distribution is consistent with 

previous observations in the A1 and V1 of mice (Jeong et al., 2011; Tremere et al., 2011), and in the 

hippocampus and neocortex of humans and non-human primates (Yague et al., 2006; Yague et al., 2008; 

Yague et al., 2010). 

These findings extend previous reports of E2 synthesis within the rodent forebrain with evidence 

for aromatase protein expression in the mPFC, S1, A1, and V1 of rats, as well as a characterization of the 

laminar profile of aromatase expression in each region. Neocortical aromatase expression supports the role 

of brain-generated E2 as a modulator of neuronal activity and plasticity in central sensory circuits, and 

furthers our understanding of the role of E2 in cognitive processes reliant on the neocortex, such as attention 

and learning and memory for sensory inputs. 

 

5.1.2 E2-Induced Modulation of LTP in A1   

Based on the widespread expression of aromatase in the rat neocortex, the second objective of the 

present work was to examine the effects of bidirectional manipulations of local E2 concentrations on 

neocortical plasticity. We focused these investigations on A1, based on previous findings that E2 synthesis 

within the auditory forebrain is regulated by auditory experience (Remage-Healey et al., 2012; Remage-
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Healey et al., 2008) and that E2 contributes to auditory signal processing and learning (Remage-Healey et 

al., 2010; Remage-Healey et al., 2012; Tremere et al., 2009; Tremere & Pinaud, 2011; Yoder et al., 2012).  

To examine the effects of acute E2 manipulations on synaptic transmission and plasticity in A1, 

we employed in vivo field recordings and intracranial drug administration. NMDAR-dependent LTP was 

induced in the thalamocortical auditory pathway by TBS of the MGN during continuous application of 

either E2 or letrozole in A1. Based on previous demonstrations of E2-induced facilitation of LTP in the 

rodent hippocampus, we hypothesized that LTP induction in A1 would be enhanced by E2 and suppressed 

by letrozole. Application of 1 µM E2 lowered the induction threshold for LTP, whereas application of 10 

µM letrozole suppressed LTP induction. These findings are consistent with previous demonstrations that 

LTP is enhanced by E2 application (Bender et al., 2017; Bi et al., 2000; Córdoba Montoya & Carrer, 1997; 

Foy et al., 1999; Kim et al., 2002; Kramár et al., 2009; Smith & McMahon, 2005, 2006; Tozzi et al., 2015), 

and suppressed by aromatase inhibition (Di Mauro et al., 2015; Grassi et al., 2011; Lu et al., 2019; Vierk et 

al., 2012).  

Interestingly, the effects of E2 and letrozole in A1 were layer specific, with the E2-induced 

facilitation of LTP only evident at layer IV synapses, and the letrozole-induced suppression of LTP only 

evident at layer II/III synapses. The layer-specificity of the effects of E2 and letrozole may reflect 

differences in the sensitivity of each synapse population to the effects of acute changes in local E2 

concentrations. Alternatively, these layer-differences may simply have resulted from different thresholds 

for LTP induction at each synapse population. Layer IV synapses were highly resistant to LTP induction 

by a stimulation protocol sufficient to induce moderate LTP at layer II/III synapses.  

Because NMDAR-dependent LTP may be expressed presynaptically and/or postsynaptically, 

depending on the neural circuit, developmental state of the organism, and induction conditions (Bliss & 

Collingridge, 2013), E2 may modulate LTP through either presynaptic or postsynaptic mechanisms. To 

determine the locus of E2-dependent changes in LTP induction, we completed paired-pulse analyses to 

investigate whether acute E2 manipulations alter presynaptic transmitter release probability. Bidirectional 
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E2 manipulations did not significantly alter PPRs in A1, either before or after TBS of the MGN. This 

finding is consistent with a postsynaptic locus of E2-dependent modulation of LTP under the present 

experimental conditions. Postsynaptically, LTP is expressed primarily by increased AMPAR number and 

conductance, resulting from an increase in the probability of channel opening, mean open time, and/or 

unitary conductance (Bliss & Collingridge, 2013). Thus, one potential mechanism underlying the E2-

induced facilitation of LTP in A1 is the enhancement of AMPAR-mediated currents. It is worth noting, 

however, that PPRs were compared only at two times points in this study: at baseline (prior to E2 

manipulations) and following three hours of increased or decreased local E2 concentrations. Thus, it is 

possible that the present experimental design did not allow for the detection of transient effects of E2 or 

letrozole on presynaptic release probability occurring over shorter time scales.  

 

5.1.3 Cellular and Synaptic Effects of E2 Manipulations in A1  

Given the E2-dependent modulation of LTP observed in A1 in vivo, the third and final objective of 

the present work was to characterize some of the potential mechanisms underlying the effects of E2 

manipulations on A1 synaptic plasticity. Using an ex vivo acute slice preparation, we completed whole-cell 

recordings to investigate the effects of E2 manipulations on synaptic responses and neuronal excitability in 

A1. Specifically, we examined the effects of E2 and letrozole application on evoked and spontaneous 

excitatory and inhibitory currents, and on neuronal firing frequency and AHP amplitude. Based on the 

facilitation and suppression of LTP by E2 and letrozole, respectively, we predicted that E2 would potentiate 

excitatory currents and/or suppress inhibitory currents, and increase neuronal excitability in A1; we 

predicted effects in the opposite direction for letrozole application.  

We found that agonist-evoked currents in A1 were sensitive to bidirectional E2 manipulations in 

an agonist- and layer-specific manner. In layer II/III neurons, bath application of 50 nM E2 potentiated 

AMPAR-mediated membrane depolarizations, but 10 nM E2 and 100 nM letrozole had no significant 

effects. In contrast, neither E2 nor letrozole significantly altered NMDAR-mediated currents in this region. 
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In layer IV neurons, we found that neither E2 nor letrozole significantly altered AMPAR-mediated 

membrane depolarizations, but there was a trend whereby 10 nM E2 potentiated AMPA-evoked responses. 

Interestingly, GABA receptor-mediated currents were suppressed by both E2 (10 nM and 50 nM) and 

letrozole in layer IV neurons, but were not significantly altered by either drug in layer II/III neurons. The 

effects of E2 application on agonist-evoked excitatory and inhibitory currents are in line with previous 

evidence that E2 facilitates excitatory transmission and suppresses inhibitory transmission in the rodent 

hippocampus (Huang & Woolley, 2012; Kramár et al., 2009; Rudick & Woolley, 2001, 2003; Smejkalova 

& Woolley, 2010; Wong & Moss, 1992). However, the finding that letrozole application did not 

significantly alter excitatory or inhibitory currents in layer II/III, but suppressed inhibitory currents in layer 

IV was not predicted. This observation may reflect the importance of endogenous E2 synthesis for 

maintaining GABAergic transmission at layer IV synapses in A1.  

In contrast to agonist-evoked responses, we found that bidirectional E2 manipulations did not 

significantly alter either the amplitude or frequency of spontaneous EPSCs or GABAergic PSCs in A1. The 

lack of effects of E2 and letrozole on the frequency of spontaneous excitatory and inhibitory synaptic 

currents suggests that E2 manipulations did not significantly alter presynaptic release probability. This 

finding is consistent with the lack of effects of E2 and letrozole on paired-pulse responses in vivo. Based 

on the effects of E2 and letrozole on the magnitude of AMPA- and GABA-evoked currents, we would have 

expected acute E2 manipulations to alter the amplitude of spontaneous EPSCs and GABAergic PSCs. 

However, the absence of effects on this measure may simply reflect the lower sensitivity of spontaneous 

currents to modulation of receptor function compared to agonist-evoked whole-cell currents. 

 

5.2 Research Limitations and Recommendations for Future Work  

The experiments described in this thesis have provided strong evidence that E2 is produced within 

the rat neocortex and modulates synaptic activity and plasticity in the rat A1. However, several potential 

limitations should be noted with respect to the present electrophysiology experiments. The first limitation 
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pertains to the concentrations of E2 applied in both the in vivo and ex vivo experiments. We tested the 

effects of E2 at only one concentration (1 µM) in vivo and two concentrations (10 nM and 50 nM) ex vivo. 

E2 and selective ER agonists have been shown to exhibit inverted U-shaped concentration-response curves, 

with the greatest positive effects on learning, memory, and plasticity occurring at intermediate 

concentrations and attenuated or even negative effects occurring at lower and higher concentrations (Bayer, 

Gläscher, Finsterbusch, Schulte, & Sommer, 2018; Gabor et al., 2015; Inagaki, Gautreaux, & Luine, 2010; 

Phan et al., 2011; Phan et al., 2015). These E2 concentration-response curves may indicate an optimal 

degree of ER activation for cognition and plasticity, or a concentration-dependent change in receptor state 

or coupling of receptors to particular intracellular signalling pathways, as suggested by Srivastava and 

colleagues (Srivastava, Woolfrey, & Penzes, 2013). The concentration-dependence of the effects of E2 on 

learning and memory may generalize to synaptic activity and plasticity in the neocortex. Thus, synaptic 

currents and LTP in A1 may be differentially affected by higher or lower E2 concentrations. If this is the 

case, then an examination of only one or two E2 concentrations may fail to identify other potential effects 

of E2 in A1.  

A second consideration regarding the E2 concentrations used in the present experiments is that they 

were considerably higher than typical physiological concentrations of circulating E2 (peaking at ~100 pM 

in female rats during proestrus). Although E2 concentrations have been shown to be higher in cortical tissue 

than in peripheral circulation in male and female rats (Hojo et al., 2009; Kato et al., 2013), it is difficult to 

ascertain precise local E2 concentrations within the brain. This difficulty has likely resulted from multiple 

factors, including low basal E2 synthesis within neural tissue, limited sensitivity of commonly used 

methods for detecting steroids at low concentrations, and accumulation of E2 within hydrophobic caveolar 

microdomains. We selected high, supraphysiological E2 concentrations for the present experiments based 

on two main factors. First, supraphysiological E2 concentrations (≥10 nM) appear to be required for 

potentiation of agonist-evoked responses in the rodent forebrain (Gu & Moss, 1996, 1998; Wong & Moss, 
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1992). Second, the effects of E2 on forebrain EPSCs and IPSCs appear to be more pronounced at higher 

E2 concentrations (~10-100 nM; Huang & Woolley, 2012; Smejkalova & Woolley, 2010).  

The E2 concentrations employed ex vivo were comparable to those used in multiple previous 

investigations into the effects of E2 on intrinsic neuronal excitability and synaptic activity in the rodent 

hippocampus (Carrer et al., 2003; Gu & Moss, 1996, 1998; Phan et al., 2015; Wong & Moss, 1992). We 

selected a particularly high concentration of E2 for in vivo experiments as only a fraction of drug molecules 

contained in a dialysate will diffuse across the dialysis probe membrane to reach neural tissue through 

reverse-microdialysis. Based on an estimation that approximately 10% of drug concentration in a given 

dialysate will reach the tissue directly surrounding the microdialysis probe (Benveniste & Hüttemeier, 

1990; Oldford & Castro-Alamancos, 2003), the E2 concentration to which A1 neurons were exposed was 

approximately 100 nM. This concentration has previously been shown to significantly alter neuronal 

excitability and agonist-evoked excitatory currents in vitro (Carrer et al., 2003; Gu & Moss, 1996, 1998). 

While the present results of acute E2 application are consistent with those of numerous previous 

examinations in the rodent forebrain, it is possible that either lower or higher E2 concentrations could elicit 

differential effects in the rodent A1.  

A second limitation to the present electrophysiology experiments is that we did not control for the 

impact of E2 metabolism. While estrogen metabolites are generally less effective agonists for ERs 

compared to their parent molecules, some do strongly activate ERs; for example, 2-methoxyestradiol is a 

high affinity ligand for GPER (Koganti, Snyder, Gumaste, Karamyan, & Thekkumkara, 2014; 

Thekkumkara, Snyder, & Karamyan, 2016). Either through ER-dependent or independent mechanisms, 

estrogen metabolites may exert estrogenic or anti-estrogenic activity. Based on these considerations, the 

presence of estrogen metabolizing enzymes in target tissues may complicate interpretations of the effects 

of exogenous E2. In both our in vivo and ex vivo experiments, E2 was continuously applied. As such, E2 

was readily available to modulate the function and plasticity of A1 neurons throughout the drug 

manipulation, despite endogenous metabolic processes. However, the possibility remains that the 
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experimental outcomes were influenced by active E2 metabolites. Further insights into the modulatory 

effects of E2 on neocortical synaptic activity and plasticity may be gained from investigations in which E2 

is applied in the presence of inhibitors of estrogen metabolism.  

Although the electrophysiological techniques used in the present studies are powerful tools for 

investigating the role of E2 in synaptic activity and plasticity, it is important to recognize that there are 

several limitations to these techniques when performed ex vivo or in anesthetized in vivo preparations. For 

example, synaptic activity and plasticity recorded in animals under anesthesia may be influenced by 

neurochemical changes induced by anesthetic compounds. Urethane is a commonly used anesthetic agent 

in studies of synaptic activity and plasticity, as it induces brain states comparable to natural sleep and 

exhibits a constant rate of metabolism (Clement et al., 2008). Consequently, endogenous oscillatory activity 

involved in the gaiting of cortical synaptic plasticity is largely unaffected by urethane anesthesia. Urethane 

does, however, modulate the function of multiple ligand-gated ion channels, including AMPARs, 

NMDARs, and GABAA receptors (Hara & Harris, 2002). Thus, it is possible that urethane influenced the 

outcomes of acute E2 manipulations in the present experiments, and application of E2 and letrozole in the 

A1 of awake rats could yield different results.  

The ex vivo electrophysiological recordings performed in the present experiments only provided a 

snapshot of the effects of E2 in A1 in vivo. E2 exerts multiple effects in the intact brain, both in parallel and 

at different time points, and these effects likely collectively contributed to the facilitation of LTP in A1. 

While we were able to generally mimic the neurochemical milieu present during LTP induction, the 

relatively short duration of our whole-cell recordings prevented us from identifying potential cellular and 

synaptic changes occurring at later points during LTP expression. A final limitation pertaining to the 

electrophysiological recordings conducted ex vivo and in anesthetized preparations is that they do not shed 

light on the behavioural consequences of acute neurochemical manipulations. Future studies are required 

to elucidate the behavioural correlates of the changes induced by bidirectional E2 manipulations within the 

rodent A1 (e.g., learning and memory performance in a tone discrimination task).  
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Despite these limitations, the present work has provided important insights into the modulatory role 

of E2 in synaptic activity and plasticity in the mammalian neocortex. However, several questions remain 

that require further investigation. With respect to the IHC experiments examining neocortical aromatase 

expression, we did not examine the neurochemical identity of aromatase-positive neurons. Previous reports 

have demonstrated that aromatase is expressed by subpopulations of GABAergic interneurons, in addition 

to excitatory principle neurons, in the primate hippocampus and temporal neocortex (Yague et al., 2008, 

Yague et al., 2010, but see Yague et al., 2006). It is possible that the aromatase-positive neurons identified 

in the present study constitute a heterogeneous population. Future studies should employ double-labelling 

IHC with antibodies against aromatase and markers for excitatory principle neurons and inhibitory 

interneurons to determine the relative proportions of neuronal subpopulations that express aromatase.  

A related next step in the characterization of neocortical aromatase expression is to confirm the 

absence of glial aromatase in the rat neocortex under basal conditions. Much previous literature suggests 

that aromatase expression is restricted to neurons within the rodent forebrain, with glial expression apparent 

only following tissue injury (Balthazart et al., 1991; Bender et al., 2017; Canick et al., 1986; Garcia-Segura 

et al., 1999; Jakab et al., 1994; Shinoda et al., 1994; Shinoda et al., 1989; Tsuro et al., 1994). However, 

aromatase expression has been observed in non-reactive astrocytes in the human temporal neocortex (Yague 

et al., 2006). Future studies should investigate the presence of glial aromatase expression through double-

labelling IHC with antibodies against aromatase and markers for basal (non-reactive) astrocytes.  

A final interesting extension of the IHC work would be the application of immuno-labelling for 

electron microscopy to determine the subcellular localization of aromatase within neurons. Previous work 

has demonstrated aromatase expression in synaptosomes (Schlinger & Arnold, 1992; Schlinger & Callard, 

1989) and within presynaptic structures (Naftolin et al., 1996; Peterson et al., 2005). Synaptic localization 

of aromatase within the rat neocortex would lend support to the proposed synaptocrine signalling function 

of E2 (Remage-Healey et al., 2011; Saldanha et al., 2011) within the mammalian sensory forebrain. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3356004/#B24
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In our electrophysiological experiments, we found that acute changes in local E2 concentrations 

significantly altered synaptic currents and LTP induction in A1. However, we did not explore the specific 

receptors and downstream signalling events that give rise to the observed effects. Further experiments 

utilizing selective ER agonists such as G-1, PPT, and DPN would provide insights into the receptor 

subtype(s) responsible for mediating the rapid effects of E2 in A1. Given the relatively short duration of 

the E2 manipulations in the present experiments, the observed effects of E2 likely resulted from activation 

of intracellular signalling pathways triggered at the plasma membrane, rather than genomic changes. 

However, the precise kinase cascades responsible for E2-dependent changes in A1 remain unknown. 

Multiple signalling pathways are likely involved in the E2-induced enhancement of excitatory synaptic 

currents and LTP. One possible mechanism underlying the present observations is that E2 acted through 

GPER to stimulate adenylyl cyclase and cAMP, and increase the phosphorylation of PKA, MAPK, CREB, 

and AMPARs. Supporting this possibility, previous work has demonstrated that GPER stimulation results 

in increased cAMP activity in an immortalized embryonic hippocampal cell line (Evans, Bayliss, Reale, & 

Evans, 2016). Evidence for or against this mechanism of E2 action could be provided by experiments testing 

the effects of E2 in the presence of selective GPER antagonists and kinase inhibitors. Furthermore, 

assessing the localization of GPER within A1 would help elucidate the role of this receptor in local E2 

function. Such experiments will further our understanding of the receptors and downstream signalling 

events involved in the effects of E2 on neocortical synaptic activity and plasticity. 

A final, broad extension of the present work would be an exploration of potential sex differences 

in neocortical aromatase expression and E2-dependent modulation of synaptic activity and plasticity. The 

present experiments were conducted exclusively on male rats in efforts to reduce cyclic fluctuations in 

circulating E2 concentrations in the absence of gonadectomy. While this work provides clear evidence that 

E2 modulates synaptic activity and plasticity in the A1 of male rats, several effects of E2 in the nervous 

system are sex-specific. For instance, Boulware et al. (2005) showed that E2 bidirectionally regulates CREB 

phosphorylation through ER-mGluR interactions in CA3-CA1 neurons cultured from female, but not male, 
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rats. Huang and Woolley (2012) similarly showed that E2 suppresses IPSCs in CA1 through postsynaptic 

ERα-mGluR1 interactions and retrograde endocannabinoid signalling in female, but not male, rats. A recent 

study by Jain and colleagues demonstrated that the mechanisms underlying E2-induced facilitation of 

excitatory currents are also sex-specific, with potentiation of CA1 EPSCs requiring PKA activation in 

female, but not male, rats (Jain, Huang, & Woolley, 2019). Based on the sex-specific nature of the 

modulatory effects of E2 on CREB phosphorylation and synaptic currents in the rodent hippocampus, it is 

possible that E2 manipulations in the A1 of female rats would elicit effects that differ from those observed 

in males. Similarly, E2 may exert different effects in the A1 of female rats at different phases of the estrous 

cycle, or in female rats with and without post-OVX E2 treatment. Supporting this possibility, ER 

immunoreactivity in the rodent hippocampus has been shown to fluctuate across the estrous cycle 

(Mitterling et al., 2010).  

In addition to uncovering potential sex differences in the modulatory effects of E2 on A1 synaptic 

activity and plasticity, investigations including both males and females may reveal sex differences in 

neocortical aromatase expression. Previous studies have yielded conflicting results pertaining to the 

influence of circulating E2 concentrations on forebrain aromatase expression. For example, Yague et al. 

(2008) demonstrated that the cellular pattern and intensity of aromatase expression were not significantly 

altered by post-OVX E2 treatment in the primate hippocampus and temporal neocortex, but quantitative 

analyses of aromatase mRNA expression have shown that post-OVX E2 treatment decreases aromatase 

expression in the rodent diencephalon (Yamada, Harada, Tamaru, & Takagi, 1993). Thus, future studies 

are required to clarify the effects of sex and circulating E2 on neocortical aromatase expression.  

 

5.3 Contributions to the Field of Neuroplasticity and Memory  

The work presented in this thesis has contributed to the field of neuroplasticity and memory by 

adding to our understanding of the chemical modulation of plasticity in the neocortex. The vast majority of 

plasticity research has centered on the hippocampus, due to its important role in various forms of memory; 
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however, the neocortex also constitutes a particularly important area for plasticity research. In addition to 

the role of sensory neocortical regions in the processing of complex sensory signals, these areas are also 

critically involved in learning and memory processes related to behaviourally-relevant sensory inputs. For 

example, the mammalian A1 mediates auditory learning and memory through experience-dependent 

plasticity of auditory receptive fields and tonotopic maps (Weinberger, 2004, 2012). Through stabilizing 

experience-dependent changes in A1, long-term synaptic plasticity optimizes signal processing and 

mediates neural representations of acoustic signals and adaptation to the sensory environment. The present 

findings have furthered our understanding of the processes that mediate auditory processing and memory 

by identifying a modulatory role of E2 in synaptic activity and LTP in A1. Although the present 

investigations were focused on A1, the effects of E2 manipulations on synaptic activity and plasticity are 

likely not restricted to A1 and may be generalizable to other sensory neocortical regions. Thus, our findings 

may have broad implications for mammalian sensory system physiology and function.  

Based on our findings and previous work detailing E2-signalling processes in forebrain regions 

outside of the neocortex, we can begin to develop a working model of E2-dependent modulation of A1 

synaptic activity and plasticity, and the role of E2 in auditory learning and memory. First, neuronal activity 

evoked by acoustic experience stimulates aromatase activity within A1 neurons. Locally-synthesized E2 

binds to membrane-associated ERs and activates intracellular signalling cascades, such as the MAPK/ERK 

and PI3K/Akt pathways. The local excitation/inhibition balance in A1 is shifted in a manner that facilitates 

LTP-like changes in synaptic strength. This shift is driven, in part, by changes in the density and function 

of postsynaptic receptors that mediate fast excitatory and inhibitory currents. These receptor changes 

ultimately result in increased excitatory synaptic input to neurons engaged by acoustic experience. Because 

synapses activated by salient acoustic inputs are selectively strengthened, auditory circuits are fine-tuned 

for efficient signal processing and information storage. At the behavioural level, this experience-dependent 

fine-tuning and stabilization of A1 neural circuits promotes the perception and production of complex 

acoustic signals critical for survival and reproductive success for numerous mammalian species.  
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5.4 Conclusions  

The results described in this thesis provide clear evidence that aromatase is widely expressed in the 

adult rat neocortex, and that E2 functions as a modulator of synaptic activity and plasticity in the rat A1. 

This work broadens our understanding of how E2 modulates the function and plasticity of neocortical 

circuitry that contributes to sensory processing. Understanding the systems that optimize auditory 

processing is particularly important for understanding social behaviours, as complex acoustic signals are 

critical means of conspecific communication in many species. Our findings of E2-dependent modulation 

of neocortical synaptic activity and LTP also further our understanding of the general mechanisms 

mediating E2-dependent enhancement of learning and memory, as LTP-like synaptic strengthening is the 

candidate cellular correlate of information storage. Given the evolutionary continuity of rodents and higher 

mammals, our results provide insights into the general processes governing synaptic plasticity and learning 

in more complex mammalian nervous systems. 
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