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ABSTRACT 

FUNCTIONAL CHANGES TO THE MODULATION OF a4b2* NICOTINIC 

ACETYLCHOLINE RECEPTORS DURING POSTNATAL MATURATION.  

Elizabeth Hewitson 
University of Guelph, 2021

Advisor: 
Dr. Craig Bailey 

Acetylcholine (ACh) initiates an excitatory response at nicotinic acetylcholine receptors 

(nAChRs), although this activity may be modulated by mechanisms that alter receptor 

function. This thesis investigates whole-cell electrophysiological properties of pyramidal 

neurons expressing a4b2* nAChRs within brain slices of male and female mice aged 

young postnatal (P) 15-20 and adult P 80-120, corresponding ACh-driven currents, and 

how these currents are modulated by nicotine, allopregnanolone (ALLO) and 

galantamine. nAChR desensitization by nicotine was greater in young mice and this 

result was driven by an effect of postnatal age in males only. In contrast, ALLO inhibited 

nAChR function to a similar degree at each age. Galantamine potentiated nAChR 

function to a similar degree at each age, although this potentiation was significantly 

greater in females. Results from this study suggest that distinct factors are involved in 

each type of receptor modulation, which are differentially altered during postnatal 

maturation and across biological sex.  
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Chapter 1 General Introduction  

1.1 Medial Prefrontal Cortex  

The prefrontal cortex (PFC) is known to play a role in executive functioning of 

organized goal-directed action including tasks of attention, working memory, and motor 

planning (Fuster, 2015; Passetti et al., 2000; Proulx et al., 2013; A. F. Rossi et al., 2008; 

M. A. Rossi et al., 2012). A number of psychiatric disorders have been linked to 

malfunctions in PFC circuitry including schizophrenia (Cole et al. 2011; Goldman-Rakic 

& Selemon, 1997; Sigurdsson et al., 2010), Alzheimer’s disease (AD) (Huntledy & 

Howard, 2010) and attention deficit hyperactivity disorder (ADHD) (Shaw et al., 2007; 

Sullivan & Brake, 2003; Krain & Castellanos, 2006; Fassbender et al., 2009). There is 

evidence that the involvement of the PFC in certain functions changes across 

development. For example, studies using functional magnetic resonance imaging (fMRI) 

demonstrate increases in functional activation of the PFC in adulthood in tasks of 

higher-level functioning (Rubia, 2013). The medial part of the rodent PFC (mPFC) has 

been studied extensively regarding its roles in the above executive functions. 

Impairment of prefrontal networks using a combination of lesions, local inactivation, and 

optogenetics has demonstrated the importance of the mPFC in the acquisition as well 

as performance of an operant delayed alternation task (Rossi et al., 2012).  

The mPFC can be distinguished anatomically from other cortical areas based on 

functional characteristics and neural connectivity. Within the mPFC, there are three sub-

regions: the prelimbic cortex, infralimbic cortex, and the anterior cingulate cortex, which 
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each play a role in information processing (Heidbreder & Groenewegen, 2003; Song & 

Moyer, 2018). Specifically, the prelimbic cortex receives input from and projects to 

limbic regions, including the cingulate, entorhinal and subicular cortices (Hoover & 

Vertes, 2007; Reep, 1984). The prelimbic cortex his highly involved with fear 

expression, and shifting attention under changing environmental conditions (Giustino & 

Maren, 2015; Sharpe & Killcross, 2015). Conversely, the infralimbic cortex receives 

afferents from autonomic structures such as the parabrachial nucleus (Saper, 1982) and 

has been implicated in stress responses, mood and fear memory (Wood et al., 2019). 

The anterior cingulate cortex acts as a mediator between the limbic system and PFC, 

meaning it works to control emotions (Stevens et al., 2011). Each sub-region works 

together to influence higher order cognitive functions. In rodents, these sub-regions are 

then further divided into five cortical layers I, II, III, V and VI (Heidbreder & 

Groenewegen, 2003). Layer VI is of particular interest because of its connectivity to the 

thalamus and role in attention (Chudasama & Muir, 2001). The neurons that exist within 

each cortical layer differ with respect to their physiological and morphological properties 

such that each layer has neurons with unique patterns of dendritic arborization and 

electrophysiological responses (Louth et al., 2018; Poorthuis, Bloem, Schak, et al., 

2013). This thesis focuses on mPFC layer VI.  

Layer VI neurons are important for many higher-order cognitive functions, as they 

play a role in coordinating output to a number of cortical regions (Heidbreder & 

Groenewegen, 2003). A large percentage of layer VI pyramidal neurons are 

corticothalamic and receive thalamic input as well as input from layer V pyramidal cells 
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and layer VI corticocortical neurons (Thomson, 2010). This information is processed 

and relayed to various brain regions. Specifically, these neurons are a major excitatory 

output to the thalamus and are thought to be crucial for tasks of attentional demand by 

controlling the sensitivity of thalamic neurons to stimuli (DeFilipe & Farinas, 1992; 

Sherman, 2006). Layer VI neurons also help regulate cortico-cortical projections (Ongur 

& Price 2000; Thomson 2010; Uylings & van Eden 1990; Zarrinpar & Callaway 2006). 

Overall, these neurons exert multifaceted effects to mediate the function of cognitive 

circuits (Gabbott et al., 2005; Proulx et al., 2014; Thomson, 2010). 

 

1.2 Acetylcholine Signalling within the mPFC  

Acetylcholine (ACh) signalling within the mPFC is essential for normal cognitive 

performance and physiology (e.g. attention, working memory, motor functioning etc.) as 

well as pathophysiology (e.g. schizophrenia, AD, ADHD, etc.) (Bloem et al., 2014; 

Huntley & Howard, 2010; Shaw et al. 2007; Sullivan & Brake, 2003; Krain & 

Castellanos, 2006; Fassbender et al., 2009; McDaid et al., 2016). It has been 

demonstrated in rats that there is an increase in ACh concentration within the mPFC 

during tasks of attentional demand (Passetti et al., 2000).  

A set of nuclei found within the basal forebrain provide cholinergic input to the 

mPFC (Ballinger et al., 2016). Specifically, the nucleus basalis and substantia 

innominate project to layers V and VI of the mPFC and act as major cholinergic relay 
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centers (Woolf, 1991). Degeneration of these areas has been shown to be implicated in 

AD (Turnbull et al., 1985).  

There has been a great deal of research focusing on ACh actions as a 

neurotransmitter at the neuromuscular junction of the peripheral nervous system. Within 

nerve terminals, choline acetyltransferase acts to synthesize ACh from choline and 

acetyl coenzyme A (Purves et al., 2001). It is stored in vesicles until its release, where it 

diffuses into the synaptic cleft and binds to receptors located on the skeletal muscle 

(Picciotto, Higley & Mineur, 2012). In contrast, within the central nervous system ACh 

acts as a neuromodulator to fine-tune neuronal excitability and coordinate the release of 

other neurotransmitters (Wonnacott, 1997). ACh action within the synaptic cleft is 

terminated by acetylcholinesterase (AChE) enzyme, which hydrolyses ACh into acetate 

and choline (Purves et al., 2001). ACh acts on two major subtypes of ACh receptors: 

the metabotropic muscarinic receptors and the ionotropic nicotinic receptors 

(Albuquerque et al., 2009).  These receptors each play a unique role in modulating 

neuronal function.  

 

1.2.1 Muscarinic Acetylcholine Receptors  

Muscarinic acetylcholine receptors (mAChRs) are G-protein coupled and are 

named due to their sensitivity to the agonist muscarine (Zhong, 2016). Atropine, a toxin 

from Atropa belladonna, inhibits mAChRs (Drugs and Lactation Database, 2006). There 



 

 

5 

 

are five subtypes of mAChR (M1-5) which are either stimulatory or inhibitory in nature 

(Haga, 2013). M1, M3 and M5 subtypes of mAChR are coupled to Gq proteins which 

activate phospholipase C (PLC) (Wess, 2003; Tao, 2014). Downstream second 

messengers, which act to increase intracellular calcium levels and protein kinase C 

(PKC) activity, include diacylglycerol (DAG) and inositol triphosphate (IP3) (Tao, 2014). 

Overall, these subtypes act to increase excitability of the cell. Conversely, M2 and M4 

subtypes of mAChR are coupled to Gi/o proteins, which inhibit adenylate cyclase (Wess, 

2003). Subsequently, the reduction in cyclic adenosine monophosphate (cAMP) levels 

acts to reduce the activity of protein kinase A (PKA) (Tao, 2014). Here, cell excitability is 

inhibited. In each case, G-proteins act to modulate intracellular processes and elicit 

multifaceted downstream effects (Wonnacott, 1997).  

Studies in which mAChRs were blocked within the mPFC demonstrated deficits 

in cognitive functions such as working memory (Granon et al., 1995) and attention 

(Mirza & Stolerman, 2000). mAChRs have been targeted therapeutically in a number of 

disorders of the central nervous system, including schizophrenia (De Luca et al., 2004), 

bipolar disorder (Cannon et al., 2006), and AD (Shiozaki et al., 1999). Each of the 

muscarinic receptor isoforms may differentially contribute toward mPFC-dependent 

cognitive functioning, leading to a lot of therapeutic potential.  
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1.2.2 Nicotinic Acetylcholine Receptors  

Ligand-gated ion channels (LGICs) open in response to chemical messenger 

binding and mediate synaptic transmission. When open, these transmembrane ion-

channel proteins allow an influx of ions such as Ca2+, Na+, K+ and Cl- into or out of the 

cell, depending on their electrochemical drives (Fucile et al., 2003; Rathouz, 

Vijayaraghavan, & Berg, 1996). Nicotinic acetylcholine receptors (nAChRs) belong to 

the Cys-loop receptor family of LGIC’s which are known to contain a cysteine loop in the 

amino-terminal domain (Zhang et al., 2013). Other members of this family include the 

serotonin type 3 (5-HT3) receptor and the g-aminobutyric acid type A (GABAA) receptor 

(Gotti et al., 2009).  

nAChRs are pentameric LGICs which, when bound by an agonist 

neurotransmitter, i.e. ACh, will mediate intercellular communication by converting this 

chemical signal into a conformational change of the receptor, allowing its pore to open 

and an ion flux of Na+ and Ca2+ into the postsynaptic neuron and/or K+ out of the 

postsynaptic cell (Gotti et al. 2009; Taly et al. 2014). ACh activity at nAChRs during 

early stages of development is critical for prefrontal network patterning and organization 

(Gotti & Clementi, 2004; Dwyer et al, 2009). There are a collection of a- and b-subunits 

(a2-a7; b2-b4) which form nAChRs in the mammalian brain (Albuquerque et al., 2009; 

Dajas-Bailador & Wonnacott, 2004). The specific subunit composition of nAChRs on 

pyramidal neurons throughout brain regions governs the specialized pharmacological 
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and biophysical properties of the receptors (Albuquerque et al., 2009; Clementi et al., 

2000).  

The a4b2* subtype of nAChR is the most widely expressed within the cerebral 

cortex and has a high affinity for the agonist nicotine. It is composed of a combination of 

two a4 subunits, two b2 subunits and one accessory subunit which can either be an 

additional a4, b2, or an a5. Agonist binding occurs at the orthosteric binding site which 

is located at the interface between a4 and b2 subunits. The addition of the a5 subunit 

may contribute to the pharmacological properties of the receptor; however, they do not 

form effective binding sites (Ramirez-Latorre et al., 1996).  

Within the mPFC, a4b2* nAChRs are selectively expressed on pyramidal 

neurons located within cortical layer VI (Poorthuis, Bloem, Verhoog, et al., 2013) where 

electrophysiological experiments show that they mediate a robust excitatory response 

(Bailey et al., 2010; Kassam et al., 2008). The nAChR exerts its effects through direct 

action within the cholinergic synapse as well as through non-direct actions affecting 

other neurotransmitters (Dani & Bertrand, 2007; Parikh et al., 2008). After binding by 

ACh, cation movement in normal physiological conditions will act to depolarize the 

neuron before the receptor moves momentarily into a desensitized or inactive state 

before being regenerated (Yu et al., 2009).  

The function of a4b2* nAChRs expressed on layer VI pyramidal neurons has 

been documented to change during development, as demonstrated through 

electrophysiological studies (Alves et al., 2010; Kassam et al., 2008). Specifically, there 
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is a peak in nAChR function for rodents during the young postnatal age before 

decreasing in adulthood (Kassam et al., 2008). This was confirmed by Alves et al. 

(2010) by investigating the inward currents in young mice and rats. A developmental 

sex difference also exists, where the inward current elicited by nAChR stimulation by 

ACh, nicotine and carbachol is greater in males compared to females in postnatal 

weeks three and four (Alves et al., 2010) (Figure 1). It was hypothesized that this sex 

difference is mediated by a difference in receptor subunit composition. However, this 

group examined the proportion of a4 subunit-containing nicotinic receptors within layer 

VI of the mPFC and found that there is a similar proportion in males and females at 

weeks three and four of postnatal life (Alves et al., 2010). The b2 subunit has also been 

investigated for its roles in cognition. Guillem et al. (2011) found that genetic deletion of 

the b2 subunit in mice resulted in an attentional deficit which was restored when the b2 

subunit was introduced using lentiviral vector-mediated re-expression (Guillem et al., 

2011). The presence of the a5 accessory subunit within a4b2* nAChRs has been 

shown to increase cation flux to produce a strong nAChR response in mPFC layer VI 

(Bailey et al., 2010; Kuryatov et al., 2008; Tapia et al., 2007; Wada et al., 1990). Bailey 

et al. (2010) investigated the role of the a5 subunit in attention performance and found 

that genetic deletion of this subunit resulted in impaired performance on attention tasks. 

Pyramidal neurons in mice expressing the a5 subunit in a4b2* nAChRs within layer VI 

of the mPFC elicited larger currents and greater calcium influx by increasing calcium 

permeability and altering sensitivity (Bailey et al., 2010, 2012) (Figure 2). Therefore, 

differential expression of the a5 receptor within a4b2* nAChRs on mPFC layer VI 
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neurons may contribute to observed sex differences and developmental regulation of 

receptor function and neuron excitability.  
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Figure 1: Sex differences in responses to ACh (1 mM, 30s) in PFC layer VI neurons during 

postnatal development of mice.  

In weeks three and four, males (black bars) have greater currents than females (white bars)(** P,0.01). 

Data is expressed as the mean ± SEM. Taken from Alves et al. (2010).  
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Figure 2: Responses to ACh (1 mM, 10s) in mPFC layer VI neurons during postnatal development 

are dependent on presence of the nicotinic receptor a5 subunit in male mice.  

There is a developmental peak in nicotinic currents during week 3 of postnatal development in wildtype 

mice (WT; black bar) [one-way analysis of variance, F(3,86) = 2.92, p = .04; Newman-Keuls post hoc test, 

‡p< .05 compared with each other age] but not in a5 subunit knockout mice (a5-/-; white bar). The current 

response in WT neurons at each age was greater than in a5-/- neurons (Bonferroni post hoc test, *p< .05 

at each age). Taken from Bailey et al., (2012). 

 

 

  



 

 

12 

 

1.3  Modulation of Nicotinic Acetylcholine Receptors   

Modulation of cholinergic signalling within the mPFC can impact a number of 

executive functions such as attention (Parikh et al., 2007; Passetti et al., 2000) and 

working memory (Sun et al., 2017). The physiology and pharmacology of 

neurotransmitter receptors can be modulated by the binding of various ligands that alter 

their conformational state (Bertrand & Gopalakrishnan, 2007). Aside from the agonist 

neurotransmitter ACh, other ligands can bind to the nAChR either at the orthosteric 

binding site or at various other sites to influence receptor function. Competitive agonists 

and antagonists will bind to the same orthosteric site as ACh and either mimic or inhibit 

ACh actions at the receptor. Prolonged exposure to agonist ligands can cause the 

receptor to enter a desensitized state and therefore act in a functionally inhibitory 

manner, the extent of which is variable (Buccafusco et al., 2009; Yu et al., 2009). 

Ligands can also bind to other sites on the nAChR to interact allosterically and either 

potentiate or attenuate agonist activity (Chatzidaki & Millar, 2015). The detailed 

consequences of the actions of modulating ligands on the biology of the brain during the 

aging process are unclear.  

 

1.3.1 Modulation – Nicotine Desensitization  

Nicotine, a potent agonist of nAChRs, is a plant alkaloid found in the tobacco 

plant and is the major active component of cigarettes (National Center for Biotechnology 
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Information, 2021). The consumption of a single cigarette can result in brain nicotine 

concentrations of approximately 300 nM (Matta et al., 2006).  

The a4b2* nAChR has a high binding affinity for nicotine and exposure initiates 

upregulation of the receptor (Albuquerque et al., 2009; Fenster et al., 1999). Prolonged 

exposure to nicotine will result in a decrease of the functional nAChR response to 

subsequent agonists, through a phenomenon known as desensitization (Ochoa et al., 

1989). Desensitization is observed experimentally as a decrease in the amplitude of 

inward current through the nAChR elicited by binding of ACh. This process can be 

beneficial for the neuron for many reasons. Simply, desensitization helps to prevent 

excessive stimulation of the nAChR which could lead to excitotoxicity (Ochoa et al., 

1989). It has also been associated with nicotine-mediated reward, where nAChRs on 

GABAergic neurons desensitize to a greater degree than those on glutamatergic 

neurons, resulting in a net excitation of the dopaminergic neurons within the ventral 

tegmental area (VTA) (Mansvelder et al., 2002). Additionally, desensitization of the a7 

homomeric nAChR has been linked with synaptic plasticity and long-term potentiation 

(LTP), which is the cellular basis of learning and memory (Fujii et al., 2000). 

Desensitization at low concentrations of nicotine, below those required for agonist 

activity, has been investigated in the context of drug development with the purpose of 

support learning and memory (Buccafusco, Beach, & Terry, 2009). Although 

desensitization of nAChRs by nicotine has been well documented within the literature, 

specific comparisons have not been made across developmental age or biological sex.  
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Alves et al. (2010) reported that nicotine exposure leads to a similar magnitude of 

desensitization of ACh-induced inward currents in young postnatal male and female 

mice, despite there being a significant difference in baseline ACh inward currents 

between the sexes (Figure 3). Interestingly, the calculated degree of receptor 

desensitization following nicotine exposure in these young postnatal male mice 

(approximately 50-60 percent) appears to be greater than what was documented by 

Bailey et al. (2010) in adult male mice following the same protocol (approximately 40 

percent) (Figure 4). These results separately hint toward age- and sex-related 

differences in the modulation of the nAChR, however, these differences have not been 

fully examined.  

The negative effects of nicotine on youth have been well documented, including 

its impact on critical stages of development and ability to produce long-lasting effects. 

For example, offspring of mothers who smoke during pregnancy have a greater risk of 

developing a tobacco dependence (Buka et al., 2003; Goldschmidt et al., 2012). Also, 

prenatal nicotine introduces defects in cognitive processing of information and attention 

in children (McCartney et al., 1994) and produces greater risks for infant morbidity and 

mortality (Dietz et al., 2010). In adolescence, there are several short- and long-term 

consequences of exposure to nicotine, including heightened sensitivity to addiction 

(Colby et al., 2000). This effect is demonstrated in rats where those exposed to nicotine 

during adolescence exhibit greater rates of self-administration and dependence 

compared to controls when they reach adulthood (Levin et al., 2003). However, little is 
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known regarding the mechanism of these differences in the young developing brain 

compared to the adult brain, specifically regarding functional differences at the nAChR. 

Sex differences also have been reported regarding the effects of nicotine on the 

brain. Pre-clinical studies in rodents show that adult females experience greater reward 

effects of nicotine as measured by nicotine self-administration (Perkins et al., 1999). 

Regarding nicotine self-administration, menstrual or estrous cycle phases do not play a 

key role (Perkins et al., 1999). Additionally, women experience greater amounts of 

stress during withdrawal from nicotine (O’Dell & Torres, 2014). It is important to 

examine the mechanisms of these differences and determine how the function of the 

nAChR is impacted.  
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Figure 3: Responses to ACh (1 mM, 30 s) on a mPFC layer VI neuron in young male (left, dark 

bars) and female (right, light bars) mice before and after exposure to nicotine (300 nM, 10 m). 

There was significant suppression of the inward current (>50%) (*P,0.05, **P,0.01). Taken from Alves et 

al. (2010). 
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Figure 4: Percent desensitization of ACh currents (1 mM, 30s) calculated before and after 

exposure to nicotine (100 or 300 nM, 10 m).  

In adult wild type (WT) males (black bars) the percent desensitization was significant at both 

concentrations. Mice lacking the a5 receptor (a5 -/-) (white bars) exhibited greater percent desensitization 

to nicotine. Taken from Bailey et al. (2010). 
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1.3.2 Modulation – Allopregnanolone Inhibition  

Steroidogenic glands synthesize steroids which are able to cross the blood-brain 

barrier and act in the brain (Schumacher et al., 2003). Specifically, estrogen and 

progesterone are known to act in opposing manners as allosteric modulators of 

glutamate, GABA, and cholinergic receptors (Cross et al., 2016).   

Neurosteroids are synthesized de novo within the brain via steroidal precursors 

travelling from the periphery or by the metabolism of cholesterol within the inner 

mitochondrial membrane of cells within the brain (Rossetti et al., 2016; Schumacher et 

al., 2003; Sierra et al., 2003). Here, cholesterol is broken down by the enzyme 

cytochrome P450 cholesterol side-chain cleavage and converted to pregnenolone 

(Rossetti et al., 2016). The enzyme 3a-hydroxysteroid dehydrogenase (3a-HSD) 

converts pregnenolone to progesterone (Rossetti et al., 2016). Progesterone and its 

metabolites, 5a-dihydroprogesterone (5a-DHP) and allopregnanolone (ALLO; 3a-

hydroxy-5a-prenan-20-one) each have roles in regulating essential neuronal brain 

functions through actions at multiple receptor targets (Rossetti et al., 2016). 

The effects of progesterone and its metabolites are dependent on age. For 

example, as these neurosteroids act as a negative allosteric modulators of the Cys-loop 

GABAA receptor during puberty (Smith et al., 2009) rather than their routinely 

documented role as positive allosteric modulators of this receptor in adulthood 

(Majewska et al., 1986). This phenomenon could be due to a surge in circulating 

hormones at puberty. At the nAChR, progesterone has been found to dose-dependently 
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inhibit a3b4 and a4b2 subtypes (Ke & Lukas, 1996; Valera et al., 1992). It has also 

been shown to increase expression of a5 subunit-containing receptors in 

ovariectomized female rats (Gangitano et al., 2009).  

The predominant progesterone neuroactive metabolite is ALLO (Tsutshui & 

Haraguchi, 2016). Progesterone is converted to ALLO by the help of the enzymes 5a-

reductase type I (5a-RI) and 3a-hydroxysteroid dehydrogenase (3a-HSD) (Tsutshui & 

Haraguchi, 2016). ALLO is known traditionally as a positive allosteric modulator of the 

GABAA receptor (Majewska et al., 1986). Although ALLO plays a role in mediating 

proper function of the PFC, it is also implicated in multiple stress disorders (Bitran et al., 

1995). Bitran, Shiekh & McLeod (1995) found that ovariectomized mice treated with 

progesterone exhibited anxiolytic behaviours which were blocked by picrotoxin, an 

antagonist of the GABAA receptor-gated Cl- channel. This effect was also eliminated by 

the presence of the 5a-reductase inhibitor N,N-diethyl-4-methyl-3-oxo-4-aza-5a-

androstane-17b-carboxamide (4-MA) (Bitran et al., 1995).  

ALLO has also been shown to inhibit a4b2* nAChRs in oocyte and ex vivo 

preparations (Bullock et al., 1997; Valera et al., 1992). More recently, Chung and Bailey 

(2017) found that ALLO inhibits a4b2* nAChRs on pyramidal neurons in layer VI of the 

mPFC in young postnatal male and female mice. Specifically, ALLO inhibited the 

function of nAChRs to a greater degree in young female mice than in young male mice 

(Chung, 2018). It has been hypothesized that ALLO acts as a non-competitive inhibitor 

of nAChRs through a negative allosteric modulatory mechanism (Bullock et al., 1997). 
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Moving forward, it will be important to understand how ALLO regulation of mPFC 

nAChRs may change during postnatal maturation, as this area has not been 

investigated.  

Sex has not been considered as a biological variable in investigations of mature 

mPFC nAChR signalling because of the confounding factor of the female estrous cycle. 

Often, males alone are investigated. However, sex differences have been identified for 

mPFC nAChR function within the young postnatal mPFC (Alves et al., 2010; Chung, 

2018). This finding provides novel insight to the importance of studying age- and sex-

differences throughout development in order to fully understand nAChR 

neurotransmission. Moreover, the variables of biological sex and estrous cycle are of 

central importance to the investigation of neurosteroid action at nAChRs within the 

mature brain.  

 

1.3.3  Modulation – Galantamine Potentiation  

When ACh enters the synaptic cleft it quickly interacts with receptors before 

being hydrolyzed by AChE. Galantamine is a known selective AChE inhibitor which has 

been well studied and is currently used in clinical practice for its effectiveness in AD 

(Maelicke & Albuquerque, 2000; Scott & Goa, 2000). When bound by galantamine, the 

actions of AChE are slowed allowing for increased ACh function within the synapse 

(Greenblatt et al., 1999). Galantamine is also known to potentiate ACh’s actions at the 
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nAChR through positive allosteric modulation (Maelicke & Albuquerque, 2000; 

Samochocki et al., 2003; Scott & Goa, 2000). Through this action, galantamine does not 

provoke nAChR currents directly but can positively modulate nAChR currents elicited by 

agonists. At low doses, galantamine acts only as a positive allosteric modulator of 

nAChRs with minimal effect on AChE (Maelicke & Albuquerque, 2000). Allosteric 

modulation is considered a superior treatment to AChE inhibition, which results in a 

number of unwanted adverse effects (Maelicke et al., 2000; Maelicke & Albuquerque, 

2000).  

Akk & Steinbach (2005) examined the modulation of nAChR action by ACh, 

carbachol, and choline. They found that galantamine did not interfere with agonist 

binding and therefore must exert its actions by binding at a site distinct from the 

orthosteric site occupied by these nicotinic agonists (Akk & Steinbach, 2005). In vitro 

studies confirm that galantamine potentiates agonist currents via binding at an nAChR 

allosteric binding site located on the a-subunit and inducing conformational changes in 

the receptor (Pereira et al., 1994; Storch et al., 1995). The efficacy of allosteric 

modulators of the nAChR depends on the properties of the accessory fifth subunit of the 

receptor. The b2 subunit has the highest sensitivity to activation by ACh (Kuryatov et al., 

2008). However, although the a5 subunit does not form a binding site for ACh, it does 

form binding sites for allosteric modulators. For example, galantamine selectively 

potentiates a4b2* nAChRs that contain the a5 subunit (Kuryatov et al., 2008).  
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The potentiation of nAChR currents and subsequent further increases in 

intracellular Ca2+ levels will activate a number of signalling pathways and increase 

neurotransmitter release, leading to enhanced higher-order cognition (Dajas-Bailador & 

Wonnacott, 2004). Wang et al. (2007) investigated the downstream effects of 

galantamine potentiation of nAChR in vivo and found an increase in extracellular 

dopamine release which was antagonized by an nAChR antagonist, a dopamine-D1 

receptor antagonist, and a dopamine-D2 receptor antagonist (Wang et al., 2007). Also, 

galantamine administration to mice with intracerebroventricularly injected with beta 

amyloid (25-35) to model of AD improved performance on cognitive tasks (Wang et al., 

2007).   

Differences in nicotinic modulation across the lifespan may relate to relative 

differences in subunit composition of the nAChR. In previous studies examining the 

effects of galantamine as a positive allosteric modulator of nicotinic currents within the 

hippocampus, it was found that there was no difference in potentiated responses 

between young and adult mice (Chung, 2018). There also exist baseline physiological 

differences in nAChR receptor functioning between the hippocampus and mPFC 

(Chung, 2018) as well as subunit differences between various brain regions (Gotti et al., 

2010; Mao et al., 2008) and the developmental modulation of nAChR function in the 

mPFC has yet to be investigated. 
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1.4 Rationale  

Cholinergic signalling mediated by the neurotransmitter ACh within layer VI of the 

mPFC is crucial for normal cognitive performance, including tasks of higher-order 

functioning (Bloem et al., 2014; Guillem et al., 2011; Kassam et al., 2008; Proulx et al., 

2014). Modulation of the nAChR, specifically the a4b2* isoform, can critically impact 

prefrontal cognitive networks (Bullock et al., 1997; Ke & Lukas, 1996). Prolonged 

exposure to the agonist nicotine will desensitize the nAChR, therefore attenuating 

subsequent responses to ACh (Buccafusco et al., 2009; Poorthuis, Bloem, Verhoog, et 

al., 2013; Yu et al., 2009). In young mice, Alves et al. (2010) demonstrated a strong 

desensitization response to nicotine in layer VI PFC neurons. However, Bailey et al. 

(2010) found a smaller desensitization response to nicotine in adult male layer VI PFC 

neurons. Changes to the pharmacology of the nicotinic receptor across developmental 

age may impact our understanding of ligand interactions and highlights the importance 

of characterizing drug interactions at different developmental time points.  

ALLO similarly attenuated responses to ACh in young mice through a presumed 

negative allosteric mechanism (Bullock et al., 1997). Ex vivo studies examining ALLO 

inhibition of a4b2* nAChRs on mPFC layer VI neurons were performed previously in 

young postnatal mice (Chung, 2018). However, developmental changes to the 

pharmacology of the nAChR may influence the ability of ALLO to modulate ACh 

currents at this receptor in adulthood. Additionally, baseline sex differences have been 

documented regarding the function of a4b2* nAChRs on mPFC layer VI neurons in 
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young postnatal mice (Alves et al., 2010). Chung (2018) also discovered sex differences 

in young mice, such that ALLO inhibited a4b2* nAChRs on mPFC layer VI neurons to a 

greater extent in young female mice than in young male mice. Understanding the 

modulatory effects of ALLO at a4b2* nAChRs across age and sex will address the 

importance of including animals of both sexes and investigating multiple time points 

across postnatal development, to create a clear picture of mechanisms by which 

neurosteroids may influence cognition under these specific circumstances.  

Galantamine is an a5 subunit-selective positive allosteric modulator of a4b2* 

nAChRs which potentiates subsequent responses to ACh (Maelicke & Albuquerque, 

2000; Samochocki et al., 2003; Scott & Goa, 2000). The inclusion of the a5 subunit 

within the a4b2* nAChR has been shown to produce allosteric binding sites and 

influence excitability of the receptor (Bailey et al., 2012; Kuryatov et al., 2008). 

Specifically, a4b2* nAChRs in mice lacking the a5 subunit are significantly less 

excitable and are desensitized to a greater degree by nicotine (Bailey et al., 2010). It 

has been shown that the expression pattern of the a5 subunit changes during early 

postnatal life within regions of the hippocampus and layer VI of the mPFC (Winzer-

Serhan & Leslie, 2005). Changes across age and sex to the proportion of a4b2* 

nAChRs containing the a5 accessory subunit are expected to affect receptor physiology 

and pharmacology and may underlie observed alterations in the function of multiple 

ligands at the nAChR.  
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Although nicotine, ALLO, and galantamine have been well-studied with respect to 

their actions at the nAChR, there exist gaps in the literature regarding the relative 

strength of each modulator across developmental age. By investigating changes to the 

pharmacology of the nAChR using a variety of modulatory substances as well as 

probing the importance of accessory subunits, these gaps will be addressed. Similar 

gaps exist for the influence of biological sex on the action of modulators at the nAChR, 

which will also be addressed. Moreover, since sex differences exist in the prevalence of 

cognitive disorders involving the mPFC, understanding the influence of biological sex on 

nAChR function within prefrontal circuitry may provide baseline information from which 

to investigate sex differences within certain cognitive disorders.  

 

1.5 Hypothesis, Objectives and Significance  

1.5.1 Hypothesis  

I set out to test the hypothesis that the pharmacological modulation of a4b2* 

nAChR function in mouse mPFC layer VI neurons changes during postnatal maturation, 

and that this change results from a differential proportion of receptors containing the a5 

subunit. This work was performed in mice at two developmental time points (young 

postnatal and adult) and in both sexes, which, in addition to addressing the central 

hypothesis, allowed for the characterization of basic mPFC layer VI neuron physiology 
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and potential sex differences that may exist for receptor function or neuron physiology. 

This hypothesis was tested by completing the following three objectives.  

 

1.5.2  Objectives  

Objective 1: To determine whether there is an effect of postnatal 

development on the desensitization pharmacology of the nicotinic receptor within 

layer VI of the mPFC using nicotine desensitization. Nicotine-induced 

desensitization of the a4b2* nAChR has been well documented within the literature but 

appears to occur to varying degrees when tested in separate studies of young postnatal 

mice compared with adult mice. The goal of this objective was to assess the 

desensitization pharmacology and functioning of a4b2* nAChRs located on mPFC layer 

VI pyramidal neurons at different developmental ages in a single study.   

Objective 2: To determine whether there is an effect of postnatal 

development on the negative allosteric modulation of the nicotinic receptor within 

layer VI of the mPFC using ALLO. Inhibition of the a4b2* nAChR by ALLO has been 

demonstrated in mice at a young postnatal age of development and sex differences 

have been documented. The goal of this objective was to determine whether these 

findings are observed to the same degree in adulthood. Also, the mechanism of 

allopregnanolone inhibition of this receptor was considered.  
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Objective 3: To determine whether there is an effect of postnatal 

development on the role of the a5 subunit in the pharmacology of the nicotinic 

receptor within layer VI of the mPFC using a known a5 subunit-selective positive 

allosteric modulator, galantamine. Developmental differences in function and 

pharmacology of the a4b2* nAChR may result from differential receptor subunit 

expression within mPFC layer VI neurons. The goal of this objective is to determine 

whether differential proportions of receptors containing the a5 accessory subunit play a 

role in sex- or developmental-differences in modulation of the a4b2* nAChR.  

Overall, the purpose of this research was to characterize α4β2* nAChR 

modulation at two different developmental ages: an early juvenile period of postnatal 

development and adulthood. The consequences of exposure to various modulating 

substances at these developmental timepoints, as well as potential roles for the α5 

accessory subunit, were explored.  

 

1.5.3 Significance  

Based on the current literature, it was expected that the pharmacology of the 

a4b2* nAChR changes during postnatal development. The results from this thesis 

research add to our current knowledge of a4b2* nAChR function and pharmacology, 

with a specific focus on the role of neurosteroids and various modulators across 

postnatal development. Future research could include an examination of which a4b2* 
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nAChR isoforms are present within the mPFC of young postnatal and adult brains. By 

examining the a5 subunit-containing a4b2* nAChRs, this work will provide a greater 

understanding of the importance of this accessory subunit and its influence on the 

effects of modulatory substances at this receptor. 
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Chapter 2 Materials and Methods 

2.1  Experimental Animals 

All experimental animals were cared for according to the guidelines of the 

Canadian Council on Animal Care, and the experimental protocol was approved by the 

University of Guelph Animal Care Committee. All efforts were made in this study to 

minimize animal suffering and to limit the number of mice used. CD1-strain mice 

originally purchased from Charles River Canada (Saint-Constant, QC, CAN) were bred 

in-house in a secure vivarium with an ambient temperature of 21-24°C and a 12-hour 

reverse light/dark cycle. Pups remained with their litter in original cages until postnatal 

day (P)21, when they were then weaned, separated based on sex, and transferred to 

new plastic cages (29 cm X 19 cm X 13 cm) in the same room in groups of up to four. 

All experimental animals were given ad libitum access to water and food (Tekland 

Global 14% Protein Rodent Maintenance Diet, Harlan Laboratories, Mississauga, ON, 

Canada). The day of birth was considered P0 for each litter. Male and female mice were 

examined at two developmental age ranges for the purposes of the current study: 

Postnatal day (P) 15-20 (young juvenile) and P80-120 (adulthood).  
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2.2 Electrophysiology 

2.2.1 Brain Slice Preparation  

Isoflurane was used to anesthetize mice to a surgical plane prior to decapitation using a 

guillotine. Promptly, brains were removed and placed in sucrose artificial cerebrospinal 

fluid (sACSF) (254 mM sucrose, 10 mM D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 

mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, pH 7.4) that was oxygenated with carbogen 

(95% O2 and 5% CO2) at 4°C. A Leica VT1200 vibrating microtome (Leica 

Microsystems, Richmond Hill, ON, Canada) was used to obtain 400 μm thick coronal 

brain slices containing the medial prefrontal cortex (mPFC) (bregma 1.98 mm to 1.18). 

The slices were left to recover for a minimum of 2 hours in a chamber containing 

oxygenated artificial cerebrospinal fluid (ACSF) (128 mM NaCl, 10 mM D-glucose, 26 

mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, pH 7.4) 

maintained at 30°C.  

 

2.2.2 Electrophysiology 

Brain slices were transferred to a modified recording chamber (Warner 

Instruments, Hamden, CT, USA) mounted on the stage of an Axioskop FS2 microscope 

(Carl Zeiss Canada, Toronto, ON, Canada). Here, the slices were continually 

superfused with oxygenated ACSF at room temperature using a gravity-fed perfusion 

system controlled by stopcocks. The flow rate of ACSF was controlled at 2-4 mL/min 
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throughout the experiments. Individual layer VI medial prefrontal pyramidal neurons 

located directly adjacent to the white matter were visually identified using infrared 

differential interference contrast microscopy. For whole-cell recording, borosilicate glass 

pipette electrodes (2-5 MΩ resistance; outer diameter of 1.5 mm; Sutter Instrument 

Company, Novato, CA) containing electrode solution (120 mM K-gluconate, 5 mM KCl, 

2 mM MgCl2, 4 mM K2-ATP, 400 μM Na2-GTP, 10 mM Na2-phosphocreatine, 10 mM 

HEPES buffer (pH 7.3, adjusted with KOH)) were used. Recordings were made using a 

Multiclamp 700B amplifier and Digidata 1440A data acquisition system (Molecular 

Devices, Sunnyvale, CA, USA), where in each one-second time-period the membrane 

potential (current-clamp mode) or holding current (voltage-clamp mode) of each of the 

20,000 data values was recorded. The identity of regularly firing pyramidal neurons was 

confirmed based on active responses to positive current injection. After acquiring whole-

cell access to a neuron, the liquid junction potential was corrected by artificially setting 

the firing threshold to -55 mV, and both passive and active neuron electrophysiological 

properties, such as resting membrane potential, input resistance, spike amplitude, 

rheobase, input/output curves, and afterhyperpolarization (AHP) were recorded in 

current clamp mode.   

Resting membrane potential is the membrane potential value when no current is 

being injected and the neuron is at rest. Input resistance reflects the activities of the 

resistors within the neuron’s membrane and can be affected by the size of the neuronal 

membrane, the number of receptors present on the neuron, as well as the proportion of 

the channels which are open or closed. Spike amplitude is the amplitude of the first 
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spike in a series of action potentials measured from the inflection point when the action 

potential is triggered to the peak point of the action potential. Rheobase is considered 

the amount of current required to elicit one action potential. Input-output curves are 

generated based on the number of spikes which are elicited when stimulated by 

increasing amounts of current. AHPs are measured as the peak AHP following at the 

end of the action potential trains generated in the input/output experiment.  

 

2.2.3 Pharmacology 

All experiments were performed in the presence of 200 nM atropine to block 

muscarinic acetylcholine receptors (mAChRs). In voltage-clamp mode, neurons were 

held at -75 mV (the equilibrium potential for chloride in the experimental preparation) 

and neuron stability was assessed at baseline for 5 minutes. The function of the a4b2* 

nicotinic acetylcholine receptor (nAChR) was determined by measuring the magnitude 

of inward current responses following a 30 s bath application of acetylcholine (ACh) (1 

mM or 50 μM), by calculating the mean holding current at the peak of the ACh response 

subtracted by the mean holding current at baseline. The modulation of this a4b2* 

nAChR-mediated current response was probed by exposing slices to either regular 

ACSF control, dimethyl sulfoxide (DMSO; 0.1%) vehicle control, nicotine (300 nM) in 

ACSF, ALLO (10 μM) in DMSO, or galantamine (0.1 μM) in ACSF. Each of the 

pharmacological agents was diluted in ACSF and delivered to the brain slice through a 

gravity-fed perfusion system.  



 

 

33 

 

ACh chloride, atropine, and nicotine bitartrate were purchased from Sigma 

Aldrich (Oakville, ON, CAN). Galantamine hydrobromide was purchased from Tocris 

Bioscience / Bio-Techne (Minneapolis, MN, USA). DMSO was purchased from Thermo 

Fischer Scientific (Mississauga, ON, CAN) and ALLO was purchased from Steraloids 

(Newport, Rhode Island, USA).  

 

2.2.4 Nicotine Desensitization  

The negative modulation of nAChR function by nicotine desensitization was 

evaluated by measuring the inward current response to a 30-second application of 1 

mM ACh followed by a 5-minute washout. This was assessed before and after applying 

300 nM nicotine for 10 minutes, followed by a 10-minute washout. The percent 

desensitization was calculated for that neuron as: [(ACh current before nicotine – ACh 

current after nicotine)/ ACh current before nicotine] x 100. This protocol was repeated 

using regular ACSF for a control.  

 

2.2.5 Allopregnanolone Inhibition 

The negative modulation of nAChR function by ALLO was evaluated by 

measuring the inward current response to a 30-second application of 1 mM ACh 

followed by a 5-minute washout. This was assessed before and after applying 10 μM 

ALLO for 20 minutes. During the second application of ACh, 10 μM ALLO also was 

present. The percent inhibition was calculated for that neuron as: [(ACh current before 
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ALLO – ACh current after ALLO)/ ACh current before ALLO] x 100. This protocol was 

repeated using 0.1% DMSO for a control.  

 

2.2.6 Galantamine Potentiation 

The positive modulation of nAChR function by galantamine was evaluated by 

measuring the inward current response to a 30-second application of 1 mM ACh 

followed by a 5-minute washout. This was assessed before and after applying 0.1 μM 

galantamine for 10 minutes, with 0.1 μM galantamine present during the second 

application of ACh. The percent potentiation was calculated for that neuron as: [(ACh 

current after galantamine – ACh current before galantamine) / ACh current before 

galantamine] x 100. This protocol was repeated using regular ACSF for a control.  

 

2.2.7 Vaginal Cytology  

In the adult female mice, the stage of the estrous cycle was determined using 

vaginal lavage as adapted from Bryers et al., 2012. Deionized water was used to flush 

the vaginal cavity 2-3 times and smeared onto an untreated microscope slide. The slide 

was air dried for at least 24 hours before the vaginal smear was stained with Giemsa 

stain (modified, Sigma Aldrich, Cat. GS1L) diluted 1:20 with tap water. A brightfield 

Olympus BX53 upright microscope with an Olympus UPlanFL 10x / 0.30 N.A. objective 

was used to take images of the vaginal cells present within the sample in order to 

determine the stage of the estrous cycle (Byers et al., 2012). This process was done for 
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a minimum of two cycles to acquire an accurate prediction of the cycle stage prior to 

recording. Mice were used if it was determined that they were in either the proestrus or 

the metestrus stage. Basic electrophysiological properties were then analyzed as a 

function of estrous cycle stage.  

 

2.3 Radioligand Binding  

2.3.1 Tissue Collection  

Male and female CD1-strain mice were sacrificed by decapitation under isoflurane 

anesthesia at P15-20 and P80-120. Whole brains were excised rapidly and dissected. 

Whole cerebral cortices were isolated and stored at -70°C until they were used to 

prepare crude membrane fractions.  

 

2.3.2 Preparation of Crude Membrane Fraction  

Cerebral cortical tissue was thawed and homogenized in 20 mL/g of 

homogenization buffer (300 mM sucrose, 10 mM Tris, 2 mM EDTA, pH 7.4). The 

homogenate was then centrifuged at 1000 X g for 10 min at 4°C. The resulting 

supernatant was centrifuged at 20 000 X g for 20 min at 4°C and the resulting pellet 

containing cell membranes was washed in wash buffer (50 mM Tris, 2 mM EDTA, pH 

7.4) and centrifuged at 13 000 X g for 10 min at 4°C. This step was repeated twice for 3 

total washes. The resulting pellet was suspended in 750 μL binding assay buffer (150 
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nM NaCl, 10 mM Tris-HCL, pH 7.4) and thoroughly mixed to give a final protein 

concentration of approximately 1.5 mg/mL. Precise protein concentration for each 

sample was measured using the Pierce bicinchoninic acid protein assay (Fisher 

Scientific, Ottawa, ON, Canada) using bovine serum albumin as the standard, according 

to the manufacturer's recommended protocol. Sucrose, Tris, EDTA, and NaCl were 

purchased from Bioshop Canada (Burlington, ON, CAN).  

 

2.3.3 Radioligand Binding Saturation Assay  

Reaction vessels contained 250 μg of washed membrane protein, varying 

concentrations of [3H]ACh (1 nM to 60 nM), rivastigmine (100 μM; to block the 

metabolism of [3H]ACh by endogenous acetylcholinesterase (AChE)), atropine (1.5 μM; 

to block muscarinic receptors), and methyllycaconitine (MLA; 10 nM; to block a7 

containing receptors), and binding assay buffer to a total volume of 250 μL. Non-specific 

binding was tested using carbochol, cold ACh, Nicotine, and Dihydro-b-Erythroidine 

Hydrobromide (DHbE) (Figure 5). Nicotine (10 µM) was used in separate reaction 

vessels to determine non-specific binding. Whatman GF/A filters (Fischer Scientific, 

Ottawa, ON, CAN) were soaked with polyethyleneimine (0.05%) for 15 minutes to 

decrease non-specific binding and then prewet with binding assay buffer. Reaction 

vessels were mixed and incubated for 60 minutes at 4°C before 240 μL (96% of total 

sample) was applied to filters for rapid vacuum filtration. The filters were then washed 

three times with 0.2 mL ice-cold binding assay buffer before being left overnight in 
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CytoScintTM liquid scintillation cocktail (MP Biomedicals, Irvine, CA, USA). The 

radioactivity retained on the filters was quantified by liquid scintillation spectroscopy 

using a Beckman LS 6000 liquid scintillation counter.  

Rivastigmine tartrate and MLA citrate were purchased from Tocris Bioscience / 

Bio-Techne (Minneapolis, MN, USA). Polyethyleneimine was purchased from Sigma 

Aldrich (Oakville, ON, CAN). [3H]epibatidine was purchased from PerkinElmer 

(Waltham, MA, USA).  
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Figure 5: Non-specific binding was tested for by adding 50 nM of [3H]ACh to a reaction vial in the 

presence of each competitor; carbachol (Carb)(100 µM), cold ACh (100 µM), nicotine (10 µM), and 

DHbE (10 µM).  

Nicotine had the lowest amount of DPM in reaction i.e. [3H]ACh bound to protein. GF/A filters were also 

tested and compared to the GF/B filters. 
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2.4 Statistical Analysis  

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

Statistical analyses were performed using GraphPad Prism 7.0 and 8.0 software 

(GraphPad Software, La Jolla, CA, USA). Statistical significance was indicated when 

p<0.05. Sample sizes ranged from 8 to 38 neurons per group sampled from 3 or more 

mice. Effect of estrus cycle on resting membrane potential and rheobase was analyzed 

using two-tailed unpaired t-test. Effect of estrus cycle on input-output was analyzed 

using Welch’s t-test. Basic electrophysiological properties were analyzed using two-way 

analysis of variance (ANOVA) and Sidak multiple comparisons.  Control experiments 

were analyzed using a paired two-tailed t-test to test for an effect of vehicle or patching 

method. Groups in pharmacological experiments were analyzed using two-way ANOVA 

followed by the Bonferroni’s multiple comparisons correction to test for effects of age 

and sex on the ability of modulators to affect the magnitude of nicotinic responses.  
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Chapter 3 Results  

Electrophysiological recordings were performed on pyramidal neurons located 

within layer VI of the medial prefrontal cortex (mPFC) of mice aged postnatal day (P) 

15-20 representing a young juvenile stage of brain development, and P80-120 

representing young adulthood. After whole cell access, current clamp mode was 

employed to measure basic electrophysiological properties such as resting membrane 

potential, spike amplitude, input resistance, rheobase, input-output response, and 

afterhyperpolarization (AHP). Voltage-clamp recordings were made while membrane 

potential was held at -75 mV. 

 

3.1 Basic electrophysiological properties of mPFC layer VI 

pyramidal neurons for mice aged P 15-20 and 80-120  

The functional output of neurons is measured based on synaptic input and 

membrane excitability (Hille, 1978). Previous literature has reported basic 

electrophysiological properties, such as spike amplitude, resting membrane potential 

and input resistance, for pyramidal neurons within the mouse brain.  

Chung (2018) recorded basic electrophysiological properties for CA1 pyramidal 

neurons in male CD1 mice across four stages of development: P 5-10, P 15-20, P 25-

30, and P 60-100 (Table 1). It appears that there is a developmental difference within 
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the hippocampus such that input resistance decreases across developmental age and 

spike amplitude decreases in male mice (Chung, 2018).  

Winters et al. (2011) recorded electrophysiological properties from layers V and 

VI mPFC pyramidal neurons in adult male C57BL/6 mice (Table 1). Similarly, Patel 

(2018) recorded layer VI pyramidal neurons in male and female CD1 mice at two 

distinct time points: P 15-20 and P 60-100 (Table 1). There were no developmental 

differences in spike amplitude, resting membrane potential (RMP), or input resistance in 

male or female mice, however, there was a decrease in input resistance (Patel, 2018). 

The literature suggests that electrophysiological properties appear to be layer, region 

and species specific. Therefore, it was important to assess these measures within the 

scope of the current study.  

Passive and active electrophysiological properties were measured after whole-

cell access was successfully attained for each neuron. These data are presented in 

tables 2 & 3. Spike amplitude, RMP and membrane resistance were measured before 

and after pharmacological experiments, in order to confirm that whole-cell access had 

been maintained throughout the experiment. The initial ("before") set of values were 

used to assess baseline physiological properties in mPFC layer VI pyramidal neurons.  

It was reported previously that there are baseline differences in functional 

excitability of mPFC layer VI pyramidal neurons depending on stage of the estrous 

cycle, such that muscarinic acetylcholine receptor (mAChR) inhibitory responses are 

greatest in magnitude during proestrus and are non-existent during metestrus (Patel, 
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2018). Gonadal steroids that fluctuate across the estrous cycle, such as progesterone, 

passively diffuse into the brain, are metabolized, and can act to regulate neuronal 

activity (Kapur & Joshi, 2021). However, it also was reported that de novo production of 

neurosteroids seems to be the primary source of brain progesterone and that levels are 

comparable between male and female mice (Zhu et al., 2017). Since the literature 

contains conflicting reports regarding the roles of circulating gonadal steroids on 

neuronal excitability, it was important to consider the estrous cycles when designing 

experiments within the current study. Vaginal cytology was used to determine the stage 

of the estrous cycle for each mouse on the day that it was used for experiments. Mice 

were used at metestrus and proestrus because those are the stages in which the serum 

level of progesterone are at their lowest and highest, respectively (Haim et al., 2003). 

Comparison of basic passive and active electrophysiological properties between 

female mice at proestrus and metestrus found no significant effect of stage of the 

estrous cycle. Specifically, there were no statistically significant differences between 

groups for resting membrane potential (Figure 6A; two-tailed unpaired t-test, p=0.4), 

rheobase (Figure 6B, p=0.6), or input resistance (Figure 6C, p=0.4). For the active 

input-output responses (Figure 6D) there was a significant effect of the amount of 

current injected (two-way repeated-measures ANOVA, F(9,261)=20.35, p<0.0001) but 

not for the stage of estrous cycle (F(1,29)=0.0002, p=1.0). There was no significant 

interaction between these two factors (F(9,261=1.18, p=0.3). Therefore, data for female 

mice at both estrous cycle stages were grouped together for the remainder of analyses 

within this project. 
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Basic electrophysiological properties for both sexes at both ages are presented 

in Tables 2 and 3, and in Figure 7. Resting membrane potential was not affected by age 

(F(1,106)=2.64, p=0.1) or sex (F(1,106)=0.42, p=0.5), although there was a significant 

interaction between these two factors (F(1,106)=8.28, p=0.005). Within each sex, there 

was a significant effect of age in females only (Bonferroni post hoc correction, p=0.004). 

Spike amplitude was not affected by age (F(1,107=0.45, p=0.5) or sex (F(1,107)=0.43, 

p=0.5) and there was no interaction between these two factors (F(1,107)=0.87, p=0.4). 

Input resistance was affected by age (F(1,107)=8.09, p=0.005) where young mice had 

overall greater input resistance values. There was no effect of sex (F(1,107)=0.99, 

p=0.3) and there was no interaction between the effects of age and sex (F(1,107)=1.06, 

p=0.3) Within each sex, adult females had significantly lower input resistance compared 

to young females (p=0.02). This effect of age/development to decrease input resistance 

is consistent with previous literature where Patel (2018) observed a decrease in input 

resistance within layer VI of the mPFC in females but not male mice, and Chung et al 

(2016) observed a decrease in input resistance for CA1 pyramidal neurons in male mice 

(Table 1).  

Rheobase is a measure of the lowest amount of current which is needed to 

provoke one action potential. These data are presented in Tables 2 and 3, and in Figure 

7A. There was a significant effect of age (F(1,107)=9.97, p=0.002) and sex 

(F(1,107=9.94, p=0.002), and a significant interaction between these two factors 

(F(1,107)=8.17, p=0.005). These effects were driven by the greater rheobase value for 
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adult females compared with young females (p<0.0001), young males (p<0.0001) and 

adult males (p=0.0004).  

Input-output curves (Figure 7B) were generated based on the number of spikes 

elicited when neurons were stimulated by increasing amounts of current. Two-way 

repeated-measures ANOVA revealed that these input-output curves were significantly 

affected by the amount of current injected (F(9,981)=111.10, p<0.0001) but not by 

experimental group (F(3,109)=0.76, p=0.5). There was a significant interaction between 

effects of the amount of current injected and experimental group (F(27,981)-4.65, 

p<0.0001), which was driven by the curve in adult females being shifted to the right in 

comparison with the other three groups. Bonferroni post hoc correction revealed that the 

firing frequency in response to 450 pA and 500 pA of current injection was greater for 

adult females than adult males (p<0.0001, p=0.002) and young females (p=0.002, 

p=0.008). The AHP was measured following the last action potential generated in 

response to 100 pA and 250 pA of current injection, and these data are reported in 

Tables 2 and 3. AHP magnitude at 100 pA was not affected by age (F(1,106)=0.51, 

p=0.5) or sex (F(1,106)=0.76, p=0.4) and there was no interaction between these two 

factors (F(1,106)=0.05, p=0.8). Similarly, AHP magnitude at 250 pA was not affected by 

age (F(1,104)=1.46, p=0.2) or sex (F(1,104)=2.41, p=0.1) and there was no interaction 

between these two factors (F(1,104)=0.54, p=0.5). 
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Table 1: Basic electrophysiological properties as reported in literature.  

Letters a, b & c indicate a significant difference. Properties appear to be layer, region, and species specific. 

(A) Layers V and VI mPFC pyramidal neurons in adult male C57BL/6 mice (adapted from Winters et al., 

2011). (B) CA1 pyramidal neurons in male CD1 mice at P 15-20 and P 60-100. Input resistance 

decreased (p<0.0001) and spike amplitude decreased (p<0.0001) (one-way ANOVA) (adapted from 

Chung, 2016) (C) mPFC layer VI pyramidal neurons in male and female CD1 mice at P 15-20 and P 60-

100. Input resistance in females decreased (p=0.0006) (two-way ANOVA) (adopted from Patel, 2018). 

Parameter (A) Winters et 
al. (2011), layer 
VI mPFC 
pyramidal 
neurons, 
C57BL/6 mice 

(B) Chung (2016), CA1 
pyramidal neurons, CD1 
mice 

(C) Patel (2018) mPFC, layer VI 
pyramidal neurons, CD1 mice 

Male Male Male Female 

P35-55 P15-20 P60-100 P15-20 P60-100 P15-20 P60-100 

Spike 
amplitude 
(mV)  

70.70 ± 1.27  83.0 ± 2.5a 82.5 ± 1.6a 96.14 ± 
0.76 

96.10 ± 
0.93 

94.92 ± 
0.60 

95.86 ± 
0.76 

RMP (mV)  -69.71 ± 1.76 -72.7 ± 0.5 -73.8 ± 0.6 -75.47 ± 
0.63 

-75.26 ± 
0.65 

-75.13 ± 
0.58 

-75.94 ± 
0.49 

Input 
resistance 
(MΩ) 

N/A 222.9 ± 8.9b 156.2 ± 
4.1b 

 

265.68 
± 11.43 

239.70 
± 8.50 

283.42 
± 12.81c 

236.35 ± 
8.14c 

 

  



 

 

46 

 

A B C  

D  

Figure 6: Comparison of basic electrophysiological properties for adult female mice at proestrus 

and at metestrus.  

N= at least 4 neurons from 2 mice. Resting membrane potential (A), rheobase (B), and input resistance 

(C) were not statistically different between the two stages of the cycle (two-tailed unpaired t-test, all 

p³0.4). For the active input-output responses (D) there was a significant effect of the amount of current 

Met
es

tru
s

Pro
es

tru
s

-100

-80

-60

-40

-20

0

R
es

tin
g 

M
em

br
an

e 
P

ot
en

tia
l (

m
V

)

Met
es

tru
s

Pro
es

tru
s

0

20

40

60

80

C
ur

re
nt

 In
je

ct
ed

 (p
A

)

Met
es

tru
s

Pro
es

tru
s

0

100

200

300

400

In
pu

t R
es

is
ta

nc
e 

(M
Ω

)

0 200 400 600
0

5

10

15

Current Injected (pA)

A
ct

io
n 

Po
te

nt
ia

l F
re

qu
en

cy
 (H

z)

Metestrus

Proestrus



 

 

47 

 

injected (two-way repeated-measures ANOVA, F(9,261)=20.35, p<0.0001) but not for the stage of 

estrous cycle (F(1,29)=0.0002, p=1).  
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Table 2: Basic electrophysiological properties for mPFC pyramidal neurons at P15-20 and P80-120 

in male mice.  

N= at least 19 neurons from 9 mice. There was no significant effect of age for any measure. All values are 

reported as mean ± SEM. P values are reported from a two-way ANOVA (which included female data), 

followed by the Bonferroni multiple comparisons correction.  

 P15-20 (n= 26) P80-120 (n= 19) P value 

Resting 
membrane 

potential (mV) 

-75.95 ± 0.82 -74.91 ± 0.97 0.9610 

Spike amplitude 
(mV) 

94.99 ± 1.71 95.42 ± 2.06  >0.9999 

Input resistance 
(mV) 

297.45 ± 15.31 269.27 ±19.47 0.8094 

Rheobase (pA) 42.89 ± 3.02 43.95 ± 3.64 >0.9999 

AHP at 100pA 
(mV) 

-2.44 ± 0.36 -2.27 ± 0.37 0.9998 

AHP at 250pA 
(mV) 

-3.14 ± 0.30 -2.57 ± 0.31 0.7528 
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Table 3: Basic electrophysiological properties for mPFC pyramidal neurons at P15-20 and P80-120 

in female mice. 

N= at least 19 neurons from 9 mice. There was a significant effect of age for resting membrane potential, 

input resistance, and rheobase. All values are reported as mean ± SEM.  P values are reported from a 

two-way ANOVA (which included male data), followed by the Bonferroni multiple comparisons correction. 

* indicates a statistically significant difference between young and adult mice.  

 Young P15-20 

(n= 28) 

Adult P80-120 

(n= 38) 

P value 

Resting 
membrane 

potential (mV) 

-74.10 ± 0.820 

** 

-77.86 ± 0.685 

** 

0.0038  

** 

Spike 
amplitude(mV) 

95.44 ± 1.307 92.84 ± 1.390 0.7587 

Input 
resistance(mΩ) 

297.96 ± 13.682 

* 

237.91 ±13.297 

* 

0.0176  

* 

Rheobase (pA) 43.93 ± 2.62 

**** 

65.26 ± 3.73 

**** 

<0.0001  

**** 

AHP at 100 pA 
(mV) 

-2.81 ± 0.40 -2.49 ± 0.22 0.9766 

AHP at 250 pA 
(mV) 

-3.38 ± 0.31 -3.16 ± 0.23 0.9994 
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A  

B  

Figure 7: Basic electrophysiological properties differ for adult females compared to other groups. 

N= at least 19 neurons from 9 mice. (A) Rheobase: Adult females require a significantly higher level of 

current to reach one action potential (*p=0.002). (B) Input-output curves were generated by measuring 

action potential frequency in response to the injection of positive current steps from 50 pA to 500 pA, in 

50pA increments and for 500 milliseconds each. At 450 pA and 500 pA of current injected, adult females 

elicited a significantly higher number of action potentials compared to adult males (p<0.0001, p=0.002) 

and young females (p=0.002, p=0.008).  
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3.2 Pharmacological experiments  

Following collection of basic intrinsic electrophysiological properties, neurons 

were held at -75 mV in voltage clamp mode and a baseline recording was taken for 5 

minutes to ensure a quality patch. If the baseline appeared stable and remained within ± 

50 pA holding current, pharmacological experiments were performed. In each set of 

experiments, the amplitude of ACh-induced current was measured before and after drug 

application and the percent change to this ACh current after drug application was 

calculated.  

 

3.2.1 Control experiments  

Previously, it was reported by Chung (2018) that nicotinic inward current 

responses were not affected by 20-minute application of 0.1% (vol/vol) DMSO vehicle in 

males or females. In the current study, neurons were patched and held at -75 mV, and 

ACh (1 mM) was added for 30 seconds before and after a 10-minute exposure to 

regular artificial cerebrospinal fluid (ACSF) or 20-minute exposure to DMSO control, in 

order to test whether changes to ACh current responses were due to clamping issues, 

neuron death or effect of ACSF/DMSO. There was no significant effect of exposure to 

regular ACSF on ACh-induced currents (Figure 8A). A one-sample t-test comparing the 

mean percent change in each experimental group with zero revealed no effect in slices 

obtained from males at P15-20 (p=0.9), males at P80-120 (p=0.3), females at P15-20 
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(p=0.4), or females at P80-120 (p=0.4). Moreover, there was no effect of age 

(F(1,24)=0.17, p=0.7) or sex (F(1,24=0.52, p=0.5), and no interaction between these 

two factors (F(1,24)=1.61, p=0.2), for the ACh-induced currents after exposure to ACSF. 

DMSO was shown to increase the ACh response in slices from males at P15-20 only 

(Figure 8B; p=0.04) (males at P80-120 (p=0.3), females at P15-20 (p=0.1), and females 

at P80-120 (p=0.2)). However, there was no effect of age (F(1,24)=0.00025, p=1.0) or 

sex (F(1,24=0.43, p=0.5), and no interaction between these two factors (F(1,24)=2.08, 

p=0.2), for ACh currents after exposure to DMSO. In any case, these data confirm that 

holding neurons for more than 20 minutes, and exposing them to regular ACSF or 

DMSO, does not decrease the magnitude of inward currents mediated by 1 mM ACh 

acting at a4b2* nicotinic acetylcholine receptors (nAChRs). 
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A   

 

B    

Figure 8: Inward currents mediated by 1 mM ACh acting at a4b2* nicotinic receptors are not 

significantly reduced by exposure to vehicle controls.  
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N= at least 6 neurons. (A) Regular ACSF control was applied for 10 minutes and the percent change in 

the ACh-induced current response was measured in neurons from each experimental group. This percent 

change was not significantly different from 0 in any group, and there was no effect of age or sex on this 

measure. (B) DMSO control was applied for 20 minutes and the percent change in the ACh current 

response was measured in neurons from each experimental group. DMSO potentiated the ACh response 

in males at P15-20 only (p=0.04), but not in any other experimental group (all p>0.05). There was no 

effect of age or sex on this measure.  
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3.2.2 Nicotine desensitization of ACh-mediated a4b2* nAChR currents within 

medial prefrontal cortex layer VI pyramidal neurons is differentially altered 

in male and female mice 

The desensitization of the nAChR via prolonged exposure to nicotine has been 

well established (Ochoa et al. 1989). In young male mice, Alves et al. (2010) reported 

relatively large (48%) desensitization responses following exposure to 300 nM nicotine 

within layer VI nAChRs. In adult male mice, Bailey et al. (2010) demonstrated 

somewhat lower (36%) desensitization responses following exposure to 300 nM nicotine 

within the same region. However, in adult male mice lacking expression of the a5 

subunit, significantly greater desensitization responses following exposure to 300 nM 

nicotine (73%) were detected (Bailey et al. 2010). Together, these studies indicate a 

potential developmental difference in nicotine desensitization which is possibly affected 

by the presence of the a5 subunit within a4b2* nAChRs on layer VI neurons.  

We sought to determine whether there was a developmental difference in the 

desensitization of ACh-induced currents on pyramidal neurons expressing the a4b2* 

nAChR located within brain slices containing the mPFC in male and female mice aged 

P15-20 and P80-120. Neurons were held in voltage clamp at -75 mV. Nicotine was used 

at a concentration relevant to that measured in the brain of smokers following 

consumption of one cigarette (300 nM) (Rose et al., 2010) which has been shown to 

elicit weak agonist and strong desensitization responses (Alves et al. 2010; Bailey et al. 

2010). Before and after a 10-minute exposure to 300 nM nicotine, peak inward current 
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responses to a 30-second application of 1 mM ACh were quantified and the percent 

desensitization was calculated. Each brain slice was exposed to nicotine only once and 

only one treated neuron was used per slice.  

Responses of a4b2* nAChR to 1 mM ACh were significantly affected by 20-

minute exposure to 300 nM nicotine in all experimental groups, such that the ACh 

current elicited following nicotine exposure was lower than that elicited before nicotine 

exposure. Representative ACh traces before and after nicotine exposure are shown in 

Figure 9A and calculated percent desensitization values for each group are shown in 

Figure 9B. In males at P15-20, nicotine induced a 58.76 ± 4.63% desensitization from 

baseline (one-sample t-test, difference from zero, p<0.0001, n=8 neurons from 3 mice) 

and in males at P80-120, nicotine induced a 29.28 ± 6.37% desensitization from 

baseline (p=0.003, n=8 neurons from 4 mice). In females at P15-20, nicotine induced at 

44.06 ± 6.43% desensitization from baseline (p=0.0002, n=8 neurons from 3 mice) and 

in females at P80-120, nicotine induced as 45.16 ± 4.06% desensitization from baseline 

(p<0.0001, n=8 neurons from 5 mice).  

For the comparison across experimental groups, there was a main effect of age 

(two-way ANOVA, F(1,28)=6.71, p=0.02) but not sex (F(1,28)=0.012, p=0.9) and there 

was a significant interaction between these two factors (F(1,28)=7.80, p=0.009), which 

is evident given the apparent effect of age in male mice but not in female mice. 

Specifically, nicotine desensitized the ACh response at a4b2* nAChRs to a greater 

degree in males at P15-20 than in males at P80-120 (Bonferroni post hoc multiple 
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comparison correction, p=0.001). This effect of age was not seen in females (p=1.0. 

These results suggest that a change to the pharmacological properties of a4b2* 

nAChRs within mPFC layer VI occurs across development, and this change is sex 

dependent as it occurs only within males.   
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A  
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B  

Figure 9: Nicotine desensitization of a4b2* nicotinic acetylcholine receptors.  

N= at least 8 neurons. After a 10-minute exposure to 300 nM nicotine (NIC), nicotinic acetylcholine 

receptor currents induced by 1 mM ACh were decreased in all groups. (A) Representative traces showing 

ACh currents before and after nicotine exposure from (top to bottom) young males (P15-20), adult males 

(P80-120), young females (P15-20) and adult females (P80-120). The 30-second ACh application is 

indicated by the blue bar. (B) The percent desensitization of the ACh current was significantly greater at 

P15-20 (blue) than at P80-120 (grey), indicating a main effect of age (two-way ANOVA, p=0.02). There 

was also a significant interaction effect between age and sex (p=0.009). The Bonferroni multiple 

comparison correction revealed that the effect of age was driven by a change within males only 

(p=0.001). All data are presented as mean ± SEM values for neurons within each group. 

 

  

Male Female
0

20

40

60

80
P

er
ce

nt
 D

es
en

si
tiz

at
io

n 
of

 1
 m

M
 A

C
h 

C
ur

re
nt

 
P15-20

P80-120

*



 

 

60 

 

3.2.3 Allopregnanolone inhibition of ACh-mediated a4b2* nAChR currents within 

medial prefrontal cortex layer VI pyramidal neurons does not differ between 

P15-20 and P80-120 mice 

Previous work done by Chung (2018) explored the ability of ALLO to modulate 

the function of the a4b2* isoform of nAChR. Specifically within layer VI of the mPFC, a 

20-minute exposure to ALLO (10 μM) was shown to significantly inhibit responses to 

ACh in young mice aged P15-20 (Chung, 2018). We sought to determine whether this 

effect was developmentally regulated. ACh currents on pyramidal neurons expressing 

the a4b2* nAChR located within brain slices containing the mPFC in male and female 

mice aged P15-20 and P80-120 were measured. Neurons were held in voltage clamp at 

-75 mV. ALLO was used at a supraphysiological concentration of 10 μM to replicate 

results seen in Chung (2018) and reliably explore the pharmacological properties of 

ALLO acting at nAChRs. Before and after a 20-minute exposure to 10 μM ALLO, peak 

inward current responses from a 30-second application of 1 mM ACh were quantified 

and percent inhibition was calculated. Each brain slice was exposed to ALLO only once 

and only one treated neuron was used per slice.  

ACh-induced responses at a4b2* nAChRs were significantly inhibited by 20-

minute treatment with 10 μM ALLO in all groups, such that the ACh current elicited 

following ALLO exposure was lower than that elicited before ALLO exposure. 

Representative ACh traces before and after ALLO exposure are shown in Figure 10A 

and calculated percent inhibition values for each group are shown in Figure 10B. In 
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males at P15-20, ALLO induced an inhibition of 27.22 ± 8.39% from baseline (one-

sample t-test, p=0.009, n=11 neurons from 6 mice) and in males at P80-120, ALLO 

induced an inhibition of 12.35 ± 3.74% from baseline (p=0.02, n=10 neurons from 4 

mice). In females at P15-20, ALLO induced an inhibition of 20.61 ± 5.65% from baseline 

(p=0.005, n=11 neurons from 4 mice) and in females at P80-120, ALLO induced an 

inhibition of 14.66 ± 3.87% from baseline (p=0.002, n=15 neurons from 5 mice).  

Although there is a trend toward a developmental difference in ALLO inhibition 

such that in each sex the young mice have a slightly higher percent inhibition from 

ALLO, this effect was not statistically significant (two-way ANOVA, effect of age, 

F(1,40=2.96, p=0.09). There also was no effect of sex (F(1,40=0.13, p=0.7) and no 

interaction between effects of age and sex (F(1,40=0.54, p=0.5) There was a high 

amount of neuron-to-neuron variability observed for the ALLO inhibition, as indicated by 

the larger SEM error bars. These results suggest that ALLO acts to inhibit ACh currents 

within these neurons via a mechanism that is different than that employed by nicotine.  
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A  
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B  

Figure 10: Allopregnanolone inhibition of a4b2* nicotinic acetylcholine receptors.  

N= at least 8 neurons. After a 20-minute exposure to 10 μM allopregnanolone (ALLO), nicotinic 

acetylcholine receptor currents induced by 1 mM ACh were inhibited in all groups. (A) Representative 

traces showing ACh currents before and after ALLO exposure from (top to bottom) young males (P15-

20), adult males (P80-120), young females (P15-20) and adult females (P80-120). The 30 second ACh 

application is indicated by the blue bar. (B) The percent inhibition of the ACh current was not significantly 

affected by age (two-way ANOVA, p=0.09) or sex (p=0.7). All data are presented as mean ± SEM values 

for neurons within each group.  
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3.2.4 Galantamine potentiation of ACh-mediated a4b2* nAChR currents within 

medial prefrontal cortex layer VI pyramidal neurons does not differ between 

P15-20 and P80-120 mice 

To investigate the role of the a5 subunit in the developmental differences seen in 

nAChR modulation, we decided to perform functional modulation experiments using a 

nAChR a5 subunit-selective potentiator: galantamine. ACh-induced currents in 

pyramidal neurons expressing the a4b2* nAChR (which contains the a5 subunit) 

located within brain slices containing the mPFC in male and female mice aged P15-20 

and P80-120 were investigated. Neurons were held in voltage clamp at -75 mV. 

Galantamine was used at the lowest concentration which has been show in the 

literature to elicit potentiation effects but not inhibit AChE (Jackisch et al., 2009: Dajas-

Bailador, 2003). Before and after a 10-minute exposure to 0.1 μM galantamine, peak 

inward current responses from a 30-second application of 50 μM ACh were quantified 

and percent potentiation was calculated. Each brain slice was exposed to galantamine 

only once and only one treated neuron was used per slice.  

ACh-induced responses at a4b2* nAChR were significantly potentiated by 10-

minute treatment with 0.1 μM galantamine in all groups, such that the ACh current 

following galantamine exposure was greater than that elicited before galantamine 

exposure. Representative ACh traces before and after galantamine exposure are shown 

in Figure 11A and calculated percent potentiation values for each group are shown in 

Figure 11B. In males at P15-20, galantamine induced a potentiation of 34.55 ± 6.42% 
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from baseline (one-sample t-test, p=0.001, n=8 neurons from 4 mice) and in males at 

P80-120, galantamine induced a potentiation of 37.95 ± 5.23% from baseline 

(p=0.0002, n=8 neurons from 3 mice). In females at P15-20, galantamine induced a 

potentiation of 63.72 ± 17.31% from baseline (p=0.005, n=10 neurons from 4 mice) and 

in females at P80-120, galantamine induced a potentiation of 63.83 ± 15.10% from 

baseline (p=0.004, n=8 neurons from 3 mice).  

For the comparison across experimental groups, there was no significant effect 

of age (two-way ANOVA, F(1,30)=0.018, p=0.9). There was a significant effect of sex in 

that galantamine potentiation of ACh currents was significantly greater in females than 

in males (F(1,30)=4.40, p=0.045). Since galantamine potentiation depends on the 

presence of the nAChR a5 subunit, these results suggest that the proportion of 

receptors containing the a5 subunit remains consistent across postnatal development 

and does not play a role in developmental changes to the pharmacology of the nicotinic 

receptor. However, the observed sex difference suggests that there is a dissimilar 

proportion of a5 subunit-containing nAChRs between males and females throughout 

postnatal development.  
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A  
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B  

Figure 11: Galantamine (GAL) potentiation of a4b2* nicotinic acetylcholine receptors.  

N= at least 8 neurons. After a 10-minute exposure to 0.1 μM galantamine, nicotinic acetylcholine receptor 

currents induced by 50 μM ACh were potentiated in all groups. (A) Representative traces showing ACh 

currents before and after galantamine exposure from (top to bottom) young males (P15-20), adult males 

(P80-120), young females (P15-20) and adult females (P80-120). The 30-second ACh application is 

indicated by the blue bar. (B) The percent potentiation of the ACh current was not significantly affected by 

age (two-way ANOVA, p=0.9). However, a main effect of sex was observed (p=0.045), where females 

had a significantly greater potentiation following a 10-minute exposure to galantamine. All data are 

presented as mean ± SEM for neurons within each group. 
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3.3 Radioligand Binding Assays  

Radioligand binding protocols were halted due to the COVID-19 pandemic. An 

original objective of this thesis was to complete a number of binding protocols in order 

to determine the ability of modulators (with a particular emphasis on ALLO) to modify 

agonist binding at the a4b2* nAChR, as a means to understand mechanisms underlying 

the modulation of a4b2* nAChRs observed in the electrophysiology experiments. At the 

time of the pandemic lockdown and sudden halt to laboratory research, the agonist 

saturation binding protocol described in section 2.3.3 was being optimized for [3H]ACh.  

This saturation assay aimed to determine the affinity and amount of [3H]ACh 

binding to a4b2* nAChRs within cortical synaptosomes, which could then be modulated 

by the addition of an allosteric modulator like ALLO. A range of [3H]ACh concentrations 

from 1 nM (below the KD) to 60 nM (above receptor saturation) was added to reaction 

vessels containing membrane protein. At equilibrium binding, the membrane fraction 

was collected and washed, and the amount of radioactivity was counted in 

disintegrations per minute (DPM) using liquid scintillation. Total binding measured all 

[3H]ACh bound to the membrane fraction within reaction vessels. Non-specific binding 

represents the amount of [3H]ACh bound to sites within the reaction vessel that are not 

specifically located on the receptor orthosteric site, and is measured by adding an 

unlabeled ligand to the reaction vessel at a concentration that will saturate the 

orthosteric site on receptors. At a given [3H]ACh concentration, the amount of [3H]ACh 

that is specifically bound to the orthosteric receptor site on a4b2* nAChRs may be 
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calculated by subtracting measured non-specific binding from the measured total 

binding.  

Figure 12 shows results from two saturation assays that were completed during 

the optimization process. Figure 12A and Figure 12B show results from one assay in 

which cold (unlabelled) ACh was used as the orthosteric ligand to measure non-specific 

binding. Figure 12A shows non-specific binding values measured at 3 concentrations of 

[3H]ACh; 10 nM, 30 nM and 50 nM. These data show a linear relationship between 

[3H]ACh concentration and non-specific binding, which is expected. The equation of this 

line of y=52.60x + 218.06 (R2=0.99) was used to calculate the amount of non-specific 

binding present at each of the [3H]ACh concentrations used for total binding (Figure 

12B). Typically for a radioligand saturation assay, non-specific binding is significantly 

lower than total binding within the reaction. However, Figure 12B shows that, for this 

specific assay, the lines for total binding and non-specific binding are almost identical. 

This result suggests that there was an issue in the protocol regarding either the 

radiolabelled ligand or cold (unlabelled) orthosteric competitor. To determine whether 

the problem with the first assay resulted from the use of unlabelled ACh as the 

orthosteric competitor to measure non-specific binding, a second saturation assay was 

completed using carbochol in place of ACh as the orthosteric competitor, which is 

shown in Figure 12C (non-specific binding) and Figure 12D (saturation curve). Figure 

12C demonstrates that the use of carbachol also results in a linear relationship between 

[3H]ACh concentration and non-specific binding, with a line of y=40.35x + 218.06 

(R2=0.99). However, the same problem was encountered in that the measured total 
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binding and non-specific binding were essentially identical (Figure 12D). For these 

assays employing ACh and carbachol as the orthosteric competitor, the high non-

specific binding does now allow for a reliable calculation of specific binding within 

reaction vessels. 

A separate experiment was completed in which multiple orthosteric competitors 

were tested concurrently, including unlabelled ACh, carbochol, nicotine, and DHbE 

(Figure 5, methods). Non-specific binding was lowest for nicotine, however, the binding 

was similar enough across all ligands to conclude that the issue in the protocol was due 

to the labelled ligand, [3H]ACh. The radioligand binding assays were therefore 

amended to replace [3H]ACh with the synthetic a4b2* nAChR-selective orthosteric 

agonist [3H]epibatidine. This radioligand was received from PerkinElmer (Waltham, MA, 

USA) in early March of 2020. I was able to prepare aliquots of [3H]epibatidine for use in 

subsequent assays. However, due to COVID-19-related lockdown restrictions to 

laboratory research activities starting during the third week of March 2020, I was not 

able to use [3H]epibatidine for the purposes of this thesis. At that time, all radioligand 

binding experiments were halted.  
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A  B  

C  D  

Figure 12: Radioligand saturation assays showing high non-specific binding related to the 

concentration of [3H]ACh.  

(A) Non-specific binding of three concentrations of [3H]ACh (10 nM, 30 nM and 50 nM) in the presence of 

cold (unlabelled) ACh. The amount of [3H]ACh bound to membranes in each reaction is shown as DPM 

on the y-axis. (B) Saturation curves corresponding to the assay performed in A. Non-specific (NS) binding 

(blue) is almost identical to the total binding (grey), resulting in a calculated specific binding (orange) of 

near-zero across all concentrations of [3H]ACh. (C) Non-specific binding at six concentrations of [3H]ACh 
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(2 nM, 5 nM, 10 nM, 30 nM, 50 nM and 100 nM) in the presence of carbachol. (D) Saturation curves 

corresponding to the assay performed in panel C. Non-specific (NS) binding (blue) is almost identical to 

the total binding (grey), resulting in a calculated specific binding (orange) of near-zero across all 

concentrations of [3H]ACh. 
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Chapter 4 Discussion  
The third week of postnatal life (postnatal day (P) 15-20) in the rodent 

corresponds to a juvenile stage of human development (Alves et al. 2010). During this 

time, synapses are being formed, pruned, and are highly susceptible to modification 

(Watson et al., 2006). Cholinergic responses of pyramidal neurons, which express 

a4β2* nicotinic acetylcholine receptors (nAChRs) within layer VI of the mPFC, peak 

during this third week of postnatal development and then decrease into adulthood 

(Bailey et al. 2012; Alves et al. 2010). This suggests that there is a developmental 

change in the excitatory role of acetylcholine (ACh) at these neurons. I hypothesized 

that the pharmacology of the nAChR also changes during postnatal development and 

therefore studies performed only in the brains of young postnatal mice may not translate 

to adult mice, and vice versa. Using whole-cell electrophysiology, I was able to record 

basic electrophysiological properties of neurons, in addition to nicotine desensitization, 

allopregnanolone (ALLO) inhibition, and galantamine potentiation of nAChRs in 

pyramidal neurons located within acute slices containing layer VI of the mPFC. The 

results obtained within this study provide evidence that the pharmacological modulation 

of nAChR activity changes during postnatal maturation and continues to fine-tune 

receptor function into adulthood.  
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4.1 Neurons from adult females are less excitable than neurons 
from the other experimental groups  

The current study aimed to characterize key basic electrophysiological properties 

of layer VI mPFC pyramidal neurons at a young juvenile stage of development and in 

adulthood. An assessment of these basic electrophysiological properties indicates that, 

in general, neurons from adult females are less excitable than neurons from the other 

groups in terms of resting membrane potential, rheobase, and action potential 

input/output responses. These active and passive neurophysiological properties may 

have a strong influence on synaptic transmission and changes to these properties may 

impact the function of neuronal circuitry, ultimately leading to diversities in disorders of 

cognition. It is important to understand how differences in basic electrophysiological 

properties amongst experimental groups may influence the neurophysiology of mPFC 

layer VI neurons, which may impact mPFC-dependent cognitive functions and the 

potential for divergent development of cognitive disorders.  

Resting membrane potential is an important indicator of neuronal excitability and 

is defined by the voltage difference across the cell membrane. Adult female mice had 

lower resting membrane potentials than other groups in this study. For the 

pharmacological modulation experiments performed in this study, all neurons were held 

in voltage clamp mode at a resting membrane potential of -75 mV, which physiologically 

is near the reversal potential of chloride ions and was chosen to limit the influence of 

GABA-activated chloride currents. Basic electrophysiological properties were measured 

in current clamp mode, for which the membrane potential was not fixed. Factors that 
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influence the concentration gradients of various ions will ultimately determine a neuron's 

resting membrane potential. For example, Na+/K+ transporters work with the help of 

adenosine triphosphate (ATP) to pump 3 Na+ ions out of the neuron and 2 K+ ions into 

the neuron which creates a net negative charge across the cell membrane. These 

pumps are regulated by the second messenger cyclic adenosine monophosphate 

(cAMP) which can be downregulated by ACh (Sook-Young et al., 2011). The number of 

K+ leak channels and voltage-sensitive potassium channels also influence membrane 

excitability as the more K+ moves to the extracellular space down its concentration 

gradient will make the resting membrane potential more negative. Clinically, it has been 

documented that there are sex differences in serum potassium levels in humans where 

females aged 12-90+ years have lower serum K+ levels than age-matched males 

(Wysowski et al., 2003). Lower serum K+ levels produces a greater concentration 

gradient for K+ across the membrane in woman and a correspondingly greater K+ efflux. 

The flow of positive charges out of the cell results in a more negative resting membrane 

potential (RMP) in woman compared to men. Additionally, hyperkalemia (high serum K+) 

is more commonly reported in men (Simon et al., 2021). Sex and age differences in 

extracellular K+ or K+ channels may contribute to a lower resting membrane potential in 

pyramidal neurons in adult females, which may influence how these neurons are 

modulated by various ligands within layer VI of the mPFC.  

Rheobase is the lowest amount of current required to elicit one action potential 

and is a measure of neuron excitability. Neurons from adult female mice required 

significantly greater amounts of current before a single action potential was generated, 
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indicating that they are less excitable than neurons from the other groups. Active 

excitability responses were measured through input-output experiments, where action 

potential firing frequency was measured and graphed as a function of increasing 

amounts of positive current injected into each neuron. Layer VI pyramidal neurons 

experience a depolarization block when injected with large amounts of current, and this 

phenomenon is known to act in a neuroprotective manner to prevent excitotoxicity 

(Dovzhenok & Kuznetsov, 2012). In this study, neurons from adult females were 

observed to have significantly greater action potential frequencies at the highest range 

of injected current (450-500 pA) and were less likely to experience depolarization block. 

Together, these results indicate that neurons from adult females are less excitable 

overall.  

During the female rodent estrous cycle, progesterone levels are highest during 

proestrus and lowest during metestrus (Goldman et al., 2007; Miller & Takahashi, 

2014). A growing body of literature is focused on the importance of accounting for the 

estrous cycle in research, in addition to studying sex differences. Previous studies have 

examined effects of the estrous cycle on cognitive networks with varying results. 

Several genes involved in neurotransmission are upregulated during proestrus (Duclot 

& Kabbaj, 2015; Dong et al., 2004). A microdialysis study shows that prefrontal 

dopamine levels change during the rodent estrous cycle, in that dopamine levels are 

greatest during estrous and lowest during proestrus (Dazzi et al., 2007). Dopamine may 

play a role in regulating neuronal excitability and has been shown to decrease 

excitability of pyramidal neurons within layer V of rat PFC (Gulledge & Jaffe, 1998). Its 
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modulation of excitability is likely due to indirect effects on potassium currents (Dong & 

White, 2003) and direct effects at D1 and D2 receptors (Gulledge & Jaffe, 1998). In the 

rat hippocampus, it has been shown that the female estrous cycle robustly affects 

excitatory electrophysiological responses by changing levels of brain-derived 

neurotrophic factor (BDNF) (Scharfman et al., 2003). This and other neurotrophins 

modify synaptic activity through fine tuning of Ca2+ release via direct actions on pre-

synaptic neurons (Tyler et al., 2002). In my thesis research, although existing synaptic 

connections were not altered within brain slices, these slices were left to recover in 

oxygenated artificial cerebrospinal fluid (ACSF) for at least 2 hours before recording and 

it is likely that any direct, fast-acting actions of circulating hormones present at the time 

of dissection had been eliminated. No evidence for differences in basic 

electrophysiological properties between adult female mice in proestrus or metestrus 

were observed. Additionally, allopregnanolone (ALLO) modulation of nAChR function 

did not significantly differ depending on stage of the estrous cycle. Therefore, it is 

concluded that changes in reproductive steroid during the estrous cycle did not 

influence any group differences in the magnitude or modulation of whole cell recorded 

nAChR currents. Long-lasting effects of gonadal steroids, including estradiol, 

progesterone, and other cycling hormones, may alter brain physiology, exerting 

persistent effects on the brain that may ultimately underlie sex and age differences 

identified in adult females.  
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4.2 Allopregnanolone inhibition of the nicotinic receptor is not 
developmentally regulated  

Attenuation of nAChR function by ALLO was equally observed at both ages. 

Consistent with previous findings by Bullock et al. (1997) and Chung (2018), 20-minute 

exposure to 10 μM ALLO inhibited a4b2* nAChR inward currents induced by 1 mM ACh 

in all groups. The percent inhibition observed did not significantly differ between young 

mice and adult mice. The results of this study indicate that there is no developmental 

difference in ALLOs ability to modulate nAChR function. Although there was a trend 

toward an effect of age specifically within the male groups, there was no statistically 

significant effect of age within either sex.  

In young male mice, 0.1% DMSO vehicle control significantly potentiated 1 mM 

ACh currents. This finding is not consistent with the current literature, as no source that 

reported this finding was identified. Preincubation with 0.1% DMSO was shown to 

reduce the current amplitude of nAChRs found in Torpedo californica electrocytes, but 

not in mouse muscle nAChRs (Eaton et al., 1997). Further, in previous experiments 

performed in our lab by Beryl Chung, 0.1% DMSO was not found to have any influence 

on hippocampal or cortical nAChR currents. Since DMSO potentiated 1 mM ACh 

currents in neurons from young males in this current study, there could be a significant 

difference in inhibition in the presence of ALLO between young and adult males. 

Additional replicates would clarify the effects of DMSO and ALLO on this neuronal 

population.   
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The supraphysiological concentration of 10 μM ALLO was used in this study 

because findings at a lower physiological concentration of 100 nM ALLO were 

inconclusive, primarily due to a high degree of variability in the data collected between 

neurons of the same experimental group. Moreover, the aim of this study was to 

investigate direct mechanisms of ALLO action at the nAChR, which is achieved at the 

higher concentration. However, developmental and sex differences may be more 

prominent and relevant at a physiological concentration of ALLO, where Chung (2018) 

found that 100 nM ALLO inhibited nAChR currents in neurons from young female mice 

but not in neurons from young male mice. It will be important to investigate the observed 

variability in the modulation of nAChRs by ALLO within all groups of the current study, in 

order to properly identify physiologically relevant results. This variability was observed 

but present to a lesser degree in previous research in our lab by Beryl Chung and does 

not appear to decrease with increased sample size. However, this variability was not 

observed to the same degree with vehicle control mice within the same set of 

experiments. Therefore, there appears to be a neuron-specific interaction of ALLO 

which influences the degree to which 1 mM ACh currents can be modulated.  

ALLO is postulated to act through multiple mechanisms within the brain including 

those that influence direct binding to the receptor and may lead to varied responses in 

some neurons. Future work should investigate potential indirect mechanisms by which 

ALLO may modulate the nAChR, which has also been postulated by Chung (2018). For 

example, ALLO could be acting at the membrane progesterone receptor (mPR) and 

regulating its G-protein coupled signalling pathway, which has been hypothesized to 
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modulate multiple downstream signalling molecules, including the activation of protein 

kinase C (PKC) (Kelder et al., 2010). PKC may then phosphorylate/dephosphorylate the 

nAChR via post-translational modification to inhibit its function. This hypothesis is based 

on evidence that ALLO may be acting at the PR (Kelder et al., 2010). The selective 

mPR agonist Org OD 02 mimics the actions of ALLO inhibition at a4b2* nAChRs, and 

both forms of inhibition are blocked by pre-inhibition of PKC (Kelder et al., 2010). There 

are multiple ways to study this interaction. Since there are no known pharmacological 

inhibitors of the mPR, one option would be to knock-down the expression of the 

prominent brain mPRs (mPRa and mPRb) using siRNA delivered intracranially to the 

prefrontal cortex (PFC). Another option would be to assess phosphorylation states of 

a4b2* nAChRs using electrophysiological and proteomic approaches, for example, 

through using two-dimensional electrophoresis in which a phosphorylated receptor 

subunit peptide would appear larger and have more of a negative charge, as indicated 

by its location on the gel. If nAChRs are modulated by ALLO through indirect 

mechanisms only on select neurons, those whole cell nAChR responses may show 

greater response inhibition even within the same experimental group. It is important to 

better understand the variability of these responses in order to fully understand the 

direct and/or indirect modulation of the nACHR by ALLO. If the experiments described 

in this thesis were performed when the mPR pathway was blocked, more concrete 

conclusions could be made regarding the direct actions of ALLO on the nAChR.  
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4.3 Radioligand binding protocol  

One of the original objectives of this thesis research was to characterize the 

mechanism by which ALLO modulates nAChR function, as it has been postulated that 

ALLO acts as a direct allosteric modulator (Bullock et al., 1997). Binding assays were 

proposed to test whether ALLO is acting allosterically to inhibit [3H]ACh binding to the 

orthosteric site on the nAChR. [3H]ACh was chosen as the orthosteric radioligand 

because it is the natural agonist of the nAChR. However, ACh is quickly metabolized by 

AChE if it is present in the synapse. For this reason, the AChE inhibitor rivastigmine 

was used in these experiments. There was a problem with high non-specific binding in 

the saturation assay, as the amount of specific and non-specific [3H]ACh bound in the 

reaction was nearly identical. It appeared that [3H]ACh in the presence of specific 

competitors was bound or sequestered somewhere in the reaction or on the filters. In 

each assay run, the non-specific binding curves (Figure 9: A and C) are linear, 

indicating that the high non-specific counts are not due to pipetting error. Figure 5 

shows that the type of specific competitor did not impact the results. Also, there was no 

significant difference between assays performed using the GF/A filters compared with 

the GF/B filters. In order to explain the high amount of non-specific [3H]ACh binding, we 

postulate a scenario in which some of the AChE was still active in the reaction which, 

over the 60-minute incubation, could metabolize [3H]ACh into choline and acetate. If the 

[3H] label was present on the choline metabolite, then this [3H]choline could be 

transported by high-affinity choline uptake channels and sequestered into the 

synaptosomes present in the reaction. This sequestered [3H]choline would not be 
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displaced by specific competitors of ACh binding, and would be trapped on the glass-

fibre filters and counted via liquid scintillation. The postulate could be tested by inhibiting 

high-affinity choline uptake using hemicholonium-3. Alternatively, the use of a synthetic 

radioligand that binds to the ACh site on the nAChR but is not metabolized by AChE 

would avoid this postulated metabolism issue. Our laboratory selected [3H]epibatidine 

for this purpose, which is a synthetic a4β2* nAChR-selective orthosteric agonist. This 

drug had been purchased and prepared the day before the radioligand binding assay 

protocol was halted due to reduced access to facilities during the COVID-19 pandemic. 

Ongoing experiments are being completed by members of the Bailey Lab to validate 

this new protocol.  

 

4.4 Nicotine desensitization of the nicotinic receptor is 
developmentally regulated  

Acute 10-minute exposure to 300 nM nicotine desensitized a4b2* nAChR inward 

currents induced by 1 mM ACh on mPFC layer VI pyramidal neurons to a greater 

degree during early postnatal life than in adulthood, specifically in male mice. The 

developmental trajectory of circuit formation for these neurons is known to differ 

between male and female mice, where cholinergic responses seem to develop earlier in 

females (Alves et al., 2010). Specifically, males reach their greatest nicotinic current 

response during week four of postnatal development whereas in females, current 

responses peak in week three (Alves et al. 2010). Therefore, the young age at which 
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mice were assessed in this study may outline a critical period of development in young 

mice where females have advanced further.  

There are reported sex differences in nicotine’s action during this developmental 

period within midbrain dopaminergic neurons, where there are changes in nicotine's 

potency and efficacy in males but not in females (Azam et al., 2007). In adults, Hatchell 

and Collins (1980) observed sex differences within the brains of C57 and C3H strains of 

mice, where adult females were less sensitive to the depressant effects and eliminated 

nicotine faster than adult males. Specifically, 20 minutes after administration, males had 

significantly greater nicotine levels in the liver than females (Hatchell & Collins, 1980). 

Within the mPFC, there are developmental sex differences in nicotinic excitation. 

Overall, males experienced larger nicotinic currents in a greater proportion of neurons 

compared to females (Chung, 2018).  

Sex differences in AChE activity have been observed within the cerebral cortex, 

which may underlie some sex differences in nicotinic signalling. AChE inhibitors are well 

studied and used in disorders of neurotoxicity including AD (Maelicke & Albuquerque, 

2000; Scott & Goa, 2000). Similarly, nicotine has been studied for its involvement in 

neuroprotection through the desensitization response (Akaike et al., 2010). Protective 

effects of AChE inhibitors and nicotine are comparably inhibited by nAChR antagonists 

and are potentially related in their roles (Akaike et al., 2010). Other sex differences in 

AChE activity have also been noted. For example, following treatment with the AChE 

inhibitor diisopropyl-phosphofluridate (DFP) brain AChE activity recovered significantly 

faster in female mice compared to males (Smolen et al., 1987). Also, during the period 



 

 

84 

 

of sexual differentiation of the dorsal nucleus, males exhibit greater AChE activity as 

shown histologically and enzymatically (Akmaev & Fidelina, 1996). Follow-up studies 

are needed to examine the relationship between AChE and the nicotine desensitization 

responses, in order to understand this interaction. However, sex differences have also 

been shown in nicotine studies involving carbachol which is not eliminated by AChE, so 

there most likely are additional factors involved in sex differences for mPFC nicotinic 

signalling (Alves et al., 2010).  

Differences in baseline levels of neurosteroids such as ALLO may contribute to 

the sex differences seen in nicotinic desensitization responses. Physiological 

concentrations of ALLO have been shown to decrease nAChR currents in female mice 

to a greater extent than in male mice at a young postnatal age when there is no 

influence of circulating gonadal sex steroids (Chung, 2018). This finding indicates that 

ALLO produced de novo can exert physiological modifications to nAChRs which could 

shape sex-specific functional differences to the receptor over time. Steroid hormones in 

general have been shown to influence pyramidal neuron development and morphology 

(Bailey, 2012; Chung, 2018). Therefore, even though there was no effect of sex or 

developmental age on the modulation of nAChR function with a high concentration of 

ALLO observed in the current study, baseline differences in concentrations of 

neurosteroids may play a role in modulating functional changes to the nAChR over time, 

leading to alterations in receptor desensitization responses.  

The fifth accessory subunit of the nAChR is known to play a role in the function 

and pharmacology of the receptor, may be associated with modulatory mechanisms at 
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the receptor, and has been demonstrated to influence overall cognition. For example, 

genetic knockout of the nAChR a5 (Bailey et al., 2010) or β2 (Guillem et al., 2012) 

subunit in mouse leads to impaired attention, which, for the b2 subunit, is restored when 

the subunit is re-expressed within the mPFC layer VI (Guillem et al., 2011). Studies 

have also linked the effects of nicotine to actions at the β2 subunit, as nicotine-induced 

upregulation of the nAChR requires the presence of the β2 subunit (McCallum et al., 

2006). However, other properties such as changes to nicotine sensitivity are seen in the 

absence of β2-contatining receptors (McCallum et al., 2006), indicating that additional 

subunits also play a role in the overall effects of nicotine. The a5 subunit is incapable of 

yielding functional channels when expressed homologously or with β subunits (Ramirez-

Latorre et al. 1996). Instead, it is expressed within the brain as an accessory subunit 

and within receptors that also contain two a4 and two β2 subunits. nAChRs containing 

the a5 subunit were shown to elicit larger currents and greater calcium influx in layer VI 

pyramidal neurons (Bailey et al., 2010, 2012). This combination also yields an nAChR 

channel that is potently activated and desensitized by nicotine (Ramirez-Latorre et al., 

1996). Interestingly, the presence of the a5 subunit within the nAChR offers protection 

from nicotine-induced desensitization (Bailey et al., 2010). Based on the findings of this 

thesis, it is postulated that the proportion of nAChRs containing the a5 subunit differs 

across biological age in male mice, leading to alterations in nicotine desensitization 

responses. This postulate and the role of the a5 subunit in developmental changes to 

nAChR modulation was probed in objective 3 using the a5 subunit-selective positive 

allosteric modulator, galantamine.  
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4.5 Galantamine potentiation of the nicotinic receptor is regulated 
by sex but not development: Role of the a5 subunit 

The radioligand binding experiments were halted at the beginning of the COVID-

19 pandemic because we did not have access to critical resources that were housed in 

another department. We decided to pivot the line of research in this thesis to that which 

could be performed in our own laboratory, by following-up on the results of the nicotine 

experiments that suggested the nAChR a5 subunit on pyramidal neurons within layer VI 

of the mPFC is differentially expressed in young postnatal and adult mice. I employed 

the pharmacological tool galantamine, an a5 subunit-selective potentiator of nAChRs, 

and postulated that galantamine would function differently in young postnatal and adult 

mice depending on the proportion of their nAChRs which express the a5 subunit. 

Differences in subunit composition across developmental age and between biological 

sex may impact the ability of these nAChRs to modulate the function of prefrontal 

cognitive circuits. The results of this experiment refute my postulate and instead provide 

evidence that the proportion of a5 subunit-containing nAChRs within layer VI of the 

mPFC does not change across development, or at least, that this change does not 

impact receptor allosteric modulation. Acute 20-minute exposure to 0.1 μM galantamine 

potentiated a4β2* nAChR inward currents induced by 50 μM ACh on mPFC layer VI 

pyramidal neurons in all groups. Galantamine was used at a concentration of 0.1 μM in 

order to avoid interactions with AChE as galantamine has been demonstrated to inhibit 

AChE at concentrations greater than 0.1 μM (Samochocki et al., 2003; Santos et al., 
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2002). Interestingly, while designing the protocol for this experiment, rivastigmine was 

used to block AChE so that all AChE would be entirely inhibited in each set of 

recordings. However, the concentration of rivastigmine required to block 100% of AChE 

also was found to inhibit nAChR responses. This inhibition has not been well 

documented within the literature and it would be interesting to investigate this interaction 

further in future studies. Regarding the approach in the current study, published 

literature demonstrates that 0.1 μM galantamine does not have a significant impact on 

AChE within mouse brain slices (Jackisch et al., 2009; Samochocki et al., 2003).  

There was no significant difference in the galantamine-induced potentiation 

response of nAChR function across developmental age. In each sex, currents induced 

by 50 μM ACh were potentiated to similar degrees in young postnatal and adult mice. 

Therefore, it was concluded that pharmacological differences observed across 

age/development seen in experiments involving nicotine desensitization in layer VI 

mPFC neurons are not due to differences in the proportion of nAChRs containing the a5 

accessory subunit. Alternative factors which play a role in the mechanism of 

desensitization should be investigated. For example, phosphorylation of the nAChR has 

been reported to increase the rate of rapid desensitization by ACh (Huganir et al., 

1986). The rate of desensitization in Torpedo ACh receptors is also prolonged in the 

presence of the selective inhibitor, PKCl (Nishizaki & Sumikawa, 1998). Based on this 

evidence, mechanisms involving phosphorylation of the nAChR may play a role in 

differences in desensitization responses within each group.  
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The ability of galantamine to potentiate currents induced by 50 μM ACh in these 

neurons was significantly different across biological sex, where females in both age 

groups had a significantly greater percent potentiation compared to males. Several 

agents that interact with allosteric binding sites of nAChRs also bind to AChE and the 

potential role of AChE in sex differences observed within the literature have been 

discussed previously. Differences in AChE actions within the mPFC may influence the 

ability of various nAChR-modulating substances to impact the function of pyramidal 

neurons and the cortical networks to which they contribute. However, the sex difference 

observed in the current study is unlikely to be the result of galantamine actions at AChE 

since the concentration of galantamine used was reported to not be high enough to 

inhibit AChE. 

It was hypothesized that the effect of age on the ability of nicotine to desensitize 

nAChRs is a result of dissimilar proportions of a5 subunit-containing nAChRs across 

developmental age. The galantamine experiment provides evidence against that 

hypothesis, although the observed sex difference in galantamine efficacy suggests that 

there are dissimilar proportions of a5 subunit-containing nAChRs between males and 

females throughout postnatal development. The a5 subunit plays a crucial role in the 

development of the PFC, being specifically involved in normal developmental 

fluctuations in nicotinic signalling that likely influence neuron morphological 

development, as layer VI mPFC neurons in young postnatal a5 subunit knockout mice 

differ morphologically and functionally from their counterparts in wild-type mice (Bailey 

et al., 2012). The incorporation of the a5 subunit appears to enhance nicotinic currents 
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within the mPFC. However, it is unknown whether the expression of the a5 subunit 

differs over development and between sexes. Like the current thesis research, previous 

investigations of the incorporation of a5 subunits into nAChRs within the hippocampus 

CA1 also found a similar proportion of receptors containing this subunit in pyramidal 

neurons sampled from both young postnatal (P5-10) and adult (P60-100) mice (Chung, 

2018). These experiments should be replicated within the mPFC to provide a clear 

picture of the involvement of the a5 in the observed sex differences. 
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Chapter 5 Conclusions  
5.1  Future Directions 

The objective of this study was to examine the role of nicotine - a desensitizing 

agent of nicotinic acetylcholine receptors (nAChRs), allopregnanolone (ALLO) - a 

presumed negative allosteric modulator of nAChRs, and galantamine - a positive 

allosteric modulator of nAChRs, on ACh actions within layer VI of the mPFC across two 

stages of development. The findings of this study help to elucidate some of the 

functions of the nAChR and how these functions are differentially modulated across 

development. It is apparent that different mechanisms of action are associated with 

each of these modulators. Future work should aim to better understand the mechanism 

of action of each of these modulators in order to understand the significance of the 

developmental and sex differences observed. Additional pharmacological, proteomic, 

and radioligand binding studies can each be used to investigate these differences, and 

the mechanisms of these modulators, further. Each of these proposed experiments will 

advance our understanding of the cellular mechanisms that underly prefrontal cognition.  

Pharmacological studies and proteomic studies can be conducted in order to 

identify the role of ALLOs indirect actions at the nAChR.  Through the mPR pathway, 

ALLO has been postulated to act through G protein coupled receptors (GPCR) to exert 

downstream effects that involve PKC isozymes. As discussed previously, investigations 

into this pathway can lead to a better understanding of the functional and behavioral 

consequences of ALLOs action. For example, ALLO is known to be associated with 

disorders of stress including postpartum depression (Osborne et al., 2017) and nicotine 
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withdrawal symptoms (Thakre et al., 2013). Therefore, future work should focus on 

characterizing ALLO functioning to fully understand how it may influence various 

disorders.   

 Radioligand binding studies, as mentioned throughout this thesis, will add to our 

knowledge of the mechanism of these various modulators by assessing their direct 

binding to the nAChR. Using a combination of saturation assays, potentiation assays 

and kinetic assays, a full picture of the interactions of the modulators at the nicotinic 

receptor can be characterized. Investigations into nAChR binding can help to build a 

foundation for future work regarding disorders of the prefrontal networks. 

Developmental and sex differences exist in disorders of prefrontal cognitive functioning. 

For example, it has been documented that the number of nAChR binding sites is lower 

in rat models of attention deficit hyperactivity disorder (ADHD) (Wigestrand et al., 2011).  

Additionally, there is a higher incidence of a diagnosis of ADHD in males compared to 

females (Cantwell, 1996) and a documented association between smoking and ADHD 

symptoms in humans (Wigestrand et al., 2011). Therefore, investigations into sex 

differences within the PFC regarding binding and interactions of modulators such as 

nicotine may help to explain these differences in humans.  

 Finally, the work presented in this thesis should spark future work involving intact 

adult female mice. Research involving prefrontal cortical networks in adult female 

models is underrepresented within the literature. The current research identifies sex 

differences in basic electrophysiological properties of excitability where layer VI neurons 

in the adult female mPFC are intrinsically less excitable than the other groups. It is 
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important to continue to investigate these normal physiological differences in all 

settings. Additionally, differences in the developmental trajectory of young postnatal 

female and male mice should be further explored in order to better understand the sex 

differences observed.  

 

5.2 Concluding statements 

ACh acts within the PFC to increase excitability of pyramidal neurons through actions at 

the nicotinic class of cholinergic receptor. The work presented in this thesis investigated 

modulators that regulate a4b2* nAChR action. It was demonstrated that there are age- 

and sex-related differences in nicotinic action occurring within a4b2* nAChR located in 

layer VI of the mPFC as outlined by modulators of cholinergic signalling. In summary, 

nicotine desensitization responses within this region are stronger at a young postnatal 

age, allopregnanolone (ALLO) inhibition does not change developmentally, and 

galantamine potentiation is significantly altered by sex but not developmental age. Also, 

basic electrophysiological properties and excitability responses for each age group and 

sex were characterized, it was found that nAChRs from adult female mice were less 

excitable than adult males and young mice. Overall, this work provides a foundation for 

understanding a4b2* nAChR function within layer VI of the mPFC, and how this function 

may be differentially modulated throughout development. Future work should be aimed 

at understanding the underlying mechanisms behind the changes in modulation and 

regulation of function of the nAChR, as well as its consequent effect on behaviour and 

cognition. 
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