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ABSTRACT 
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Cassandra Collins 

University of Guelph, 2021

Advisor(s): 

Dr. Craig Bailey  

The entorhinal cortex (EC) is important for learning and memory. Our laboratory 

recently identified a sex difference in the excitability of neurons within the sixth EC layer 

(ECVI) during early postnatal life, in that neurons from female mice are more excitable 

than neurons from male mice. While this sex difference correlates with a smaller 

afterhyperpolarization of medium duration (mAHP) in female ECVI neurons, its precise 

mechanisms have not been determined. Using whole-cell electrophysiology, this study 

aims to determine the contribution of small-conductance calcium-activated potassium 

(SK) channels toward ECVI neuron excitability in young postnatal (P5-10) and adult 

(P80-120) mice. Our findings demonstrate that SK channels do not regulate ECVI 

neuronal excitability in early postnatal life but do regulate excitability in adulthood. In 

adulthood, SK channels play a greater role in regulating ECVI neuron excitability in 

male mice than in female mice. This knowledge advances our understanding of neuron 

function within the hippocampal formation. 
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1 GENERAL INTRODUCTION 

1.1 Higher-Order Cognitive Functions 

Cognitive functions are mental processes that underlie behaviour, allowing 

animals to understand and respond to their external environment (Roy 2013). These 

functions may be subjectively classified as lower-order or higher-order cognitive skills. 

In general, higher-order cognitive functions are mental processes that require conscious 

control and effort (Frith and Dolan 1996; Paz-Alonso, Bunge, and Ghetti 2014). These 

processes include learning and memory, attention, language, visual-spatial skills and 

executive functions. The latter is an umbrella term that encompasses mental processes 

involved in managing cognition and behaviour (Diamond 2013; Holm et al. 2018; Joyal, 

Tardif, and Spearson-Goulet 2020; Miyake, Emerson, and Friedman 2000; Paz-Alonso 

et al. 2014) which generally can be separated into three core functions; inhibition, 

working memory and mental flexibility (Diamond 2013). The assessment of higher-order 

cognitive functions in humans is often inferred from behaviour. 

Numerous procedures have been developed to assess the multidimensionality of 

higher-order cognitive functions throughout the human lifespan. These procedures 

measure participants’ accuracy in completing a specific task. Spatial memory (the 

process of retrieving information for navigation in one’s environment) in humans is 

assessed by completing tasks evaluating mental rotation, spatial perception or spatial 

visualization (Linn and Petersen 1985). However, no consensus exists regarding the 

classification of the tasks used to assess spatial memory (Linn and Petersen 1985). 
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There are challenges to measuring higher-order cognitive functions in humans as 

performance in these tasks are influenced by various external factors such as 

education, socio-economic status, diet, culture and motivation (Granholm 2010). Thus, 

animal models are used to control for most external factors providing a foundation for 

the mental processes that may underlie human cognition (Granholm 2010). Higher 

order cognitive functions are supported by different neural networks.  

Various functional neuroimaging studies have found relationships between 

activity in specific brain regions and higher-order cognitive functions. These studies 

have continuously demonstrated that the hippocampal formation (HF) is critical for 

higher-order cognitive functions (Insausti and Amaral 2012). The HF consists of the 

cornu ammonis (CA) which can be divided into 4 regions: CA1, CA2, CA3 and CA4 

(Hussein and George 2009; Lorente De Nó 1934), the dentate gyrus (DG), the 

subiculum (SUB) and the entorhinal cortex (EC) (Andersen et al. 2006; Canto, 

Wouterlood, and Witter 2008; Insausti and Amaral 2012; Richards et al. 2011). Each 

subregion of the HF is suggested to modulate distinct mental processes (Small et al. 

2011), where this project focuses on the EC. The following section discusses higher-

order cognitive functions thought to depend on the EC.  

1.1.1 The Entorhinal Cortex and Higher-Order Cognitive Functions 

The EC has been implicated in mediating prepulse inhibition (PPI), an aspect of 

attention. PPI is the suppression in a startle reaction when a weak stimulus precedes an 

intense startling stimulus (Swerdlow et al. 2008). Individuals with various 
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neuropsychiatric disorders, including schizophrenia and Alzheimer’s disease (AD), often 

exhibit lower PPI levels (Braff, Geyer, and Swerdlow 2001; Ueki et al. 2006). A study 

conducted by Goto and colleagues found that lesions in the EC reduced PPI in adult 

male Wistar rats (Goto et al. 2002). However, the involvement of the EC in PPI remains 

unclear as neonatal damage to the EC of male rats had no significant effect on PPI in 

adulthood (Schmadel, Schwabe, and Koch 2004). This suggests that the physiological 

functioning of the EC may only be important at certain periods of development for 

dysfunction to impact this aspect of attention. Due to inconsistencies among studies, 

more research concentrating on the function of the EC needs to be conducted to 

elucidate its role in attention throughout the lifespan. 

 Most research on this brain region thus far has focused on the contribution of the 

EC toward spatial learning. Various studies conducted in primarily male rodents have 

induced lesions in the EC to investigate its contribution to spatial memory (Brun et al. 

2008; Fyhn et al. 2004). These lesions were associated with impaired performance in 

reference or working memory tasks tested in the eight-arm radial maze (Hunt, Kesner, 

and Evans 1994) and in variations of the Morris water maze (Eijkenboom, Blokland, and 

Van Der Staay 2000; Martin and Clark 2007; Nagahara, Otto, and Gallagher 1995; 

Skelton and McNamara 1992). The EC has not been consistently shown to systemically 

affect spatial memory as other studies have found no impairment (Burwell et al. 2004) 

or varying extents of impairment in spatial learning (Galani et al. 1998) in male rats with 

a damaged EC. Similarly, functional imaging studies performed in humans of both 

sexes have yet to identify a clear role of the EC in spatial memory (Schröder et al. 2015; 
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Thomas et al. 1999). The lack of consensus in results may be due to differences in 

methodologies among studies but may also suggest that the EC is important for aspects 

of spatial memory which contribute to the overall spatial learning of an individual. 

Overall, the discrepancies in the literature surrounding the contribution of the EC to 

higher-order cognitive functions demonstrates that the role of the EC is only partially 

understood.  

1.2 Anatomy of the Entorhinal Cortex 

The EC is a brain region located in the medial temporal lobe, functioning as the 

main interface between the hippocampus and the cerebral cortex. In rodents, the EC 

may be subdivided into two regions; the medial entorhinal cortex (MEC) and the lateral 

entorhinal cortex (LEC) due to differences in cytoarchitecture and connectivity (Knierim, 

Neunuebel, and Deshmukh 2014; Witter 2007). Both the MEC and the LEC have four 

principal neurons. In the MEC, these neurons include stellate cells, pyramidal cells, 

intermediate stellate cells and intermediate pyramidal cells, whereas fan cells, 

pyramidal cells, oblique pyramidal cells, and large multipolar neurons (MPNs) are the 

principal neurons of the LEC (Witter et al. 2017). When measuring basic 

electrophysiological properties, principal neurons of the MEC are easy to discern, 

however, due to the similarity of electrophysiological properties, principal cells of the 

LEC are more difficult to distinguish (Canto and Witter 2012b, 2012a). More notably, 

neurons in the MEC modulate spatial processing as recent work discovered grid cells 

and head-direction cells in this subregion (Fyhn et al. 2004; Hafting et al. 2005). These 



 

 

5 

 

two subregions also exhibit different distribution patterns of neurons. Neuronal 

distribution in the MEC is homogenous and relatively evenly distributed but the 

homogeneity of neurons is absent in the LEC, where neurons are often distributed in 

dense clusters (Cappaert, Van Strien, and Witter 2015; Kjonigsen et al. 2011). In terms 

of connectivity, the MEC receives major input from brain structures that contain spatial 

signals such as the postrhinal cortex, orbitofrontal cortex, and the pre- and post- 

parasubiculum (Hargreaves et al. 2005; Witter et al. 2017). The LEC receives major 

input from brain structures that contain somatosensory information such as the 

perirhinal cortex, olfactory and insular cortex, and the amygdala (Hargreaves et al. 

2005; Witter et al. 2017). These dissociations between the MEC and the LEC lead to 

the functional distinction that the MEC relays spatial information and the LEC relays 

non-spatial information to the hippocampus (Knierim et al. 2014). This distinction has 

been challenged by recent work demonstrating that both subregions are capable of 

spatial and non-spatial processing. A study conducted by Hunsaker and colleagues 

found that MEC lesions in male Long Evans rats had weak but significant deficits on 

nonspatial processing (Hunsaker et al. 2013). Similarly, work by Van Cauter and 

colleagues found that LEC lesions in male Long Evans rats had no effect on the 

navigational abilities of rodents but impaired spatial and nonspatial processing in object 

exploration (Van Cauter et al. 2013). In contrast to the rodent EC, the human and 

nonhuman primate EC may be cytoarchitecturally divided into more than two 

subregions, where the number of subregions depends on the criteria for distinction as 

determined by the individual researchers (Amaral, Insausti, and Cowan 1987; Góis 
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Morais et al. 2020; Insausti et al. 1995a; Krimer 1997). Despite differences between the 

rodent EC and the human EC, rodents have been employed as useful models for 

exploring fundamental knowledge about the EC. Thus, most studies have focused on 

improving fundamental knowledge of the EC through investigating rodent paradigms. 

 Similar to other regions in the mammalian neocortex (Garey 1994), the EC can 

be anatomically divided into six cortical layers: ECI, ECII, ECIII, ECIV, ECV and ECVI 

(Insausti et al. 1995b), based on differences in cellular composition (Insausti, Herrero, 

and Witter 1997). The distinguishing features are the amount and morphology of 

neurons that reside in each layer (Canto et al. 2008; Cappaert et al. 2015; Insausti et al. 

1995b, 1997; Witter and Amaral 1991). These six layers may be grouped as superficial 

(ECI-ECIII) or deep (ECV-ECVI). ECI is the most superficial layer. Generally acellular, 

the ECI is often considered the molecular layer of the EC (Amaral et al. 1987; Canto et 

al. 2008; Insausti et al. 1995b, 1997). Layer II of the EC is highly populated with large-

sized pyramidal neurons and modified pyramidal neurons called stellate cells, grouped 

in clusters, giving this layer a continuous appearance (Amaral et al. 1987; Canto et al. 

2008; Insausti et al. 1995b, 1997). Unlike ECII, ECIII has a variety of neurons including 

spiny and nonspiny pyramidal neurons, stellate cells and MPNs of various shapes and 

sizes (Amaral et al. 1987; Canto et al. 2008; Insausti et al. 1995b, 1997). The ECVI, 

also known as the lamina dissecans, is the second acellular layer delineating the 

superficial and deep layers of the EC (Amaral et al. 1987; Canto et al. 2008; Insausti et 

al. 1995b, 1997). A relatively large layer, the ECV has a stratified appearance with large 

pyramidal neurons at the superficial border that gradually decrease in size when 
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travelling deep towards layer VI (Amaral et al. 1987; Canto et al. 2008; van Haeffen et 

al. 2003; Insausti et al. 1995b, 1997). Delineated by white matter, layer VI of the EC is a 

multi-laminated layer containing medium-sized pyramidal neurons (Amaral et al. 1987; 

Canto et al. 2008; Insausti et al. 1995b, 1997). Cytoarchitectural studies performed in 

rodents, nonhuman primates and humans suggest that these features appear to be 

largely conserved across species (Amaral et al. 1987; Insausti et al. 1995b, 1997). 

Pyramidal neurons in the ECVI are of interest for this project due to previous work 

performed by the Bailey lab which will be discussed in later sections. 

 The diverse population of cell types that reside in the ECVI has been well 

characterized (Amaral et al. 1987; Canto et al. 2008; Insausti et al. 1995b, 1997). 

Previous studies found a similar diversity of cell types in the deep layers of the EC 

(Dugladze, Heinemann, and Gloveli 2001). Compared to layer V of the EC, the ECVI 

has significantly fewer cells (Dugladze et al. 2001). However, the specifics of neurons 

within the ECVI including the electrophysiological properties, the pathway(s) of 

projections and the overall function of layer VI have not been well studied.  

1.2.1 Communication between the Entorhinal Cortex and the Hippocampal 

Formation 

The six layers of the EC allow it to function as a major structure of communication 

for the HF. The major input to the hippocampus is carried by axons of the perforant 

pathway, which predominately transmit polymodal sensory information (Insausti, 

Amaral, and Cowan 1987) from pyramidal neurons originating in Layer II of the EC to 
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the granule cells of the DG (van Groen, Miettinen, and Kadish 2003; Witter et al. 2017; 

Witter and Amaral 1991). There is also direct input to the CA3 from axons that originate 

in the ECII and to the CA1 and the SUB from axons originating from pyramidal neurons 

in layer III of the EC (Suh et al. 2011; Witter et al. 2017). The information processed is 

returned to pyramidal neurons in layer V and VI of the EC mainly through the SUB, the 

major output layer for the hippocampus, but also directly from neurons in the CA1 (van 

Haeffen et al. 2003; Insausti and Amaral 2012; Witter et al. 2017). Axons from 

pyramidal neurons in the deep layers of the EC project to a variety of cortical and 

subcortical areas of the brain (Kosel, Van Hoesen, and Rosene 1982). Figure 1.1 is a 

schematic summarizing communication between the EC and the other structures of the 

HF. Specifically, entorhinal efferents to the cortex have been exhibited in the perirhinal 

cortex (Kosel et al. 1982), parahippocampal regions (Muñoz and Insausti 2005), the 

superior temporal gyrus (Muñoz and Insausti 2005) and the temporal polar cortex (Van 

Hoesen 1995). Entorhinal projections have also been observed in the amygdala 

(Krettek and Price 1977), nucleus accumbens (Kelley and Domesick 1982) and the 

caudate nucleus (Sørensen and Witter 1983) of the subcortex. Most of the output from 

the EC originates from layer V. However, few studies, if any, have solely investigated 

the pathway of projections from layer VI of EC.  
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Figure 1.1 Major Afferent and Efferent Entorhinal Cortex Projections 

The EC serves as a major structure of communication for the HF. Shown is a wiring 

diagram of a sagittal section of the HF. Major input to the hippocampus is carried by 

axons of the perforant pathway from pyramidal neurons originating in Layer II of the EC 

to the granule cells of the DG (yellow lines). Direct input to the CA3 from axons that 

originate in the ECII (yellow lines) and to the CA1 and the SUB from axons originating 

from pyramidal neurons in layer III of the EC (pink lines). The information processed is 

returned to pyramidal neurons in layer V and VI of the EC mainly through the SUB, the 

major output layer for the hippocampus (orange lines), but also directly from neurons in 

the CA1 (green lines). Efferent projections from ECV (light blue lines) and ECVI (red 

lines) project to a variety of cortical and subcortical areas of the brain. Adapted from 

(Neves, Cooke, and Bliss 2008). Created with Biorender.com. 
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1.3 The Entorhinal Cortex and Brain Disorders 

Communication is important within the HF, allowing the associated structures to 

work as a functional entity. Dysfunction in any structure of the HF will likely compromise 

physiological cognitive function. Deficits in higher-order cognitive functions are seen in 

the pathologies of brain disorders suggested to involve the EC. Investigating disorders 

of the brain is challenging as the pathogenesis of these disorders are not solely 

dependent on the EC but are dependent on the integration of distinct functions from a 

variety of brain regions. Improving fundamental knowledge about the EC will better 

elucidate its significant contributions to various pathologies. 

1.3.1 Temporal Lobe Epilepsy  

In general, temporal lobe epilepsy (TLE) is a broad term that describes all forms 

of epilepsy with seizures that originate in the temporal lobe. The most common form of 

TLE are those associated with damage to the HF known as mesial/medial temporal lobe 

epilepsy (MTLE) (Engel 1996). This disorder is characterized by a diversity of clinical 

features including auras (an unusual experience preceding a seizure; with respect to 

MTLE auras tend to involve epigastric, olfactory or gustatory sensations) (Fried, 

Spencer, and Spencer 1995), febrile convulsions, automatisms and fear or anxiety 

(Engel 1996; Thom and Bertram 2012; Williamson et al. 1998). Individuals with TLE 

have been found to experience deficits in spatial memory (Abrahams et al. 1999), 

attention (Piazzini et al. 2006), and perception (Bala et al. 2018; Ciumas et al. 2008; 

Steiger et al. 2017). With regards to the EC, a neuroimaging study conducted by 
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Bernasconi et al., found a reduction in the volume of the EC from individuals with TLE 

(Bernasconi et al. 1999). Microscopically, using tissues resected from patients with TLE, 

Du et al., found a preferential loss of neurons in layer III of the EC (Du et al. 1993) 

which was also exhibited in tissues from rodent models of TLE (Du et al. 1995).  

1.3.2 Schizophrenia 

Schizophrenia is a severe, progressive, psychiatric disorder with neurological and 

behavioral abnormalities (Gupta and Kulhara 2010). The complexity of this disorder 

creates challenges for clinical research as individuals who demonstrate symptoms of 

schizophrenia may not exhibit the same disease pathology in the brain. Schizophrenia 

has a wide range of manifestations, individuals may present: (1) positive symptoms 

such as delusions and hallucinations, (2) negative symptoms such as disturbances in 

social interaction and motivation and, (3) cognitive impairments (Addington, Addington, 

and Maticka-Tyndale 1991; Kaneko 2018; Wong and Van Tol 2003). In regards to 

cognitive impairments, previous research has found that patients with schizophrenia 

experience deficits in memory, attention and executive functions compared to healthy 

controls (Weickert et al. 2000). Evidence revealing the pathological changes of the EC 

that occur in schizophrenia have been unclear due to considerable heterogeneity in 

findings from scientific research. When compared to healthy controls, previous studies 

have found that brains from individuals with schizophrenia appear to have a reduction in 

the overall volume of the EC (Falkai, Bogerts, and Rozumek 1988; Prasad et al. 2004). 

Abnormalities in cytoarchitecture have also been described in prior research including 

the disturbance of the six layers of the EC, atypical invaginations on its surface (Arnold 
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et al. 1991), and abnormal neuronal migration and distribution between layers II and III 

of the EC (Arnold, Ruscheinsky, and Han 1997; Jakob and Beckmann 1986). However, 

other studies did not find any significant differences in the cytoarchitecture of the EC 

between people with schizophrenia and healthy controls (Akil and Lewis 1997; Krimer et 

al. 1997). These discrepancies among studies may be due to differences in 

methodology including the characteristics of their respective study populations but may 

also be due to errors in study design. For instance, the 1986 study conducted by Jakob 

and Beckmann compared brains from people with schizophrenia to brains from 

individuals with other neurological disorders, failing to include a normal control group, as 

well as having insufficient objective criteria for the cytoarchitectural disturbances in the 

EC of people with schizophrenia (Harrison 1999). These potential sources of 

experimental and design errors ultimately discredit this study’s conclusions. Thus, 

further studies need to be conducted to confirm anomalies that may be found in the EC 

which may contribute to the pathology of schizophrenia. 

1.3.3 Alzheimer’s Disease 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by 

progressive cognitive decline, gradually compromising one’s ability to partake in 

activities of daily living (Förstl and Kurz 1999). Earlier stages of AD are associated with 

learning and memory deficits where deficits in perception, behaviour and language are 

observed as the disease progresses (Coutureau and Di Scala 2009; Förstl and Kurz 

1999). These impairments in cognition are often graded using the Clinical Dementia 

Rating (CDR) scale which tests memory, orientation, problem-solving, community 
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affairs, performance at home and in hobbies, and personal care in individuals (Khan 

2016). First described by Alois Alzheimer in 1907, the presence of amyloid plaques and 

neurofibrillary tangles (NFTs) are the cardinal pathological features of AD (Stelzmann, 

Norman Schnitzlein, and Reed Murtagh 1995). Within the EC, layers II and IV appear to 

be the most susceptible to NFTs in early stages of AD, where the deep layers of the EC 

appear largely unaffected. (Braak and Braak 1985; van Hoesen, Hyman, and Damasio 

1991; Perl 2010). This led to the conclusion by Braak and Braak that NFTs appear to 

affect the EC in a layer-specific manner (Braak and Braak 1985). Neuron loss and 

overall atrophy of the EC have also been documented in AD (Du et al. 2001; Gómez-

Isla et al. 1996; Price et al. 2001). Despite the profound loss of neurons in the EC, this 

loss is most pronounced in the ECII and the ECIV (Gómez-Isla et al. 1996). These 

results suggest that as AD progresses, the deficits observed elicits the dissociation of 

the EC from its afferent and efferent connections, contributing to the pathological 

cognitive decline (Stoub et al. 2006). 

1.3.4 Autism Spectrum Disorders  

The involvement of the EC in attention could have implications for its potential role 

in neurodevelopmental disorders like Autism Spectrum Disorders (ASD), where deficits 

in learning and attention are prominent characteristics (Lord et al. 2018). Since most 

cases of ASD are idiopathic and due to the clinical heterogeneity of ASD, determining 

the neuropathological changes are inconsistent among studies (Varghese et al. 2017). 

Cytoarchitectural abnormalities have be documented in the EC. Using a brain obtained 

from a 29-year old man with autism, Bauman and Kemper reported smaller-sized and 
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more densely packed neurons in the EC compared to the EC of a brain obtained from a 

normal age- and sex-matched control (Bauman and Kemper 1985). This finding has 

been consistently reported in studies from humans with ASD regardless of sex, age and 

IQ (Bauman et al. 2003; Bauman and Kemper 2005; Bock, G., Goode 2003; Wegiel et 

al. 2010). Dysplasia has also been observed in other structures of the limbic system 

including the hippocampus, SUB, amygdala and medial septal nucleus, reflecting 

disruption of neuronal migration in individuals with ASD (Bock, G., Goode 2003; 

Varghese et al. 2017). Despite this finding, research in this area is rudimentary; more 

research is needed to determine a neurobiological profile of ASD and whether aberrant 

changes in the EC significantly contribute to the symptomology of ASD. 

1.4 Pyramidal Neurons 

The most predominant neuron type within the EC are pyramidal neurons (Canto et 

al. 2008). Pyramidal neurons are a type of MPN which tend to have a large triangular 

body with a single axon and an abundance of dendrites, allowing for a great deal of 

signal integration (Bekkers 2011; García-López, García-Marín, and Freire 2006; for a 

detailed review about the structure of pyramidal neurons see: Spruston 2008). This 

general structure of pyramidal neurons vary depending on species, brain region and 

layer, suggesting that structural differences among pyramidal neurons may result in 

functional differences. Within the EC and the overall HF, these neurons are 

glutamatergic, releasing glutamate, thus forming excitatory synapses for signal 

transmission (Bekkers 2011; Spruston 2008). 
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 The function of pyramidal neurons is to respond to synaptic inputs generating 

action potentials to propagate the input signal (Bekkers 2011; Spruston 2008). An action 

potential is the change in membrane potential of a neuron due to ion movement. More 

specifically, the movement of Na+ and K+ ions across their respective electrochemical 

gradients. Mediating that ion movement, which determines a neuron’s membrane 

potential are various voltage-gated channels. Voltage-gated Na+ channels are 

responsible for the initiation and propagation of an action potential (Hodgkin and Huxley 

1952). These channels mediate the depolarization phase through Na+ influx, typically 

activated when the membrane potential of a neuron reaches -55 mV. Voltage-gated K+
 

channels are responsible for the repolarization phase through K+ efflux, reducing the 

membrane potential. These channels are important determinants of the excitability of 

pyramidal neurons through the modulation of the afterhyperpolarization (AHP) phase 

(Kress and Mennerick 2009). Numerous studies have identified a variety of voltage-

gated Na+ and K+ channel subtypes and differing distributions of these channels that 

may modulate signal integration by a pyramidal neuron (review: Kress and Mennerick 

2009). Ultimately, these voltage-gated channels influence the intrinsic 

electrophysiological properties/excitability of pyramidal neurons. 

1.4.1 Electrophysiological Properties of Pyramidal Neurons within Layer VI of the 

Entorhinal Cortex 

The electrophysiological properties of pyramidal neurons have been characterized 

across the HF. The data presented found differences in pyramidal neuron excitability 

amongst and within the structures of the HF due to distinct electrophysiological 
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properties (Altemus et al. 2005; Mizuseki et al. 2012; Staff et al. 2000). However, few 

studies have explored the differences in excitability between the six layers of the EC. 

Similarly, most ex vivo rodent studies focused on characterizing the electrophysiological 

properties of pyramidal neurons in the ECII (Jones 1994; Van Der Linden 1998; 

Tahvildari and Alonso 2005), the ECIII (Alonso and Klink 1993; Dickson, Mena, and 

Alonso 1997; Jones 1994; Tahvildari and Alonso 2005) and the ECV (Hamam et al. 

2000; Hamam, Amaral, and Alonso 2002). To my best knowledge, the basic 

electrophysiological properties of the ECVI pyramidal neurons have only been 

investigated by Beryl Chung, a previous PhD candidate of the Bailey lab. Using layer VI 

pyramidal neurons from young postnatal male mice, Chung found that on average these 

neurons had: (1) a resting membrane potential of -74.3 mV, (2) an input resistance, 

which measures a cell’s resistance to ion or current flow, of 215.0 MΩ, and (3) a spike 

amplitude, which measures the height of an action potential, of 89.8 mV (Chung and 

Bailey 2018). These studies ultimately contribute to the fundamental knowledge of each 

layer and of the entire EC. However, more research exploring the neural bases of the 

lesser-known layers of the EC may better elucidate its contribution to higher-order 

cognitive functions. 

1.4.2 The Afterhyperpolarization 

The afterhyperpolarization (AHP) is a transient lowering of the membrane potential 

below the resting membrane potential (Duménieu et al. 2015). The AHP follows a single 

action potential and/or a train of action potentials and acts to reduce the excitability of 

pyramidal neurons (Velumian and Carlen 1999). Thus, the larger the AHP the less 
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excitable the neuron. An AHP may be divided temporally into three stages: fast 

afterhyperpolarization (fAHP), medium afterhyperpolarization (mAHP) and slow 

afterhyperpolarization (sAHP) (Lorenzon and Foehring 1992; Palma, Versace, and 

Grossberg 2012; Velumian and Carlen 1999). However, there is no consensus in the 

literature surrounding the duration of each phase. In general, the fAHP immediately 

follows a single action potential, characterized as a short negative deflection with 

exponential decay, only lasting for a few milliseconds (Velumian and Carlen 1999). The 

mAHP is the most prominent phase of the AHP. The mAHP follows the fAHP and is of 

longer duration, lasting 50 to several hundred milliseconds (Velumian and Carlen 1999). 

Finally, the sAHP is the slow rising phase after the mAHP until the resting membrane 

potential is restored (Velumian and Carlen 1999). Compared to the mAHP, the sAHP 

has a smaller amplitude and requires several seconds to decay (Velumian and Carlen 

1999). Since this thesis is a continuation of the results found by Chung and Bailey in 

2019, the phases of the AHP will be identical to that article and will be defined as 

followed: (1) fAHP = membrane potential below the resting membrane potential, less 

than 50 ms after action potential generation, (2) mAHP = membrane potential below the 

resting membrane potential from 50 –1000 ms after the last action potential elicited and 

(3) sAHP = membrane potential below the resting membrane potential beyond 1000 ms 

(also referred to as 1 s) until the membrane potential returns to baseline (Chung and 

Bailey 2019). Figure 1.2 Shows a representation of the AHP from a pyramidal neuron 

following a single action potential.  
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Figure 1.2 Schematic of a typical afterhyperpolarization from a pyramidal neuron 

The AHP (red) is a temporary reduction of the membrane potential below the resting 

membrane potential (dotted green line). It is temporally divided into three stages: (1) 

fAHP – lasting less than 50 ms from t=0 (start of the last action potential). Big 

Potassium (BK) conductance channels are suggested to be a major contributor of the 

fAHP. (2) mAHP – lasting 50-1000 ms after t=0. Small Potassium (SK) channels are 

suggested to be a major contributor of the mAHP. (3) sAHP – lasting from beyond 1000 

ms from t =0 until membrane potential returns to the resting membrane potential. SK 

channels are suggested to be a major contributor of the sAHP. Created from 

Biorender.com. 
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1.4.3 Mediators of the Medium Afterhyperpolarization (mAHP) 

Underlying each phase of the AHP are voltage- and/or Ca2+-dependent K+ 

channels that reduce the membrane potential of pyramidal neurons through K+ efflux 

(Lancaster and Adams 1986; Lorenzon and Foehring 1992). Prior research has 

proposed that the fast Ca2+-dependent K+ current (Ic), corresponding to the activation of 

voltage-sensitive big potassium (BK) conductance channels are responsible for the 

fAHP (Bond et al. 2004; Storm 1987, 1989, 1990; Velumian and Carlen 1999; Wang et 

al. 2011). It has also been suggested that distinct currents underlie different 

components of the mAHP which may vary depending on brain region and type of 

neuron. In structures within the HF, the apamin-sensitive Ca2+-activated K+ (IAHP) current 

that is due to small potassium (SK) conductance channels appear to largely mediate the 

mAHP (Bond et al. 2004; Stocker 2004; Wang et al. 2011). In pyramidal neurons of the 

hippocampus proper, the depolarization-activated muscarinic type K+ current (IM), the IC, 

and the hyperpolarization-activated type mixed Na+/K+ current (IH; alias IQ) are also 

suggested to contribute to the mAHP (Storm 1990). However, there is still conflicting 

evidence regarding the specific channels/currents involved and the respective 

contribution of those channels to the mAHP (Brown et al. 1990; Gu et al. 2005). It was 

once assumed that SK channels also underlie the sAHP (Marrion and Tavalin 1998; 

Sah 1996; Velumian and Carlen 1999), since the current mediating the sAHP in 

literature may also be called the IAHP. This current, known as the slow Ca2+-dependent 

K+
 current (sIAHP) mediates the sAHP but its molecular correlate remains unknown. The 

sIAHP is distinct from the IAHP as it is insensitive to the SK channel antagonist, apamin 
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(Pedarzani et al. 2005; Schwindt, Spain, and Crill 1992; Stocker, Krause, and Pedarzani 

1999) and has a slower time course (Pedarzani et al. 2005; Sah and Clements 1999). 

Ultimately, my thesis focuses on the channels involved in the generation of the mAHP; 

thus, the mAHP and the channels implicated will be the focal point for the remainder of 

this section.  

1.4.4 SK Channels 

SK channels (alias KCa2) are ubiquitously expressed throughout the central 

nervous system. There are four SK channel subtypes; SK1 (alias KCa2.1), SK2 (alias 

KCa2.2), SK3 (alias KCa2.3) and SK4 (alias KCa3.1). The expression of the SK4 subtype 

is limited to non-neuronal tissue, and consequently will not be discussed further 

(Stocker 2004). This family of channels are encoded by the KCNN gene family and are 

highly conserved across all species. SK channels consist of six transmembrane 

segments (S1-S6) with cytosolic N- and C- termini and a pore located between S5 and 

S6 (Adelman, Maylie, and Sah 2012; Stocker 2004). These channels share a similar 

structure to voltage-gated K+
 channels; however, S4 consists of fewer positively charged 

amino acids reflecting the voltage independency of SK channels (Köhler et al. 1996a). 

These channels are tetrameric proteins, forming as homotetramers or heterotetramers. 

To date, the heterotetrametric assembly of SK channels is not well understood, thus, 

the information discussed refers to functional homotetrameric SK channels (Köhler et al. 

1996a). 
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It is generally accepted that SK channels are activated when Ca2+ bound to 

calmodulin (CaM), a Ca2+
 binding protein, interacts with the calmodulin binding domain 

(CaMBD) that neighbours S6 (Adelman et al. 2012; Stocker 2004). Once all four 

subunits of the tetramer have their CaMBD domain occupied by Ca2+-bound CaM, a 

conformational change occurs opening the SK channel and causing K+ efflux (Xia et al. 

1998). Relatively low concentrations, approximately 100-400 nM of Ca2+ is required to 

activate SK channels, illustrating the high sensitivity and dependency of SK channels on 

intracellular Ca2+ concentrations (Sah 1996). Several sources of Ca2+ have been 

proposed by previous research: (1) via the activation of voltage-gated Ca2+ channels. 

Specifically, Marrion and Tavalin found that Ca2+ influx through L-type Ca2+ channels 

selectively activated SK channels in dissociated CA1 neurons (Marrion and Tavalin 

1998). (2) Ligand-gated ion channels where both nicotinic acetylcholine receptors 

(Oliver et al. 2000) and the N-methyl-D-aspartate (NMDA) receptor (Faber, Delaney, 

and Sah 2005; Ngo-Anh et al. 2005) have been implicated and, (3) Ca2+ release from 

intracellular storage via inositol triphosphate (Brennan et al. 2008; Gulledge and Stuart 

2005) or ryanodine receptors (Arima et al. 2001; Brennan et al. 2008). 

Electrophysiological studies have revealed the contribution of SK channels to the 

mAHP of pyramidal neurons through the application of various pharmacological agents. 

This was first demonstrated through the application of apamin, a neurotoxin obtained 

from bee venom (Habermann 1984), which significantly reduced the mAHP in 

hippocampal pyramidal neurons (Bond et al. 2004; Pedarzani et al. 2005; Wang et al. 

2011). Most notably, a study conducted by the Bailey lab found that apamin abolished 
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the mAHP observed in the ECVI pyramidal neurons from young postnatal male mice, 

implicating SK channels in the mAHP of pyramidal neurons within this region (Chung 

and Bailey 2018). Apamin appears to be exclusive for the inhibition of SK channels as 

to date, these channels remain its only known target (Adelman et al. 2012). It was 

previously thought that apamin behaved classically as a pore blocker. However, 

evidence from neoteric studies suggests that apamin binds to the outer pore region of 

SK channels, acting as allosteric inhibitor (Ishii, Maylie, and Adelman 1997a; Lamy et al. 

2010; Nolting et al. 2007; Weatherall et al. 2011). Other known antagonists for SK 

channels include scyllatoxin (Chicchi et al. 1988), tamapin (Pedarzani et al. 2002) and 

P05 (Shakkottai et al. 2001). These are all toxins obtained from scorpions where 

tamapin appears to be selective for SK2 channels, while the other toxins do not 

demonstrate SK channel subtype selectivity (Weatherall et al. 2010). Also, evidence 

from enhancers of SK channels provide more support for the role of SK channels in the 

mAHP. Studies that applied 1-ethyl-2-benzimidazolinone (1-EBIO) and 6,7-dichloro-1H-

indole-2,3-dione 3 oxime (NS309) found that hippocampal pyramidal neurons exhibited 

an enhanced mAHP amplitude which correlated to a reduction in neuronal excitability. 

These enhancers appear to increase the Ca2+ sensitivity of SK channels. (Pedarzani et 

al. 2005; Wang et al. 2011).  

 In the rodent CNS, the subtypes of SK channels appear to have differential 

distribution. In situ studies have revealed that SK1 and SK2 channels exhibit similar 

dispersion as they are highly expressed in the hippocampus, thalamus and neocortex. 

The SK3 channel, however, appears to be distributed more diffusely in those regions 
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and is highly expressed in subcortical regions (Sailer et al. 2002, 2004; Stocker 2004; 

Stocker and Pedarzani 2000). However, a study conducted by Wang and colleagues in 

cultured rat CA1 and CA3 pyramidal neurons found that these neurons mainly 

expressed SK2 and SK3 channels. The immunoreactivity of these channels was 

greatest at the plasma membrane and cytosol (Wang et al. 2011). Therefore, further 

analysis of SK channel distribution in specific brain regions is needed to better elucidate 

the function of each subtype. Of these three SK channel subtypes, SK2 channels may 

be predominately needed for the generation of the mAHP. In CA1 pyramidal neurons 

obtained from transgenic mice, each missing one of the three SK channel genes, the 

mAHP was abolished in mice missing the SK2 gene but not in mice missing the SK1 or 

SK3 genes (Bond et al. 2004). These channels may be distinguished from one another 

pharmacologically due to differential sensitivities to apamin. In humans, SK1 channels 

are the least sensitive to apamin (Strøbæk et al. 2000), SK2 channels are the most 

sensitive (Ishii, Maylie, and Adelman 1997b; Köhler et al. 1996b; Strøbæk et al. 2000) 

and SK3 channels display an intermediate sensitivity to apamin (Grunnet et al. 2001; 

Hosseini et al. 2001; Ishii et al. 1997b).  

 Overall, SK channels regulate the intrinsic excitability and synaptic transmission 

of pyramidal neurons which may have implications in higher-order cognitive processes. 

For more detailed review on SK channels, the reader should refer to the reviews 

completed by Stocker (2004) and Adelman et al., (2012).  
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As discussed in detail later, my thesis hypothesizes that SK channels mediate 

the mAHP observed in ECVI pyramidal neurons. Therefore, the following sections are 

only brief descriptions of the other channels suggested to contribute to the mAHP. 

1.4.5 BK Channels 

BK channels are proposed to underlie the IC current of the mAHP. Although both 

BK and SK channels depend on intracellular Ca2+ concentrations, activation of BK 

channels also depend on changes in membrane potential, unlike SK channels. BK 

channels require a depolarization greater than -40 mV and a high concentration 

(approximately 1-10 μM) of Ca2+
 to evoke K+ efflux (Brown et al. 1990; Sah 1996; Storm 

1990; Velumian and Carlen 1999). These channels are also distinct from SK channels 

as N-type Ca2+ channels provide the Ca2+ needed for activation of BK channels (Marrion 

and Tavalin 1998). It is possible for the IC current to contribute to both the fAHP and the 

mAHP, while these two phases of an AHP remain distinct, for multiple speculated 

reasons: (1) the subtype of BK channel underlying the IC is unknown, thus different BK 

channels may regulate this current observed in the fAHP and in the mAHP (Sah 1996); 

(2) The Ic may have differing levels of potency between the fAHP and the mAHP; (3) 

other contributors to the mAHP are voltage independent (Storm 1990); and (4) If 

repolarization is fastest at the soma, the redistribution of charge could contribute to the 

after-depolarization that separates the fAHP and the mAHP (Storm 1987). Ultimately, 

research is needed to clarify the role of BK channels in the mAHP of pyramidal neurons. 
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1.4.6 Kv7/KCNQ Channels 

K+
 channel, voltage-gated, KQT-like subfamily (KCNQ) channels are responsible for 

the IM currents suggested to contribute to the mAHP (Gu et al. 2005). These channels 

are Ca2+ independent and voltage sensitive, activated at depolarizations greater than -

60 mV (Storm 1990). In CA1 pyramidal neurons, the KCNQ channels are suspected to 

be composed of KCNQ2 (alias Kv7.2), KCN3 (alias Kv7.3) and KCN5 (alias KCNQ5) 

subunits (Shah et al. 2002). Dysfunction in these channels has been related to epilepsy 

(Cooper et al. 2000; Schwake et al. 2000). As previously stated, there is disagreements 

in the literature regarding which channel predominately mediates the mAHP. 

1.4.7 HCN Channels 

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels modulate the 

IH current of the mAHP. These channels are only activated at more negative membrane 

potentials when the neuron is in a hyperpolarized state (Shah et al. 2002). When 

activated, Na+ and K+ ions move into the neuron, depolarizing the neuron. This 

ultimately conceals the reversal of the mAHP (Storm 1989). These channels are 

suggested to regulate neuronal excitability and synaptic transmission and have also 

been implicated in epileptogenic mechanisms (Kase and Imoto 2012; Reid, Phillips, and 

Petrou 2012; Shah 2018).  
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1.5 Sex Differences in Brain Function 

1.5.1 Neuronal Excitability 

Sex differences in various physiological and behavioural phenomena have been 

observed across mammalian species, including humans. These sex differences have 

been documented in all the body’s systems, including in the most basic functional unit of 

the nervous system, the neuron. Multiple studies have found differences in neuron 

structure, distribution, and function. However, the focus of this thesis are sex differences 

observed in neuronal function, specifically in neuronal excitability. 

Several animal studies have documented differences in neuronal excitability. 

These differences have been observed in various brain regions, including but not limited 

to, the olfactory bulb (Duménieu et al. 2015), the striatum (Dorris et al. 2015), the medial 

prefrontal cortex (Alves et al. 2010) and across the HF (Monfort et al. 2015; Scharfman 

and MacLusky 2017). Recent work from the Bailey lab has identified sex differences in 

the electrophysiological properties of the ECVI pyramidal neurons. Discussed 

thoroughly in subsequent sections, layer VI neurons from female mice were intrinsically 

more excitable than those of males (Chung and Bailey 2019) at a period of brain 

development equivalent to the human third trimester (Clancy, Darlington, and Finlay 

2001).  

 Multiple factors influence sex differences observed in neuronal function, where 

my thesis explores the potential role of sex hormones and age on the excitability of the 
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ECVI pyramidal neurons. The natural fluctuations of 17β-estradiol (E) and progesterone 

(P) during the menstrual cycle in humans and the estrous cycle in rodents may 

influence neuronal excitability. E has been shown to both increase (Joels and Karst 

1995; MacLusky et al. 2005; Woolley et al. 1997) and decrease (Rudick and Woolley 

2001) neuron excitability. This is likely due to variations among studies such as 

examining ovariectomized versus intact females, using animals at different ages and 

measuring different parameters. In CA1 pyramidal neurons, previous research found 

that E reduced the amplitude of the sAHP (Carrer, Araque, and Buño 2003; Kumar and 

Foster 2002) and increased both the density of dendritic spines and synapses on CA1 

neurons (MacLusky et al. 2005). For these reasons, it was assumed that E promotes 

the excitability of ECVI pyramidal neurons. Unlike E, P has consistently been found to 

reduce neuronal excitability (Edwards et al. 2000; Landgren, Bäckström, and Kalistratov 

1978; Rudick and Woolley 2001). Furthermore, P appears to antagonize the effects of E 

(Gould et al. 1990). In terms of the ECVI, it is unknown whether the electrophysiological 

properties of pyramidal neurons differ across the female estrous cycle or between 

sexes. As a result, my thesis examined two separate groups of adult female mice. 

These mice were analyzed in the proestrus (Pro) and metestrus (Met) stages of the 

mouse estrous cycle. Despite conflicting evidence in the literature (Schwartz, Sartini, 

and Huber 2004; Wood et al. 2007), most studies found that in these two stages, the 

levels of E and P are opposite to one another (Felicio et al. 1981; Haim et al. 2003; 

Nelson, Park, and Carolina 2007; Nilsson et al. 2015; P and MT 2018; Scharfman et al. 

2003a). In Pro, the concentration of E is high, whereas P is low (Felicio et al. 1981; 
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Haim et al. 2003; Nelson et al. 2007; Nilsson et al. 2015; P and MT 2018; Scharfman et 

al. 2003a). In Met, the concentration of E is low while P is high (Felicio et al. 1981; Haim 

et al. 2003; Nelson et al. 2007; Nilsson et al. 2015; P and MT 2018; Scharfman et al. 

2003a). Another factor documented to influence neuronal excitability is age. In addition 

to the normal changes in hormone levels as mammals enter and leave reproductive 

age, there are also non-hormonal changes that occur in the brain with age. Age has 

been found to eradicate sex differences or lead to the emergence of sex differences. 

Understanding the role of age in the modulation of neuronal excitability may determine 

whether sex differences observed at different ages are due to different trajectories of 

development or whether that difference is an inherent distinction between sexes 

(Gomez et al. 2019). Ultimately, differences observed in the excitability of pyramidal 

neurons could translate to sex differences observed in higher-order cognitive functions 

and in disease.  

1.5.2 Spatial Memory 

In humans, men and women possess different abilities in the completion of 

spatial memory tasks. Women tend to use an egocentric strategy, using landmarks and 

visual features to solve tasks (Loprinzi and Frith 2018; Mellet et al. 2000). However, 

men exhibit an allocentric approach to solving spatial memory exercises, relying on 

cardinal directions and location information (Jones and Healy 2006; Loprinzi and Frith 

2018). In general, men tend to outperform women in successfully completing spatial 

memory tasks (Hyun Kim et al. 2019; Loprinzi and Frith 2018; Saucier et al. 2002). This 

same distinction in cognitive performance has been replicated in studies involving 
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rodents and nonhuman primates (Choleris et al. 2018; Voyer, Voyer, and Saint-Aubin 

2016). However, various meta-analyses have demonstrated that in humans, sex and 

gender differences in cognitive function often have a small effect size, where the gender 

similarity hypothesis proposes that men and women are similar on most psychological 

variables (Choleris et al. 2018; Hyde 2016; Voyer et al. 2016).  

 Although the role of sex hormones in spatial memory remains unclear, various 

studies have demonstrated that hormones like E, P, and testosterone (T) influence 

performance in spatial learning. Rodent paradigms have found that the administration of 

E alone or E and P immediately after training improved memory consolidation in spatial 

memory tasks (Choleris et al. 2018; Frye, Duffy, and Walf 2007; Luine et al. 1998). 

However, E has not been shown to consistently improve spatial memory. Two studies 

conducted by Galea et al., comparing success in the Morris water maze task in meadow 

voles and in deer mice found that during breeding season when E is high, males 

outperformed females in completion of the water maze task (Galea et al. 1994; Galea, 

Kavaliers, and Ossenkopp 1996). However when E is low during nonbreeding season, 

there was no longer a sex difference in performance (Galea et al. 1994, 1996). Studies 

examining the relationship between T and spatial memory have also been inconclusive. 

Results have demonstrated a positive relationship (Silverman et al. 1999), a negative 

relationship (Moffat and Hampson 1996), or no relationship at all between T levels and 

spatial memory. Ultimately, due to the complexities of gonadal steroids and spatial 

memory, the direct effect of steroids remains unknown. Thus, research exploring the 

effects of steroids on cognition is important in relieving ambiguity seen in the literature.  



 

 

30 

 

1.5.3 Brain Disorders 

Biological sex plays a role in the prevalence, manifestation, and progression of 

disorders associated with the brain. Since the purpose of my thesis is to explore 

fundamental sex differences in neuronal function which may help inform differences 

observed in brain disorders, the following sections are succinct and simplified 

discussions. For more information regarding sex differences in brain disorders, readers 

are encouraged to explore areas of their interest more in depth.  

1.5.3.1 Temporal Lobe Epilepsy 

Various aspects of TLE appear to differ between sexes. In general, the 

prevalence of epilepsy is slightly greater in men than in women (Janszky et al. 2004; 

Kotsopoulos et al. 2002; McHugh and Delanty 2008). Human studies have reported a 

sex difference in the manifestation of TLE in that, women experience significantly more 

isolated auras and significantly fewer generalized seizures than men (Janszky et al. 

2004). These distinctions in the presentation in TLE may be attributed to differences in 

tissue loss as in rodents more extratemporal loss occurs in males, where females 

experience more tissue loss in the contralateral temporal cortex (Santana et al. 2014). 

The sex hormones: E, P and T have been suggested to modulate sex differences in 

TLE. However, due to the complexity of these hormones and their respective actions, 

results have been inconsistent. For instance, E has been found to exert both 

proconvulsant effects and protective effects for TLE (Savic 2014; Scharfman and 

MacLusky 2014). P has been known to antagonize the effects of E and therefore may 

oppose the proconvulsant effects of E. The effects of T on TLE are also controversial. T 
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has found to both protect (Verrotti et al. 2010) and promote seizures (Mejías-Aponte, 

Jiménez-Rivera, and Segarra 2002). These conflicting results for sex hormones may be 

attributed to biological variations and differences in experimental conditions including 

age, time of experiments and diet.  

Regarding sex differences observed in the EC, an experiment conducted by 

Scharfman and MacLusky found that female rats had an inherent vulnerability to brain 

damage in select brain regions including the EC. In this experiment, the expression of 

NeuN, a maker for a protein found in most neurons in females was found to a lower 

extent in females than in male rats after puberty in the EC and other limbic regions. 

Upon injection of pilocarpine to induce seizures, neuronal loss occurred in neurons that 

demonstrated weak NeuN expression (Scharfman and MacLusky 2014). For a 

comprehensive review regarding sex differences observed in epilepsy readers are 

encouraged to read reviews conducted by Savic (2014) and Scharfman and MacLusky 

(2014). 

1.5.3.2 Schizophrenia 

Investigating sex differences in schizophrenia is important for informing 

individualized clinical care to improve outcomes. Many studies have found that men 

have an earlier age of onset compared to women by 3-5 years (Abel, Drake, and 

Goldstein 2010; Aleman, Kahn, and Selten 2003; Li et al. 2016). In terms of clinical 

presentation, men with schizophrenia demonstrate more negative symptoms such as 

substance abuse and social withdrawal, tending to have more severe presentations 

compared to female patients. On the other hand, women with schizophrenia 
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demonstrate more affective symptoms such as depression, hostility, and erratic 

behaviour (Goldstein and Link 1988; Ring et al. 1991). These variations in 

schizophrenia between sexes have given rise to several theories including the estrogen 

hypothesis that hopes to provide explanations for sex differences observed in 

schizophrenia. The estrogen hypothesis states that the structural and functional effects 

of E protect women from the development of schizophrenia (Leung and Chue 2000). 

This hypothesis has been supported by numerous animal and human studies (Leung 

and Chue 2000). For more details see review by Leung and Chue (2000).  

As stated previously, pathological changes occur in the structure and 

cytoarchitecture of the EC in schizophrenia. In general, men with schizophrenia tend to 

demonstrate greater structural deficits. A 1988 study conducted by Falkai and 

colleagues found that compared to healthy controls, the post-mortem brains of patients 

with schizophrenia had a significant reduction in the volume of the EC. This reduction in 

EC volume was greater in men with schizophrenia than women with schizophrenia 

(Falkai et al. 1988).  

1.5.3.3 Alzheimer’s Disease  

Contrary to the conditions discussed previously, AD disproportionately affects 

women in some but not all geographical regions (Anon 2020; Martin Prince et al. 2015). 

Reports suggest that men and women experience different cognitive symptoms in that 

men exhibit more aggressive behaviours, whereas women show more affective 

symptoms (Mega et al. 1996; Ott et al. 1996; Sinforiani et al. 2010). Moreover, women 

with AD experience a greater cognitive decline but have longer survival than men with 
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AD. Since sex differences in the brain are initiated during fetal development, it is likely 

that sex hormones influence AD. Previous studies have determined that age-related 

depletion of sex hormones increases the risk of AD, specifically low E is associated with 

increased AD risk in women and low T is associated with increased risk in men (Ferretti 

et al. 2018; Vest and Pike 2013). However, the relationship between AD and sex 

hormones is not fully understood. When analyzing biomarkers of AD, a study conducted 

by Barnes et al., in 2005 found that women with AD had a higher number of 

neurofibrillary tangles in various cortical regions including the EC compared to men with 

AD (Barnes et al. 2005). Readers can find an excellent review of sex differences in AD 

by Ferretti et al., (2018). 

1.5.4 Autism Spectrum Disorders  

It is known that ASD are more commonly diagnosed in men over women with a 

3:1 ratio (Loomes, Hull, and Mandy 2017). Due to the heterogeneity of ASD, it is difficult 

to determine variables that favour ASD prevalence in men and factors that ‘protect’ 

women from ASD. Studies have demonstrated that men could have a greater incidence 

due to epigenetics and sex specific mutations, but results have been inconsistent (Ferri, 

Abel, and Brodkin 2018). The female protective effect theory, states that women need a 

greater genetic and environmental risk to express ASD compared to men (Robinson et 

al. 2013). There may also be an effect of sex hormones. Many studies have found a 

positive correlation between elevated levels of fetal testosterone and ASD diagnoses in 

humans, as well as reduced aromatase levels in individuals with ASD (Ferri et al. 2018). 

However, there is a possibility that ASD is underdiagnosed in women as fewer women 
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are diagnosed and often later in life than men which may lead to an overestimation of 

sex differences observed in ASD (Rutherford et al. 2016). 

 Few studies have explored differences in the EC between men and women with 

ASD. However, a study conducted by Ecker et al., in 2017 found that women with ASD 

had significantly greater cortical abnormalities in various brain regions including the EC 

than men compared to their respective normative populations. However, this difference 

in cortical abnormalities did not translate to sex differences in clinical symptom severity 

of ASD (Ecker et al. 2017).  

1.6 Rationale 

1.6.1 Sex Omission and Sex Bias 

Sex is an important biological variable that influences a diverse array of 

pathways which modulate normal physiological function and helps our understanding of 

disease etiology, manifestation, progression, and treatment. Historically, most 

preclinical studies were conducted exclusively in male animals. In regard to 

neuroscience-related research, it was presumed that data from female brains were 

more variable due to circulating ovarian hormones. (McCarthy, Woolley, and Arnold 

2017; Wald and Corinna 2010). Thus, investigating males would provide fundamental 

knowledge about the mammalian brain (Shansky and Woolley 2016; Wald and Corinna 

2010). This misconception has egregious influences on animal studies which ultimately 

provide the foundations for human research and clinical practice. A study analyzing 
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articles published in 2009 using nonhuman mammals, found that the neuroscience field 

had a 5:1 ratio of studies conducted exclusively in males to those conducted exclusively 

in females (Beery and Zucker 2011). This was the largest imbalance in the 10 fields of 

biology assessed, where 8 fields had a significant bias towards exclusively using male 

animals (Beery and Zucker 2011). 

Today, more preclinical research is investigating both sexes. This may be in part 

due to the 2016 mandate by the National Institutes of Health (NIH) requiring the 

consideration of sex as a biological variable (SABV). Despite requiring SABV by 

multiple funding agencies, including the Canadian Institutes of Health Research (CHIR), 

the issue of sex bias (favouring one sex over the other) and sex omission (failing to 

report sex) are still widespread in neuroscience-related research (Mamlouk et al. 2020). 

A survey of 2017 publications from 6 notable journals such as Nature and Science, 

found that out of 1827 neuroscience articles; (1) 52% of articles reported using both 

males and females, but only 15% of those articles evaluated sex as an experimental 

variable, (2) 16% of articles did not report sex and (3) 26% of studies solely used male 

subjects versus 5% of studies which solely use female subjects (Mamlouk et al. 2020). 

For these reasons and its greater implications on human health, my thesis focuses on 

fundamentally evaluating SABV in neurons. 

1.6.2 Lack of Information about Layer VI of the Entorhinal Cortex 

The EC is essential for communication between the HF and cerebral cortex, 

necessary to facilitate higher-order cognitive functions. As specified in previous 
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sections, information regarding the ECVI is rudimentary. To my knowledge, most 

preclinical research has focused on characterizing the electrophysiological properties, 

physiological functions, and disease pathogenesis in layers II, III and V of the EC from 

male animals. These layers serve as the major input (ECII-III) and output (ECV) regions 

of the EC, which may justify why research is centralized on these layers. It appears that 

the richest diversity of cell types lies within layer VI of neocortical regions (Briggs 2010). 

This heterogeneity poses challenges in functionally defining neocortical layer VI’s, 

potentially accounting for the lack of research in the ECVI. 

In general, layer VI neocortical neurons are proposed to participate in various 

distinct neural circuits. These neurons have been proposed to fine-tune the output from 

layer V neurons (Briggs 2010). Thus, it is important to elucidate the basic properties of 

the ECVI to gain insight about its role in coordinating output from the HF.  

1.6.3 Previously Discovered Sex Difference in Excitability of Pyramidal Neurons 

within Layer VI of the Entorhinal Cortex 

Evidence has shown that sex modifies the inherent properties of pyramidal 

neurons. The Bailey lab recently found a significant sex difference in the excitation of 

the ECVI pyramidal neurons. This paper was initially exploring sex differences in 

nicotinic excitation of pyramidal neurons across the developing HF of mice during the 

postnatal period of postnatal days (P) 5-10. Through whole-cell electrophysiology, 

Chung found that independent of nicotinic excitation, ECVI pyramidal neurons from 

female mice were more excitable than those from males. This greater excitability of 
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female neurons could relate to differences observed in basic electrophysiological 

properties including: (1) higher resting membrane potential, (2) greater input resistance, 

which produces a larger increase in membrane potential according to Ohm’s law, (3) a 

smaller/nonexistent mAHP, (4) lower rheobase current, the amount of current needed to 

elicit one action potential and, (5) greater firing frequency at physiological values (50 

pA) of inward current. In addition, at supraphysiological currents (150 and 200 pA), 

neurons from female mice experienced an earlier appearance of a depolarization block, 

a phenomenon that prevents neurons from firing evoked by excessive excitation. 

Although this study postulated that the sex difference in ECVI neuronal excitability may 

be due to the nonexistent mAHP in neurons from female mice, the mechanism 

underlying this sex difference in mAHP magnitude has not been determined (Chung and 

Bailey 2019).  

This difference may be relevant for the development of the brain where distinct 

circuits involving in the EC are established. Given that this difference was observed in 

young postnatal mice, it is important to determine whether this difference also exists in 

adults. This may determine whether sexes are at varying trajectories of brain 

development during this age window or whether this is an innate sex difference in the 

function of these neurons, potentially having larger implications for sex differences in 

cognitive function and brain disorders.  
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1.6.4 SK Channels and the Medium Afterhyperpolarizations in Pyramidal 

Neurons within Entorhinal Cortex Layer VI 

The Bailey lab has also previously demonstrated that SK channels appear to 

mediate the mAHP in ECVI pyramidal neurons from male P5-10 mice. The primary goal 

of this study was to determine how nicotinic receptors activate principal neurons in the 

developing HF. They found that while nicotinic responses were similar across the HF, 

regulation of this response by apamin differed depending on region of the HF. In the 

absence of nicotinic stimulation, apamin application appeared to significantly reduce the 

mAHP amplitude of ECVI pyramidal neurons, increasing neuronal excitability. However, 

this study was only conducted in male mice, so it is unclear whether SK channels 

mediate the mAHP in ECVI pyramidal neurons from young postnatal female mice. 

Considering this finding, my thesis investigated whether the sex difference observed in 

Chung and Bailey (2019) study is due to differential responses to SK channel regulation 

of the ECVI pyramidal neuron excitability (Chung and Bailey 2018). 

1.7 Hypothesis 

This thesis tests the main hypothesis that SK channels mediate sex differences in the 

excitability of ECVI pyramidal neurons. 

 This hypothesis is tested through the completion of two main objectives: 

 (1) To determine whether SK channels have differential effects on the mAHP in 

young postnatal male and female mice 
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 (2) To determine whether the sex difference in ECVI pyramidal neuron excitability 

observed in young postnatal mice persists in adulthood, and whether SK channel 

effects on the mAHP also are different between adult male and female mice. 
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2 MATERIALS AND METHODS 

2.1 Animals 

All experiments were performed using CD1-strain mice of both sexes. The mice 

were obtained from our lab’s own breeding colony. Mice were housed in a secure 

vivarium with a 12-hour reverse light cycle (lights off at 8:00 am) and an air temperature 

of 21-24°C. All mice were provided with ad libitum access to water and chow (Tekland 

Global 14% protein Rodent Maintenance Diet; Harlan Laboratories, Mississauga, 

Ontario, Canada). The day of birth of each litter was considered as postnatal day (P) 0. 

Litters were weaned and separated based on sex at P21 and housed in groups of 4 

mice (cage sizes were either 7.5” x 11.75” x 5” h or 10.5” x 19” x 6” h). Male and female 

mice were analyzed at P5-10 (young postnatal) or at P80-120 (young adult). To monitor 

sex differences in ECVI pyramidal neuron excitability, mice of both sexes were sampled 

from the same litter. A minimum of four mice of each sex were used, with a minimum of 

three to four cells recorded from each mouse. All proposed experimental protocols have 

been approved by the University of Guelph Animal Care Committee and all mice were 

cared for in accordance with the principles and guidelines of the Canadian Council on 

Animal Care. 

2.2 Brain Slice Preparation 

Following anesthetization with isoflurane, mice were decapitated using a 

guillotine. The brains were then quickly extracted from their skull in the presence of cold 

(~4°C) sucrose artificial cerebrospinal fluid (sACSF: 245 mM sucrose, 10 mM D-

Glucose, 26 mM NAHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl and 1.25 mM 
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NaH2PO4, pH 7.4) that was oxygenated with carbogen (95% O2 and 5% CO2). Brains 

were cut into 400 μm thick coronal slices containing the EC ranging from approximately 

Bregma -2.92 to -3.52 mm (Paxinos and Franklin 2001) using a Leica VT1200 vibrating 

microtome (Leica Microsystems, Richmond Hill, Ontario, Canada). Following sectioning, 

slices were transferred to a recovery chamber containing oxygenated ACSF (128 mM 

NaCl, 10 mM D-glucose, 26 mM NaHCO3, 2 mM MgSO4, 3 mM KCl, and 1.25 mM 

NaH2PO4, pH 7.4) and maintained at 30°C for a minimum of 2 hours before being used 

for whole-cell electrophysiology. 

2.3 Electrophysiology 

To conduct the electrophysiological recordings, brain slices were transferred to a 

recording chamber (Warner Instruments, Hamden, CT, USA) that was mounted onto a 

stage attached to an Axioskop FS2 microscope (Carl Zeiss Canada, Toronto, Ontario, 

Canada). Slices were superfused with room temperature (~22-24°C) ACSF at a rate of 

~5 mL/min. Whole-cell recordings of ECVI pyramidal neurons were conducted using 

borosilicate glass pipette electrodes (outer diameter of 1.5mm, 3-5 MΩ internal 

resistance; Sutter Instrument Company, Novato, CA, USA) filled with an internal 

electrode solution of 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 (pH 7.3 

adjusted with KOH). Individual ECVI pyramidal neurons were visually selected based on 

morphology using infrared differential interference contrast microscopy. The location of 

recorded neurons from ECVI is shown in Figure 2.1. Correction of the liquid junction 

potential occurred at the time of recording.  
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Basic passive and active electrophysiological properties such as resting 

membrane potential, input resistance, spike amplitude and action potential frequency 

were determined from current-clamp mode through the injection of both positive and 

negative current steps for 500 ms each. The membrane resistance was calculated by 

injecting a hyperpolarizing current (100 pA, 500 ms) and measuring the steady-state 

deflection in membrane potential. Input-output curves were generated by injecting 

depolarizing currents from rest in 50 pA increments for 500 ms. mAHP amplitude was 

determined following trains of action potentials that were elicited by injecting 

depolarizing current pulses (2 nA, 2 ms) at 50 Hz. mAHP amplitude and timing were 

measured at the lowest membrane potential observed during the 50-1000 ms period 

after the last action potential was elicited. Amplitude was calculated for each neuron as 

the difference between its resting membrane potential and the lowest membrane 

potential achieved in the mAHP period. After the baseline recording period of ECVI 

pyramidal neurons, the slices were superfused with 100 nM of apamin (Alomone Labs, 

Jerusalem, Israel) (Chung and Bailey 2018; Gutzmann, Lin, and Hoffman 2019) for a 

minimum of 10 minutes (Chung and Bailey 2018) alongside oxygenated ACSF. After 

application of apamin, the same experiments were conducted to measure the 

physiological responses of neurons to SK channel blockage. Slices were discarded 

followed by a 5 min washout period.  
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Figure 2.1 Location of recorded pyramidal neurons within layer VI of the 

Entorhinal Cortex 

 

Schematic of a coronal section of a mouse brain containing the EC. Slices 

approximately ranged from Bregma -2.92 to -3.92 mm. Schematic illustrates Bregma -

3.08 mm. The area in yellow, highlights the location of the ECVI where pyramidal 

neurons were recorded from for whole-cell electrophysiology. Figure adapted from 

(Paxinos and Franklin 2001).  
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2.4 Vaginal Cytology 

Previous research has demonstrated that E (Wong and Moss 1992; Wu, 

Adelman, and Maylie 2011) and P (Joels and Karst 1995; Landgren et al. 1978) 

modulate neuron excitability. E has been shown to both increase (Joels and Karst 1995; 

MacLusky et al. 2005; Woolley et al. 1997) and decrease (Rudick and Woolley 2001) 

neuron excitability. This is likely due to variations among studies such as examining 

ovariectomized versus intact females, using different ages of animals and assessing 

different parameters. For the purpose of this project, it was assumed that E increases 

the excitability of ECVI neurons as studies conducted in rat CA1 pyramidal neurons 

found that E decreased the amplitude of the sAHP (Carrer et al. 2003; Kumar and 

Foster 2002). Unlike E, P has consistently been found to reduce neuron excitability 

(Edwards et al. 2000; Landgren et al. 1978; Rudick and Woolley 2001). Furthermore, P 

appears to antagonize the effects of E (Gould et al. 1990). As a result, two separate 

groups of female mice were examined. Female mice were analyzed in the Pro stage or 

Met stage of the mouse estrous cycle. Despite conflicting evidence in the literature 

(Schwartz et al. 2004; Wood et al. 2007), most studies found that in these two stages, 

the levels of E and P are opposite to one another (Felicio et al. 1981; Haim et al. 2003; 

Nelson et al. 2007; Nilsson et al. 2015; P and MT 2018; Scharfman et al. 2003a). In Pro, 

the level of E is high, whereas P is low (Felicio et al. 1981; Haim et al. 2003; Nelson et 

al. 2007; Nilsson et al. 2015; P and MT 2018; Scharfman et al. 2003a). In Met, the level 

of E is low while P is high (Felicio et al. 1981; Haim et al. 2003; Nelson et al. 2007; 

Nilsson et al. 2015; P and MT 2018; Scharfman et al. 2003a). For my project, analyzing 
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at Pro and Met in adult female mice determined whether E and P influence the 

excitability of ECVI pyramidal neurons.  

 A modified version of a previously published protocol was used to perform 

vaginal cytology (Byers et al. 2012). This protocol was used to track and confirm if the 

adult female mice were in the Pro or Met stage of the mouse estrous cycle on the day of 

experiments. At least 2 cycles (8 days) prior to the day of experiments and on the day of 

experiments, 50 uL of deionized water was used to flush the vaginal cavity 2-3 times 

and smeared onto an untreated microscope slide. The slide was allowed to dry for a 

minimum of 24 hours at room temperature. The vaginal smear was placed in Giemsa 

stain (modified, Sigma Aldrich, Oakville, ON, Canada) diluted 1:20 with deionized water 

for 10 minutes followed by 5 minutes in deionized water to stain the vaginal smear. 

Following staining, the slide was allowed to dry for a minimum of 24 hours at room 

temperature. A brightfield Olympus BX53 upright microscope was used to image the 

cells for each sample and to identify the stage of the estrous cycle.  

2.5 Genotyping 

Young postnatal mice were visually sexed by looking for the presence of teats 

between P5-10. If teats were present, the mouse was identified as a female. To confirm 

the sex, following euthanasia, approximately 1 cm of the tail from the young postnatal 

mice were obtained and stored at -80 °C until analysis. For DNA extraction, the tails 

were cut into small pieces and incubated overnight at 55 °C with 600 μL Tail Buffer (1% 

SDS, 0.1 M NaCl, 0.1 M EDTA, 0.05 M Tris) and 35 μL Proteinase K (Bishop Canada, 

Burlington, ON, Canada). 1 μL of RNAse A (Fisher Scientific, Mississauga, ON, 
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Canada) was added to each tube and incubated for a minimum of 6 hours. 35 μL of 

Proteinase K was added to each tube and incubated overnight at 55 °C. Following 

incubation 700 μL of phenol (Fisher Scientific, Mississauga, ON, Canada) was added to 

each tube and centrifuged at 4° C for 5 min at max 20,000 g. Solution was extracted 

twice using 700 μL of chloroform. DNA was precipitated by the addition of 100% ethanol 

followed by centrifugation for 15 mins at 4 °C. The resulting pellet was washed with 70% 

ethanol and allowed dried on a Multi-Blok heater (Thermo Fisher Scientific, 

Mississauga, ON, Canada) set at 40°C for 5-10 min. DNA was resuspended by the 

addition of 200 μL of Nuclease-Free water. The solution was re-precipitated using 100% 

ethanol and purified using an adapted version of a previously published protocol (Green 

and Sambrook 2016).  

Each 20 μL PCR reaction comprised 0.5-2 μL DNA, 500 nM each of SRY and 

Myog primers, 250 μM of 10 mM dNTP, 2 μL 10X Dream Taq PCR Buffer (Thermo 

Fisher Scientific, Mississauga, ON, Canada, cat# FERB16), 0.2 μL DreamTaq DNA 

Polymerase (5U/μL) and 16.1 μL of Nuclease-Free water. All PCR reactions were 

performed in a Mastercycler Pro thermal cycler (Eppendorf Canada, Mississauga, On 

Canada) at 94 °C (3 min) for initial DNA denaturation, followed by 40 cycles of 94 °C (30 

sec) for DNA denaturation, 56 °C (30 sec) for primer annealing and 72 °C (30 sec) for 

primer extension, with a final extension of the cycle at 72°C (10 min). The amplified 

PCR products were separated on 1.5% agarose gel, stained with RedSafe dye 

(Bulldog-Bio, Portsmouth, England) and visualized under UV Transillumination. The 

sequences of oligonucleotide primers were 5’-TGG TGA GAG GCA CAA GTT GG-3’ 
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and 5’-TGG GGA TAT CAA CAG GCT GC-3’ for SRY (designed on idtdna.com), and 5’-

TTA CGT CAA TCG TGG ACA GC-3’ and 5’-TGG GCT GGG TGT TAG TCT TA-3’ for 

Myog (McClive and Sinclair 2001). Figure 2.2 shows an example of an agarose gel 

electrophoresis of separated PCR products. Note: There are two sets of adult male and 

female controls. One set (white) was collected prior to this thesis. The second set 

(yellow), I collected during project. I was testing my controls against the standard 

controls that was used in previously in the Bailey Lab.   
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Figure 2.2 Agarose gel electrophoresis of PCR products ran on Dec 21, 2020 

PCR was used to confirm the sex of the young postnatal (P5-10) mice. The PCR 

products electrophoresed on 1.5 % agarose gel. Top: SRY; From left: Lane 1: Gene 

Ladder, Lane 2: Adult Male (positive control collected prior to this thesis), Lane 3: Adult 

Female (negative control, collected prior to this thesis), Lane 4: Adult Male (positive 

control, collected Aug 25 2020, sample 6) Lane 5: Adult Female (negative control, 

collected Sept 10, 2020 sample 7) Lane 6-18: samples 5, 8-18 from P5-10 mice. Band 

occurring at 368 bp indicated the male sex, absence of band occurring at 368 bp 

indicated as female sex. Bottom: Myog; From left: Lane 1: Gene Ladder, Lane 2: Adult 

Male (positive control collected prior to this thesis), Lane 3: Adult Female (positive 

control, collected prior to this thesis), Lane 4: Adult Male (positive control, collected Aug 

25 2020, sample 6) Lane 5: Adult Female (positive control, collected Sept 10, 2020 

sample 7) Lane 6-18: samples 5, 8-18 from P5-10 mice. Myog is used as a positive 

control for DNA/PCR quality, band at 245 bp.  
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2.6 Statistical Analysis 

All data are presented as mean ± SEM for neurons within each group. Statistical 

analysis was performed using GraphPad Prism 9.04 (GraphPad Software, La Jolla, CA, 

USA). A level of p < 0.05 was required to demonstrate statistical significance. Sex 

differences in basic electrophysiological properties at baseline and after apamin of ECVI 

pyramidal neurons from young postnatal pups and combined adult mice (without 

investigating the effect of the estrous cycle) was performed using the unpaired two-

tailed test. Sex differences in basic electrophysiological properties at baseline and after 

apamin of ECVI pyramidal neurons from adult mice (investigating the effect of the 

estrous cycle) was performed using one-way ANOVA. Sex differences in action 

potential frequency and peak mAHP amplitude in ECVI pyramidal neurons from young 

postnatal pups, adult mice (investigating the effect of the estrous cycle) and adult mice 

(without investigating the effect of the estrous cycle) at baseline and after apamin were 

performed using two-way ANOVA followed by Sidak’s multiple comparison post hoc 

test. Changes in basic electrophysiological properties, action potential frequency and 

mAHP amplitude in response of ECVI pyramidal neurons to exposure to apamin from 

young postnatal pups, adult mice (investigating the effect of the estrous cycle) and adult 

mice (without investigating the effect of the estrous cycle) were analyzed using two-way 

ANOVA followed by the Sidak’s multiple comparisons post hoc test. Our control ECVI 

pyramidal neurons from young postnatal mice, and adult mice were analyzed as stated 

above.  
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3 RESULTS 

3.1 Absence of baseline sex differences in young postnatal mice in 
for the excitability of ECVI pyramidal neurons 

Previously, Beryl Chung, a former PhD student of the Bailey lab found a profound 

sex difference in the excitability of ECVI pyramidal neurons in that neurons from young 

postnatal female mice intrinsically had a greater excitability than those from young 

postnatal male mice (Chung and Bailey 2019). Chung found that this sex difference 

correlated with a smaller AHP, higher resting membrane potential (RMP), higher input 

resistance (IR) and a greater excitability at low physiological inward currents in ECVI 

pyramidal neurons from female mice compared to males (Chung and Bailey 2019). We 

first sought to determine whether we could replicate the baseline sex differences in 

ECVI pyramidal neurons from young postnatal mice. This was accomplished by 

performing whole-cell electrophysiological recordings in coronal brain slices prepared 

from young postnatal (P5-10) male and female mice. Using neurons obtained from male 

and female mice of the same litter and age, we tested for sex differences in 

electrophysiological properties and capacity for excitation. Input resistance did not differ 

between neurons from male mice (368.3 ± 40.1 MΩ, n = 12 neurons from 9 mice) and 

female mice (444.4 ± 39.1 MΩ, n = 23 neurons from 10 mice) (two-tailed unpaired t-test, 

p = 0.2). Resting membrane potential did not differ between neurons from male mice (-

64.72 ± 1.99 mV, n = 12 neurons from 9 mice) and female mice (-65.04 ± 1.09 mV, n = 

23 neurons from 10 mice) (two-tailed unpaired t-test, p = 0.9). Spike amplitude did not 

differ between neurons from male mice (84.51 ± 3.13 mV, n = 12 neurons from 9 mice) 

and female mice (85.99 ± 2.16, n = 23 neurons from 10 mice) (two-tailed unpaired t-test, 
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p = 0.7). Rheobase did not differ between neuron from male mice (30.00 ± 6.25 mV, n = 

12 neurons from 9 mice) and female mice (30.00 ± 3.58 mV, n = 23 neurons from 10 

mice) (two-tailed unpaired t-test, p > 0.9). The average age did not differ between young 

postnatal male (9.0 ±0.3, n= 9 mice) and female mice (8.7 ± 0.4, n = 10 mice) (two-

tailed unpaired t-test, p = 0.6). A summary of these basic electrophysiological properties 

is located on Table 3.1. 

To determine the capacity for excitation in ECVI pyramidal neurons, we 

generated input-output curves. This was performed by injecting 500 ms positive current 

steps from 50 to 200 pA in 50 pA increments. The resulting input-output curves 

generated for ECVI pyramidal neurons from young postnatal mice are shown in Figure 

3.1 A, where male pups are shown in blue and female pups are shown in pink. 

Comparison of the input-output curve for ECVI pyramidal neurons from male and female 

mice by two-way ANOVA revealed a significant overall effect of the magnitude of 

current injected (F (2.94, 88.09) = 19.28, p < 0.0001). There was no effect of sex (F (1, 

30) = 0.54, p = 0.5) or interaction between these two factors (F (10, 300) = 1.57, p = 

0.1). The maximum action potential firing frequency was attained in response to 100 pA 

for neurons from male mice and 150 pA for neurons from female mice. Application of 

depolarizing currents greater than these values results in depolarization block due to 

over-excitation.  

Another method to assess excitation in ECVI pyramidal neurons, is to measure 

mAHP amplitude. To complete this measure, we conduct pulse burst experiments 

where trains of action potentials are induced from rest following the application of 
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depolarizing current pulses (trains of 1-32 2-nA current pulses of 2 ms duration at 50 

Hz). The mAHP amplitude was calculated for each neuron as the difference between 

resting membrane potential and the lowest membrane potential reached within 50-1000 

ms after the induction of the last action potential. Peak mAHP amplitude is shown in 

Figure 3.2 A, where male pups are in blue and female pups in pink. Comparison of the 

peak mAHP amplitude for ECVI pyramidal neurons from male and female mice by two-

way ANOVA revealed a significant overall effect of current pulse number (F (5, 115) = 

10.64, p < 0.0001). There was no effect of sex (F (1, 23) = 0.33, p = 0.6) or interaction 

between these two factors (F (23, 115) = 27.97, p = 0.2). Collectively, these results 

suggest that there is no intrinsic difference in ECVI pyramidal neuron excitability during 

young postnatal development. This contradicts the previous finding by Beryl Chung 

where neurons from females pups were more excitable (Chung and Bailey 2019). 
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Table 3.1. Baseline Basic Electrophysiological Properties of ECVI pyramidal 
neurons from young postnatal mice 

  
Baseline 

  Male Female p-value 

Sample size 
12 23   

Age 
9 ± 0.3 8.7 ± 0.4 0.6 

Input Resistance (MΩ) 368.3 ± 40.1  444.4 ± 39.1 0.2 

Resting Membrane (mV) -64.72 ± 1.99  -65.04 ± 1.09  0.9 

Spike Amplitude (mV) 84.51 ± 3.13  85.99 ± 2.16 0.7 

Rheobase (mV) 30.00 ± 6.25  30.00 ± 3.58  >0.9 

All values are mean ± SEM for young postnatal male and female mice. P values 

were determined by using two-tailed unpaired t-tests. No significant difference 

was observed between sexes for all parameters listed. 
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Figure 3.1 Baseline Action Potential Frequency of ECVI Pyramidal Neurons from 

Young Postnatal Mice 

A Input-Output curves for ECVI pyramidal neurons from young postnatal male (blue) 

and female mice (pink). Input-output curves were generated by measuring action 

potential firing frequency in response to injection of positive current steps from 50 to 200 

pA in 50 pA increments for 500 ms each. Action potential frequency was affected by the 

amount of current injected (two-way ANOVA, p < 0.0001). No effect of sex (two-way 

ANOVA, p = 0.5) or interaction (two-way ANOVA, p = 0.1) was observed between the 

two factors. Maximal firing frequency occurred at 100 pA for pyramidal neurons from 

male pups and 150 pA for pyramidal neurons from female mice. B Typical current-

clamp traces demonstrating action potentials elicited following injection of 100 pA are 

displayed for one neuron from male pups. C Typical current-clamp traces demonstrating 

action potentials elicited following injection of 100 pA are displayed for one neuron from 

female pups. All values are displayed as mean ± SEM. 
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Figure 3.2 Baseline mAHP Amplitude of ECVI Pyramidal Neurons from Young 

Postnatal Mice 

A Pulse burst experiments for measurement of the mAHP in ECVI pyramidal neurons 

from young postnatal male (blue) and female mice (pink). This graph was generated by 

inducing trains of action potentials (1-32 current pulses) from rest following the 

application of 2 nA depolarizing for 2 ms at 50 Hz, then calculating mAHP amplitude as 

the difference between resting membrane potential and the lowest membrane potential 

achieved 50-1000 ms after the last action potential was elicited. Peak mAHP amplitude 

was affected by the number of current pulses (two-way ANOVA, p <0.0001). No effect 

of sex (two-way ANOVA, p = 0.6) or interaction was observed between these two 

factors (two-way ANOVA, p =0.2). B Typical current-clamp traces demonstrating peak 

mAHP amplitude following 16 current pulses are displayed for one neuron from male 

pups. Peak mAHP amplitude indicated by black arrow. C Typical current-clamp traces 

demonstrating peak mAHP amplitude following 16 current pulses are displayed for one 

neuron from female pups. Peak mAHP amplitude indicated by black arrow. All values 

are displayed as mean ± SEM. 
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3.2 SK Channels do not modulate the excitability of ECVI pyramidal 
neurons from young postnatal pups  

Although previous studies have found that voltage- and/or Ca2+- dependent K+ 

channels underlie the mAHP (Lancaster and Adams 1986; Lorenzon and Foehring 

1992), there is still conflicting evidence regarding the specific channels involved in its 

generation (Brown et al. 1990; Gu et al. 2005). Previous studies conducted within the 

other regions of the HF have found that SK channels appear to be the largest 

contributor to the mAHP (Bond et al. 2004; Stocker 2004; Wang et al. 2011). Our lab 

has obtained similar results, demonstrating that SK channels mediate the mAHP in 

ECVI pyramidal neurons from young postnatal male mice (Chung and Bailey 2018), 

emphasizing the potential importance of SK channels to sex differences in the 

excitability of this neuronal population. Ultimately, one of my goals was to determine the 

role of SK channels on the mAHP and thus excitability of ECVI pyramidal neurons from 

young postnatal mice. This was accomplished by performing whole-cell 

electrophysiological recordings in coronal brain slices prepared from young postnatal 

(P5-10) male and female mice. I used neurons obtained from male and female mice of 

the same litter and age. After I characterized the passive and active properties of ECVI 

pyramidal neurons at baseline, based on previous literature, I applied 100 nM of 

apamin, the selective antagonist of SK channels for 10 minutes (Chung and Bailey 

2018; Gutzmann et al. 2019). To determine the role of SK channels and to test for 

potential sex differences in SK channel modulation of excitability, we remeasured and 

reassessed the basic electrophysiological properties and the capacity for excitation of 

ECVI pyramidal neurons from young postnatal male and female mice. Input resistance 
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did not differ between neurons from male mice (490.9 ± 53.5 MΩ, n = 10 neurons from 9 

mice) and female mice (583.1 ± 46.3 MΩ, n = 22 neurons from 10 mice) (two-tailed 

unpaired t-test, p = 0.2). Resting membrane potential did not differ between neurons 

from male mice (-61.67 ± 2.70 mV, n = 10 neurons from 9 mice) and female mice (-

59.49 ± 1.43 mV, n = 22 neurons from 10 mice) (two-tailed unpaired t-test, p = 0.4). 

Spike amplitude did not differ between neurons from male mice (79.89 ± 4.58 mV, n = 

10 neurons from 9 mice) and female mice (80.04 ± 2.62, n = 22 neurons from 10 mice) 

(two-tailed unpaired t-test, p > 0.9). Rheobase did not differ between neuron from male 

mice (26.50 ± 7.42 mV, n = 10 neurons from 9 mice) and female mice (27.50 ± 4.29 mV, 

n = 22 neurons from 10 mice) (two-tailed unpaired t-test, p = 0.9). A summary of these 

basic electrophysiological properties is located on Table 3.2. 

We compared the data from Table 3.1 (baseline) with those from this current 

experiment to determine the response of ECVI pyramidal neurons to apamin. If access 

to a neuron was lost during the application of apamin, the baseline value for that neuron 

was excluded when determining the role of SK channels on excitability. Upon 

comparing the change in input resistance of ECVI pyramidal neurons from young 

postnatal male and female mice by two-way ANOVA there was a significant effect of 

apamin (F (1, 60) = 6.70, p = 0.01). There was no effect of sex (F (1, 60) = 3.06, p = 

0.09) or interaction between these two factors (F (1, 60) = 0.0009, p > 0.9). Upon 

comparing the change in resting membrane potential of ECVI pyramidal neurons from 

young postnatal male and female mice by two-way ANOVA there was a significant 

effect of apamin (F (1, 60) = 6.35, p = 0.01). There was no effect of sex (F (1, 60) = 
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0.24, p = 0.6) or interaction between these two factors (F (1, 60) = 0.52, p = 0.5). 

Sidak’s post hoc test revealed a significant effect of apamin treatment in the increase of 

resting membrane potential in ECVI pyramidal neurons from female mice compared 

with baseline (p = 0.01). However, apamin treatment did not significantly affect the 

resting membrane potential in neurons from male mice (p = 0.5). Upon comparing the 

change in spike amplitude of ECVI pyramidal neurons from young postnatal male and 

female mice by two-way ANOVA there was no significant effect of apamin (F (1, 60) = 

3.07, p = 0.09), sex (F (1, 60) = 0.06, p = 0.8) or interaction between these two factors 

(F (1, 60) = 0.04, p = 0.8). Upon comparing the change in rheobase of ECVI pyramidal 

neurons from young postnatal male and female mice by two-way ANOVA there was no 

significant effect of apamin (F (1, 60) = 0.55, p = 0.5), sex (F (1, 60) = 0.03, p = 0.9) or 

interaction between these two factors (F (1, 60) = 0.13, p = 0.7). 

To be confident that the results shown were due to an effect of apamin and not 

due to the declining health of a neuron, we conducted whole-cell electrophysiological 

recordings on control ECVI pyramidal neurons. This was accomplished by conducting 

whole-cell electrophysiological recordings in coronal brain slices prepared from young 

postnatal (P5-10) mice, using male and female mice from the same litter at the same 

age. Baseline electrophysiological properties and capacity for excitation were 

established for each neuron as stated in section 3.1. The neurons were then held in the 

ACSF solution for 10 minutes, and the electrophysiological properties and capacity for 

excitation was remeasured and reassessed. Comparison of input resistance for ECVI 

pyramidal neurons from control male and control female mice by two-way ANOVA 
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revealed a significant overall effect vehicle (held in ASCF for 10 minutes) (F (1, 14) = 

6.73, p = 0.02). Comparison of resting membrane potential for ECVI pyramidal neurons 

from control male and control female mice by two-way ANOVA revealed a significant 

overall effect vehicle (held in ASCF for 10 minutes) (F (1, 14) = 6.60, p = 0.02). This 

data suggest that the increases in input resistance and in resting membrane potential 

after the application of apamin may be due to the declining health of the cell or quality of 

the whole-cell configuration, and not apamin itself.  

To reassess the capacity for excitation after application of apamin in ECVI 

pyramidal neurons from young postnatal mice, we generated input-output curves. This 

was performed by injecting 500 ms positive current steps from 50 to 200 pA in 50 pA 

increments. The resulting input-output curves generated for ECVI pyramidal neurons 

from young postnatal mice are shown in Figure 3.3 A, where male pups are shown in 

blue and female pups are shown in pink. Comparison of the input-output curve for ECVI 

pyramidal neurons following apamin exposure from male and female mice by two-way 

ANOVA revealed a significant overall effect of the magnitude of current injected (F 

(2.70, 72.76) = 12.42, p < 0.0001). There was no effect of sex (F (1, 27) = 0.30, p = 0.6) 

or interaction between these two factors (F (10, 270) = 0.31, p > 0.9). The maximum 

action potential firing frequency was attained in response to 150 pA for neurons from 

both male mice and female mice. Application of depolarizing currents greater than these 

values results in depolarization block due to over-excitation.  

We compared the data from Figure 3.1 A (baseline) with those from this current 

experiment to determine the response of ECVI pyramidal neurons to apamin. If access 
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to a neuron was lost during the application of apamin, the baseline value for that neuron 

was excluded when determining the role of SK channels on excitability. Shown in 

Figure 3.3. B is the comparison the action potential frequency of ECVI pyramidal 

neurons young postnatal male pups (light blue) to baseline (dark blue). By two-way 

ANOVA there was a significant overall effect of the magnitude of current injected (F 

(2.41, 43.35) = 9.76, p = 0.0001). However, there was no effect of apamin (F (1, 18) = 

0.002, p > 0.9) or interaction between these two factors (F (10, 180) = 0.31, p > 0.9). 

Maximal firing frequency occurred at 100 pA for pyramidal neurons at baseline and 150 

pA following exposure to apamin. Shown in Figure 3.3. C is the comparison of ECVI 

pyramidal neurons young postnatal female pups (light pink) to baseline (dark pink). By 

two-way ANOVA there was a significant overall effect of the magnitude of current 

injected (F (2.77, 105.1) = 29.86, p < 0.0001). However, there was no effect of apamin 

(F (1, 38) = 0.04, p = 0.9) or interaction between these two factors (F (10, 380) = 0.44, p 

= 0.9). These results suggest that inhibition of SK channels does not alter the action 

potential frequency of ECVI pyramidal neurons from young postnatal male and female 

mice.  

We also remeasured mAHP amplitude of ECVI pyramidal neurons from young 

postnatal mice after exposure to apamin. To complete this measure, we conducted 

pulse burst experiments where trains of action potentials are induced from rest following 

the application of depolarizing current pulses (trains of 1-32 2-nA current pulses of 2 ms 

duration at 50 Hz). The mAHP amplitude was calculated for each neuron as the 

difference between resting membrane potential and the lowest membrane potential 
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reached from 50-1000 ms after the induction of the last action potential. Peak mAHP 

amplitude following apamin application is shown in Figure 3.4 A, where male pups are 

in blue and female pups in pink. Comparison of the peak mAHP amplitude for ECVI 

pyramidal neurons from male and female mice following apamin exposure by two-way 

ANOVA revealed no effect of current pulse number (F (5, 95) = 2.28, p = 0.05), sex (F 

(1, 19) = 0.07, p = 0.05) or interaction between these two factors (F (5, 95) = 0.84, p = 

0.5).  

We compared the data from Figure 3.2 A (baseline) with those from this current 

experiment to determine whether a change occurred in the mAHP amplitude of ECVI 

pyramidal neurons from young postnatal mice after exposure to 100 nM of apamin. If 

access to a neuron was lost during the application of apamin, the baseline value for that 

neuron was excluded when determining the mAHP amplitude. Shown in Figure 3.4. B 

is the comparison the mAHP amplitude of ECVI pyramidal neurons young postnatal 

male pups (light blue) to baseline (dark blue). By two-way ANOVA there was no effect 

of the number of current pulses (F (5, 36) = 0.1, p > 0.9), apamin (F (1, 36) = 0.14, p = 

0.7) or interaction between these two factors (F (5, 36) = 0.29, p > 0.9). Shown in 

Figure 3.4 C is the comparison of ECVI pyramidal neurons young postnatal female 

pups (light pink) to baseline (dark pink). By two-way ANOVA there was no significant 

effect of the number of current pulses (F (5, 78) = 1.14, p = 0.3), apamin (F (1, 78) = 

1.14, p = 0.2) or interaction between these two factors (F (5, 78) = 0.36, p = 0.9). These 

results suggest that inhibition of SK channels does not alter the peak mAHP amplitude 

of ECVI pyramidal neurons from young postnatal male and female mice. Contrary to our 
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initial hypothesis and previous literature (Chung and Bailey 2018), my results suggest 

that SK channels are not the largest contributor to the mAHP and thus overall 

excitability of ECVI pyramidal neurons from young postnatal male and female mice.  
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Table 3.2. Basic Electrophysiological Properties After Exposure to Apamin in 
ECVI Pyramidal Neurons from Young Postnatal Mice 

  
               

Apamin 
        

  Male Female 

Difference 
between 

sexes             
p-value 

Effect of 
Apamin          
p-value 

Effect of 
sex               

p-value 

Sample Size 10 22       
Input Resistance 

(MΩ) 490.9 ± 53.5** 583.1 ± 46.3** 0.2 0.01 0.09 
Resting Membrane 

(mV) -61.67 ± 2.70** -59.49 ± 1.43**,***  0.4 0.01 0.6 
Spike Amplitude 

(mV) 79.89 ± 4.58  80.04 ± 2.62 >0.9 0.09 0.8 

Rheobase (mV) 26.50 ± 7.42 27.50 ± 4.29 0.9 0.5 0.9 

All values are mean ± SEM for young postnatal male and female mice. No 

significant difference observed between young postnatal male and female mice via 

unpaired two-tailed t-test. Overall significant effect of apamin by two-way ANOVA 

indicated by **. No significant effect of sex by two-way ANOVA. Statistically significant 

difference via post hoc analyses between respective baseline (Table 3.1) and after 

application of apamin indicated by ***. 

  

Apamin 
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Figure 3.3 Action Potential Frequency of ECVI Pyramidal Neurons from Young 

Postnatal Mice Following Exposure to Apamin 

A Input-Output curves to test for sex difference in action potential frequency of ECVI 

pyramidal neurons from young postnatal male (blue) and female mice (pink) following 

exposure to 100 nM of apamin. Input-output curves were generated by measuring 

action potential firing frequency in response to injection of positive current steps from 50 

to 200 pA in 50 pA increments for 500 ms each. Action potential frequency was affected 

by the amount of current injected (two-way ANOVA, p < 0.0001). No effect of sex (two-

way ANOVA, p = 0.6) or interaction (two-way ANOVA, p >0.9) was observed between 

the two factors. Maximal firing frequency occurred at 150 pA for pyramidal neurons from 

male pups and female mice. B Input-Output curves for ECVI pyramidal neurons from 

young postnatal male mice comparing action potential frequency after exposure to 100 

nM of apamin (light blue) to baseline (dark blue). Action potential frequency was 

affected by the amount of current injected (two-way ANOVA, p = 0.0001). There was no 

effect of apamin (two-way ANOVA, p >0.9) or interaction between these two factors 

(two-way ANOVA, p > 0.9). Maximal firing frequency occurred at 100 pA for pyramidal 

neurons at baseline and 150 pA following exposure to apamin. C Input-Output curves 

for ECVI pyramidal neurons from young postnatal female mice comparing action 

potential frequency after exposure to 100 nM of apamin (light pink) to baseline (dark 

pink). Action potential frequency was affected by the amount of current injected (two-

way ANOVA, p < 0.0001), No effect of apamin (two-way ANOVA, p = 0.9) or interaction 

was observed between these two factors (two-way ANOVA, p = 0.9). Maximal firing 
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frequency occurred at 150 pA for pyramidal neurons at baseline and 100 pA following 

exposure to apamin. D Typical current-clamp traces demonstrating action potentials 

elicited following injection of 100 pA are displayed for one neuron at baseline (black) 

and following apamin exposure (red) from male pups. E Typical current-clamp traces 

demonstrating action potentials elicited following injection of 100 pA are displayed for 

one neuron at baseline (black) and following apamin exposure (red) from female pups. 

All values are displayed as mean ± SEM. 
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Figure 3.4 mAHP Amplitude of ECVI Pyramidal Neurons from Young Postnatal 

Mice following Exposure to Apamin 

A Pulse burst experiments for measurement of the mAHP amplitude in ECVI pyramidal 

neurons from young postnatal male (blue) and female mice (pink) following exposure to 

100 nM of apamin. This graph was generated by inducing trains of action potentials (1-

32 current pulses) from rest following the application of 2 nA depolarizing for 2 ms at 50 

Hz, then calculating mAHP amplitude as the difference between resting membrane 

potential and the lowest membrane potential achieved 50-1000 ms after the last action 

potential was elicited. Peak mAHP amplitude was not affected by the number of current 

pulses (two-way ANOVA, p = 0.05), sex (two-way ANOVA, p = 0.05) and no interaction 

was observed between these two factors (two-way ANOVA, p =0.5). B Graph of peak 

mAHP amplitude for ECVI pyramidal neurons from young postnatal male mice 

comparing mAHP amplitude after exposure to apamin (light blue) to baseline (dark 

blue). Peak mAHP amplitude was not affected by number of current pulses (two-way 

ANOVA, p > 0.9), apamin (p = 0.7) and no interaction was observed between these two 

factors (p > 0.9). C Graph of peak mAHP amplitude for ECVI pyramidal neurons from 

young postnatal female mice comparing mAHP amplitude after exposure to apamin 

(light pink) to baseline (dark pink). Peak mAHP amplitude was not affected by the 

number of current pulses (p = 0.3), apamin (p = 0.2) and no interaction was observed 

between these two factors (p = 0.9). D Typical current-clamp traces demonstrating peak 

mAHP amplitude following 16 current pulses are displayed for one neuron from male 

pups at baseline (black) and following apamin exposure (red). Peak mAHP amplitude is 
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indicated by black arrow. E Typical current-clamp traces demonstrating peak mAHP 

amplitude following 16 current pulses are displayed for one neuron from female pups at 

baseline (black) and following apamin exposure (red). Peak mAHP amplitude indicated 

by black arrow. All values are displayed as mean ± SEM. 
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3.3 Absence of baseline sex differences amongst adult mice in the 
excitability of ECVI pyramidal neurons 

As previously stated, a previous PhD student in the Bailey lab discovered a 

profound sex difference in the excitability of ECVI pyramidal neurons in that, pyramidal 

neurons from female mice were more excitable than those from males (Chung and 

Bailey 2019). Since brain development in young postnatal period (P5-10) of mice is 

equivalent to that of brain development that occurs in the human third trimester (Clancy 

et al. 2001), we sought to determine whether the sex difference in ECVI pyramidal 

neuron excitability observed by Chung in young postnatal mice is a transient difference 

that only occurs during development or whether the difference in excitability is an innate 

and persistent sex difference. As previous literature as implicated hormones such as E 

and P in modulating neuronal excitability (Carrer et al. 2003; Edwards et al. 2000; Joels 

and Karst 1995; Landgren et al. 1978; Rudick and Woolley 2001; Woolley et al. 1997; 

Wu et al. 2011), we also sought to test whether fluctuations of E and P during the 

mouse estrous cycle influences the excitability of ECVI pyramidal neurons. These goals 

were accomplished by performing whole-cell electrophysiological recordings in coronal 

brain slices prepared from young adult (P80-120) male and female mice in two stages 

of the mouse estrous cycle; Pro and Met. After reviewing conflicting literature, the Bailey 

lab has agreed that it appears that levels of E are maximal during Pro and levels of P 

are maximal during Met in mice (Felicio et al. 1981; Haim et al. 2003; Nelson et al. 

2007; Nilsson et al. 2015; P and MT 2018; Scharfman et al. 2003a). Using ECVI 

neurons obtained from male mice, Pro female mice and Met female mice, we tested for 

sex differences in electrophysiological properties and capacity for excitation. Input 
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resistance did not differ between neurons from male mice (240.6 ± 18.8 MΩ, n = 33 

neurons from 10 mice), Pro female mice (225.5 ± 15.8 MΩ, n = 27 neurons from 5 mice) 

and Met female mice (205.1 ± 17.7 MΩ, n = 19 neurons from 4 mice) (one-way ANOVA, 

p = 0.4). Resting membrane potential did not differ between neurons from male mice (-

67.38 ± 0.59 mV, n = 33 neurons from 10 mice), Pro female mice (-67.09 ± 0.99 mV, n 

= 27 neurons from 5 mice) and Met female mice (-68.68 ± 0.66 m, n = 19 neurons from 

4 mice) (one-way ANOVA, p = 0.4). Spike amplitude did not differ between neurons 

from male mice (93.48 ± 2.40 mV, n = 33 neurons from 10 mice), Pro female mice 

(92.97 ± 1.37, n = 27 neurons from 5 mice) and Met female (96.74 ± 1.90 mV, n = 19 

neurons from 4 mice) (one-way ANOVA, p = 0.5). Rheobase did not differ between 

neurons from male mice (63.48 ± 5.84 mV, n = 33 neurons from 10 mice), Pro female 

mice (67.22 ± 7.26 mV, n = 27 neurons from 5 mice) and Met female mice (76.05 ± 9.71 

mV, n = 19 neurons from 4 mice) (one-way ANOVA, p = 0.5). The average age did not 

differ between adult male (99.38 ± 4.46, n= 10 mice), Pro female (112.4 ± 3.0, n = 5 

mice), and Met female mice (116.5 ± 2.1, n = 4 mice) (one-way ANOVA, p = 0.05). A 

summary of these basic electrophysiological properties is located on Table 3.3. 

To determine the capacity for excitation in ECVI pyramidal neurons, we 

generated input-output curves. This experiment is identical to procedure described in 

section 3.1 and was performed by injecting 500 ms positive current steps from 50 to 200 

pA in 50 pA increments. The resulting input-output curves generated for ECVI pyramidal 

neurons from adult mice are shown in Figure 3.5 A, where males are shown in blue, 

Pro females are shown in pink and Met females are shown in green. Comparison of the 
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input-output curve for ECVI pyramidal neurons from adult male and female mice by two-

way ANOVA revealed a significant overall effect of the magnitude of current injected (F 

(2.11, 132.9) = 258.7, p < 0.0001). There was no effect of experimental group (F (2, 63) 

= 0.56, p = 0.6) or interaction between these two factors (F (8, 252) = 0.62, p = 0.8). 

The maximum action potential firing frequency was attained in response to 200 pA for 

ECVI pyramidal neurons from all three groups.  

As mentioned previously, another method to assess excitation in ECVI pyramidal 

neurons, is to measure mAHP amplitude. To complete this measure, we conduct pulse 

burst experiments where trains of action potentials are induced from rest following the 

application of depolarizing current pulses (trains of 1-32 2-nA current pulses of 2 ms 

duration at 50 Hz). The mAHP amplitude was calculated for each neuron as the 

difference between resting membrane potential and the lowest membrane potential 

reached from 50-1000 ms after the induction of the last action potential. Peak mAHP 

amplitude is shown in Figure 3.6 A, where adult males are in blue, Pro females in pink 

and Met females in green. Comparison of the peak mAHP amplitude for ECVI pyramidal 

neurons from the three groups by two-way ANOVA revealed a significant overall effect 

of current pulse number (F (5, 335) = 127.6, p < 0.0001). There was no effect of 

experimental group (F (2,67) = 1.40, p = 0.3) or interaction between these two factors (F 

(10, 335) = 1.22, p = 0.3). Together, this data suggests that no difference in ECVI 

pyramidal neuron excitability exists for adult mice.  
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Table 3.3. Baseline Basic Electrophysiological Properties of ECVI pyramidal 
neurons from Adult mice 

 

    Baseline     

  Male Pro Female Met Female p-value 

Sample Size 33 27 19   

Age 99.38 ± 4.46 112.4 ± 3.0 116.5 ± 2.1 0.05 

Input Resistance 
(MΩ) 240.6 ± 18.8 225.5 ± 15.8 205.1±17.7 0.4 

Resting Membrane 
(mV) -67.38 ± 0.59 -67.09 ± 0.99 -68.68 ± 0.66 0.4 

Spike Amplitude 
(mV) 93.48 ± 2.40 92.97 ± 1.37 96.7 ± 1.9 0.5 

Rheobase (mV) 63.48 ± 5.84 67.22 ± 7.26 76.05 ± 9.71 0.5 

All values are mean ± SEM for young postnatal male and female mice. P values 

were determined by using one-way ANOVA. No significant difference amongst 

the three groups was observed.  
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Figure 3.5 Baseline Action Potential Frequency of ECVI Pyramidal Neurons from 

Adult Mice 

A Input-Output curves for ECVI pyramidal neurons from adult male (blue), Pro female 

(pink) and Met female (green) mice. Input-output curves were generated by measuring 

action potential firing frequency in response to injection of positive current steps from 50 

to 200 pA in 50 pA increments for 500 ms each. Action potential frequency was affected 

by the amount of current injected (two-way ANOVA, p < 0.0001). No effect of 

experimental group (two-way ANOVA, p = 0.6) or interaction (two-way ANOVA, p = 0.8) 

was observed between the two factors. Maximal firing frequency occurred at 200 pA for 

pyramidal neurons from all three groups. B Typical current-clamp traces demonstrating 

action potentials elicited following injection of 100 pA are displayed for one neuron from 

adult males. C Typical current-clamp traces demonstrating action potentials elicited 

following injection of 100 pA are displayed for one neuron from Pro females. D Typical 

current-clamp traces demonstrating action potentials elicited following injection of 100 

pA are displayed for one neuron from Met females. All values are displayed as mean ± 

SEM. 
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Figure 3.6 Baseline mAHP Amplitude of ECVI Pyramidal Neurons from Adult Mice 

A Pulse burst experiments for measurement of the mAHP in ECVI pyramidal neurons 

from adult male (blue), Pro female (pink) and Met female (green) mice. This graph was 

generated by inducing trains of action potentials (1-32 current pulses) from rest 

following the application of 2 nA depolarizing for 2 ms at 50 Hz, then calculating mAHP 

amplitude as the difference between resting membrane potential and the lowest 

membrane potential achieved 50-1000 ms after the last action potential was elicited. 

Peak mAHP amplitude was affected by the number of current pulses (two-way ANOVA, 

p <0.0001). No effect of experimental group (two-way ANOVA, p = 0.3) or interaction 

was observed between these two factors (two-way ANOVA, p =0.3). B Typical current-

clamp traces demonstrating peak mAHP amplitude following 16 current pulses are 

displayed for one neuron from adult male mice. Peak mAHP amplitude indicated by 

black arrow. C Typical current-clamp traces demonstrating peak mAHP amplitude 

following 16 current pulses are displayed for one neuron from Pro female mice. Peak 

mAHP amplitude indicated by black arrow. D Typical current-clamp traces 

demonstrating peak mAHP amplitude following 16 current pulses are displayed for one 

neuron from Met female mice. Peak mAHP amplitude indicated by black arrow. All 

values are displayed as mean ± SEM. 
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3.4 SK Channels modulate the excitability of ECVI pyramidal neurons 
from adult mice 

Based on previous literature, and a finding previously discovered in our lab in that 

SK channels mediate the mAHP of ECVI pyramidal neurons from young postnatal male 

mice (Chung and Bailey 2018), we sought to test whether SK channels influence the 

excitability of ECVI pyramidal neurons in adult mice and if so, whether SK channels 

exert a distinct influence on the mAHP between sexes. Again, these goals were 

accomplished by performing whole-cell electrophysiological recordings in coronal brain 

slices prepared from young adult (P80-120) male and female mice in two stages of the 

mouse estrous cycle; Pro and Met. Following a 10 min application of 100 nM of apamin, 

we remeasured the electrophysiological properties and capacity for excitation of ECVI 

pyramidal neurons amongst the three groups. Input resistance did not differ between 

neurons from male mice (381.8 ± 32.9 MΩ, n = 28 neurons from 10 mice), Pro female 

mice (348.4 ± 29.1 MΩ, n = 24 neurons from 5 mice) and Met female mice (306.6 ± 23.5 

MΩ, n = 19 neurons from 4 mice) (one-way ANOVA, p = 0.7). There was a significant 

difference in resting membrane potential among neurons from male mice (-63.84 ± 0.77 

mV, n = 24 neurons from 10 mice), Pro female mice (-66.03 ± 1.27 mV, n = 24 neurons 

from 5 mice) and Met female mice (-69.29 ± 1.19 mV, n = 19 neurons from 4 mice) 

(one-way ANOVA, p = 0.003). Sidak’s post hoc analyses revealed a significant 

difference in resting membrane potential between males and Met females (p = 0.002). 

This difference was not observed between males and Pro females (p = 0.3) or between 

the female groups (p = 0.1). Spike amplitude did not differ between neurons from male 

mice (86.37 ± 2.38 mV, n = 28 neurons from 10 mice), Pro female mice (82.84 ± 1.96, n 
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= 24 neurons from 5 mice) and Met female (88.25 ± 2.73 mV, n = 19 neurons from 4 

mice) (one-way ANOVA, p = 0.3). Rheobase did significantly differ among neurons from 

male mice (34.46 ± 3.16 mV, n = 28 neurons from 10 mice), Pro female mice (46.88 ± 

5.17 mV, n = 24 neurons from 5 mice) and Met female mice (49.76 ± 5.24 mV, n = 19 

neurons from 4 mice) (one-way ANOVA, p = 0.04). Sidak’s post hoc analyses revealed 

no significant difference in spike amplitude between males and Met females (p = 0.05), 

between males and Pro females (p = 0.1) or between the female groups (p = 0.9). A 

summary of these basic electrophysiological properties is located on Table 3.4. 

We compared the data from Table 3.3 (baseline) with those from this current 

experiment to determine the response of ECVI pyramidal neurons to apamin. If access 

to a neuron was lost during the application of apamin, the baseline value for that neuron 

was excluded when comparing after apamin exposure to baseline. Upon comparing the 

change in input resistance of ECVI pyramidal neurons from adult male, Pro female and 

Met female mice by two-way ANOVA there was a significant effect of apamin (F (1, 144) 

= 36.16, p < 0.0001). There was no effect of experimental group (F (2, 144) = 2.42, p = 

0.09) or interaction between these two factors (F (2, 144) = 0.31, p = 0.7). Sidak’s post 

hoc analyses revealed a significant increase in input resistance between all three 

groups after apamin exposure and their respective baselines: adult male (p < 0.0001), 

Pro female (p = 0.001) and Met female (p = 0.03). Upon comparing the change in 

resting membrane potential of ECVI pyramidal neurons from adult male, Pro female and 

Met female mice by two-way ANOVA there was a significant effect of experimental 

group (F (2, 144) = 6.41, p = 0.002). There was no effect of apamin (F (1, 144) = 3.01, p 
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= 0.08) or interaction between these two factors (F (2, 144) = 2.54, p = 0.08). Sidak’s 

post hoc analyses revealed a significant increase in resting membrane potential 

between adult males after apamin exposure and their respective baselines (p = 0.01) 

but not in Pro (p = 0.8) or Met (p > 0.9) females. Upon comparing the change in spike 

amplitude of ECVI pyramidal neurons from adult male, Pro female and Met female mice 

by two-way ANOVA there was a significant effect of apamin (F (1, 144) = 21.74, p < 

0.0001). There was no effect of experimental group (F (2, 144) = 1.89, p = 0.2) or 

interaction between these two factors (F (2, 144) = 0.26, p = 0.8). Sidak’s post hoc 

analyses revealed a significant decrease in spike amplitude between adult males (p = 

0.04) and Pro females (p = 0.004) after apamin exposure to their respective baselines. 

However, this was not observed in Met females (p = 0.06). Upon comparing the change 

in rheobase of ECVI pyramidal neurons from adult male, Pro female and Met female 

mice by two-way ANOVA there was a significant effect of apamin (F (1, 146) = 24.54, p 

< 0.0001). There was no effect of experimental group (F (2, 146) = 2.57, p = 0.08) or 

interaction between these two factors (F (2, 146) = 0.28, p = 0.8). Sidak’s post hoc 

analyses revealed a significant decrease in rheobase between adult males (p = 0.001) 

and Met females (p = 0.03) after apamin exposure to their respective baselines. This 

was not observed between Pro females (p = 0.06). 

To be confident that the data shown were due to an effect of apamin and not due 

to the declining health or quality of the whole-cell configuration for a neuron, we 

conducted whole-cell electrophysiological recordings on control ECVI pyramidal 

neurons. This was accomplished by conducting whole-cell electrophysiological 
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recordings in coronal brain slices prepared from adult (P80-120) male, Pro female and 

Met female mice. Baseline electrophysiological properties and capacity for excitation 

were established for each neuron as stated in section 3.5. Same as the control for 

young postnatal mice, the neurons were held in the ACSF solution for 10 minutes, and 

the electrophysiological properties and capacity for excitation was remeasured and 

reassessed. Comparison of input resistance for ECVI pyramidal neurons from control 

male and control female mice by two-way ANOVA revealed a significant overall effect 

vehicle (held in ASCF for 10 minutes) (F (1, 20) = 4.70, p = 0.04). However, Sidak’s 

post hoc analyses did not reveal any significant difference between baseline and after 

apamin exposure among all three groups. Comparison of spike amplitude for ECVI 

pyramidal neurons from control male and control female mice by two-way ANOVA 

revealed a significant overall effect vehicle, (F (1, 20) = 5.99, p = 0.02). However, 

Sidak’s post hoc analyses did not reveal any significant difference between baseline 

and after apamin exposure among all three groups. Comparison of rheobase for ECVI 

pyramidal neurons from control male and control female mice by two-way ANOVA 

revealed a significant overall effect of vehicle, (F (1, 20) = 4.93, p = 0.04). However, 

Sidak’s post hoc analyses did not reveal any significant difference between baseline 

and after apamin exposure among all three groups. Since there was not a significant 

change within the three groups for any measure after vehicle compared to baseline, I 

have concluded that the change in input resistance, spike amplitude and rheobase 

observed after exposure to apamin is largely due exposure to apamin where it is likely 
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that the declining health or quality of the whole-cell configuration for neurons has a 

minor effect on the observed changes in those properties.  

To reassess the capacity for excitation after application of apamin in ECVI 

pyramidal neurons from adult mice, we generated input-output curves. The resulting 

input-output curves generated for ECVI pyramidal neurons from adult mice are shown in 

Figure 3.7 A, where adult males are shown in blue, Pro females in pink and Met 

females in green. Comparison of the input-output curve for ECVI pyramidal neurons 

following apamin exposure from adult mice by two-way ANOVA revealed a significant 

overall effect of the magnitude of current injected (F (2.65, 167.1) = 190.0, p < 0.0001). 

There was no effect of experimental group (F (2, 63) = 1.22, p = 0.3) or interaction 

between these two factors (F (8, 252) = 0.72, p = 0.7). The maximum action potential 

firing frequency was attained in response to 200 pA for neurons from all three groups.  

We compared the data from Figure 3.5 A (baseline) with those from this current 

experiment to determine the response of ECVI pyramidal neurons to apamin. If access 

to a neuron was lost during the application of apamin, the baseline value for that neuron 

was excluded. Figure 3.7. B is the comparison of action potential frequency of ECVI 

pyramidal neurons from adult males (light blue) to baseline (dark blue). By two-way 

ANOVA there was a significant effect of the magnitude of current injected (F (2.61, 

135.7) = 213.2, p < 0.0001), apamin (F (1, 52) = 6.47, p = 0. 01) and interaction 

occurred between these two factors (F (4, 208) = 5.02, p = 0.0007). Sidak’s post hoc 

analyses revealed a significant increase in action potential frequency occurred after 

apamin exposure at 50 pA (p = 0.004) and 100 pA (p = 0.007). Maximal firing frequency 



 

 

86 

 

occurred at 200 pA for pyramidal neurons at baseline and following exposure to apamin. 

To be confident that this result was due to an effect of apamin, we compared this data 

to the data obtained from control adult males. The protocol for control ECVI pyramidal 

neurons from adult mice was identical to the protocol for control ECVI pyramidal 

neurons for young postnatal mice (section 3.2). Compared to baseline, by two-way 

ANOVA, there was only a significant effect of the magnitude of current injected (F (4, 

35) = 15.19, p < 0.0001) in the control (held in ACSF for 10 min) ECVI pyramidal 

neurons. There was no effect of vehicle (F (1,35) = 0.1, p = 0.8) or interaction (F (4,35) 

= 0.29, p = 0.9) (Data not shown). This indicates that the increase in action potential 

frequency in ECVI pyramidal neurons from adult male mice was a direct result of the 

application of apamin. Figure 3.7. C is the comparison of ECVI pyramidal neurons in 

Pro females after apamin (light pink) to baseline (dark pink). By two-way ANOVA there 

was a significant overall effect of the magnitude of current injected (F (2.29, 86.84) = 

98.86, p < 0.0001). However, there was no effect of apamin (F (1, 38) = 1.61, p = 0.2) or 

interaction of these two factors (F (4, 152) = 0.90, p = 0.5). Maximal firing frequency 

occurred at 200 pA for pyramidal neurons at baseline and following exposure to apamin. 

Figure 3.7. D is the comparison of ECVI pyramidal neurons in Met females after apamin 

(light green) to baseline (dark green). By two-way ANOVA there was a significant 

overall effect of the magnitude of current injected (F (2.31, 83.08) = 146.6, p < 0.0001). 

However, there was no effect of apamin (F (1, 36) = 2.32, p = 0.1) or interaction of these 

two factors (F (4, 144) = 1.90, p = 0.1). Maximal firing frequency occurred at 200 pA for 

pyramidal neurons at baseline and following exposure to apamin.  
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Again, we remeasured mAHP amplitude of ECVI pyramidal neurons from adult 

mice after the 10 min exposure to 100 nM apamin. Pulse burst experiment protocol and 

calculation of peak mAHP amplitude has been discussed extensively in previous 

sections. Peak mAHP amplitude following apamin application is shown in Figure 3.8 A, 

where adult males are in blue, Pro females in pink and Met females in green. 

Comparison of the peak mAHP amplitude for ECVI pyramidal neurons from the three 

groups by two-way ANOVA revealed a significant overall effect of current pulse number 

(F (5, 402) = 18.82, p < 0.0001). There was no effect of experimental group (F (2, 402) 

= 2.55, p = 0.08) or interaction between these two factors (F (10, 402) = 0.41, p = 0.9).  

We compared the data from Figure 3.6 A (baseline) with those from this current 

experiment to determine whether a change occurred in the mAHP amplitude of ECVI 

pyramidal neurons from adult mice after exposure to 100 nM of apamin. If access to a 

neuron was lost during the application of apamin, the baseline value for that neuron was 

excluded when determining the mAHP amplitude. Figure 3.8 B compares the peak 

mAHP amplitude of ECVI pyramidal neurons from adult males (light blue) to baseline 

(dark blue). By two-way ANOVA there was a significant effect of pulse number (F 

(5,162) = 16.85, p < 0.0001) and apamin (F (1, 162) = 33.63, p < 0.0001), and there 

was also an interaction between these two factors (F (5,162) = 2.613, p = 0.03). Overall, 

exposure to apamin reduced the mAHP in these neurons relative to baseline. Sidak’s 

post hoc analyses revealed a significant difference in mAHP amplitude at 8 (p = 0.03) 

and 32 (p <0.0001) current pulses. To be confident that we observed a true effect of 

apamin, we also measured peak mAHP amplitude in our control ECVI pyramidal 
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neurons from adult males (Data not shown). Two-way ANOVA revealed a significant 

effect of pulse number (F (5, 36) = 3.80, p = 0.007) and vehicle (being held in ACSF for 

10 min) (F (1,36) = 7.90, p = 0.008). There was no interaction between the two factors 

(F (5,36) = 0.23, p = 0.9). Sidak’s post hoc analyses did not reveal any significant 

difference between our control baseline and control treated neurons. However, unlike 

the ECVI pyramidal neurons from adult males that had a reduced mAHP amplitude 

relative to their baseline in response to treatment with apamin, the control neurons 

exhibited an increase in mAHP amplitude relative to their baseline in response to the 

vehicle. Thus, the reduction in mAHP amplitude observed ECVI pyramidal neurons 

following apamin exposure, is likely the direct result of apamin. Shown in Figure 3.8 C 

is the comparison of the peak mAHP amplitude of ECVI pyramidal neurons from adult 

Pro females (light pink) to baseline (dark pink). By two-way ANOVA there was a 

significant effect of pulse number (F (5,132) = 11.64, p < 0.0001) and apamin (F (1, 

132) = 4.89, p = 0.03). However, there was no interaction between these two factors (F 

(5,132) = 1.35, p = 0.3). Exposure to apamin in Pro female ECVI pyramidal neurons 

reduced the peak mAHP amplitude relative to baseline. Sidak’s post hoc analyses 

revealed a significant difference in mAHP amplitude at 32 (p = 0.03) current pulses. To 

be confident that we observed a true effect of apamin, we also measured peak mAHP 

amplitude in our control ECVI pyramidal neurons from Pro females (Data not shown). 

Two-way ANOVA revealed no effect of pulse number (F (5, 12) = 0.76, p = 0.6), vehicle 

(being held in ACSF for 10 min) (F (1, 12) = 3.88, p = 0.07) or interaction between these 

two factors (F (5, 12) = 0.68, p = 0.6). Although no significant difference existed, it is 
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worth noting that vehicle in our control mice resulted in a greater mAHP amplitude 

compared to their baseline. Thus, the reduction in mAHP amplitude observed ECVI 

pyramidal neurons following apamin exposure, is likely the direct result of apamin. 

Shown in Figure 3.8 D is the comparison of the peak mAHP amplitude of ECVI 

pyramidal neurons from adult Met females (light green) to baseline (dark green). By 

two-way ANOVA there was a significant effect of pulse number (F (5,108) = 13.12, p < 

0.0001). There was no effect of apamin (F (1, 108) = 2.47, p = 0.1) or interaction 

between these two factors (F (5, 108) = 1.05, p = 0.4). Collectively, my results 

demonstrate that SK channels do influence the excitability of adult ECVI pyramidal 

neurons where it appears that SK channels have a greater role to control neuronal 

excitability in male mice than in female mice. 
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Table 3.4. Basic Electrophysiological Properties After Exposure to Apamin in 
ECVI Pyramidal Neurons from Adult Mice 

 

All values are mean ± SEM for adult male and female mice. Statistically 

significant difference among the three groups by one-way ANOVA indicated by *. 

Overall significant effect of apamin by two-way ANOVA indicated by **. Overall 

significant effect of experimental group by two-way ANOVA indicated by *** 

Statistically significant difference via post hoc analyses between respective 

baseline (Table 3.3) and after application of apamin indicated by ****.  

    Apamin         

  Male Pro Female Met Female 

Differen
ce 

between 
sexes    

p-value 

Effect of 
Apamin       
p-value 

Effect of 
sex              

p-value 

Sample Size 28 24 19       

Input 
Resistance 

(MΩ) 381.8 ± 32.9**,**** 348.4 ± 29.1**,**** 306.6 ± 23.5**,**** 0.7 <0.0001 0.09 

Resting 
Membrane 

(mV) -63.84 ± 0.77*,***,**** -66.03 ± 1.27* -69.29 ± 1.19* 0.003 0.08 0.0021 

Spike 
Amplitude 

(mV) 86.37 ± 2.38**,**** 82.84 ± 1.96**,**** 88.25 ± 2.73** 0.3 <0.0001 0.2 

Rheobase 
(mV) 34.46 ± 3.16**,**** 46.88 ± 5.17** 49.76 ± 5.24**,**** 0.04 <0.0001 0.8 
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Figure 3.7 Action Potential Frequency of ECVI Pyramidal Neurons from Adult 

Mice Following Exposure to Apamin 

A Input-Output curves to test for sex differences in action potential frequency of ECVI 

pyramidal neurons from adult male (blue), Pro female mice (pink) and Met female mice 

(green) following exposure to 100 nM of apamin. Input-output curves were generated by 

measuring action potential firing frequency in response to injection of positive current 

steps from 50 to 200 pA in 50 pA increments for 500 ms each. After exposure to 

apamin, action potential frequency was affected by the amount of current injected (two-

way ANOVA, p < 0.0001). No effect of experimental group (two-way ANOVA, p = 0.3) or 

interaction (two-way ANOVA, p >0.7) was observed between these two factors. Maximal 

firing frequency occurred at 200 pA for ECVI pyramidal neurons from all three groups. B 

Input-Output curves for ECVI pyramidal neurons from adult male mice comparing action 

potential frequency after a 10 min exposure to 100 nM of apamin (light blue) compared 

to baseline (dark blue). Action potential frequency was affected by the amount of current 

injected (two-way ANOVA, p < 0.0001) and apamin (two-way ANOVA, p = 0.01). A 

significant interaction of these two factors was observed (two-way ANOVA, p = 0.0007). 

A significant difference between after apamin exposure to baseline occurred at 50 pA 

(Sidak, p = 0.004) indicated by *, and 100 pA (Sidak,p =0.007) indicated by ** . Maximal 

firing frequency occurred at 200 pA for adult male ECVI pyramidal neurons at both 

baseline and after application of apamin. C Input-Output curves for ECVI pyramidal 

neurons from Pro females after a 10 min exposure to 100 nM apamin (light pink) 

compared to baseline (dark pink). Action potential frequency was affected by the 



 

 

92 

 

amount of current injected (two-way ANOVA, p < 0.0001). No effect of apamin (two-way 

ANOVA, p = 0.2) or interaction (two-way ANOVA, p = 0.5) was observed between these 

two factors. Maximal firing frequency occurred at 200 pA for adult Pro females ECVI 

pyramidal neurons at both baseline and after application of apamin. D Input-Output 

curves for ECVI pyramidal neurons from Met females after a 10 min exposure to apamin 

(light green) compared to baseline (dark green). Action potential frequency was affected 

by the amount of current injected (two-way-ANOVA, p < 0.0001). No effect of apamin 

(two-way ANOVA p = 0.1) or interaction (two-way ANOVA, p = 0.1) was observed. 

Maximal firing frequency occurred at 200 pA for adult Met females ECVI pyramidal 

neurons at both baseline and after application of apamin. E Typical current-clamp traces 

demonstrating action potentials elicited following injection of 100 pA of current are 

displayed for at baseline (black) and after exposure to apamin (red) for one neuron from 

adult males. F Typical current-clamp traces demonstrating action potentials elicited 

following injection of 100 pA of current are displayed for at baseline (black) and after 

exposure to apamin (red) for one neuron from adult Pro females. G Typical current-

clamp traces demonstrating action potentials elicited following injection of 100 pA of 

current are displayed for at baseline (black) and after exposure to apamin (red) for one 

neuron from adult Met females. 
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Figure 3.8 mAHP Amplitude of ECVI Pyramidal Neurons from Adult Mice following 

Exposure to Apamin 

A Pulse burst experiments for measurement of the mAHP in ECVI pyramidal neurons 

from adult male (blue), Pro female (pink) and Met female (green) mice following a 10 

min exposure to apamin. This graph was generated by inducing trains of action 

potentials (1-32 current pulses) from rest following the application of 2 nA depolarizing 

for 2 ms at 50 Hz, then calculating mAHP amplitude as the difference between resting 

membrane potential and the lowest membrane potential achieved 50-1000 ms after the 

last action potential was elicited. Peak mAHP amplitude was affected by the number of 

current pulses (two-way ANOVA, p <0.0001). No effect of experimental group (two-way 

ANOVA, p = 0.08) or interaction was observed between these two factors (two-way 

ANOVA, p =0.9). B Graph of peak mAHP amplitude for ECVI pyramidal neurons from 

adult male mice, comparing mAHP amplitude after exposure to apamin (light blue) to 

baseline (dark blue). Peak mAHP amplitude was affected by pulse number (two-way 

ANOVA, p <0.0001) and apamin (two-way ANOVA, p < 0.0001). An interaction occurred 

between these two factors (two-way ANOVA, p = 0.03). A significant difference in 

mAHP amplitude between after apamin exposure to baseline occurred at 8 (Sidak, p = 

0.03) indicated by *, and 32 (Sidak, p =0.007) current pulses, indicated by **. C Graph 

of peak mAHP amplitude for ECVI pyramidal neurons from adult Pro female mice, 

comparing mAHP amplitude after exposure to apamin (light pink) to baseline (dark 

pink). Peak mAHP amplitude was affected by pulse number (two-way ANOVA, p 

<0.0001) and apamin (two-way ANOVA, p = 0.03). No interaction occurred between 
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these two factors (two-way ANOVA, p = 0.3). A significant difference in mAHP 

amplitude between after apamin exposure to baseline occurred at 32 current pulses 

(Sidak, p = 0.03) indicated by *. D Graph of peak mAHP amplitude for ECVI pyramidal 

neurons from adult Met female mice, comparing mAHP amplitude after exposure to 

apamin (light green) to baseline (dark green). Peak mAHP amplitude was affected by 

pulse number (two-way ANOVA, p <0.0001). No effect of apamin (two-way ANOVA, p = 

0.1 or interaction (two-way ANOVA, p = 0.4) was observed between these two factors. 

E Typical current-clamp traces demonstrating peak mAHP amplitude following 16 

current pulses are displayed for one neuron at baseline (black) and following application 

of apamin (red) from adult male mice. Peak mAHP amplitude indicated by black arrow. 

F Typical current-clamp traces demonstrating peak mAHP amplitude following 16 

current pulses are displayed for one neuron at baseline (black) and following application 

of apamin (red) from Pro female mice. Peak mAHP amplitude indicated by black arrow. 

G Typical current-clamp traces demonstrating peak mAHP amplitude following 16 

current pulses are displayed for one neuron from Met female mice at baseline (black) 

and following application of apamin (red). Peak mAHP amplitude indicated by black 

arrow. All values are displayed as mean ± SEM. 
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3.5 No effect of hormonal fluctuations on the excitability of pyramidal 
neurons within Layer VI of the Entorhinal Cortex during the 
mouse estrous cycle 

 As discussed previously, we wanted to determine whether the natural 

fluctuations of E and P during the mouse estrous cycle influences the excitability of 

ECVI pyramidal neurons from adult female mice. As demonstrated in Section 3.3, at 

baseline there was an absence of statistical differences amongst the three groups in all 

measures: (1) basic electrophysiological properties (Table 3.3), (2) action potential 

frequency (Table 3.5) and (3) mAHP amplitude (Figure 3.6). This means that at baseline 

no difference exists in neuronal excitability between Pro females and Met females. 

Therefore, it appears that changes in the levels of E and P during Pro and Met do not 

influence the intrinsic excitability of ECVI pyramidal neurons.  
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3.6 Absence of baseline sex difference in the excitability of pyramidal 
neurons from adult mice within Layer VI of the Entorhinal Cortex 

With this knowledge, we sought to determine whether differences are present for 

the electrophysiological properties and capacity for excitation in ECVI pyramidal 

neurons upon combining the two separate female groups into one overall adult female 

group and comparing them to adult males. We accomplished this goal by combining the 

data for Pro females and Met females, then comparing it to the data from adult males 

(Table 3.3). Input resistance did not differ between neurons from male mice (240.6 ± 

18.8 MΩ, n = 33 neurons from 10 mice) and female mice (217.1 ± 11.8 MΩ, n = 46 

neurons from 9 mice) (two-tailed unpaired t-test, p = 0.3). Resting membrane potential 

did not differ between neurons from male mice (-67.38 ± 0.59 mV, n = 33 neurons from 

10 mice) and female mice (-67.74 ± 0.65 mV, n = 46 neurons from 9 mice) (two-tailed 

unpaired t-test, p = 0.7). Spike amplitude did not differ between neurons from male mice 

(93.48 ± 2.40 mV, n = 33 neurons from 9 mice) and female mice (94.53 ± 1.14, n = 46 

neurons from 9 mice) (two-tailed unpaired t-test, p = 0.7). Rheobase did not differ 

between neuron from male mice (63.48 ± 5.84 mV, n = 33 neurons from 10 mice) and 

female mice (70.87 ± 5.82 mV, n = 46 neurons from 9 mice) (two-tailed unpaired t-test, 

p = 0.4). However, there was a significant difference in age between male (99.38 ± 4.46 

days old, n = 10 mice) and female (114.2 ± 1.9 days old, n = 9 mice) upon combining 

the adult female groups (unpaired two-tailed t-test, p= 0.02). A summary of these basic 

electrophysiological properties is located on Table 3.5  
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To determine the capacity for excitation in ECVI pyramidal neurons, we 

generated input-output curves. Using data from Figure 3.5, we combined the input-

output data for the two female groups and compared to males. The resulting input-

output curves generated for ECVI pyramidal neurons from adult mice are shown in 

Figure 3.9, where males are shown in blue and females are shown in pink. Comparison 

of the input-output curve for ECVI pyramidal neurons from male and female mice by 

two-way ANOVA revealed a significant overall effect of the magnitude of current 

injected (F (2.11, 135.2) = 269.1, p < 0.0001). There was no effect of sex (F (1, 64) = 

1.07, p = 0.3) or interaction between these two factors (F (4, 256) = 0.97, p = 0.4). The 

maximum action potential firing frequency was attained in response to 200 pA for 

neurons from both adult male and female mice. 

The mAHP amplitude was determined using data from Figure 3.6, by combining 

the calculated peak mAHP amplitude for neurons from Pro and Met female mice and 

comparing them to peak mAHP amplitude of neurons from male mice. Peak mAHP 

amplitude is shown in Figure 3.10, where adult males are in blue and females in pink. 

Comparison of the peak mAHP amplitude for ECVI pyramidal neurons from male and 

female mice by two-way ANOVA revealed a significant overall effect of current pulse 

number (F (5, 340) = 134.3, p < 0.0001). There was no effect of sex (F (1, 68) = 0.94, p 

= 0.3) or interaction between these two factors (F (5, 340) = 1.26, p = 0.3). Collectively, 

these results reflect what was previously demonstrated, in that there appears to be no 

intrinsic sex difference in ECVI pyramidal neuron excitability during adulthood.   
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Table 3.5 Baseline Electrophysiological Properties ECVI Pyramidal Neurons from 
Adult Mice  

 
                    Baseline     

  Male Female p-value 

Sample Size 33 46   

Age 99.38 ± 4.46* 114.2 ± 2.0* 0.02 

Input Resistance (MΩ) 240.6 ± 18.8 217.1 ± 11.8 0.3 

Resting Membrane (mV) -67.38 ± 0.59  -67.74 ± 0.65  0.7 

Spike Amplitude (mV) 93.48 ± 2.40  94.53± 1.14  0.7 

Rheobase (mV) 63.48 ± 5.84 70.87 ± 5.82 0.4 

All values are mean ± SEM for adult male and female mice. P values were 

determined by using two-tailed unpaired t-test. Statistically significant difference 

between male and female mice indicated by *.  
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Figure 3.9 Baseline Action Potential Frequency of ECVI Pyramidal Neurons from 

Adult Mice  

Input-Output curves for ECVI pyramidal neurons from adult male (blue) and female mice 

(pink). Input-output curves were generated by measuring action potential firing 

frequency in response to injection of positive current steps from 50 to 200 pA in 50 pA 

increments for 500 ms each. Action potential frequency was affected by the amount of 

current injected (two-way ANOVA, p < 0.0001). There was no effect of sex (two-way 

ANOVA, p = 0.3) or interaction between the two factors (two-way ANOVA, p = 0.4). 

Maximal firing frequency occurred at 200 pA for pyramidal neurons from both adult male 

and female mice. All values are displayed as mean ± SEM. 
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Figure 3.10 Baseline mAHP amplitude of ECVI Pyramidal Neurons from Adult 

Mice  

Pulse burst experiments for measurement of the mAHP in ECVI pyramidal neurons from 

adult male (blue) and female mice (pink). This graph was generated by inducing trains 

of action potentials (1-32 current pulses) from rest following the application of 2 nA 

depolarizing for 2 ms at 50 Hz, then calculating mAHP amplitude as the difference 

between resting membrane potential and the lowest membrane potential achieved 50-

1000 ms after the last action potential was elicited. Peak mAHP amplitude was affected 

by the number of current pulses (two-way ANOVA, p <0.0001). There was no effect of 

sex (two-way ANOVA, p = 0.3) or interaction between these two factors (two-way 

ANOVA, p =0.3) 
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3.7 SK Channels influence the excitability of Layer VI pyramidal 
neurons within the adult mouse Entorhinal Cortex 

 As demonstrated in section 3.4, SK channels have greater control on the 

excitability of ECVI pyramidal neurons from male mice than from Pro female and Met 

female mice. Since it appears that no difference in excitability exists between the two 

female groups, we sought to determine whether the influence of SK channels on 

neuronal excitability differs between the sexes once data from the female groups was 

combined.  

After exposure to apamin, input resistance did not differ between neurons from 

male mice (373.1 ± 32.9 MΩ, n = 29 neurons from 10 mice) and female mice (329.9 ± 

19.3 MΩ, n = 43 neurons from 9 mice) (two-tailed unpaired t-test, p = 0.2). There was a 

significant difference in resting membrane potential between neurons from male mice (-

63.84 ± 0.77 mV, n = 28 neurons from 10 mice) and female mice (-67.47 ± 0.91 mV, n = 

43 neurons from 9 mice) (two-tailed unpaired t-test, p = 0.006). Spike amplitude did not 

differ between neurons from male mice (86.37 ± 2.38 mV, n = 28 neurons from 10 mice) 

and female mice (85.23 ± 1.66, n = 43 neurons from 9 mice) (two-tailed unpaired t-test, 

p = 0.7). Rheobase did significantly differ between neurons from male mice (34.46 ± 

3.16 mV, n = 28 neurons from 10 mice) and female mice (48.22 ± 3.65 mV, n = 43 

neurons from 9 mice) (two-tailed unpaired t-test, p = 0.01). A summary of these basic 

electrophysiological properties is located on Table 3.6 

We compared the data from Table 3.5 (baseline) with those from this current 

experiment to determine the response of ECVI pyramidal neurons to apamin. Again, if 
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access to a neuron was lost during the application of apamin, the baseline value for that 

neuron was excluded when determining the role of SK channels on excitability. Upon 

comparing the change in input resistance of ECVI pyramidal neurons from adult male 

and female mice by two-way ANOVA there was a significant effect of apamin (F (1, 147) 

= 36.43, p < 0.0001). There was no effect of sex (F (1,147) = 2.69, p = 0.1) or 

interaction between these two factors (F (1, 147) = 0.23, p = 0.6). Sidak’s post hoc test 

revealed a significant effect of apamin treatment in the increase of input resistance in 

ECVI pyramidal neurons from both males (p < 0.0001) and females (p < 0.001) 

compared to their respective baselines (p = 0.007). Upon comparing the change in 

resting membrane potential of ECVI pyramidal neurons from adult male and female 

mice by two-way ANOVA there was a significant effect of apamin (F (1, 146) = 6.02, p = 

0.02), sex (F (1, 146) = 6.62, p = 0.01) and interaction occurred between these two 

factors (F (1, 146) = 4.41, p = 0.04). Sidak’s post hoc test revealed a significant effect of 

apamin treatment in the increase of resting membrane potential in ECVI pyramidal 

neurons from male mice compared with baseline (p = 0.007). However, apamin 

treatment did not significantly affect the resting membrane potential in neurons from 

female mice (p > 0.9). Upon comparing the change in spike amplitude of ECVI 

pyramidal neurons from adult male and female mice by two-way ANOVA there was a 

significant effect of apamin (F (1, 146) = 19.66, p < 0.0001). There was no effect of sex 

(F (1, 146) = 0.0007, p > 0.9) or interaction between these two factors (F (1, 146) = 

0.35, p = 0.6). Sidak’s post hoc test revealed a significant effect of apamin treatment in 

the reduction of spike amplitude in both ECVI pyramidal neurons from male mice (p = 
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0.03) and female (p=0.0002) compared to their relative baselines. Upon comparing the 

change in rheobase of ECVI pyramidal neurons from adult male and female mice by 

two-way ANOVA there was a significant effect of apamin (F (1, 146) = 25.25, p < 

0.0001) and sex (F (1, 146) = 4.18, p = 0.04). No interaction was observed between 

these two factors (F (1,146) = 0.37, p = 0.5). Sidak’s post hoc test revealed a significant 

effect of apamin treatment in the reduction of rheobase in both ECVI pyramidal neurons 

from male mice (p = 0.0007) and female (p=0.001) compared to their relative baselines. 

To be confident that the results shown were due to an effect of apamin and not 

due to the declining health of a neuron, we again compared our apamin-treated neurons 

to our adult control neurons. Comparison of input resistance for ECVI pyramidal 

neurons from control male and control female mice by two-way ANOVA revealed no 

effect of vehicle (held in ASCF for 10 minutes) (F (1, 22) = 1.89, p = 0.2). Comparison of 

resting membrane potential for ECVI pyramidal neurons from control male and control 

female mice by two-way ANOVA revealed no significant effect of vehicle (held in ASCF 

for 10 minutes) (F (1, 22) = 4.18, p = 0.05). These findings suggest that changes to 

input resistance and resting membrane potential after the application of apamin were in 

response to apamin exposure itself. Comparison of spike amplitude for ECVI pyramidal 

neurons from control male and control female mice by two-way ANOVA revealed a 

significant effect of vehicle (held in ASCF for 10 minutes) (F (1, 22) = 5.70, p = 0.03). 

This suggests that the reduction in spike amplitude in our apamin-treated neurons may 

be due to the declining health of the neuron or quality of the whole-cell configuration. 

However, Sidak’s post hoc analyses did not reveal any significant difference between 
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baseline and after apamin exposure in both groups. Comparison of rheobase for ECVI 

pyramidal neurons from control male and control female mice by two-way ANOVA 

revealed no significant effect of vehicle (held in ASCF for 10 minutes) (F (1, 22) = 1.13, 

p = 0.3). Our control data supports the conclusion that the effects of apamin seen in our 

apamin-treated ECVI pyramidal neurons from adult mice was in direct response to 

apamin exposure itself. 

To determine the capacity for excitation in ECVI pyramidal neurons, we 

generated input-output curves. Using data from Figure 3.6, we combined the input-

output data for the two female groups and compared the resulting new data to that from 

males. The resulting input-output curves generated for ECVI pyramidal neurons from 

adult mice are shown in Figure 3.11 A, where males are shown in blue and females are 

shown in pink. Comparison of the input-output curve for ECVI pyramidal neurons from 

male and female mice by two-way ANOVA revealed a significant overall effect of the 

magnitude of current injected (F (2.66, 170.2) = 195.2, p < 0.0001). There was no effect 

of sex (F (1, 64) = 2.20, p = 0.1) or interaction between these two factors (F (4, 256) = 

1.16, p = 0.3). The maximum action potential firing frequency was attained in response 

to 200 pA for neurons from both adult male and female mice. We compared the data 

from Figure 3.9 (baseline) with those from this current experiment to determine the 

response of ECVI pyramidal neurons to apamin. If access to a neuron was lost during 

the application of apamin, the baseline value for that neuron was excluded when 

determining the role of SK channels on excitability. The data for adult males is the same 

as that shown in Figure 3.7. B (replicated here in Figure 3.11 B for ease of 
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comparison to adult females) is the comparison the action potential frequency of 

ECVI pyramidal neurons adult male mice (light blue) to baseline (dark blue), which 

found a significant effect of apamin. Figure 3.11 C is the comparison of action potential 

frequency of ECVI pyramidal neurons from adult females after apamin (light pink) to 

baseline (dark pink). By two-way ANOVA there was a significant overall effect of the 

magnitude of current injected (F (2.39, 181.3) = 239.9, p < 0.0001), apamin (F (1, 76) = 

3.98, p = 0.049) and interaction of these two factors (F (4, 304) = 2.58, p = 0.04). 

Maximal firing frequency occurred at 200 pA for pyramidal neurons at baseline and 

following exposure to apamin. Exposure to apamin in adult female ECVI pyramidal 

neurons increased action potential frequency relative to baseline. Sidak’s post hoc 

analyses revealed a significant difference in action potential frequency after apamin 

exposure and baseline at 100 pA (p = 0.049). To be confident that we observed a true 

effect of apamin, we compared this result to the action potential frequency of our control 

ECVI pyramidal neurons from adult females (Data not shown). Two-way ANOVA 

revealed a significant effect of the magnitude of current injected (F (4, 25) = 7.66, p = 

0.0004). There was no effect of vehicle (being held in ACSF for 10 min) (F (1, 25) = 

1.64, p = 0.2) or interaction (F (4, 25) = 0.93, p = 0.5). Thus, the increase in action 

potential frequency observed in female ECVI pyramidal neurons following apamin 

exposure, is likely because of apamin itself. 

The mAHP amplitude was determined using data from Figure 3.8, by combining 

the calculated peak mAHP amplitude for neurons from Pro and Met female mice and 

comparing them to peak mAHP amplitude of neurons from male mice. Peak mAHP 
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amplitude is shown in Figure 3.12 A, where adult males are in blue and females in pink. 

Comparison of the peak mAHP amplitude for ECVI pyramidal neurons from male and 

female mice by two-way ANOVA revealed a significant overall effect of current pulse 

number (F (5, 408) = 19.03, p < 0.0001). There was no effect of sex (F (1, 408) = 1.69, 

p = 0.2) or interaction between these two factors (F (5, 408) = 0.43, p = 0.8). We 

compared the data from Figure 3.10 (baseline) with those from this current experiment 

to determine the response of ECVI pyramidal neurons to apamin. If access to a neuron 

was lost during the application of apamin, the baseline value for that neuron was 

excluded when determining the role of SK channels on excitability. The data for adult 

males, is the same as that shown in Figure 3.8. B (Replicated here in Figure 3.12 B 

for ease of comparison to adult females) is the comparison the mAHP amplitude of 

ECVI pyramidal neurons adult male mice (light blue) to baseline (dark blue), which 

found a significant effect of apamin. Figure 3.11 C is the comparison of mAHP 

amplitude of ECVI pyramidal neurons from adult females after apamin (light pink) to 

baseline (dark pink). By two-way ANOVA there was a significant overall effect of pulse 

number (F (5,246) = 22.94, p < 0.0001), apamin (F (1, 246) = 7.31, p = 0.007). There 

was no interaction between these two factors (F (5, 246) = 2.06, p = 0.07). Exposure to 

apamin in adult female ECVI pyramidal neurons decreased mAHP amplitude relative to 

baseline. Sidak’s post hoc analyses revealed a significant difference in mAHP amplitude 

after apamin exposure and baseline at 32 current pulses (p = 0.004). To be confident 

that we observed a true effect of apamin, we compared this result to the mAHP 

amplitude of our control ECVI pyramidal neurons from adult females (Data not shown). 
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Two-way ANOVA revealed a significant effect of the magnitude of vehicle (held in ACSF 

for 10 min) (F (1, 24) = 11.60, p = 0.002). There was no effect of pulse number (F (5, 

24) = 1.81, p = 0.1) or interaction (F (5, 24) = 0.30, p = 0.9). In response to the vehicle, 

there was an increase in mAHP amplitude which is likely due to the declining health or 

quality of the whole-cell configuration for the control neurons. Thus, the reduction in 

mAHP amplitude observed in female ECVI pyramidal neurons following apamin 

exposure may not result from exposure to apamin itself. Upon combining Pro and Met 

female, these results still indicate that SK channels play a role to control neuronal 

excitability in ECVI pyramidal neurons from adult mice, where there appears to be a 

greater influence of SK channels on the excitability of neurons from adult male mice. 
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Table 3.6 Basic Electrophysiological Properties of ECVI Pyramidal Neurons from 
Adult Mice After Exposure to Apamin  

  
                    Apamin         

  Male Female 

Difference 
between 

sexes  
 p-value 

Effect of 
Apamin       

    p-value 

Effect 
of sex                   

p-
value 

Sample Size 28 43       

Input 
Resistance 

(MΩ) 373.1 ± 32.9** 329.9 ± 19.3** 0.2 <0.0001 0.1 

Resting 
Membrane 

(mV) -63.84 ± 0.77*, **,***,**** -67.47 ± 0.91*, **,*** 0.006 0.01 0.01 

Spike 
Amplitude 

(mV) 86.37 ± 2.38**,**** 83.23± 1.66**,**** 0.7 <0.0001 >0.9 

Rheobase 
(mV) 34.46 ± 3.16*,**,***,**** 48.22 ± 3.65*,**,***,**** 0.01 <0.0001 0.04 

All values are mean ± SEM for adult male and female mice. Statistically 

significant difference between male and female mice by unpaired two-tailed t-test 

indicated by *. Overall significant effect of apamin by two-way ANOVA indicated 

by **. Overall significant effect of sex by two-way ANOVA indicated by ***. 

Statistically significant difference via post hoc analyses between respective 

baseline (Table 3.5) and after application of apamin indicated by ****. 
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Figure 3.11 Action Potential Frequency of ECVI Pyramidal Neurons from Adult 
Mice After exposure to Apamin  

A Input-Output curves to test for sex difference in action potential frequency of ECVI 

pyramidal neurons from adult male (blue) and adult female mice (pink) following 

exposure to 100 nM of apamin. Input-output curves were generated by measuring 

action potential firing frequency in response to injection of positive current steps from 50 

to 200 pA in 50 pA increments for 500 ms each. After exposure to apamin, action 

potential frequency was affected by the amount of current injected (two-way ANOVA, p 

< 0.0001). No effect of sex (two-way ANOVA, p = 0.1) or interaction (two-way ANOVA, 

p = 0.3) between the two factors. Maximal firing frequency occurred at 200 pA for ECVI 

pyramidal neurons from both sexes. B Input-Output curves for ECVI pyramidal neurons 

from adult male mice comparing action potential frequency after a 10 min exposure to 

100 nM of apamin (light blue) compared to baseline (dark blue). Action potential 

frequency was affected by the amount of current injected (two-way ANOVA, p < 0.0001) 

and apamin (two-way ANOVA, p = 0.01). A significant interaction of these two factors 

was observed (two-way ANOVA, p = 0.0007). A significant difference between after 

apamin exposure to baseline occurred at 50 pA (Sidak, p = 0.004) indicated by *, and 

100 pA (Sidak,p =0.007) indicated by ** . Maximal firing frequency occurred at 200 pA 

for adult male ECVI pyramidal neurons at both baseline and after application of apamin 

(same as Figure 3.7 B). C Input-Output curves for ECVI pyramidal neurons from adult 

female mice after a 10 min exposure to 100 nM apamin (light pink) compared to 

baseline (dark pink). Action potential frequency was affected by the amount of current 

injected (two-way ANOVA, p < 0.0001), apamin (two-way ANOVA, p = 0.049) and 
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interaction (two-way ANOVA, p = 0.04). Maximal firing frequency occurred at 200 pA for 

adult Pro females ECVI pyramidal neurons at both baseline and after application of 

apamin. A significant difference between after apamin exposure to baseline occurred at 

100 pA (Sidak, p = 0.049) indicated by *.  
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Figure 3.12 mAHP amplitude of ECVI Pyramidal Neurons from Adult Mice After 
exposure to Apamin  

A Pulse burst experiments for measurement of the mAHP in ECVI pyramidal neurons 

from adult male (blue) and adult female (pink) mice following a 10 min exposure to 

apamin. This graph was generated by inducing trains of action potentials (1-32 current 

pulses) from rest following the application of 2 nA depolarizing for 2 ms at 50 Hz, then 

calculating mAHP amplitude as the difference between resting membrane potential and 

the lowest membrane potential achieved 50-1000 ms after the last action potential was 

elicited. Peak mAHP amplitude was affected by the number of current pulses (two-way 

ANOVA, p <0.0001). There was no effect of sex (two-way ANOVA, p = 0.2) or 

interaction between these two factors (two-way ANOVA, p =0.8). B Graph of peak 

mAHP amplitude for ECVI pyramidal neurons from adult male mice, comparing mAHP 

amplitude after exposure to apamin (light blue) to baseline (dark blue). Peak mAHP 

amplitude was affected by pulse number (two-way ANOVA, p <0.0001) and apamin 

(two-way ANOVA, p < 0.0001). An interaction occurred between these two factors (two-

way ANOVA, p = 0.03). A significant difference in mAHP amplitude between after 

apamin exposure to baseline occurred at 8 (Sidak, p = 0.03) indicated by *, and 32 

(Sidak,p =0.007) current pulses, indicated by **. (Same as Figure 3.8 B). C Graph of 

peak mAHP amplitude for ECVI pyramidal neurons from adult female mice, comparing 

mAHP amplitude after exposure to apamin (light pink) to baseline (dark pink). Peak 

mAHP amplitude was affected by pulse number (two-way ANOVA, p <0.0001) and 

apamin (two-way ANOVA, p = 0.007). No interaction occurred between these two 

factors (two-way ANOVA, p = 0.07). A significant difference in mAHP amplitude 
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between after apamin exposure to baseline occurred at 32 current pulses (Sidak, p = 

0.004) indicated by *. All values are displayed as mean ± SEM. 
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4 DISCUSSION 

The results of this thesis research highlight the profound complexity of the 

mammalian brain. This work provides evidence that the role of SK channels in neuronal 

excitably within ECVI may be developmentally regulated. This conclusion was achieved 

by using whole-cell electrophysiology to conduct physiological and pharmacological 

experiments on ECVI pyramidal neurons from young postnatal and adult mice of both 

sexes. Contrary to previous findings from our own lab (Chung and Bailey 2019), these 

results indicate that there are no intrinsic sex differences in the excitability of ECVI 

pyramidal neurons from young postnatal mice. Furthermore, findings from young 

postnatal mice reject the hypothesis that SK channels mediate the mAHP, and thus 

excitability of ECVI pyramidal neurons, at that age. Interestingly however, SK channels 

were shown to mediate the mAHP, and therefore excitability of ECVI pyramidal 

neurons, in adult mice. Hormonal fluctuations during the mouse estrous cycle did not 

affect the excitability of ECVI pyramidal neurons from adult female mice. Nonetheless, 

these results indicate that SK channels exert a distinct influence on the capacity for 

excitation in ECVI pyramidal neurons from adult male and female mice, as we found 

that SK channels appear to play a greater role in the control of neuronal excitability in 

male mice. However, this distinction did not amount to differences in neuronal 

excitability between sexes.  
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4.1 Absence of sex differences in the intrinsic excitability of 
pyramidal neurons within Layer VI of the Mouse Entorhinal 
Cortex during early postnatal life 

The intrinsic excitability of a neuron is vital to its functional output and overall 

contribution to physiological responses. Previously, our lab identified a sex difference in 

the excitability of pyramidal neurons within ECVI during early postnatal development, in 

that neurons from female mice were intrinsically more excitable than neurons from male 

mice (Chung and Bailey 2019). While this sex difference correlated with a smaller 

mAHP in female ECVI neurons, the mechanism underlying this sex difference has not 

been determined. Since SK channels have been found to modulate the mAHP across 

the HF, including in pyramidal neurons within the ECVI from young postnatal male mice 

(Chung and Bailey 2018; Pedarzani et al. 2005; Stocker 2004; Wang et al. 2011), we 

hypothesized that SK channels are responsible for sex differences in the excitability of 

this neuronal population. To test whether SK channels are responsible for the sex 

difference previously observed by Beryl Chung, we first had to see if we could replicate 

her results in young postnatal mice (Chung and Bailey 2019). Although some trends 

observed in the electrophysiological properties of our ECVI pyramidal neurons from 

young postnatal female mice such as a greater input resistance (Table 3.1), greater 

excitability at low physiological inward currents (Figure 3.1 A) and a smaller AHP 

(Figure 3.2 A) compared to neurons from male mice mimic the results from Chung and 

Bailey, 2019, this data was not significantly different between sexes. To be confident in 

my data, I increased the sample size by adding more neurons to each group. However, 

the same result was obtained in that no significant difference was present between the 
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sexes. Thus, this study indicates that there are no sex differences in the intrinsic 

excitability of pyramidal neurons from young postnatal mice. In general, there are many 

reasons why research findings may differ between studies despite investigating similar 

research topics. For this study, these factors may include (1) differences in sample size, 

(2) natural changes in the characteristics and genetic drift of CD1 strain mice in our 

colony, and (3) different methodological approaches may account for the differing 

results observed in this current study compared to Chung and Bailey (2019). The data 

from young postnatal mice in this study generally had a greater variability than those 

from Chung and Bailey. This variability is likely due to rapid development that occurs in 

the brain (Belleau and Warren 2000; Ehrlich, Ryan, and Rainnie 2012; Kroon et al. 

2019; McCormick and Prince 1987) and in the endocrine system (Shughrue et al. 1990) 

during early postnatal life . This may also account for the differing results between this 

study and Chung and Bailey (2019), in that the cohort of mice used in that study, are not 

directly comparable to mine due to development. Our results also contradict results 

reported for other studies which found increased intrinsic excitation in striatal medium 

spiny neurons from prepubertal females compared with males (Dorris et al. 2015). 

However, other research conducted in striatal brain regions of prepubertal rodents 

found that despite all regions containing medium spiny neurons, there was 

heterogeneity in sex differences observed in the electrophysiological properties and 

excitability of this neuronal population (Cao et al. 2018). The heterogeneity in sex 

differences observed among studies may be reflective of the rapid development that 

occurs in early postnatal life (Belleau and Warren 2000; Ehrlich et al. 2012;s Kroon et 
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al. 2019; McCormick and Prince 1987), or may highlight variability in neuronal function 

between sexes across various brain regions. 
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4.2 SK Channels do not influence the excitability of pyramidal 
neurons within Layer VI of the Mouse Entorhinal Cortex during 
early postnatal life 

Most previous studies investigating the role of SK channels in the mAHP of 

pyramidal neurons were conducted in adult mice (Bond et al. 2004; Stocker 2004), until 

recently where SK channels have been implicated in mediating the excitability of 

pyramidal neurons in the developing HF of young postnatal male mice (Chung and 

Bailey 2018). To our best knowledge, no study has investigated the role of SK channels 

in young postnatal mice of both sexes. After superfusing ECVI pyramidal neurons young 

postnatal mice with apamin, we found no sex differences in the excitability of these 

neurons (Table 3.2, Figure 3.3 A, Figure 3.4 A). Compared to their respective baselines, 

we found no difference in the capacity of excitation of these neurons. However, we 

found that ECVI pyramidal neurons from both sexes experienced a significant increase 

in input resistance and resting membrane potential after exposure to apamin (Table 3.1, 

Table 3.2). This increase of both parameters in ECVI pyramidal neurons from young 

postnatal mice, can indicate an effect of apamin. To elaborate, the purpose of the 

mAHP is to reduce the excitability of pyramidal neurons (Velumian and Carlen 1999). 

SK channels are proposed to underlie the mAHP, reducing the membrane potential 

through K+ efflux (Xia et al. 1998). When blocked by apamin, K+ can no longer leave the 

neuron resulting in a more positive intracellular environment leading to a faster 

depolarization, ultimately increasing the neuron’s excitability. Input resistance is a 

measure of a cell’s resistance to ion flow; therefore, the more channels are open the 

lower the input resistance. The increase in input resistance found in ECVI pyramidal 
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neurons from young postnatal mice, could be a direct response to the inhibition of SK 

channels as there is greater resistance to ion flow. Similarly, the more positive 

intracellular environment due to inhibition of SK channels would likely increase a 

neuron’s resting membrane potential as observed in my results. However, based on 

findings from previous studies, increases in input resistance (Coskren et al. 2015) and 

resting membrane potential (Crimins, Rocher, and Luebke 2012) may also indicate the 

declining health of a neuron or the quality of the whole-cell electrode pipette seal. 

Comparison of our apamin-treated neurons to our control neurons confirmed that the 

increase in input resistance and resting membrane potential observed in ECVI 

pyramidal neurons from young postnatal mice were due to the declining health of the 

neurons or their whole-cell electrode pipette seals. This lack of response in 

electrophysiological properties and capacity for excitation of ECVI pyramidal neurons to 

apamin demonstrates that SK channels do not play an important role in modulating 

neuronal excitability during early postnatal life. This result also contradicts Chung and 

Bailey’s (2018) findings, which as mentioned previously, found that SK channels 

mediate the mAHP in ECVI pyramidal neurons from young postnatal male mice. This 

may mean that an additional channel proposed to mediate the mAHP such as BK 

channels, Kv7/KCNQ channels or HCN channels (Brown et al. 1990; Gu et al. 2005; 

Lancaster and Adams 1986; Lorenzon and Foehring 1992) primarily governs neuronal 

excitability of these neurons during early postnatal life. Future experiments using 

antagonists selective to BK channels, Kv7/KCNQ channels or HCN channels in ECVI 
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pyramidal neurons can be used to determine which channel contributes the most to the 

mAHP during early postnatal life. 
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4.3 The intrinsic excitability of pyramidal neurons within Layer VI of 
the Entorhinal Cortex is independent of the Mouse Estrous Cycle 

The naturally occurring fluctuations of hormones during the estrous cycle may 

influence neuron structure and function (Rudick and Woolley 2001; Wu et al. 2011). 

Previous studies have demonstrated that E can potentially increase neuronal excitability 

(Carrer et al. 2003; Kumar and Foster 2002; MacLusky et al. 2005), whereas P may 

decrease neuronal excitability (Edwards et al. 2000; Rudick and Woolley 2001) by 

changing the electrophysiological properties of neurons or by altering the synaptic input 

onto neurons. The effects of E and P on ECVI pyramidal neuron excitability in intact 

female mice has not been investigated. Therefore, we investigated the role of the 

mouse estrous cycle on neuronal excitability by measuring the electrophysiological 

properties and capacity of excitation for ECVI neurons in the Pro and Met stage. Our 

findings demonstrate that the intrinsic excitability of ECVI pyramidal neurons from adult 

female mice did not differ between Pro and Met. These results contradict findings 

investigating the effect of the estrous cycles in rat medium spiny neurons of the nucleus 

accumbens core (Alonso-Caraballo and Ferrario 2019; Proañ and Meitzen 2020; 

Proaño et al. 2018), and in hippocampal CA1 and CA3 neurons (Scharfman et al. 

2003). Notably, results from Scharfman and colleagues supported the theory that high 

levels of E during Pro increases neuron excitability, and high levels of P decreases 

neuronal excitability in Met (Scharfman et al. 2003). Steroid hormones have been 

demonstrated to have rapid and delayed effects on neuronal activity when serum levels 

rise (Joëls 1997; McEwen, Coirini, and Schumacher 1990). This might explain why we 

did not observe a difference in the excitability of ECVI pyramidal neurons between Pro 
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and Met. As well, potentially circulating levels of E and P may not influence the 

excitability of this neuronal population. To better clarify the role of the mouse estrous 

cycles on the excitability of ECVI pyramidal neurons future experiments could measure 

the concentration of E and P during Pro and Met in neural tissue, as well as conducting 

whole-cell electrophysiological experiments in adult females during all four stages of the 

estrous cycle. 
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4.4 SK Channels influence the excitability of pyramidal neurons 
within Layer VI of the Mouse Entorhinal Cortex in adulthood 

As extensively mentioned, this thesis expands on findings previously published 

by the Bailey lab (Chung and Bailey 2019). That study found an intrinsic sex difference 

in the excitability of neurons from young postnatal mice, where brain development is 

equivalent to development that occurs in the human brain during the third trimester 

(Clancy et al. 2001). From in utero to adulthood, it is general knowledge that the brain 

undergoes major physical and functional developmental changes. Therefore, we 

investigated whether the sex difference observed in ECVI pyramidal neurons from 

young postnatal mice found in Chung and Bailey (2019), persists in adult mice. In this 

present study, we found no difference in the intrinsic electrophysiological properties and 

capacity of excitation between ECVI pyramidal neurons from adult male and female 

mice. In response to apamin exposure, collectively, ECVI pyramidal neurons from adult 

mice experienced significant changes in passive and active physiological responses 

compared to baseline. Ultimately, it appears as though SK channels mediate neuronal 

excitability in the adult mouse ECVI. This result aligns with previous studies conducted 

in pyramidal neurons from adult mice (Bond et al. 2004; Pedarzani et al. 2005; Wang et 

al. 2011). 

This role of SK channels in the excitability of adult ECVI neurons is profound as it 

differs from our findings observed in ECVI pyramidal neurons from young postnatal 

mice. This could result from developmental changes in excitability. These include 

changes in expression patterns of voltage-gated Ca2+ channels (Gao and Ziskind-
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Conhaim 1998; Picken Bahrey and Moody 2003; Spitzer et al. 2002), establishment of 

glutamatergic and GABAergic neurotransmitter circuits (Aronica et al. 2011; Ireland and 

Abraham 2002) and structural organization (Cline 2001; Kroon et al. 2019). Ultimately 

these changes influence the intrinsic excitability of neurons as differences in the passive 

and active electrophysiological properties have been documented within the rodent CA1 

(Levin and Godukhin 2005), the somatosensory cortex (Kinnischtzke et al. 2012) and in 

primary culture of hippocampal neurons (Hunsberger and Mynlieff 2019). To my best 

knowledge, the ontogeny of SK channels during development has not been studied 

extensively, if at all. However, a study conducted by Hunsberger and Mynlieff, exploring 

BK channel expression and its contribution to action potential firing of dissociated 

cultures of hippocampal neurons from P1-P7 rats, found that changes in BK channel 

expression lead to changes in neuronal excitability during early development 

(Hunsberger and Mynlieff 2019). Thus, experiments measuring SK channel expression 

during early postnatal life and adulthood may address the distinction in SK channel 

regulation of ECVI neuronal excitability observed in this thesis. 

Since we sought to test whether the estrous cycle influenced neuronal 

excitability, we assessed the role of SK channels in three adult groups: one male and 

two female groups. As stated in 4.3, we found no effect of the estrous cycle allowing us 

to combine the two female groups. Therefore, this section focuses on the combined Pro 

and Met adult female mice in comparison to adult males. Interestingly, we found that SK 

channels play a greater role to control ECVI pyramidal neuron excitability in adult male 

mice than in adult female mice. After exposure to apamin, ECVI pyramidal neurons form 
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adult mice of both sexes experienced an increase in input resistance and resting 

membrane potential, and a decrease in spike amplitude and rheobase (Table 3.6). A 

sex difference existed in resting membrane potential and rheobase in that ECVI 

pyramidal neurons from adult male mice had a more depolarized resting membrane 

potential and lower rheobase compared to neurons from female mice. Similarly, 

inhibition of SK channels appeared to have a greater influence increasing action 

potential frequency and reducing the peak mAHP amplitude in neurons from male mice. 

Theoretically, if SK channels have a greater influence on neurons from males, when 

inhibited, neurons from males should be more excitable than neurons from females. 

However, we found no sex differences in action potential frequency or peak mAHP 

amplitude. Therefore, there may be a compensatory mechanism in male mice that limits 

the excitability of ECVI pyramidal neurons. A possible explanation could be the lack of E 

and P or higher levels of testosterone and other androgen in male mice compared to 

female mice. A 1980 study conducted by Teyler and colleagues found that hippocampal 

pyramidal neurons from male rats did not demonstrate an increase in excitability when 

exposed to testosterone whereas neurons from Pro female exhibited attenuated 

excitability upon exposure to testosterone (Teyler et al. 1980). However, the role of 

testosterone and androgens on neuronal excitability remain unclear (Scharfman and 

MacLusky 2014). Future studies should look at investigating the compensatory 

mechanisms that account for the greater control of SK channels in excitability of ECVI 

pyramidal neurons in adult mice compared to female mice.  
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One limitation to this project is a significant difference in age was found between 

neurons from adult male and female mice after forming one adult female group (Table 

3.5). This may have implications for the data shown as differences observed between 

sexes could be attributed to differences in age. However, since the brain is not 

undergoing rapid changes in adulthood (Belleau and Warren 2000), and no difference 

existed in age prior to combining Pro and Met females (Table 3.3), we are still confident 

in the results presented. The addition of older adult male mice would resolve this issue. 

 

 

 

 

 

 

 

 

 

 

 



 

 

132 

 

5 CONCLUSIONS 

5.1 Future Directions 

Pyramidal neurons within the EC allow this region to function as a major structure 

of communication for the HF (van Haeffen et al. 2003; Insausti et al. 1987; Suh et al. 

2011; Witter et al. 2017; Witter and Amaral 1991). These neurons propagate synaptic 

input through action potentials (Bekkers 2011; Spruston 2008). The generation of action 

potentials is modulated by various voltage-gated channels, where SK channels are 

proposed to modulate the mAHP phase (Bond et al. 2004; Stocker 2004; Wang et al. 

2011). My findings within this thesis demonstrate that the influence of SK channels on 

the excitability of pyramidal neurons within ECVI may be developmentally regulated 

and/or have implications for brain development. Further investigation measuring SK 

channel expression during early postnatal life and adulthood would address whether 

expression of SK channel differs between these periods of life. We found that during 

early postnatal life, SK channels do not influence the mAHP of neurons. 

Pharmacological experiments using selective antagonists for other channels suggested 

to mediate the mAHP (Brown et al. 1990; Gu et al. 2005; Lancaster and Adams 1986; 

Lorenzon and Foehring 1992) may help determine which channel largely mediates the 

mAHP and thus excitability in early postnatal development. In addition, our results 

indicated that neuronal excitability is independent of the mouse estrous cycle in adult 

females. This finding may be corroborated through whole-cell electrophysiological 

experiments measuring the electrophysiological properties and capacity for excitation of 

ECVI pyramidal neurons from adult female mice during all four stages of the estrous 
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cycle. Finally, I found that SK channels appear to have a greater influence on neurons 

from adult male mice even though the baseline and post-apamin excitability of these 

neurons was not greater than that in neurons from adult female mice. Experiments 

conducted in gonadectomized rodents with pharmacological applications of exogenous 

E, P, T and apamin may determine the compensatory mechanism that is present in 

male neurons.  

5.2 Summary 

 This thesis suggests that the contribution of SK channels toward the excitability 

of ECVI pyramidal neurons differs with age. Pharmacological experiments with apamin 

increased the excitability of neurons from adult mice, whereas no effect was seen in 

neurons from young postnatal mice. The excitability of ECVI pyramidal neurons appears 

to be independent of biological sex at both ages, and of the estrous cycle in adult 

females, both at baseline and after apamin. However, in adult mice, SK channels 

appear to have a greater role to control excitability in neurons from male mice compared 

to female mice. Together, this thesis demonstrates the dynamic role of SK channels 

with age and between sexes. 
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