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ABSTRACT OF THE DISSERTATION 

 

 

Nicotine Effect on Auditory Processing: 

an Unexpected Role of the alpha-2 Nicotinic Acetylcholine Receptor 

 

by 

 

Susan Gil 

 

Doctor of Philosophy in Biological Sciences 

 

University of California, Irvine, 2021 

 

Dr. Raju Metherate, Chair 

 

Nicotine enhances cortical neurophysiology and higher cognitive functions, such 

as attention, learning and memory.  This enhancement is presumably mediated by 

activation of nicotinic acetylcholine receptors (nAChRs), located within central 

cholinergic systems that mediate attention and other higher brain functions.  

Subsequently, nAChR agonists are being considered as prospective therapeutics 

for treating cognitive disorders. However, the nAChR family is comprised of many 

subtypes, which differ in composition, expression density, distribution, and nicotinic 

action.  A prudent approach to better inform drug development is to investigate the 

unique contribution(s) of individual nAChR subtypes to nicotinic cognitive enhancement.  

Moreover, it is important to consider the possible involvement of less common (and 

underexamined) nAChR subunits and the role they may play in the overall outcomes of 

nAChR activation. Using the mouse auditory system, the following experiments explore 

the physiological role and laminar expression of the alpha2 nicotinic acetylcholine 

receptor (2nAChR). 
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In Chapter 1, I used in-vivo electrophysiology within mouse primary auditory 

cortex (A1), to investigate the role of the underexamined 2nAChR in nicotinic effects 

on auditory processing. Current-source density recordings within A1 of anesthetized 

mice revealed that activation of 2nAChRs is involved in the nicotinic enhancement of 

responses to pure tone stimuli.  In fact, compared to wild-type (WT) mice, nicotinic 

enhancement of A1 responses is altered in mice where the 2 gene has been deleted 

(2KO).  

In Chapter 2, in order to survey respective laminar distributions, and co-

expression within the auditory cortex (ACx), I used immunolabeling of parvalbumin (PV), 

vasoactive intestinal peptide (VIP), and somatostatin (SOM) interneuron markers on 

brain sections of mice expressing the enhanced green-fluorescent reporter protein 

(eGFP). Driven by the 2 promoter, eGFP fluoresced in cells containing the 2nAChR 

subunit (resulting mice are referred to as 2eGFP mice).    We found that 2nAChRs 

were almost exclusively expressed in Layer V, and generally localized with SOM-

expressing interneurons.   

Together these chapters represent the initial physiological and anatomical 

investigations of 2nAChRs in the ACx.  They serve to further our understanding of 

2nAChRs function in auditory processing. 
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INTRODUCTION 

Auditory system  

Like the visual and somatosensory systems, the auditory system is 

topographically organized. However, while topographic layouts of visual and 

somatosensory systems correspond to physical locations within our environment, the 

same does not apply to the auditory system. Instead, all auditory stimuli (i.e., sound 

waves) make their way to the inner ear, activating the basilar membrane, which 

produces the downstream topographic organization of neurons, by frequency (Pickles, 

J.O., 2015; Wu et al., 2015). This topographic representation is then relayed through the 

ascending pathway.  

Auditory stimuli begin as vibrations at various frequencies that displace air, 

causing changes in air pressure that reach the outer ear (pinna).  The eardrum 

preserves these frequencies and transforms the changes in air pressure into vibrations 

that travel through the middle ear, to the inner ear. There, vibrations are converted into 

hydraulic energy, and then transduced into neurochemical signals that enter the brain 

via the cochlear nerve. Within the brain, these signals are relayed through subcortical 

structures to the auditory cortex within the temporal lobe.  The information is carried 

through excitatory and inhibitory signals, mediated by activation of various receptor 

types expressed by neuronal circuitry. Signals arrive at the cochlear nucleus (CN) within 

the brainstem. Contra- and ipsilateral CN projections innervate the superior olivary 

complex (SOC), which sends projections to the nucleus of lateral lemniscus.  Efferent 

fibers project from the lateral lemniscus to the inferior colliculi (IC). These neurons 
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project to the medial geniculate body (MGB) within the thalamus, and the ventral portion 

of MGB (the MGv), sends tonotopic information to the primary auditory cortex (A1) 

(Pickles, J.O., 2015; Wu et al., 2015). See Figure 1. 

 
 

Spectral integration 

The task of integrating incoming frequency-related neural information within A1 

(i.e., spectral integration) involves the interconnecting of frequency representations to 

allow for processing of spectrally complex stimuli (Metherate et al., 2005), such as 

vocalizations in animals and speech in humans.  Spectral integration results in receptive 

fields, in which the centers reflect responses elicited by stimuli at characteristic 

frequency (CF). The surrounding portions reflect weaker responses elicited by nonCF 

stimuli.  Although extracellular recordings indicate a relatively constant breadth of 

suprathreshold frequency receptive fields (i.e., those based on action potential 

recordings) throughout the main (lemniscal) ascending auditory pathways (Calford et 
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al., 1983), other studies use intracellular recordings to show that single neurons within 

A1 receive subthreshold inputs across a much broader range of frequencies (Kaur et al., 

2004; Intskirveli and Metherate, 2012; Metherate et al., 2005).  It is hypothesized that 

integration of bottom-up (thalamocortical) spectral inputs within A1 is accomplished via 

intracortical processing, modulated (top-down) by behavioral state (e.g., sleep, waking, 

and attention) and experience (Metherate et al., 2005).  Importantly, it is thought that the 

mechanism behind this modulation is, in part, the activation of nAChRs (so named 

because of their affinity to nicotine). These receptors are of special interest because 

they play important roles in the regulation of cognition. Thus, as nAChRs are involved in 

mediating sensitivity to both bottom-up sensory information and top–down regulation 

from higher cortical regions, a detailed understanding of nicotinic modulation, including 

the location and function of relevant nAChR subtypes, is central to understanding the 

circuitry involved in various cognitive processes.   

 

nAChR regulation of cognitive and cortical functions  

Nicotine enhances sensory–cognitive functions via nAChRs that also are 

activated by attention-related release of the endogenous neurotransmitter, 

acetylcholine. Performance on sensory-related tasks is improved by nicotine and, 

conversely, impaired by nicotinic antagonists, genetic deletion of nAChRs, or disease-

induced loss of nAChRs (Warburton, 1992; Terry et al., 1996; Evans and Drobes, 2009; 

Sarter and Howe, 2009; Levin et al., 2006; Horst et al., 2012).  Similarly, for decades it 

has been known that nicotine enhances cognitive and cortical functions more broadly, 
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as evidenced by studies that focus on, for example, learning and memory, attention, and 

cortical neurophysiology (Terry et al., 1996; Evans and Drobes, 2009; Sarter and Howe, 

2009; Grilly, 2000; Newhouse P et al., 2012).  In animal models, systemic nicotine 

enhances working memory, reference memory, memory acquisition, memory restitution, 

and associative learning (Levin et al., 2006; French et al., 2006; Arendash et al., 1995; 

Riekkinen et al., 1997; Socci et al., 1995). Attention-related studies, such as those that 

measure readiness to detect brief sensory signals at unpredictable intervals, also reveal 

increased accuracy with nicotine (Grilly, 2000).  

Results of human studies on smokers also indicate enhanced performance in 

cognition, for example, in visual information processing (Lawrence et al., 2002).  

Although enhanced performance in smokers can be partly attributed to relief from 

nicotine withdrawal (induced by abstinence before testing), studies show enhanced 

function in nonsmokers as well (Levin et al., 2006).  In human subjects, including both 

smokers and nonsmokers, nicotine (e.g., via transdermal patch) can improve working 

memory (Levin et al., 2006). 

Nicotine also affects cortical neurophysiology in a manner consistent with 

enhanced cognition. For example, in electroencephalogram studies nicotine increases 

spectral power at electroencephalogram (EEG) frequencies associated with arousal, 

while decreasing power at EEG frequencies associated with a relaxed state (Mansvelder 

et al., 2006).  Similarly, in studies utilizing functional magnetic resonance imaging, 

nicotine increases activation of frontal networks during attention-related tasks 

(Mansvelder et al., 2006).  Thus, physiological and behavioral studies consistently show 



5 

that nicotine can enhance sensory–cognitive function.  

It is generally assumed that the pro-cognitive effects of nicotine depend on 

activating nAChRs associated with central cholinergic systems that mediate attention 

and other higher brain functions (Crooks et al., 2014).  Nucleus basalis cholinergic 

neurons in the basal forebrain innervate neocortical regions and release acetylcholine 

(Figure 2), which binds to cortical nAChRs (and muscarinic acetylcholine receptors), 

enhancing cortical function (Wenk GL, 1997).  

 

In sensory as well as non-sensory cortex, nAChRs are found presynaptically on 

terminals of both excitatory and inhibitory neurons, including, in some cases, the 

terminals of thalamocortical projection neurons (Figure 3) (Poorthuis et al., 2013; Kawai 

et al., 2007; Gil et al., 1997; Aracri et al., 2010).  Activation of presynaptic nAChRs on 

axon terminals can enhance synaptic transmission by increasing neurotransmitter 
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release (McGehee et al., 1995; Girod R et al., 2000).  Enhanced sensory thalamocortical 

transmission also may involve nAChRs located in the subcortical white matter, where 

they act to enhance the speed and synchrony of axonal propagation (Kawai et al., 2007; 

Mukherjee et al., 2018; Askew et al., 2017).  Postsynaptic nAChRs also occur throughout 

cortex and act to increase excitability (Poorthuis et al., 2013; Albuquerque et al., 2009; 

Pi et al., 2013; Porter et al., 1999; Poorthuis et al., 2013).   

However, actions of nAChRs to excite inhibitory interneurons are particularly 

prominent in studies of the hippocampus and sensory cortices, where they can directly 

inhibit principal cells (PCs) as well as indirectly increase their responsiveness by 

inhibiting other interneurons that mediate feed-forward inhibition (Albuquerque et al., 

2009; Pi et al., 2013; Porter et al., 2013; Takesian et al., 2004), as depicted in Figure 4. 

Thus, nAChRs can be presynaptic, postsynaptic, and axonal; and located on both 

excitatory and inhibitory neurons (Figure 3).  Understanding how diverse nicotinic 

actions integrate to enhance cortical and cognitive functions is a notable challenge in 

current research.  

 

 

 

 

 

 



7 

 

 



8 

 

 

 

 

 

 

 

 

 

 

 

Therapeutic properties of nAChR activation 

Because activation of nAChRs enhances cognitive functions generally, nicotinic 

agonists (including nicotine itself) are being tested as potential therapeutic treatments 

for cognitive disorders in adults, especially those that involve diminished attention, 

learning, and memory (Crooks et al., 2014; Newhouse PA et al., 2004; Gold et al., 2012; 

Potter and Newhouse, 2008).  In patients with Alzheimer’s disease, nicotine and related 

agents improve cognitive outcomes, including the acquisition and retention of visual and  

verbal information, decreased errors, and improved performance on cognitively 

demanding tasks (Newhouse P et al., 2012; Newhouse PA et al., 2004).  For adults with 

attention deficit disorders, nicotinic agonists moderately improve symptoms (Levin et al., 
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2006; Potter and Newhouse, 2008).  In patients with schizophrenia, nicotine improves 

cognitive functioning such as spatial processing in smokers, and attention in both 

smoking and non-smoking patients (Levin et al., 2006; Newhouse PA et al., 2004).   

A potential therapeutic for enhancing cognition is the use of transdermal patches 

or gum. Although this naturally raises concerns about potential misuse/abuse, remission, 

and addiction liability, existing evidence suggests that nicotine, when delivered topically 

(patch) or orally (gum), does not lead to dependence, as few people use nicotine gum 

for non-cessation purposes (Hughes et al., 2004).  However, the best approach to 

address addiction liability of nicotine replacement therapy is to test its long-term 

administration on nonsmoking participants. In a study by Newhouse et al. (2012), 

nonsmoking elderly adults with mild cognitive impairment were administered 15 mg/day 

of nicotine via transdermal patch over a period of 6 months. After completion of the 

study, none of the participants experienced withdrawal symptoms, and none continued 

nicotine use (Newhouse P et al., 2012).  Also important for long-term use, nicotine’s 

efficacy for improving memory does not decrease over time (Levin et al., 2006).  These 

results highlight the promise of nicotinic agents as therapeutics and the importance of 

developing agents that do not lead to dependence and other adverse side effects. 

Optimization of nicotinic treatments for cognitive disorders, including the use of 

subtype-specific nicotinic agonists (Taly et al., 2009), requires comprehensive 

knowledge of nAChR composition and distribution, and an understanding of their 

integrated effects on neural systems.  
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Nicotinic acetylcholine receptor structure and function  

Nicotinic acetylcholine receptors are the prototypic ionotropic receptor. Besides 

nicotine, they bind endogenous acetylcholine (Albuquerque et al., 2009; Dani and 

Bertrand, 2007).  These receptors comprise five subunits arranged around a pore that 

functions as an ion channel (Figure 5).  Neuronal subtypes of nAChRs are either 

homomeric with five α subunits or heteromeric with a combination of α and β subunits 

from two sub-families, α2 through α10 and β2 through β4 (Albuquerque et al., 2009; 

Dani and Bertrand, 2007; Ortells and Barrantes, 2010).  Together, studies expressing 

nAChRs in Xenopus oocytes have identified the effects of different α/β subunit 

combinations on receptor function, including channel kinetics and ion permeability, 

notably to Ca2+ (Albuquerque et al., 2009; Dani and Bertrand, 2007; Mazzaferro et al., 

2017). 

The predominant subtypes in the brain are homomeric α7 nAChRs, which have 

low affinity for nicotine, and heteromeric α4β2* nAChRs that bind nicotine with high 

affinity (the asterisk represents possible additional, accessory subunits that can alter 

function (Albuquerque et al., 2009; Dani 

and Bertrand, 2007; Mazzaferro et al., 2017).  Together, they comprise 90% of nAChRs 

in the cerebral cortex (Wada et al., 1989; Mao et al., 2008).  Additional subunits such as 

α2 are found in cortex at low levels (Wada et al., 1989; Mao et al., 2008) likely contribute 

critically to certain functions (Xiao and Kellar, 2004).  

The diversity of nAChR function conferred by receptor location (pre- and 

postsynaptic; excitatory and inhibitory neurons), is multiplied by the array of nAChR 
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subtypes. This complexity is represented in Figure 3, which depicts locations and 

subunit composition of nAChRs in prefrontal cortex (Poorthuis et al., 2013).  Additional 

characteristics of nAChRs that affect synaptic transmission and modulation are receptor 

desensitization (decreased response in the continued presence of agonist), and 

upregulation (increased receptor number after chronic exposure to agonist) (Ortells and 

Barrantes, 2010).  Thus, a full understanding of therapeutic nicotinic regulation will 

require integrating the contributions of diverse nAChRs with varying subunit 

composition, distribution, and response to chronic use of agonist.  
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Functions of nicotinic acetylcholine receptors in auditory cortex  

Activation of nAChRs is known to enhance sensory–cognitive function in auditory 

(and other sensory) (Warburton, 1992; Levin et al., 2006). Performance on auditory 

tasks is improved by nicotine and, conversely, impaired by nicotinic antagonists, genetic 

deletion of nAChRs, or disease-induced loss of nAChRs (Warburton, 1992; Terry et al., 

1996; Evans and Drobes, 2009; Sarter and Howe, 2009; Levin et al., 2006; Horst et al., 

2012).  Although the precise functions regulated by nAChRs are not fully understood, it 

is useful to consider nicotinic regulation of auditory–cognitive function within a 

framework of spectral integration of afferent inputs to primary auditory cortex (A1).  A 

recurring hypothesis is that nicotine improves “attentional narrowing” to focus attention 

on relevant acoustic stimuli, including speech (Trimmel and Wittberger, 2004; Friedman 

et al., 1974; Knott et al., 2009; Kassel, 1997).  In auditory cortex, systemic nicotine 

enhances neural processing, producing narrower receptive fields, with increased gain 

(Askew et al., 2017; Intskirveli and Metherate, 2012; Kawai et al., 2011) (Figure 6).  This 

effect mimics that of auditory selective attention (Okamoto et al., 2007; O’Connell et al.,  

2014; Lakatos et al., 2013), likely because nicotine activates nAChRs normally activated 

by top-down influences on spectral integration. This activation likely contributes to 

nicotine-induced auditory-cognitive enhancement.  

Although nicotine is delivered systemically, the locus of excitatory action is within A1 

and the auditory thalamocortical pathway, as the excitatory effects of systemic nicotine 

are blocked by local injection of the antagonist dihydro-β-erythroidine (DHE) and 

mimicked by local injection of agonist or a positive allosteric modulator (Askew et al., 
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2017; Intskirveli and Metherate, 2012; Kawai et al., 2011).  Inhibitory effects of systemic 

nicotine also are seen in A1, as well as in the auditory midbrain and thalamus (Askew et 

al., 2017).  It is important to note that, although historically the effects of DHE have 

been interpreted as implicating α4β2* nAChRs, given their predominance in cortex, 

DHE also binds to α2β2 nAChRs (Xiao and Kellar, 2004), and their contributions cannot 

be precluded. Potential functional consequences of nAChRs containing α2 subunits will 

be discussed next. 
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Potential contributions to cortical function of α2-containing nAChRs 

  

Recently, several studies have suggested a role in cortical function for nAChRs 

containing α2 subunits, serving to emphasize the possibility that even nAChR subunits 

that are relatively sparse (<3% of cortical nAChR subunits for α2 (Mao et al., 2008)) may 

play an important functional role (Whiteaker et al., 2009). Historically, the α2 subunit was 

among the first neuronal nAChR subunits studied in co-expression with β2 subunits 

(Whiteaker et al., 2009). However, because of its relatively low levels in cortex and the 

pharmacological properties it shares with the ubiquitous α4 subunit, most studies have 

focused on the latter (Whiteaker et al., 2009).  Both α2 and α4 subunits are agonist-

binding subunits that form functional receptors with β2 subunits (Wada et al., 1988).  In 

comparing α2 and α4 subunits, several differences emerge (Wada et al., 1989; Wada et 

al., 1988).  Whereas α4 subunits are expressed in all cortical layers and in hippocampus, 

α2 subunit expression is the most restricted (in rodent) and is selectively expressed in 

cortical Layers V and VI, and in a subpopulation of hippocampal interneurons (OLM 

interneurons). Although α2nAChRs are expressed sparsely (in rodent), it is important to 

note that they appear to be highly expressed in all layers of nonhuman primate cortex 

(Han et al., 2000) and in human cortex (Gotti et al., 2006), leading to the speculation that 

evolutionary pressure has resulted in increased expression of α2 nAChRs in cortex (Han 

et al., 2000).  

Recent studies in mouse have revealed an important role for α2 subunit-

expressing interneurons in hippocampal function, specifically, long-term potentiation 

(LTP), a putative cellular mechanism of learning and memory (Nakauchi et al., 2007; Jia 
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et al., 2009; Kleeman et al., 2016; Lotfipour et al., 2017).  In hippocampal slices, whole-

cell recordings show that presumed OLM interneurons discharge continuously (without 

desensitization) during application of nicotine, and single-cell reverse transcription-

polymerase chain reaction analysis indicates that these cells express α2 subunits (Jia et 

al., 2009).  The results suggest that sustained activation of α2 nAChRs produces 

continuous firing of OLM interneurons (Jia et al., 2009). These α2 nAChR-expressing 

interneurons regulate the production of LTP (Nakauchi et al., 2007; Leão et al. 2012).  

Nicotinic facilitation of LTP in the Schaffer collateral input to CA1 is abolished in mutant 

mice lacking α2 nAChRs (Nakauchi et al., 2007) and enhanced in mice with 

“hypersensitive” α2 nAChRs (serine for leucine substitution resulting in 100-fold 

increased sensitivity) (Lotfipour et al., 2017).  Similarly, optogenetic activation of α2 

nAChR-expressing neurons enhances LTP, whereas loss of α2 nAChR-mediated 

function abolishes nicotinic enhancement of LTP (Leão et al. 2012).  Additionally, 

behavioral studies show that genetic deletion of α2 nAChRs impairs hippocampal-

dependent spatial memory (Kleeman et al., 2016).  

These recent studies: 1) indicate that even the sparsely expressed α2nAChR may 

play an important role in nicotinic regulation of cortical function; and 2) suggest it may 

be useful to target these subunits via loss of function studies within A1, in order to 

isolate α2nAChRs contribution to nicotinic enhancement of auditory cognition.  

However, potential combinations of subunits (2-10 and 2-4) result in a 

diverse set of pentameric ion channels (i.e., distinct nicotinic targets) and diverse effects 

of nicotine, since subunit combination, as well as expression density and distribution all 
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contribute to ultimately determining nicotinic action.  With 42 and 7 subtypes 

comprising 90% of cortical nAChRs, drug development has focused on selectively 

targeting these receptors. Yet, success has been limited, emphasizing that there are still 

many unknowns regarding nAChR subtypes and their respective functions and possible 

interactions within cortical processing. A prudent approach is to investigate the unique 

contribution(s) of individual nAChR subtypes to nicotinic cognitive enhancement, to 

better inform drug development. Moreover, it is important to consider the possible 

involvement of less common (and underexamined) nAChR subunits and the parts they 

may play in the overall behavioral outcomes of nicotine administration. In both human 

and rodent behavioral studies, nicotinic enhancement is more evident in performance 

on complex tasks (Levin et al., 2011). However, it is unclear which nAChR(s) mediate 

this enhancement. In regard to rarer nAChR candidates, the 2 subunit containing 

nAChR (3% of cortical nAChRs) has recently garnered attention, as 2 subunit-

containing oriens-lacunosum moleculare (OLM) interneurons (a subset of somatostatin 

(SOM)-expressing interneuron population) have been shown to play a critical role in 

hippocampal processing, specifically in nicotine-enhanced long-term potentiation 

(Nakauchi et al., 2007; Lotfipour et al., 2017). However, the 2 nAChR’s role in cortical 

processing, specifically auditory processing, is not known. Characterization of 

2nAChR-mediated effects within the context of auditory processing is an important 

step toward understanding how particular behaviors are mediated by activation of 

distinct nAChR subtypes. Moreover, studying under-investigated, sparsely expressed 

nAChR subtypes such as the 2nAChR affords us the opportunity to build on our 
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fragmented understanding of neuronal circuitry within the neocortex.  Chapter 1 of this 

dissertation provides the important, first stepping-stone in understanding the significant 

role 2nAChRs play in auditory processing of pure tones. 

 

Cortical Interneurons 

Processing and responding to sensory stimuli require dynamic and flexible 

interactions between excitatory and inhibitory neural activity, which is generally carried 

out by (glutamatergic) PCs and local (GABAergic) interneurons, respectively 

(Scheyltjens and Arckens, 2016; Shigematsu et al., 2019).  Orchestrated exchanges 

between these primary players give rise to complex patterns of brain activity 

fundamental not only to sensory processing but other cognitive functions such as 

attention, learning and memory (Rudy et al., 2011).  In the auditory system, inhibitory 

systems are important for temporal precision.  Interneurons provide GABAergic 

modulation of excitatory inputs, crucial for controlling information flow, oscillatory 

behavior, and runaway excitation (Rudy et al., 2011; Griguoli and Cherubini, 2012).  

Disruptions in normal interneuron function have been implicated in disorders such as 

schizophrenia, autism, and epilepsy (Goldberg and Coulter, 2013; Volk and Lewis, 2014; 

Marin, 2012).  

Surprisingly, considering their extensive influences, interneurons make up only 

10-20% (rodents) of all cortical neurons (Rudy et al., 2011).  They are present in all 

cortical layers where they form circuits with PCs and/or other interneurons (Figure 7).  

They are a highly diverse cell population, and laminar expression, morphology, intrinsic 



18 

membrane properties, firing patterns, and synaptic inputs and targets can vary, 

depending on the interneuron class and subtype (Rudy et al., 2011; Tremblay et al.,  

2016).  Many of these attributes have also served as ways in which to classify 

interneurons. One way to categorize interneurons is by their respective expression of 

non-overlapping molecular markers:  PV (Ca++-binding protein), the ionotropic serotonin 

receptor (5HT3aR), and SOM (neuropeptide).  This scheme accounts for nearly 100% of 

GABAergic interneurons (Rudy et al., 2011).  
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If we consider only PV, VIP (sub-type of 5HT3aR class), and SOM -expressing 

interneurons, we include the three most highly expressed subtypes and 82% of all 

cortical interneurons. Using immunohistochemistry, staining protocols, and 

electrophysiology on transgenic mouse lines (fluorescent labeling) allows us to study 

their laminar expression, morphology, and physiological properties (respectively) (Jiang 

et al., 2015, Riedemann, 2019). 

 PV-expressing interneurons comprise 40-50% of all interneurons, making it the 

largest class within the neocortex (Riedemann, 2019, Rudy et al., 2011).  All are fast-

spiking cells (FS), meaning that they fire sustained high-frequency trains of brief action 

potentials (AP), with little spike frequency adaptation (Tremblay et al., 2016).  They also 

exhibit fast after hyperpolarization – usually generated by single action potentials.  PV 

cells are the dominant inhibitory system in the neocortex, comprised of two main 

morphologies -- basket and chandelier cells; both are distributed throughout laminae, 

except for Layer I (Rudy et al., 2011).  Their axonal and dendritic architecture vary 

across cortical layers.  For example, axons and dendrites of Layer-IV PV cells remain 

local, but some Layer-V PV cells have local and translaminar axons (Reidemann, 2019).  

Basket cells (BC) are the main thalamocortical targets in Layer IV, mediating 

feedforward inhibition of thalamocortical sensory responses in PCs.  In addition, they 

exert powerful perisomatic inhibition within cortical circuits, highly impacting the output 

of their targets and surrounding cells, demonstrated by Packer and Yuste (2011).  Using 

paired recordings, they discovered that a given BC contacts a majority of its 

surrounding pyramidal cells.  
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Many BCs have expansive dendrites that extend across laminae, which allows 

them to integrate input from PCs both locally and from multiple layers (Hu et al., 2014). 

Moreover, their dendrites are connected by gap junctions, which also allows them to 

share excitatory input. Together these characteristics BCs to mediate both feedforward 

and feedback inhibition.  In addition, dendritic properties of BCs result in a high 

threshold for activation.  Once they reach threshold, they activate and deactivate very 

quickly.  This provides for precisely timed APs from BCs, enabling them to establish and 

maintain gamma frequency cortical rhythms, which are associated with attention, 

memory, and plasticity (Rudy et al., 2011).   

Precisely timed feedforward inhibition means that temporal summation of 

excitatory inputs to PCs must occur within a very small time-window (Hu et al., 2012). 

These characteristics ensure that APs within PCs are also triggered with temporal 

precision.  Regarding feedback inhibition, the reciprocal inputs between BCs and PCs 

mediate a “winner-takes-all” dynamic (Hu et al., 2012).  In this scenario, as the PC is 

activated, it in turn activates the BC, whose inhibitory effects creates the small temporal 

window discussed above. Only PCs with the strongest inputs can overcome this 

temporal parameter to achieve APs; surrounding cells remain inhibited (Hu et al., 2012).  

BCs also play a role in cortical disinhibitory circuits, where they are the target of 

inhibition by VIP and SOM interneurons. 

Chandelier cells (the other PV cells) are most dense at the border of Layers I and 

II, but also expressed in Layer V/VI. They mainly target the axon initial segment of 
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pyramidal cells (Figure 7).  While basket cells are more common in sensory cortices, 

chandelier cells are expressed more in frontal cortices Tremblay et al., 2016). 

VIP interneurons are classified based on their expression of vasoactive intestinal 

peptide, which as the name implies, was first discovered in the intestine (Said and Mutt, 

1970).  Its presence was later discovered in a class of cortical interneurons expressed in 

many brain regions (Rudy et al., 2011; Xu and Callaway, 2009).  VIP cells comprise 40% 

of the 5HT3a interneuron class, which all express the 5HT3a receptor (Ferezou et al., 

2002).  It is worth noting that VIP cells express nAChRs (Fu et al., 2014).  VIP expression 

is most dense in Layer II/III.  The two main morphologies for VIP cells are bipolar, and 

multipolar. 

Bipolar cells account for 50% of VIP interneurons. They are also referred to as 

irregular-spiking cells, which describes their firing patterns when near threshold (Rudy 

et al., 2011).  During larger depolarizations, however, they have a repetitive firing pattern 

(Porter et al., 1998).  Bipolar cells are highly excitable, due to their high input resistance, 

and target mostly SOM interneurons (Tremblay et al., 2016). See Figure 7.  

The SOM-expressing class of interneurons is off special interest in this 

dissertation, as one of its sub-types has been shown to express the 2nAChRs 

(Lotfipour et al., 2017; Leao et al. 2012). SOM interneurons make up 30% of cortical 

interneurons and are expressed in all layers except Layer I. This class of interneurons 

targets mainly distal dendrites of PCs (Figure 7).  Sixty-six percent of SOM cells are 

electrically coupled by dendritic gap junctions, which increase efficiency at relaying 

chemical signals and affect networks in a location specific manner (Timofeeva et al., 
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2013).  The electrophysiological properties of SOM cells are different from those of PV 

and VIP interneurons, in that SOM cell membranes are more depolarized and have 

higher rectification of hyperpolarizing pulses (Riedemann, 2019).  In addition, when 

compared to PV cells, SOM cells have slower spike kinetics.  Except for those 

expressed in supragranular layers, SOM cells are also known as low-threshold spiking 

(LTS) because they exhibit low-threshold calcium spikes (Riedemann, 2019, Mao et al., 

2003).  This occurs when low volage-activated T-type calcium channels open in 

response to small membrane depolarizations and allow calcium into the cell, during a 

hyperpolarized state. These channels deactivate quickly, but their influence can 

depolarize cells until they reach threshold, and canonical high-voltage calcium channels 

open (Cain and Snutch, 2013).  Most SOM cells display a regular discharge pattern with 

frequency adaptation.  Remaining cells display a stuttering firing pattern and almost no 

frequency adaptation, resembling FS PV cells. 

There are two main classes of SOM cells – Martinotti cells (MCs), and non-

Martinotti cells. Non-Martinotti cells are the smaller fraction of SOM cells, and include 

three morphologies: basket, double-bouquet, and long-range GABAergic projection 

cells (Riedemann, 2019).  Basket cells have axons that remain local and ramify 

extensively. Double-bouquet cells are mostly in supragranular layers and have 

translaminar axons collaterals that intertwine.  Long-range GABAergic projection cells 

are expressed mainly in Layer VI and have axons that project to other brain areas 

(Riedemann, 2019). 
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The majority of SOM cells are MCs, and they comprise 15% of all cortical 

interneurons (Riedemann, 2019). They have egg-shaped soma and can have either a 

tufted or multipolar morphology. MCs have dense axonal ramifications locally, as well 

translaminar axon collaterals that ascend and arborize in Layer I (Hilscher et al., 2017).  

As MC axons ascend, collaterals innervate apical and basal dendrites of PCs in all 

layers. Layer-I arbors spread horizontally, to influence neighboring columns.  Their 

axonal architecture enables MCs to modulate large numbers of PCs (Riedemann, 2019). 

 In mice, 50% of MCs are expressed in Layer II/III. There are a considerable 

number of MCs in Layer IV, and some expression in Layers V and VI (Riedemann, 2019, 

Hilscher et al., 2017).  Possibly the most notable feature of MC cortical expression is that 

a portion of those expressed in Layer V also express α2nAChRs (Hilscher et al., 2017).  
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CHAPTER 1 

Role of the α2nAChR subunit in A1 processing  

of pure tone stimuli                              

 

Introduction 

Optimization of nicotinic treatment for cognitive disorders, including auditory 

processing disorders necessitates a thorough understanding of how nAChR 

composition affects function, and how distribution and function integrate to affect 

cortical processing.  While studies suggest the 2 subunit plays a critical role in learning 

and memory (Nakauchi et al., 2007; Jia et al., 2009; Kleeman et al., 2016; Lotfipour et al., 

2017; Leão et al. 2012), its role in auditory processing is not known. Considering its 

sparse expression (<3% of cortical nAChR subunits) yet important function within the 

rodent hippocampus, and its high expression in primates (Hans et al., 2000), the 

understudied 2nAChR merits further investigation regarding possible important 

contributions to regulating cortical function and more specifically auditory processing. 

The focus of this study is the possible involvement of 2nAChRs in auditory processing, 

and whether it plays an integral role in the nicotinic enhancement of A1 responses to 

pure tone stimuli.  
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Materials and Methods 

 

Animals 

This study was conducted on postnatal day (PD) 60-75  2KO (n = 16) mice, 

generated as described (Lotfipour et al., 2013), and WT (n = 17) littermates.  In order to 

identify possible sex differences, both male (WT = 9; 2KO = 7) and female (WT = 8; 

2KO = 9) mice were included in each group. Mice for all procedures were used in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and as approved by the University of California, Irvine Institutional 

Animal Care and Use Committee (IACUC). 

 

Surgeries 

At PD60-75 male and female mice were anesthetized with urethane (0.7g/kg; 

Sigma) and xylazine (13mg/kg; Akorn), delivered via IP injection.  Anesthesia was 

supplemented (IP injection) as needed, with additional urethane (0.14g/kg) and xylazine 

(1.3mg/kg).  Urethane was chosen as the anesthesia for this study because it does not 

suppress nAChR function (Hara and Harris, 2002; Tassonyi et al., 2002). 

Anesthetized, mice were placed in a sound-attenuating chamber (AC-3; IAC) and 

maintained at a body temperature of 37°C. Using a stereotaxic frame (model 923; Kopf 

Instruments) and blunt ear bars, the mouse’s head was secured to a custom head 

holder with dental cement. A midline incision was made to access the skull, and a 

craniotomy was performed over the right temporal lobe region, exposing the brain for 



26 

CF mapping and electrode placement. Following the craniotomy, the brain was kept 

moist with saline warmed to 37°C.  Ear bars were removed after confirming the skull was 

securely cemented to the custom head holder.  Removing the ear bars allowed for 

presentation of pure tone stimuli. 

 

Mapping for A1 and Determining Recording Site 

Location and mapping of A1 for CF tonotopy was accomplished by presenting a 

standard set of pure tone stimuli (1–40 kHz in 2-kHz steps, 5 dB to 70 dB SPL in 5-dB 

steps) and using a glass micropipette filled with 1 M NaCl (~1 MΩ at 1 kHz), to record 

stimulus-evoked LFPs from multiple sites (~250 μm apart) along the anterior-posterior 

axis in Layer IV (400-μm depth).  The frequency with the lowest threshold was identified 

for each recording site, to confirm the CF tonotopy expected for A1. This included a 

reversal of tonotopy where A1 borders with the anterior auditory field (Stiebler et 

al.,1997).  Pure tone stimuli were digitally synthesized and controlled with MATLab 

(RP2.1 Enhanced Real-Time Processor) and emitted from a speaker (FF-1 with SA-1 

Stereo Power Amp; Tucker-Davis Technologies) placed 3cm from mouse’s left ear. 

After mapping, the A1 site with the LFP of shortest onset latency (OL) and largest 

amplitude was selected as the site for multiprobe placement.  A 16-channel multiprobe 

(2–3 MΩ at 1 kHz for each 177-μm2 recording site, 100-μm separation between 

recording sites; NeuroNexus Technologies), was inserted in perpendicular orientation to 

the pial surface, at the selected site.  Characteristic frequency (1-kHz steps) and 
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threshold (5-dB steps) were reidentified, based on LFPs recorded from 300–400 μm 

depth. 

 

Electrophysiology Experiment and Acoustic Stimulation 

Pure tone stimuli were digitally synthesized and controlled with MATLab (RP2.1 

Enhanced Real-Time Processor) and emitted from a speaker (FF-1 with SA-1 Stereo 

Power Amp; Tucker-Davis Technologies) placed 3cm from mouse’s left ear.  Tones 

were 100ms in duration, with 5ms linear rise and fall ramps. During data collection, 

stimuli were delivered at a rate of 1/s in blocks of 25 trials. 

With the multiprobe in place, pure tones were presented at CF (ranging 5-20 kHz 

across mice) and Th + 40dB.   Each tone-evoked response used for analysis was the 

average LFP response to the block of 25 stimuli presentations (1/s).  Subjects were 

exposed to stimuli blocks three times under each of three conditions: pre-saline, saline, 

and nicotine.  

CSD profiles were converted from LFP profiles and analyzed (Figure 8).  The 

middle-layer CSD trace with the shortest OL (typically 200 – 400 μm depth) marked the 

initial sink (referred to as ‘Layer IV’). Response onset and initial slope were considered a 

reflection of monosynaptic thalamocortical input.   

Using AxoGraph software, current sinks were measured in terms of OL, initial 

slope (over first 5ms), and amplitudes measured at 5ms and 20ms time points (after 

initial slope measurements).  Time range for initial and time points for amplitude 

measurements were selected to distinguish between subcortical and intracortical 

influences on responses.  
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Nicotine Administration 

Nicotine hydrogen tartrate salt (Sigma) was dissolved in saline (2.1 mg/kg free 

base), and delivered systemically, via subcutaneous injection.  Because the effects of 

systemic nicotine on A1 tone-evoked responses last approximately 30 minutes (Kawai et 

al., 2011; Intskirveli and Metherate, 2012), pure tone presentations and recordings 

began within one minute after drug administration, and all post-nicotine data was 

collected within 20 minutes.  
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Data Analysis 

AxoGraph software was used to analyze all response recordings.  Statistical tests 

were carried out using GraphPad PRISM Version 9.1.2.  All presented data are 

expressed as the mean ± standard error of the mean.  

Each tone-evoked response used for analysis was the average response to 25 

stimuli presentations, at regular intervals. As described in Kaur et al. (2005) and Kawai 

et al. (2007), CSD profiles were converted from LFP profiles (off-line) and analyzed.   

One dimensional CSD profiles are the second spatial derivative of the LFP 

laminar profile (Muller-Preuss and Mitzdorf, 1984). Conventionally, a current sink reflects 

the location, timing, and magnitude of the underlying synaptic excitation. Layer IV was 

identified by the shortest-latency, middle-layer current sink (represents monosynaptic 

thalamorcortical and intracortical activity), which was used for analysis of OL, slope and 

amplitude.  For CSD plots, response onset was defined as an amplitude exceeding three 

standard deviations from the baseline value, which was determined over the 100ms 

preceding the tone.  Response onset was defined as the time-point (ms) at which the 

CSD trace met the response onset criterion. Response onset and initial slope reflected 

monosynaptic thalamocortical input from the medial geniculate body.  

Slope and amplitude data for each subject were normalized to pre-saline 

condition.  Onset latency data was not normalized.  AxoGraph software was used to 

measure current sinks in terms of OL, slope (0-5ms time interval following response 

onset threshold), and amplitude (at 5ms and 20ms after onset threshold). 
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Group data was analyzed for possible sex differences using two-way repeated 

measures ANOVA (a = 0.05) for each mouse line.  Because no sex differences were 

found, groups were collapsed across sex and data was analyzed using two-way mixed 

ANOVA (a = 0.05) for main effects (mouse line and conditions) and interactions, and 

Tukey’s/Sidak’s post-hoc tests for pairwise comparisons (“n” values represent number 

of mice).  

In keeping with convention, the ANOVA for OL was conducted using absolute 

values (ms) for pre-saline, saline, and nicotine conditions.  For all other parameters, 

values for saline and nicotine conditions were normalized to pre-saline responses before 

analyses.  

 

Physiology Results 

This study was conducted on adult (PD 60-75), C57 WT (M = 9; F = 8) and 2KO 

(M = 7; F = 9) mice.  In order to identify possible sex differences, I included male and 

female subjects in both groups. 

After mapping with a microelectrode to locate A1 in urethane-xylazine-

anesthetized mice, I selected a recording site with robust responses to pure tone 

presentations at CF.  I then inserted a 16-channel linear multiprobe with recording sites 

spaced 100 μm apart and spanning all six layers of the cortex.  Pure tones were 

presented at that site’s determined CF, 40dBs above determined threshold.  

Characteristic frequencies ranged from 5-20kHz across mice.  Stimulus was presented 

in three blocks (25 presentations at regular intervals per block) under each of three 

conditions: pre-saline, post-saline, and nicotine.  
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The duration of acoustic stimulation under each condition was ~12 minutes, 

therefore acoustic stimulation under nicotine condition lasted less than the average half-

life (~30min) for a single injection of nicotine (Intskirveli and Metherate, 2012).  Tone-

evoked responses used for analysis were the averaged (25 stimuli presentations) LFP 

responses within each block, converted (offline) into CSD profiles (Intskirveli and 

Metherate, 2012), as described in Kaur et al. (2005) and Kawai et al. (2007).  

CSD traces at the shortest-latency, middle-layer current sinks were then analyzed 

using AxoGraph. Evoked responses were measured on parameters of OL, initial slope, 

and amplitude (as detailed in Methods section). Response onset criteria required an 

amplitude exceeding three standard deviations above baseline (the 100ms preceding 

stimuli). Slope was calculated from response onset to 5ms, and maximum amplitude at 

5ms and 20ms after onset. 

Using two-way ANOVAs, I checked for possible sex differences in each mouse 

line.  No sex differences were found in either WT: OL (F1, 15 =0.394, p = 0.540); Slope 

(Slope: F1, 15 = 1.154, p = 0.300); 5ms Amp (F1, 15 = 0.287, p = 0.600); or 20ms Amp (Amp: 

F1, 15 = 0.427, p = 0.523); or KO: OL (F1, 14 =2.584, p = 0.104;); Slope (Slope: F1, 14 = 0.388, 

p = 0.543); 5ms Amp (F1, 14 = 1.039, p = 0.325), or 20ms Amp (Amp: F1, 14 = 0.012, p = 

0.915) mouse lines (graphs not included).  Therefore, data for each group were 

collapsed across sex for all subsequent analyses.  

Using two-way ANOVAs, I examined possible effects of mouse line (WT vs. 

2KO) and drug condition on A1 responses to pure tones. Each subject was exposed to 

three conditions (pre-saline, saline, and nicotine) of the drug factor.  There were main 
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effects of Conditions on all parameters (n = 33; OL: F2, 62 = 19.32, p < 0.0001; Slope: F2, 62 

= 36.55, p < 0.0001; 5ms Amp: F1, 31 = 47.83, p < 0.0001; 20ms Amp: F1, 31 = 48.96, p < 

0.0001) (Figures 9-11). 

 

Onset latency 

For OL, there was a main effect of mouse line (F1, 31 = 8.410, p = 0.007), and an 

interaction of condition x mouse line (F2, 62 = 4.709, p = 0.0125), where nicotine reduced 

the OL for responses in WT but not 2KO animals (t31 = 3.941, p = 0.001) (Figure 9).  

Onset latency for 2KO group showed no significant difference between pre-saline, 

saline, and nicotine conditions.  
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Slope 

For slope, there was no main effect of mouse line (F1, 31 = 2.977, p = 0.094). Both WT (t32 

= 6.562, p < 0.0001) and 2KO (t32 = 2.979, p = 0.011) showed a significant increase in 

slope after administration of nicotine (Figure 10). However, there was an interaction of 

conditions x mouse lines (F1, 31 = 5.911, p = 0.021) in that, slope increase for WT was 

significantly greater than for 2Os (t32 = 2.771, p = 0.015). 

 

Amplitude: 5ms and 20ms 

For 5ms and 20ms Amplitude measurements, there was no main effect of mouse line 

(5ms Amp: F1, 31 = 1.036, p = 0.317; 20ms Amp: F1, 31 = 3.201, p = 0.0834). There was no 
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interaction of conditions x mouse line for either 5ms (F1, 31 = 2.074, p = 0.1599) or 20ms 

(F1, 31 = 1.839, p = 0.1848) amplitude measurements (Figures 11 and 12).  Nicotine 

increased 5ms Amplitude in both WT (t33 = 6.000, p < 0.0001) and 2KO (t31 = 3.815, p = 

0.001) animals. Nicotine also caused an increase in 20ms Amplitude in both WT (t33 = 

5.998, p < 0.0001) and 2KO (t32 = 3.929, p = 0.0009) animals.  Thus, deletion of 

2nAChR subunit resulted in the loss of nicotine’s effect on onset and initial  

Slope, but nicotine still enhanced response amplitude at 5ms and 20ms.  
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Discussion 

This loss of function study investigated the role of 2nAChRs in the processing of 

pure tone stimuli.  I administered nicotine systemically to WT and 2KO mice, presented 

pure tone stimuli, then compared A1 responses on the basis of OL, initial slope, and 

5ms/20ms amplitude (Figures 9-12).   

In WT animals, nicotine decreased response onset latency and increased both 

response slope and amplitude.  However, deletion of the 2nAChR subunit altered 

nicotine’s effects for both response onset and initial slope.  Specifically, time to onset 

did not decrease with nicotine on board.  Additionally, although slope increased after 

nicotine administration, the increase was significantly smaller compared to that of WT 

animals.  Deletion of the 2nAChR subunit did not change nicotine’s effects on 5ms and 

20ms amplitudes, as there were increases in response amplitudes for both WT and 

2KOs, without a significant difference between groups. These results suggests that the 

nicotinic enhancement of initial response measures (onset/initial slope) and later 

measures (5ms, 20ms amplitudes) are mediated differentially.    

To interpret these results, it is useful to consider the effects of both 

thalamocortical (TC) input and intracortical activity on A1 responses to stimuli.  The 

following explanation/example, though simplified, is gleaned from Metherate et al., 

(2015) and Intskirveli et al., (2016).  Tone presentations at CF elicit direct corresponding 

TC input to A1 neurons in Layer IV (input layer).  As such, the OL and initial slope of A1 

responses reflect subcortical, monosynaptic (TC) input.  Afterward, cortical neurons 

instantaneously relay input information locally and across ACx.  Within milliseconds of 
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TC input, the original monosynaptic signal has been conveyed (via intracortical APs) to 

“second-set” cortical neurons.  These cortical neurons are activated by intracortical 

(polysynaptic) signaling.  This activation takes time, and recorded responses of second-

set neurons are reflected several milliseconds after the original neuronal response.  

Therefore, traces of A1 responses reflect TC input at OL (0ms) and during the first few 

milliseconds afterward (i.e., initial slope).  The farther (temporally) traces get from 

response onset, the more they reflect intracortical activity.  In this study, OL for 2KOs 

remained unaltered with nicotine, and slope, although greater than the saline condition, 

was still significantly lower than in WT animals. These results suggest that 2nAChR-

mediated effects of nicotine originate in receptors located subcortically.  
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CHAPTER 2 

Colocalization of 2-subunit with interneurons containing VIP, PV, or SOM in 

mouse auditory cortex 

 

Introduction 

Chapter 1 experiments compared the nicotinic enhancement of A1 responses to 

pure tone stimuli across WT and 2KO mouse lines. Results indicated physiological 

differences, suggesting that 2nAChRs help mediate the enhancement seen in WT 

mice. Because anatomy often helps explain physiology, I investigated the distribution of 

2 subunit expression within ACx, including possible sex differences.   

Hilscher et al., (2017) uncovered that 29.1% of 2 subunit-expressing cells in 

Layer V of A1 cortex also expressed SOM.  Of that population, 37 biocytin-filled cells 

were tested and 97.3% could be identified as deep-layer MCs.  However, cell type(s) for 

the remaining fraction (70.9%) of  2 subunit-containing cells in LV were not identified.  

Here, we used 2eGFP in conjunction with immunolabeling of PV, VIP, and SOM cells, 

to verify the laminar distribution of 2nAChRs in the ACx and characterize 2-subunit 

colocalization with these three (largest) classes of GABAergic interneurons.  

Immunolabeling of the 2 subunit protein was not possible, as antibodies to recognize it 

have yet to be developed. 
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Materials and Methods 

 

Animals 

This study was conducted on Chrna2-eGFP BAC (Tg(Chrna2-

EGFP)OF8Gsat/Mmucd) transgenic mice.  Frozen sperm was obtained from Mutant 

Mouse Resource & Research Center, UC Davis, and mice were reanimated in UCI’s 

Transgenic Mouse Facility.  Mice for all procedures were used in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and as 

approved by the University of California, Irvine Institutional Animal Care and Use 

Committee (IACUC). 

 

Sectioning and Staining 

At PD60, male and female 2 eGFP mice were deeply anesthetized (urethane 0.7g/kg 

ip; Xylazine 13mg/kg ip) and perfused in a transcardial manner, with ice-cold phosphate-

buffered saline (PBS, 0.1 M sodium phosphate, 0.9% NaCl), followed by 4% 

paraformaldehyde (PFA) ~10ml/min for 10 minutes. Brains were harvested and fixed 

overnight (4% PFA; 4oC).  Afterward, brains were rinsed in PBS and sectioned (40- μm) 

along the thalamocortical plane (Cruikshank et al., 2001), using a Leica VT1000P 

vibratome.  Sections were rinsed three (3) times in PBS and incubated for 90 minutes in 

a blocking solution of 5% donkey serum (Sigma) and 0.3% Triton X-100 (TX-100, 

Sigma) in PBS at room temperature.  

PV staining - after blocking, sections were incubated overnight (4oC), in a solution 

containing mouse monoclonal, anti-parvalbumin antibody (1:1000 Dilution, Millipure 



40 

Sigma) and blocking solution of 5% donkey serum and 0.3% Triton X-100 in PBS at 

room temperature.  The following day, sections were washed and incubated in Alexa 

fluor 488 donkey anti-mouse IgG (H+L) (1:1000 Dilution, Invitrogen) for two hours at 

20oC. 

VIP staining - after blocking, sections were incubated overnight (4o C), in a 

solution containing mouse monoclonal, anti-VIP lgG2b antibody (1:500 Dilution, Santa 

Cruz biotechnology) and blocking solution of 5% donkey serum and 0.3% Triton X-100 

in PBS at room temperature. The following day, sections were washed and incubated in 

Alexa fluor 488 donkey anti-mouse IgG (H+L) (1:1000 Dilution, Invitrogen) for two hours 

at 20o C. 

SOM staining - after blocking, sections were incubated overnight (4o C), in a 

solution containing rat monoclonal, anti-SOM clone YC7 antibody (1:500 Dilution, 

Millipure Sigma) and blocking solution of 5% donkey serum and 0.3% Triton X-100 in 

PBS at room temperature.  The following day, sections were washed and incubated in 

Alexa fluor 488 donkey anti-rat IgG (H+L) (1:250 Dilution, Invitrogen) for two hours at 

20oC. 

Stained sections were washed three (3) times for 10 minutes in PBS and 

mounted onto glass slides with Glycergel mounting medium (Dako), for analysis. 

 

Cell Counting  

A Zeiss Axioskop microscope equipped with a Zeiss Axiocam digital camera and 

a fluorescent light source (X-Cite; 120 Q Series, EXFO Photonic Solution) was used for 

this study. Zen imaging software (Zeiss) was used to image, process and store images in 
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fluorescence and normal light and at different magnifications.   

To estimate the boundaries of the auditory cortex in thalamocortical sections, I 

first constructed a line beginning at the base of the fimbria (where it meets the 

hippocampus) and ending in a 90° angle at the edge of the cortex (Figure 13).  This  

 

marked the midline of the auditory cortex. I then constructed a perpendicular line 

(500um) on either side of the midline.  By drawing perpendicular lines (parallel to 

midline) at the ends of the 500um lines, I marked the anterior and posterior borders of 
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the analysis region within auditory cortex. To identify cortical thickness, I adjusted 

(visually) the length of the three parallel lines so that they spanned between the ventral 

and dorsal edges of the cortex. Together, these marked the boundaries of the area I 

analyzed. To delimit Layers I-III, IV, and V/VI I used the following laminar proportions 

(Anderson et al. 2009): Layers I-IV occupied equal widths within the upper 50% of the 

cortex, and Layers V/VI occupied equal widths within the lower 50%.   

After estimating the location of ACx, I determined the laminar distribution and 

average cell counts of PV, VIP, and SOM immunolabeled cells, as well as their 

respective colocalization with eGFP tagged cells containing α2 nAChR subunits.   

 

Data Analysis 

Considering possible sex differences, data was analyzed using two-way ANOVAs 

(a = 0.05) for main effects (layer/sex) and interactions. Because no sex differences were 

found, groups were collapsed, and data was analyzed using one-way ANOVAs (a = 0.05) 

and Tukey’s post-hoc tests for pairwise comparisons. 

 

IHC Results 

This study was conducted on adult (PD 60-65), transgenic 2eGFP expressing 

mice (see Methods).  In order to investigate possible sex differences, I included both 

male (n = 6) and female (n = 4) subjects. 

After brains were harvested, sectioned, and immunohistochemically stained for 

PV, VIP, or SOM expression, sections were imaged using Zeiss Axiocam digital camera 

and Zen imaging software.  Boundaries for ACx and infragranular, granular and 
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supragranular layers were determined, and distribution of α2 nAChR subunits and their 

colocalization with VIP, PV, and SOM immunolabeled cells was calculated. 

I measured PV, VIP, SOM and 2 eGFP expression in supragranular, granular 

and infragranular layers, as well as colocalization of 2 eGFP with respective 

immunolabeled cells. Using two-way ANOVAs, I checked for differences in laminar 

expression, colocalization and differences across sex.  

 

2nAChR subunit laminar expression 

2 laminar expression concentrated in the infragranular layers, as there was 

minimal expression elsewhere.  Two-way ANOVA results (Figure #) showed a main 

effect of Layer (F2, 24 = 1453, p < 0.0001) for Sex (F1, 24 = 0.810, p = 0.380), and no Layer 

x Sex interaction effect (F2, 24 = 1.109, p = 0.346).  Post hoc comparisons (Figure 14) of 

differences across layers showed 2 expression within infragranular layers was  
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significantly higher than in the granular (t18 = 68.74, p < 0.0001) and supragranular (t18 = 

66.65, p < 0.0001) layers.  There was no significant difference in expression between 

supragranular and granular (t18 = 2.095 p = 0.315). 

 

PV laminar expression and colocalization with 2 

       PV expression was in line with existing literature, in that PV cells were expressed in 

all layers except Layer I, but mostly in infragranular layers. Granular layers showed the 

least PV expression (Figure 15).   

 

Two-way ANOVA results showed a main effect of Layer (F2, 24 = 24.68, p < 

0.0001). There was no main effect of Sex (F1, 24 = 0.002, p = 0.968), and no Layer x Sex 

interaction effect (F2, 24 = 0.063, p = 0.939). Post hoc comparisons (Tukey’s) showed that 

overall PV expression was significantly higher in infragranular layers when compared to 
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granular (t18 = 10.65, p < 0.0001) and supragranular (t18 = 6.91, p = 0.0001) layers.  PV 

expression in granular layer was significantly higher than in supragranular layers (t18 = 

3.73, p = 0.035).    

Overall, PV showed negligible colocalization with the 2 protein (Figure 16). The 

two-way ANOVA indicated a main effect of Layer (F2, 24 = 3.807, p = .037).  However, 

post hoc comparisons (Tukey’s) did not find a significant difference between in any 
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comparison.  There was no main effect of Sex (F1, 24 = 1.145, p = 0.295), and no Layer x 

Sex interaction effect (F2, 24) = 0.304, p = 0.741).  

VIP laminar expression and colocalization with 2The highest expression of VIP cells 

was in supragranular layers (Figure 17).  This finding also supports existing literature.  

Two-way ANOVA showed a main effect of Layer (F2, 18 = 35.94, p < 0.0001). There was 

no main effect of Sex (F1, 18 = 0.617, p = 0.443), and no Layer x Sex interaction effect (F2, 

18 = 0.398, p = 0.677). Post hoc comparisons (Tukey’s) showed significant 

 

differences in VIP expression when comparing infragranular and granular layers (t14 = 

4.53, p = 0.011); infragranular and supragranular layers (t14 = 7.80, p < 0.0001); and 

granular and supragranular layers (t14 = 12.33, p < 0.0001).  There was virtually no 

VIP/2 colocalization in any layer (Figure 18).  Two-way ANOVA showed no main effects 
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of Layer (F2, 18 = 1.362, p = 0.281) or Sex (F1, 18 = 2.834, p = 0.110), and no interaction of 

Layer x Sex (F2, 18 = 0.397, p = 0.678). 

 

SOM laminar expression and colocalization with 2 

SOM cells expressed mostly in infragranular layer, with moderate to minimal 

expression resulted in other laminae (Figure 19).   A two-way ANOVA for SOM 
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expression resulted in a main effect of Layer (F2, 24 = 193.9, p < 0.0001).  There was no 

main effect of Sex (F1, 24 = 0.004, p = 0.951), and no Layer x Sex interaction (F2, 24 = 

0.133, p = 0.876).  Tukey’s post hoc comparisons showed that infragranular layers had  

 

significantly more SOM expression than both granular (t18 = 28.16, p < 0.0001), and 

supragranular (t18 = 23.15, p < 0.0001) layers.  There was also a significant difference in 

expression between granular and supragranular layers (t18 = 5.005, p < 0.004). 

 

SOM/2 colocalization was greater than with PV or VIP cells (Figure 20).  In fact, 

colocalization was almost exclusively with cells expressing SOM.  There was a main 

effect of Layer (F2, 24 = 54.22, p < 0.0001).  There was no main effect of Sex (F1, 24 = 

0.817, p = 0.375), and no Layer x Sex interaction (F2, 24 = 0.675, p = 0.519). Tukey’s post 

hoc comparisons indicated higher SOM/2 colocalization within infragranular layers 
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when compared to granular (t18 = 13.54, p < 0.0001) and supragranular (t18 = 13.48, p < 

0.0001) layers (Figure 20). There was no significant difference in colocalization between 

granular and supragranular layers (t18 = 0.056, p > 0.999).   
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Discussion 

The focus of this project was to expand what is currently known about 2nAChR 

expression within ACx.  To this end, after brain tissue was sectioned stained and 

imaged, I measured the laminar expression of 2nAChR subunit, PV, VIP, and SOM in 

male and female mice, as well as the colocalization of 2nAChR with the above three 

interneuron markers. 

PV cells are found in all layers except Layer I (Rudy et al., 2011).  We found PV 

expression in supragranular, granular and infragranular layers, but predominantly in 

infragranular layers and least in the granular layer. Expression was significantly different 

in all groups.  VIP cells are most dense in Layer II/III (Rudy et al., 2011).  Our results are 

in line with that observation, as we found expression in all layers except Layer I, with the 

highest expression of VIP in the supra granular layers, and the lowest in granular layer.  

All layer groups were significantly different from each other.  SOM cells are expressed 

in all layers, except Layer I (Riedemann, 2019). This study found SOM cells in Layers II-

VI, but mostly in the infragranular layers.  Again, all layer groups were significantly 

different from each other.   

This study found 2nAChR subunit expressed primarily in infragranular layers of 

ACx versus granular or supragranular layers.  These findings are in line with Hilscher et 

al., (2017), where 97.6% 2nAChR cells were found in LV of A1.  We found that 52.7% 

of  2nAChR subunits were colocalized with SOM, which is high compared to 30.3% in 

Hilscher et al., (2017).  However, that study focused on A1, and we considered all of 

ACx.  Colocalization of 2nAChR with PV and VIP markers was negligible.  
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Considering that PV, VIP, and SOM-expressing cells make up 82% of all 

GABAergic interneurons, it is curious that nearly half of α2-expressing cells did not 

colocalize with either of these cell types.  There were no sex differences in laminar 

distribution, expression, or colocalization for any of the markers studied.  This is the first 

time α2nAChR subunit colocalization with PV, VIP, or SOM cells has been characterized 

within in ACx. 
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GENERAL DISCUSSION 

Nicotine acts on nAChRs, to improve sensory-cognitive function, learning, and 

memory -- likely through enhanced neurophysiology (Mansvelder et al., 2006; Lawrence 

et al., 2002; Dani and Bertrand, 2007; Newhouse P et al., 2012).  Conversely, 

compromised nAChR activation (e.g., genetic deletion, disease-induced) impedes 

sensory processing and cognition, resulting in diminished performance on sensory and 

memory related tasks (Warburton, 1992; Levin et al., 2006).  Accordingly, nicotine and 

other nAChR agonists are regarded as possible therapies for people with impaired 

cognition due to, for example, ADHD, Alzheimer’s, and schizophrenia (Potter and 

Newhouse, 2008; Levin et al., 2006; Newhouse PA et al., 2004; Newhouse P et al., 

2012).  While this idea is promising, our restricted understanding of diverse nAChR 

compositions and how their respective functions integrate into neurocircuitry is a limiting 

factor in developing effective therapeutics.  A necessary step in working toward that 

goal is discerning the roles of specific nAChR subtypes in cortical and subcortical 

sensory processing.  It will also require increasing our knowledge of their laminar 

expression as well as specific cell types where they can be found.   

Subcortically, nAChRs may be involved in mediating the amplification of bottom-

up sensory information to cortical regions (Kawai et al., 2007; Mukherjee et al., 2018; 

Askew et al., 2017).  Within the cortex, nAChRs are found in both excitatory and 

inhibitory neurons (Poorthuis et al., 2013; Kawai et al., 2007; Gil et al., 1997; Aracri et al., 

2010), where they help modulate thalamocortical signals and intracortical processing 

(Metherate et al., 2005; Intskirveli and Metherate, 2012).  These mechanisms can be 
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influenced differentially based on nAChRs expression on neuronal types, and membrane 

domains, as well as their laminar distribution and desensitization properties. 

We investigated the α2nAChR as a potentially important contributor to auditory-

cognitive function, using in-vivo electrophysiology in mouse A1 and conducted 

immunohistochemistry experiments to identify its expression within the neuronal 

circuitry of mouse ACx. 

 

2nAChR subunit and A1 processing of pure tone stimuli 

Systemic nicotine enhances A1 responses to pure tone stimuli, in that response 

onset latency is reduced, and response slope and amplitude increase.  In this study, 

deletion of the 2nAChR subunit resulted in no nicotinic enhancement of onset latency 

and attenuated enhancement of initial slope, significantly smaller than that of WT 

animals (Figures 9 and 10).  However, the nicotinic enhancement of 5ms and 20ms 

amplitude of A1 responses remained (Figures 11 and 12). Onset latency and initial slope 

reflect thalamocortical input and response amplitude at 5ms and 20ms reflects 

increasing amounts of intracortical activity (Intskirveli et al., 2016; Metherate et al., 

2015). Therefore, our results suggest that the nicotinic enhancement of onset/initial 

slope and later amplitudes are mediated differentially. Specifically, nicotinic 

enhancement of response onset and initial slope involve subcortical 2nAChR 

activation, and enhancement of response amplitude is mediated by other means. 

Although, to our knowledge, there is currently no published information on 

subcortical 2nAChR subunit expression in the ascending auditory pathway, Wada et 

al., (1989) found 2nAChR subunit mRNA in the superior olive, lateral lemniscus, and 
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inferior colliculi. The lateral lemniscus is the portion of the brainstem auditory tract that 

connects SOC and IC (Figure 1). Moreover, IC send projections the medial geniculate 

nuclei (MGN), and Han et al., (2000) found 2nAChR subunit mRNA in Rhesus monkey 

MGN, which has direct projections to A1. 

Also highly relevant to this particular study, in imaged brain sections of Chrna2-

EGFP mice, a substantial number of 2 processes are visible within the MGN in mice 

(unpublished observation, Metherate lab, 2021). Although there are no cell bodies of 2-

expressing cells, this observation clearly indicates that 2nAChRs could regulate 

thalamocortical inputs to ACx.  It is plausible that nicotinic activation of 2nAChRs in 

one or more subcortical region could result in the disinhibition of thalamic cells.  More 

excitable thalamic cells could increase monosynaptic input to A1, resulting in a 

decreased onset latency and increased initial slope of the cortical response. 

 

Future directions 

Further experiments are needed to determine if the superior olive, lateral 

lemniscus, and inferior colliculi express 2nAChRs, as does the MGN.  Knowing which 

subcortical structures contain 2nAChRs would allow the region-specific silencing of 

these receptors, which would help identify which 2-expressing region(s) is/are involved 

in producing our current results. Designer receptors exclusively activated by designer 

drugs (DREADDs) and/or optogenetics to alternatively silence IC/SOC could be used, 

while recording (in-vitro) within ACx to identify if 2nAChR expression in IC and/or SOC 

is sufficient and/or necessary for nicotinic enhancement of OL and slope. 

However, the question of cortical 2nAChR function still remains. Because this 
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study found that 52.7% of 2nAChR subunit expression in ACx is in SOM-expressing 

cells, it is important to investigate the cortical function of this population. SOM-

expressing interneurons are largely MCs, whose axons have ascending translaminar 

axon collaterals which arborize in Layers I and III.  Analyzing responses in supragranular 

layers would be an excellent way to continue investigating whether cortical 2nAChRs 

contribute to nicotinic enhancement of responses in more superficial layers.   

Analyzing responses in Layer V might also lead to interesting questions regarding 

the possibility of 2nAChRs influencing A1 output, as MC axons also have dense local 

ramifications.  Layer V is considered to be the main output layer of the cortex 

(Constantinople and Bruno, 2013); and our study found 2nAChRs expression mainly in 

Layer V.   

Additionally, a study by Weedman and Ryugo, (1996) found that descending 

projections from Layer V PCs provide direct and exclusive innervation of neurons within 

CN and SOC (both part of the ascending auditory pathway).  If Layer V 2nAChR-

expressing cells modulate Layer V-output PCs, then these receptors could have a direct 

effect on the processing of auditory information coming from these regions (CN and 

SOC).   

 

Colocalization of 2 subunit with VIP+, PV+ or SOM+ 

 The focus of this project was to expand what is currently known about 2nAChR 

expression within ACx.  To this end, after brain tissue was sectioned stained and 

imaged, I measured the laminar expression of 2nAChR subunit, PV, VIP, and SOM, as 

well as the colocalization of 2nAChR with the above three interneuron types. 
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 Our results found: PV expression throughout laminae, but predominantly in 

infragranular layers and least in granular layer; the highest expression of VIP cells in 

supragranular layers, and the lowest in granular layer; and SOM expression in all layers 

except Layer I, with the most expression in infragranular layers.  Our findings were in 

line with Rudy et al., (2011) and Riedemann, (2019).  For each marker, all layers were 

significantly different from each other, and there were no laminar distribution or 

expression differences across sex.  

 We also found that 2nAChR subunit is expressed primarily in infragranular 

layers of ACx.  This is in line with Hilscher et al., (2017), where 97.6% 2nAChR cells 

were found in LV of A1.  These results suggest that 2nAChR subunits play a layer-

specific role within ACx, possibly involving top-down processing, as Layer V is the major 

output layer of A1.   

 In this study, 52.7% of 2nAChR subunits were colocalized with SOM.  This is 

high compared to 30.3% (all layers) in Hilscher et al., (2017). Notably, colocalization of 

2nAChR with PV and VIP was negligible.  Considering that PV, VIP, and SOM-

expressing cells make up 82% of all GABAergic interneurons, it is curious that nearly 

half of 2nAChRs were not localized within either of these cell types.   

As far as we are aware, this the first time α2nAChR subunit expression and 

colocalization with PV, VIP, and SOM cells have been characterized within in A1. 

 

Future direction 

 We found 52.7% α2nAChRs localized within SOM-expressing cells, meaning we 

still don’t know which type of cells express the other 47.3%.  Using single-cell reverse 
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transcription, Hilscher et al., (2017) determined that 85.7% of cells tested were inhibitory 

in nature.  Therefore, in trying to identify cell types for the remaining population of 

α2nAChRs, it makes sense to continue exploring interneurons.  This study focused on 

PV, VIP, and SOM interneurons, which account for roughly 82% of all interneurons 

(Rudy et al., 2011).  Presumably, the remaining 18% comprise the non-VIP subclass of 

5HT3aR-expressing interneurons.  While VIP interneurons make up 40% of the 5HT3aR 

interneuron class, the other 60% does not express VIP and would not have been 

immunolabeled in this experiment.  Of these unlabeled neurons, 80% express Reelin. 

However, Reelin-expressing cells are mainly in Layer I, and our findings show 

α2nAChRs mainly in Layer V.  Additionally, Ramos-Moreno and Clasca, (2013), show 

that the main source of Reelin in Layer I comes from Martinotti cells, which also express 

SOM. The other 20% of the non-VIP subclass do not have known markers.  Therefore, 

the lack of markers for 5HT3aR/non-VIP interneurons precludes the use of antibodies to 

further characterize 2nAChR expression within ACx.   

 A feasible next-step is to presume that the 2-expressing cells we found localized 

within SOM interneurons are, as with Hilscher et al., (2017), Martinotti cells.  Their 

research found that Layer V MCs are connected primarily to Type-A PCs (TAPC), which 

are known as subcortical projection (pyramidal tract) neurons (Hilscher et al., 2017).  

These observations could correspond to the possibility raised in Chapter 1 Future 

directions.  Specifically, 2nAChR-expressing cells could influence Layer V output to 

SOC and CN, which could (indirectly) influence input to A1.  
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To test this, retrograde tracers injected into various regions of CN (Schofield et 

al., 2006) and SOC (Riemann and Reuss, 1998) would reveal Layer V PCs projecting to 

those nuclei.  Patching pairs of these PCs and neighboring 2eGFP-expressing cells be 

identified, and PCs could be filled with biocytin.  Afterward sections could be stained for 

biocytin and immunolabeled for SOM expression to examine whether PCs innervating 

SOC and CN are TAPCs that are connected to MCs. 

If so, it would follow that deletion of 2nAChR would eliminate the nicotinic 

enhancement of that connection, affecting both direct output and indirect input to A1.  If 

the effect were an attenuation of signal from subcortical structures, considering that 

traces in our physiology experiment averaged 25 presentations of pure tone within each 

block, later presentations could have shorter onsets in WT animals but remain the same 

in KO (no nicotinic enhancement).  

The outcome of the individual proposed future experiments will expand what we 

currently know about 2nAChRs.  The studies discussed here would extend our 

understanding of the neural circuitry surrounding 2nAChRs within cortex and 

subcortically, both of which are necessary for understanding their respective role and 

function.  The more thorough our understanding of each nAChR subtype, the better we 

can help inform the development of therapeutics that target cognitive disorders.    
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