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Cholinergic signalling within the medial prefrontal cortex (mPFC) plays an important 

modulatory role in mPFC-dependent cognitive functions. This role is mediated by 

acetylcholine (ACh) activation of nicotinic (nAChR) and muscarinic (mAChR) receptors, 

which work together to regulate neuron function within the mPFC. Although pyramidal 

neurons in mPFC layer 6 express nAChRs that have been characterized thoroughly, they 

also express mAChRs that have not yet been investigated in detail. Using whole-cell 

electrophysiology in mouse brain sections, this thesis describes a physiological and 

pharmacological characterization of mAChR function in mPFC layer 6 neurons. ACh 

activation of mAChRs mediates a transient inhibitory response that is strongest in young 

postnatal life and mediated by M1, M2, and M3 isoforms, and a prolonged excitatory 

response that is not developmentally regulated and mediated primarily by M1 and M3 

isoforms. To our knowledge, this work describes the first detailed characterization of 

mAChRs in mPFC layer 6.  
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1 GENERAL INTRODUCTION 

 
1.1 Medial Prefrontal Cortex 

The prefrontal cortex (PFC) was originally identified by Brodmann (1909) based on 

the presence of granular cortex layer rostral to the motor cortices. The cortical 

cytoarchitecture is different across species, and thus the homology of PFC areas between 

species is identified based on reciprocal connections with the mediodorsal nucleus of the 

thalamus (Rose & Woolsey, 1948; Sesack, Deutch, Roth, & Bunney, 1989; Uylings & van 

Eden, 1990). An area within the PFC, designated as the medial prefrontal cortex (mPFC), 

has been established to be responsible for a multitude of cognitive processes. These 

processes include top-down executive functions such as attention (Birrell & Brown, 2000; 

Broersen & Uylings, 1999; Kane & Engle, 2002), working memory,  learning (Morici, 

Bekinschtein, & Weisstaub, 2015), and decision making (De Bruin et al., 2000; Euston, 

Gruber, & McNaughton, 2012). The mPFC has also been shown to play a role in 

emotional learning and processing (Morgan, Romanski, & LeDoux, 1993).  

Comparative anatomical and functional studies have established that the rodent 

mPFC is homologous to primate dorso-lateral prefrontal cortex, as these regions serve 

similar functions and exhibit similar cytoarchitecture (Heidbreder & Groenewegen, 2003; 

Ongur & Price, 2000; Preuss, 1995; Uylings, Groenewegen, & Kolb, 2003). The mPFC 

comprises three sub-regions: the anterior cingulate cortex, prelimbic cortex, and 

infralimbic cortex (Heidbreder & Groenewegen, 2003; Krettek & Price, 1977; Markham, 

Morris, & Juraska, 2007; Ray & Price, 1993). The sub-regions within the primate mPFC 
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are further divided into six cortical layers, 1-6 (Preuss & Goldman-Rakic, 1991). In 

contrast, the rodent mPFC is divided into five cortical layers, 1-3, 5 and 6 (Gabbott, 

Warner, Jays, Salway, & Busby, 2005; Uylings & van Eden, 1990). Laminar organization 

of the rodent mPFC differs from primate mPFC, as it lacks the granular layer 4 (Preuss & 

Goldman-Rakic, 1991; Uylings & van Eden, 1990; van Eden & Uylings, 1985; also see 

Uylings et al., 2003). All five layers within the rodent mPFC are distinct, such that the 

neurons within each layer have been demonstrated to exhibit different morphological and 

electrophysiological properties (Louth, Luctkar, Heney, & Bailey, 2018; Poorthuis et al., 

2013; Van Aerde & Feldmeyer, 2015; Verhoog et al., 2016). The neurons in these layers 

can differentially modulate mPFC activity depending on the type of presynaptic input that 

they receive, the specific neuron type, and the area(s) to which they project.  

The mPFC collectively receives afferent projections from the basal forebrain, 

thalamus, amygdala, hypothalamus, and midbrain (Hoover & Vertes, 2007). Briefly, the 

mPFC receives dopaminergic input from the ventral tegmental area (Thierry, Blanc, 

Sobel, Stinus, & Glowinski, 1973), serotonergic input from the raphe nuclei (Lidov, 

Grzanna, & Molliver, 1980), cholinergic input from the basal forebrain (Gielow & 

Zaborszky, 2017), and glutamatergic input from the thalamus (Gioanni et al., 1999; 

Lambe, Picciotto, & Aghajanian, 2003). Figure 1 summarizes the functional connectivity 

between the PFC and subcortical structures. Within the mPFC, inhibitory g-aminobutyric 

acid (GABA) neurons (Retaux et al., 1993) and excitatory glutamate neurons (Lambe et 

al., 2003) form local circuits and cortico-cortico connections. Approximately 80-90% of 

the neurons in the layers 2, 3, 5 and 6 are glutamatergic pyramidal neurons and 10-20% 

of the neurons are GABAergic interneurons (Riga et al., 2014). Briefly, dopamine 
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(Gaspar, Bloch, & Le Moine, 1995), serotonin (Santana, Bortolozzi, Serrats, Mengod, & 

Artigas, 2004), and acetylcholine (Bailey, Alves, Nashmi, De Biasi, & Lambe, 2012; Tian, 

Bailey, De Biasi, Picciotto, & Lambe, 2011) receptors are present within the mPFC on the 

pyramidal neurons and interneurons. The presynaptic release of these neurotransmitters 

can modulate the excitability of the mPFC and consequently influence the efferent 

projections from the mPFC (For a detailed review, see Steketee, 2003). Thus, the mPFC 

is a hub of complex information processing and enabling it to exert a high degree of 

control over cognitive processes such as attention and working memory.  

The function and activity of the mPFC are regulated by distinct efferent and afferent 

connectivity of each layer. The superficial layer 1 receives cholinergic afferent projections 

from the basal forebrain and is predominantly composed of apical dendrites of neurons 

from the deep layers (Lysakowski, Wainer, Bruce, & Hersh, 1989; Shipp, 2007). Layers 

2 and 3 receive glutamatergic input from the mediodorsal thalamus (Rotaru, Barrionuevo, 

& Sesack, 2005) and have efferent projects to the basolateral amygdala (Gabbott et al., 

2005; Sesack et al., 1989). The pyramidal neurons within layers 2 and 3 have complex 

dendritic branching, and the apical dendrites terminate in layer 1 (Van Aerde & 

Feldmeyer, 2015). Both, layers 5 and 6 receive input afferent projections from the 

thalamus, hippocampus and superficial cortical layers (Vertes, 2006). Interestingly, layer 

5 is the largest layer within the mPFC and functions as the main output area with efferent 

projections to the basolateral amygdala, the ventral tegmental area and the thalamic 

nuclei, including the thalamic reticular nucleus (Gabbott et al., 2005; Vertes, 2002; 

Zikopoulos & Barbas, 2006). The neurons within the layer 5 are typically ‘upright’ with the 

apical dendrites extending towards the layer 1 (Van Aerde & Feldmeyer, 2015). In 
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contrast with layer 5, the layer 6 has efferent projections to the mediodorsal thalamus, 

thalamic reticular nuclei, hypothalamus and striatum (Gabbott et al., 2005; Vertes, 2002; 

Zikopoulos & Barbas, 2006). The morphology of the layer 6 neurons is strikingly distinct 

compared to other layers. The neurons within layer 6 are either short or long neurons 

(Bailey et al., 2012; Van Aerde & Feldmeyer, 2015). The apical dendrite of the long 

neurons extend towards the pial surface but terminate in one of the superficial layers (Van 

Aerde & Feldmeyer, 2015). The apical dendrites from short neurons, however, typically 

extend till layer 5 (Bailey et al., 2012; Bailey, Tian, Kang, O’Reilly, & Lambe, 2014; Van 

Aerde & Feldmeyer, 2015). It has been previously hypothesized that the different 

morphology of the neurons serves distinct functions in modulating the mPFC activity (Van 

Aerde & Feldmeyer, 2015). 

The neurons within the layer 6 are of particular interest due to their reciprocal 

connectivity with the thalamic nuclei, which is critical for attention function (Chudasama 

& Muir, 2001). The thalamic reticular nucleus is composed of inhibitory neurons and 

relays unidirectional afferent projections from the mPFC layers 5 and 6 (Jones, 1985; 

Zikopoulos & Barbas, 2006). Interestingly, the layer 6 neurons are thought to provide 

feedback projections to the thalamus by modulating layer 5 mediated activity of the 

thalamic reticular nucleus (Zikopoulos & Barbas, 2006). This separate termination of the 

mPFC efferent projects on the thalamic reticular nucleus is hypothesized to mediate 

attention function in selecting relevant stimuli while suppressing the distractors 

(Zikopoulos & Barbas, 2006). As discussed in detail in the following sections, the layer 6 

neurons are in a unique position to exert modulatory effects on the attentional circuitry.  
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Several studies have employed lesion models to further highlight the role of the 

mPFC in modulating cognitive functions (Chudasama, Dalley, Nathwani, Bouger, & 

Robbins, 2004; Dalley et al., 2004; de Bruin, Sànchez-Santed, Heinsbroek, Donker, & 

Postmes, 1994; Granon, Poucet, Thinus-Blanc, Changeux, & Vidal, 1995; Morgan et al., 

1993). Thermal lesion within the mPFC has been demonstrated to impair working memory 

in rats (de Bruin et al., 1994; Granon & Poucet, 1995). Specifically, rats with mPFC lesions 

were slower to complete a spatial navigation task when challenged with reversed rules, 

suggesting impaired behavioural (de Bruin et al., 1994) and cognitive flexibility (Granon 

& Poucet, 1995). Moreover, disruption of normal circuitry within the mPFC using 

excitotoxic lesion further demonstrated impairment in a delay-dependent matter, where 

long delays impaired the performance on an attention task compared to shorter delay 

(Chudasama et al., 2004). In addition, rats with lesioned mPFC also made more 

premature responses prior to cue presentation, suggesting increased impulsivity (Dalley 

et al., 2004). Electrolytic lesion to the mPFC has also been demonstrated to impair 

emotional learning (Morgan et al., 1993). Rats with mPFC lesion demonstrated significant 

delay to an extinction behaviour in response an aversive stimulus, compared to sham and 

control rats (Morgan et al., 1993). Furthermore, lesions to the areas projecting to the 

mPFC also disrupt mPFC dependent cognitive function (Chudasama et al., 2003; Muir, 

Everitt, & Robbins, 1994, 1996). For instance, deafferentation of cholinergic input to the 

mPFC by means of an excitotoxic lesion to the basal forebrain impaired accuracy and 

increased response latency on an attentional task (Muir et al., 1994). Along the same 

lines, bilateral excitotoxic lesions to the rat mPFC reduced accuracy and increased 

latency to respond in an attention task (Chudasama et al., 2003; Muir et al., 1996). 
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Therefore, it is likely that the lack of efferent and afferent projections due to lesions impairs 

functional connectivity between mPFC and other areas of the brain, further disrupting 

normal cognitive function. Impairment in mPFC-dependent cognitive function also results 

from aberrant neurotransmitter signalling within the mPFC. For example, dysfunction of 

mPFC circuitry due to loss of cholinergic innervation has been previously reported in 

cases of schizophrenia (Jones, Byun, & Bubser, 2012) and Alzheimer’s disease (Dineley, 

Pandya, & Yakel, 2015; Flynn, Ferrari-DiLeo, Mash, & Levey, 1995). Despite the 

significant recent advances made in the field of neurotransmitter regulation of mPFC 

function, the molecular mechanisms underlying cholinergic modulation of mPFC function 

are not fully understood.  
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Figure 1. Major afferent and efferent prefrontal projections 

The prefrontal cortex (PFC) plays a critical role in top-down cognitive processes such as 

attention and working memory. Several major neurotransmitter signalling pathways within 

the PFC facilitate these processes. The PFC receives serotonergic input from the raphe 

nuclei (RN). The ventral tegmental area (VTA) provides dopaminergic input to the PFC. 

The basal forebrain (BF) nuclei provide cholinergic afferent projections to the PFC. Lastly, 

the reciprocal glutamatergic connectivity with the thalamus (TH) enables the PFC to exert 

control over prefrontal-dependent cognitive tasks. For more details, see review by 

Ballinger et al. (2016) and Steketee, 2003.   

PFC TH

BF VTA

RN
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1.2 Cholinergic Signalling Within the Prefrontal Cortex 

Throughout the central nervous system, cholinergic signalling facilitates a multitude 

of cognitive functions, such as attention (Chudasama et al., 2004; Louth, Bignell, Taylor, 

& Bailey, 2016; Passetti, Dalley, O’Connell, Everitt, & Robbins, 2000; Proulx, Piva, Tian, 

Bailey, & Lambe, 2014), learning and memory (Hasselmo, 2006; Stoiljkovic, Kelley, Nagy, 

Hurst, & Hajos, 2016), and motor functions (McDaid, Abburi, Wolfman, Gallagher, & 

McGehee, 2016). Dysfunction of mPFC cholinergic circuitry has been linked with several 

neurodevelopmental disorders including autism spectrum disorder (ASD) (Lee et al., 

2002) and attention deficit hyperactivity disorder (ADHD) (Wilens & Decker, 2007), and 

age-dependent neurodegenerative disorders including Alzheimer’s disease (Flynn et al., 

1995; Lebois, Thorn, Edgerton, Popiolek, & Xi, 2018) and Parkinson’s disease (Schliebs 

& Arendt, 2011). There are four main regions within the brain where the majority of the 

cholinergic nuclei are located, and which supply all of the cortical and subcortical 

cholinergic input (See Figure 2A). These regions include: (1) the brainstem pedunculo-

pontine and lateral dorsal tegmental area, (2) the striatum, (3) a small subset of thalamic 

nuclei, and (4) the basal forebrain (for a detailed review, see (Ballinger et al., 2016). The 

cholinergic input to the mPFC originates from a cluster of nuclei within the basal forebrain 

(Ballinger et al., 2016; Bloem et al., 2014; Mesulam, Mufson, Levey, & Wainer, 1983). 

These nuclei consist of the nucleus basalis (NB), the substantia innominata (SI), and the 

horizontal limb of the diagonal band (HDB) (Woolf, 1991). The cholinergic neurons within 

the basal forebrain differentially project to the mPFC layers (See Figure 2B). NB and SI 

project to the deep layers 5 and 6 of the mPFC, whereas HDB projects to the superficial 

layers 1 and 2/3 of the mPFC (Bloem et al., 2014).  
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 Several lines of evidence have demonstrated the involvement of mPFC cholinergic 

signalling in cognitive tasks. First, microdialysis studies in rodents have demonstrated a 

sustained increase in ACh content within mPFC while animals are engaged in an attention 

task (Dalley et al., 2001; Hironaka, Tanaka, Izaki, Hori, & Nomura, 2001; Passetti et al., 

2000). Specifically, these studies found a significantly greater ACh content in the mPFC 

of mice performing visual attention tasks when mice were trained previously to perform 

the task, compared with untrained mice (Dalley et al., 2001; Passetti et al., 2000). It is 

interesting to note that ACh content in these studies increased to ~ 175% of baseline and 

that this was sustained at over a period of approximately one hour while animals 

performed the attention task (Passetti et al., 2000). Second, Parikh et al. (2007) used 

microelectrodes sensitive to choline, a precursor of ACh, to demonstrate that there is a 

transient seconds-based increase in ACh release within the rat mPFC in response to cue 

detection, which does not occur when a cue is missed (Parikh, Kozak, Martinez, & Sarter, 

2007; Parikh & Sarter, 2008). Lesion studies further corroborate the involvement of 

cholinergic signalling within the mPFC in modulating attention behaviour (Dalley et al., 

2004; Gill, Sarter, & Givens, 2000; Parikh et al., 2007). Deafferentation of cholinergic 

fibres within the mPFC using the immunotoxin 192 IgG-saporin significant impaired cue 

detection performance, compared to the performance prior to the lesion (Parikh et al., 

2007). Specifically, the loss of cholinergic signalling within the mPFC has been previously 

demonstrated to impair accuracy and increase impulsivity on attentional tasks (Dalley et 

al., 2004). In addition, the loss of cholinergic afferents to the mPFC also reduced the 

activity of neurons that were previously correlated with specific facets of attention (Gill et 
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al., 2000). Collectively, these findings suggest that cholinergic signalling within the mPFC 

facilitates cognitive functions requiring sustained and phasic attention.   

ACh released within the mPFC provides agonist activity at two classes of ACh 

receptor: the nicotinic (nAChR) and muscarinic (mAChR) receptors. These receptors are 

uniquely expressed on pre- and post-synaptic locations throughout the CNS and critically 

modulate neuronal function. Both ACh receptor classes have been implicated to play a 

role in attention (Mirza & Stolerman, 2000). Mirza and Stolerman (2000) demonstrated in 

a rat that inhibiting ACh receptors, individually or combined, produces notable dose-

dependent decreases in performance on an attention task. Similarly, a comparable study 

in a clinical setting suggested that both types of ACh receptors function synergistically to 

modulate prefrontal-dependent cognitive functions (Ellis et al., 2006). In this study, the 

combined administration of both nAChR- and mAChR-selective antagonists produced 

significantly stronger deficits in cognitive functions such as working memory, sustained 

visual attention, and psychomotor speed, compared with the administration of each 

antagonist individually. Although it is now known that the two classes of ACh receptor are 

important for normal cognitive function, the contribution of each class toward mPFC 

neurotransmission, and the role of mPFC neurotransmission toward cognitive functions 

are not fully understood.  
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Figure 2. Cholinergic signalling pathway within the cortex 

(A) An illustrated overview of cholinergic signalling within the cerebral cortex. Basal 

forebrain (BF) cholinergic nuclei, which includes medial septum (MS), the nucleus basalis 

(NB), the substantia innominata (SI), and the horizontal limb of the diagonal band (HDB), 

provide cholinergic innervation for the entire cortex. In contrast, the brainstem cholinergic 

nuclei, laterodorsal tegmental (LDT) and pedunculo-pontine tegmental nuclei (PPT), 

provide cholinergic input to the subcortical structures, thalamus and hypothalamus. 

Adapted from (Paul, Jeon, Bizon, & Han, 2015). (B)  A schematic representation of BF 

nuclei innervating the different cortical layers of the medial prefrontal cortex (mPFC). 

These cholinergic afferents innervate all the layers of the cortex. In particular, SI and NB 

project to the deep cortical layers 5 and 6, whereas HDB innervates the superficial cortical 

layers. These afferent projects terminate onto glutamatergic pyramidal neurons (green) 

and GABAergic interneurons (blue), thereby exerting fine-tuned control over the afferent 

thalamo-cortical (TàC) and efferent cortico-thalamic (CàT), as well as cortico-cortico 

(CàC) connections. Adapted from (Ballinger et al., 2016).  
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1.2.1 Nicotinic Acetylcholine Receptors 

The nAChRs are pentameric ligand-gated ion channels that are composed of five 

identical (homomeric) or varying (heteromeric) subunit peptides. There are 12 nAChR 

subunits, including nine a subunits (a2-a10) and three b subunits (b2-b4), which can 

combine to form distinct subtypes of nAChR (Gotti & Clementi, 2004). In the mammalian 

brain, however, only nine different nAChR subunits (a2-a7; b2-b4) are present (For a 

detailed review, see Albuquerque, Pereira, Alkondon, & Rogers, 2009). Homomeric 

receptors are composed of five identical subunits (e.g. five a7 subunits). Heteromeric 

receptors are composed of distinct combinations of a and b subunits, with specific 

combinations having distinct pharmacological properties and being differentially 

expressed within discrete areas of the brain (for a detailed review, see Gotti, Fornasari, 

& Clementi, 1997; Gotti, Zoli, & Clementi, 2006). The (a4)3(b2)2, (a4)2(b2)2a51, and (a7)5 

conformations of nAChR are the most abundantly expressed isoforms within the cerebral 

cortex (See Figure 3B). The binding of the endogenous agonist ACh or the namesake 

exogenous agonist nicotine induces a conformational change in the structure of the 

receptor that allows positive-charged ions, such as sodium (Na+), potassium (K+), and 

calcium (Ca2+) to flow through the open ion channel and across the neuron cell 

membrane, depending on the ion electrochemical gradient. (Fucile, Renzi, Lax, & Eusebi 

2003; Rathouz, Vijayaraghavan, & Berg, 1996) This movement of positive charge 

facilitates depolarization and increases the excitability of the neuron. Different isoforms 

of nAChR exhibit different conductance for these cations (Fucile, 2004; see also, Dajas-

Bailador & Wonnacott, 2004), further contributing to their specific contributions toward the 

refinement of cholinergic signalling. 
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Within the mPFC, distinct subtypes of nAChRs are localized to distinct neuronal 

populations within each cortical layer (Poorthuis et al., 2013). Previous in situ 

hybridization experiments found that mRNA for the a4 and b2 subunits is expressed 

throughout the cerebral cortex (Wada et al., 1989). Poorthuis et al. (2013) recently 

provided a thorough characterization of the modulation of all mPFC layers by the nAChR 

subtypes. To summarize, fast-spiking interneurons in the superficial layers 2/3 are 

modulated by a7 nAChRs, whereas the interneurons and pyramidal neurons in the deep 

layers may be modulated by a7 and/or a4b2* nAChRs. Pyramidal neurons also exhibit 

distinct expression patterns for nAChRs (for a detailed review, see Poorthuis & 

Mansvelder, 2013). For instance, layer 5 pyramidal neurons express a7 nAChRs, and the 

glutamatergic input terminals to these neurons strongly express a4b2* nAChRs (Lambe 

et al., 2003). Layer 6 pyramidal neurons are known to elicit the strongest nAChR response 

within the mPFC, as they express a high amount of a4b2* nAChRs. This strong nAChR 

response in mPFC layer 6 neurons also results from their presence of the a5 accessory 

subunit, which has been demonstrated to increase cation flux through the activated 

receptor (Bailey et al., 2012; Kuryatov, Onksen, & Lindstrom, 2008; Wada, McKinnon, 

Heinemann, Patrick, & Swanson, 1990). This differential expression of nAChR subtypes 

across the mPFC cortical layers forms an intricate degree of regulation of afferent 

cholinergic signalling, and the manner in which this neurotransmission modulates 

cognitive functions.  

 The contribution of mPFC nAChRs toward prefrontal-dependent cognitive 

functions has been thoroughly investigated. Several studies have used genetic knockout 
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models to further elucidate the functional contribution of each nAChR subtype to 

attentional behaviour. Selective antagonism of a7 nAChRs using a-bungarotoxin within 

the prelimbic area of the rat mPFC significantly impairs effortful processing and response 

selection but does not impair working memory (Granon et al., 1995). Interestingly, the 

performance of a7 subunit knockout mice was comparable with that of the wild-type mice, 

implicating differential function of nAChR subtypes (Guillem et al., 2011). Although, there 

are several contradicting studies that suggest otherwise (Hoyle, Genn, Fernandes, & 

Stolerman, 2006; Also see, Young et al., 2004). For instance, mice lacking a7 subunits 

initially demonstrated reduced accuracy and increased impulsive responses (Hoyle et al., 

2006). Furthermore, the mice lacking a7 subunits had increased omission responses the 

test parameters are altered (Hoyle et al., 2006). Bailey et al. (2010) demonstrated that 

the a5 subunits of the a4b2* nAChR receptor plays an important role in attentional 

performance, as mice lacking the a5 subunits had impaired performance on an attentional 

task resulting from reduced accuracy compared to wild-type mice. Furthermore, the a5 

subunit have been implicated to govern the normal development of the morphology of 

layer 6 pyramidal neurons (Bailey et al., 2012) which can influence normal attentional 

circuitry. Along the same lines, b2 subunit-containing nAChRs have also been implicated 

to modulate attentional performance. Here, genetic knockout demonstrated that mice 

lacking the b2 subunits exhibit significantly worse attentional performance on an attention 

task resulting from increased omissions compared to wild-type mice (Guillem et al., 2011). 

However, viral-mediated re-expression of the b2 subunits within deep layers of the 

prelimbic area of mPFC rescued this deficit, demonstrating the role of a4b2* nAChRs on 

deep-layer mPFC neurons in normal attention (Guillem et al., 2011). Collectively, these 
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findings suggest that different types of nAChR might differentially contribute to different 

types of attention.  

One disadvantage of the behavioural studies described above is that they require 

the use of adult rodents with fully developed brains, and therefore do not provide the 

opportunity to study the changes in prefrontal cholinergic control of cognitive functioning 

that may occur during development. However, several electrophysiological studies have 

characterized changes that occur in nAChR function throughout postnatal development, 

specifically for mPFC layer 6 pyramidal neurons (Alves, Bailey, Nashmi, & Lambe, 2010; 

Bailey et al., 2012; Kassam, Herman, Goodfellow, Alves, & Lambe, 2008). It has been 

previously demonstrated, using pharmacological experiments and whole-cell 

electrophysiology, that nAChR function within mPFC layer 6 neurons of rat peaks in 

young postnatal development, and subsequently decreases in adulthood (Kassam et al., 

2008). Subsequently, Alves et al. (2010) confirmed the peak in nAChR signalling at young 

postnatal age but also showed that male mice have significantly stronger nAChR currents 

at that age compared to female mice. It is important to note that no previous study has 

characterized the developmental profile of mAChRs on mPFC layer 6 neurons, which 

also are present on these cortico-thalamic neurons (Tian et al., 2011) and contribute to 

the overall role of mPFC cholinergic signalling toward cognitive functions (Mirza & 

Stolerman, 2000).  
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1.2.2 Muscarinic Receptors 

Contrary to the nAChR ligand-gated ion channels, mAChRs belong to the 

superfamily of G-protein coupled receptors (GPCRs) each formed by one peptide having 

seven transmembrane domains. Five distinct isoforms of mAChR termed M1-M5 have 

been identified in the mammalian brain using molecular techniques such as RT-PCR 

(Wei, Walton, Milici, & Buccafusco, 1994), in-situ hybridization (Lein et al., 2007; reviewed 

in Bubser, Byun, Wood, & Jones, 2012; see Figure 3A), and immunoprecipitation (Levey, 

1993). Muscarinic receptors are further characterized by excitatory and inhibitory 

receptors based on their preferential G-protein coupling (See Figure 3B). M1, M3 and M5 

receptors are excitatory receptors, whereas M2 and M4 receptors are inhibitory receptors. 

The mAChRs isoforms are differentially expressed throughout the CNS (Brann, Buckley, 

& Bonner, 1988; Bubser et al., 2012). M1 receptors are abundantly expressed throughout 

the cerebral cortex (Levey, 1993; Volpicelli & Levey, 2004). In contrast, M3 receptors are 

predominantly localized to the layer 6 of the mPFC and present in other cortical areas to 

a lesser degree (Bubser et al., 2012; Lein et al., 2007; Levey, 1993). M5 receptors, 

however, are strictly localized to the ventral tegmental area and substantia pars compacta 

(Vilaro, Palacios, & Mengod, 1990). M2 receptors are abundantly expressed throughout 

the cerebral cortex, whereas M4 is expressed in low quantity within the cortex, but 

prominently expressed within the striatum (Levey, 1993; Volpicelli & Levey, 2004). 

Mechanism of action for each receptor isoform is described in detail in the following 

sections  
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Although the overall role of muscarinic signalling is known (Chudasama et al., 

2004; Granon & Poucet, 1995; Mirza & Stolerman, 2000), the contribution of each mAChR 

isoform toward mPFC-dependent cognitive functions is not fully understood. This largely 

results from the lack of isoform-specific pharmacological antagonists for behavioural 

experiments. Thus, studies have resorted to the use of nonspecific mAChR blockers such 

as scopolamine. Previously, Granon et al. (1995) demonstrated the mAChRs are involved 

in overall working memory processes, as blocking mAChRs within the prelimbic area of 

a rat mPFC impaired performance on tasks requiring working memory. Along the same 

lines, a comparable finding was presented by Mirza and Stolerman (2000), who 

demonstrated dose-dependent impairment in attention performance in rats when 

administered scopolamine. Similar results were later replicated in a clinical setting (For a 

detailed review, see Ellis et al., 2006), further corroborating the role of mAChRs in mPFC 

dependent cognitive functions.  

 

1.3 Cognitive effects of muscarinic receptor isoforms 

1.3.1 M1 Muscarinic Receptors 

A number of mAChR isoform-specific knockout models have been established in 

rodent, for use to elucidate the contribution of each isoform in cognitive function. It is 

important to note that mAChRs are extensively involved in modulating physiological 

processes in the periphery (Gomeza et al., 1999; See also Wess, Eglen, & Gautam, 

2007), and thus findings from these studies may be confounded by peripheral effects. 

Nonetheless, knockout rodent models provide valuable insights into the function of 
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mAChR isoforms. For example, M1 knockout mice displayed striking hyperactivity under 

normal and stressful condition compared to wild-type mice (Miyakawa, Yamada, 

Duttaroy, & Wess, 2001). Although M1 knockout mice seem to have no overall cognitive 

deficits (Gerber et al., 2001), the M1 receptor has been implicated to play a role in cue-

detection (Gulledge, Bucci, Zhang, Matsui, and Yeh, 2009). M1 receptors are suggested 

to be likely involved in modulating locomotor activity but do not directly contribute to 

cognitive functions (Miyakawa et al., 2001).  

1.3.2 M2/M4 Muscarinic Receptors 

In contrast, M1 receptor function, M2 and M4 receptors are implicated directly in 

the modulation of cognitive networks. M2 and M4 receptors were previously 

demonstrated to play a modulatory role in ACh efflux within the hippocampus (Tzavara et 

al., 2003). Specifically, using microdialysis technique in single and double knockout 

models of M2 and M4 receptors, Tzavara et al. (2003) demonstrated that there was a 

marked increased ACh efflux within the hippocampus in single M4 and double M2/M4 

knockout mice. This response was subsequently abolished with non-specific antagonism. 

This suggests that activation of the inhibitory M2 and M4 receptors typically inhibit ACh 

release from the presynaptic terminal. Additionally, double M2/M4 receptor knockout mice 

had impaired performance hippocampal-dependent avoidance task (Tzavara et al., 

2003). Furthermore, M2 receptor knockout demonstrated striking deficits in hippocampal-

dependent memory function, as well as mPFC dependent working memory (Seeger et 

al., 2004). Specifically, mice lacking M2 receptors performed poorly on tasks requiring 

cognitive flexibility, and also acquired the task more slowly compared to wild-type mice.  
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1.3.3 M3 Muscarinic Receptors  

The literature on M3 receptor function within the mPFC is considerably limited. 

Genetic deletion of the M3 receptor suggests that it likely is involved in regulating learning 

and memory, and M3 receptor knockout mice display striking deficits in fear conditioning 

exhibited as significantly reduced freezing behaviour in response to footshock (Poulin et 

al., 2010). Furthermore, the contribution of the M3 receptor toward learning and memory 

was found to be in a receptor phosphorylation-dependent manner, such that expression 

of an M3 receptor mutant that could not be phosphorylated showed similar behavioural 

deficits as M3 receptor knockout mice (Poulin et al., 2010). One recent study using an 

intracranial infusion of M3 receptor antagonist within the mPFC has demonstrated 

comparable results and suggests that M3 receptors could be involved in fear learning and 

memory (Fedoce, Ferreira-Junior, Reis, Correa, & Resstel, 2016).  

1.3.4 M5 Muscarinic Receptors 

There is no information available on the relative function of M5 receptors in 

cognitive functioning, as M5 receptors are not expressed within the mPFC or the 

hippocampus (Vilaro et al., 1990). However, M5 receptors are involved in modulating 

peripheral physiological processes, where they may provide indirect regulation of brain 

function (Elhusseiny, Cohen, Olivier, Stanimirovic, & Hamel, 1999, For a detailed review, 

see Bymaster, McKinzie, Felder, Wess, 2003; Eglen, Hegde, & Watson, 1996).  
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1.4 Mechanism of Action - Muscarinic Receptors 

Unlike nAChRs, which mediate the direct flux of cations across the neuron cell 

membrane, mAChRs contribute to changes in neuron membrane potential and excitability 

through the activation of intracellular membrane-bound heteromeric G-proteins. In 

addition to modulating neuron excitability, G-proteins also influence intracellular 

processes that are critical to neuron cell survival, proliferation, neurotransmission, and 

gene expression (Felder, 1995; Hamilton & Nathanson, 2001). G-proteins comprise three 

subunits named a, b, and g, which work together to modulate mAChR signalling (Felder, 

1995; Thiele, 2013). Upon receptor activation, the a subunit dissociates from the b/g 

subunits to initiate a specific intracellular signalling cascade (Tedford & Zamponi, 2006), 

although it is now known that the b/g subunits remain membrane bound to interact with 

their own set of transmembrane effectors to also initiate specific signalling cascades 

(Felder, 1995; Tedford & Zamponi, 2006). The subtypes of mAChR are organized based 

on their preferential intracellular G-protein coupling (Jones et al., 2012). Members of the 

M1/M3/M5 subtype selectively couple with Gq/G11 G-proteins, whereas members of the 

M2/M4 subtype selectively couple with Gi/Go G-proteins (Felder, 1995; See Figure 3B).  

Traditionally, M1/M3/M5 are considered to be excitatory mAChRs as their activation 

depolarizes the membrane by increasing calcium conductance and inhibition potassium 

efflux (Brown, 2010; Felder, 1995; Thiele, 2013), whereas M2/M4 receptors are 

considered to be inhibitory mAChRs as they decrease calcium-dependent signalling and 

hyperpolarize neurons. Activation of the M1, M3, or M5 receptor releases active Gaq/11, 

which induces the hydrolysis of phosphoinositol-1,4,5-biphosphate (PIP2) by 
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phospholipase Cb (PLCb) into inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) 

(Brown, 2010; Thiele, 2013). IP3 activates IP3 receptors located on the endoplasmic 

reticulum, which allows for efflux of calcium from intracellular stores and an increase in 

cytosolic calcium content (Berridge & Irvine, 1989; Streb, Irvine, Berridge, & Schulz, 

1983). This increased intracellular calcium content rapidly modulates neuron excitability 

(Gulledge et al., 2009).Activation of the M2 or M4 receptor releases active Gai/o, which 

reduces the content of intracellular cyclic adenosine monophosphate (cAMP) by inhibiting 

the adenylate cyclase (AC) enzyme (Felder, 1995; Peralta, Ashkenazi, Winslow, 

Ramachandran, & Capon, 1988; Wess et al., 2007). The Gb/g subunits of activated Gi/Go 

G-proteins interact directly with the G-protein-coupled inward rectifying potassium 

channels (GIRKs), which consequently inhibits the neuron by allowing potassium to flow 

down its electrochemical gradient out of the neuron, thus hyperpolarizing the membrane 

potential (Ben-Chaim, Tour, Dascal, Parnas, & Parnas, 2003; Brown, 2010).  

Different isoforms of mAChR have been further pharmacologically and functionally 

characterized using isoform-selective antagonists and radioligand binding assays (for a 

detailed review see, Caulfield & Birdsall, 1998). Activation of the mAChR isoforms leads 

to downstream activation of several ion channels which could further facilitate ACh signal 

transduction (for a detailed review, see Thiele, 2013). Muscarinic M1 receptors are 

abundantly expressed throughout the mPFC (Bubser et al., 2012), and contribute to the 

excitability of the pyramidal neurons within the mPFC (Gulledge et al., 2009). M1 receptor 

activation causes the inhibition of voltage-gated potassium channels (KM) (Brown, 2010; 

McCormick & Williamson, 1989; Womble & Moises, 1992), potassium leak channels 

(Kleak) (Womble & Moises, 1992), GIRK (Carr & Surmeier, 2007). In addition to potassium 
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channels, M1 receptor activation facilitates prolonged depolarization by activation 

nonspecific cation channels such as Transient Receptor Potential-Canonical channels 

(Haj-Dahmane & Andrade, 1998), as well as Ca2+-independent nonspecific ion channels 

(Egorov, Angelova, Heinemann, & Muller, 2003).  Furthermore, M1 receptor activation 

inhibits P/Q, N-type, (Biscoe & Straughant, 1966; Tedford & Zamponi, 2006) and T-type 

calcium channels (Navaroli, Zhao, Boguszewski, & Brown, 2012) which reduce action 

potential neurotransmitter release and action potential frequency. Upon activation of the 

excitatory Gq/11-proteins, the a subunit dissociates from the protein complex and initiates 

an intracellular signalling cascade, whereas the b/g actively modulate the membrane 

bound ion channels (Tedford & Zamponi, 2006). Although M1 receptors are traditionally 

considered as an excitatory receptor, they can also mediate transient inhibitory 

responses. These transient inhibitory responses precede prolonged excitatory response 

and last for only a few seconds. Interestingly, transient hyperpolarization responses were 

linked to M1 receptor mediated activation of calcium activated potassium channel (SK) 

(Dasari, Hill, & Gulledge, 2017). These responses were abolished in the absence of 

calcium in modified artificial cerebrospinal fluid (ACSF) (Dasari et al., 2017), and in the 

presence of SK channel antagonist, apamin (Gulledge et al., 2009). The literature on M3 

and M5 receptor mechanism of action is considerably limited. However, M3 and M5 

receptors are coupled with Gq/11 G-proteins, therefore it is likely that activation of M3 

and M5 receptors would result in the decreased potassium conductance and increased 

calcium conductance, similar to M1 receptor activation.  

Conversely, M2 receptors are traditionally thought to be inhibitory-only muscarinic 

receptors. M2 receptors facilitate the hyperpolarization of membrane potential by 
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activating GIRK channels, as described above (Brown, 2010). Furthermore, M2 receptors 

reduce calcium conductance to facilitate neuron hyperpolarization by blocking L-type, P/Q 

and N-type calcium channels (Biscoe & Straughant, 1966; Hasselmo & Bower, 1992; 

Tedford & Zamponi, 2006). Activation of the inhibitory Gi/o – proteins bound to the M2 

receptors results in the dissociation for the b/g subunits, which then modulate the activity 

of the ion channels, while the a subunit initiates the intracellular signalling cascade 

(Brown, 2010; Tedford & Zamponi, 2006). Along the same lines, it is likely that M4 

receptor activation also has similar effects as M2 receptor activation, as M4 receptors are 

coupled with the same Gi/o G-protein complex.  
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Figure 3. Muscarinic receptor isoform expression and cholinergic signalling within 

the medial prefrontal cortex 

(A) In-situ hybridization showing the mRNA distribution of M1, M2, and M3 muscarinic 

receptor isoforms in the medial prefrontal cortex of an adult male mouse (postnatal day 

56). Images of the coronal sections were obtained from the Allen Institute for Brain 

Science (Lein et al., 2007). The red arrows indicate the layer 6 of the medial prefrontal 

cortex. Adapted from (Bubser et al., 2012). (B) Cholinergic signalling within the layer 6 of 

mPFC is mediated by competing responses of muscarinic and nicotinic acetylcholine 

receptors. Layer 6 of the mPFC co-express different isoforms of mAChRs and nAChRs. 

Metabotropic muscarinic receptors are heptahelical proteins that are classified based on 

their preferential G-protein coupling. M1 and M3 mAChRs are excitatory receptors that 

are preferentially coupled with Gq/11 G-proteins. Activation of M1 and M3 receptors 

increases production of inositol-1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG) by 

recruiting phospholipase Cβ (PLCb). This facilitates neuronal excitability by downstream 

increasing calcium conductance and decreasing potassium conductance. In contrast, M2 

receptors are preferentially coupled with Gi/o G-proteins. Activation of the M2 receptors 

reduces intracellular cAMP levels by inhibiting adenylate cyclase activity and promotes 

membrane hyperpolarization by increasing potassium conductance and decreasing 

calcium conductance. Ionotropic nicotinic receptors are pentameric ligand-gated ion 

channels, which facilitate neuronal excitability by allowing cation diffusion across the 

neuronal membrane. Within layer 6 of the mPFC, homomeric nAChRs are made up of 

five α7 subunits that show highly permeability for Ca2+. Heteromeric nAChRs are made 
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up for (α4)3(β2)2 and (α4)2(β2)2α5 subunits, which are highly permeable to Ca2+ and Na+. 

Adapted and modified from (Jones et al., 2012).   
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1.5 Rationale 

Acetylcholine signalling within the mPFC has been established to facilitate cognitive 

functions such as attention (Dalley et al., 2004; Guillem et al., 2011; Louth et al., 2016; 

Parikh et al., 2007; Parikh & Sarter, 2008; Passetti et al., 2000; Proulx et al., 2014). ACh 

exerts its effects by activating nicotinic and muscarinic acetylcholine receptors (Bubser et 

al., 2012; Jones et al., 2012). Previously, the function of nAChRs on mPFC layer 6 

pyramidal neurons has been thoroughly characterized (Alves et al., 2010; Bailey et al., 

2010; Bloem, Poorthuis, & Mansvelder, 2014; Kassam et al., 2008; Poorthuis et al., 2013; 

Tian et al., 2011; Tian, Bailey, & Lambe, 2014). However, It is important to note that 

previous studies investigating the function of nAChRs within the mPFC are limited in their 

physiological relevance, because these studies did not consider the function mAChRs 

that are also present on these same neurons (Bubser et al., 2012) and are also 

concurrently activated by endogenous release of acetylcholine.  

Age dependent neurological disorders such as Parkinson’s disease (Schliebs & 

Arendt, 2011) and Alzheimer’s diseases (Flynn et al., 1995; Lebois et al., 2018)  have 

been demonstrated to exhibit impaired cholinergic signalling within the mPFC. In addition 

to creating knowledge related to the normal physiological role for ACh signalling in 

cognition, the detailed characterization of mAChR function on mPFC layer 6 neurons will 

provide a foundation from which to study aberrant ACh neurotransmission within the 

context of these and other neurological disorders. Binding assay studies in whole rodent 

cortex have demonstrated mAChR availability peaks during week four of postnatal 

development and subsequently decreases with age (Evans, Watson, Yamamura, & 

Roeske, 1985; Lee, Nicklaus, Manning, & Wolfe, 1990; van Huizen, March, Cynader, & 
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Shaw, 1994). However, the function and developmental profile of the mAChR receptors 

on the layer 6 pyramidal neurons have not been previously studied.  

In-situ expression studies have demonstrated that different isoforms of mAChR are 

expressed within the layer 6 of the mPFC (Lein et al., 2007; Levey, 1993). Briefly, as 

mentioned in the earlier sections, the excitatory M1 receptors are expressed throughout 

the cortex, whereas the excitatory M3 receptors are densely localized within the layer 6 

of the mPFC. Furthermore, the layer 6 also expresses the inhibitory  M2 receptor (Lein et 

al., 2007; Levey, 1993). Based on the expression profiles, it is not possible to determine 

whether these receptor isoforms are co-expressed on the pyramidal neurons within the 

layer 6 of the mPFC. In addition, each muscarinic receptor isoform has different functional 

properties and preferential G-protein coupling (for a detailed review, see Thiele, 2013). 

Therefore, the relative contribution of specific mAChR isoforms toward overall muscarinic 

signalling is yet to be elucidated in mPFC layer 6 neurons. The function of mAChRs has 

been thoroughly characterized on pyramidal neurons within the layer 5 of the mPFC 

(Dasari et al., 2017; Gulledge & Stuart, 2005; Gulledge et al., 2009; Gulledge, Park, 

Kawaguchi, & Stuart, 2007). However, it is important to note that the layer 5 pyramidal 

neurons are completely devoid of nicotinic acetylcholine receptors and serve distinct 

physiological functions from layer 6 neurons. Therefore, mechanisms underlying 

physiologically-relevant cholinergic signalling at mPFC layer 6 neurons, especially with 

regard to the contributions of mAChR activation toward the overall cholinergic response, 

are not fully understood.   

The majority of previous studies investigating ACh signalling within the mPFC have 

failed to consider sex as a biological variable. The female sex has been largely ignored 
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in relevant rodent studies, primarily due to the biological complexity of the female estrus 

cycle. For example, the stage of estrous cycles has been shown to modulate muscarinic 

receptor availability and sensitivity to acetylcholine within the rat cerebral cortex (van 

Huizen et al., 1994), which introduces variability into the study of this receptor system in 

females. It should be noted that potential differences between the sexes, and the 

influence of the estrus cycle, have not been examined within the context of mAChR 

function within the mPFC. 

 

1.6 Hypothesis and Objectives 

Hypothesis:  

There are two main hypotheses that are tested in this project. The first hypothesis 

is that the muscarinic receptor function on layer 6 pyramidal neurons within the mPFC is 

developmentally regulated. The second hypothesis is that the different isoforms of 

muscarinic receptors differentially regulate the excitability of the layer 6 pyramidal 

neurons.  

 These hypotheses are tested in this project by meeting two main objectives: 

 

(1) To characterize muscarinic receptor function on mPFC layer 6 pyramidal 

neurons and its contribution toward overall cholinergic signalling at these neurons. 

Receptor function has been measured in young postnatal and young adult mice of both 

sexes. 
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(2) To characterize the contribution and confirm the presence of selected muscarinic 

receptor isoforms toward the overall mAChR function on mPFC layer 6 pyramidal 

neurons, using selective pharmacological antagonists. This was performed in young 

postnatal and young adult mice of both sexes.  
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2 MATERIALS AND METHODS 

 
2.1 Animals 

CD1 strain mice were used for all the experiments. All mice were maintained in a 

secure vivarium on a 12:12 h reverse light cycle (lights off at 6:00 AM) at an ambient 

temperature of 21-24oC. All mice had ad libitum access to chow (Tekland Global 14% 

Protein Rodent Maintenance Diet; Harlan Laboratories, Mississauga, Ontario, Canada) 

and water. Timed-pregnant mice were purchased from Charles River Canada (Saint-

Constant, Quebec, Canada) and housed individually in breeding cages (sized 47 cm X 

25 cm X 15 cm). Offspring were used to establish a subsequent in-house breeding colony, 

where breeding pairs were housed in conditions as described above. Litters were weaned 

and separated based on sex at postnatal day (P) 21 and housed in groups of up to a 

maximum of four mice per cage (sized 29 cm X 19 cm X 13 cm) with ad libitum access to 

chow and water. Male and female mice were analyzed at two distinct time points for this 

study: P15-20 (young) and P60-100 (Adult). All the mice were cared for in accordance 

with the principle and guidelines of the Canadian Council on Animal Care, and all 

experimental protocols were pre-approved by the University of Guelph Animal Care 

Committee. Experimental protocols were designed to minimize the number of mice used 

in this study.  
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2.2 Brain Slice Preparation 

Mice were anesthetized using isoflurane and then decapitated using a guillotine. 

Brains were then extracted in cold (~4oC) oxygenated sucrose artificial cerebrospinal fluid 

(sACSF:  245 mM sucrose, 10 mM D-Glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM 

MgSO4, 3 mM KCl, and 1.25 mM NaH2PO4, pH 7.4). Then, 400 µm thick coronal slices 

containing the mPFC from approximately Bregma 1.98 mm to Bregma 1.18 mm (Paxinos 

and Franklin, 2001) were cut using a Leica VT1200 vibrating microtome (Leica 

Microsystems, Richmond Hill, ON, Canada). The slices were then transferred to a 

recovery chamber containing oxygenated ACSF (128 mM NaCl, 10 mM D-glucose, 26 

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

and maintained at 30 oC. The slices were allowed to recover for at least 2 hours prior to 

being used for whole-cell electrophysiology. The sACSF and ACSF were continuously 

oxygenated with carbogen (95% O2 – 5% CO2) throughout each experiment.  

 

2.3 Electrophysiology  

Brain slices were transferred to a recording chamber (Warner Instruments, Hamden, 

CT) that was mounted onto a stage attached to an Axioscop FS2 microscope (Carl Zeiss 

Canada, Toronto, Ontario, Canada). Oxygenated ASCF at room temperature was 

superfused over the brain slice at the rate of ~5 ml/min. All the experiments were 

performed at room temperature. Whole-cell recording of mPFC layer 6 pyramidal neurons 

were conducted using borosilicate pipette electrodes (outer diameter of 1.5mm; 3-5 MΩ 
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internal resistance; Sutter Instrument Company, Novato, CA) containing 120 mM K-

gluconate, 5 mM KCl, 2mM MgCl2 4mM K2-ATP, 400 µM Na2-GTP, 10 mM Na2-

phosphocreatine, 0.3 % (wt/vol) biocytin (Tocris Bioscience), and 10 mM HEPES buffer 

(pH 7.3, adjusted with KOH). Individual mPFC layer 6 pyramidal neurons were visualized 

using infrared differential interference contrast microscopy and identified based on their 

proximity to the white matter and prominent apical dendrite. Based on previous studies, 

the neurons were sampled from the prelimbic and infralimbic regions of the mPFC (Bailey 

et al., 2012; Louth et al., 2016; Tian et al., 2011). The neuron type was first confirmed by 

recoding basic passive and active neuron electrophysiological properties such as resting 

membrane potential, membrane resistance, and spike amplitude in current clamp mode, 

in response to positive and negative current steps (shown in table 1). The membrane 

resistance was calculated by injecting a hyperpolarizing current (100 pA, 500 ms) and 

measuring the steady-state deflection in membrane potential. Burst-firing neurons and 

fast-spiking interneurons were identified based on the active response to positive current 

injection, and these two neuron types were not included in any of the analyses of this 

thesis. 

Experimental cholinergic and muscarinic measurements were conducted in active 

neurons, where the ACh-induced changes to neuron activity were measured in current 

clamp mode. A positive current was first injected to elicit an approximate 1 Hz baseline 

firing frequency for action potentials. The change in firing frequency was then assessed 

following bath application of ACh (1 mM for 30 s). This change in firing frequency was 

then assessed during two specific time points: (i) a transient inhibitory period that 

occurred between 0 s to 20 s following the onset of ACh application and (ii) a delayed 
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excitatory period that was measured over 30-second peak response period from 20 s to 

50 s following the onset of ACh application. The transient inhibitory response was 

measured as the duration for which action potential firing was inhibited. A response was 

first characterized as inhibitory if action potential firing was suppressed for ≥ 800 ms and 

the firing frequency immediately before or after this inhibition was greater than that during 

the baseline period. The presence or absence of an inhibitory response was recorded for 

contingency analysis. For each inhibitory response, the duration for which action potential 

firing was inhibited/stopped was measured. The delayed excitatory response was 

calculated from the percent increase in firing frequency during the 30-second peak 

response period as: [(firing frequency during the peak response period – firing frequency 

at baseline) / firing frequency at baseline] x 100. All recordings were made using a 

Multiclamp 700B amplifier. Signals were acquired at 20 kHz and low-pass filtered at 2 

kHz using a Digidata 1440A data acquisition system (Molecular Devices, Sunnyvale, CA). 

All the neurons were corrected for liquid junction potential prior to recording. 

 

2.4 Pharmacology 

Cholinergic responses were probed by applying ACh in absence of any antagonists 

and were recorded for 10 minutes (See Figure 4B for protocol schematic). Muscarinic 

responses were probed after slices were exposed to 10 min bath application of the 

nicotinic receptor antagonists dihydro-beta-erythroidine (DHbE; 3 µM) and 

methyllycaconitine (MLA; 10 nM). See Figure 4C for a schematic of the protocol). 

Additional pharmacological experiments were performed by using a concoction of 
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mAChR isoform-selective antagonists, in order to determine the contribution of each 

receptor isoform toward the mAChR response. See Figure 4D for a schematic of the 

protocol. After the muscarinic response to ACh was recorded for a neuron, one isoform-

selective antagonist was bath-applied to the slice for 10 minutes (in the presence of DHbE 

and MLA). The muscarinic response to ACh was then recorded again. The following 

mAChR isoform-selective antagonists were used: pirenzepine for the M1 isoform (PZP; 

500 nM), methoctramine for the M2 isoform (MCT; 500 nM) (Dasari et al., 2017), and 1,1-

dimethyl-4-diphenylacetoxypiperidinium iodide for the M3 isoform (4-DAMP; 100 nM) 

(Pitler & Alger, 1990). 4-DAMP was first dissolved in 100% DMSO and then dissolved in 

ACSF prior to application. This resulted in a final 0.001% (vol/vol) DMSO concentration 

in experiments using 4-DAMP, which is a concentration of DMSO that does not affect the 

ACh response at mAChRs in mPFC layer 6 neurons. For a subset of experiments aimed 

to block presynaptic AMPA/kainate glutamatergic and GABAA GABAergic 

neurotransmission, ACh mAChR responses were measured before and after 10 min 

exposure of both 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 µM) and bicuculline 

(10 µM). All drugs in this study were diluted to their final concentration in standard ACSF 

and superfused over the entire brain slice. The effect of each antagonist on the transient 

inhibition response was calculated as the percent change to the inhibition duration: 

[(inhibition duration after the antagonist - Inhibition duration before the antagonist) / 

Inhibition duration before the antagonist x 100]. The effect of each antagonist on the 

excitatory responses (itself calculated as a percent increase in firing frequency from 

baseline) was calculated as: [(excitatory response after the antagonist – excitatory 

response before the antagonist) / excitatory response before the antagonist x 100. ACh 
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chloride was purchased from Sigma Aldrich (Oakville, Ontario, Canada). DHbE, MLA, 

PZP, MCT, and 4-DAMP were purchased from Tocris Bioscience / Bio-Techne Canada 

(Oakville, Ontario, Canada). All drugs were stored in a stock solution at -20 oC.  

 

2.5 Neuron Morphology 

A previously-established protocol was adapted for the histological visualization and 

morphological analysis of recorded neurons within brain slices (Chung, Bignell, Jacklin, 

Winters, & Bailey, 2016; Phan et al., 2015). All of the recordings were performed using a 

pipette electrode solution that contained the marker biocytin (0.3% wt/vol), which cannot 

cross the cell membrane. The neurons were held for electrophysiological recording for at 

least 50 minutes, to allow for biocytin to diffuse throughout the neuron, and the pipette 

was withdrawn carefully to allow for the cell membrane to re-seal. Brain slices were fixed 

in 4% (wt/vol) paraformaldehyde in 100 mM phosphate buffer solution (pH 7.5) for up to 

3 weeks at 4 0C. The slices were then washed 3 times for 10 minutes each on a rocker 

using Tris-buffered saline (TBS, 100 mM Tris and 150 mM NaCl, pH 7.5). Following the 

washes, slices were treated with 0.5% (vol/vol) H2O2 and 0.25% (vol/vol) Triton X-100 in 

TBS to suppress endogenous peroxidase activity. The slices were then washed 3 times 

for 10 minutes each on a rocker using TBS and incubated in a solution containing 

Vectastain Elite ABC avidin/biotinylated horseradish peroxidase buffer (Vector Labs, 

Burlington, Ontario, Canada; prepared according to manufacturer’s instructions) at a 

dilution of 1:400 and 0.25% (vol/vol) Triton X-100 in TBS at room temperature for 24 

hours. Slices were washed 3 times for 10 minutes each on a rocker using TBS and 
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incubated in a solution containing 0.05% (wt/vol) 3,3′-diaminobenzidine 

tetrahydrochloride hydrate (DAB) and 0.04 % (wt/vol) nickel chloride hexahydrate in TBS 

for 5 minutes at room temperature. This solution was replaced with the same solution that 

also contained 0.001% (vol/vol) H2O2, and the slices incubated for 15 minutes. Following 

this incubation, slices were washed 3 times for 10 minutes each on a rocker using TBS 

and mounted on microscope slides and allowed to air dry. Varying gradients of ethanol 

washes were used to dehydrate the slices, which were then coverslipped using Permount 

(Fisher Scientific, Ottawa, Ontario, Canada).  

A brightfield Olympus BX53 upright microscope equipped with an Olympus PlanApo 

1.25x / 0.04 N.A. objective, an Olympus UPlanFL N 10x / 0.30 N.A. objective, and an 

Olympus UPlanSApo 30x / 1.05 N.A. silicone-immersion objective (Olympus, Richmond 

Hill, Ontario, Canada) was used to capture neuron images. Neurolucida Software 

(MicroBrightField, Williston, VT) controlled a 3-axis motorized stage that was used to 

capture encoded high-resolution photomicrographs in stack formation every 1 µm in the 

z-axis using the 30x objective. These image stacks were then collapsed into two-

dimension minimum-intensity projections (see Figure 4A). Neuron morphology was used 

post hoc to verify the location recorded neurons within layer 6 and the presence of a 

prominent apical dendrite that pointed toward the pial surface. See Figure 4A2 for a 

photomicrograph of an exemplary neuron. 
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2.6 Vaginal Cytology  

A previously-published protocol was adapted to perform vaginal cytology in this 

current study (Byers, Wiles, Dunn, & Taft, 2012), where the stage of estrous cycle was 

determined for adult female mice using vaginal lavage. Immediately after mice were killed, 

deionized water was used to flush the vaginal cavity 2-3 times and smeared onto a 

plain/untreated microscope slide. The slide was allowed to air dry for 24 hours at room 

temperature. Giemsa stain (modified, Sigma Aldrich, Cat. GS1L) was diluted 1:20 with 

tap water and used to stain the vaginal smear. A brightfield Olympus BX53 upright 

microscope equipped with an Olympus UPlanFL 10x / 0.30 N.A. objective was used to 

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

and muscarinic inhibitory and excitatory responses for adult female mice were then sorted 

and analyzed as a function of stage of the estrous cycle.  

 

2.7 Statistical Analysis 

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

Sample sizes ranged from 6 to 40 neurons per group sampled from 3 to 16 mice. 

Statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad 

Software, La Jolla, CA). Groups were considered to be statistically different where P < 

0.05. Contingency analysis of the proportion of neurons that exhibited a transient 

inhibitory response across the two ages and sexes was performed using the Chi-square 

test. Effects of receptor isoform-selective antagonist on ACh-mediated responses were 
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analyzed using two-tailed paired t-tests. Effects of age and sex on cholinergic and 

muscarinic responses, in the absence and presence of isoform-selective antagonists, 

were analyzed by two-way ANOVA followed by the Bonferroni’s multiple comparisons 

post hoc test.  
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3 RESULTS 

 
3.1 Electrophysiology 

3.1.1 ACh exerts biphasic effects on layer 6 pyramidal neurons of the mPFC   

Previously, mAChR responses have been observed on mPFC layer 6 pyramidal 

neurons (Louth et al., 2016; Tian et al., 2011). Additionally, in-situ hybridization studies 

have shown that a number of mAChR M1, M2, and M3 isoforms are expressed within the 

deep layers of the mPFC (Brann et al., 1988; Lein et al., 2007; Vilaro, Wiederhold, 

Palacios, & Mengod, 1992; Vilaro et al., 1990). However, to the best of our knowledge, 

no previous study has investigated mAChR responses within these neurons based on 

mAChR isoform, sex, or age. We first sought to characterize the overall cholinergic 

response to ACh, formed by the combination of both nAChR and mAChR responses, and 

confirm the presence of mAChR on these neurons. This was accomplished by performing 

whole-cell electrophysiological recordings in acute brain slices prepared from young 

(P15-20) and adult (P60-100) male and female mice. The morphology and the location of 

recorded pyramidal neurons were verified by including biocytin in the patch solution and 

chromogenic visualization post-hoc. Photomicrographs of one exemplary neuron and its 

location relative to the white matter are shown in Figure 4A. Changes to the membrane 

potential for a typical pyramidal neuron in response positive and negative current steps 

are shown in Figure 4B. The regular-firing action potential response to positive current 

injection is an identifying characteristic of layer 6 pyramidal neurons within the mPFC 

(Poorthuis et al., 2013). To compare the contribution of mAChRs to overall cholinergic 
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signalling, where both nAChRs and mAChRs are activated (Tian et al., 2011), we first 

applied 1 mM ACh for 30 seconds in the bath and recorded a ‘cholinergic response’ in 

the absence of any antagonists. See Figure 4C for a schematic diagram and a 

representative neuronal response. ACh was applied at a supraphysiological 

concentration of 1 mM because it has previously been shown to be metabolized by 

endogenous acetylcholinesterase while washing into the slice, leading to physiological 

concentrations reaching its receptors (Bailey et al., 2010). Application of ACh typically 

resulted in two potentially distinct responses in these neurons: (i) an immediate transient 

inhibitory response, and (ii) a prolonged excitation. An interesting characteristic of these 

neurons is that not all neurons display the inhibitory response. Thus, we first identified 

the ratio of neurons exhibiting the transient inhibitory response in male and female mice 

from both age groups. A significantly greater number of neurons were found to display 

the transient inhibition response in young male (25/40) and young female (22/40) mice 

compared to adult male (7/40) and adult female (9/40) mice (Figure 5A; chi-square test, 

X2(3, N=160) = 25.84, P < 0.0001). There was no effect of sex on this transient inhibition 

response at either age (Fisher’s exact test, young mice: P = 0.65; Adult mice: P = 0.78). 

Next, we recorded muscarinic responses by blocking nAChRs with DHbE (3 µM) and 

MLA (10 nM) and sought to quantify the ratio of neurons with inhibitory properties. Figure 

4D shows a schematic diagram of the application of nicotinic antagonists and probing for 

a ‘muscarinic response’ by applying ACh. Similar to the cholinergic responses, a greater 

proportion of neurons from young male (38/40) and young female (34/40) mice exhibited 

the transient inhibition compared to the proportion of neurons from adult male (31/40) and 

adult female (28/40) mice (Figure 5B; chi-square test, X2(3, N = 160) = 9.223, P = 0.026). 
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Again, there was no effect of sex at either age (Fisher’s exact test, young mice: P = 0.263; 

adult mice: P = 0.612). Figure 5 shows typical traces of neurons within each experimental 

group that either do or do not exhibit the transient inhibition response. 
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Figure 4. Overview of experimental protocols 

(A1) A coronal section containing mPFC and highlighting layer 6 in proximity to the white 

matter (WM). (A2) An exemplary photomicrograph is shown for one mPFC layer 6 

pyramidal neuron from an adult female mouse that was analyzed for electrophysiological 

recordings and subsequently visualized post-hoc using biocytin staining. For red scale 

bar, A1 = 500 µm, A2 = 100 µm. (B) Current-clamp recording of a pyramidal neuron from 

layer 6 showing changes in membrane potential in response to injection of 500 ms 

depolarizing and hyperpolarizing current steps. These current steps are a characteristic 

response of a typical pyramidal neuron. (C) Overall cholinergic responses were recorded 

by applying 1 mM ACh for 30 s (red horizontal bar) in the absence of any receptor 

antagonists. (D) Muscarinic responses to 1 mM ACh (30 s) were recorded following 10 

min application of 10 nM MLA and 3 µM DHbE to block a7 and a4b2(a5) nicotinic 

acetylcholine receptors, respectively. (E) Muscarinic responses to 1 mM ACh (30s) were 

recorded following 10 min application of nicotinic receptor antagonists (10 nM MLA and 

30 µM DHbE), in addition to one of the muscarinic acetylcholine receptor isoform-

selective antagonists. Representative traces shown in the figure are from young male 

mice.  
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Figure 5. Proportion of mPFC layer 6 neurons exhibition inhibitory responses to 

acetylcholine   

Pie charts show the proportion of neurons that exhibited a transient inhibitory response 

(red section) or did not exhibit a transient inhibitory response (black section) following 

exposure to 1 mM ACh for 30 s. (A) For the overall cholinergic response (combining both 

nicotinic and muscarinic responses), there was a greater proportion of neurons exhibiting 

the transient inhibitory response in young mice than in adult mice (Chi-Square test, X2(3, 

N=160) = 25.84, P < 0.0001). (B) For the muscarinic-only response, made in the presence 

of nicotinic acetylcholine receptor antagonists MLA (10 nM) and DHbE (3 µM), the 

proportion of neurons exhibiting the transient inhibitory response was also greater in 

young mice than in adult mice (Chi-Square test, X2(3, N = 160) = 9.223, P = 0.026). The 

total number of neurons in each group is shown below of each pie chart. Typical 

electrophysiological traces for neurons displaying each response are displayed on the 

right of each pie chart.  The 30 s ACh application is indicated by the grey bar in the trace.  
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3.1.2 The relative strength of the transient inhibitory responses is 

developmentally regulated 

We next sought to quantify the relative strength of the observed transient inhibitory 

responses by measuring the duration of action potential suppression. Previously, the 

duration of inhibition has been used as a reliable measure of receptor function (Dasari et 

al., 2017). Typical recordings showing the distinct inhibition of action potentials following 

exposure to 1 mM ACh (30 s) are shown for neurons of each experimental group via 

cholinergic (Figure 6A) and muscarinic (Figure 6B) stimulation. Using two-way ANOVA, 

we found that there is an overall significant main effect of age on the duration of the 

cholinergic-mediated transient inhibitory response (Figure 6A; F (1,156) = 27.85, P < 

0.0001), where young mice (male: 1.467 ± 0.254 s; female: 1.778 ± 0.386 s) had a notably 

greater inhibition duration than adult mice (male: 0.313 ± 0.124 s; female: 0.326 ± 0.121 

s). The inhibition duration was not different between the sexes (F (1, 156) = 0.431, P = 

0.51), as both males and females in their respective age groups exhibited similar inhibition 

durations. There also was no statistically significant interaction between age and sex (F 

(1, 156) = 0.362, P = 0.55). We then sought to determine how eliminating the influence of 

the excitatory nAChR receptor function would affect the duration of the ACh-induced 

transient inhibitory response. For all groups, this inhibition duration was increased 

significantly following ten minute application of nAChR antagonists, compared with the 

cholinergic inhibition duration measured in the absence of nAChR antagonists (two-tailed 

paired t-test; young male: t (39) = 6.081, P < 0.0001; young female: t (39) = 6.828, P < 

0.0001; adult male: t (39) = 7.879, P < 0.0001; adult female: t (39) = 5.676, P < 0.0001).  

For the muscarinic inhibition duration, two-way ANOVA revealed a significant main effect 
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of age (Figure 6B, F (1,156) = 20.8, P < 0.0001), and a significant main effect of sex (F 

(1,156) = 5.20, P = 0.024), such that neurons from young male mice (12.95 ± 2.02 s) 

exhibited a greater inhibition duration than neurons sampled from young female mice 

(7.214 ± 0.96 s) and adult male mice (4.43 ± 0.55 s). Furthermore, there was a significant 

interaction between effects of age and sex (F (1,156) = 5.81, P = 0.017), which was driven 

by the sex difference occurring in young, but not old mice.  These findings suggest that 

the activation of excitatory nAChRs was actively competing to suppress the inhibitory 

mAChR response. It should be noted that these findings do not reveal mAChR isoform-

specific contributions toward the transient inhibitory property of mAChR signalling.  
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Figure 6. The duration of transient inhibitory responses is developmentally 

regulated and greatest in young mice  

ACh stimulation of mPFC layer 6 pyramidal neurons transiently inhibited the excitatory 

response to 1 mM ACh (30 s) in an age-dependent manner. (A) For cholinergic 

responses, young male (1.467 ± 0.254 s, n=40) and female (1.778 ± 0.386 s, n = 40) mice 

exhibited a markedly greater inhibition duration than adult male (0.313 ± 0.124 s, n = 40) 

and female (0.326 ± 0.121 s, n=40) mice (F (1,156) = 27.85, ***P < 0.0001). (B) The 

duration of muscarinic transient inhibitory responses was increased following the 

application of nicotinic receptor antagonists. These muscarinic responses were greater in 

young male mice (12.95 ± 2.02 s, n = 40) than in young female mice (7.214 ± 0.96 s, n = 

40) (F (1,156) = 5.20, **P = 0.024) and adult male mice (4.43 ± 0.55 s, n = 40) (F (1,156) 

= 20.8, ***P < 0.0001). Typical current-clamp traces are shown for one neuron from each 

group, with ACh application marked by a black line. Red arrows on each trace indicate 

the inhibitory response. For histogram bars and traces: dark blue = young male; dark red 

= young female; light blue = adult male; light red = adult female. All values are mean ± 

SEM. Representative traces shown in this figure are also illustrated in figure 8 depicting 

the excitatory responses from the same neurons.  
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3.1.3 mAChR isoforms differentially contribute to the transient inhibitory 

response in mPFC layer 6 neurons 

Previous in-situ hybridization studies have demonstrated that M1, M2, and M3 

isoforms of mAChR are differentially expressed within the layer 6 of the mPFC (Lein et 

al., 2007; Levey, 1993; Volpicelli & Levey, 2004). However, the contribution of individual 

mAChR isoforms toward muscarinic responses in mPFC layer 6 pyramidal neurons is not 

known. We addressed this question by measuring muscarinic transient inhibitory 

responses to 1 mM ACh (30 s) before and after 10-minute exposure to mAChR-selective 

antagonists by bath application, and calculating, within each neuron, the percent change 

to the inhibition duration following exposure to each agonist (Figure 7; also see Figure 4E 

for a schematic diagram). The M1 receptor-selective antagonist PZP was used at 500 nM 

(Gulledge et al., 2009) (Figure 7A). Two-way ANOVA analysis to determine effects of age 

and sex on M1 receptor contribution toward the inhibitory response was not feasible, as 

blocking M1 receptors completely abolished the transient inhibitory response in all the 

groups (i.e., the percent change to the inhibition duration was -100 percent in each group). 

This result of M1 receptor antagonism to significantly reduce/eliminate the inhibition 

duration was confirmed statistically using two-tailed paired t-test within each group (young 

male: t (7) = 3.383, P = 0.012, n = 8; young female: t (7) = 3.019, P = 0.019, n = 8; adult 

male: t (7) = 3.84, P = 0.006, n = 8; adult female: t (7) = 2.468, P = 0.043; n = 8). 

We next measured the contribution of M2 receptors toward the transient inhibitory 

response by performing the same experiment using the M2 receptor-selective antagonist 

MCT at 500 nM MCT (Gulledge et al., 2009) (Figure 7B). M2 receptor function was found 

to significantly contribute to the inhibition duration in young male mice (two-tailed paired 
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t-test, t (7) = 3.928, P = 0.006, n = 8), adult male mice (two-tailed paired t-test, t (6) = 

3.522, P =0.012, n = 7), and adult female mice (two-tailed paired t-test, t (7) = 4.109, P = 

0.004, n = 8), but not in young female mice  (two-tailed paired t-test, t (7) = 1.662, P = 

0.141, n = 8). The change to the inhibition duration following M2 antagonism was 

significantly affected by age (F (1,27) = 17.44, P = 0.0003) and sex (F (1,27) = 10.9, P = 

0.0027), although there was no significant interaction between effects of age and sex (F 

(1, 27) = 1.186, P = 0.286). Bonferroni’s multiple comparison post hoc test showed that 

the change in adult male mice (-100 ± 0%) was significantly greater than that in young 

male mice (-47 ± 11.8%, P = 0.006) and in adult female mice (-56.43 ± 10.6%; P = 0.030).  

Last, the contribution of M3 receptors toward the transient inhibitory response was 

measured by performing the same experiment using the M3 receptor-selective antagonist 

4-DAMP at 100 nM (Pitler & Alger, 1990). This contribution M3 receptors toward the 

muscarinic inhibitory response were strikingly similar to that observed above for M1 

receptors, as the inhibition of M3 receptors abolished the inhibitory response in all the 

groups (Figure 7C). A two-tailed paired t-test analysis for neurons within each group 

confirmed the significant effect of blocking M3 receptors: young male mice: (t (7) = 4.178, 

P = 0.004, young female mice: (t (7) = 3.713, P = 0.0075), adult male mice: (t (7) = 3.014, 

P = 0.020), and adult female mice: (t (7) = 2.772, P = 0.028). Collectively, these results 

indicate that the mAChR isoforms contribute differentially toward the muscarinic transient 

inhibitory response, with both M1 and M3 receptors being necessary for any inhibition to 

occur. 
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Figure 7. Contribution of muscarinic receptor isoforms toward the transient 

inhibitory response 

The duration of the muscarinic transient inhibitory response was measured before and 

after exposure to receptor-selective antagonists, and the antagonist-induced percent 

change to the inhibition duration was calculated. (A) Application of the M1 receptor 

antagonist PZP (500 nM) abolished the transient inhibitory responses in all the groups (n 

= 8 cells/group). (B) Application of the M2 receptor antagonist MTC (500 nM) showed that 

the result of blocking M2 receptors toward the transient inhibition is greater in adult male 

mice (-100 ± 0%, n = 7) than in young male mice (-47.82 ± 11.84%, n = 8) (Two-way 

ANOVA, F (1, 27) = 17.44, ***P = 0.0003; Bonferroni’s post hoc test, P = 0.007) and in 

adult female mice (-56.43 ± 10.68%, n = 8; Two-way ANOVA, F (1,27) = 10.9, **P = 

0.0027). (C) Application of the M3 receptor antagonist 4-DAMP (100 nM) abolished the 

inhibitory responses in all the groups (n = 8 / group). Typical current-clamp traces are 

shown on the right for one neuron from each group, with ACh application marked by the 

black bars. Traces on the left show muscarinic responses before the application of 

isoform-selective antagonist, whereas traces on the right show muscarinic responses 

after the antagonist application of isoform-selective antagonists. Red arrows on each 

trace point towards the inhibitory response in that trace. For histogram bars and traces: 

dark blue = young male; dark red = young female; light blue = adult male; light red = adult 

female. All values are means ± SEM. Representative traces shown in this figure are also 

illustrated in figure 9 depicting the excitatory responses from the same neurons.  
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3.1.4 Cholinergic and muscarinic excitatory responses are not developmentally 

regulated 

Although ACh application leads to transient inhibitory responses in mPFC layer 6 

pyramidal neurons, and the magnitude of these responses is differentially mediated by 

mAChR isoforms, ACh is predominantly known act as a stimulating and excitatory 

neurotransmitter (Lambe et al., 2003; Tian et al., 2011). Previously, the developmental 

regulation of nAChR excitatory responses has been characterized in mPFC layer 6 

neurons (Alves et al., 2010; Bailey et al., 2012). However, potential developmental 

regulation of mAChR excitatory responses in this neuronal population has not been 

investigated. We addressed this question in active neurons by measuring excitatory 

responses that resulted from the application of 1 mM ACh for 30 seconds. This was 

accomplished in neurons previously induced to fire action potentials at approximately 1 

Hz and measuring the percent increase in firing frequency during the peak ACh response 

(Figure 8). For overall cholinergic responses, recorded in the absence of any ACh 

receptor antagonist, two-way ANOVA revealed no main effect of age (F (1, 156) = 0.611, 

P = 0.435) or sex (F (1, 156) = 0.011, P = 0.917), and no interaction between these two 

factors (F (1, 156) = 1.052, P = 0.307) (Figure 8A). This suggests that overall cholinergic 

responses are not affected by age or sex. To specifically target the relative contribution 

of the mAChRs toward these cholinergic responses, we measured muscarinic responses 

in these same neurons by repeating the ACh application after exposing slices to the 

nAChR antagonists MLA and DHbE (Figure 8B). This significant decreased the ACh 

excitatory response in all the groups (two-tailed paired t-test; young male: t (39) = 10.05, 

P < 0.0001; young female: t (39) = 6.157, P < 0.0001; adult male: t (39) = 8.024, P < 
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0.0001; adult female: t (39) = 9.809, P < 0.0001). Two-way ANOVA for the muscarinic 

responses revealed a significant main effect of sex (F (1, 56) = 4.096, P = 0.045), but not 

age (F (1, 56) = 0.312, P = 0.577). There was a significant interaction between the effects 

of age and sex (F (1, 56) = 4.934, P = 0.028), which is driven by a sex difference in young 

mice. Bonferroni’s post hoc test confirmed a significant difference in excitatory muscarinic 

response between the sexes of young mice, where young female mice (390.26 ± 31.39%) 

showed greater excitation than young male mice (267.47 ± 27.93%) (P = 0.019).  
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Figure 8. Acetylcholine stimulation depolarizes layer 6 pyramidal neurons 

For neurons induced to fire action potentials at approximately 1 Hz, the percent 

increase in firing frequency was measured following 30 s application of 1 mM ACh. 

Excitation was measured over a 30 s period after the transient inhibitory responses had 

ceased in all neurons. (A) Cholinergic activation of both nicotinic and muscarinic 

receptors led to increases in action potential firing frequency that was not affected by 

age or sex (two-way ANOVA, both P > 0.05). (B) Stimulation of muscarinic receptors 

only, following the inhibition of nicotinic receptors using 10 nM MLA and 3 µM DHbE, led 

to increases action potential firing frequency that were affected by sex (Two-way 

ANOVA, F (1,156) = 4.10, *P = 0.04) but not by age (Two-way ANOVA, F (1,156) = 

0.31, P = 0.57). There was a significant interaction between effects of sex and age 

(Two-way ANOVA, F (1,156) = 4.94, P = 0.028). There was a significant difference in 

the muscarinic response in young mice (Bonferroni’s post hoc test, P = 0.019), where 

the response in young female mice (373.38 ± 32.12%, n = 40) was greater than that in 

young male mice (278.29 ± 30.11%, n = 40). Typical cholinergic (A) and muscarinic (B) 

current-clamp traces are shown on the right for one neuron from each group. The time 

period of ACh application is marked by the black bar below each trace, and the time 

period for which the excitatory response was measured is indicated by the grey bar 

above each trace. For histogram bars and traces: dark blue = young male; dark red = 

young female; light blue = adult male; light red = adult female. All values are mean ± 

SEM. Representative traces shown in this figure are also illustrated in figure 6 depicting 

the transient inhibitory responses from the same neurons. 
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3.1.5 mAChR isoforms differentially contribute to the excitatory response in 

mPFC layer 6 pyramidal neurons  

Several previous studies have established the role of distinct mAChR isoforms in 

the excitatory response to ACh in pyramidal neurons (Egan & North, 1985; Flores et al., 

1996; Gulledge & Stuart, 2005). However, the contribution of key mAChR isoforms toward 

ACh muscarinic excitatory responses within mPFC layer 6 pyramidal neurons is not 

understood. We addressed this question by measuring ACh muscarinic excitatory 

responses before and after a 10-minute exposure to mAChR isoform-selective 

antagonists (Figure 9). The M1 receptor was first found to significantly contribute toward 

the muscarinic excitatory response, as two-tailed paired t-test revealed that antagonism 

of the M1 receptor using PZP significantly decreased the magnitude of the excitatory 

response in all groups (young male: -63.63 ± 20.65%, t (7) = 3.739, P = 0.007; young 

female: -68.51 ± 10.46%, t (7) = 5.197, P = 0.001; adult male: -93.17 ± 7.73%, t (7) = 

3.587, P = 0.009; adult female: -65.15 ± 13.77%, t (7) = 3.823, P = 0.006) (Figure 9A). 

Two-way ANOVA revealed no significant main effect of age (F (1, 28) = 0.872, P = 0.358) 

or sex (F (1, 28) = 0.681, P = 0.416), and no significant interaction between these two 

factors (F (1, 28) = 1.378, P = 0.250). This suggests that M1 receptors contribute toward 

approximately 60-90 percent of muscarinic excitatory responses throughout postnatal life. 

The contribution of M2 receptors toward the muscarinic excitatory response was 

affected by age, as a two-tailed paired t-test analysis revealed that blocking M2 receptors 

significantly reduced this response in the adult male mice (-61.43 ± 5.10%, t (7) = 6.228, 

P = 0.0004) and adult female mice (-24.13 ± 6.65%, t (7) = 3.16, P = 0.016), but not in 

young male mice (-9.88 ± 14.10%, t (7) = 0.528, P = 0.614) and young female mice (-
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19.87 ± 9.50, t (7) = 2.22, P = 0.062) (Figure 9B). Consistent with this analysis, two-way 

ANOVA revealed a significant main effect of age (F (1, 28) = 8.666, P = 0.006) but not 

sex (F (1, 28) = 2.074, P = 0.161). There was a significant interaction between effects of 

age and sex (F (1, 28) = 6.219, P = 0.019), which was driven by the effect of age in male 

mice only (Bonferroni’s post-hoc test, P = 0.004). 

Similar to M1 receptors, antagonism of M3 receptors using 4-DAMP significantly 

reduced the muscarinic excitatory response in all groups (paired two tailed t-test; young 

male: -61.34 ± 4.23%, t (7) = 8.166, P < 0.0001; young female: -56.81 ± 8.03%, t(7) = 

5.067, P = 0.001; adult male: -63.01 ± 6.94%, t (7) = 4.319, P = 0.003; adult female: -

79.72 ± 3.60%, t (7) = 7.677, P = 0.0001) (Figure 9C). Two-way ANOVA of this data 

revealed an overall significant effect of age (F (1, 28) = 4.209, P = 0.0497) but not of sex 

(F (1, 28) = 1.034, P = 0.318), and no significant interaction between these two factors (F 

(1, 28) = 3.145, P = 0.087). Bonferroni’s post host test revealed no effect of sex at either 

age or of age within each sex (all P > 0.05). These results suggest that the M3 receptor 

contributes to approximately 60-80 percent of the muscarinic excitatory response, and, 

like the M1 receptor, that this contribution is not developmentally regulated during 

postnatal life.  
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Figure 9. Contribution of muscarinic receptor isoforms towards the muscarinic 

excitatory response 

The contribution of muscarinic receptor isoforms toward the muscarinic excitatory 

response was determined by measuring responses to ACh before and after exposure to 

isoform-selective antagonists. (A) Antagonism of M1 receptors using 500 nM PZP 

reduced the excitatory response in all groups (two-tailed paired t-test; young male, P = 

0.007; young female, P = 0.001; adult male, P = 0.009; adult female, P = 0.006), and this 

result was not affected by age (two-way ANOVA, P > 0.05) or sex (P > 0.05). (B) The 

contribution of M2 receptors toward the muscarinic excitatory responses is 

developmentally regulated in male mice (Two-way ANOVA, F (1, 28) = 8.666, **P = 0.006; 

Bonferroni’s post-hoc test, P = 0.004) but not in female mice (Bonferroni’s post-hoc test, 

P > 0.9). This M2 receptor contribution was greater in adult male mice (-61.44 ± 5.10%, 

n = 8) than in young male mice (-9.88 ± 14.10%, n = 8). (C) The M3 receptor was found 

to contribute toward the muscarinic excitatory responses in a developmentally-regulated 

manner, where receptor contribution was greater in adult mice than in young mice (two-

way ANOVA, F (1, 28) = 4.209, *P = 0.0497). Typical current-clamp traces are shown on 

the right for one neuron from each group. The time period of ACh application is marked 

by the black bar below each trace, and the time period for which the excitatory response 

was measured is indicated by the grey bar above each trace. Traces on the left show 

muscarinic responses before the application of isoform-selective antagonists, whereas 

traces on the right show muscarinic responses after the application of isoform-selective 

antagonists. For histogram bars and traces: dark blue = young male; dark red = young 

female; light blue = adult male; light red = adult female. All values are means ± SEM. 
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Representative traces shown in this figure are also illustrated in figure 7 depicting the 

transient inhibitory responses from the same neurons. 
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3.1.6 Influence of presynaptic input on mAChR function in mPFC layer 6 neurons 

Muscarinic receptors are uniquely distributed on both presynaptic and 

postsynaptic sites within the brain (Brown, 2010; Raiteri, Leardi, & Marchi, 1984; Zhang 

et al., 2002). We next sought to determine the contribution of presynaptic mAChR 

stimulation toward the muscarinic inhibitory and excitatory responses recorded in mPFC 

layer 6 pyramidal neurons. This was accomplished by measuring muscarinic transient 

inhibitory and prolonged excitatory responses before and after 10-minute bath application 

of a cocktail containing antagonists of AMPA/kainate glutamatergic (20 µM CNQX) and 

GABAA GABAergic (10 µM bicuculline) neurotransmission. The duration (strength) of the 

muscarinic transient inhibitory response was not significantly affected by presynaptic 

inhibition in any experimental group (Figure 10A). Two-tailed paired t-test of the inhibition 

duration change within neurons was not significant in young male mice (-11.82 ± 12.38% 

change, t (5) = 0.850, P = 0.434, n = 6), young female mice (3.80 ± 1.18% change, t (5) 

= 1.803, P = 0.131, n = 6), adult male mice (-16.85 ± 9.91% change, t (5) = 1.775, P = 

0.136, n = 6), or adult female mice (-15.47 ± 16.94% change, t (5) = 0.955, P = 0.383, n 

= 6). Two-way ANOVA revealed no significant main effect of age (F (1, 20) = 0.006, P = 

0.937) or sex (F (1, 20) = 0.719, P = 0.133), and no significant interaction between these 

two factors (F (1, 20) = 0.223, P = 0.642). These analyses provide evidence that the 

muscarinic inhibitory response is not modulated by presynaptic input but is instead 

mediated by postsynaptic mAChRs. We next determined the contribution of presynaptic 

input toward the muscarinic excitatory response. The percent change to this response 

following exposure to CNQX and bicuculline is shown in Figure 10B. Two-tailed paired t-

test determined that this excitatory response was decreased in young female mice (-47.83 
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± 13.50%, t (5) = 3.607, P = 0.015, n = 6), but not in young male mice (-30.17 ± 20.53%, 

t (5) = 1.313, P = 0.246, n = 6), adult male mice (-107.30 ± 53.05%, t (5) = 2.175; P = 

0.0816, n = 6), and female mice (16.35% ± 80.88%, t (5) = 1.579, P = 0.175, n = 6). Two-

way ANOVA of this data revealed no main effect of age (F (1, 20) = 0.0168, P = 0.898) 

or sex (F (1, 20) = 1.128, P = 0.301), and no interaction between these two factors (F (1, 

20) = 2.005, P = 0.172). These findings suggest that presynaptic input to mPFC layer 6 

pyramidal neurons contributes to the muscarinic excitatory response in young female 

mice only, indicating a sex- and developmental-regulated difference in muscarinic 

signaling within the mPFC.  
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Figure 10. Contribution of presynaptic input towards muscarinic responses 

  Muscarinic responses were measured before and after exposure to antagonists 

of AMPA/kainate glutamatergic (20 µM CNQX) and GABAA GABAergic (10 µM 

bicuculline) neurotransmission. (A) The duration of muscarinic transient inhibitory 

responses was not significantly changed by exposure to CNQX/bicuculline in any 

experimental group (two-tailed paired t-test; P > 0.05). (B) The muscarinic excitatory 

response was significantly decreased by exposure to CNQX/bicuculline in young female 

mice (two-tailed paired t-test; P = 0.015), but not in any of the other experimental groups 

(P > 0.05). For histogram bars and traces: dark blue = young male; dark red = young 

female; light blue = adult male; light red = adult female All values are mean ± SEM.  
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3.1.7 Effect of the estrous cycle on acetylcholine responses in mPFC layer 6 

neurons  

It has been suggested previously that the stage of estrous cycle modulates 

mAChR content and ligand affinity within the rodent cerebral cortex (van Huizen et al., 

1994). However, to the best of our knowledge, the effect of the estrous cycle on mAChR 

function has not been determined in mPFC pyramidal neurons. We addressed this 

question recorded cholinergic and muscarinic responses from adult female mice and 

using vaginal cytology to determine the stage of the estrous cycle for each mouse post 

hoc. Mice were categorized into one of the following four stages of the estrous cycle: 

diestrus, proestrus, estrus, and metestrus. The duration of cholinergic and muscarinic 

transient inhibitory responses was first analyzed together using two-way ANOVA with 

response type (cholinergic versus muscarinic) and stage of estrous cycle as the two 

independent variables (Figure 11A). Consistent with previous analyses, the muscarinic 

inhibition duration was significantly greater than the cholinergic inhibition duration (F 

(1,66) = 24.62, P < 0.0001). Interestingly, there also was a significant main effect estrous 

cycle stage (F (3, 66) = 3.35, P = 0.024, Figure 11 A, B), and a significant interaction 

between response type and estrous cycle (F (3, 66) = 2.78, P = 0.048). Bonferroni’s post 

hoc test revealed that the effect of the estrous cycle was primarily driven by changes to 

the muscarinic response. Specifically, the muscarinic inhibition duration was greater 

during diestrus (P = 0.0035) and proestrus (P = 0.0013) than during metestrus, which in 

a stage of the estrous cycle in which no transient inhibitory response was observed. A 

similar analysis revealed that the ACh-induced excitatory responses are not affected by 

the estrous cycle stage (Figure 11B). Although, as seen previously, there was a significant 
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difference between cholinergic and muscarinic excitatory responses (two-way ANOVA; F 

(1, 66) = 40.11, P < 0.0001), there was no effect of estrous cycle (F (3, 66) =0.853, P = 

0.470) and no interaction between these two factors (F (3, 33) = 0.180, P = 0.909). These 

results suggest that fluctuations in female sex hormones may modulate downstream 

mediators of mAChR inhibitory responses, but not excitatory responses, in mPFC layer 6 

pyramidal neurons.  

 

  



 
 

71 
 

Figure 11. Influence of estrous cycle on inhibitory and excitatory responses in 

mPFC layer 6 neurons 

(A) The stage of estrous cycle did not significantly affect cholinergic inhibitory responses 

(P = 0.86) but did affect muscarinic inhibitory responses (P = 0.037). Here, the duration 

of the transient inhibitory response was greater during diestrus (P =0.004) and proestrus 

(P = 0.001) than metestrus, when no inhibition was observed. (B) Cholinergic and 

muscarinic excitatory responses were not affected by the stage of estrous cycles (P > 

0.05). All values are means ± SEM.  
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3.2 Table 

Table 1 Basic electrophysiological properties 
 

 Young (P15-20) Adult (P60-100) P-value 

 Male Female Male Female  

Number of 
neurons 40 40 40 40  

Resting 
membrane 
potential 

(mV) 

-75.47±0.63 

 

-75.13±0.58 

 

-75.26±0.65 

 

-75.94±0.49 

 

Age: 
0.614 

Sex: 
0.776 

Input 
resistance 

(MW) 

265.68±11.43 

    

283.42±12.81 

* 

239.70±8.50 

 

236.35±8.14 

* 

Age: 
0.0006 

Sex: 
0.491 

Spike 
amplitude 

(mV) 

96.14±0.76 

 

94.92±0.60 

 

96.10±0.93 

 

95.86±0.76 

 

Age: 
0.557 

Sex: 
0.347 

 
All values are mean ± SEM for young and adult male and female mice. P values 

were determined using two-way ANOVA. Statistically significant difference between 

young and adult female mice is indicated by * (Bonferroni’s post-hoc test).  
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4 DISCUSSION 

The results of this study provide evidence that PFC layer 6 pyramidal neurons are 

transiently inhibited and excited by postsynaptic M1, M2, and M3 mAChRs. Furthermore, 

the findings also support our initial hypothesis that muscarinic receptor function on these 

neurons is developmentally regulated. These findings were met by conducting a series of 

physiological and pharmacological experiments using whole-cell electrophysiology of 

layer 6 pyramidal neurons located within the mPFC of acute mouse brain slices of both 

sexes and two postnatal ages. The transient inhibitory response to mAChR activation was 

developmentally regulated, with a greater inhibition in young mice than in old mice. The 

mAChR isoforms differentially contributed to this response, as both M1 and M3 receptors 

were required for the response to occur at all whereas M2 receptors contributed to 

approximately 25-100 percent of the response, depending on the experimental group. 

Muscarinic receptor availability has been demonstrated to peak during week four of 

postnatal development (Evans et al., 1985; Lee et al., 1990; van Huizen et al., 1994). 

Therefore, as expected, young mice were found to have stronger transient inhibitory 

cholinergic and muscarinic response compared to adult mice. Although the muscarinic 

excitatory response was not developmentally regulated, this response was also mediated 

via differential contributions from each mAChR isoform. 
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4.1 Biphasic response to ACh in mPFC layer 6 pyramidal neurons 

It has previously been established that the proper development of the mPFC 

dependent cognitive functions is contingent upon normal cholinergic signalling originating 

from the basal forebrain nuclei (Bloem et al., 2014; Domenech & Koechlin, 2015; Euston 

et al., 2012; Gielow & Zaborszky, 2017; Hasselmo & Sarter, 2011; Kesner & Churchwell, 

2011; Mesulam et al., 1983; Morici et al., 2015; Ragozzino, Detrick, & Kesner, 1999). 

Nicotinic and muscarinic receptor antagonists impair cognitive functions such as working 

memory and attention (Ellis et al., 2006; Mirza & Stolerman, 2000). Previously, nicotinic 

receptors have been shown to modulate attention function (Bailey et al., 2010; Gulledge 

et al., 2007; Levin, 2002; Louth et al., 2016; Mirza & Stolerman, 2000). The role of nicotinic 

receptors in modulating the excitability of mPFC layer 6 pyramidal neurons has been 

extensively documented (Alves et al., 2010; Bailey et al., 2010; Kassam et al., 2008; 

Poorthuis et al., 2013; Proulx et al., 2014; Tian et al., 2014). In addition, the 

developmental profile of nicotinic receptor function in these same layer 6 neurons have 

also been reported (Alves et al., 2010; Bailey et al., 2012; Kassam et al., 2008). However, 

the function and developmental profile of muscarinic receptors on mPFC layer 6 

pyramidal neurons are not well understood. The experiments in this thesis demonstrate 

that the application of ACh to these neurons is capable of inducing a transient inhibitory 

response in the majority of neurons, followed by a prolonged excitatory response in all 

neurons. These biphasic properties were present for cholinergic responses, where both 

the nicotinic and muscarinic classes of ACh receptor were activated (See Figures 6A, 

8A). In these cholinergic responses, however, the transient muscarinic inhibitory 

response was largely suppressed by a strong depolarizing current was mediated 
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concurrently by nAChRs. When nAChRs were inhibited using pharmacological 

antagonists, the ACh transient inhibitory response was significantly enhanced, to the point 

that it appeared in almost all neurons tested (See Figures 5B, 6B). Interestingly, the 

strength of the transient inhibitory response to cholinergic stimulation was 

developmentally regulated, with young mice exhibiting a stronger inhibitory response than 

adult mice. This may appear counterintuitive because nAChR receptor excitatory 

responses, which occur at the same time as the observed transient inhibitory responses, 

have been shown to be developmentally regulated and stronger in young mice (Alves et 

al., 2010; Kassam et al., 2008), and the adult mice in this current study did not 

demonstrate stronger inhibitory responses. It is therefore likely that the function of 

mAChR isoforms mediating the inhibitory response in these neurons also is 

developmentally regulated, with a stronger function occurring in young mice than in adult 

mice. Following the same pattern, the muscarinic inhibitory response was found to be 

significantly greater overall in young mice than in adult mice (Figure 6B). This was driven 

by the response in young male mice being greater than that of adult male mice and in 

young female mice. Interestingly, there was no effect of age when examined specifically 

in female mice. This could result from two potential reasons. Similar to the nAChR 

function (Alves et al., 2010), the developmental peak in the muscarinic inhibitory response 

may occur at a different stage of development in early postnatal female versus male mice. 

In addition, it is also possible that the stage of the estrous cycles influenced muscarinic 

inhibitory responses in the adult female mice of this study since the estrous stage is 

correlated with mAChR content and ligand affinity in the rodent cerebral cortex (van 

Huizen et al., 1994).  
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Unlike the transient inhibitory responses, there was no developmental regulation 

observed for cholinergic or muscarinic excitatory responses (Figure 8). Potential 

developmental differences in the excitatory response could be masked by several factors. 

For the cholinergic excitatory responses, although the magnitude of nicotinic responses 

normally decreases into adulthood (Alves et al., 2010), the relative contribution of 

excitatory muscarinic isoforms could change with postnatal development to compensate 

the overall cholinergic response. Moreover, it is unlikely that the neurons recorded in 

these experiments had simply reached a ceiling for firing frequency due to the activation 

of both nicotinic and muscarinic receptors, as previous studies have demonstrated mPFC 

layer 6 neurons to be capable of firing action potentials at a much greater frequency than 

that achieved in this study (Louth et al., 2016). Similar to the cholinergic response, there 

was no significant effect of age on the muscarinic excitatory response in male or female 

mice. However, in line with the transient inhibitory responses, young male mice were 

found to have a lower magnitude muscarinic excitatory response than young female mice 

(Figure 8B). The lack of sex effect in adult mice suggests that the muscarinic excitatory 

response normalizes throughout postnatal development across the sexes. Furthermore, 

it is likely that the stages of the estrous influence the excitatory mAChR isoform function 

in adult female mice. In addition, the lack of a developmental effect for the muscarinic 

excitatory response could result from altering contributions of the different mAChR 

isoforms which can potentially compensate for age-dependent upregulation or 

downregulation of the other isoforms present in these neurons.  
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4.2 Pharmacology and intracellular mediators of muscarinic signalling  

 Distinct mAChR isoforms have been identified to be differentially expressed 

throughout the cerebral cortex, using techniques such as in-situ hybridization (Lein et al., 

2007; reviewed in Bubser et al., 2012), and immunoprecipitation (Levey, 1993). To gain 

further insights into muscarinic signalling at mPFC layer 6 neurons, we used receptor 

isoform-selective antagonists to determine the function and relative contribution of each 

individual mAChR isoform. Previously, biphasic muscarinic responses to ACh have been 

thoroughly characterized on pyramidal neurons located within layer 5 of the mPFC, which 

is a neuronal population that does not respond to postsynaptic heteromeric nAChR 

stimulation (Dasari et al., 2017; Gulledge et al., 2009; Gulledge & Stuart, 2005; Gulledge 

et al., 2007). Within layer 5 pyramidal neurons, muscarinic transient inhibitory responses 

were shown to be mediated by M1 receptors (Dasari et al., 2017; Gulledge et al., 2009; 

Gulledge & Stuart, 2005). However, the function of individual mAChR isoforms within 

mPFC layer 6 neurons has not been previously characterized. Our findings in layer 6 are 

consistent with earlier studies in layer 5, in that the M1 receptor antagonist PZP at 500 

nM abolished the transient inhibitory response in all the groups (See Figure 7A) (Dasari 

et al., 2017; Gulledge & Stuart, 2005), indicating that the M1 isoform is present in both 

layers and necessary for the muscarinic transient inhibition.  Unlike previous work in layer 

5 demonstrating that the muscarinic transient inhibitory response persists in M3 receptor 

knockout mice (Gulledge et al., 2009), we found that pharmacological antagonism of M3 

receptors using 100 nM 4-DAMP also abolishes the muscarinic transient inhibitory 

response in layer 6. These findings demonstrate that within pyramidal neurons of mPFC 

layer 6, both the M1 and M3 receptors are required and necessary for the muscarinic 
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inhibitory response to occur, as blocking either isoform completely abolished this 

response. Furthermore, this suggests that M1 and M3 receptors may form functional 

heterodimers on these pyramidal neurons, as will be discussed in detail in the following 

section.    

For the muscarinic excitatory response, antagonism of each of the M1 and M3 

receptors resulted in residual excitatory responses, suggesting that each isoform 

contributes to some, but not all of this response in layer 6 neurons (See Figure 9A, C). 

Blocking the M1 receptor resulted in comparable excitatory responses in all the groups, 

as the activation of M3 and M2 receptors most likely compensated for the loss of function. 

Interestingly, blocking the M3 receptors revealed developmental regulation of the 

excitatory response. These findings suggest that M1 and M3 receptors might have a 

differential developmental profile within the mPFC. Specifically, M1 and M2 receptors 

might contribute to the excitatory responses in young mice to a greater degree, compared 

to adult mice where M3 receptor contribution appears to be more prominent (See Figure 

9C).  

The intracellular mechanisms underlying M1 receptor-mediated inhibitory and 

excitatory responses have been previously determined (Gulledge et al., 2009; Gulledge 

& Stuart, 2005), however, the mechanisms underlying M3 receptor function are not well 

known. The M1 and M3 receptors are both coupled with Gq/11 G-proteins, so it is likely 

that the inhibitory and excitatory responses resulting from the activation of these receptors 

are mediated by the same intracellular mechanisms. Briefly, M1 and M3 receptors 

increase intracellular levels of IP3 and DAG by Gq/11 activation PLCb and cleavage of 
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PIP2 (Brown, 2010; Thiele, 2013). The M1-mediated transient inhibitory response has 

been previously determined to be mediated by IP3 activity (Gulledge & Stuart, 2005). 

Specifically, IP3 activates intracellular IP3 receptors located on the endoplasmic 

reticulum, which subsequently releases calcium from the endoplasmic reticulum leading 

to increased cytosolic calcium content (Brennan et al., 2008). This newly-released 

calcium can act upon several ion target channels to facilitate excitatory and inhibitory 

responses. For example, this calcium has been demonstrated to activate small 

conductance calcium-activated potassium (SK) channels to mediate the M1 muscarinic 

transient inhibitory response in mPFC layer 5 neurons (Gulledge et al., 2009). In response 

to M1, and likely also M3 receptor activation, several cation channels are also activated 

or inhibited which facilitate neuron depolarization. The b/g subunits of activated Gq/11 

proteins block potassium channels, such as voltage-gated potassium channels (KM) 

(Brown, 2010; McCormick & Prince, 1986; McCormick & Williamson, 1989), potassium 

leak channels (Kleak) (Womble & Moises, 1992), GIRK channels (Brown, 2010), to reduce 

potassium conductance and suppress hyperpolarization (For a detailed review, see 

Thiele, 2013). M1 receptors activate Transient Receptor Potential-Canonical channels 

(Haj-Dahmane & Andrade, 1998), as well as calcium-independent nonspecific ion 

channels (Egorov et al., 2003). Furthermore, activation of M1 receptors also blocks P/Q 

and N-type calcium channels (Tedford & Zamponi, 2006). Conversely, M3 receptors 

activate T-type calcium channels (Navaroli et al., 2012). These channels collectively 

facilitate prolonged excitation and slow afterdepolarization of the neuron.  

 The mechanisms by which M2 receptors mediate the muscarinic transient 

inhibitory response are different from M1 and M3 receptors. The function of the M2 
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receptor on the layer 6 pyramidal neurons has not yet been characterized. Interestingly, 

M2 receptors were demonstrated to be not involved in contributing to the inhibitory 

muscarinic response within the mPFC layer 5 pyramidal neurons. This likely results from 

M2 receptors not being expressed on layer 5 pyramidal neurons, as they are instead 

present on the presynaptic cholinergic input to these neurons from the basal forebrain 

(Douglas, Baghdoyan, & Lydic, 2001; Mrzljak, Levey, & Goldman-Rakic, 1993). In 

contrast, our findings provide novel evidence that postsynaptic M2 receptors contribute 

to the muscarinic transient inhibitory responses in layer 6 neurons of the mPFC. We 

inhibited M2 receptors using 500 nM MTC and discovered that the M2 receptors 

significantly contribute to the inhibitory response in the adult male and female mice but 

not in the young mice (See Figure 7B). This suggests that M2 receptor function could also 

be developmentally regulated within the mPFC layer 6 neurons. This function also 

appears to be sex-specific, as the inhibition of M2 receptors in adult male mice abolished 

the inhibitory response, but not in the adult female mice. Moreover, we found a 

development effect in the male mice but not in the female mice. Furthermore, our results 

demonstrate that M2 receptors also play a role in mediating muscarinic excitatory 

responses in adult mice but not the young mice, as blocking the M2 receptors decreased 

the excitatory response to a greater degree in adult male mice than in young male mice. 

M2 receptors likely function in concert with M1 and M3 receptors to mediate the inhibitory 

and excitatory responses in adult male mice, where they potentially function as homo- or 

hetero-dimers. Although it is likely that different stages of the estrous cycles could be a 

contributing factor to these muscarinic M2 receptor responses in adult female mice. 
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Collectively, the results from our experiments suggest that M2 receptor function could be 

differentially mediated by age and sex. 

The intracellular pathways mediating the inhibitory muscarinic response are likely 

different for M2 receptors compared to M1 and M3 receptors as M2 receptors are coupled 

with different G-proteins. Briefly, M2 receptors are classically known as inhibitory 

muscarinic receptors and are coupled with Gi/o proteins. Upon activation, M2 receptors 

release the associated a subunit of the Gi/o heteromeric G-proteins to inhibit adenylyl 

cyclase activity and reduce the availability of cAMP (Wess et al., 2007). Furthermore, the 

b/g subunits of the G-proteins directly interact with and activate GIRK channels, which 

facilitates the outward flux of potassium ions and consequently induces a transient 

inhibitory response (Ben-Chaim et al., 2003; Brown, 2010). The b/g subunits also 

decrease calcium conductance by blocking N-type and P/Q type calcium channels 

(Tedford & Zamponi, 2006), which further facilitates membrane hyperpolarization and the 

inhibition of neuron activity (Brown, 2010). 

Muscarinic ACh receptor isoforms expressed on the presynaptic terminal can 

regulate GABAergic (Kruglikov & Rudy, 2008) and glutamatergic release (Vidal & 

Changeux, 1993) within the mPFC and modulate the neuronal activity (Brown, 2010; 

Grillner, Bonci, Svensson, Bernardi, & Mercuri, 1999; Raiteri et al., 1984; Volpicelli & 

Levey, 2004). Previously, presynaptic M2 receptors have been shown to inhibit release 

of neurotransmitters within the hippocampus (Fukudome et al., 2004). Although, it is 

highly unlikely that the presynaptic mAChR isoforms were contributing to the inhibitory 

and excitatory responses from the layer 6 pyramidal neuron (See Figure 10). Using a 
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concoction of presynaptic blockers, we demonstrated that the excitatory and inhibitory 

cholinergic and muscarinic responses are not different after presynaptic inhibition 

compared to before presynaptic inhibition. This further provides the evidence supporting 

that M1, M2, and M3 receptors are expressed postsynaptically, where inhibitory and 

excitatory responses function to modulate neuronal excitability. It is likely that these 

receptor isoforms work in a delicate balance to modulate muscarinic responses within the 

layer 6 of the mPFC. The relative contribution of each isoform to muscarinic responses 

and overall cholinergic signalling may depend on the relative expression of each isoform 

on the layer 6 pyramidal. 

The pharmacology of muscarinic receptor isoforms has been previously determined 

based on their affinity for competitive antagonists (Doods et al., 1987). The muscarinic 

isoform antagonists used in these experiments are selective to that particular isoform. 

However, the antagonists do hold a concentration dependent affinity to different 

muscarinic isoforms (Doods et al., 1987; Pitler & Alger, 1990; Waelbroeck, Tastenoy, 

Camus, & Christophe, 1990). The concentration of PZP (500 nM) and MTC (500 nM) 

used in these experiments were previously shown to be effective in blocking M1 and M2 

receptors respectively (Gulledge & Stuart, 2005). The M3 receptor antagonist, 4-DAMP 

(100 nM) concentration was determined based on previous binding assay protocol which 

reported the IC50 close to the concentration used in these experiments (Pitler & Alger, 

1990). PZP displays high selectivity for M1 receptors, but also it has low affinity for M3 

and M2 receptors (M1 >> M3 > M2; Doods et al., 1987; Waelbroeck et al., 1990). MTC 

has a high affinity for M2 receptors, compared to M1 and M3 receptors (M2 >> M1 > M3, 

Waelbroeck et al., 1990). Lastly, 4-DAMP is highly selective for M3 receptors compared 
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to M1 and M2 receptors (M3 >> M1 > M2, Doods et al., 1987; Pitler & Alger, 1990; 

Waelbroeck et al., 1990). It, therefore, is unlikely that the concentration of antagonists 

used in this study inhibited muscarinic isoforms other than the one that was intended. In 

addition, dissociations in isoform function observed across age and sex provide further 

evidence of antagonist selectivity in these experiments.  

4.3 Oligomerization of mAChRs 

As demonstrated in our experiments, M1 and M3 receptors are responsible for the 

transient inhibitory muscarinic response. Inhibiting either M1 or M3 receptors completely 

abolished this response (See Figure 7 A, C). These results suggest that M1 and M3 

receptors likely form functional heterodimers on layer 6 pyramidal neurons.  Interestingly, 

in the case of adult male mice, it is possible that M1, M2 and M3 receptors could be 

functioning as heterodimers or oligomers, as individually inhibiting either one of the 

receptors abolishes the transient inhibitory response. GPCRs are classically thought to 

be monomeric units. There is, however, growing evidence in the literature that these 

GPCRs can physically interact with each other to form oligomeric structures (George, 

O’Dowd and Lee, 2002; Gomes et al., 2001; Hern et al., 2010; Marsango, Ward, Alvarez-

Curto, & Milligan, 2018; Zeng & Wess, 1999). These oligomeric receptor complexes are 

implicated to have distinct functional properties, affinities for ligands, and possibly cross-

talk between intracellular G-proteins by means of trans-activation (For a detailed review 

see, George et al., 2002). Oligomerization of the GPCRs can also influence the coupling 

to Ga subunits, which can consequently influence downstream signal transduction 



 
 

85 
 

(George et al., 2000). It has been suggested that GPCRs exist in a state of dynamic 

equilibrium between monomers and dimers (Kasai et al., 2011; Kasai & Kusumi, 2014).   

Previously, Hern et al. (2010) demonstrated using total internal reflection 

fluorescence microscopy and M1 isoform-specific fluorescent ligand that the M1 

receptors can exist as homodimers. That study also showed that approximately 30 

percent of all M1 receptors expressed in Chinese hamster ovary cells exist as dimers at 

room temperature (23oC), a temperature at which all of our experiments were conducted. 

In particular, it was found that all M1 receptors actively form dimers and dissociate to 

monomers over a period of several seconds, further adding to the complexity of 

cholinergic signalling. In a broad agreement, another study demonstrated an approximate 

75:25 ratio of monomers to dimers/oligomers at 37oC using spatial intensity distribution 

analysis (Pediani, Ward, Godin, Marsango, & Milligan, 2016). Furthermore, one study 

reported notable upregulation in the M1 receptors promoting dimerization of the 

receptors, in responses to incubation with PZP (Pediani et al., 2016). This suggests that 

in response to M1 receptor antagonism, the cell increases the turnover of M1 expression 

to compensate for the loss of function.  It is however highly unlikely that this upregulation 

of M1 receptors played a role in our pharmacological experiments, as we applied the 

antagonists for a maximum time of 10 minutes. Along the same lines, M1, M2 and M3 

receptors have also been shown to form homo- and hetero-oligomers (Maggio et al., 

1999; Wreggett & Wells, 1995; Zeng & Wess, 1999). For example, in live cardiac cells, 

M2 receptors have been shown to form reversible homodimers (Nenasheva et al., 2013). 

Co-immunoprecipitation and immunoblot experiments have demonstrated that M3 

receptors also form dimers and oligomers (Zeng & Wess, 1999). Furthermore, a 
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quantitative bioluminescence resonance energy transfer analysis in living HEK 293 cells 

demonstrated M1, M2, and M3 receptors form high affinity homodimers when expressing 

a single isoform subtype (Goin & Nathanson, 2006). However, in the case of cells 

expressing two or more types of muscarinic isoforms, the receptors formed high affinity 

mAChR M1/M2, M1/M3, M2/M3 heterodimers (Goin & Nathanson, 2006).  

The inhibitory muscarinic responses mediated by M1 and M3 receptors could be 

further explained by heteromerization of these receptors. In adult male mice, there could 

likely be a cross-talk occurring between postsynaptic M1, M2, and M3 receptors which 

collectively mediate the transient inhibitory responses (See Figure 7). This property is not 

observed in adult female mice, it is possible that the fluctuating hormone levels at different 

stages of the estrous cycle modulate the oligomerizing properties of these isoforms. 

Furthermore, it is not yet clearly understood whether pharmacologically blocking one 

receptor isoform in an oligomeric complex inhibits the oligomer as a whole or whether 

other isoforms in the complex can compensate for the lack of function. Although, based 

on our pharmacological experiments for M1 and M3 receptors, our data indicate that 

inhibiting one type of GPCR complex inhibits the function of all GPCRs coupled with 

similar intracellular G-proteins. The pharmacological experiments in the slice preparation 

experiments of this thesis are not sufficient to definitively confirm mAChR oligomerization, 

and as such, other molecular approaches such as co-immunoprecipitation, radioligand 

binding assay, and total internal reflection fluorescence microscopy to reveal 

oligomerizing properties of mAChR isoforms are required. There is sufficient evidence in 

the literature indicating the potential for oligomerization between the excitatory and 

inhibitory muscarinic isoforms (Goin & Nathanson, 2006; Hern et al., 2010), although the 
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functional differences between a monomer and dimer are not known. Determining the 

relative contribution and developmental regulation of each isoform could further reveal 

the weather disorders due to dysfunctional cholinergic signalling stem from altered ratios 

of heteromeric or homomeric mAChR isoform oligomers.  

 

4.4 Estrous cycle modulation of muscarinic inhibitory response 

The effects of estrous cycle stage on the function of mAChRs has not been 

previously characterized.  Therefore, we extended this study to determine the effects of 

the estrous cycle on mAChR signalling by performing the experiments in physiologically 

relevant conditions without any hormonal manipulations. The gonadal steroids 17b-

estradiol and progesterone can regulate a multitude of cellular functions, ranging from 

gene expression (Kelly & Wagner, 1999) to synaptic plasticity and spine density (Phan et 

al., 2015; Woolley & McEwen, 1994). For the rodent estrous cycle, progesterone levels 

are at their greatest during the proestrus stage and lowest during estrus and diestrus 

stages. Estradiol levels peak during the proestrus stage and are lowest during metestrus 

stage (Butcher, Collins, & Fugo, 1974). Previously, radioligand binding assay 

experiments have demonstrated that different stages of estrous cycles can influence 

ligand binding at muscarinic receptors (Avissar, Egozi, & Sokolovsky, 1981; van Huizen 

et al., 1994). Using the isoform-nonspecific antagonist scopolamine, these studies 

demonstrated that the dissociation constant (Kd) was significantly greater at proestrus 

stage compared to other stages (Avissar et al., 1981; van Huizen et al., 1994). Overall 

mAChR content, as measured by the Bmax, was determined to be greater during proestrus 
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than at the other stages examined (Avissar et al., 1981; Olsen, Edwards, Schechter, & 

Whalen, 1988; van Huizen et al., 1994). However, the Kd and Bmax were not characterized 

for metestrus stage in these studies. 

There is substantial evidence which suggests that estrogen can regulate GPCR 

function (For a detailed review, see Kelly & Wagner, 1999). Briefly, in electrophysiological 

experiments application of 17b-estradiol was shown to rapidly alter neuronal firing by 

activating potassium channels and hyperpolarizing the cell (Nabekura, Oomura, Minami, 

Mizuno, & Fukuda, 1986). In gonadotrophin releasing hormone (GnRH) neurons, 17b-

estradiol was demonstrated to hyperpolarize the neurons via the activation of GIRK 

channels (Lagrange, Ronnekleiv, & Kelly, 1995), an intracellular pathway which is also a 

target of M2 receptor activation (Brown, 2010). Furthermore, 17b-estradiol has also been 

shown to modulate calcium conductance via activation of membrane estrogen receptors 

(Mermelstein, Becker, & Surmeier, 1996). Specifically, 17b-estradiol rapidly reduced 

barium conductance via  L-type calcium channels, which are inhibited by M2 receptor 

activation (Biscoe & Straughant, 1966; Mermelstein et al., 1996). 17b-estradiol likely 

modulates calcium conductance by interacting with the PLC and IP3 signalling pathway 

which downstream controls intracellular calcium levels (Picotto, Vazquez, & Boland, 

1999). As mentioned earlier, the PLC and IP3 signalling pathway are also activated by M1 

and M3 receptor associated Gq/11 G-protein. The mechanisms by which progesterone 

modulates G-protein coupled receptors are not well understood. However, in a rat 

hypothalamus issue preparation, progesterone and estradiol were demonstrated to 

decreased overall sensitivity of mAChRs to a radioligand (Sokolovsky, Egozi, & Avissar, 

1981). Furthermore, in cardiac tissue, progesterone was demonstrated to decrease the 
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binding affinity of mAChR for a tritiated competitive mAChR antagonist, [3H] – 

quinuclidinyl benzilate, whereas estradiol did not alter mAChR binding affinity (Klangkalya 

& Chan, 1988). This confliction of evidence could be further explained by the fact that 

cardiac cell function is modulated by M2 receptors only (Nenasheva et al., 2013), 

whereas, rat hypothalamus expresses different mAChR isoforms (Levey, 1993).  

Collectively, this suggests that 17b-estradiol and progesterone may differentially 

modulate the sensitivity of different mAChR isoforms to a ligand.  

 Our findings demonstrate that the cholinergic and muscarinic excitatory responses 

did not differ across all four estrous stages (See Figure 10A). Furthermore, cholinergic 

inhibitory responses were comparable across all the stages (See Figure 10B). 

Interestingly, muscarinic inhibitory responses were strongest during diestrus and 

proestrus stages and non-existent during the metestrus stage. Given the effects of 17b-

estradiol on potassium and calcium signalling, it is possible that muscarinic inhibitory 

responses are amplified during proestrus stage, as the transient inhibitory responses are 

mediated by calcium activated SK channels (Gulledge et al., 2009). The metestrus stage 

has lowest levels of plasma 17b-estradiol (Butcher et al., 1974), which may be related to 

the lack of inhibitory responses during that stage. However, since progesterone and 

estrogen reduce the sensitivity of the mAChRs, it is likely that the fluctuating hormone 

levels modulate the intracellular signalling pathways recruited by mAChRs. Further 

investigation is required to elucidate the effects of 17b-estradiol and progesterone on the 

function of individual mAChR isoforms and their oligomers.  
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4.5 Significance of findings for mPFC-dependent cognitive functions 

Cholinergic excitatory and inhibitory responses recorded in our experiments are 

physiologically relevant, in that they were recorded in absence of any inhibitors. In our 

experimental setup, application of ACh activated all the pre- and post-synaptic nAChRs 

and mAChRs. The biphasic cholinergic responses provide detailed insights into 

cholinergic modulation of mPFC-dependent cognitive tasks. For instance, previous 

studies have reported a significant tonic increase in ACh efflux within the mPFC while 

rodents are engaged in an attentional task (Dalley et al., 2001; Hironaka et al., 2001; 

Parikh et al., 2007; Passetti et al., 2000). Transient, seconds-based increases in ACh 

release has been demonstrated to be associated with cue detection in an attention and 

reward delivery (Hasselmo & Sarter, 2011; Parikh et al., 2007; Parikh & Sarter, 2008). In 

particular, Parikh et al. (2007) showed that the increase in cholinergic activity was phase 

locked to cue detection and initiation of behaviour. This ACh efflux was subsequently 

decreased following symmetric distribution which peaked approximately four seconds 

following the cue presentation. Interestingly, the timeline of cholinergic inhibitory 

responses recorded in our experiments considerably overlaps with the peak in phasic 

ACh efflux (Parikh et al., 2007; Parikh & Sarter, 2008). Particularly, in the majority of the 

neurons recorded, the cholinergic inhibitory response in young male mice was 1.49s ± 

0.25s, and in the young female mice was 1.70s ± 0.37s. Conversely, the inhibition 

duration and the ratio of neurons displaying the inhibitory response in the adult male 

(0.31s ± 0.12s) and female (0.31s ± 0.12s) mice was significantly lower (See Figure 5A, 

6A). Collectively, these results demonstrate that ACh can inhibit the feedback projections 

of the cortico-thalamic pyramidal neurons within the layer 6 of the mPFC. The 
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acetylcholine-induced transient inhibition was strongest in young mice in this current 

study, suggesting that cholinergic neurotransmission transiently inhibits layer 6 cortico-

thalamic projects strongly in young mice. It, therefore, is possible that muscarinic 

inhibitory responses play a role in the normal development of mPFC cognitive circuitry in 

young mice. Muscarinic receptor isoforms could play a direct role in the development and 

maturation of the mPFC layer 6 neurons. Cholinergic efferent projections from basal 

forebrain have been demonstrated to promote neurogenesis within the hippocampal CA1 

neurons, where the newly differentiated neurons were found to express M1 and M4 

receptors (Mohapel, Leanza, Kokaia, & Lindvall, 2005). Moreover, IP3 mediated calcium 

mobilization is critical for neurogenesis (Yamashita & Sugioka, 1998), and this calcium 

conductance is downstream modulated by M1/M3/M5 receptor coupled Gq/11-proteins. 

In addition, since studies examining the role of mPFC cholinergic signalling in cognitive 

functions of adult rodents implicates both seconds-based phasic ACh release and longer-

timeframe tonic ACh release  (Parikh et al., 2007; Parikh & Sarter, 2008; Passetti et al., 

2000), it is likely that the lack of muscarinic transient inhibitory responses and prolonged 

excitatory responses in mPFC layer 6 neurons are involved in normal cognitive processes 

in adult mice.  

Cholinergic signalling within mPFC modulates prefrontal dependent attention 

functions (Chudasama et al., 2003; Dalley et al., 2004; Guillem et al., 2011; Parikh et al., 

2007), and it is likely that the mPFC layer 6 neurons fine-tune this process. This is 

because of the presence of both nAChRs and mAChRs on these neurons (Tian et al., 

2011). Upon ACh release from the presynaptic cholinergic terminals (Ballinger et al., 

2016; Bloem et al., 2014), activation of nAChRs and mAChR isoforms would initially 
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compete for neuronal excitability. This is evident in our results (See Figure 6). For 

instance, in young mice when nAChR and mAChR function is greatest, the inhibition 

duration in cholinergic responses is less than muscarinic responses. This is because the 

excitatory nAChRs would initially suppress the inhibitory mAChR response. However, this 

competition is not as evident in the excitatory responses, as both nAChRs and mAChRs 

work synergistically to modulate neuronal excitability. During an attention task, a phasic 

release of ACh within the mPFC in a cue detection task (Parikh et al., 2007) would 

facilitate biphasic effects on the layer 6 pyramidal neurons. This transient inhibition of 

these neurons would then likely disinhibit the inhibitory thalamic reticular nucleus 

(Zikopoulos & Barbas, 2006), further promoting the excitability of the thalamic nuclei for 

cue detection. Therefore, it is possible that both inhibitory and excitatory responses to 

ACh application fine tunes the processing of attentional information within the mPFC.  
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5 CONCLUSIONS 

 
5.1 Future Directions 

It is well established that cholinergic signalling within the mPFC is critical for working 

memory and attention (Bailey et al., 2010; Hasselmo, 2006; Louth et al., 2016; McDaid et 

al., 2016; Stoiljkovic et al., 2016). Within the layer 6 of the mPFC, cholinergic responses 

are mediated by nAChRs and mAChRs (Tian et al., 2011). Put together with previous 

literature on cholinergic signalling within the mPFC, our findings provide insights into the 

developmental profile of muscarinic signalling and the relative contribution of each 

mAChR isoform toward muscarinic function in these neurons. It is possible that the 

developmental and sex differences observed for muscarinic receptor function in this 

current study may be dependent upon downstream mediators of mAChR function such 

as members of G-protein signalling cascades and ion channel effectors. In addition, 

although the findings of this study suggest that mAChR isoforms function within 

oligomeric structures, this cannot be confirmed based on electrophysiological recording 

alone. Further investigation using co-immunoprecipitation, radio-ligand binding assay, 

total internal reflection fluorescence microscopy, and genetically-modified mouse models 

would demonstrate utility to address this issue and aid to further characterize the 

functional properties of hetero- and homo-oligomers of mAChRs, as well as calcium and 

potassium channel effectors, in mPFC layer 6 pyramidal neurons.  

Pyramidal neurons within the layer 6 of the mPFC have been shown to exhibit a 

number of distinct morphologies (Bailey et al., 2012; Poorthuis et al., 2013; Yang, 
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Seamans, & Gorelova, 1996). These differences in morphology have been previously 

correlated to the nAChR function in young and adult mice (Bailey et al., 2012). However, 

it is yet to be elucidated whether the normal development of morphology is associated 

with mAChR isoform function. Further morphological analysis of biocytin filled neurons 

from our experiments could further reveal any potential correlation between the 

muscarinic inhibitory and excitatory responses, and to the morphology of mPFC layer 6 

pyramidal and mAChR isoform function. Receptor knockout models can also be used to 

reveal the extent to which individual mAChR isoforms contribute to the muscarinic 

inhibitory and excitatory responses and to the morphology mPFC layer 6 pyramidal 

neurons. Overall, these future experiments would provide important insights into the 

development of normal cholinergic circuitry within the mPFC. 

Several neurological disorders associated with dysfunctional cholinergic signalling 

such as ADHD, schizophrenia and working memory impairment could potentially stem 

from a dysregulated function of one or more muscarinic receptor isoforms within the 

mPFC. Future studies could use mAChR isoform selective antagonists, rather than non-

specific blockers, in addition to knockout models and administration of allosteric 

modulators to determine the role of each isoform in mPFC dependent cognitive functions.  

 

5.2 Concluding Statements 

Our results demonstrate that mAChRs mediate biphasic transient inhibitory and 

prolonged excitatory responses in mPFC layer 6 neurons of the mouse. These responses 
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are developmentally regulated, with stronger inhibitory responses occurring in young 

postnatal life than in adulthood. Results from this study also demonstrate that these 

muscarinic inhibitory and excitatory responses are differentially regulated by muscarinic 

M1, M3, and M3 isoforms. Pharmacological experiments using isoform-selective 

antagonists further revealed the function and developmental profile of these M1, M2 and 

M3 receptor isoforms. For example, our experiments demonstrate that M1 and M3 

receptors are required and necessary for transient inhibitory responses at all ages, 

whereas M2 receptors contribute to this response in a sex-dependent manner. These 

same receptor isoforms differentially also contribute to the muscarinic excitatory 

responses in the layer 6 neurons. In particular, M3 receptor function was stronger in the 

adult mice compared to young mice, whereas the M2 receptor function was 

developmentally regulated in male mice only. Lastly, muscarinic inhibitory response, but 

not muscarinic excitatory responses, differed depending on the stage of the estrous cycle, 

suggesting regulation by female sex steroids and highlighting the importance to include 

sex as a biological variable. Collectively, the findings of this thesis suggest that the 

nicotinic and muscarinic ACh receptors work concurrently to integrate cholinergic input to 

mPFC layer 6 neurons in a finely-regulated manner during postnatal life.  
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